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ABSTRACT 

This thesis describes the geomorphology and hydrogeology of karst systems in portions of 

the northeastern Canyon Ranges of the Mackenzie Mountains and the Norman Range of the 

Franklin Mountains, N.W.T. In the region, mean annual temperatures are -6 to -8°C, total 

annual precipitation is 325 to 500 mm, and permafrost has a widespread to continuous 

distribution. The area was glaciated in the Late Wisconsinan by the Laurentide Ice Sheet. 

The Canyon Ranges and Norman Range are composed of a sequence of faulted and 

folded miogeoclinal sedimentary rocks that span the Proterozoic to Eocene. The geology 

is reviewed with an emphasis on strata that display karst. Included are several dolomite and 

limestone formations, two of which are interbedded with evaporites in the subsurface. The 

principal groundwater aquifer is the Lower Devonian Bear Rock Formation. In subcrop, the 

Bear Rock Formation is dolomite and anhydrite, outcrops are massive calcareous solution 

breccias. This is the primary karst rock. 

The regional distribution and range of karst landforms and drainage systems are 

described. Detailed mapping is presented from four field sites. These data were collected 

from aerial photography and ground surveys. The karst has examples of pavement, single 

and compound dolines, subsidence troughs, polje,sinking streams and lakes, and spring 

deposits. The main types of depressions are subsidence and collapse dolines. Doline density 

is highest on the Bear Rock Formation. Surficial karst is absent or less frequent in the zone 

of continuous permafrost or outside the glacial limit. 

At the field sites, water samples were collected at recharge and discharge locations. 

Samples were analyzed for a full range of ionic constituents and many for natural isotopes. 

In addition, several springs were monitored continuously for discharge, temperature, and 

conductivity. Dye tracing established linkages between recharge and discharge at some 

sites. These data are summarized for each site, as is the role of permafrost in site hydrology. 

The relationships between geological structure, topography, and groundwater 
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systems are described. Conduit aquifers are present in both dolomite and limestone. These 

systems are characterized by discharge waters of low hardness and dissolved ion content. 

Aquifers in the Bear Rock Formation have a mixed flow regime and often have highly 

mineralized discharge. At the principal field site, there was a time lag of 40 to 60 days 

between infiltration and discharge in this unit. At a second site, flow through times were on 

the order of years. Variability in these systems is attributed to bedrock properties and 

boundary conditions. 

Preliminary rates of denudation are calculated from the available hydrochemical 

data. Total solutional denudation at the primary field site is approximately 45 m3 km-2 a-I 

(mm ka-l
). The majority is attributed to the subsurface dissolution of halite and anhydrite. 

The predominance of subsurface dissolution is linked to the high frequency of collapse and 

subsidence dolines and depressions. 

The karst features and drainage systems of the northern Mackenzie Mountains date 

to the Tertiary. Glaciation has had a stimulative effect on karst development through the 

subglacial degradation of permafrost and the altering of boundary conditions by canyon 

mClslon. 
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CHAPTER I 

INTRODUCTION 

1.1 An Introduction to the Study 

This dissertation is a study of the distribution, characteristics, and processes 

responsible for the development of karst landforms and drainage systems in a 

mountainous region of the District of Mackenzie, N.W.T. Karst is most prevalent in 

temperate and tropical regions established on areas of carbonate bedrock. In many 

periglacial regions, the predominance offrost as a weathering agent, the brevity of the 

hydrological season, and the occurrence of permafrost in the near subsurface inhibits 

the formation of karst. While periglacial and permafrost karsts are not unknown, little 

of the literature addresses this field and it represents an area of study where basic 

research is required. This work examines karst in a region where there is a 

widespread distribution of permafrost and where there is a record of several 

Quaternary glaciations. The features under study occur on Cambrian to Middle 

Devonian carbonate and evaporite sequences. In particular, karst features are well 

developed on a limestone solution breccia, the bower Devonian Bear -Rock 

Formation. Much of this thesis describes the surface features and hydrogeology of 

this formation and other bedrock units that support similar phenomena. The karst 

landforms and groundwater flow systems reflect a complex geology and geomorphic 

history. 

Due to the regional scope of the investigation and the diverse set of questions 

that are considered, data are presented and discussed in several independent sections 

of the thesis. Chapter I serves as a brief introduction to karst geomorphology and 

outlines the thesis objectives. Chapter II functions as a literature review, focussing 

on materials that are relevant to karst in permafrost areas. Chapter III describes the 
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biophysical characteristics of the study region and the methods employed in data 

collection and analyses. Chapters IV and V review the bedrock geology and 

Quaternary. The distribution and characteristics of karst landforms are discussed in 

Chapter VI. Chapters VII through X present and discuss the results of detailed 

mapping, and hydrological and hydrochemical data gathered from individual study 

sites. Chapter XI provides a summary of the thesis. 

1.2 An Introduction to Geomorphology 

The organization of geomorphology as a discipline began in the late 19th and early 

20th centuries. Many of the concepts that are now central to it developed during that 

early period. Most important was the recognition of the nature of the interaction 

between driving forces and the resisting framework. Davis (1899) theorized that 

landforms are a function of process, structure, and stage. Process refers to landscape 

modifying mechanisms that are generated by the driving forces of climate, gravity, and 

internal heat.' Structure describes the lithology and geometry of the resisting 

framework. Stage is the degree of evolution of a landform or landscape within a 

cyclic model. Davis' approach of classifying landscapes into an evolutionary cycle 

was ultimately discredited, but his landform equation, with time substituted for stage, 

still forms the foundation of the subject. 

All landscapes are to varying degrees influenced by the three principle driving 

forces. Climate and gravity are responsible for the exogenic processes of weathering 

and mass wasting, as well as the erosional and depositional actions of water, wind, 

and ice. Internal heat drives vulcanism, epeirogenesis, and plate tectonics. How these 

processes shape a landscape is dependent on: (i) the characteristics of the original 

resisting framework, particularly lithology and rock unit geometry, and (ii) the nature 

of the interaction between process and those rock units. Geomorphic studies at the 

local or regional scale often focus on the association between exogenic processes and 

the resisting framework. This association was characterized by Gilbert (1877) as a 

dynamic adjustment, where landforms are seen to be adjusted to the current process 
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or processes acting on the landscape. The role of endogenic processes has been 

largely ignored with the notable exceptions of epeirogenesis and volcanic activity. 

Davis attempted to describe landscapes within the context of cycles related to 

episodes of rapid uplift and subsequent denudation. While this did account for some 

endogenic activity, the models did not adequately address causality. The fundamental 

differences in the approaches of Davis and Gilbert were, in part, responsible for the 

divergence of geomorphology into two schools. The historical or evolutionary 

method of Davis dominated the early part of this century but gradually lost favour and 

was displaced by a functional approach rooted in the work of Gilbert. This was 

largely the result of a shift in focus from large scale landscape studies, typified by 

denudation chronology, to quantitative detailed investigations oflandforms at small 

scales. 

1.2.1 Systems and Equilibria in Geomorphology 

The growth of the functional or process school was accompanied by the adoption of 

systems theory in geomorphology (ChorIey, 1962; Chorley and Kennedy, 1971). A 

geomorphic system consists of a series of components representing stores of material 

in a landscape. Energy and mass may be exchanged between a system and its 

surroundings and- between components within a system. -The systems approach is-best 

suited for the examination of geomorphic features where important components and 

linkages are identifiable and the respective fluxes of energy and mass between them 

measurable. 

Alongside the systems orientation came a recognition of the importance of 

equilibrium. Hack (1960) reintroduced the dynamic equilibrium concept of Gilbert. 

A causal relationship was theorized to exist between process and form, and landforms 

were thought to reflect the prevailing balance or equilibrium between process and 

geology. Changes in either the process set, or the geology it was acting upon, would 

trigger a landform adjustment. Equilibrium will be established if controls on landform 

development remain static for a sufficient period of time. The occurrence of relict 
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features suggests that for landforms of certain scale, equilibrium has not been 

established. It is apparent that the nature of process-response is related to the spatial 

and temporal scale of inquiry. The relationship between time and equilibrium was 

addressed by Schumm and Lichty (1965) and Chorley and Kennedy (1971). It was 

proposed that geomorphic systems should be viewed over different time intervals and 

that equilibrium states are related to the duration of the time interval. Schumm and 

Lichty (1965) introduced steady, graded, and cyclic to describe increasingly long 

periods of time over which process-form relationships could be considered. Chorley 

and Kennedy (1971) and Schumm (1977) coupled time intervals with equilibrium. 

1.2.2 Scale in Geomorphology 

In any analysis of a geomorphic system, scale is a key consideration. Over short time 

intervals of static or steady time, there may be significant variations in the morphology 

of small components of the system, such as bedforms in a stream channel. However, 

it is unlikely that the larger components will change over the same time intervals, 

these variables are independent or fixed (Schumm and Lichty, 1965; Schumm, 1977). 

Since adjustment is related to scale, as scale increases the independence of the system 

is reduced. Across cyclic time only initial relief, geology, climate, and time are 

considered independent. It is apparent that for a given landform the nature of the 

equilibrium is related to the spatial scale of the feature. Thus the association between 

equilibrium and time may be expanded to encompass spatial scale (Table 1.1). In 

addition, the relative importance of exogenic and endogenic processes is also related 

to scale. The development of micro-forms across static or steady time is a function 

of the operation of exogenic processes on the resisting geology. Only at macro- or 

mega-scales do endogenic processes assume dominance in landscape generation and 

modification. The scale of the inquiry dictates which process set warrants 

examination. 
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1.2.3 The Karst System 

Karst landforms develop where bedrock weathering is dominated by the process of 

solution. Most frequently, increases in secondary porosity are accomplished by the 

infiltration of aggressive meteoric waters into the subsurface. Most of the dissolution 

occurs in a zone at and immediately below the soil-bedrock interface, and also along 

fissures within the bedrock unit. In addition, there are secondary processes that play 

a subordinate role in landform genesis, these include: corrasion, precipitation, 

transportation, sedimentation, subsidence, and collapse (Quinlan, 1978). 

Karstification is defined as the collective action of any of this set of processes that, in 

conjunction with solution, produces a landscape of karren, closed depressions, dry 

valleys, and associated features. 

The principle controls on the characteristics of a karst are: (i) the bedrock 

attributes of solubility, primary porosity, and structure, (ii) the style of the weathering 

processes operating on that bedrock, and (iii) the boundary conditions which govern 

the intensity of those processes (Ford and Williams, 1989). The expression and extent 

to which karst features are developed reflect the geology and geomorphic history 

operating on a particular landscape. There are several recognized karst morphologies, 

such as doline karst and cone karst. How the above controls produce these 

characteristic landform assemblages has -beerr -th-e-fucus- uf much- debate tIT the 

literature. There appears to be a broad climatic zonation but structure and other local 

factors must also be considered. 

1.2.3.1 Morphological Elements 

A well developed karst system has three morphological components: (i) input 

landforms, (ii) a subterranean drainage system characterized by cavernous porosity, 

and (iii) discharge areas (Ford et aI., 1988). All input landforms route surface waters 

underground, they are classified on the basis of their size and morphology. Karren 

depicts a series of small scale solution fonus, including pits, pans, cutters, groves, and 

runnels. These features develop on bare rock or beneath soil, and have a maximum 
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dimension ofless than 10 m (Ford, 1980). The fundamental intermediate-scale input 

landform is the closed depression or doline, this is the characteristic landform of 

temperate karst terrains. They are of variable morphology with a maximum dimension 

range of 1 to 1000 m. Large scale input forms include dry valleys, gorges, and poljes. 

These features are commonly greater than 1 km in length. 

It has been argued that karst landscapes evolve from an initial fluvial state to 

one where surface waters are completely diverted into the subsurface (e.g., Cvijic in 

Sanders, 1921; Roglic, 1965). The latter terrain is termed a holokarst. A fluviokarst 

or merokarst is an intermediary stage between the initial fluvial and the holokarst 

state. Smart (1988) differentiates between fluvial, fluviokarst, and holokarst based 

on the probability of surface overflow. This concept reinforces the linkage between 

hydrology and geomorphology in karst areas. The solutional enlargement of bedrock 

pores and fissures and the possible development of a conduit system influences the 

surface hydrology and therefore· alters the landform generating processes on that 

surface. Cave systems and the topographic landforms which characterize most karst 

terrains develop contemporaneously (Ford et ai., 1988). 

Discharge from karst aquifers is accomplished through spring points or spring 

lines. The chemical and physical characteristics of discharge waters are a reflection 

of the travel history, in particular the flow velocity, flowpath length, and stratum 

encountered en route. Often discharge from regional and intermediate flow systems 

is thermal and highly mineralized, and constructional features composed of tufa and 

travertine may occur at spring points. Erosional sapping features may also develop 

at spring locations. Additional morphological features present in the karst system 

often include a variety of intermediate scale residual features, such as towers, cones, 

and pinnacles. A typical landform assemblage of a temperate karst is illustrated in 

Figure 1.1. 

1.2.3.2 Thresholds, Equilibrium and Scale 

In many geomorphic systems there are critical thresholds which must be exceeded 
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before work is done. However, the main process in the karst system is not 

characterised by such a dynamic threshold; solution or precipitation will proceed if 

water is present (Ford, 1980; Ford and Drake, 1982). There are intrinsic thresholds, 

or controls, on the distribution and kinetics of solution within a given aquifer. 

Adjustments to the configuration of the drainage (conduit) network or a change from 

open to closed conditions are examples of intrinsic thresholds. Controls on solution 

may also be of an extrinsic origin. Altering the style of recharge to an aquifer or a 

lowering of base level would constitute external thresholds. There are critical 

thresholds related to the secondary processes that influence karst, such as collapse and 

sedimentation, but these processes become less important with increasing scale. 

In karst geomorphology, it is important to consider the scale of the 

phenomena under study. The morphology of micro-scale erosion features, such as 

scallops, may reflect very minor changes in mineralogy and controls on solution, such 

as the velocity of flow. These small forms will adjust rapidly to changing conditions. 

With an increase in scale, minor spatial variations in the rate of solution are 

homogenized. Within a limestone or dolomite karst, solution will be governed by 

factors such as: dissolved carbon dioxide content, open or closed conditions, and 

climate (temperature and precipitation). At the intermediate or meso-scale, forms 

reflect-interaction-lretween anav-erag-ea solution rate avera moderately long perIod 

of time and variations in lithology at the unit or formation level. The macro-scale 

involves aggregates of meso-scale features (Drake, 1984). The characteristics of 

regional aquifers are a function of the relationship between the gross structure of the 

resisting framework and the regional climate over long time periods. 

The spatial scale of a landform also determines the appropriate temporal scale 

for examination of the process-form relationship. Micro-forms may be in equilibrium 

over steady time, but regional aquifers respond slower to changes in process and may 

be in equilibrium over cyclic time. These relationships are presented in Table 1.1. 

The magnitude of the spatial dimensions and the divisions between them are 

somewhat arbitrary and vary according to differences in geology and process rate. 
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1.2.3.3 The Role of Climate 

The range and intensity of exogenic processes that influence a particular landscape are 

essentially controlled by prevailing temperature and precipitation conditions. Climatic 

geomorphology is based on the premise that climate exercises such a dominant 

influence on morphology that structure and endogenic factors are of secondary 

importance across all scales (Bude1, 1982; Tricart and Cailleux, 1972). Under a given 

climatic regime a distinctive set of processes will produce a unique assemblage of 

landforms. These unique regions are called morpho climatic or morphogenetic zones. 

A classification of morphoclimatic zones, based on mean annual temperature and 

precipitation, is presented in Figure 1.2 and Table l.2. The periglacial zone is most 

relevant to this work. It is characterized by frost action, solifluction, and seasonal 

fluvial activity. This yields a landscape of patterned ground, gentle cryopediments and 

cyroplanation surfaces, and large incised and asymmetric valleys (Washburn, 1979). 

Budel (1982) labels this region as the polar zone of excessive valley cutting with the 

most striking morphological features being the occurrence of broad deep valleys 

carved by rapid lateral and vertical erosion. 

Lehmann (1954) suggested that each morphoclimatic zone displays a specific 

karst morphology. These ideas were widely accepted by many French and German 

researchers and a number of climate-based classifications were developed in the 

1950's and 60's. In the polar and periglacial zone, karst phenomena were recognized 

as being poorly developed and largely restricted to: karren mantled by frost shattered 

debris, gorges, shallow dolines, and slope caves (Corbell, 1957, 1959, 1964; Ciry; 

1962; Sweeting, 1972). Under permafrost conditions, conduit systems and their 

associated surface landforms would not develop because of the lack of groundwater 

circulation. However, recent research in permafrost areas describes a diverse 

collection offeatures (Chapter II). 

The climato-karst approach has been challenged on numerous grounds. Rock 

control is not adequately addressed, nor are causality and the physical processes 

themselves. Clearly it does not account for the occurrence of "tropical" karst forms 
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in temperate and periglacial regions (Brook and Ford, 1978). It is evident that climate 

does govern karst development to some extent but the static representation of climate 

embodied by morphoclimatic schemes has not been found to be a powerful 

explanatory tool in karst studies (Ford, 1980). 

Nonetheless, climatic geomorphology has made substantial contributions to 

the discipline, particularly in the realm of climate change. If it is assumed that a 

climatic regime will yield a certain assemblage of landforms, then a change in climate 

will initiate the development of a new assemblage of features that are superimposed 

upon the pre-existing surface. Depending upon the characteristics of the inherited 

landforms and the new process set, the relict features may persist. The prevalence of 

glacial landforms in the temperate zone illustrates that past processes have differed 

from the modem set in rate and type, yet the geomorphology is still dominated by 

inherited features. Landscapes may then contain features from a number of climato

genetic regimes and the morphology of features may reflect that polygenetic origin. 

1.2.4 Explanation and Method in Geomorphology 

Many of the principles introduced in the previous sections have inspired considerable 

debate in the geomorphic community in the last half century. The concepts of 

equilibrium-wefelafgelyclevelepeclinstudieg-cof-fluviaHandscapes; -the portability-of 

these ideas to terrains influenced by other processes has not been thoroughly 

explored. The very notion of equilibrium is disputed by researchers who note that the 

attainment of equilibrium forms requires the unlikely constancy of process and 

structure over time. However, while the equilibrium concept is somewhat abstract, 

the framework it provides across a variety of temporal and spatial scales is useful as 

an explanatory tool in geomorphology. 

In discussing explanation in geomorphology, it is useful to contrast the 

functional and historical schools. The functional approach is most suitable for the 

examination oflandscape features at a small scale. It usually involves the formulation 

and testing of hypotheses by deductive means under controlled laboratory or field 
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conditions. This approach is very successful in the study of micro-forms or where 

landforms adjust very rapidly to changing conditions. Under meso-scale conditions 

the prevailing processes can be monitored, quantified, and then related to the existing 

morphology by the back extrapolation of contemporary process-responses. However, 

this may be inappropriate if features are in equilibrium in cyclic or dynamic time. The 

problem centres on the debate around uniformitarianism: in the past have 

geomorphological processes operated at contemporary rates? Clearly a strict 

adherence to the uniformitarian doctrine is inappropriate given the reality of Cenozoic 

environmental change. While the physical laws which govern processes are time

invariant, the rates of those processes are not due to variability in the driving forces. 

Thus difficulties may arise when attempting to evaluate landscape changes through 

the extrapolation of modern process-response relationships. 

The historical approach is linked to Davisian and similar evolutionary models 

and to denudation chronology, and has received little consideration from 

geomorphologists in the last few decades. Yet when faced with the study of macro

and mega-forms or landforms with long relaxation times, the functional approach 

alone is inadequate. Accordingly, with a better understanding of the role of endogenic 

processes, geomorphologists may now use advances in tectonics to discuss large scale 

landscape developments across long time periods. Alternatively gross landscape 

characteristics may be interpreted within a climato-genetic framework. 

Given the diversity of opinion regarding the roles of structure, climate, 

process, and time in shaping landform characteristics, it not possible to define a 

methodology that is universal to geomorphology. The researcher may employ a 

variety of techniques and approaches in the study of geomorphic phenomena. This 

demands a flexible methodology. Chorley (1966) in reviewing geomorphic study 

separates theoretical and observational works, the latter of which may be field, 

laboratory, or office based. These four define the main branches of geomorphic 

inquiry (Figure 1.3). Observational studies focus on morphometric and or process 

measurements, while theoretical works employ modelling. 
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It is clear from earlier discussions that the approach or method is dictated in 

part by the scale of the inquiry. It is appropriate to examine micro-scale process

response mechanisms in the field or laboratory where rapid adjustments facilitate 

deductive hypothesis formulation and testing. How then to study larger scale 

problems where landform development occurs over longer time periods? In some 

circumstances, rates of landform genesis may be determined by quantifying and then 

back extrapolating contemporary process-responses. Alternatively, the researcher 

may utilize space-time substitution; when process and structure are held constant the 

role of time in landform development may be examined by sampling in space for time. 

This technique has received considerable attention but must be applied cautiously. In 

a similar manner, the worker may isolate the roles of process and structure by space

process and space-structure substitution. Lastly, simulation techniques may be used 

to examine landform adjustments across a variety of conditions. These include 

physical scale models and mathematical models. The latter may be based largely on 

theory, such as with deterministic and stochastic models, or on field, laboratory, and 

office measurements, as with statistical models. In a particular investigation the 

researcher may employ any number of the steps illustrated in Figure 1.3. 

Drake (1984) identifies three main research trends in karst studies: (i) 

hydrodynamics and solution dynamics, (n} erosion/denudation fates, ahd (Iii) landform 

description and evolution. Drake observes that: (i) most studies that are concerned 

with process are seldom conducted at the terrain scale, (ii) denudation studies rarely 

discuss landform development, and (iii) descriptive works do not address process 

explanation in a quantitative fashion. Landforms are explained in either functional or 

historical terms. The functional approach most often employs statistical models, and 

the historical general evolutionary concepts. 

If the objectives of a study are to acquire understanding and to provide 

explanation regarding landform development, then it is not sufficient to simply invoke 

generalizing models nor to conduct process measurements without confronting terrain 

scale variables. This thesis will speak to landform development at the meso-scale and 
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will attempt to approach explanation from a perspective which includes both 

description and process. 

1.3 Physical Setting of the Study 

The study region is in the northeastern section of the Mackenzie Foldbelt. It includes 

the outer ranges of the Mackenzie Mountains and a portion of the Franklin Mountains 

in the Norman Wells area (Chapter III). Permafrost has a widespread distribution. 

Mean annual temperatures are in the range -6 to -8°C. Total annual precipitation is 

350 to 550 mm. The region was glaciated in the Late Wisconsinan. The 

hydrogeology of the Mackenzie District has been described by Brandon (1965) and 

Michel (1977, 1986a). van Everdingen (1981) has mapped the distribution of karst 

landforms in parts of the Franklin Mountains and the Great Bear Plain. The Lower 

Devonian Bear Rock Formation and the Cambrian Saline River Formation are the 

most important of several bedrock formations that support surface karst and function 

as karst aquifers. In deep subcrop, both of these formations contain thick intervals 

of evaporite. The subsurface Bear Rock is dolomite with gypsum or anhydrite, the 

subsurface Saline River is shale or redbeds with gypsum (anhydrite) and halite. In 

outcrop, the Bear Rock Formation is a limestone and dolomite breccia and the Saline 

River Formation is a contorted recessive unit of shale and redbeds. These formations 

extend in sub crop from the Northern Interior Plains to the rugged Franklin and 

Mackenzie Mountains. Where they outcrop or are in the shallow subsurface, the 

terrain is often characterized by solution landforms and surface drainage is captured 

by the groundwater flow system. 

In the southern Mackenzie Mountains, Brook (1976) describes karst and 

conduit aquifers in the massive limestones of the Nahanni Formation. To the north, 

previous karst mapping has been of a reconnaissance nature and none has been 

undertaken in the northern Mackenzie Mountains. In addition, there are few water 

quality data upon which to assess the erosive role of groundwater in this permafrost 

environment and there are no detailed analyses at the scale of small basins. In total, 
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very little is known regarding the distribution and development of solution landforms, 

their characteristics, and groundwater in the northern Mackenzie Mountains. 

1.4 Thesis Objectives 

The principal objectives of this thesis are to describe the distribution, morphology, and 

the development of karst landforms and associated drainage systems in the northern 

Mackenzie Mountains. In short, the thesis seeks to characterize the geomorphic role 

of groundwater in the study region. Several avenues of inquiry are pursued. At the 

regional scale, the locations and range of karst depressions are mapped from aerial 

photography and surveys. In conjunction with data on structure, lithology, glacial 

history, and the distribution of permafrost these karst data allow several working 

hypotheses to be evaluated. Specifically: (i) what are the relationships between 

geologic structure and lithology and the resulting morphology and density of karst 

depressions, (ii) what has been the impact of glaciation on karst systems in the region, 

and (iii) what role does permafrost play in inhibiting or accelerating karstification. 

These inquiries are complemented by detailed work at the scale of small 

basins. This work is intended to provide data on the rate and distribution of solution 

in the region. Four field sites were selected that displayed the basic components of 

a karst sy-stem eSe-etlan 1.2.3. t). At theneld sites, geomorpillc amI geologic mapping 

were done by ground survey. Hydrological, hydrochemical, and isotopic data were 

collected from recharge and discharge waters of these systems to provide information 

on karst processes. From these data it is possible: (i) to describe changes in chemistry 

as waters pass from zones of recharge to discharge, (ii) to identify flow routes and 

flow-through times between zones of recharge and discharge, (iii) to identify the 

lithostratigraphic units that function as the main aquifers. Although limited in number, 

these data can provide estimates of the spatial and temporal distribution of solution, 

and therefore a measure of denudation. Coupling the regional observations with the 

process data, the thesis will attempt to describe the development of karst in the 

northern Mackenzie Mountains. 
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Table 1.1: Relationship between spatial and temporal scale of karst features (after Ford, 
1980; Drake, 1984; Summerfield, 1991). 

Linear Dimension (m) 

Principal Karst Features 

Predominant genetic 
mechanisms 

Time required for adjust
ment of form to process 

Equilibrium temporal 
scale 

MICRO 

<10 

Karren 

Exogenic 

Short 

SPATIAL SCALE 

Dolines, 
Uvalas 

Primarily 
exogenic 

Moderate 

MESO MACRO 

Dry Valleys, Poljes, Regional Aquifer 
Local Flow Systems Systems 

Exogenic/ 
endogenic 

Moderate 

Exogenic/ 
endogenic 

Long 

Table 1.2 The dominant geomorphic processes and landscape characteristics of the 
morpho-climatic regions illustrated in Figure 1.2 and their karst equivalents (Wilson, 1968; 
Sweeting, 1972; Jennings, 1985; Ritter, 1988; Ford and Williams, 1989). 

Morpho-climatic Dominant Geomorphic Landscape Characteristics Karst Morphology 
Region Processes 

Glacial Glaciation, Nivation, Aeolian Glacial Erosional, Glacio/Nival Karst: 
Depositional and Meltwater Smoothed and Striated 
Landforms. Loess, Alpine Pavements, Small Caves, 
Topography: Scree, Cirques Gorges, Dolines 

Periglacial Frost Action, Solifluction, Patterned Ground, Polar/Permafrost Karst: 
Seasonal Fluvial Solifluction Features, Debris Mantled Pavements, 

C[y_QpJanatiQ[1 Surfaces, Scre_es, Gorges, Mic[Q-
Incised or Asymmetric karren, Slope Caves 
Valleys 

Arid Desiccation, Aeolian, Fluvial Dunes, Salt Pans, Deflation Arid/Semi-Arid Karst: 
Basins, Scree, Canyons Shallow Depressions, Few 

Collapse Dolines and 
Semiarid Fluvial, Mechanical Pediments, Fans, Scree, Caves, Micro-karren 

Weathering Badlands 

Humid Fluvial, Chemical Smooth Slopes, Broad Temperate Karst: Dolines, 
Temperate Weathering, Creep, Mass Valleys, Alluvial Landforms Karren, Large Cave 

Wasting Systems, Polje 

Selva Chemical Weathering, Mass Steep Slopes, Sharp Tropical Karst: Cones and 
Tropical Wasting, Fluvial Ridges, Deep Soils, Cockpits, Towers and 

Cavernous Weathering Pinnacles, Large Cave 
Systems 
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Figure 1.1: The morphological components of a simple karst system from the 
humid temperate zone. 
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CHAPTER II 

KARST IN PERMAFROST TERRAIN 

2.1 Introduction 

In karst systems, rates of bedrock dissolution and mass transport are a function of 

several physical and biological factors. The bedrock characteristics of rock purity 

and solubility, primary and secondary porosity, formation thickness and geometry 

influence the manner in which surface waters infiltrate into, move, and dissolve 

minerals in the subsurface. Climate controls the volume, seasonality, temperature 

and, in part, the carbon dioxide content of recharge waters. In the soil zone, 

biological sources of carbon dioxide play an important role in the solution chemistry 

of carbonate rocks. Variations in external factors account for much of the 

morphological differences that exist between karst terrains of different climatic 

regimes (e.g., Table 1.2). Karst of the periglacial or permafrost region is 

characterized by debris mantled pavements, micro-karren, slope caves, and few 

depressions. 

The iIlteIg of thi~_ chClpt~r is to l)fiet}y n~vie'Y mat~r~(lls ~~at ~el(lt~ t~_the 

development of karst forms in cold regions. Specific topics considered include 

mineral dissolution and denudation, as well as karst and permafrost hydrology. The 

relationships between karst, permafrost, and glaciation are discussed. 

2.2 Dissolution of Karst Rocks 

Studies of the dissolution chemistry of karst bedrock focus on the behaviour of the 

dominant carbonate and evaporite minerals: calcite, dolomite, gypsum, and halite. 

Much research has focused on modelling the dissolution processes and the important 

rate controls. Equilibrium models are based on thermodynamic principles and they 

17 
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describe the relative distribution of mass between reactants and products in a given 

reaction. When mineral dissolution rates are rapid relative to the rate of mass 

transport, the system is best modelled by an equilibrium approach (Domenico and 

Schwartz, 1990). When transport rates are high, mineral dissolution is surface 

reaction controlled (Berner, 1978). The system approaches, but does not achieve, 

equilibrium and is best described by kinetic methods. This may be observed in a 

karst where groundwater velocities are high. Most groundwater mineral reactions 

are characterised by transport control and are modelled by thermodynamics. 

Importantly, this approach yields information on the direction of reactions but not 

reaction rate. 

2.2.1 Deviations from Equilibrium 

A primary concern of karst geomorphology is measuring work accomplished by 

circulating groundwaters. An understanding of the development and distribution of 

secondary porosity within an aquifer requires a knowledge of the equilibrium state 

of groundwater to the major minerals that comprise the aquifer. There are two 

principal techniques used to assess equilibrium. The first is a direct method that 

involves introducing powdered mineral into the water sample (Stenner, 1969). If the 

water is undersaturated with respect to that mineral then there will be additional 

dissolution. Chemical analyses of the spiked and un spiked specimens reveal if the 

sample was close to equilibrium, supersaturated, or undersaturated. 

The second technique involves the measurement of pH, temperature, and ion 

concentrations. Equilibrium is determined by a graphical method (Trombe, 1952) 

or by calculation of saturation indices. The latter are based on thermodynamic 

principles. Discussions of this method are provided by a variety of karst and 

hydrogeological texts (Freeze and Cherry, 1979; Dreybrodt, 1988; White, 1988; Ford 

and Williams, 1989). Detailed accounts of aqueous geochemistry are also available 

(Garrels and Christ, 1965; Stumm and Morgan, 1980; Plummer and Busenberg, 

1982; Faure, 1991). 
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In the calculation of saturation indices from karst waters, it is necessary to 

accurately measure pH, temperature, and the concentrations of calcium, magnesium, 

bicarbonate, sulphate, sodium, chloride, and potassium ions. This technique has 

been criticised for: (i) difficulties encountered in the accurate determination of pH 

under field conditions, (ii) the frequent use of partial chemical analyses used as input 

to equilibrium programs and, (iii) potential interferences from trace metals 

(Worthington, 1991). These concerns can be accommodated with careful fieldwork 

using precise instruments to measure pH and by comprehensive chemical analyses 

(Chapter III). While the Stenner technique is attractive in its simplicity, it is not 

practical to determine the aggressiveness of the sample water toward several 

different minerals concurrently. This may be desired where aquifer lithology is 

complex. Further, when groundwater is close to equilibrium the reaction kinetics 

following the addition of powdered mineral are very slow. 

This study uses saturation indices to express the state of the reaction between 

the solid and aqueous phase for a number of minerals. Deviations from equilibrium 

are defined by the ratio of the ion activity product to the equilibrium constant 

(solubility product). The ion activity product is computed from the mass law 

expression using activities calculated from the molarities of the products and 

reactantsID the sample water. A IQgarithmic fQfJllofthe saturmiQn iI1d~~is l!sec:i: 

lAP 
Sl = log __ m 

m K 
eqm 

(2.1) 

where SI, lAP and Keq are the saturation index, ion activity product, and equilibrium 

constant for mineral m, respectively. At equilibrium, the SI equals 0.0. Aggressive 

solutions have negative SI values, and saturated solutions have positive values. 

2.2.2 Anhydrite and Gypsum 

Anhydrite (CaS04) and gypsum (CaS04"2H20) are highly soluble minerals. In 
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sub crop they are often associated with the development of interstratal karst. This 

section reviews the controls on solubility and calculation of the saturation index for 

gypsum. The development of solution breccias is discussed in Chapter IV. 

Deposition of calcium sulphate in a sabkha or enclosed basin largely occurs 

as the mineral gypsum. Upon deep burial, gypsum is dehydrated to form anhydrite, 

which in tum may be rehydrated as the rock is exhumed. The gypsum-anhydrite 

relationship is important due to a substantial volume change that may accompany 

hydration (up to 34%). There are also differences in mineral solubility and 

dissolution. The stability fields of anhydrite and gypsum are controlled by 

temperature, salinity, and pressure (Blatt et aI, 1980). Gypsum is stable at low 

temperatures and salinity; anhydrite is stable at high temperatures and salinity 

(Blount and Dickson, 1973). Thus, anhydrite is usually found in the deep subsurface, 

and gypsum in the shallow subsurface and as outcrop. Gypsum may persist 

metastably within the anhydrite stability field for tens to hundreds of years. When 

anhydrite is the unstable phase, it can be rapidly converted to gypsum in the presence 

of water (Kinsman, 1974). The hydration rate is influenced by bedrock porosity. In 

compact, massive beds of low primary porosity, the rate of hydration is slow and 

anhydrite may occur as outcrop. Examples are observed in quarries from western 

Nova Scotia. In fresh exposures of the Carboniferous Windsor Group, gypsum 

occurs on the land surface and along fractures and fissures of quarry walls where. 

meteoric waters have infiltrated. Anhydrite forms the unweathered core-stones 

between the gypsum pipes (Ford, personal communication, 1992). 

In distilled water, anhydrite solubility is inversely proportional to 

temperature. However, gypsum solubility increases with temperature to 

approximately 40°C and then declines (Quinlan, 1978). Both·gypsum and anhydrite 

are more soluble as salinity increases. Despite the higher solubility of anhydrite at 

low temperatures, it has been shown by Priesnitz (1969, 1972) that the solution rate 

of gypsum is higher than that for anhydrite; gypsum was found to enter solution at 

a rate almost double that of anhydrite. Navas (1990) suggests the factors that 
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influence the dissolution rate of gypsum are, in order of importance: the flow 

velocity, ionic strength of the solution, and gypsum saturation. In a system with high 

flow velocities, gypsum dissolution is surface reaction controlled. Only where flow 

velocities are extremely slow and the flow paths long will the concentrations of 

dissolved Ca2
+ and sot approach equilibrium values. 

2.2.2.1 Gypsum Saturation Index 

Gypsum dissociates in the presence of water: 

The saturation index for gypsum is calculated from: 

Sf = 10g(Ca 2.) + 10g(S04
2
.) + pK 

g g (2.3) 

where p denotes negative logarithm, standard parentheses represent activities. 

2.2.3 Calcite and Dolomite 

In pure water, the solubilities of calcite (CaC03) and dolomite (CaMg(C03)2) are 

very low. Ihe-y are_approximately 6 and < 1 mgL- l
. MeteQricw_aters c~ll11llQ1.11y 

have concentrations of these minerals as high as a few hundred mg L- l
. The majority 

of this enhancement is related to the effect of increased hydrogen ion activity on 

solubility. In meteoric systems, hydrogen ions are supplied by the dissociation of 

water and weak acids, the latter source normally accounting for a substantial increase 

in hydrogen ion activity. Carbonic acid is the most important of these weak acids 

and its activity is a function of the partial pressure of carbon dioxide in the coexisting 

gas phase. The net reactions for the dissolution of calcite and dolomite are: 

CaC0
3 

+ HzO + CO
2 

T'" Ca 2. + 2HCO ~ (2.4) 
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The saturation index for calcite is: 

SIc = log (Ca b) + log (HCO~) + pH - pK2 + pKc (2.6) 

The saturation index for dolomite is: 

2.2.3.1 Carbon Dioxide 

In carbonate waters, the concentration of carbon dioxide and the production of 

carbonic acid are of great importance in the solution process. The solubility of CO2 

is directly related to the partial pressure of CO2 in the gas phase and inversely related 

to water temperature (Figure 2.1). In most karst systems, CO2 originates only in the 

atmosphere and soil. The partial pressure of CO2 in the atmosphere is approximately 

10-3
.
47 atmospheres. Soil CO2 can vary from atmospheric levels to partial pressures 

of 10-1.0 in tropical environments (Figure 2.1). The increased CO2 solubility at low 

temperatures is an important boost in cold regions where soil CO2 levels are 

generally low. 

In cold regions, the equilibrium concentrations of calcite, for a given Pco2, 

are elevated due to the increase of CO2 solubility in cold water (Figure 2.2). 

However~ it is clear that PC02 exercises greater control on calcite solubility than 

temperature. Where the soil atmosphere has high Pco2 values, the potential for 

dissolution is greater. Based on field measurements of temperature, bicarbonate ion, 

and pH, it is possible to calculate the Pco2 of the gas phase that is in equilibrium 

with the groundwater. 

Soil CO2 levels are a function of a variety of biological factors that are 

influenced by climate and soil properties. Field measurements from regions of 

periglacial climate yield values between 10-3
.
4 and 10-2

.
3 for alpine tundra in the 
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Rocky Mountains (Miotke, 1974), between 10-2
.
7 and 10-2

.
0 from arctic tundra (Woo 

and Marsh, 1977), and 1O-2.
s from the Nahanni karst (Brook, 1976). Considerable 

effort has been directed to the correlation between Peo2 and climate. The 

relationship between Peo2 in the discharge waters of closed systems and mean 

annual temperature was evaluated by Drake and Wigley (1975) and Drake (1980). 

It was suggested that the soil Peo2 could be back calculated from the Peo2 of the 

discharge waters. The following statistical model was proposed: 

10gPco = -2 + 0.04T 
2 (2.8) 

where T is the mean annual temperature in °C and Peo2 is the partial pressure of 

carbon dioxide in the soil in atmospheres. At Norman Wells, the mean annual 

temperature is -6.0 DC. The expected Peo2 is 10-2
.
24

• A correction to account for the 

inhibition of respiration at low Peo2 produces a minor difference in the calculation. 

This model assumes that all CO2 in the system is derived from the soil zone. It 

probably overestimates soil CO2 content in climates influenced by strong seasonal 

variations (Bakalowicz, 1976). Brook et al (1983) examined soil CO2 as a function 

of several climatic variables, including temperature, precipitation, potential and 

actual evapotranspiration. From a data set of 19 widely dispersed locations, a 

significant-relationship was found between Peo; -and actual evapotranspIratIon 

(Figure 2.3). In the arctic region, the predicted Peo2 at the peak of growing season 

is below 10-3
.
0

. In the subarctic, the predicted range is between 10-3.0 and 10-2.6. 

In this study, soil Peo2 was measured at four locations at the Dodo Canyon 

Site (Chapter Vll) and at six locations at the Bear Rock Site (Chapter X). Sampling 

was done on July 8 and August 5, 1988. A variety of soil types were tested, ranging 

from coarse textured regosols on unvegetated exposed areas, to organic-rich 

brunisols occurring on doline floors below treeline. A hollow steel probe was driven 

into the soil and a sample of the soil atmosphere was drawn into a Draeger device, 

which reports soil CO2 in volume percentage (Miotke, 1974). Samples were taken 

at 5 cm intervals below the surface to depths ranging from 10 to 35 cm. The soil 
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atmosphere in unvegetated areas showed near atmospheric concentrations of CO2. 

Values from sites below treeline ranged from 0.06 to 0.20%. At the Dodo Canyon 

Site, the average CO2 for samples from vegetated soils between the depths of 10 and 

35 cm was 0.12% (n=16). The same figure from the Bear Rock Site was 0.10% 

(n=14). Overall, the average Pea2 value from this data set is 10-2.
9

• Actual 

evapotranspiration in the region is between 200 and 300 mm (Chapter III) it is 

plotted against Pea2 on Figure 2.3. 

It is common to find the Pea2 values of discharge waters are higher than 

those directly measured in the soil of a karst basin. This indicates there may be 

additional sources of CO2 in the system. Atkinson (1977) suggests that the oxidation 

of organic material in the vadose zone is a possible source of CO2, it may also be 

delivered from groundwaters of deep origin and connate waters. Other weathering 

processes may contribute COz, particularly the reduction of sulphates in the presence 

of organic material. 

2.3 Karst Hydrology and Aquifers 

The hydrology of karst and non-karst terrains differ through the allotment of water 

between surface and subsurface pathways. The high secondary porosity of karst 

bedrock permits capture of all surface runoff in areas of holokarst, and a lesser 

fraction in a fluviokarst. The development and characteristics of karst aquifers are 

strongly influenced by the physical attributes that control the style and rate of 

recharge, transmission, and discharge. Climate, vegetation, soils, geomorphology, 

geology, and boundary conditions consistute important controls (Figure 2.4). 

Climate governs the volume, temperature, and seasonality of recharge. Vegetation 

and soil function as a filter and store, regulating infiltration and increasing the 

dissolved CO2 content of percolating waters. Geomorphology controls allogenic and 

point recharge through linkage of the surface drainage network to sink points. These 

three factors are interrelated and are subject to complex feedback mechanisms. In 

aggregate, they determine the properties of the recharge to the bedrock (Figure 2.4). 
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The processes of karstification will proceed when recharge is aggressive 

towards the minerals which comprise the aquifer. How the bedrock is modified is 

related to mineral solubility, purity, texture, and the primary porosity and geometry 

of the rock units. Solution occurring along bedding planes, joints, and fractures 

increases the secondary porosity and surface waters are progressively diverted into 

the enlarging subsurface drainage network. The hydraulic conductivity, effective 

porosity, storativity, and transmissivity of the aquifer are increased. Positive 

feedbacks to the recharge variables reinforces these modifications. Of particular 

importance are the boundary conditions imposed on the flow system: the position 

and elevation of springs points and the amount of local relief from the recharge to 

discharge areas (Figure 2.4). These variables influence the depth and length of 

flowpaths, and consequently the physical properties of the aquifer discharge. 

It is common practice to classify karst aquifers based on their porosity and 

the conditions which characterize flow within them. Atkinson (1985) recognizes 

three types: (i) diffuse, (ii) fissure and, (iii) conduit (Figure 2.5). Aquifer structure 

strongly influences the style of recharge and their hydrological behaviour. Diffuse 

flow occurs through the bulk of a bedrock mass within small interconnected pores 

and fissures, the flow is laminar and linear velocities low. Discharge from these 

systems-tends to-be_consistent inflow~ndchemistry _Oackucs,_1959}. In the case_of 

a well developed conduit aquifer, groundwater movement occurs almost exclusively 

through solution conduits, flow is often turbulent and velocities within conduits may 

exceed 0.1 m S·l. Discharge from these aquifers is highly variable in flow and 

chemistry. Fissure aquifers are characterized by a mixed flow regime, where the 

majority of groundwater movement occurs through solution altered joints, fractures, 

bedding planes, and other fissures. 

There is substantial literature available on the modelling of groundwater 

flow. For diffuse aquifers the most successful deterministic approaches are based on 

the application of Darcy's Law. However, within conduit aquifers the use of Darcy's 

Law is inappropriate. Flow in conduits is described by the Poiseuille and Darcy-
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Weisbach equations. Modelling groundwater flow in any karst is complicated by 

difficulties encountered in establishing the fundamental spatial properties of the 

system. The delineation of catchment areas for springs is problematic. Dye tracing 

and natural isotopes may aid in that task but often catchment areas and flow vectors 

within aquifers will change with small fluctuations in the level of the potentiometric 

surface. Also, porosity need not be uniform within a given aquifer. 

2.3.1 Hydrological Components of the Karst System 

The hydrological and solute inputs, stores, outputs, and linkages within the karst 

system are depicted on Figure 2.6. Precipitation and allogenic streams constitute the 

hydrological inputs. Infiltration occurs via point recharge landforms or as diffuse 

recharge through the soil, bedrock, or along losing stretches of stream channel. 

Partitioning of inputs between detention, runoff, and infiltration will vary. Under 

storm conditions the infiltration capacity of sink points may be exceeded, increasing 

surface detention and runoff. In conduit aquifers, vadose cave passages may develop 

beneath point recharge locations. Conduits provide a high velocity pathway from the 

surface to the phreatic zone or to spring points. Stores within the vadose zone 

include the soil and subcutaneous aquifer. The subcutaneous zone is a shallow 

subsoil aquifer that is characterized by high effective porosity and hydraulic 

conductivity (Williams, 1983). It functions as a source area for percolation to the 

phreatic zone and as a discharge source from the system. Evapotranspiration will 

remove moisture from the intercepting vegetation, surface, soil, and subcutaneous 

zone. 

Hydrological outputs include discharge from vadose and phreatic spring 

points, spring lines, and seeps, as well as surface runoff. A hierarchy of springs may 

be present in the discharge area ofa conduit aquifer (Smart, 1983). In response to 

a recharge event, higher elevation spring points are activated, these overflow springs 

are ephemeral and experience rapid changes in flow volume and chemistry. The 

lower elevation underflow springs exhibit less variability in discharge and solute 
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contents. 

Solutes in the system include contributions from wet and dry fallout, biomass, 

and weathering products. The atmospheric inputs usually comprise a small 

percentage of the total solute budget. Much of the dissolution of soluble minerals 

is accomplished in the soil and the subcutaneous zones, although this is dependent 

on the spatial distribution of soluble materials within the aquifer. While solution and 

precipitation dominate weathering, redox reactions involving sulphur compounds can 

be locally significant. 

2.3.2 Spring Analyses 

A variety of direct and indirect measures provide data on the physical characteristics 

of aquifers. Pumping and injection tests produce estimates of storativity, 

transmissivity, and hydraulic conductivity. A water balance approach may be used 

to estimate annual recharge. However, many standard hydrogeological methods 

perform poorly in the study of karst aquifers (QuinIan and Ewers, 1985). Karst 

researchers frequently employ methods that involve spring analyses. Variations in 

discharge, hydrochemical facies, ion concentrations, temperature, and isotope ratios 

of spring points are related to the characteristics of recharge and its transmission 

thrQugh the aquifer. Monitming these variables at spring _points may yield 

information regarding the aquifer structure. Complications occur when only a 

fraction of the total discharge may be measured, as spring locations may be obscured 

beneath a cover of sediment, in stream channels, or in lake beds. In addition, flow 

at monitoring stations may incorporate a mixture of any number of the potential 

inputs indicated in Figure 2.6 and the relative proportions of these inputs across stage 

need not be constant. Basic techniques in spring hydro graph analyses are employed 

on data from the Dodo Canyon Site (Chapter VII). 

2.4 Permafrost 

Permafrost is defined as ground (sailor rock) that remains at or below ooe for at 
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least two years (Harris et at, 1988) or as ground that remains frozen for more than 

one year (Williams and Smith, 1989). The term cryotic is used to describe ground 

at a temperature below O°C. The freezing point of pure water is O°C. Meteoric 

waters contain dissolved solids which typically depress the freezing point by 0.1 to 

0.2°C. Freezing occurs across a range of temperatures. Ice nucleation initially 

occurs in large pores and fissures where water is held at relatively low pressures. As 

freezing continues, the remaining liquid water is held at increasingly higher pressures 

within capillaries and adsorbed onto solid surfaces. Usually when ground 

temperatures drop below -1. SoC most of the remaining liquid water is held as 

adsorbed water. However, the unfrozen water content may exceed 10% in fine 

grained soils to temperatures as low as -SoC (Williams and Smith, 1989). Much 

permafrost, particularly that of recent (Holocene) origin is relatively warm, >-soC, 

and a significant amount of liquid water can coexist with the ice. This liquid water 

will move in response to temperature gradients, although as the unfrozen water 

content decreases, so too does the hydraulic conductivity of permafrost. In common 

usage, the term frozen ground describes permafrost where the majority of water in 

the system exists as ice. However, by the thermal definition, permafrost need not 

contain any ice. 

2.4.1 Permafrost Distribution 

The distribution of permafrost is usually mapped as a series of zones or regions 

depicting proportions of the surface that are perennially cryotic (Figure 2.7). The 

continuous zone is recognized as that area where >80% of the surface is underlain 

by permafrost (Harris et at, 1988). Permafrost extent and thickness varies from relict 

isolated patches in the sporadic discontinuous zone to continuous coverage in the 

high Arctic where the thickness can exceed 1000 m (Washburn, 1979). At the 

macro-scale, permafrost at the boundary between the continuous and discontinuous 

zones is on average 60 to 100 m thick and approximates the -8.SoC mean annual air 

isotherm (prowse, 1990). However, at the local scale, variations in permafrost 
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thickness and extent can be substantial. On an annual basis, ground temperatures are 

typically several degrees warmer than air temperatures. Due to the complex 

relationship between these variables, air temperature does not describe small 

variations in permafrost distribution, particularly in the discontinuous zone (Williams 

and Smith, 1989). 

Factors which influence permafrost extent and thickness include: climate, 

ground cover, hydrology, topography, and geology. Ground surface temperature is 

regulated by the surface energy balance and by site specific properties that influence 

energy partitioning. The temperature regime within a soil or bedrock unit is a 

function of the thermal properties of that unit and the action of external heat and 

mass transfer processes, particularly geothermal heat and surface temperature (Figure 

2.8). The surface energy balance is given by: 

(2.9) 

where Q* is net radiation, QH is sensible heat flux, QE is latent heat flux, Qa is ground 

heat flux, K! is incoming shortwave radiation, a is surface albedo, L! is incoming 

longwave radiation, L r is outgoing longwave radiation and E is surface emissivity. 

Climate controls large scale variations in permafrost extent. Important 

variables· include:- -latItude, cloudiness, ·lIumidtty~windspeed; -ana-temperature. 

Permafrost is more extensive where K! is minimized and QE and QH are maximized. 

These conditions occur at moist high latitude sites where there are strong winds. 

Topography influences permafrost through variations in aspect and slope, permafrost 

is least extensive on steep southerly facing slopes where the duration of insolation 

is greatest and the angle of incidence acute. Geology exercises control on permafrost 

through geothermal heat flux and thermal conductivity of the soil or bedrock unit. 

In localized areas where heat flux is high, permafrost thickness and extent are 

reduced. Given a constant heat flux, the vertical temperature gradient in a bedrock 

unit is inversely proportional to thermal conductivity. Thus, for a given surface 

temperature, formations with high thermal conductivities will support thicker 
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permafrost. 

In the discontinuous zone, the distribution of permafrost is largely governed 

by surface characteristics that influence energy exchange and consequently the 

ground surface temperature. Critical ground variables are snow cover, vegetation, 

and organic material. The thermal conductivity of snow is low and it functions as 

an insulator, reducing heat loss from the ground during the winter season (Smith, 

1975). This variable is perhaps the most important control on the magnitude of the 

difference between air and ground temperatures. In areas of rugged topography, 

snow is subjected to redistribution and therefore permafrost beneath topographic 

snow traps tends to be less extensive. 

Vegetation reduces K! through shading and increases QE through 

evapotranspiration. Thus in the summer, soil temperatures beneath a forest canopy 

tend to be cooler than those in open sites (Rouse, 1984). However, these surfaces are 

much warmer during the winter period as vegetation will tend to accumulate snow 

(Smith, 1975). The net annual effect is that ground temperatures beneath a 

vegetation canopy are commonly a few degrees warmer than adjacent open surfaces 

(Williams and Smith, 1989). 

Thick organic soils will also influence the surface energy balance and have 

the effect of lowering the annual ground temperature. The thermal conductivity of 

peat is strongly governed by moisture content. On average, peaty soils have a lower 

moisture content in the summer period when rates of evapotranspiration are high. 

During this period the organic layer functions as an insulator and Qa to the surface 

is reduced. This contrasts with the behaviour of wet and frozen peat which has a 

very high thermal conductivity. In the sporadic portion of the discontinuous zone, 

cryotic ground is largely confined to positions underlying peatlands (Zoltai and 

Tarnocai, 1975). 

Although not depicted in Figure 2.8, water bodies also constitute an 

important control on the distribution of permafrost. Noncryotic ground occurs 

beneath water bodies that are sufficiently deep so that bottom freezing does not 
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occur. The dimensions of the underlying talik are a function of the size and 

temperature of the water body, and the temperature of the surrounding permafrost 

(Gold and Lachenbruch, 1973). In the continuous permafrost zone, taliks are present 

beneath major rivers and lakes. The hydrological significance of these taliks is 

addressed in the following section. 

2.5 Hydrology of Permafrost Terrain 

Permafrost hydrology is the study of the distribution, movement, and storage of 

water as influenced by the presence of perennially frozen ground (Woo, 1986). This 

section will review permafrost hydrology focusing on the properties of groundwater 

aquifers with particular emphasis given to carbonate terrains. 

Several characteristics differentiate the hydrology of the permafrost zone 

from the temperate zone. The following are identified by Woo (1990): (i) frozen 

ground functions as an aquiclude because of limited permeability, (ii) the majority 

of hydrological processes are confined to the active layer, (iii) many surface 

hydrological processes are effectively idle during the winter, (iv) the flux of energy 

and water are linked as freeze-thaw events influence water storage and distribution, 

(v) snow and ice function as a store on a seasonal, annual, or multi-annual basis, 

therebyjnfluencingthetemporal availability ofsllrface~MeI through melt.. 

Stream response to precipitation is related to the physical characteristics of 

basins, such as the geology, vegetation, watershed shape, topography, and soil 

moisture conditions. Studies of surface hydrology of Arctic and Subarctic 

catchments have shown that they are influenced by the additional factor of 

permafrost. Catchments underlain by permafrost show a rapid stream discharge 

response to inputs, usually snowmelt, glacier melt, rain, or some combination. 

Maximum specific discharges are high (peak discharge per unit area) as is the runoff 

to precipitation ratio (e.g. McCann and Cogley, 1972; Dingman, 1973; Newbury, 

1974; Slaughter et ai, 1983). Typically, a discharge hydrograph is flashy, quickly 

rising to a peak and followed by a short recession to baseflow, which may be 
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minimal (Slaughter and Kane, 1979). The rapid response is related to the reduced 

permeability of frozen ground and the resultant translation of precipitation, snow and 

ice melt to the stream channel by the pathways of overland flow (Price et. aI., 1978) 

or in the shallow subsurface as throughflow (Lewkowicz and French, 1982; Woo and 

Steer, 1983). In areas of discontinuous permafrost, the contribution of base flow to 

the total hydro graph is greater than in continuous permafrost (MacKay and Loken, 

1974), as is the relative contribution to runoffby rainfall events rather than snow or 

ice melt. 

2.5.1 Basin Hydrology 

There are four commonly recognized streamflow regimes in permafrost terrain 

(Church, 1974): (i) Subarctic nival, (ii) Arctic nival, (iii) proglacial, (iv) muskeg or 

wetland. Craig and McCart (1975) recognize a fifth regime: (v) spring-fed. Annual 

hydro graphs for basins that are representative of the above regimes are presented in 

Figure 2.9. The nival regimes have a marked snowmelt flood with secondary rainfall 

generated peaks, the latter being more significant in the subarctic as are groundwater 

inputs to discharge. This contrasts with the arctic region where baseflow 

contribution is minor. In the nival regime, short duration high magnitude flows may 

be associated with the failure of snow and ice dams or ice jams. The proglacial 

regime is seen in glacierized basins. There is a snowmelt peak with subsequent peak 

flows due largely to ice melt. The latter peaks may exhibit a diurnal variation driven 

by radiation input, in some instances jokulhlaups occur. Streams of the wetland or 

muskeg regime are also characterized by a marked snowmelt pulse, but wetlands 

tend to attenuate melt ·and storm peaks due to high levels of detention storage and 

evapotranspiration. The spring-fed regime is the most relevant to this study, it is 

discussed in the following section in conjunction with groundwater. 

2.6 Groundwater in Permafrost Terrain 

The occurrence and characteristics of groundwater in permafrost terrain have been 
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reviewed by numerous authors (e.g., Cedarstrom, 1953~ Williams, 1965~ Williams, 

1970; Williams and van Everdingen, 1973; Tolstikhin and Tolstikhin, 1976; van 

Everdingen, 1974, 1987, 1990~ Michel and Wilson, 1988). The characteristics of 

groundwater flow systems are influenced by topography, lithology, and the extent 

of frozen ground. The latter is the dominant control on the distribution and 

seasonality of recharge into the soil and underlying aquifers. Following a scheme 

originally outlined by Tolstikhin (1941, as referenced in Shepelev, 1983) 

groundwater aquifers are differentiated on the basis of their position relative to the 

permafrost (Figure 2.10). Three main types of aquifers are recognized: (i) 

suprapermafrost aquifer, (ii) intrapermafrost aquifer, and (iii) subpermafrost aquifer. 

2.6.1 Suprapermafrost Aquifer 

Suprapermafrost aquifers occupy the zone above the permafrost. Based on their 

freezing regimes van Everdingen (1990) recognizes three subtypes, these are called 

la,lb, and Ie in this text. Groundwater of subtype la is confined to the zone that is 

subjected to annual freezing and thawing, the active layer. The annual thickness of 

this aquifer is related to the surface energy balance and the thermal properties of the 

material. The active layer achieves its maximum thickness in late summer. Subtype 

Ib ~nCQmpasse~a _poItion ~LthJLacti~ la),ecand the __ unftozen_ground beneath it 

This aquifer is found in closed taliks beneath shallow streams, lakes, and alluvial 

fans and undergoes only partial seasonal freezing. Subtype Ie is located below the 

active layer and above the permafrost. It is not subjected to seasonal freezing. This 

aquifer is found in taliks that may be associated with larger streams and lakes and 

where thermal water discharges. In the discontinuous permafrost zone, the thickness 

of this aquifer may be several metres where the permafrost table is located well 

below the depth of seasonal freezing. 

Alternate classifications of suprapermafrost aquifers are provided by 

Shepelev (1983) and Pengfei (1988). Shepelev differentiates between active layer 

suprapermafrost water (termed suprapermafrost vadose water) and water in taliks 
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above the pennafrost table but confined by the active layer (termed suprapermafrost 

groundwater). The former is divided based on the continuity of the permafrost and 

the latter into three subtypes based on the degree of freezing within the talik. 

Shepelev emphasizes the importance of unfrozen suprapermafrost waters found in 

taliks beneath major water bodies. Pengfei (1988) recognizes the suprapermafrost 

aquifer as one confined to the active layer. Division is based on porosity. 

Suprapermafrost water exists within the pores of sediment in an open or confined 

state or in the pores and fractures of bedrock. Taliks are considered independently 

of suprapermafrost waters. 

2.6.1.1 Surface and Subsurface Flow 

The hydrology of the active layer is strongly influenced by frozen ground. Upon 

freezing, a moist soil experiences a decrease in hydraulic conductivity (Kane and 

Stein, 1983b). The magnitude of the reduction is related to soil texture, degree of 

saturation, and temperature. Burt and Williams (1976) demonstrated that freezing 

saturated soils to approximately -O.soC resulted in a decline in hydraulic conductivity 

by four or five orders of magnitude. Very coarse soils and porous and fractured 

bedrock are less influenced by freezing (Mackay, 1983; Olovin, 1988; van 

Everdingen, 1990). In addition, dry soils will maintain their permeability despite 

freezing (Cary and Mayland, 1972; Kane and Stein, 1983a, 1983b). The unfrozen 

water content of a soil declines with temperature. In a frozen soil, liquid water is 

restricted to capillaries and thin films around soil particles (Anderson and 

Morgenstern, 1973; Williams and Smith, 1989). This water will move in response 

to thermal gradients but due to poor interconnections between water films the 

velocity offlow is very low. It is also possible for water to travel as vapour through 

the soil media or for regelation processes to transfer water across ice lenses. Thus, 

when assessing the hydraulic conductivity of frozen materials a wide range of 

possibilities exist. In fine grained saturated media, conductivity is sharply reduced 

but these materials should not be considered absolutely impermeable. Use of the 
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term aquitard is suggested to describe the hydrogeological role of frozen ground 

(Harlan, 1974; van Everdingen, 1990). In dry soils or in very coarse debris or 

fractured and porous bedrock, hydraulic conductivity may remain high. This is 

particularly the case for bedrock with solution conduits. 

Early in the melt season the active layer is frozen to the surface. Meltwater 

infiltrates into air filled pores and fissures. The infiltration rate is a function of the 

properties discussed above. Refreezing of percolating waters releases latent heat and 

warms the active layer (Woo and Heron, 1981; Wright, 1981). This may also seal 

pores with ice which reduces infiltration. In areas of continuous permafrost, it is 

common for a layer of ice to develop at the base of the snow cover which further 

retards infiltration (Marsh and Woo, 1984). Where the active layer contains 

abundant ice, incremental increases in thaw depth require greater inputs of energy 

(Wright, 1981). The active layer tends to thaw unevenly and the frost and water 

table do not perfectly mimic surface topography (Woo and Steer, 1983). If the 

supply of meltwater and rainfall exceeds the infiltration capacity or the water table 

reaches the surface, water will pond, first satisfying detention storage, and then run 

off as overland flow. This is most important in the spring when the thaw depth is 

shallow and the supply of water high (Lewkowicz and French, 1982). Water may 

. til . h . 1 . d - ,l n 1 'n r In_Ltrate-mtot e-actlv£ ayeLatone pomt-an xe--emergauow __ s opeL_esponse to 

the changing configuration of the frost and water table relative to the surface (Woo 

and Steer, 1983). Dingman (1973) described the importance of the active layer water 

table in the generation of surface flow and applied the variable source area concept 

to permafrost basins to account for discharge variations. 

As the melt season progresses, the thickening thawed zone serves as a store 

for meltwater and rainwater. Infiltrating waters may percolate to the active layer 

water table and be stored as suprapermafrost groundwater. The thickness of this 

aquifer is not consistent and flow within it may not correspond with surface drainage 

divides. This groundwater will move laterally in response to hydraulic gradients 

until it is discharged at the surface or encounters a talik. Studies from continuous 
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pennafrost have shown that variations in suprapermafrost flow are contemporaneous 

with those observed in surface flow and may comprise over 50% of the volume of 

discharge from a system (Lewkowicz and French 1982~ Steer and Woo, 1983). As 

recharge to the active layer is reduced, the aquifer dewaters from the top down and 

flow declines to minimal levels through the summer period. 

2.6.1.2 Chemistry and Discharge of Suprapermafrost Groundwaters 

Where the water table of the suprapermafrost aquifer outcrops on the topographic 

surface, water flows out as either seeps or springs. These waters are almost 

exclusively meteoric in origin and their solute content reflects the lithology of 

aquifer materials and a relatively short residence time in that media. Typically the 

chemistry is simple with Ca2
+ and HC03" as the dominate ions. Total solute load and 

electrical conductivity are low as is temperature. Where the flow velocity is slow, 

solute content may be relatively high. Lewkowicz and French (1982) report an 

inverse relationship between discharge and solute concentration. In wetland areas, 

suprapermafrost waters may have higher concentrations of organic acids. In some 

circumstances there may be mixing between permafrost groundwaters of deep origin 

and suprapermafrost groundwater. 

Discharge from springs and seeps draining the suprapermafrost aquifer is 

restricted to the period of thaw and is of variable magnitude. Individual discharge 

points rarely exceed a few litres per second. In the continuous permafrost zone, 

snowmelt is responsible for the majority of the discharge, while in the subarctic, 

rainfall events may produce substantial discharge from the aquifer (van Everdingen, 

1987, 1990). 

2.6.2 Intrapermafrost Aquifer 

Intrapennafrost water o~cupies unfrozen zones within the permafrost (Figure 2.10). 

This includes water in open, lateral, or transient taliks and in basal, isolated, and 

marine cryopegs. The dimensions of these aquifers vary with seasonal freezing and 
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will respond to long term shifts in the factors that control permafrost extent. 

Open taliks provide an important link between the supra and subpermafrost 

aquifers through which groundwater may be exchanged. They occur in a variety of 

hydrogeological settings: beneath large lakes and rivers, along the flowpaths of rising 

hydrothermal (temperature >O°C) or hydrochemical (temperature < O°C) 

subpermafrost waters, or where the downward flow of surface or suprapermafrost 

water is sufficient to restrict freezing (van Everdingen, 1990). Flow between the 

aquifers often exploits large fissures, faults, and solution conduits (Cedarstrom, 

1953). 

Lateral taliks are overlain and underlain by perennially frozen ground and 

may be cryotic or noncryotic. They are often found in association with alluvial fans 

and braidplains and with zones of mineralized water in the cryopeg. Alluvial taliks 

may form when surface and suprapermafrost waters infiltrate into the permeable 

sediments of a fan or floodplain and travel laterally at depth. The heat content of the 

flow maintains the integrity of the talik. It is possible to bring subpermafrost water 

into this pathway via an open talik, and consequently onto the surface. Taliks that 

are completely surrounded by permafrost are isolated. They may be hydrothermal 

and transient, or hydrochemical. The former is seen below recently drained lake 

b~~n_s~nd lh~ latter ill th~ IDl!fLne ctyQQegJfigl.!re~.l Q} .. 

Shepelev (1983) classifies intrapermafrost waters into categories which are 

broadly analogous to lateral (horizontally bound) and open taliks (vertically bound). 

Horizontally bound waters are subdivided based on the freezing regime in the talik 

and on the nature of the hydraulic connection to the rest of the system. Vertically 

bound intrapermafrost waters are subdivided based on the setting, either subaerial or 

subaquatic, and on the direction of flow through the talik, either downward, upward, 

or mixed. 

2.6.2.1 Chemistry and Discharge of Intrapermafrost Groundwater 

The chemistry of intraoermafrost IZroundwater reflects its flowoath and residence 
., .I. """ - - - - - -- -- - 1. 
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history. The chemistry of groundwater discharging from a lateral talik that is located 

beneath an alluvial fan will be similar to the surface and suprapermafrost waters that 

infiltrate into the talik upslope. A significant change may indicate subpermafrost 

groundwater is introduced into the talik. Thus, intrapermafrost groundwaters can 

have a variable chemistry. Discharge from intrapermafrost taliks will terminate 

during the winter season if the aquifer storage is depleted or if the outlets freeze. 

This is particularly marked when the output is distributed to numerous low discharge 

spring points. 

2.6.3 Subpermafrost Aquifer 

Subpermafrost aquifers are water bearing media occurring in the noncryotic zone 

below the permafrost (Harris et aI, 1988). In the zone of discontinuous permafrost, 

recharge to the subpermafrost aquifer is achieved through open taliks. Recharge is 

least inhibited where the sediment or bedrock is highly permeable. In karst areas, 

well developed solution conduits provide routes for the rapid recharge of 

subpermafrost aquifers by surface waters. In the zone of continuous permafrost, 

where materials are fine grained, the subpermafrost aquifer is effectively decoupled 

from suprapermafrost and surface waters. 

Subpermafrost aquifers are differentiated by van Everdingen (1990) on the 

basis of their composition into aquifers of unconsolidated sediments, and 

sedimentary and crystalline bedrock. Carbonates and evaporites are treated 

separately as karst rocks and are discussed later in this section. Sediment aquifers 

are found where the thickness of unconsolidated materials exceeds the permafrost 

thickness. Cedarstrom (1953) and Williams (1970) provide examples of such 

aquifers in deep alluvial fills in Alaska where recharge is achieved through open 

taliks beneath active streams. Sedimentary rocks provide a variety of 

hydrogeological settings for these aquifers, from basins to folded and faulted strata. 

Where aquifers are interbedded with aquicludes and aquitards, recharge is reduced. 

Aquifers in crystalline bedrock have variable properties depending upon the degree 
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of fracture. Where fissure frequency is high, flow within these aquifers may be 

similar to that in sedimentary rocks. 

Shepelev (1983) classifies subpermafrost waters based of their relationship 

with the lower boundary of the overlying permafrost. They are either in contact 

(Type 1) or without contact (Type 2). Type 1 is divided into degrading, aggrading, 

and stable classes which describe changes of the permafrost boundary. Cryopegs are 

not treated as intrapermafrost aquifers but rather as subzero subpermafrost water. 

Type 2 waters are subdivided into confined and unconfined aquifers. The confining 

layer may be an unfrozen aquitard or aquiclude, below which the subpermafrost 

waters are under pressure. The unconfined aquifers are separated from the base 

permafrost and are normally non-cryotic. Pengfei (1988) recognized six varieties of 

subpermafrost water based on the material, the state of the aquifer, and the porosity 

characteristics. 

2.6.3.1 Chemistry and Discharge of Subpermafrost Groundwater 

Discharge from the subpermafrost aquifer is generally perennial. Subpermafrost 

springs are often noted by the presence of large icings and or frost blisters which 

develop in the winter months at their spring points (van Everdingen, 1978, 1982; 

p()llilgL andJr~nch.~ 983._19~4;_Mj9h~l. J ~~Q). Th~. 911~micjl.L<::.haract~i~ti<::~_ Qf 

subpermafrost waters are variable and are related to the underground residence time 

and the lithology of the aquifer. It is not uncommon for these waters to have high 

solute concentrations. Subpermafrost waters flowing through an open talik and 

discharging at the surface often satisfy one or more of the following criteria: (i) 

discharge >5 L S·l, (ii) temperatures thermal (> 10°C above the mean temperature of 

recharge waters), and (iii) TDS > 1 g Lol. However, some subpermafrost waters will 

not exhibit these characteristics. 

2.6.4 Spring-fed Regime in Permafrost 

The spring-fed regime is the least documented of the commonly recognized 
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streamflow regimes occurring in permafrost terrain. Streams that are predominantly 

spring-fed are concentrated in the zone of discontinuous permafrost, particularly in 

association with basins of carbonate bedrock. The first comprehensive study of this 

regime was conducted by Craig and McCart (1975). They monitored discharge, 

turbidity, temperature, and the specific conductance of waters emerging from two 

large springs on the Alaskan north shore. Their observations indicated that discharge 

from the springs was constant and exhibited peaks only when overflow from surface 

waters affected the spring outlet. Turbidity levels were low and stable, spring 

temperatures were less variable th~ that of surface streams, as were the conductance 

and chemistry. The main springs were perennial, subpermafrost and could be 

differentiated from springs of shallow or suprapermafrost origin. 

Much of the subsequent work on springs has been undertaken at a number of 

locations in northwestern Canada in the zone of discontinuous permafrost (Brook and 

Ford, 1980; Brook, 1976, 1983; van Everdingen, 1974, 1978, 1981, 1982, 1987, 

1988; Hamilton et ai, 1988; Michel, 1977, 1983, 1986; Michel and Fritz, 1978). The 

majority of these studies involved springs supplied by water circulating through 

carbonate rocks. Discharge and physical properties of the spring waters reflect 

aquifer structure and the style and rate of recharge. High discharge, cold springs 

tend to drain karstified subpermafrost aquifers that are supplied by abundant 

recharge through open taliks. In most cases, the chemistry of these springs are 

characterized by a low dissolved solids concentration, this reflects the high flow 

velocity through a conduit aquifer. High discharge springs are also observed in 

alluvial environments as discharge points of intrapermafrost aquifers. Subpermafrost 

karstic aquifers may also be drained by low discharge springs. These usually have 

a high dissolved solids content and may be thermal. Through examination of the 

flow regime and the temperature, chemical, and isotopic signature of spring waters 

it is possible to trace springflow to one of the three permafrost aquifers (Michel, 

1977; Michel and Fritz, 1978; van Everdingen et aI, 1979). 
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2.7 Glaciation, Permafrost, and Karst 

Many karst areas of the temperate and periglacial regions were glaciated in the 

Quaternary, some karsts are currently influenced by permafrost. Each of the study 

sites examined in this thesis were glaciated and are in permafrost. The interactions 

between glaciers and karst landforms and aquifers fall on a continuum from total 

destruction to complete preservation (Ford, 1983). The occurrence of permafrost 

influences groundwater circulation. Physical processes that contribute to the 

development of karst features in cold climates and their characteristics are reviewed 

by Ford (1993). The following sections describe the impact of glaciation on karst 

and the role of permafrost. Subsequent sections review examples of karst from 

permafrost terrain. 

2.7.1 Glacial Thermal Regime 

The glacial thermal regime influences motion, hydrology, erosion, and deposition. 

The simplest models of thermal behaviour are based on heat transfer by conduction. 

For a stationary horizontal ice mass of uniform thermal properties and under steady 

state conditions, the temperature gradient within an ice mass, dTldh, is: 

(2.10) 

where T] is the mean temperature at the ice surface, T2 is the mean temperature at the 

ice bed interface, and h is the ice thickness (Drewry, 1986). The surface temperature 

is a function of climatic variables, and the basal temperature is influenced by the 

geothermal heat flux through the underlying substrate. Assuming conduction occurs 

in the vertical direction only, the geothermal heat flux delivered to the base of the 

glacier is: 

(2.11) 

where Qa is the geothermal heat flux, Kr is the thermal conductivity of the underlying 

bedrock unit and dTldz is the geothermal gradient. 
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The temperature profile within a movmg Ice mass is complicated by 

additional heat contributed from internal shear and from friction due to sliding. This 

has the effect of elevating the temperature of the basal ice. A glacier is cold based 

when the rate of heat production from geothermal, strain, and sliding sources are less 

than the product of the thermal conductivity of the ice and the basal ice temperature 

gradient (Drewry, 1986). When the heat production is greater, the glacier will be 

warm based with melting at the bed. 

2.7.2 Glacial Erosion and Deposition 

Glaciers are composed of polycrystalline ice. Motion is achieved by internal shear 

( creep) and by basal sliding (Drewry, 1986). The latter consists of a combination of 

processes including enhanced creep, regelation, and slippage. Creep velocity is a 

function of the ice temperature and the surface slope. Basal sliding is related to ice 

temperature, bed roughness, and the supply of meltwater to the ice-bed interface. In 

general, flow velocity increases with temperature and at glacier margins. 

In cold based glaciers, motion is wholly by creep. Warm based glaciers will 

move by a combination of creep and basal sliding. The style of motion influences 

erosion and deposition at the bed. Sliding glaciers may erode bed material by 

abrasion and plucking. The abrasion rate is related to the hardness of the bedrock 

and tools, debris concentration in the basal environment, pressure, velocity, and bed 

roughness (Hallet, 1981; Drewry, 1986). Abrasion tends to occur on the stoss side 

of bed obstacles and plucking on the lee side. Cold based glaciers are frozen to their 

beds and erosion is limited to large bed obstacles that protrude into the basal ice. 

Erosion of sediment and bedrock may also be accomplished by meltwaters in the 

subglacial and supraglacial environments. 

Deposition occurs in subglacial, ice contact, and ice marginal environments 

(Shaw et aI, 1985). The subglacial environment is characterized by lodgement and 

melt-out tills, and a variety of glaciofluvial sediments (Boulton, 1982; Dreimanis et 

aI, 1987). The subglacial landform assemblage includes flutes, drumlins, eskers, and 
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Rogen moraine (Sugden and John, 1976). The ice contact environment consists of 

an assemblage of kame, end, and hummocky ground moraines. Mass flow deposits 

(flow till) and glaciofluvial sediments are most common. The ice marginal 

environment is dominated by glaciofluvial and glaciolacustrine sediments and 

landforms. 

2.7.3 Glacial Hydrology 

From a hydrogeological perspective, the movement of water within glaciers is very 

similar to that of karstified bedrock aquifers. Recharge to the glacial aquifer is 

achieved through a diffuse network of inter-crystalline veins and fissures, and 

through discrete input points at crevasses and moulins. It is convenient to subdivide 

the glacial system into supraglacial and subglacial components. These are decoupled 

in the accumulation zone but become linked towards the glacier margin in the melt 

season. In the supraglacial environment, liquid water is provided by surface melt and 

precipitation. Much of this water is refrozen in the firn aquifer or migrates laterally 

towards the ablation zone where it supplies supraglacial streams. A limited amount 

of vertical percolation from the firn aquifer to englacial and subglacial positions 

occurs through a network of diffuse veins (Berner et ai, 1977). The Peo2 of 

supraglaciaL meltwaters_ are __ t)'picall~ Jower _thau_ ~mospheric, __ but b~come 

equilibrated with atmospheric concentrations in turbulent supraglacial streams 

(Raiswell, 1984). Due to the Peo2, the solution capacity of this water is low. 

However, the concentration of dissolved solids are generally very low and 

supraglacial waters are aggressive toward the carbonate minerals (Palmer, 1984). 

In the ablation zone, the frequency of crevasses, fissures, and moulins increase. 

These are discrete input points to vertical conduits. A portion of the supraglacial 

flow is diverted through these conduits into networks of Nye and R6thlishberger 

channels at the glacier bed. At glacier margins, these channels coalesce into large 

streams. 

Meltwater is generated in the subglacial environment by geothermal and 
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mechanical heat. These waters quickly approach equilibrium concentrations with 

respect to carbonate minerals in the subglacial sediments and bedrock. Much of this 

flow occurs in thin films at the ice-rock interface (We ertman, 1972). In volumetric 

terms, the production of meltwaters in the supraglacial environment is several orders 

of magnitude greater than subglacial film flow (Smart, 1984). 

Water may also be contributed to the glacial system by groundwater and 

surface flow from surrounding uplands or dammed river systems. Subglacial 

meltwaters may infiltrate into underlying permeable bedrock. The occurrence of an 

ice mass may alter preglacial surface drainage patterns and produce ice contact and 

ice marginal ponding. Discharge from the system is seasonal and occasionally 

catastrophic and is capable of the rapid generation of spillway landforms. 

2.7.4 The Influence of Glaciation on Permafrost 

Under steady state conditions, a linear temperature gradient is established in 

permafrost. Disequilibrium in the temperature profile would result from the 

superimposition of an ice mass. Under warm based ice, permafrost may completely 

degrade. This is demonstrated using the simple model presented in Section 2.7.1 

(Figure 2.11). Permafrost thickness is controlled by surface temperature, geothermal 

heat flux, and the thermal properties of the bedrock. It is assumed the permafrost is 

dry and of homogeneous thermal properties. Heat flow by conduction is given by 

Equation 2.10. Convective and latent heat transfers within the permafrost are 

ignored. Over geomorphic timescales this is a reasonable exclusion (Williams and 

Smith, 1989). When a stationary ice mass comes to rest over a permafrost substrate, 

the initial basal temperature of the ice mass (T2) is the surface temperature of the 

permafrost. In response to this change in surface conditions, a new equilibrium is 

established. It is assumed that the rate of heat flow into the base of the permafrost 

is equal to the rate of heat flow into the base of the glacier, and that the rate of 

change of heat storage in the system can be ignored. The equilibrium temperature 

at the ice bed interface is: 
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T 
s (2.12) 

where K; is the thermal conductivity of glacial ice. Under the new conditions the 

permafrost thickness, Z, is: 

(2.13) 

where Tb is the temperature at the base of the permafrost (DOC). Solutions to 

Equations 2.12 and 2.13 are solved for a number of conditions and presented in 

Figure 2.12. The time period for a new temperature equilibrium to become 

established is long, perhaps as much as several thousand years (Lunardini, 1981). 

The model presented is very simple but it does show that, given a long period 

of time, permafrost beneath a warm based glacier will degrade. Measurements of 

permafrost thickness from northwestern Canada and Alaska show relatively thin 

permafrost occurs in those areas that were glaciated in the Late Quaternary 

(Washburn, 1979). 

2.7.5 Glaciation and Karst 

The influence of glaciation on pre-existing karst landforms and aquifers is reviewed 

by Ford (1979, 1983, 1984, 1987, 1993). Based on field studies from a number of 

karst regions in Canada, nine different glacial impacts are identified (Table 2.1). 

Destructive and deranging effects result from erosion and deposition. Input and 

residual landforms and portions of conduit systems may be removed. Karren scale 

features are most susceptible, large depression landforms are rarely completely 

eroded by a single glacial event. Where glacial ice or meltwaters are channelled, 

significant valley erosion may occur. This can dissect and disrupt pre-existing 

integrated conduit networks and expose spring points on valley sides. Fragments of 
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cave systems are preserved in positions well above the current valley bottoms. These 

phenomenon are observed at the Castleguard and Crowsnest Karsts (Ford, 1979; 

Smart, 1983). 

Sedimentation can strongly influence a karst system. Input landforms are 

commonly partially or completely infilled with glacial deposits. Sediment 

permeability will determine if the hydrological function of the feature is altered. In 

some cases, the sediments will have a low permeability and the original holokarst 

terrain will function as a fluviokarst or fluvial landscape for a period of time. Clastic 

debris may also be injected into conduit systems. The fill may be flushed out if 

recharge to the aquifer is re-established. Sedimentation is also commonly 

responsible for the aggradation of springs in rugged terrain (Worthington, 1991). 

The deposition of carbonate or sulphate rich glacial materials will effectively 

shield underlying bedrock from karstification. The solvent capacity of infiltrating 

water is spent on soluble glacial materials in the overburden (Drake, 1984). Lastly, 

a very fined grained and relatively thick sediment will seal and preserve a karst 

surface. 

Additional glacial effects can have a stimulative impact on karst aquifers. 

Under a warm based glacier, permafrost may degrade which may increase bedrock 

permeability. The superimposition of an ice mass will also alter the boundary 

conditions of the karst aquifer, including: (i) the geometry of the catchment area, (ii) 

the Peo2 of recharging waters, (iii) the style and volume of recharge, and (iv) the 

hydraulic gradient and potential. The glacial hydrological system is linked to that 

of the karst system. Much of the water in the subglacial environment has a 

supraglacial origin, these waters are normally unsaturated with respect to carbonate 

and sulphate minerals. Subglacial recharge into a permeable aquifer is capable of the 

dissolution of aquifer bedrock, thus karstification need not halt beneath glacial ice. 

Subglacial recharge will infiltrate into the bedrock where the secondary porosity is 

greatest and the hydraulic head lowest. This occurs at the locations of subglacial 

dolines and where fractures intersect in the lee of bedrock obstacles (Smart, P, 1986; 
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Lauritzen, 1986). The structure of the glacial conduit network will be influenced by 

the locations of these sinking points. Nye channels focus inputs to these locations. 

When meltwaters are routed directly or focused to sink points, subglacial 

karstification can produce small bedrock conduits within the order of 10 ka (Palmer, 

1981). In the case of an evaporite or interstratal karst, Pco2 is irrelevant and 

karstification can proceed at very rapid rates. Recharge to the karst aquifer will also 

be supplied by subglacial film waters as diffuse flow, although it is a minor 

contributor (Smart, 1983). 

Glaciation may also affect the flow regime within a karst aquifer. When a 

glacial aquifer is superimposed upon a pre-existing karst system and connections 

between them are established, the hydraulic gradient and potential of the system will 

change. The gradient is increased when the ice mass is superimposed upon the 

recharge area but does not influence the discharge zone (Pyrenean Type). This has 

the effect of raising the potentiometric surface and increasing flow velocities and 

depth (Ford, 1979). However, if the ice mass is confined by valley walls to the 

former discharge zone, the net effect is a reduction of hydraulic gradient (Lauritzen, 

1986). In some circumstances the direction of flow within an aquifer may be 

reversed. 

PostglaciaLgrarlknJ;S and_ PQtentLals wilL he Lnlluence1Lhy ejeyation manges 

to the recharge and discharge areas through glacial erosion and deposition. 

Particularly important are modifications to the discharge zone. Valley erosion will 

produce a steeper gradient, valley aggradation a gentler gradient. Karst conduits are 

graded to the valley floor, thus a change in local base level may produce changes in 

the flow system (Borneuf, 1981). Vertical spring hierarchies result, in part, from 

base level fluctuations. 

A number of karst landforms are generated or modified during glaciation. In 

the subglacial environment, small solution furrows and rills are produced on the stoss 

side of bedrock obstacles, calcite is precipitated on the lee side. Pressure melting on 

the stoss face and refreezing in the obstacle lee account for these phenomena (Hallet, 
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1976). Conduits, Nye channels, and dolines are also produced through subglacial 

karstification, these often occupy anomalous drainage positions (Smart, 1986). Ford 

(1984) suggests that linear, joint guided solution corridors located in continuous 

permafrost are also produced subglacially. In regions that have been subjected to 

repeated glaciation, the morphology of depression landforms may be wholly or 

partially related to glacial processes. Localized scour may enlarge and deepen pre

existing depressions. This is important in the periglacial regime where the 

interglacial process set is dominated by frost action and solifluction which tends to 

infill topographic lows. 

In a permafrost region immediately following deglaciation, the exposed 

bedrock is subjected to a period of relatively unimpeded recharge prior to the 

aggradation of a significant thickness of permafrost. This paraglacial karstification 

will be influenced by the amount and mobility of glacial debris on the bedrock 

surface. These sediments can shield the underlying bedrock or retard infiltration. 

The paraglacial environment is characterized by accelerated erosion and the 

establishment of an equilibrium between geology and the new process set (Church 

and Ryder, 1972). 

2.8 Permafrost Karsts 

The development of karst features is influenced by the characteristics of groundwater 

flow systems. The distribution of permafrost is an important control on those 

systems (Figure 2.13). The following sections review the characteristics of karst 

terrains across a variety of climatic, permafrost, and geological environments. 

2.8.1 Karst of the Continuous Permafrost Zone 

Where permafrost is continuous and hundreds of metres thick, there are few 

hydrological connections between the supra and subpermafrost aquifers. 

Groundwater circulation and karstification are normally limited to the active layer 

with karren forms dominating the landform assemblage (Ciry, 1962). Despite the 
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restrictions on groundwater movement, karst features and active circulation do occur 

in the zone of continuous permafrost, particularly within isolated taliks or where 

permafrost is locally thin. Examples are discussed below. 

Akpatok island is a 40 by 25 km outlier of 600 m thick undeformed 

Ordovician limestone located in Ungava Bay, N.W.T. An undulating plateau surface 

supports a variety of karst landforms (Lauriol and Gray, 1990). The karst is located 

within the zone of continuous permafrost and was glaciated in the Late Wisconsinan 

(Gray and Pilon, 1976; Gray et ai, 1979). Annual precipitation is very high, 

approximately 1600 mm a-I, mean annual temperature is -7°C, and the plateau 

surface is under tundra vegetation. 

The karst landform assemblage includes a variety of do lines, dry valleys, and 

gorges. Many of the dolines are flooded following the snowmelt period, those 

underlain by relatively thin permafrost drain readily. Recharge is also accomplished 

through fissures inthe floors of dry valleys and through ponors in ephemeral lakes. 

Recharge is limited where input landforms are underlain by ice-rich permafrost. The 

hardness of spring waters average 100 mg L-1 CaC03. This is consistent with 

measurements from similar environments (e.g., Smith, 1972; Woo and Marsh, 1977). 

Relatively little of the apparent recharge is accounted for by the discharge of the 

visiblesprings~A-mQdeLis-suggested-wheI"e-muGh-0£-the-plateau-SeFVeS-fts-&-FeehaFge 

area for an intermediate flow system with discharge routed to submarine spring 

points around the perimeter of the island (Lauriol and Gray, 1990). This model 

requires that percolating waters move through approximately 100 m of permafrost. 

The Tsi-it-toh-Choh karst is located in the upper Porcupine Valley of the 

Ogilvie Mountains at a" latitude of 67'N in the Yukon Territory (Cinq-Mars and 

Lauriol, 1985; Roberge et aI, 1986; Lauriol et aI, 1988). Several caverns are 

developed in massive limestone along the flank of a breached anticline. Mean 

annual temperature at Old Crow, 100 km to the north, is -14°C and precipitation is 

215 mm a-I. Much of the karst area is located at or below treeline, where the mean 

an .... flual temperatl.lre is probably 2 to 4 degrees warmer than at Old Crow. The region 
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was not glaciated in the Pleistocene. 

There is no evidence from the accessible cave passages of active diffuse 

recharge into the limestone. Thick accumulations of speleothem occur in some 

passages, unpublished dates indicate these are probably of Tertiary age (Ford and 

Williams, 1989). Point recharge is accomplished at several dolines and at valley 

bottom ponors that function as thermal taliks. Discharge from these local flow 

systems is accomplished at nearby subpermafrost springs. Few hydrological data are 

available from this site. The characteristics of this karst indicate that the solution 

features are inherited from a period of warmer climate, probably Tertiary. This karst 

is a significant example of inherited groundwater circulation. 

A number of permafrost karsts are also found on the Siberian Platform 

(Popov et ai, 1972). Permafrost thickness is variable, where unglaciated it may 

exceed 1000 m. Karst features are best developed where limestone and dolomite are 

interbedded with gypsum and salt. The solution of evaporite minerals are reported 

at a number of locations. Groundwater circulation is largely restricted to isolated 

taliks beneath and surrounding water bodies. In some locations, the dissolution of 

evaporite beds located within taliks feed suprapermafrost springs with solute 

concentrations that are typical of subpermafrost waters. It is suggested by some 

Russian workers that many of the shallow elements of these karst landscapes have 

developed under the conditions of continuous permafrost, but the larger karst 

features are inherited from the Tertiary (e.g., Filippov, 1989). Recharge to the 

subpermafrost aquifer is currently limited to infiltration along the positions of major 
- - - - - - - -- -

faults. 

Karst features and drainage are also reported from Spitsbergen (Salvigsen et 

ai, 1983; Salvigsen and Elgersma, 1985). Mean annual temperature is roughly -5°C, 

precipitation is 400 mm a-I. The karst landforms consist of dolines and shallow 

depressions located on raised beaches and shore platforms that are below the 

Holocene marine limit. A surficial deposit of beach sands and gravels mantle 

interbedded Carboniferous and Permian limestone and gypsum. The glacial record 
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indicates that the region was probably glaciated in the Late Wisconsinan. 

Groundwater recharge occurs at input features. The distribution of permafrost is 

continuous over much of the region, however it is reasonable to suspect that in the 

area below the Holocene marine limit permafrost is thinner. It is suggested by 

Salvigsen and Elgersma (1985) that rising geothermal waters are responsible for the 

maintenance of the open taliks. Data supporting this hypothesis are not available. 

It is probable that these depressions were rapidly developed following the Holocene 

regression, prior to the aggradation of permafrost. Once established, snow 

accumulation and ponding minimize permafrost aggradation below these features. 

2.8.2 Karst of the Discontinuous Permafrost Zone 

In the zone of discontinuous permafrost, taliks constitute important linkages between 

the permafrost aquifers. The most spectacular example of karst under these 

permafrost conditions is observed north of the South Nahanni River, N.W.T. at a 

latitude of 61-62~ (Brook, 1976; Ford, 1984). The karst is developed in a 200 m 

thick package of Devonian limestone and interbedded shale. Groundwater 

circulation extends into underlying dolomite. Mean annual temperature is 

approximately _5°C, precipitation is 550 mm a-I. The region has been ice free for at 

leaJlt35Q ka. A wid~:Lyariety~fkafstfeatures_are_pres~n1, includingkaIrerr,y~rtical-_ 

walled dolines, solution streets or corridors, cave systems, towers, platea, and polje. 

The entire assemblage is referred to as a labyrinth karst (Brook and Ford, 1978). 

The karst occurs over an elevation range of several hundred metres. 

Permafrost is more extensive at the higher elevation sites, above treeline. The 

vertical permafrost zonation strongly influences infiltration (Figure 2.14). In the 

upper zone, there is very little recharge into bedrock. Ice plugs in relict cave 

passages are observed. The intermediate zone is characterized by periodic 

impedance of recharge. When ice rich permafrost aggrades into depression bases, 

temporary ponding results. Depressions drain following thawing of the ice plugs. 

Runoffinto large depressions and poljes of the lowest zone is routed via conduits to 
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two large subpermafrost springs. Seasonal flooding generated by heavy summer 

rainfall is an important process at this site. Water levels in do lines and lakes 

experience rapid fluctuations (Brook and Ford, 1980; Brook, 1983a, 1983b). 

However, these fluctuations are not synchronous across the karst. Variability in the 

extent of permafrost may partially account for the varied response to recharge events. 

Karst features also occur across an extensive area in the Franklin Mountains, 

Colville Hills, and Great Bear Plain within the N.W.T. (van Everdingen, 1981). The 

region was glaciated in the Late Wisconsinan, mean annual temperature is _6°C, 

precipitation is 350 mm a-l. The distribution of permafrost is variable, most of the 

terrain is in the discontinuous zone. The area includes portions of the Northern 

Interior Platform and the Cordilleran Orogen. In general, fine grained clastic rocks 

of Devonian to Permian age outcrop in the low elevation areas, these are underlain 

by Paleozoic limestone, dolomite, gypsum, halite, and shale. The carbonates and 

evaporites outcrop in the mountainous areas. Where the evaporites are found in 

sub crop, the dominant karst landforms are do lines and large depressions. The 

morphology results from the collapse of the surficial bedrock into underlying 

solution cavities. The most impressive topography is associated with outcrops of 

limestone and dolomite solution breccia. Gypsum dissolution has produced a draped 

and foundered collapse karst where these highly soluble rocks are found in the 

shallow subsurface. The overall distribution of karst features is controlled by the 

presence of evaporite formations within the zone of active groundwater circulation. 

In some local areas, the_density of input landforms is high and permafrost 

does not constitute a significant barrier to groundwater recharge. Hydrological 

investigations suggest that a significant proportion of the total annual precipitation 

functions as recharge and that snowmelt is a critical event. Local flow systems from 

sink to spring are apparently independent of regional groundwater fluctuations and 

residence times within these appear short. Hydrochemical analyses reveal that the 

dissolution of evaporites is more important to the development of collapse karst than 

limestone and dolomite solution. 
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2.8.3 The Effect of Permafrost on Karst 

Permafrost may have a positive or negative impact on karstification. Frost shatter 

and ice wedging increase the porosity and storativity of the suprapermafrost aquifer. 

This aquifer serves the same role as the epikarst in the temperate zone. The bulk 

permeability of permafrost is low, thus throughflow and runoff are focused towards 

dolines and ponors. Recharge may occur at discrete points rather than as a diffuse 

flow through a network of small discontinuities. This increases the recharge flow 

volume and concentrates dissolution along conduits and major fissures. However, 

input landforms are often plugged by ice rich permafrost, and may also be infilled 

by slow mass wasting processes. Where snowmelt is the most important 

hydrological event, much of the meltwater leaves the system as surface runoff. 

During snowmelt, the permeability and storage capacity of the supraglacial aquifer 

are low. Focused runoff may exceed the infiltration capacity of sinking points and 

ponding results. When water levels exceed the depth of the sinks, surface overflow 

results. Over time an original holokarst may be modified to a fluvial terrain. 

Karst landforms are observed across the full range of climatic and permafrost 

conditions. The characteristics of several permafrost karsts suggest that active 

groundwater circulation is, in part, influenced by the morphology of input landforms 

that may be inherite(Lfromeither a warmer climato~genetic I_egime or a radically 

different environment (e.g., subglacial). In some cases from the continuous zone, it 

is unlikely that many of the solution features present would be generated under the 

current process set. Where glaciation, permafrost, and karst interact, much of the 

land surface consists of complex polygenetic forms. 
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Table 2.1: Effects of glaciation upon karst systems (after Ford, 1983, 1987). 

Process Effect 

Destructive 

1. Erasure Removal of shallow karren and residual landforms (e.g., pinnacles) 

2. Dissection Fragmentation of an integrated preglacial conduit network 

3. Infilling Burial of depressions by sedimentation, aggradation of spring points 

4. Injection Clastic sedimentation within conduit networks 

Inhibitive 

5. Shielding Sedimentation of carbonate or sulphate rich glacial materials 

Preservative 

6. Sealing Fine grained deposits seal and confine epikarst aquifers 

Stimulative 

7. Focusing 

8. Springs 

9. Injection 

Focusing inputs, increasing hydraulic head by superimposition of glacier 

Spring elevations and aquifer base level lowered by glacial erosion 

Deep circulation of glacial meltwaters 
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Figure 2.5: (A) A conceptual classification of karst aquifers into diffuse, fissure (mixed), and 
conduit types. (B) The predominant flow regimes of the aquifer types. The shaded area 
denotes the range encompassed by karst systems (from Ford and Williams. 1989: after 
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Figure 2.4: Controls on the development of karst aquifer flow systems. In this 
simple model the aquifer is bounded by the shaded line. The boundary 
conditions consist of inputs (recharge), outputs (discharge), and the external 
factors that influence flow within the system. This includes the positions of 
recharge and discharge areas. The attributes and flux of groundwater through 
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boundary conditions. There are complex feedbacks between the system and 
external factors. 
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Figure 2.10: Frozen and unfrozen zones in a permafrost environment and their 
relationships with surface water and groundwater (from Harris et ai, 1988; after van 
Everdingen, 1976) 
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Figure 2.13: A model depicting the relationships between permafrost, groundwater 
circulation, and karst activity in terrains of low to moderate relief. Permafrost 
conditions are based on those observed in a transect from the northern Interior 
Platform to the low arctic (from Ford and Williams, 1989). 
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CHAPTERll 

STUDY AREA AND METHODS 

3.1 Introduction 

This chapter reviews the biophysical characteristics of the study area and the 

research methods employed. Investigations were conducted in mountainous terrain 

of the Mackenzie and Franklin Mountains located near Norman Wells in the District 

of Mackenzie, N.W.T. The Mackenzie Mountains are broadly divisible into the 

Canyon and Backbone Ranges. The Canyon Ranges form an eastern arc of low 

mountains and plateaux between the 61st and 66th parallels. These ranges are 

dissected by deep canyons that drain runoff from the Backbone Ranges to the west. 

The Franklin Mountains lie to the east at the margin of the Cordillera and consist of 

a series of folded, discontinuous, low ranges that extend from the South Nahanni 

River to Fort Good Hope. The Mackenzie Plain is a wide lowland between the 

Mackenzie and Franklin chains. Most of the outcrops on the Plain are Cretaceous 

shales. The Franklin Mountains and the Canyon Ranges are dominated by Cambrian 

to D~vonian carbonates and evaEorite_s, wit_h Proterozoic clasti~s ~!~o Eresent in the 

Mackenzies. The bedrock geology and geomorphology are discussed in subsequent 

chapters. 

Field sites were selected where karst landforms and evidence of groundwater 

discharge were clearly visible on aerial photography. Figure 3.1 shows the site 

locations. Sites 1,3, and 4 are within the Carcajou Range. Site 1 is at the mountain 

front adjacent to Dodo Canyon. Sites 3 and 4 are centred on lakes called Bonus and 

Pyramid Lakes in this thesis. Site 2 is called Bear Rock; it is located in the Norman 

Range of the Franklin Mountains west of Fort Norman. 
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3.2 The Biophysical Characteristics of the Study Area 

At the study sites, karst occurs across a broad range of elevations. Therefore, it is 

not possible to provide a simple biophysical description of the area. Much of these 

data are best organized within an ecoclimatic classification. An ecoclimatic region 

is a broad area of similar macroclimate that is distinguished by a characteristic 

assemblage of vegetation, soils, wildlife, and hydrology (Ecoregions Working 

Group, 1989). There are four ecoclimatic regions in the study area: (i) the Low 

Subarctic, comprising the Mackenzie Valley northwest of Fort Norman, and the low 

ground of the Franklin Mountains below 250-300 m elevation, (ii) the High 

Subarctic, encompassing the bulk of the Franklin Mountains and those areas of the 

Canyon Ranges generally below 600 m elevation, (iii) the Subalpine Northern 

Subarctic Cordilleran, consisting of valleys and slopes in the Canyon Ranges 

between elevations of 600 and 900-1000 m, and, (iv) the Alpine Northern Subarctic 

Cordilleran, involving the high elevation areas of the Mackenzie Mountains 

(Ecoregions Working Group, 1989). The following sections provide a review of the 

climate, vegetation, soils, permafrost conditions, hydrology, and hydrogeology of the 

central Mackenzie Valley and adjacent highlands. Where appropriate reference is 

drawn to the ecoclimatic regions defined above. 

3.2.1 Climate 

The climate is characterized by lengthy cold winters, short warm summers, 

subfreezing mean annual temperatures, and a total annual precipitation range 
- - - - - ------------- ----------------------------- --- ----------- --- -- - ------ -------------------------- - - ---

between 250 and 600 mm. Climate data are available from Norman Wells and Fort 

Norman in the Mackenzie Valley (Figure 3.2; Table 3.1). There are no stations 

within the High Subarctic or either of the Cordilleran regions close to the study area. 

However, a short record is available from Tsichu River in the Backbone Range 

(Figure 3.1; Table 3.1), and longer data sets are available from Tungsten, N.W.T. and 

from several stations in the eastern Yukon (Table 3.1). Regional climatic summaries 

are provided by Wahl et al (1987) and Burns (1973). These are compilations of data 
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from permanent stations and fragmentary records acquired through several field 

investigations. Variations in temperature and precipitation are related to latitude, 

elevation, topography, and aspect. 

3.2.1.1 Temperature 

In the Mackenzie Valley and Canyon Ranges, mean daily temperatures are above 

freezing from late April/early-May to mid-September (Figure 3.2). River ice clears 

in late-May and is re-established by early November. On average, there are 70 frost 

free days during the summer period. Summer temperatures are strongly controlled 

by elevation with an average lapse rate of approximately O. 8°C/1 00 m. It is common 

during July for daily maximum temperatures to exceed 25°C at Norman Wells and 

Fort Norman. In the period between October and March a persistent winter inversion 

may develop at high elevations. It is most intense during January at elevations 

around 1500 m, when mountain temperatures may be as much as 10°C warmer than 

those in the Mackenzie Valley (mean January temperature is -26°C). Local 

inversions are also frequent within the mountainous terrain. By April the inversions 

break down, with valley temperatures coming to exceed those in the alpine and 

subalpine. Over the period 1951 to 1980, mean annual temperatures at Fort Norman 

alliLNorman_W~llsJ¥ere--",(i.~CJtnd_-6.4~C,respectiyfty_(Tahle3.1)._ Estimat~of 

mean annual temperature in the High Subarctic zone vary between -5 and -7°C. Data 

from the Subalpine and Alpine Northern Subarctic Cordilleran zones are sparse but 

are likely in the range -6 to _8°C (Ecoregions Working Group, 1989; Wahl et aI, 

1987; Burns, 1973). The Bear Rock Site is near Fort Norman and lies predominantly 

within the Low Subarctic zone. Dodo Canyon, Bonus Lake, and Pyramid Lake Sites 

are located southwest of Norman Wells and extend into the Subalpine Northern 

Subarctic Cordilleran zone. 

3.2.1.2 Precipitation 

The mea.l1 armual total precipitation at Norman Wells is 317 nun and at Fort Norman 
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325 mm (Table 3.1). At both stations there is a summer maximum with June to 

September rainfall accounting for 50 to 55% of the annual precipitation total (Figure 

3.2). The timing of precipitation in the Cordillera is similar to that observed in the 

Mackenzie Valley, but mountain precipitation is strongly influenced by orographic 

and altitude effects. Total amounts are greater on the western sides of ranges and 

increase with elevation. A regional gradient of approximately 20 mmlI00 m exists 

to 1500-2000 m and then gradually decreases (Wahl et aI, 1987). During the 

summers of 1987 and 1988 recorded precipitation at the Dodo Canyon base camp 

was approximately 50% higher than values recorded at Norman Wells (Figure 3.3). 

The stations are separated by only 48 km and 290 m elevation. The data show the 

difficulty in extrapolating from a Mackenzie Valley location to the Canyon Ranges. 

Snowfall accounts for greater percentage of total annual precipitation with 

increased elevation (Table 3.1). The snowpack reaches its maximum in mid

March/mid-April and is on average approximately 50 to 75 cm in the Mackenzie 

Valley and 100 cm in the Canyon Ranges. Much of the snow load is subject to 

drifting and redistribution, particularly in terrain where local wind velocities may be 

high. Snow re-accumulates in depressions, in the lee of physical obstacles, and 

under vegetation. Snowfall is a difficult parameter to measure and there are few 

reliable data from the Cordillera. In the Canyon Ranges, total annual precipitation 

is estimated to range between 400 and 550 mm and in the Backbone Ranges it is 

>500 mm (Wahl et aI, 1987). 

The most intense precipitation events occur during July when the frequency 

of maritime Pacific air is highest. Heavy rainfall is associated with uplift of these air 

masses. Low pressure cells originating in the north Pacific often track eastward 

across the southern Yukon over the St. Elias, Selwyn, and Mackenzie Mountains. 

This flow can bring a large, moist, slow moving, unstable air mass into the 

Mackenzie Valley. Frontal and convective rainfall can persist for several days. In 

1972, heavy rainfall was recorded at the Nahanni Karst in the southern Mackenzie 

Mountains over the period July 16 to 27 (208 mm) resulting in substantial flooding 
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of large polje features (Brook, 1976; Brook and Ford, 1980). This heavy 

precipitation was associated with the orographic uplift of moist unstable air under a 

northeast wind producing repeated thunderstorm activity. During this period, high 

pressure usually dominates over the northern Interior Plains and consequently strong 

easterly and northeasterly surface flows may be generated across the Mackenzie 

Valley and Mountains. Occasionally, low pressure cells move off the Bering Sea 

across northern Alaska and Yukon to the northern Mackenzie Mountains. However, 

far more common is lee side cydogenesis in the area surrounding and to the west of 

Norman Wells (Wahl et ai, 1987). These primary lows may produce heavy rainfall 

before tracking to the southeast. The greatest recorded precipitation in 24 hours for 

Norman Wells and Fort Norman are 49.3 mm and 73.7 mm respectively; both 

records were events occurring in July. 

3.2.1.3 Evaporation 

Pan evaporation data are collected at Norman Wells, "lake evaporation" is calculated 

from the observed daily values of pan water loss, mean temperature of the pan water 

and nearby air, and the total wind run over the pan (Environment Canada, 1984). 

These values are thought to represent evaporation from small surface water bodies 

with little heat ~t9gg~_bllLQver~timat~~vap~ratiQnfroJn lake bQclies. QverJlle 

period 1951 to 1980 the mean calculated "lake evaporation" for May, June, July, 

August, and September are: 110.4, 139.9, 123.0, 81.4, and 42.3 mm. The annual 

total is 497 mm. Burns (1973) estimates the actual annual rate of evaporation from 

lake sized bodies in the region is approximately 250 mm. 

Evapotranspiration can be calculated through use of the Turc (1954) or 

Thornthwaite equations. In the former equation: 

E = 
p 

(3.1) 
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where E = annual evapotranspiration in mm, P = annual precipitation in mm. IT is 

the evaporation capacity of the air: 

IT = 300 + 25T + 0.05T 3 (3.2) 

where T = mean annual air temperature in °C. Given annual estimates of 

precipitation and temperature of 400 mm and -7°C for the Canyon Ranges west of 

Norman Wells, the annual evapotranspiration equals 194 mm. Burns (1973) 

estimates mean annual actual evapotranspiration in the central Mackenzie Valley at 

150 mm. 

3.2.2 Vegetation 

The study region spans transitions across Boreal, Cordilleran, and Tundra 

ecosystems. The Low Subarctic of the Mackenzie Valley is dominated by open 

stands of Picea mariana (black spruce) with an understorey of Betula glandulosa 

( dwarf birch), Ledum groenlandicum (Labrador tea), and a variety of lichens and 

mosses. Betula papyrifera (paper birch) and black spruce dominate fire-prone sites. 

Open stands of Picea glauca (white spruce) and paper birch are abundant on drier 

sites, with a discontinuous understorey of Arctostaphylos uva-ursi (bearberry), 

Vaccinium vitis-idaea (bog cranberry), Shepherdia canadensis (soapberry), Salix 

spp. (willows), Alnus crispa (green alder), and mosses. Populus tremuloides 

(trembling aspen) occurs in more protected locations. Bogs and fens, in poorly-

drained areas, are composed of black spruce, Larix laricina (tamarack) with 

Sphagnum spp. (sphagnum), Labrador tea, Vaccinium spp., Rubus chamaemorus 

(cloudberry), and Andromeda polifolia (bog rosemary) forming a dense mat of 

ground vegetation (Ecoregions Working Group, 1989; Ritchie, 1984). 

The vegetation of the High Subarctic is similar to that of the Low Subarctic 

although tree densities and heights decrease, and tundra vegetation increases in 

frequency and percentage cover. Moss and lichen become more common. Poorly-
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drained sites are dominated by tussocks of Carex spp. (sedges) and Eriophorum spp. 

( cottongrasses) with sphagnum. Low shrub tundra consisting of dwarf birch and 

willow along with Dryas octopetala (mountain avens) and lichen, have a scattered 

occurrence. Balsam poplar, white spruce, and paper birch are common along river 

banks with green alder and willow species (Ecoregions Working Group, 1989; 

Ritchie, 1984). 

The subalpine areas of the Cordilleran region contain several tree species. 

Where the parent material is calcareous and well drained, very open stands of stunted 

white spruce occur interspersed with willow and dwarf birch, tamarack may be 

present. Ground cover is commonly composed of Ledum decumbens (northern 

Labrador tea), Arctostaphylos rubra (red bearberry), Vaccinium uliginosum 

(bilberry), Empetrum nigrllm (crowberry), bog cranberry, moss and lichen. Black 

spruce krummholz occur on moister sites. Erect spruce, paper birch, balsam poplar, 

and trembling aspen can still be found in warm, protected areas with adequate 

drainage. Sedge, cottongrass, sphagnum, and moss are common on poorly-drained 

sites. 

The alpine areas lack trees; they support a tundra assemblage including 

Cassiope spp. (heather), Llipinus arcticlls (Lupine), Salix glauca (dwarf willow), 

Salix_ arc1i(XL(ALctic_ willow), heaths, Jichen, moss, dw~rfbirch,_mQuntain av_ens, 

sedge, and cottongrass. Broad exposed areas of bedrock and scree are only sparsely 

covered with moss and lichen. (Ecoregions Working Group, 1989; Ritchie, 1984). 

3.2.3 Soils 

The Cryosol, Brunisol, and Regosol soil orders comprise the soils of the study area. 

Cryosols occur in either mineral (Turbic and Static Cryosol) or organic materials 

(Organic Cryosol) where permafrost is in the near subsurface. Turbic Cryosols are 

strongly cryoturbated soils with an active layer thickness of <2 m; in Static and 

Organic Cryosols the active layer is <1 m thick (Agriculture Canada, 1987). 

Brunisols lack the well-developed B horizons ofPodzols, Luvisols, and Chernozems 
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but are sufficiently thick to differentiate them from Regosols. Regosols lack, or 

possess very thin B horizons due to the age and nature of the parent material, climate, 

and modifying geomorphic processes. 

In the Low and High Subarctic ecoclimatic zones, Brunisols are common on 

upland, coarse textured, and well-drained sites. Organic and Static Cryosols occur 

in poorly drained sites. Turbic Cryosols develop locally (Ecoregions Working 

Group, 1989). In the Subarctic zone, the frequency of Bruni sols decreases. Turbic 

and Static Cryosols are more frequent. Regosols occur on steep slopes. In the 

Alpine zone, Cryosols are most common. Regosols occur where permafrost is 

locally absent. At the field sites, valley bottoms and gently sloping areas are 

characterized by Static Brunisolic Cryosols and Eutric Brunisols, uplands by Static 

and Turbic Cryosols, and slopes by Turbic Cryosols and Regosols. 

3.2.4 Permafrost in the Mackenzie Valley and Area 

The regional distribution of permafrost in the Mackenzie Valley is well documented. 

In the early 1970's, over 11600 shallow boreholes were drilled east of the Mackenzie 

River to evaluate the geotechnical properties of materials along the proposed routes 

of roadways and pipelines. Data collection focussed on the occurrence of frozen 

ground and ground ice within 10m of the surface. The borehole data were spatially 

divided using 1 :250,000 NTS map areas, and the incidence of frozen ground for 

classes of surficial materials determined (Heginbottom et aI, 1978). The data from 

map areas in the central Mackenzie Valley are presented in Table 3.2. 
--- ---- - --- --- --------- --- - - --- -- -- ----- ------- - - - -----

The regional survey shows that from 61 ° N to 68° N the extent of permafrost 

increases and the depth to permafrost decreases. Along this transect, mean annual 

temperatures drop from -3.5°C to -9.5°C, the length of winter increa.ses from 195 to 

245 days, and degree days above 5°C decrease from 1195 to 682 (Burns, 1973; 

Environment Canada, 1993). At Norman Wells, greater than 80% of the terrestrial 

area is underlain by frozen ground. However, the area is classified as widespread 

discontinuous permafrost due to the high proportion of water bodies that are likely 
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underlain by open taliks. Heginbottom et al (1978) suggest that permafrost becomes 

continuous just north of the Sans Sault Rapids map area (106H). The mean annual 

temperature at the nearest station, Fort Good Hope (66°16' N), is -7.5°C. Permafrost 

thickness measurements were not routinely conducted, although figures from the 

Norman Wells area show that permafrost, where present, averages between 45 and 

60 m in thickness (Brown, 1970; Wahl et aI, 1987). 

The frequency of ground ice also increases from south to north with soil 

texture exercising an important local control. High ice content is associated with 

organic and fine-grained soils. In map area 96E, the mean winter ice content of 

peaty soils was 220%, for fine-grained soils 35%, and for clean coarse-grained soils 

10-15% (Heginbottom et aI, 1978). Organic and fine-grained soils usually retain 

more moisture than coarse-grained soils. During the summer period, water in the 

active layer can migrate downward into the top of the permafrost producing 

segregation ice (Mackay, 1983a). This process may be favoured in organic and fine

grained soils. 

A geophysical survey undertaken along the full length of the Norman Wells

Zama pipeline right of way detected frozen ground to a depth of 10m based on 

sediment conductivity (Kay et aI, 1983). Genetic terrain types were assigned by 

using_~iLphQJiLint~IpretatiQlLand_borehole_ contrQL DatafrQm jhe_~on~tl]JQtioJ1 

spread south of Norman Wells show permafrost underlies 83.7% of the terrestrial 

area (Table 3.3). High percentages of the exposed bedrock, ground moraine, 

lacustrine plains, and organic veneered sediments are frozen. Coarse glacial, fluvial, 

and eolian deposits have a lower incidence of permafrost, though the percentage in 

talus is high. Active floodplains have a high frequency of frozen-unfrozen 

interfaces. To the south, the frequency of permafrost decreases across all classes. 

No direct measurements of permafrost are available from the northern 

Mackenzie Mountains. Permafrost distribution must be inferred by extrapolation of 

climatic and terrain relationships from adjacent areas and through the use of 

diagnostic geomorphic and hydrologic features. The principal difficulties 10 
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mountainous terrain are local variations in microclimate that are related to slope 

aspect, snow drifting, and variations in ground cover. South facing slopes have a 

higher mean annual ground temperature. Kay et al (1983) noted a higher incidence 

of permafrost on north facing slopes. The relationship between snow cover and 

permafrost was not examined in the regional surveys, however, Kershaw (personal 

communication, 1988) induced paIsa formation in unfrozen ground near Fort 

Norman by removing snow cover. 

Karst input and output features are distributed throughout the study area up 

to elevations of 950-1000 m (Chapter VI). Dolines, sinking streams, and springs 

points are evidence of active karstic drainage. Data show that meteoric waters 

circulate to depths of several hundred metres (Chapter VII). Where such 

groundwater systems operate the distribution of permafrost cannot be considered 

continuous (Heginbottom, personal communication, 1988). 

Harris (1982) suggests that the periglacial landform assemblage may be used 

as a surrogate for permafrost data. Features exclusive to the zone of continuous 

permafrost include active felsenmeer (block field), ice wedge polygons in mineral 

soils, earth hummocks, and lobate rock glaciers. Ice wedges in peat, palsas, sorted 

and non-sorted stripes and circles, frost blisters, and open system pingos are found 

extending into the zone of discontinuous permafrost. In the study area, active 

felsenmeer is found at elevations above 1000 m, corresponding to the boundary 

between the subalpine and alpine ecoclimatic zones. At the field sites there are frost 

blisters, stone stripes and circles, palsas, mudboils, and a range of slow mass wasting 
---------------- ------- --------------------------- ---- - -- -- --- -------

features. Only at the higher elevations of the Pyramid Lake Site is felsenmeer 

present. 

Recent permafrost mapping by Heginbottom and Radburn (1992) includes 

the Franklin Mountains and portions of the Canyon Ranges at the 1:1000000 scale. 

The Bear Rock, Bonus Lake, and Dodo Canyon Sites are mapped as extensive 

discontinuous permafrost; the Pyramid Lake Site lies outside the mapping limit. The 

ground ice content is estimated as nil to low due to the high proportion of exposed 
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bedrock, talus, and coarse glacial and alluvial deposits. The information from the 

Mackenzie Valley studies, the mountain climate data, and the geomorphic and 

hydrologic evidence support the general mapping of Heginbottom and Radburn 

(1992). However, at such a scale, local variations in the distribution of permafrost 

and ground ice are not captured. 

It is expected that the permafrost conditions in the Canyon Ranges should be 

highly variable across short distances due to changes in elevation, aspect, exposure, 

substrate, and ground cover. Permafrost will be absent or sporadic beneath major 

rivers and lakes, on southern exposures at low elevation, and within some 

depressions where drifting snow and meltwater accumulate. On active floodplains 

and terraces the distribution will be discontinuous. Continuous permafrost with a 

low ice content will occur on exposed areas of bedrock, talus, and coarse substrate. 

Ice-rich permafrost occurs where organic and fine grained sediments accumulate, 

such as in shallow depressions and wetlands. 

3.2.5 Regional Hydrology 

There are comparatively few discharge data from the northern Mackenzie Mountains. 

Records are available from the Redstone, Mountain, Carcajou, Twitya, and Tsichu 

Ri~ers_(Eigure-1.J') ... These-mountain-basins..are-characterized-b-y--a-subarctic.nhml 

regime in which an early snowmelt-driven peak is followed by summer runoff events 

produced by frontal and convective precipitation. Figure 3.4 shows the mean 

monthly discharges of the above streams for the period 1980 to 1990. Discharge 

through the winter period (October to April) is very low, snowmelt begins in May 

and the monthly values peak in June for all stations. On average, stream flows 

remain high in July and August but there are marked variations in response to 

summer rainfall (e.g., Figure 3.5). 

Discharge characteristics are influenced by the amount and timing of 

precipitation, basin topography, lithology, ground cover, and the distribution of 

permafrost, lakes, and wetlands. Calculation of discharge per upit area (specific 
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discharge: Qs) allows a regional comparison. Annual values of specific discharge 

from permafrost basins of the Northern Interior Plains and Canadian Shield range 

from 0.001 to 0.006 m3 
S-l km-2

; mountainous, glacierized basins of southeastern 

Yukon have values of 0.015 to 0.018 m3 
S-l km-2 (Woo, 1986). The annual specific 

discharge calculated for Tsichu River is 0.016 m3 
S-l km-2

; it is a small high elevation 

basin in continuous permafrost with a heavy snowpack (Tables 3.1,3.4). The values 

calculated for the Redstone, Mountain, Carcajou, and Twitya Rivers are all 

approximately 0.010 m3 
S-l km-2 (Table 3.4). These large basins span a range of 

elevations, permafrost conditions, and vegetation zones, and receive less 

precipitation than the Tsichu basin. The high specific discharge values of the 

Mackenzie Mountain streams reflect relatively high levels of precipitation and the 

rapid flux of inputs to stream channels. The latter are aided by high relief and the 

presence of a permafrost aquitard in the near subsurface. Storage and evaporation 

are limited by the low area of wetland and lakes, the short summer season, and a high 

proportion of bare ground and bedrock. 

For this thesis, daily maximum specific discharges were calculated using the 

highest daily peak flow on record. Values for the Mackenzie Mountain streams 

range from 0.12 to 0.26 m3 
S-l km-2 (Table 3.4). These figures are an order of 

magnitude greater than those from basins of the Northern Interior Plains and 

Canadian Shield, and exceed values from the Yukon glacierized basins (Woo, 1986). 

In the northern Mackenzies, the peak flows occur in late June and early July 

following heavy rainfall. The 1988 hydrograph ofCarcajou River is typical (Figure 

3.5). Following 58 mm of rainfall over three days, a maximum instantaneous 

discharge of 1460 m3 S-l (Qs=0.2 m3 S-l km-2) and a daily discharge of 1110 m3 S-l 

(Qs=0.15 m3 
S-l km-2

) were recorded on July 1. Unlike streams of the Northern 

Interior Plains and Arctic Islands, spring break up does not produce the most 

significant flow events. 

The hydrograph of Jungle Ridge Creek resembles an Arctic nival regime, 

where snowmelt is the highest annual flow (Figure 3.4). Jungle Ridge Creek is a 
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small basin on the Mackenzie Plain west of the Bear Rock Site. This shale basin is 

well below treeline with large areas of wetland. Summer rainfall events produce 

only minor flows, likely due to high rates of interception, storage, and 

evapotranspiration. This basin differs greatly from the rugged, lightly vegetated 

basins of the mountains. 

Across northern Canada, water balance calculations are hampered by a lack 

of detailed hydrometeorological data (Woo, 1986). However, given the information 

that is available from the study region a first approximation of the water balance 

components can be derived. Runoff is calculated as the ratio of total annual 

discharge to basin area (Table 3.4). It is highest for the Tsichu watershed (507 mm), 

with the other Mackenzie Mountain basins varying between 318 and 363 mm. Total 

precipitation can be estimated to be 500 mm for the Redstone, Mountain, Carcajou, 

and Twitya basins and 630 mm for the Tsichu. This yields a runoff to precipitation 

ratio of 0.80 for Tsichu and a range of 0.64 to 0.73 for the others. These values are 

characteristic of basins in continuous and discontinuous permafrost (Woo, 1986). 

If storage is assumed to be zero, then evaporation for the Mackenzie Mountain basins 

varies between 123 and 182 mm, with the low value being the Tsichu and the highest 

being Carcajou. The calculated runoff of Jungle Ridge Creek basin exceeds the total 

annuaLprecipitatiQnJltFort NQrmau._ Thi~_bfl.siI1 IDllY receiye mOl"~J)recipltatiQn than 

Fort Norman but it is likely that during May its discharge is overestimated due to 

channel ice. 

3.2.6 Clastic and Dissolved Sediments 

There are no lengthy records of sediment concentration from the rivers of the 

northern Mackenzie Mountains. There are a few spot samples of suspended 

sediment and total dissolved solids concentrations from the Redstone, Mountain, and 

Carcajou Rivers (Table 3.5). Water quality data are available from Mackenzie River 

and from several reconnaissance studies conducted in the region to the east and south 

of the study area. However, few water quality data are available from the Mackenzie 
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Mountains, none having been collected since 1974. Data from the Keele, Redstone, 

and Mountain Rivers are presented in Table 3.6; there are no such data from 

Carcajou River. Annual values of clastic and solute load cannot be accurately 

determined from the data set. However, the re~ationship with discharge can be 

examined. 

Suspended sediment concentration and load are positively correlated with 

discharge for all rivers (Table 3.5, Figure 3.6); this relationship is steepest for 

Carcajou River. The trunk branch of the Carcajou and its major tributaries (Little 

Keele, Dodo, Katherine, and Rouge Mountain) all flow through deep canyons and 

gullies in sedimentary rocks along their courses. Geomorphic evidence suggests 

high rates of erosion on these routes. The single highest concentration recorded on 

the Carcajou is 2070 mg L-1
, yielding an instantaneous load of 898 kg S-I. This 

sample was taken on the falling limb of the July 1, 1988 flood event by the Water 

Survey Branch. It is likely an underestimate of the maximum concentration and 

load. The texture of samples from Carcajou average 30% sand, 50% silt, and 20% 

clay; there are no estimates of bedload (Environment Canada, 1989a). Mountain and 

Redstone Rivers show a more gradual increase in suspended sediment concentration 

with discharge. This may be an effect of the sampling dates or it may reflect slight 

variations in the basin characteristics. The Mountain River watershed is mainly in 

resistant quartzites while the basin of Redstone River lacks the very rugged canyon 

topography of the Carcajou Range. 

There is an inverse relationship between discharge and total dissolved solids 
- ----- -- ----- -------- ---- - - --------- ------ ----- ---

(IDS) concentrations (Table 3.5, Figure 3.6). At low flows, TDS concentrations 

generally exceed 300 mg L-1
, values decrease below 200 mg L-1 at high discharge. 

The solute load does increase with discharge but exceeds the clastic load only during 

periods of low flow. At peak discharges, the instantaneous clastic load is an order 

of magnitude greater than the solute load. On average, TDS concentrations are high 

during winter (October to April) and low in the summer (May to September). During 

the winter period, discharge of the major streams is maintained at low levels by 
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groundwater flow (Michel, 1986a). In the summer, the groundwater component is 

overwhelmed by surface and near subsurface runoff. Spatially the TDS 

concentrations are highest for Carcajou River (279 mg L-t
) and lowest for Redstone 

River (208 mg e t
). This may reflect differences in geology; evaporite sequences 

sub crop extensively throughout the Carcajou basin. 

Details on ion concentrations, pH, conductivity, and saturation indices are 

restricted to a few samples from the Keele, Redstone, and Mountain Rivers (Table 

3.6). Ion abundances are shown on a trilinear diagram (Figure 3.7) and 

concentrations on a fingerprint diagram (Figure 3.8). The composition and the ion 

ratios suggest the principal minerals contributing to the solute component are 

dolomite, limestone, anhydrite (gypsum), and halite. There are some spatial and 

temporal differences in the patterns. Across all flow conditions cation abundances 

are Ca2+>Mg2+>Na~>K+. During the low flows of winter, anion abundances are 

SO/->HC03->CI-, in summer they are HC03">SOt>CI- (Figures 3.7, 3.8). These 

temporal changes in ion abundance and concentration are related to the proportional 

contribution of baseflow to total stream flow. Overall, Mountain River has lower 

concentrations of all ions and in particular much less Na+ and Cl-. ,This is a function 

of the basin geology; halite and anhydrite subcrops are very restricted in that basin . 

. Satur.alionindicel)_were_cak.ularedusingJh~jon_cQncentIations,1emperatur~, 

and pH data. Winter groundwater-dominated flows are at equilibrium or slightly 

oversaturated with respect to calcite, and are at equilibrium or undersaturated with 

respect to dolomite. The high discharge summer flows are predominantly aggressive 

towards both minerals. 

3.2.7 Regional Hydrogeology 

The hydrogeology of the Mackenzie Valley and area has been examined by Brandon 

(1965) and Michel (1977, 1986a). Surface water chemistry is described by Reeder 

et al (1972) and Hitchon and Krouse (1972). Studies have identified the Devonian 

Bear Rock Formation as the principal groundwater aquifer in the Mackenzie Valley 
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region. In outcrop the Bear Rock Formation is a dolomite and limestone breccia, in 

subcrop it is interbedded dolomite and anhydrite (Fort Norman Formation: Chapter 

IV). The Cambrian Saline River and Franklin Mountain Formations, and the 

Ordovician-Silurian Mount Kindle Formation are also recognized as important 

aquifers. The Saline River is composed of redbeds, salt, and anhydrite in subcrop; 

outcrops lack the evaporite component. The Franklin Mountain and Mount Kindle 

Formations are both dolomite. These formations subcrop in the Northern Interior 

Plains and outcrop in the Franklin and Mackenzie Mountains. 

Outcrops and shallow subcrops of the Bear Rock and Saline River 

Formations are often marked by karst input landforms (Aitken and Cook, 1974). 

Michel (1986a) describes karstic flow systems on the western slopes of the Franklin 

Mountains developed in the Bear Rock Formation. Karst captures 15% of the 

surface flow in the area between the Smith Arm of Great Bear Lake and the Franklin 

Mountains (van Everdingen, 1981). Drilling reports from Norman Wells have noted 

circulating groundwaters in the Bear Rock Formation, even to depths as great as 

1000 m (Hume, 1954; Hume and Link, 1945). 

Many groundwater springs in the region are highly enriched in Ca2+, Na+, 

SO/-, and Cl- ions (van Everdingen, 1981; Michel, 1986a). Dissolution of gypsum 

and halite in sub crop are principally responsible (Reeder et aI, 1972). Several 

subpermafrost groundwater springs in the Franklin Mountains are dominated by 

Ca2+-S0t or Na+-Ct waters depending upon the flowpath and strata encountered, 

Ca2+-Mg2+-HC03- waters characterize springs that drain shallow local flow systems 

in carbonate rocks and surface waters. The hydrochemical facies described for the 

Redstone, Keele, and Mountain Rivers confirm subpermafrost waters constitute the 

bulk of the winter baseflow. The summer facies show a greater contribution from 

surface and shallow flow systems through carbonates. 

3.3 Methods: Data Collection and Analyses 

The thesis objectives outlined in Chapter I require that data be collected on: (i) the 
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regional distribution and morphology of karst landforms, (ii) the lithological and 

structural controls on that distribution, (iii) the influence of glaciation and 

permafrost on karst, and (iv) measures of karst landform generating processes. 

Regional data on karst landform description and distribution, and on the 

geological, glacial, and permafrost controls were gathered through literature search, 

analyses of aerial photography, and low level aerial reconnaissance. Ground 

checking of these data were accomplished at several field sites. Four sites were 

visited by the author. In all, 33 weeks were spent on location over the course of 

three summers (1987, 1988, 1991). Approximately 60 km2 of terrain were traversed 

on foot. The remote character of the field area required transport by helicopter or 

float plane. The prohibitive cost of air transportation limited the number of locations 

that could be examined, the frequency of relocation between sites, and the amount 

of equipment conveyed. 

The process oriented investigations focussed on data collection to examine: 

(i) seasonal and temporal variations in solution and discharge, (ii) the isotopic 

characteristics of karst waters, and (iii) the movement of water in a permafrost 

environment. Discharge records were obtained from four springs over portions of 

one or two summers, and observations were also made of the general hydrology, 

particularl}' in r~~po~setQ 1!tormeyenJs' . Thece_wer.e...some attempts atgroundwater 

tracing, with mixed success. Sampling of input (precipitation and sinks) and output 

(springs) waters provided data on spatial and temporal variability in solutes and 

isotopes. These data are most valuable when evaluating the rate of landscape 

development and the characteristics of the groundwater flowpaths. Field work was 

equally expended between geological and geomorphological mapping, and 

hydrological and hydrochemical measurements. The following sections describe the 

methods and techniques that were used to gather the hydrological, solute, isotope, 

and dye trace data. 
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3.3.1 Hydrometeorological Measures: Discharge and Precipitation 

Most of the streams gauged in this study had low gradient channels with negligible 

clastic loads. Straight, stable reaches free of obstructions were selected for gauging. 

In some cases modifications were necessary to ensure stability, including armouring 

and deepening of channels. Discharge was measured by the velocity area method 

using Price or Pygmy current meters with a wading rod and was calculated from the 

velocity, width and depth data using standard techniques (Lewin, 1990; Gardiner and 

Dackombe, 1983). A FORTRAN program was used to simplify rapid processing of 

these data. Errors associated with this technique include inaccuracies in channel area 

measurement, operation of the current meter, and instrument calibration. The 

accuracy of these discharge measurements is approximately ± 5-10%. Discharge 

was occasionally determined by measuring channel geometry and estimating the 

surface velocity with floats. This method yields results estimated to be accurate to 

±25%. 

At four locations, stage was measured continuously using Leupold-Stevens 

Type F water level indicators. The number of stations were limited by the logistics 

of the project. The water level indicators were fixed to 30 cm diameter PVC tubes 

that functioned as stilling wells. The wells were dug into the bank adjacent to the 

streams and encircled with gravel to ensure a good response to fluctuations in stage. 

The top of the wells were capped. Care was exercised to ensure secure footing for 

well and recorder. In some instances it was necessary to construct additional 

supports to ensure stability of the instrument. At the locations of the water level 

indicators, discharge was repeatedly measured and rating curves were generated. 

Variations in stage were recorded on the graph paper fixed to the rotating drum. In 

the office, these records were digitized to produce' instantaneous· records of stage. 

Depending upon the pen velocity and the rapidity of changes in stage, the sampling 

interval along the analogue record varied between 1 and 4 hours yielding the 

'instantaneous· digital record. Rating curves were then used to generate the 

discharge series. The digitization procedure is another potential source of error. The 
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accuracy of the continuous discharge series is estimated at approximately ± 15%. 

Precipitation was monitored at the field camp locations using a standard tipping 

bucket and 5 inch rain gauges. In addition, records are available from Norman Wells 

and Fort Norman. 

3.3.2 Solute Measurements 

The acquisition and analyses of water samples for solute studies are reviewed by 

Cryer and Trudgill (1990). The value of conclusions drawn from these inquires are 

related to: (i) the design of the water sampling program, (ii) the collection of the 

water samples, and (iii) the analytical techniques used to generate data. Error and 

bias may be introduced at any of the above stages. Representativeness and design 

are major concerns. The spatial and temporal distribution of samples should be 

suited to the specific research questions and the samples representative of the 

population from which they are drawn (Hem, 1985). Sampling frequency is based 

on the objectives and the logistics of the program. In solute budget, or denudation 

studies, regular but infrequent sampling may suffice (e.g., weekly samples at the 

basin outlet). In detailed examinations of storm driven solute variations, more 

frequent sampling is required, so that substantial changes or events are not missed 

betweensamplingJimes.lfthepurpos~js t<l_e2Camine ~patial vari~bilit)'CillQQ()ssibly 

the relationship between solutes and geology, then infrequent spot or grab sampling 

may be sufficient. As was discussed earlier, the solute component of this study 

involves sampling across large areas. However, at a few locations time series of 

solute, discharge, conductivity, and isotope measurements are available. 

3.3.2.1 Sample Collection 

Analyses of water samples were undertaken at the collection point, at the base camp, 

and later at several laboratory facilities. Routinely temperature, pH, conductivity, 

salinity, and alkalinity were determined on site during sample collection. 

Conductivity and temperature were measured with a portable analogue device, the 
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YSI model 33 SCT meter. The conductivity measurements were adjusted in a two

step procedure: (i) the values were corrected using calibration equations that were 

developed using standard KCI solutions, and (ii) conductivity was expressed to 25DC 

using the equation: 

(3.3) 

where LR is the conductivity at the reference temperature, Lr is the conductivity at the 

sampled temperature, R is the reference temperature and T is the sample temperature 

caC) (Gardiner and Dackombe, 1983). Technical representatives from YSI support 

the use of a 2% conductivity correction per degree Celsius. Conductivity readability 

from the analogue scale is approximately 0.5% of the scale maximum (2.5 to 250 IlS 

cm-1 depending upon the scale used); the meter accuracy is specified at ± 2.5% and 

the probe at ± 2.0%. Temperature measurements were also corrected using 

calibration equations. Temperature scale readability varies between ± 0.1 DC @ _2DC 

to ± O.4DC @45DC, meter accuracy is ± O.lDC @ -2DC and ± 0.6DC @ 45DC, the probe 

accuracy is ± 0.1 DC @ ODC and ± 0.3DC @ 40DC. Based on the calibration runs, the 

mean instrument accuracy, including the probe, was approximately ± 4.0% for 

conductivity (n=18), and ± 2.0% for temperature (n=87). 

Continuous records of temperature and conductivity were periodically 

recorded at springs at the Dodo Canyon and Bear Rock Sites using a pHOX System 

Series 57 Conductivity/T.D.S. meter. This meter features an automatic temperature 

~()mp~n.~atLo1} to_2J~C .. Wh~njn.9p~ati()lUh~ ll.1~j:~r!3.anml~sC:()@J.lc:t!yijy_aLJ ~ 

minute intervals. These data were recorded on an analogue tape and were 

subsequently digitized at 1 to 4 hour intervals. Data correction was accomplished 

with calibration equations. Accuracy for the meter and probe are specified at ± 2%. 

From the calibration runs, instrument accuracy including the probe was 

approximately ± 4.0%. Digitization of the analogue record intoduced additional 

error, yielding a total error estimate for the continuous conductivity series of ± 10%. 

On site, pH was recorded using portable 9 volt hand held instruments from 
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Fisher Scientific. A model 119 was used in 1987 and 1988, and an Accumet 1003 

was used in 1991. The first model has a resolution of 0.01 pH units and is accurate 

to 0.0 1 pH ± 1 digit. The Accumet 1003 meter has a resolution to O. 00 1 pH units and 

is accurate within 0.002 pH units. Combination gel-filled electrodes were used, the 

electrode accuracy is better than 0.05 pH units. Fisher certified buffers were used 

in meter calibrations. 

At the field camp, calcium and magnesium hardness and, periodically, 

sulphate concentrations were measured. Analyses for sodium, chloride, sulphate, 

and potassium were done later (Section 3.3.2.2). Nalgene brand polyethylene 

containers were used to transport water from the sample locations to the field 

laboratory. Borosilicate glass bottles with polyethylene or Teflon lined caps were 

used to collect water samples for later analyses. All bottles and caps were triple 

rinsed in the sample water during collection. The bottles were held with their 

openings upstream of the collectors hand and were completely filled and capped 

below the water surface to exclude atmospheric gases. In streams or springs, the 

water was drawn from a mid-channel and mid-depth position where the flow was 

well mixed. For almost all sites there was very little suspended sediment, therefore 

a 0.45 !lm filter was only employed on the few occasions when the water was visibly 

turbid. . Sample agitation during transport to thelield JahoratOIY __ was kept to_ a 

minimum, and samples to be transported back for later analyses were kept as cool as 

possible and out of sunlight. 

3.3.2.2 Sample Analyses 

A variety of analytical techniques were used to measure the concentrations of the 

major ions in the sample waters, the techniques employed conform to standard 

methods (APHA, 1985). Titrations for alkalinity (RC03-) and hardness (Ca2
+ and 

Mg2+) were done at the collection site or at the field laboratory. A turbidimetric 

technique was used to determine SOl concentrations for the 1988 samples. Ion 

chromatography was used to measure sot and ex- concentrations for the 1991 
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samples. 

Neutron activation analysis (NAA) was used to determine concentrations of 

Na+, Cl-, K+, Ca2+, Mi+, and a number of trace elements for the 1988 samples. These 

analyses were done at the neutron activation laboratory at McMaster University 

(Haskin, 1980; Dostal and Elson, 1980). The technique involves introducing a small 

volume of sample «5 ml) into a reactor core where it is bombarded by a carefully 

monitored neutron flux. Upon irradiation, radioactive isotopes of the above elements 

are produced. These isotopes decay at known rates and energy levels. The sample 

is retrieved from the reactor core and gamma emissions across a range of energy 

levels are monitored by a counter. Software specific to the McMaster facility is then 

used to select, isolate, and measure the dimensions of energy peaks associated with 

the radioactive isotopes in question. These data are then used together with counts 

from standards to determine the concentrations of the elements in the sample. Under 

optimal conditions accuracy is ± 1-2%, when concentrations are low this accuracy 

is not achieved. From running standards, accuracy for Na+ and Cl- were ± 3%. 

These analyses were conducted by the author under the supervision of the laboratory 

coordinator in the fall of 1988. 

Alkalinity 

Alkalinity is the capacity of water to neutralize acid (Stednick, 1991). In most 

natural waters alkalinity is contributed by bicarbonate (HC03-), carbonate (Cot), 

and hydroxide (OH") ions. Across the pH range that characterizes karst waters the 

bicarbonate ion is the dominant species and alkalinity is usually expressed as a mass 

or equivalence ofHC03- per unit volume. It may also be quoted in mg L-1 as CaC03. 

It is important that alkalinity be measured as quickly as possible following sample 

collection (Cryer and Trudgill, 1990). It is determined by potentiometric or 

colorimetric titration methods; the latter was used in this study. Samples collected 

in 1987 were transported to base camp where total alkalinity was determined within 

24 hours of collection. Sample volumes of 50 ml were used. Titration to pH 4.5 was 
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accomplished with 0.02 N HCI; BDH 4.5 was used as an indicator. Titrations were 

conducted until there was agreement within 0.5 mg L-l as CaC03• The acid was 

periodically standardized with a borax solution (Stenner, 1969). In the field seasons 

of 1988 and 1991, total and phenolphthalein alkalinities were determined on site with 

portable apparatus and reagents supplied by HACH company. This apparatus was 

capable of delivering small volumes of titrant and therefore more concentrated acids 

could be used. Sample volumes were dependent upon the site; normally 50 ml were 

used. The acid was 0.16 or 1.6 N H2S04, bromcresol green-methyl red was used as 

an indicator for total alkalinity, titrations were done to pH 4.5 and repeated until 

agreement was within 1 mg L-l as CaC03. Titrations using standards showed that the 

accuracy was approximately ± 2%. Phenolphthalein alkalinity was always zero or 

very close to it. Total alkalinity was then expressed as mg or meq L-l HC03-. 

Occasionally field conditions were so adverse that the samples were transported to 

base camp for alkalinity determination. 

Calcium and Magnesium Hardness 

Total hardness is the most commonly measured water quality parameter in karst 

areas, being the sum of divalent cations ions expressed as calcium carbonate. In 

surface-watersSrom_the MackenzieMountains--'dllcium and m~nesium_are ilie _onl~ 

ions of this group that are present in significant concentrations (Table 3.6). In this 

study, total and calcium hardne~s were determined on site or at the field laboratory 

within 24 hours of sample collection. Apparatus and reagents for on site 

determinations were purchased from HACH chemicals. Reagents used in the field 

laboratory were purchased from BDH chemicals. Titrations were repeated until 

agreement was within 1.0 mg L-l as CaC03. At the field laboratory, total hardness 

was determined using a standard complexometric titration with EDT A (Stenner, 

1969). The sample pH is adjusted to 10.1 with an ammonia buffer; Eriochrome 

Black Twas used as an indicator and 0.02 N EDTA as titrant. Calmagite was found 

to yield a more distinct end point, and for most of the 1988 and 1991 field seasons 



87 

it was used as the indicator. When total hardness was determined on site, 2-amino-2-

methyl-I-propanol was used as the buffer and calmagite as the indicator. 

The calcium hardness titration is very similar to the total hardness procedure. 

In the field laboratory, buffering of the sample to a pH above 12 was accomplished 

by 2 N sodium hydroxide, and murexide was used as the indicator. The end point 

with this indicator is difficult to detect and a switch was made in 1988 to hydroxy 

naphthol blue which has a sharper end point. The on-site procedure used 8 N 

potassium hydroxide as buffer and hydroxy naphthol blue as an indicator. Total and 

calcium hardness were determined separately and magnesium hardness was 

calculated as the difference between them. Calcium and magnesium concentrations 

are expressed in mg or meq L- l
. 

The samples from 1988 that were retained in borosilicate glass vials were not 

acidified in the field. However, analyses for calcium and magnesium ions by NAA 

were in good agreement with the field determinations. Data from the Dodo Canyon 

Site are: 

Cat = 1.09Cat - 0.06 (n=56, R2=0.92) 

Mgt = 1.0 1 Mg/+ - 0.53 (n=56, R2=0.84) 

where Ca/+ and Mgr are concentrations in mg L- l determined in the field and Cat 

and Mgt are concentrations in mg L- l determined by NAA. 

Not all samples collected in 1991 could be analyzed in the field for calcium 

and magnesium. Replicate samples were retained from each site. These were 

acidified with 2 N HCI. Calcium and magnesium concentrations were determined 
-- -- - - -- - -- - -- - - --- - - - - - - - - -

from the acidified samples by· the titration methods described above. There was 

excellent agreement between field and laboratory determinations: 

Hdl = 0.97Hdr + 5.3 (n=22, R2=0.99) 

Chi = 0.98Chr+ 4.0 (n=17, R2=0.99) 

where Hdl and Chi are total and calcium hardness determined in the lab as CaC03, 

and Hdr and Chr are the same measures from the field. 
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Sulphate 

Samples from 1987 were not analyzed for sulphate. Samples from 1988 were 

analyzed by three methods, two of which involved the introduction of barium 

chloride (BaCI2) into the sample. If sulphate ion is present, crystals of barium 

sulphate (BaS04) are precipitated. In the first technique the sample was first 

pretreated to remove potentially interfering cations, then barium chloride was added, 

the sample was then heated and the excess barium chloride titrated with EDT A. The 

apparatus used for this test is not precise and the results of poor quality. Data 

generated by this method were not used. The second technique used was a 

turbidimetric method. Barium chloride was introduced into a vial containing the 

sample. The amount of turbidity produced by the barium sulphate precipitate was 

proportional to the sulphate concentration. A stabilizing agent was added to hold the 

precipitate in suspension. Light absorbance of the barium sulphate suspension was 

measured by a photometer and sulphate concentration was determined from a 

standard curve. A HACH DR100 colorimeter was used for these measurements. An 

attempt was also made to measure total sulphur in the water samples by NAA. 

However, while standards yielded reasonable results the sulphur peaks were poorly 

developed when the concentrations of sulphate in the samples were low . 

. Ion chromatograplL)' was .usedto.measuresulphate-concentrationsfor. the 

1991 samples. These analyses were conducted by the Lethbridge Office of the Earth 

Sciences Division, Department of Environment, Province of Alberta. The device 

used was a Dionnex Ion Chromatograph with a detection limit of approximately 0.25 

meq L-1 and an accuracy of ± 2%. 

Sodium and Chloride 

Samples collected in 1987 were not analyzed for sodium and chloride. For the 1988 

samples, these ions were measured using NAA. Chloride from the 1991 samples was 

measured with ion chromatography by the Earth Sciences Division, Department of 

Environment Province of Alhert::l Thf' nf'tf'f'tirm limit ::Inn llf'f'lIrlll'U llrl> "imilllr tn 
--- ~ -- - ---------, - - ~ • ----- -- ... ----...... _. .... .&&- __ """_" ... _.&.IL .................... _ ...... _____ ... --J _.LV u ... J. ... L.I. ... " ...... "" 
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that for sulphate. Sodium ion concentrations for the 1991 samples were measured 

, by the water quality laboratory of Moneco Limited, Mississauga, Ontario. The 

method used was plasma emission spectroscopy, accuracy is specified at ± 0.05 mg 

L-1
, the detection limit varies depending upon the sample. 

Potassium and Other Ions 

Regional water quality data (Table 3.6) show that the potassium ion is a minor 

constituent in stream waters of the Mackenzie Mountains. Samples from 1988 were 

analyzed for potassium using NAA. However, given the irradiation times that were 

selected, the resulting potassium counts were very low and the peaks ill defined. 

This yielded detection limits of between 0.5 and 10 mg L-\ and for more than 95% 

of the samples the potassium concentrations were below the detection limit. Runs 

with standards of low potassium concentration yielded inconsistent results. For 

economic and practical reasons other methods were not used to measure potassium, 

and potassium concentrations are not reported in this study. Other ions and dissolved 

species were not measured for this work since they are a very small percentage of the 

total solute load. 

3.3.2.3 Treatment and Presentation of the Solute Data 

The solute data generated by this study are presented in a series of tables and figures 

in Chapters VI through XI, and the Appendix. The program W ATCHEM was used 

to calculate saturation indices for calcite, dolomite, and gypsum as well as pPco2, ion 

balance error, and the ratios Ca2+/Mg2+, Ca2+/S0/", and Na+/Cl". WATCHEM is an 

unpublished FORTRAN-66 program written by John Drake and Tom Wigley, the 

author updated the code to FORTRAN-77 standard. The saturation indices and 

pPco2 were calculated using equations described in Chapter II, ion balance was 

calculated from: 



90 

IBE 
:Emz. -

I 'eallons 
:Em.z. 

, J catiolls 

Lmz. + 
I 'cations 

Lm.z. 
I 'cations 

x 100 (3.4) 

where m is molarity and z is valance of species i. Ion ratios were calculated using 

species concentrations. 

3.3.3 Dye Tracing 

There is a substantial literature available on dye tracing in karst environments (e.g., 

Drew and Smith, 1969; Back and Zod, 1975; Quinlan, 1986). Dye tracing can yield 

information regarding the characteristics of porosity within an aquifer. Specific 

objectives of tracing are commonly: (i) to establish point to point connections 

between recharge (dolines) and discharge areas (resurgences), (ii) to aid in the 

delineation of catchment boundaries, (iii) to provide information on the geometry of 

the conduit network, and (iv) to enable certain aquifer characteristics, such as 

groundwater velocity, to be quantified. 

A variety of natural and artificial tracers may be used in a karst environment. 

Naturally occurring isotopes (e.g., 180) are particularly useful in establishing the time 

of residen~e, dept~ oftr~Yel ~dJ:he_season~lityl}fth~rerllargejnto_akarstaquifer. 

How pulses of discharge, solutes, or clastic sediments are translated through an 

aquifer to spring points is related to its structural characteristics. Artificial tracers 

may be introduced into an aquifer and can be observed at springs or within 

observation wells. Several criteria should be considered when selecting a tracer. 

Drew and Smith (1969), Smart and Laidlaw (1977), and Ford and Williams (1989) 

discuss the properties of a variety of tracers. Generally the tracer should be 

environmentally safe, easily detectable at low concentrations, and simple and 

inexpensive to use. Fluorescent dyes were selected as artificial tracers in this study. 

Based on reviews of dye performance it was decided to select Rhodamine WT to 

minimize interference from background fluorescence. 
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In this study, the main objective of artificial tracing was to establish point to 

point connections between sinks and springs. Much effort was concentrated on 

outcrops of the Bear Rock Formation. Due to logistics, quantitative tracing using 

continuous fluorometry was not used. Granular activated charcoal was used to 

absorb dye at potential resurgences. Approximately 30 to 40 grams of charcoal were 

placed in nylon mesh bags and were suspended in areas of moderate flow. Through 

frequent replacement of these detectors there was an opportunity to qualify the speed 

of groundwater flow in the systems. Absorbed dye was eluted from the charcoal by 

an alcoholic KOH or NH40H solution and detected under an ultraviolet light or by 

a fluorometer. Smart and Brown (1973) recommend an elutant of equal parts 10% 

NH40H in a 50% aqueous I-propanol solution for use with Rhodamine WT. The 

elutant was checked for fluorescence using a Turner III fluorometer and/or by 

checking for visible fluorescence under exposure to UV radiation. Duplicate sets of 

analyses were run for each detector. 

3.3.4 Stable Isotopes 

The uses of the stable isotopes of hydrogen, oxygen, and sulphur in groundwater 

hydrology are reviewed by Fritz and Fontes (1980), Payne (1988), and Mazor (1991). 

Isotopic analyses of discharge waters from an aquifer can provide information on the 

source and seasonality of recharge, secondary fractionation effects, mixing, and flow 

path history of groundwater. The most commonly utilized stable isotopes are 

deuterium (2J.I or D), oxygen-18, and sulphur-34. The ratios between DIH, 180/160 
-- - --

- -

and 34S/32S are expressed in delta units, these are parts per thousand (per mil) 

departures from a standard, delta units are calculated from: 

(R -R J 0%0 = sample standa~ X 1000 

(RstandarJ 

(3.5) 

where R is the isotopic ratio of interest. Sulphur isotope abundances (0 34S) are 
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expressed as per mil deviations relative to the Canon Diablo meteorite troilite 

standard. Isotope abundances of oxygen (0 180) and hydrogen (oD) are expressed 

as per mil deviations relative to standard mean ocean water (SMOW). 

0 180 was determined for water samples collected in 1983, 1987, and 1988. 

The analyses were done in the Isotope Laboratory of the Department of Geology, 

McMaster University. It was originally intended that oD also be measured for the 

1988 samples, however the time between collection and potential completion ofthe 

analyses was too long. 0 180 and oD were determined for most of the samples 

collected in 1991. These analyses were done by Dr. R. Krouse, Department of 

Physics and Astronomy, University of Calgary. In addition, 034S was determined for 

several 1991 samples. The sulphur isotopes were done to differentiate groundwaters 

that had encountered either the Lower Devonian Bear Rock or Upper Cambrian 

Saline River Formations. The 34S/32S abundance ratios of sulphates in these two 

formations differ (van Everdingen and Krouse, 1977; van Everdingen et aI, 1982). 
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Table 3.1: Mean daily temperature, annual rainfall, snowfall, and precipitation for 
selected stations in the western N.W.T. and eastern Yukon 
(Environment Canada, 1982; Environment Canada, 1993). 

Climate Normals 
Station Location and Elevation 

(m) Mean Daily Annual Annual Annual 
Temperature Rainfall Snowfall Precipitation 

(OC) (mm) (cm) (mm) 

Elsa, YT 63°55'N 135°29'W 814 -4.4 219.5 202.9 413.0 

Keno Hill, YT 63°44'N 135°40'W 1472 -5.0 241.3 365.7 590.2 

Fort Norman, NWT 64°53'N 125°34'W 74 -6.3 186.4 144.3 324.9 

Mayo, YT 63°37'N 135°52'W 504 -4.0 185.1 130.5 306.3 
-3.6 201.4 145.0 318.4 

Norman Wells, 65°17'N 126° 48'W 67 -6.4 188.3 146.8 328.4 
NWT -6.0 183.2 148.9 316.6 

Tsichu River, NWT 63°18'N 129° 49'W 1265 -8.3 244.0 386.5 630.5 

Tungsten, NWT 61°57'N 128°15'W 1148 -5.7 333.6 316.7 644.7 

Data from Mayo and Norman Wells include climate normals from the period 1951-80 and 1961-90 
(second line). The figures from Tsichu River are based on a fragmentary record. 

Table 3.2: Occurrence of frozen ground for surficial materials in NTS map areas 
96C, 96E, and 106H; data in percentages (Heginbottom et ai, 1978). 

~-

96C 96E 106H 
Fort Norman Norman Wells Sans Sault Rapids 

Surficial Material 
64°-65° N Lat 65° _66° N Lat 65°-66° N Lat 

124°-126° W Long 126°-128° W Long 128°-130° W Long 

Alluvial 42 82 85 

Glaciofluvial 43 82 73 

Morainal 92 93 83 

Organic * * 87 

* insufficient data 
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Table 3.3: Occurrence of frozen ground for genetic terrain types in construction 
spread 1 (km 0 to km 149.5) of the Norman Wells-Zama pipeline (Kay 
et ai, 1983). 

Terrain Type 
Distance %of 

% Frozen 
(km) Spread 

AF: Alluvial Fan* 4.86 4.06 94.3 

AP: Alluvial Floodplain 0.51 0.34 19.4 

AT: Alluvial Terrace 1.64 1.10 63.6 

eM: Colluvial Siopewash 1.96 1.31 84.3 

CT: Colluvial Talus** 1.40 1.26 89.5 

ED: Eolian Dunes 2.03 1.36 43.3 

GO: Glacial Deposits 4.31 2.88 62.9 

LB: Postglacial LP 0.97 0.65 40.0 

LP: Lacustrine Plain 41.66 27.86 79.3 

LP-MG: Combination 14.66 9.82 78.1 

MG: Ground Moraine 23.30 15.64 90.5 

OU: Organic Undifferentiated 1.05 0.70 47.4 

OU-LP: Combination 8.48 5.67 79.8 

OV-LP: Organic Veneer on LP 25.02 16.74 94.3 

OV-MG: Organic Veneer on MG 3.12 2.02 93.8 

H~Bedrock 1/;22 11-.52 92.1 

OV-SP: OVon Other Deposits 0.12 0.08 9.8 

MG-RK: Combination 3.45 2.31 89.5 

Total*** 149.5 100.0 83.7 

Distance is the length of that terrain type for the whole of construction spread 1 
* data from construction spread 2; km 149.5 to km 269.3 
** data from construction spread 3; km 269.3 to km 380.4 
*** totals do not include the terrain types from construction spreads 2 and 3 

Taliks 
perkm 

1.4 

7.8 

4.9 

5.1 

4.3 

0.5 

1.4 

7.3 

1.3 

1.9 

1.5 

4.8 

2.1 

1.1 

1.7 

2~6 

8.2 

1.5 

259 
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Table 3.4: Discharge characteristics from streams in the study area. Runoff and annual 
specific discharge are calculated from the annual means. The daily maximum specific 
discharge is based on the highest daily discharge on record (Environment Canada, 1991 ). 

Station Basin 
Area 
(km

2
) 

Redstone R 15,400 

Mountain R 11,100 

Carcajou R 7,400 

Twitya R 5,590 

Tsichu R 219 

Jungle Ridge Ck 41.3 

Runoff 
(mm)" 

363 

348 

318 

349 

507 

349 

Specific Discharge 
(m3 s" km·2

) 

Daily Max Annual 

0.22 

0.12 

0.26 

0.14 

0.22 

0.3** 

0.01 

0.01 

0.01 

0.01 

0.02 

0.02 

Maximum Daily 
Discharge 

( 
3 .,) m s date 

1988 
MaxQ 
(m3 s") 

3,390 010788 3,390 

1,320 240690 762 

1,930 250690 1,110 

760 010683 321 

47.9 280584 27.8 

12.3 190582 3.6 

* calculated as the ratio of total annual discharge to basin area 
** daily maximum discharge is suspect due to channel ice 

Table 3.5: Instantaneous sediment data for the Redstone, Mountain, and Carcajou 
Rivers, 1987-89 (Environment Canada, 1988, 1989, 1990). 

River 

Redstone 

Mountain 

Carcajou 

Date 

060689 

110588 

250588 

100888 

230888 

190687 

200787 

250987 

070689 

060788 

210787 

220987 

070689 

200689 

120588 

250588 

060788 

180687 

210787 

220987 

Discharge 

(m3 s") 

774 

172 

385 

385 

233 

t98 

369 

166 

418 

720 

187 

129 

203 

304 

75 

285 

434 

105 

70 

61 

Suspended Sediment 

(mg L') (kg S-I) 

1,955 1,513 

172 30 

758 292 

200 77 

87 20 

-65 T3 

240 

21 

290 

1,330 

23 

8 

459 

731 

128 

1,440 

2,070 

132 

19 

13 

89 

3 

121 

958 

4 

1 

93 

222 

10 

410 

898 
14 

1 

1 

Total Dissolved Solids 

(mg L') (kg S·I) 

159 123 

204 35 

172 66 

203 78 

242 56 

234 46 

185 

263 

208 

201 

273 

326 

241 

264 

298 

183 

209 

303 

355 

378 

68 

44 

87 

145 

51 

42 

49 

80 

22 

52 

91 

32 

25 

23 



Table 3.6: Water quality data from Keele, Redstone, and Mountain Rivers (Environment Canda, 1977). , 

Date Temp SPC pH Ca2+ Mg2+ iHC0
3
' S042. Na+ K'" cr CalMg NalCI Sic 

I 

KEELE R 

2Ei0274 0.3 
27'0374 0.3 
2:2~0574 4.0 
2Ei0674 14.0 
240774 12.5 
12n974 13.5 
3011074 0.3 

REDSTONE R. 

2610274 0.3 
270374 0.3 
220574 6.4 
260674 14.0 
240774 13.5 
120974 12.0 

301074 0.3 
MOUNTAIN R. 

270274 
280374 
240574 

270674 

250774 
1210974 
311074 

0.3 
0.3 
3.3 

12.0 

14.0 

13.5 
0.3 

673 
720 
168 
190 
160 
402 
531 

600 
624 
235 
265 
275 
369 
532 

473 
467 
222 

317 
242 

380 
435 

7.7 
7.8 
8.0 
7.9 
7.9 
8.2 
8.2 

7.6 
8.0 
8.3 
7.4 
7.4 
8.2 
8.3 

8.0 

8.1 
7.8 

8.3 

7.9 

8.2 
8.0 

4.59 
4.69 
1.60 
1.65 
1.80 
2.50 
3.09 

4.49 
3.49 
1.50 
1.65 
1.65 
2.15 
3.09 

3.49 
2.20 

1.55 
2.10 

1.65 

2.54 

3.79 

2.40 
2.04 
0.56 
0.91 
0.82 
1.37 
2.02 

2.00 
3.10 
0.58 
0.83 
0.91 
1.37 
1.94 

1.55 
1.98 

0.55 
1.10 

0.85 

1.25 
0.18 

2.84 

2.70 
1.46 
1.66 
1.70 
2.31 
2.80 

3.10 
3.11 
1.66 
1.88 
1.84 
2.44 

3.00 

2.80 
1.78 
1.46 

2.06 

1.78 
2.44 

,2.38 

3.96 
4.48 
0.83 
0.83 

0.83 
1.73 
2.19 

3.54 
3.54 
0.69 
0.69 
0.73 
1.29 
1.92 

2.42 
2.35 
0.77 
1.12 

0.62 
1.58 
1.85 

1.35 
1.35 
0.18 
0.18 
0.210 
0.32 
0.57 

1.17 
1.17 
0.22 
0.23 
0.22 
0.33 
0.65 

0.30 
0.33 

0.09 
0.13 

0.11 

0.20 
0.29 

Temp: Temperature in °c SPC: Specific Conc!Juctivity in !-IS cm·
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Figu re 3.1: Topography, drainage, field Location 

site locations, and gauging stations in the 
northeastern Mackenzie Mountains. .' 
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CHAPTER IV 

GEOLOGY OF THE NORTHEASTERN MACKENZIE MOUNTAIN 
REGION 

4.1 Introduction 

This chapter reviews the bedrock geology of the northern Mackenzie and Franklin 

Mountains in the District of Mackenzie. The depositional and tectonic histories of 

the region are examined with an emphasis given to Paleozoic carbonate and 

evaporite sequences. The distribution, lithology, and weathering characteristics of 

several formations are described. 

4.2 Previous Work 

Initial detailed geological investigations In the District of Mackenzie were 

undertaken with the discovery of oil at Norman Wells in 1920. The Geological and 

Topographical Surveys of Canada produced several stratigraphic reports on 

formations exposed along the Mackenzie River (Camsell and Malcolm, 1921; 

D()wling, 1922; Hume, 1921, 1923; l(indle al!d ~osYV<:>rth! 1221L D_urll!g!he_~ec;Qncl 

World War, exploration moved into the mountains accompanying the construction 

of the Canol Road and pipeline. A series of unpublished reports were produced in 

1944 by the Canol geologists; these are summarized by Hume and Link (1945) and 

Hume (1954). 

In the 1950's and 60's the Geological Survey undertook helicopter supported 

reconnaissance studies in the Northwest and Yukon Territories. Operation Norman 

(1968-1970) investigated the western portion of the District of Mackenzie between 

the Arctic coastline and the 64th parallel. The geology of individual map areas in 

that region are presented in a series of reports. Those most pertinent to this work 
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include: Carcajou Canyon (map area 96D; Aitken and Cook, 1974a), Fort Norman 

(map area 96C; Cook and Aitken, 1976), Norman Wells (map area 96E; open file 

304), and Upper Ramparts River and Sans Sault River (map areas 106G and 106H; 

Aitken et ai, 1982). 

Reviews of regional stratigraphy, structure, and paleogeography include the 

works of Bassett (1961), Gabrielse (1967), Douglas et al (1970), Law (1971), and 

Gilbert (1973). Proterozoic and Cambrian stratigraphy are described by Aitken et 

al (1973, 1978), Aitken (1981), Aitken and McMechan (1991), and Gabrielse and 

Campbell (1991). The Paleozoic of the Selwyn Basin (Mountains) is examined by 

Cecile (1982), and the southern Mackenzie Mountains by Morrow and Cook (1987). 

The Silurian and Devonian of the northern Mackenzie Mountains is reviewed by 

Morrow (1991), and the Cretaceous and Tertiary of the Northern Interior Plains by 

Yorath and Cook (1981). The characteristics and distribution of evaporite deposits 

in western Canada are reported by Meijer Drees (1986). Aspects of the subsurface 

geology of the Mackenzie Valley area are reviewed by Tassonyi (1969), Meijer 

Drees (1989, 1993), and Pugh (1983, 1993). Structural elements of the eastern 

Cordilleran foldbelt are described by Norris (1972; 1985a) and Park et al (1989). In 

addition, there are a number of reports and papers that are concerned with individual 

rock formations or tectonic features. 

4.3 Regional Geological Setting 

The northeastern segment or the Cordilleran Orogen consists of the rugged terrain 

of the Mackenzie and Selwyn Foldbelts (Figure 4.1). The Selwyn Foldbelt is 

bordered by the Tintina Fault to the west and the Backbone Ranges of the Mackenzie 

Mountains to the east. The Mackenzie Foldbelt is a broad arc of variable terrain 

extending from Liard Plateau in northern British Columbia, through the District of 

Mackenzie, to eastern Yukon. The total length of the foldbelt is approximately 950 

km and it is bordered to the east by the Northern Interior Platform. The Mackenzie 

Foldbelt contains several tectonic/physiographic elements, including the Mackenzie 
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and Franklin Mountains and the Mackenzie Plain. 

4.3.1 Physiography 

The physiography of the region is reviewed by Bostock (1948, 1970). The 

periglacial geomorphology is discussed by Priesnitz and Schunke (1983). The most 

comprehensive treatment of the glacial history is Duk-Rodkin and Hughes (1991). 

The Mackenzie Mountains are broadly divisible into the Canyon and 

Backbone Ranges (Figure 4.1). The latter is an interior arc of rugged northwest 

trending ridges rising to 2600 metres elevation. Morphology is strongly controlled 

by structure and also reflects the influence of cirque and valley glaciation. At 

present, the glacierized portion of the range is restricted to several small alpine 

glaciers along the continental divide. The ridges are separated by a few broad 

valleys and there are limited areas of plateaux. 

The Canyon Ranges are an eastern arc oflow mountains and plateaux. These 

ranges are characterised by widely separated smooth profiled mountain ridges and 

plateaux that are dissected by numerous steep valleys and deep canyons. The 

northwest portion of the Canyon Ranges are rugged with numerous cirques and large 

troughs. The area southeast of Mountain River is a region of high plateaux where 

the remnants of anold~ro_siQ~Sllrface_ ar~easilyseen on marw-of-theridgesummit-s 

(Bostock, 1948). Summit elevations gradually decrease towards Keele River. South 

of the Keele River there is an area oflow hills where the plateaux are less prominent. 

The Canyon Ranges have been influenced to a minor degree by glaciation. Ice 

spreading from the Backbone Ranges occupied many of the broad valleys and 

canyons. Laurentide ice advanced to the mountain front and penetrated westward 

along the main valleys. In some areas, Montane and Laurentide ice coalesced (Duk

Rodkin and Hughes, 1991). The glacial record is discussed in detail in Chapter V. 

The Mackenzie Plain is a low elevation area between the Mackenzie and 

Franklin Mountains. It is best described as an isolated strip of the Interior Platform 

within the Mackenzie Foldbelt. The surface is rolling with local relief due to a 
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mantle of glacial deposits and minor folds. The Mackenzie River and its major 

tributaries are incised 50 to 150 metres below the surface ofthe plain. 

The Franklin Mountains are a series of discontinuous low ranges stretching 

from Nahanni Butte to Fort Good Hope. The Norman Range extends northward 

from Bear Rock, located at the confluence of the Mackenzie and Great Bear Rivers. 

The summit elevations of these ranges vary from a few hundred to 1500 metres. 

During glaciation, the Franklin Mountains were completely overrun by continental 

Ice. 

4.3.2 Depositional Setting, Stratigraphy, and Structure 

The Cordilleran Orogen is subdivided into five distinct morphogeological belts. 

These belts are differentiated on the basis of their tectonic history and stratigraphic 

composition. The Foreland Belt encompasses the eastern ranges of the Cordillera: 

the Rocky Mountains and the mountains of the Mackenzie Foldbelt. This belt 

consists of a sequence of faulted and folded miogeoclinal, rift, and clastic 

assemblages. The miogeocline is a wedge of deposits that accumulated on the 

continental margin of Ancestral North America from Middle Proterozoic to Middle 

Jurassic time (Gabrielse et aI, 1991). Across the Interior Platform this succession is 

thin and uniform, gradually increasing in thickness westward. A hinge line or zone 

is the tectonic boundary separating the platform sequence from the shelf and slope 

sediments of the Foreland. Basinward of the hinge line, deposits thicken markedly 

toward the position of the former shelf edge with accompanying changes in facies. 

Sediments of the miogeocline are overlain by an eastward tapering wedge of 

foredeep clastics that are derived from western regions influenced by orogeny in the 

Cretaceous and Tertiary. 

Within each of the morphogeological belts, the major sedimentary sequences 

are divided into tectonic assemblages. Each assemblage is a distinctive collection 

of lithostratigraphic units that are bound by regional unconformities or faults, and 

represent a period of deposition in a specific tectonic environment (Gabrielse et aI, 
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1991; Wheeler and McFeely, 1991). Most commonly an assemblage consists of 

several equivalent formations or groups from a number of regions, names being 

assigned on the basis of where assemblages are best expressed. 

The sedimentary succession of the Mackenzie Foldbelt spans Middle 

Proterozoic to Cenozoic time and is assumed to rest unconformably on a Lower 

Proterozoic crystalline basement (Douglas, 1980). It is approximately 7 km in 

thickness at the eastern boundary of the foldbelt and approaches 20 km in the 

mountain interior. The known sedimentary package may be divided into an 

infrawedge and a suprawedge (Norris, 1985a) .. The infrawedge consists ofa series 

of tectonic assemblages that record sedimentation on a continental margin called the 

Mackenzie Shelf The suprawedge represents clastic deposition in a foredeep 

environment. 

Tectonic assemblages of the study region are illustrated on Figure 4.2. 

Stratigraphic columns from the Sans Sault Rapids (106H), Carcajou Canyon (96D), 

Norman Wells (96E), and Fort Norman (96C) map areas are presented on Figure 4.3. 

There are considerable variations in strata across these map areas. Sedimentation on 

the Mackenzie Shelf was influenced by relative sea level variations and intra-shelf 

topographic or tectonic features (Morrow, 1991). The distribution of intra-shelf 

fe.atures_ ace...o_unt~. fur much .oLthe..r.egionaLyadahility--in--facies-observed-in--the. 

Mackenzie Foldbelt (Figure 4.4). The position of the shelf edge varied but it likely 

persisted near the boundary between the Canyon and Backbone Ranges, now marked 

by the Plateau Fault zone (Figure 4.2). The area northeast of Plateau Fault 

functioned as a shelf-platform from Middle Proterozoic through Middle Devonian 

time (Aitken et aI, 1982). The total exposed stratigraphic column is relatively thin 

with several major hiatuses present. The area to the southwest is represented by a 

thick sequence that includes several formations that are absent from the shelf

platform area (Figure 4.5). This is represented by a facies change from carbonates 

to shales southwest of the fault zone (Franklin Mountain to Road River Formations: 

Figure 4.5). On the shelf proper, other elements influenced sedimentation. l~,-,'1 
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example is the Mackenzie Arch, a positive tectonic element that extended from Keele 

River to Mountain River in the northeastern Mackenzie Mountains (Aitken et aI, 

1973). This arch was active during the Upper Proterozoic and Cambrian and 

produced a restricted basin northeast of the arch where shallow water carbonates and 

evaporites accumulated. To the southwest, deeper water basinal facies were 

deposited in Selwyn Basin. Other important topographic elements include Redstone 

Arch, Keele Arch, and Twitya Uplift. The influence of these features on individual 

formations are discussed in subsequent sections. In general, the strata of the Canyon 

Ranges are primarily carbonates, evaporites, and coarse clastic lithologies, while the 

thicker succession of the Backbone and Selwyn Foldbelt are largely fine grained 

clastics. 

In the sedimentary succession, depositional hiatuses, faulting, and 

deformation are associated with orogenic events in the Middle and Upper 

Proterozoic, mid-Cretaceous, and Upper Cretaceous to early Tertiary (Figures 4.2, 

4.3, 4.5). The Proterozoic Racklan Orogeny is recorded by a series of steeply 

dipping faults in Middle Proterozoic strata (Aitken et aI, 1973; Aitken et aI, 1982; 

Cook, 1992). The Upper Cretaceous to Eocene orogeny ("Laramide Orogeny") 

formed the Mackenzie and Franklin Mountains, and may have occurred in two 

distinct pulses (Figure 4.3). This was marked by shortening of the sedimentary cover 

through widespread folding and faulting, and included reactivation of Proterozoic 

faults. Epeirogenic events produced disconformities in the Middle Cambrian, 

Middle Ordovician, mid-Silurian, and Upper Devonian (Aitken and Cook, 1974; 

Aitken et aI, 1982). 

The Mackenzie Foldbelt is an orocline. The overall arcuate shape reflects the 

original geometry of the shelf, rather than later bending of the sedimentary pile (Park 

et aI, 1989). It can be divided into four structural subregions: (i) Plateau Sheet, (ii) 

Outer Fold Belt, (iii) northern Franklin Mountains and Mackenzie Plain 

Synclinorium, and (iv) Peel Plateau and Plain (Aitken et ai, 1982). The Plateau 

Sheet lies to the southwest of Plateau Fault, and the Outer Foldbelt between Plateau 
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Fault and the Mackenzie Mountain Front (Figure 4.3). Peel Plateau is north of the 

area of study. 

The Plateau Sheet comprises strata deposited within Selwyn Basin and on the 

Mackenzie Shelf edge. It extends from the Root River area toward Arctic Red River. 

To the southeast, it is largely unfractured but becomes progressively faulted 

northwestward. In the northern Mackenzies, it consists of a series of slices bounded 

by imbricate thrust and reverse faults. These faults are represented on the surface by 

traces parallel to Plateau Fault (Figures 4.2,4.6). The main failure surface associated 

with these faults is a gypsum sub-unit of an unnamed Middle Proterozoic formation 

(map unit Hs). It is suggested that horizontal displacement in the northern 

Mackenzies is on the order of several kilometres (Aitken et ai, 1982), to the south 

it may be as much as 35 km (Cecile et ai, 1982). There are few major folds in the 

Plateau Sheet. 

The Outer Foldbelt is dominated by bundles of flexural slip, cylindrical folds, 

and associated contraction faults (reverse and thrust) (Norris, 1972, 1985a). Strike

slip and normal faults are less common and usually of low displacement. The 

maj ority of folds have curviplanar and sinuous axial surfaces that commonly dip to 

the southwest. Individual folds or fold pairs are arranged in a parallel or subparallel 

alignment;.an.enechelon-pattern,.lnthe-southern-Macktmzi€-MQuntaius,f0Ids-afs 

right-hand en echelon. In the Carcajou Range, right and left-hand styles are equally 

common, while left-hand en echelon occur to the northwest (Figure 4.6). These folds 

involve strata as old as Late Proterozoic. Their structure suggests there is a deep 

surface of decollement below the oldest known Middle Proterozoic unit (Aitken et 

ai, 1982). 

Broad, flat topped anticlines are typically separated by narrow, steep limbed, 

complex synclines. In the northeastern Mackenzie Mountains, directly opposite 

Nonnan Wells, the full width of the Outer Foldbelt (95 km) is occupied by only four 

major anticlines and synclines. The major folds are persistent along strike; Stony 

(Foran) anticline extends for 170 km, Tav.n..l ,A ... '1tic1ine 200 km. 
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Laramide shortening of the sedimentary cover in this area is estimated between 12 

and 15% (Aitken et ai, 1982). Through much of the Outer Fold Belt, this shortening 

is due to folding but between Mountain and Arctic Red Rivers the numerous reverse 

and thrust faults are the main agents. The Mackenzie Mountain front is usually 

marked by steep monoclines that dip toward the westernmost synclinal structures of 

Mackenzie Plain, such as the Gayna Flexure and Imperial Syncline. Locally, the 

mountain front is defined by thrust and reverse faults (e.g., Deadend and Gambill 

Faults). 

The structure of Mackenzie Plain and Franklin Mountains are reviewed by 

Cook and Aitken (1972, 1973). The Mackenzie Plain is a large gently dipping 

synclinorium punctuated by sharp anticlinal uplifts such as Imperial Anticline and 

MacKay Range. The northern Franklin Mountains are a series of narrow, linear, 

anticlinal ridges separated by broad flat bottomed synclines. Stratigraphic sequences 

are repeated by steep reverse faults that are commonly found on the northeastern 

limbs of these uplifts. No strata older than Cambrian are exposed in these structures. 

Unlike the Outer Foldbelt, the surface of decollment is relatively shallow. 

Stratigraphic evidence suggests structural detachment occurred in the Cambrian 

Saline River Formation (Cook and Aitken, 1973; Aitken et ai, 1982). 

The following sections of this chapter describe each of the tectonic 

assemblages represented in the study area. Formation lithology, distribution, and 

weathering characteristics are reviewed. Detailed information is limited to those 

strata that host karst features, essentially the Saline River, Franklin Mountain, Mount 

Kindle, Bear Rock, and Hume Formations. 

4.4 Proterozoic 

The Proterozoic succession of the Cordillera is divided into three sequences: (i) 

Middle Proterozoic (1.7 to 1.2 Ga), (ii) Middle to Upper Proterozoic (1.2 to 0.78 Ga), 

and (iii) Upper Proterozoic (0.78 to 0.57 Ga) (Young et aI, 1979; Aitken and 

McMechan, 1991). Dating and correlation of these sequences are not complete. In 
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the Mackenzie Foldbelt, assemblages of the first sequence occur in the Wernecke and 

Ogilvie Mountains, and at Cap Mountain of the Franklin Mountains. The Cap 

Mountain and Wernecke assemblages are a record of clastic and carbonate 

sedimentation on a continental margin, and are broadly equivalent to the Purcell 

Supergroup of the southern Rocky Mountains. 

4.4.1 Mackenzie Mountain Assemblage 

The second Proterozoic sequence (1.2 to 0.78 Ga) is represented in the Mackenzie 

Foldbelt by the Mackenzie Mountain Assemblage (Figure 4.2). This sequence only 

occurs in the District of Mackenzie and it includes the Mackenzie Mountain 

Supergroup, Upper Proterozoic gabbro intrusions, and possibly the Pinguicula Group 

(Young et aI, 1979; Aitken and McMechan, 1991). The latter group does not occur 

in the study region. The Mackenzie Mountain Supergroup has not been formerly 

defined, but is generally recognized as the strata bound between the regional 

unconformity at the base of the Upper Proterozoic Coates Lake Group and the 

underlying Wernecke-Cap assemblages (Aitken, 1981; Morris and Aitken, 1982; 

Aitken and McMechan, 1991). It consists of four main units: Map Unit HI, the 

Tsezotene Formation, the Katherine Group, and the Little Dal Group (Figure 4.3). 

_ . The.Mackenzie.Mountain-Supergwup-is-widely-exposed-in-the-MaGkenzie 

Mountains and is thought to extend in the subsurface of the northern Franklin 

Mountains and Great Bear Plain (Figure 4.5). Isopachs indicate the trend of the 

supergroup is congruent with the broad foldbelt arc (Aitken and Long, 1978). It 

gradually thickens to the southwest, exceeding 4 km in the mountain interior. Much 

of the assemblage displays slight lateral variation in facies. It is a platform sequence 

of shallow water clastics, carbonates, and evaporites deposited in a broad epicratonic 

basin or at a passive continental margin (Aitken and McMechan, 1991). 

4.4.1.1 Map Unit HI 
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is limited to the crestal areas of three major anticlines. The total thickness of the 

formation is not known. At Tawu Anticline 400 m are exposed, and based on the 

anticline structure it is suggested at least 1 km of bedded folded strata underlie Unit 

HI' The underlying strata may be Wernecke equivalents (Aitken et aI, 1982; Aitken 

and McMechan, 1991). Unit HI is a massive and resistant dolomite with chert, 

deposited on a shallow platform or shelf It is informally divided into three 

members: (i) a lower member of interbedded silty dolomite and dolomitic shale, (ii) 

a middle member of stromatolitic grey dolomite and sandy dolomite, and (iii) an 

upper member of chert, with sandy dolomite and dolomitic sandstone. The 

uppermost beds grade conformably into shale of the overlying Tsezotene Formation 

(Aitken and McMechan, 1991). 

4.4.1.2 Tsezotene Formation 

The Tsezotene Formation is a lithologically diverse succession of shale, argillite, and 

mudstone with minor intervals of sandstone, quartzite, siltstone, dolomite, and 

limestone. The formation is widely distributed in the Canyon and Backbone Ranges 

where it is exposed in the cores of major anticlines. Thickness ranges from 750 to 

1500 m. Gabbro sills occur locally within the Tsezotene, a single sill in the upper 

part of the formation is possibly of regional extent (Aitken and Cook, 1974). A 

twofold division of the Tsezotene is informally recognized. The lower member is 

mainly a recessive grey and black shale. The upper member is red, green, and grey 

shale (Aitken and McMechan, 1991). Where present, intervals of sandstone and 

dolomite are resistant, with the latter weathering a bright orange. The Tsezotene 

F ormation forms the lower portion of a coarsening upward cycle that is 

superimposed on the platform carbonates of Map Unit HI' The formation passes 

conformably into the overlying Katherine Group. 

4.4.1.3 Katherine Group 

The Katherine Group is a widespread succession of resistant quartzite, with minor 
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shale and dolomite. Group thickness ranges from 700 to greater than 1900 m. 

Stratigraphic practise has been to divide the Group into two broad units, although 

seven units off ormation and member rank have been described (Aitken et aI, 1978). 

The lower Katherine is a thick sequence of orthoquartzite with intervals of shale and 

dolomite. The upper unit has a base of recessive shale overlain by quartzite (Aitken 

et aI, 1973). The quartzites are well sorted with very fine sand as the modal grain 

size. Sedimentary structures indicate much of the Katherine Group is a record of a 

prograding fluvial-deltaic sequence with subsequent reworking in the littoral zone 

(Aitken and McMechan, 1991). The upper Katherine Group is missing over the 

crestal area of the Mackenzie Arch where it was eroded in the Upper Proterozoic 

(Figure 4.5). The upper contact with the Little Dal Group appears conformable but 

may represent an erosional hiatus. 

4.4.1.4 Little Dal Group 

The Little Dal Group includes the former subdivisions of the now obsolete Map Unit 

Hs and the Little Dal Formation (Aitken et ai, 1978; Aitken, 1981). The Group is 

informally divided into seven units of formation rank comprising 2 km of platform 

and basin deposits. The Mudcracked Formation is widely distributed at the base of 

the_ Group., jt is2Q_tQ_6_0_m.o£g~y~_brown, and_black_mudstone_with_minor_flne 

grained sandstone. In the southeastern portion of its distribution, the Mudcracked 

Formation grades into an overlying platform sequence of stromatolitic limestone and 

calcareous mudstone. This platform sequence ranges in thickness from 450 to 800 

m. Westward, the platform sequence passes through a thick biostrome complex, 

interpreted as a.shelf edge, and adopts a basin character (Aitken and McMechan, 

1991). This 430 to 630 m thick basinal sequence is devoid of shallow water facies 

and structures. The lithology is dominated by carbonate-clastic rhythmites and 

nodular limestone. Some thick stromatolite reefs are present within the unit. Both 

the basinal and platformal sequences grade into the overlying Grainstone Formation. 

The Grainstone Formation is 425 m of massive dolomitized ooid grainstone 
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with thinly bedded and platy weathering sandy dolomite. Minor gypsum and local 

solution breccia are recorded in some cores that have encountered the Grainstone 

Formation (Aitken and McMechan, 1991). It is succeeded conformably by the 

Gypsum Formation, a recessive unit of laminated and nodular grey gypsum and 

anhydrite. At least 90% of this unit consists of evaporite minerals and the maximum 

thickness approaches 530 m. Clastic materials are largely restricted to the top and 

base of the formation. The Little Dal Group is absent across the Mackenzie Arch, 

only the lower units of the Group extend eastward into the Canyon Range. The 

northeastern limit of the Gypsum Formation is just east of Plateau Fault (Aitken et 

ai, 1982). 

The Rusty Shale Formation overlies the Gypsum Formation. It is 180-270 

m of varicoloured shale and very fine sandstone. This is overlain by the Upper 

Carbonate Formation, a 300 to 750 m thick, resistant, stromatolitic dolomite with 

minor interbeds of shale. Locally the Little Dal Group is topped by basaltic lava, 

partially pillowed. There is a significant erosional hiatus between the Little Dal and 

overlying units. 

4.4.2 Windermere Supergroup 

The third Proterozoic sequence is the Windermere Supergroup. In the Mackenzie 

Mountains this incorporates the Coates Lake Group, Rapitan Group, and the 

Sheepbed and Backbone Ranges Formations. These units are represented by the 

Pinguicula, Rapitan, Windermere, and lower Gog assemblages (Figure 4.2). The 

Pinguicula assemblage is largely confined to the Wernecke Mountains. The Coates 

Lake Group is restricted to a narrow band of outcrop at the eastern margin of the 

Upper Proterozoic, in the vicinity of the Plateau Thrust (Jefferson and Ruelle, 1986; 

Gabrielse and Campbell, 1991). This group has been mapped as either Mackenzie 

Mountain, Rapitan, or Windermere Assemblages on Figure 4.2. It is a succession of 

basalt, clastics, carbonates, and evaporites deposited in a rift basin. 

The Rapitan Group overlies the Coates Lake or Little Dal Groups with sharp 
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unconformity. It consists of four units: the Sayunei, Shezal, Twitya, and Keele 

Formations (Eisbacher, 1981; Gabrielse and Campbell, 1991). The basal Sayunei 

Formation (700 m) is a sequence of turbidites and argillite, with glacial dropstones 

and ironstone. The Shezal Formation is 500 m of tillite, diamictite, sandstone, and 

shale. These two units comprise the Rapitan Assemblage (Figure 4.2) and were 

deposited in a rift environment. These units are conformably overlain by the Twitya 

Formation, a clastic unit of shale, siltstone, sandstone, and conglomerate. The 

Twitya Formation grades into the Keele Formation, 100 to 500 m of carbonates, 

quartzite, and minor tillite. Shale and siltstone of the Sheepbed Formation (900 m) 

overlie the Keele. The latter three units constitute the Windermere Assemblage 

(Figure 4.2) and represent a period of clastic deposition on the rifted continental 

margin. In the western Mackenzie Mountains the Sheepbed is succeeded by the 

clastic Backbone Ranges and Sekwi Formations, comprising the Gog Assemblage 

(Figure 4.2). During the Lower Cambrian deposition was restricted to Selwyn Basin. 

4.5 Cambrian 

The Rocky Mountain assemblage of the Foreland Belt is a miogeoclinal platform

shelf succession spanning the Lower Cambrian to Devonian (Figure 4.2). In the 

Mackenzie Eoldnelt-this-sequence-is xeferred- to-as-the-Eranklinian-assemblage 

(Norris and Yorath, 1981; Norris, 1985a). Regional unconformities in the Lower and 

Middle Cambrian, Lower Ordovician, Lower Silurian, and at the base of the 

Devonian divide the package into a series of carbonate and evaporite formations. 

Clastic units are present at the base and top of the sequence. The Systems of the 

Rocky Mountain (Franklinian) assemblage are described in the following sections. 

The Proterozoic of the Mackenzie Foldbelt is unconformably overlain by a 

platform sequence of Cambrian sandstone, shale, evaporite, and dolomite. During 

much of Cambrian time, the Mackenzie and Mahoney Lake Arches were topographic 

highs and strongly influenced sedimentation. The latter feature occupied a position 

similar to that illustrated for Keele Arch on Figure 4.4 (Pugh, 1993). The basal 
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clastic units, the Mount Clark and Mount Cap Formations, are absent across both 

arches. The Upper Cambrian Saline River Formation thins over the area of Mahoney 

Lake Arch and occurs east of Mackenzie Arch. The Franklin Mountain Formation 

(Upper Cambrian-Lower Ordovician) is a platform carbonate that extends westward 

across Mackenzie Arch to Selwyn Basin (Figure 4.5). 

4.5.1 Mount Clark and Mount Cap Formations 

The basal Cambrian unit is the Mount Clark Formation, a massive and resistant 

quartz sandstone with minor conglomerate, siltstone, shale, and arenaceous dolomite 

(Williams, 1923; Douglas and Norris, 1963; Aitken et aI, 1973). The distribution of 

the Mount Clark Formation in the study area is poorly documented, there are 

scattered outcrops in the Franklin Mountains and it occurs in the subsurface of Great 

Bear Plain. Formation thickness is highly variable with a maximum value of >215 

m at the type section near Wrigley. 

The Mount Clark Formation is abruptly overlain by the Middle Cambrian 

Mount Cap Formation (Williams, 1922, 1923). Northeast of Mahoney Lake Arch, 

the Mount Cap Formation has a diverse lithology, including: shale, dolomite, 

limestone, siltstone, glauconite, and sandstone. Pugh (1993) divides that portion of 

the formation into eight members. Southwest of Mahoney Lake Arch the formation 

is grey, grey-green, and brown shale with minor argillaceous dolomite and siltstone. 

This shale facies is widely distributed and onlaps the eastern flank of Mackenzie 

Arch (Figure 4.5). In Dodo Canyon, on the southwestern flank of MacDougal 

Anticline, the thickness of the Mount Cap Formation is between 100 and 110 m 

(SectionMQ-6: 64°57'NLat., 127°16'WLong.: Aitken et aI, 1973). A borehole near 

the confluence of Mackenzie and Keele Rivers yields a thickness of>595 m. The 

thicker accumulation may have occurred along the centre of a narrow linear trough 

(Keele Trough) between Mackenzie and Mahoney Lake Arches (Pugh, 1993). 
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4.5.2 Saline River Formation 

The Upper Cambrian Saline River Formation (Williams, 1923) overlies either the 

Mount Cap Formation or Proterozoic strata. Across the study area, the contact 

between the Saline River and Mount Cap has been described as disconformable 

(Aitken et aI, 1973; Aitken and Cook, 1974; Aitken et aI, 1982) (Figure 4.3) but 

Pugh (1983, 1993) argues for a depositional hiatus of short duration. In outcrop, the 

Saline River Formation is a recessive unit of redbeds and gypsum, red and green 

gypsiferous shale, mudstone, siltstone, and thin dolomite. It is locally brecciated and 

contains abundant saIt casts (Williams, 1923; Aitken et aI, 1973; Aitken and Cook, 

1974; Aitken et aI, 1982). Brine is observed discharging from exposures at the type 

section near the confluence of Saline and Mackenzie Rivers (Williams, 1923). The 

formation is exposed in the Canyon Ranges and Franklin Mountains and is extensive 

in the subsurface of the region (Tassonyi, 1969; Meijer Drees, 1975, 1986; Pugh, 

1993). Subcrops often exhibit thick intervals of halite and anhydrite. The thin, 

recessive, and contorted surface exposures are indicative of subrosion of evaporite 

by circulating meteoric groundwaters (Aitken et aI, 1982). 

Tassonyi (1969) established Imperial Vermillion Ridge No.1 well (elevation 

282 m, 65°07'51" N Lat., 126°05'00" W Long.) as the type locality for the subsurface 

Silli!1.J;LRiver FJ>Jlllation._Tn~Lwdl jLLocate(L8~_ northeasLoLthe-mouth-o£ 

Vermillion Creek. The Saline River Formation is encountered at depths between 853 

and 1701 m. Tassonyi recognized two members of different lithology: an upper 

Shale Member (171 m thick), and a lower Salt Member (671 m thick). It is 

suggested by Meijer Drees (1986) that due to very steeply dipping beds or tectonic 

thickening Tassonyi's estimate greatly inflates the true stratigraphic thickness. 

The Shale Member consists of red, pink, and green shale, dolomitic shale, 

gypsiferous and grey shale. The shale is interbedded with light coloured anhydrite 

and some anhydritic or gypsiferous dolomite. Salt casts are observed. The Salt 

Member is dominated by white and orange-red halite. Beds and laminae of 

argillaceous, gypsiferous, and silty anhydrite infrequently occur in the upper half of 
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the member. Impurities become more significant lower in the member and include 

evaporitic beds of mixed lithology: anhydrite, light pale grey gypsiferous shale, light 

buff anhydritic dolomite, buff and grey dolomitic argillaceous siltstone, and red and 

green shale. 

Meijer Drees (1975, 1986) divides the subsurface Saline River Formation into 

three similar units: a Lower Clastic Member, an Evaporitic (salt) Member, and an 

Upper Clastic Member. The Mobil Colville E-15 well (67°14118" N Lat., 126°18126" 

W Long.) and the CDR Tenlen Lake A-73 well (67°52108" N Lat., 130°43122" W 

Long.) completely core the formation. The Colville well is representative of sub crop 

throughout the central portion of its distribution and includes all three members. The 

Lower Clastic Member is approximately 10m of thinly bedded, greenish grey, and 

reddish brown dolomitic shale, light brown arenaceous dolomite, and greenish grey 

anhydrite. Halite is present as cement and veins. The Evaporitic Member is 113 m 

of interbedded and interlaminated light brown, light grey, and semi-translucent, 

coarsely and very coarsely crystalline halite; light grey, finely to coarsely crystalline 

nodular anhydrite with interbeds of brown, halite-cemented dolomite; and greenish 

grey, dolomitic shale. Anhydrite, siltstone, and halite occur within the shale. The 

Upper Clastic member is 115 m of greyish, green breccia of dolomitic anhydrite 

fragments in an anhydrite or shale matrix, and includes varicoloured shale and very 

light grey, dolomitic siltstone. The Evaporitic Member is absent in the Tenlen Lake 

core. It includes reddish brown and greyish green dolomitic shale, and very thinly 

interbedded light grey, silty and anhydritic dolomite. An occasional conglomerate 

of dolomite clasts in an anhydrite matrix is observed. 

The average subsurface thickness of the Lower Clastic Member is 20 to 40 

m, with marked thinning over Mahoney Lake Arch (Pugh, 1993). The Evaporite 

( salt) Member has a highly variable thickness. It is absent from the lower Keele 

River area and is >300 m thick north of Smith Arm of Great Bear Lake and below 

the Mackenzie Plain. The Upper Clastic Member ranges between 13 and 120 min 

thickness. The whole sequence represents a period of continuous sedimentation 
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(Pugh, 1993). Thickness variations between the Evaporite and Upper Clastic 

Member reflect local facies changes within an evaporite basin. The basin was 

separated from the open sea by the topographic high of the Mackenzie Arch. Lobes 

extend to the southeast along the Mackenzie Valley and Great Bear Lake, deposition 

was absent over the emergent Bulmer Lake Arch (Meijer Drees, 1975, 1986; Pugh, 

1993). The periphery of the basin is represented by a redbed facies of silty sandstone 

and shale (Figure 4.7). Included are sedimentary structures indicative of a lagoonal 

and intertidal environment (Meijer Drees, 1986). Thick evaporite deposits 

characterize the central portion of the basin. They are divisible into primary and 

secondary deposits. The primary precipitation of halite occurred during extreme 

periods of basin wide evaporation. Secondary deposits of halite, gypsum, and 

anhydrite were precipitated from groundwater brines during desiccation. Periods of 

clastic sedimentation are correlated with relatively high water levels. The formation 

becomes sandy towards its zero edge of deposition. 

There are sufficient data available to produce an isopach map of the 

formation and Evaporite Member (Figure 4.8). The Evaporite Member is thickest 

beneath the Mackenzie Plain and northeastern Franklin Mountains. The southern 

and western limits of the salt deposits are depositional, the northern limits are not 

completely_known, and-the-easternJimltjs-a-dissolution-edge.--There-are-nodata-on 

subsurface thicknesses from the Canyon Ranges. 

Outcrops of the Saline River Formation approach a maximum thickness of 

180 m in the Canyon Ranges. At the MacDougal section in Dodo Canyon, the 

formation is 128 m thick (Aitken et ai, 1973). The Saline River Formation is 

conformably and gradationally overlain by the basal member of the Franklin 

Mountain Formation. 

4.5.3 Franklin Mountain Formation 

Williams (1922, 1923) assigned the name Franklin Mountain Formation to 100 m of 
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Kindle of the southern Franklin Mountains. At the same location, Douglas and 

Norris (1963) measured 400 m of dolomite, shale, limestone, and sandstone. During 

Operation Norman, four informal members were recognized: Basal Redbeds, a 

Cyclic Member, a Rhythmic Member, and a Cherty Member (Macqueen, 1970; 

Macqueen and MacKenzie, 1973; Aitken et ai, 1973). MacKenzie (1974) noted a 

thin and discontinuous fifth unit, the Upper Dolomite Member, but it has rarely been 

mapped by subsequent workers. Norford and Macqueen (1975) provide a full 

description from the type section near Wrigley. 

The Franklin Mountain Formation is widely distributed in the study region 

and overlies strata ranging in age from Proterozoic to Upper Cambrian. In the 

Canyon Ranges and at Bear Rock, it rests on the Saline River Formation and has an 

average thickness of 400 m. The Cyclic Member, Basal Redbeds, and Rhythmic 

Member are Upper Cambrian, the Cherty Member is Lower Ordovician (Norford and 

Macqueen, 1975). 

The Cyclic Member is a recessive, yellowish orange weathering, dolomite 

and argillaceous dolomite. It occurs, with few exceptions, where the Franklin 

Mountain Formation overlies the Saline River Formation. Near the western 

depositional edge of the Saline River Formation (Mackenzie Arch), or where the 

Franklin Mountain Formation overlies older formations, the Cyclic Member does not 

occur (Aitken et ai, 1974). Where present in the Franklin and Mackenzie Mountains, 

it averages 40 m in thickness. Locally the Cyclic Member is replaced by the Basal 

Redbeds unit. This discontinuous unit is orange and red weathering, argillaceous 

dolomite and dolomitic mudstone, with some minor quartzite and chert. 

The Rhythmic Member is a medium to thick bedded pale grey and brown, 

finely to very finely grained dolomite, with minor chert present as nodules and thin 

beds. In the Mackenzie and Franklin Mountains, some outcrop have a pronounced 

rhythmic colour banding. Typically this unit has a thickness of 250-300 m in the 

study region (Norford and Macqueen, 1975). In the area of the Mackenzie Arch, the 

basal part of this member contains some sandstone. 
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The Cherty Member weathers darker than the rhythmic unit, is more resistant, 

and contains a higher incidence of siliceous material. Chert occurs as nodules, thin 

beds, and quartz filled vugs, although in the Canyon Ranges the amount of chert 

remains relatively low. The member is predominantly a pale grey, finely crystalline 

dolomite. Thickness is highly variable, ranging between 0 and 200 m in the study 

region (Aitken et aI, 1974; Aitken et aI, 1982; Pugh, 1993). 

4.6 Ordovician-Silurian 

The Cherty Member (or Upper Dolomite Member) of the Franklin Mountain 

Formation is unconformably overlain by the Upper Ordovician-Lower Silurian 

Mount Kindle Formation (Figure 4.3) (Norford and Macqueen, 1975; Ludvigsen, 

1975). Formerly, these two platform units constituted the Ronning Group (Hume 

and Link, 1945; Hume, 1954), or Ronning Formation (Tassonyi, 1969). Use of the 

term "Ronning Group" is now confined to subsurface mapping (Pugh, 1983, 1993) 

and is obsolete in surface studies (Morrow, 1991). Where the Mount Kindle 

Formation is absent, younger strata directly overlie the Franklin Mountain 

Formation. The Ordovician unconformity is of regional extent and there is evidence 

of substantial relief at that contact (Aitken et aI, 1974). 

4.6.1 Mount Kindle Formation 

The type section of the Mount Kindle Formation is in the southern Franklin 

Mountains near Wrigley (Williams, 1922, 1923; Douglas and Norris, 1963; Norford 

and Macqueen, 1975). The Mount Kindle Formation is a fossiliferous, medium to 

dark brownish grey, finely to medium crystalline, thin to thick bedded dolomite that 

contains abundant chert (Norford and Macqueen, 1975). Silicified fossils (corals, 

brachiopods, and cephalopods), chert nodules and beds are common, vug porosity 

is well developed. NOrford and Macqueen (1975) divided the section into three 

informal units: a basal member of argillaceous dolomite and shale, a middle resistant 
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dolomite. Meijer Drees (1975) and Pugh (1993) adopted the threefold division in the 

subsurface to the south and east of the study area. In the northernmost Franklin and 

eastern Mackenzie Mountains, the Mount Kindle Formation is undivided, consisting 

of a uniform sequence of medium to dark brownish grey, fine to medium grained 

dolomite with chert and silicified corals (Macqueen, 1970). In the western 

Mackenzie Mountains, it is informally divided into two members: a lower dark grey 

cherty dolomite and an upper light grey reefoid dolomite (Cecile and Norford, 1991). 

In general, across the study area outcrops are brownish grey, massive, blocky, and 

resistant (Aitken et aI, 1982). Karst pavements may occur where bedding is gently 

dipping (Chapter VI). 

The Mount Kindle Formation is widely distributed in the Mackenzie 

Mountains. It is absent over much of the Franklin Mountains, in the subsurface of 

the eastern Mackenzie Plain, and the lower Keele River area. This distribution is 

related to pre-Devonian erosion over the area of Keele Arch (Figure 4.4)(Cook, 

1975). At the Bear Rock Site, the Franklin Mountain Formation is directly overlain 

by Devonian strata. In the study area, the thickness of the Mount Kindle is variable. 

Maximum values approach 250 to 300 m (Aitken and Cook, 1974; Aitken et aI, 

1982); a single exposure 35 km southeast of Keele River is 407 m thick (Morrow, 

1991). The upper contact of the Mount Kindle Formation with overlying units is 

unconformable. At some locations, including exposures in Dodo Canyon, the 

contact is sharply angular and represents an erosion surface of substantial relief 

4.7 Upper Silurian and Devonian 

The Silurian succession of the Mackenzie Foldbelt is limited to the upper portion of 

the Mount Kindle Formation and the base of the overlying Tsetso Formation. The 

Mackenzie Platform was exposed to erosion for much of Silurian time. The 

Devonian is recorded by several formations, and a number of studies have examined 

the regional stratigraphy (Bassett and Stout, 1966; Law, 1971; Aitken and Cook, 

1974; Williams, 1975; Aitken et aI, 1982; Pugh, 1983, 1993; Meijer Drees, 1989, 
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1993; Morrow, 1991). Much debate has focussed on determining the nature of the 

stratigraphic relationships between Upper Silurian and Lower Devonian units (Figure 

4.3). 

In Operation Norman, the base of this sequence was mapped as either an 

Unnamed Silurian-Devonian unit or a subdivision of the southern Mackenzie 

Mountain Delorme Formation. The latter term has been rendered obsolete and 

Tsetso Formation is formally recognized as the basal dolomite (Morrow, 1991). The 

overlying Camsell and Bear Rock Formations are carbonate breccias and there is 

now general agreement that despite lithological similarities the Camsell underlies the 

Bear Rock (Blusson, 1971; Gabrielse et ai, 1973; Williams, 1975; Meijer Drees, 

1989, 1993; Morrow, 1991). The Arnica Formation is a lateral equivalent of the 

Bear Rock Formation and both are overlain by the Landry Formation (member). The 

three members of the subsurface Gossage Formation (Tassonyi, 1969) are recognized 

on the surface as the Tsetso, Arnica, and Landry Formations (Aitken et ai, 1982; 

Pugh, 1983), and use of "Gossage" has been abandoned (Morrow, 1991). 

It is convenient to divide the Devonian succession into four sequences, each 

constituting a distinctive facies and period of sedimentation on the Mackenzie 

Platform: (i) the Delorme Sequence (Gedinnian-Siegenian), (ii) the Arnica-Bear 

Rock Sequence (Emsian), Jill} the Hum_~S_e_quence_ (Eifelian),_aruL(jy)iheEairholme 

Sequence (Givetian-Frasnian) (Morrow and Geldsetzer, 1991). 

4.7.1 Delorme Sequence (Group) 

In the northern Mackenzie Foldbelt, the Delorme Sequence includes the strata of the 

Delorme Group, which comprises the Tsetso and Camsell Formations and strata 

previously mapped as Delorme Formation (Morrow, 1991). In the southern 

Mackenzie Mountains, the group has been allocated between the Road River, 

Cadillac, and Vera Formations (Morrow and Cook, 1987). 

The Delorme Group is a record of the earliest Devonian transgression 

(Gedinnian and Siegenian) onto the Mackenzie Shelf (Platform). This followed an 
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interval of erosion in the Upper Silurian (Ludlovian and Pridolian) (Pugh, 1983). 

The sequence is characterized by argillaceous, yellow and orange weathering, 

peritidal and supratidal dolomite and evaporite (Morrow and Geldsetzer, 1991). The 

colour and terrigenous content are the result of the transport of hematitic sand from 

the craton onto the platform (Morrow and Geldsetzer, 1991). Variability in thickness 

is considerable, ranging from a few hundred metres in the area of the Redstone Arch 

to in excess of 1500 m in Camsell Sub-Basin and Godlin Salient (Morrow, 1991). 

The group is distributed extensively, being absent only over the Norman Wells High 

(Figure 4.4). The Delorme Group overlies the Mount Kindle Formation with 

profound unconformity. In the region of the Twitya Uplift, it rests on the Franklin 

Mountain Formation or older strata. 

4.7.1.1 Tsetso Formation 

The Tsetso Formation occupies the uppermost Silurian and lower Devonian 

(Gedinnian and Siegenian) (Meijer Drees, 1989, 1993). It is a light yellow to orange 

weathering, argillaceous and silty, thin to medium, planar bedded dolomite (Morrow, 

1991). There are also intervals of thick bedded and vuggy dolomite, dolomicrite, and 

dolomitic siltstone. In the area of Twitya uplift, sandstone is a common constituent. 

Minor anhydrite is recorded at the type section (Meijer Drees, 1989). Dolomicrite 

units contain small solution pipe features developed at minor unconformities within 

the formation. 

4.7.1.2 Camsell Formation 

The Camsell Formation was initially applied to a resistant breccia located between 

the Delorme and Sombre Formations in the southern Mackenzie Mountains (Douglas 

and Norris, 1961). This formation grades laterally into and locally overlies the 

Tsetso Formation. It is absent from the Norman Wells High, Redstone Arch, and 

Twitya Uplift (Figure 4.4). Two facies are represented: a silty carbonate facies, and 

an evaporite facies (Morrow, 1991). The silty carbonate intervals are repeating 
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cycles of dark calcareous mudstone and dolomite that grade vertically into light 

coloured, laminated and thinly bedded, silty and argillaceous dolomite. These 

repeating intervals are several metres thick and represent sequences of subtidal and 

intertidal deposition following minor transgressions (Morrow and Cook, 1987). 

The evaporite facies are restricted to Godlin Salient and Camsell Sub-Basin, 

maximum thicknesses in these areas exceed 1000 m. In well sections, this facies is 

represented by interbedded anhydrite and silty dolomite. Surface exposures are 

recessive and yellow weathering, and all outcrops are brecciated. The calcareous 

solution breccias are lithologically similar to those of the Bear Rock Formation 

(Morrow, 1991): Development of such breccias is discussed in following sections. 

4.7.2 Arnica-Bear Rock Sequence 

A significant change in facies occurs across the Mackenzie Shelf (Platform) at the 

Siegenian Emsian transition. The Arnica-Bear Rock Sequence spans the 

stratigraphic interval between the Delorme Group and the Hume Formation, this 

includes the Arnica, Sombre, Bear Rock (Fort Norman), and Landry Formations 

(Morrow, 1991). The sequence has an average thickness of about 500 m and is a 

record of sedimentation on a subsiding shelf Carbonates of the Arnica and Sombre 

E_Qrmations Q~cucpredominantlY_1mJhanuter reachesofthe_shelf,_and_the_hreccia 

and associated evaporites of the Bear Rock (Fort Norman) Formation are located on 

the inner shelf (Figure 4.9). The contact between the brightly weathering terrigenous 

carbonates of the underlying Delorme Group and the grey units of the Arnica-Bear 

Rock Sequence is abrupt. However, brecciated exposures of the Camsell and Bear 

Rock Formations can appear identical. 

The nomenclature of the Lower Devonian in the study region has seen recent 

revision. Pugh (1983) advocated inclusion of the subsurface equivalents of the above 

strata into a Bear Rock Group, which was supported by Norris (1985b) for surface 

exposures. On the basis of the geographic isolation and definitions of individual 

units, Morrow (1991) and Meijer Drees (1989, 1993) do not support the 
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establishment of a group ranking. However, the term IIFort Norman Formationll has 

been adopted for the thick interval of anhydrite that characterizes the subsurface Bear 

Rock Formation (Figure 4.10) (Meijer Drees, 1989, 1993; Morrow, 1991; Pugh, 

1993). The latter term is now restricted to brecciated intervals at the surface and in 

the near subsurface. The stratigraphic nomenclature used in this thesis is taken from 

Morrow (1991). 

4.7.2.1 Arnica and Sombre Formations 

The Arnica Formation is a resistant dolomite, widely distributed in the western 

portion of the southern and northern Mackenzie Mountains (Figure 4.9). It is 

described in type section at Virginia Falls (Douglas and Norris, 1961). Formation 

thickness is uniform, approaching a maximum of 500 m. In outcrop, the Arnica 

Formation grades laterally eastward with the Bear Rock Formation. A 100 to 200 

m thick member extends below the Bear Rock, or the Fort Norman Formation, in the 

area of Camsell Sub-Basin. This unit is called Arnica Platform (Dolomite) 

(Williams, 1975). In addition, a thin tongue of Arnica extends over much of the area 

where the Lower Devonian is represented by the Bear Rock or Fort Norman 

Formation. In the subsurface of Mackenzie Plain near Norman Wells, 20 to 30 m of 

Arnica are recognized above the Fort Norman Formation (Table 4.2) (Pugh, 1993). 

The Arnica Platform member is absent from the study area. 

The Arnica Formation consists of repeated intervals of dark grey, medium to 

thick bedded, slightly vuggy dolomite that grade vertically into light grey, thinly 

laminated dolomite. This sequence is a record of periods of subtidal and intertidal 

deposition (Morrow, 1991). The incidence of limestone increases towards the top 

of the formation, with a gradational contact with the overlying Landry Formation. 

The Arnica Formation overlies the Delorme Group sharply and conformably. 

The Sombre Formation is a thick bedded, grey dolomite extending from the 

southern Mackenzie Mountains along the western border of the Mackenzie Shelf to 

the region west of Godlin Salient. Thickness in the area of Godlin Salient is between 
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700 and 1000 m. 

4.7.2.2 Bear Rock and Fort Norman Formations 

The Bear Rock Formation was defined by the Canol geologists as intervals of 

brecciated, non-bedded dolomite and limestone, lying between the Middle Devonian 

and Silurian (Hume and Link, 1945). A steeply dipping type section was established 

in the hanging wall of a reverse fault at the southern flank of the Norman Range, 4 

km downstream of the confluence of Great Bear and Mackenzie Rivers. This 

exposure was described by Stelck (1944, cited in Hume and Link, 1945) as 53 m of 

brecciated dolomite and limestone overlying 9 m of poorly bedded dolomite and 12 

to 18 m of non-bedded gypsiferous dolomite. 

This same section was later remeasured by Morrow and Meijer Drees (1981) 

adopting Bassett's (1961) definition of the Bear Rock Formation as all strata between 

the Hume Formation and the Ronning Group. This had been the working definition 

for regional mappers of Operation Norman (e.g., Aitken and Cook, 1974; Cook and 

Aitken, 1976; Aitken et ai, 1982). This remeasurement yielded a thickness of 154 

m for a lower brecciated interval, a substantial increase from the original estimate of 

80 m. In addition, 45 m of bedded, non-brecciated, pelletal limestone were observed 

between_the_Hume-and_the. brecciated sequence.--Thisunit-had-been.noted-during

Operation Norman but had not been mapped separately from the Bear Rock 

Formation. 

In the subsurface, the Bear Rock Formation has been described by Tassonyi 

(1969), Meijer Drees (1980, 1986), and Pugh (1983). Tassonyi established Imperial 

Vermillion Ridge No. 1 well (65°07'51" N Lat., 126°05'00" W Long.) as the 

subsurface reference for the Bear Rock Formation (Tables 4.2,4.3). The section was 

divided into two informal members: an upper brecciated member, and a lower 

evaporitic member. The top of the brecciated member was taken at the base of a 

bedded pelletal limestone, which was the lower portion of the now obsolete 
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Fonnation (member). The brecciated member consists of brown and grey, micro to 

finely crystalline micro-brecciated dolomite. The matrix is calcareous and 

interbedded limestone rare. Minor amounts of anhydrite are recorded. The 

evaporitic member is a thick sequence of interbedded white to grey nodular 

dolomitic anhydrite and light brown, laminated, microcrystalline to very finely 

crystalline, anhydritic dolomite. In the Fort Norman area the evaporitic member 

contains relatively little dolomite but does include dolomitic and anhydritic 

mudstone. Meijer Drees (1980) recognized a third unit of the subsurface Bear Rock 

F ormation; a basal dark greyish brown fossiliferous dolomite with little anhydrite. 

This unit is the Arnica Platform of Williams (1975) and it is largely confined to the 

Camsell Sub-Basin region, though recent work suggests it extends into western 

Mackenzie Mountains (Morrow, 1991). 

The most detailed sedimentological study of this sequence is based on a cored 

interval from the Dahadinni M-43A well (63°52'59" N Lat., 124°39'15" W Long.; 

Meijer Drees, 1980, 1989). Repetitive sequences of interbedded dolomite and 

anhydrite are recorded at intervals of one to several metres. Dolomitic mudstone 

grades upward through nodular and recrystallized anhydrite to contorted and 

desiccated anhydritic mudstone. This sequence is characteristic of periods of 

regressive sedimentation under peritidal to supratidal conditions (James, 1984). 

Meijer Drees (1980) draws a parallel with the sabkha environments of the Persian 

Gulf Minor intervals of breccia are observed in these sequences, but Meijer Drees 

suggests they constitute a small percentage of the total brecciation observed in 

outcrop (1990, personal communication). 

The contrast between the surface and subsurface expression of the Bear Rock 

Formation has been attributed to near surface solution of anhydrite and gypsum by 

meteoric groundwater (e.g. Aitken et ai, 1974; Morrow, 1991, Meijer Drees, 1993). 

This contrast has required the introduction of separate nomenclatures. The pelletal 

limestone unit of the surface type section is considered to be the lateral equivalent 

of the Landry Formation and the lower member of Tassonyi's subsurface Gossage 
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Formation (Morrow and Meijer Drees, 1981). This unit is mapped as Landry 

Formation in the subsurface (Meijer Drees, 1993; Pugh, 1993). In outcrop, the 

Landry is assigned to member status within the Bear Rock Formation (Figure 4.3) 

(Morrow, 1991). Tassonyi's subsurface brecciated member is predominantly bedded 

dolomite, and current subsurface mapping identifies this unit as the Arnica 

Formation (pugh, 1993). The term Fort Norman Formation has been introduced for 

the subsurface evaporitic member (Meijer Drees, 1989, 1993). It is defined as the 

sequence of interbedded anhydrite and dolomite that underlies the Arnica Formation 

and overlies the Tsetso or equivalent Formations (Meijer Drees, 1989, 1993). The 

Fort Norman Formation consists of light brown or greyish brown, micro to fine 

crystalline, anhydritic dolomite, and light grey or greenish grey, dolomitic, 

microcrystalline anhydrite, and white to translucent, nodular-bedded, fine to coarse 

crystalline anhydrite (Meijer Drees, 1993). Where the Delorme Group is absent the 

Fort Norman Formation rests on Silurian or older strata. Where present, the Arnica 

Platform unit may be considered part of the Fort Norman Formation (Meijer Drees, 

1980; Pugh, 1993). The term Bear Rock Formation is now confined to surface or 

near subsurface exposures. 

The Bear Rock Formation is composed of two informal members: the Landry 

MemheL(&ectionA.1.2.Ac),_all(Lthe_BrecciatedMembeL(M--'lrrow,19~L) ~ExposuI'es. 

of the Brecciated Member are predominantly light to medium grey, massive and 

chaotic, cavernous and vuggy weathering, carbonate breccias (Figures 4.11, 4.12). 

There are also thin sequences of pale brown and grey, thick to thinly bedded 

dolomite and limestone. Bedded intervals are more common at the top of the 

member. Rarely is gypsum or anhydrite exposed at the surface. In the Dodo Canyon 

area, the formation is yellow orange weathering due to a high incidence of 

terrigenous material. The relative proportion of limestone to dolomite in the 

brecciated intervals varies considerably between and within sections, much of the 

matrix is calcareous. Calcite occurs as vein and vug fill, or as spar and micrite 

cement. In the shallow subsurface the Bear Rock Formation includes gypsum and 
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secondary calcite (dedolomite) (Meijer Drees, 1989, 1993). 

The description of breccia exposures are based on: (i) the nature of the fill in 

the interfragmentary spaces (the matrix), (ii) the spatial relationship of fragments 

relative to their original positions, and (iii) the mutual proximity of fragments (Table 

4.1). Classification of a given breccia interval may incorporate any combination of 

the three terms. The most resistant intervals of the Bear Rock Formation are 

composed of calcite cemented crackle packbreccia. The Landry Member commonly 

has a crackle breccia fabric (Figure 4.13). Mosaic and rubble packbreccias form the 

resistant intervals of the Brecciated Member. Fragments in packbreccias tend to be 

poorly sorted, equant, and angular. Clast sizes vary from granules to boulders. 

Morrow (1991) notes the presence of rounded corners on some clasts. Floatbreccias 

are less resistant, the most recessive exposures being composed of particulate rubble 

floatbreccia. The fragments tend to be platy, angular, granule to cobble sized, and 

subparallel to crude bedding: rounding offragments is less common (Morrow, 1991). 

Relative to bounding strata the Brecciated Member is recessive and exposures are of 

poor quality, consequently characterization of the breccia fabric was often difficult. 

Stratigraphic issues regarding these formations are not resolved. The Arnica 

Formation is recognized in the subsurface, but in the study area it is not well 

expressed in outcrop. At the Dodo Canyon Site, the Landry Member is easily 

discerned on the basis of colour, weathering pattern, and lithology. Bedded dolomite 

is also observed near the top of the Brecciated Member; it is assumed to be the 

Arnica equivalent. However, the latter exposures are scattered and the Arnica is 

consequently grouped into the Brecciated Member of the Bear Rock Formation. The 

relationship between the Fort Norman and Bear Rock Formation presents another 

difficulty. In most well sections the Fort Norman is represented by sequences of 

anhydrite and dolomite. There are cases though where the Fort Norman has the 

lithological characteristics of the Brecciated Member (e.g., K-29, Table 4.2). 

The Bear Rock and Fort Norman Formations are widely distributed in the 

District of Mackenzie (Figures 4.9, 4.10). Maximum subsurface thicknesses are 
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recorded in Camsell Sub-Basin, where >1000 m of evaporites are present. In the 

subsurface of the Mackenzie Plain, the Fort Norman Formation averages between 

250 and 300 m thickness (Tables 4.2,4.3). The Arnica and Landry Formations are 

relatively thin, totalling 30 to 60 m. The only subsurface data close to the northern 

Mackenzies are from Imperial Whirlpool No.1 well (65°32'25" N Lat., 129°13'17" 

VI Long.). This well records 45.7 m of the Landry Formation and 134 m of the Fort 

Norman Formation (nomenclature altered from Tassonyi, 1969). However, there is 

no anhydrite, the Fort Norman is represented by bedded dolomite and brecciated 

dolomite and limestone. Nearby, surface exposures of the Bear Rock Formation are 

approximately 120 to 130 m in thickness (Hume and Link, 1945; Tassonyi, 1969). 

In the area ofTwitya uplift, surface exposures vary from 85 to 140 m. The thickness 

gradually increases towards Keele River and Camsell Sub-Basin. 

At the type section, the Bear Rock Formation unconformably overlies the 

Franklin Mountain Formation. There is considerable relief at that contact with large 

tabular masses of breccia extending several metres vertically into the Franklin. 

Elsewhere in the study region, the Bear Rock Formation overlies the Mount Kindle 

Formation or the Delorme Group. Generally across the Keele Arch and Norman 

Wells High, the lower contact is unconformable. The Bear Rock Formation grades 

laterally into_the_Arnic~_and_ LancLf)' F ormatiou_andlhe_coutacLwitlLlhe_overlying_ 

Hume Formation is conformable. 

4.7.2.3 Origin and Development of Bear Rock Breccias 

There are several genetic types of carbonate breccias, including: (i) early diagenetic 

solution or collapse breccias, (ii) late diagenetic solution breccias, (iii) depositional 

breccias, (iv) tectonic and fault breccias, (v) caliche breccias, and (vi) karst collapse 

breccias (Blount and Moore, 1969; James, 1984, James and Choquette, 1988). Early 

diagenetic solution, or collapse breccias, are generated within supratidal carbonate

evaporite sequences through evaporite removal and subsequent collapse of overlying 

materials (James, 1984). Typically these breccia intervals are limited to the upper 
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portions of regressive cycles. At a larger scale, subsurface solution of thick 

evaporite units by circulating meteoric groundwater and the resulting subsidence and 

collapse of overlying carbonate strata can form extensive late diagenetic solution 

breccias. This process is reviewed by Stanton (1966). 

Meijer Drees (1980, 1989, 1993) notes the occurrence of early diagenetic 

breccias and very small mass flow deposits in the Bear Rock and Fort Norman 

Formations but suggests that late diagenetic solution breccias of the type described 

by Stanton are overwhelmingly dominant. Several lines of petrographic and 

stratigraphic evidence favour this interpretation. 

Descriptions of solution breccias have emphasized the following 

characteristics: (i) the clasts are very poorly sorted angular fragments of dolomite 

and limestone, (ii) there is a wide range of clast sizes, (iii) clasts are most often set 

into a fine grained matrix or calcite cement, (iv) dedolomite is common, (v) the 

upper contacts are often indistinct and gradational, while lower contacts are sharp 

and well defined, (vi) breccia intervals are stratigraphically represented by evaporite 

sequences (particularly interbedded anhydrite and dolomite) in surrounding areas, 

and (vii) breccia is restricted to areas proximal to an erosion surface (Middleton, 

1961; Stanton, 1966; Blount and Moore, 1969; Quinlan, 1978). The Bear Rock 

breccias possess each of these characteristics and they are discussed below. 

The most common breccia fabrics observed in the field area are: crackle 

breccias, cemented and particulate mosaic packbreccias, and particulate rubble 

floatbreccias (after Table 4.1). The crackle breccias are found in the Landry Member 

and occasionally in the overlying Hume Formation. These resistant intervals have 

angular limestone clasts set in a calcite cement. Intervals of cemented mosaic or 

rubble packbreccias display clasts that are angular, with a size range from granules 

to boulders. Many clasts show minor rounding. This may be attributed to either 

abrasion or in situ solution, Morrow (1991) favours the latter. Primary depositional 

textures within clasts are few and where present the clasts tend to be dolomitic. 

Calcite cements that partially or completely fill the interfragmentary spaces tend to 
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be equant to weakly bladed and isopachous, and coarsen toward pore centres 

(Morrow, 1991). These characteristics are indicative of cementation in a freshwater 

phreatic diagenetic environment (Longman, 1980; Morse and Mackenzie, 1990). 

Intervals of particulate rubble floatbreccia are recessive. Most of the angular platy 

clasts are held in a particulate carbonate matrix (micrite). In some sections there 

appears to be a preferred orientation of fragments parallel to crude bedding. 

Morrow (1991) explains variations in breccia fabric as a result of solution 

collapse in dipping interbedded sequences of anhydrite and dolomite (Figure 4.15). 

Subsurface intervals that are thinly bedded and anhydrite-rich experience much 

solution, subsidence, and gravitational compaction, relative to bounding intervals 

where anhydrite is less common or absent. Interbedded dolomite in these sections 

fractures and clasts are displaced from their original positions. These anhydrite-rich 

units are predominantly represented in outcrop by particulate rubble floatbreccias, 

where clasts are preferentially oriented parallel to bedding. At the boundary between 

compactable units of anhydrite and noncompactable dolomite units, a component of 

shear stress develops down dip. This shear is transmitted through the fine grained 

matrix and clasts are rotated parallel to bedding. Mosaic and rubble packbreccias are 

the result of solution compaction of anhydrite-poor dolomite sequences while crackle 

breccias~eyelop_b¥_suhsidence nfthickeLcarhonates ... 

Lithologically, the Bear Rock breccias are primarily limestone while in the 

subsurface dolomite comprises the carbonate component of the Arnica and Fort 

Norman Formations. This suggest that dedolomitization (calcitization) accompanied 

the solution collapse process. This would be driven by an increased concentration 

and activity of Ca2
+ ion in groundwaters that encounter anhydrite. Hydrochemical 

data from the Dodo Canyon Site support this model (Chapter VII). In addition, there 

are few primary depositional structures preserved in the breccia clasts indicating 

replacement of dolomite by calcite. Meijer Drees (1993) describes cores where 

calcite has replaced anhydrite crystals. 

In the study area, the upper contact of the Brecciated Member with the 
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Landry Member and the Hume Formation is gradational. Particulate floatbreccias 

pass upward through packbreccias to crackle breccias over a distance of several 

metres. Morrow (1991) has noted similar transitions in western Mackenzie 

Mountains where intervals of particulate rubble floatbreccia grade into sequences of 

cemented packbreccia. The basal contact with the underlying Mount Kindle 

Formation is abrupt (Figure 4.11). These contact relationships are consistent with 

those of solution breccias described elsewhere. 

The relationship between the surface Bear Rock Formation and the 

subsurface Fort Norman Formation is consistent throughout the study area. With 

some exceptions the Fort Norman is represented by an evaporite facies and the Bear 

Rock by a massive carbonate breccia. On the basis of this distribution, a mass flow 

origin for the Bear Rock breccias can be rejected. 

In a few wells, the Fort Norman Formation is represented by intervals of 

carbonate breccia or displays features that are indicative of groundwater circulation. 

Imperial Whirlpool No.1, Amoco Red Dog K-29, Decalta Keele River 1-01, Imperial 

Sans Sault No.1, and the Candel Tate J-65 wells all possess solution breccia (Table 

4.5). In Imperial Morrow Creek No.1 and Sans Sault No.1 groundwater is noted 

in the Landry or Fort Norman Formations at depths greater than 900 m. The log 

from Amoco Red Dog K-29 indicates solution breccia is actively forming between 

415 and 685 m depth (Morrow, 1991). These records show that active circulation 

of meteoric groundwater generates solution breccias in the near subsurface to depths 

in excess of 500 m. However, this is not observed in all situations where the Fort 

Norman Formation is present at such depths. The log of Shell Blackwater Lake G-52 

(64°01'20 11 N Lat., 122°55'1211 W Long.) records bedded anhydrite and dolomite 

between 314 and 553 m depth; Banff Oscar Creek H-71 (65°30'20 11 N Lat., 

127°13'2611 W Long.) registers the same at depths below 357 m; Buttes Blackwater 

Lake I-S4A (640]3'4411 N Lat., 122°39'40" W Long.) has anhydrite between 268 and 

595 m depth, and Imperial Vermillion Ridge No.1 (N-28: Tables 4.2,4.3) records 

anhydrite and dolomite between 315 and 564 m (Pugh, 1993). These and other well 
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logs indicate breccias occur to depths of several hundred metres but are more 

prevalent in the shallow subsurface where exposure to circulating meteoric water is 

more probable. 

In the Candel Tate and Decalta Keele River wells, the top of the breccia 

occurs at depths of2002 and 1305 m respectively, certainly below the depth offresh 

groundwater circulation. However, the thickness of Devonian strata above the Fort 

Norman Formation is only 277 m for the Candel well and 187 m for Decalta. The 

occurrence of breccias in the deep subsurface may be attributed to groundwater 

leaching that occurred during uplift and erosion between the Upper Devonian and 

Cretaceous. These deep breccias are in fact in close proximity to the erosion surface 

that cuts across Devonian and Silurian strata in the region. Much of the secondary 

porosity and breccia observed in deep subcrops of the Fort Norman Formation may 

be attributed to this sub-Cretaceous unconformity (Meijer Drees, personal 

communication, 1990). 

4.7.2.4 Landry Formation and Landry Member 

The Landry Formation is a resistant platform limestone of Eifelian age widely 

distributed in the Mackenzie Mountains (Douglas and Norris, 1961 ; Morrow, 1991). 

\y~e~e_ ito\f~~li~~ ~heA.rl1i~a Forl!!atiQl!jt LsJr~~ted ~ ~~e~~ate l.l.nit. _1\.cJQ~s_ th~ 

distribution of the Bear Rock Formation the Landry is granted member status within 

that sequence (Morrow, 1991). In the area of the Norman Wells High, the Landry 

has a thickness of approximately 20 m. It thickens to the west and south at the 

expense of the Arnica Formation and approaches a maximum of 500 m. Contact 

with the Sombre and Arnica Formations is gradual and conformable (Aitken et ai, 

1982). The upper contact with the overlying Hume Formation is abrupt and 

conformable. 

The Landry Formation (member) is a fossiliferous, very resistant, buff to blue 

grey weathering limestone. It consists of alternating sequences of thick resistant 

planar beds of tan, pelletal lime wackestone or lime mudstone and thin recessive very 
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thinly bedded, brown lime mudstone and pelletal mudstone (Morrow, 1991). The 

resistant and recessive couplets impart a ribbed appearance to outcrop (Figure 4.13). 

They are interpreted as shallowing upward cycles representing periods of subtidal 

and intertidal deposition following minor rises in sea level. Locally the member is 

brecciated where it overlies the Brecciated Member of the Bear Rock Formation. 

4.7.3 Hurne Sequence (Formation) 

The Hume Formation is an argillaceous and fossiliferous limestone deposited under 

open marine conditions on the Mackenzie Shelf in late Eifelian to earliest Givetian 

time (Bassett, 1961; Lenz and Pedder, 1972; Chatterton, 1978; Morrow, 1991; Pugh, 

1993). The Hume Formation is described in the subsurface by Tassonyi (1969), 

Meijer Drees (1980), and Pugh (1983, 1993). In subcrop the formation is divided 

into three members: the Upper, Middle, and Headless (Lower) Members (Pugh, 

1983, 1993). In the study area, the Headless Member is a recessive, fossiliferous 

lime mudstone with interbeds of grey and black calcareous shale. The Middle 

Member is a fossiliferous wackestone interbedded with varying amounts of lime 

mudstone and calcareous shale. In outcrop, the Headless and Middle Members are 

commonly grouped as a recessive lower unit. Across the northern Mackenzie 

Mountains, this lower unit is described as a recessive, dark greyish brown to orange 

weathering sequence of fossiliferous nodular bedded skeletal micritic limestone with 

irregular thin to medium interbeds of brown and grey shale (Morrow, 1991). The 

Upper Member (upper unit) is a resistant cliff forming, pale grey weathering, thick· 

bedded, medium to dark grey skeletal wackestone and fossiliferous lime mudstone 

(Aitken and Cook, 1974; Morrow, 1991). 

In the northern Mackenzie Mountains, the thickness of the Hume Formation 

ranges from 90 to 150 m with the recessive units constituting approximately 50 to 

60% of that total. The formation thickens to the south and west to a maximum of 

350 m near Root River with much of the increase recorded in the resistant unit. The 

Hume Formation grades laterally into the Headless and Nahanni Formations in the 
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southern Mackenzie Mountains (Tassonyi, 1969; Pugh, 1993). 

4.7.4 Fairholme Sequence 

In early Givetian time, there was a marked change from carbonate to siliclastic 

sedimentation on the Mackenzie Shelf (Platform). This is represented by shales 

overlying the Hume Formation. The clastic dominated portion of the Devonian

Mississippian succession is the Fairholme Sequence, it is composed of the Imperial 

and Earn Assemblages (Figure 4.2). During this time, uplift associated with tectonic 

activity in the region of Selwyn Basin provided source materials for prograding 

clastic wedges (Gordey, 1978; Gordey et ai, 1982). The Earn Assemblage consists 

of the clastic strata of the Earn Group. In the Backbone Ranges and Selwyn 

Mountains, this includes the Portrait Lake and Prevost Formations (Abbott, 1982, 

1983; Gordy et ai, 1982; McClay, 1984). The Portrait Lake Formation (40 to 880 

m) is siliceous shale and chert. The Provost Formation (up to 900 m) is brown 

weathering shale, siltstone, cherty sandstone, and conglomerate. These formations 

are restricted to areas southwest of Plateau Fault. 

The Imperial Assemblage includes shale, siltstone, and limestone of the Hare 

Indian, Ramparts, Canol, and Imperial Formations. These formations outcrop along 

tile cl"xes Qf 11g111 ~y_nclin~~ it} Jh~ Cany_on ang BackbQne Rang~s and~ll the flank_of 

the Mackenzie Plain Synclinorium. 

4.7.4.1 Hare Indian Formation 

The Hare Indian Formation is a recessive unit of grey-green and black, bituminous 

shale (Bassett, 1961). Thin interbeds of siltstone and limestone occur in the upper 

portion of the formation. The lower contact with the Hume Formation is 

conformable. The Hare Indian Formation is overlain by either the Ramparts or 

Canol Formations. The former contact is conformable and gradational, and the latter 

is unconformable. In the study region, the formation thickness varies between 140 

and 190 m. some of this variability is due to the sub-Canol unconformity. , - - '" - - - - -- - - --- - - - -- - - - -.I . 
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4.7.4.2 Ramparts Formation (Kee Scarp Formation) 

The Ramparts Formation is a limestone unit that exhibits considerable variation in 

thickness and a discontinuous distribution (Bassett, 1961). It is the host stratum for 

the hydrocarbons of the Norman Wells oil field. It is divided into a lower platformal 

member of brown and brownish grey limestone with interbedded shale, and an upper 

reefal member of fossiliferous, resistant, very thick bedded, pale brown limestone. 

The overlying contact with the Canol Formation is unconformable; in some locations 

the Ramparts Formation is overlain directly by the Imperial or younger formations 

(Aitken et aI, 1982). The thickness of the platform member is typically 90 m and the 

reef member 150 m, it is Givetian in age. 

4.7.4.3 Canol Formation 

The Canol Formation is a dark grey and black, bituminous, siliceous shale that in 

outcrop resembles the lower Hare Indian Formation (Bassett, 1961; Tassonyi, 1969). 

This unit may reflect an abrupt change from shallow to deep water sedimentation on 

the Mackenzie Shelf(platform) (Gordy, 1991). It is separated from underlying strata 

by an unconformity of variable magnitude. Locally, the Canol rests on strata as old 

as the Hume Formation. The thickness ranges from 80 to 225 m and is Frasnian in 

age (Lenz and Pedder, 1972). 

4.7.4.4 Imperial Formation 

The Imperial Formation is a thick sequence of grey and greenish grey shale, siltstone, 

and sandstone that is in conformable contact with the underlying Canol Formation 

(Bassett, 1961; Tassonyi, 1969). Thickness along the Mackenzie Mountain front 

approaches 850 m and increases southward to over 1500 m, but values of300 to 400 

m are typical of the study area. The formation outcrops on the eastern flank of the 

Mackenzie Mountains, locally within the Mackenzie Plain, and on the western flank 

of the Franklin Mountains. It is present in the subsurface of the Mackenzie Plain 

where it is overlain by Cretaceous strata. The unconformity at the base of the 
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Cretaceous is of regional extent. The Imperial Formation is Frasnian and Famennian 

age (Lenz and Pedder, 1972). 

4.8 Upper Jurassic to Paleogene Assemblages 

In the Mesozoic and early Cenozoic, terrane accretion onto the western margin of 

ancestral North America subjected the miogeoclinal strata of the Foreland Belt to 

compressive thickening, faulting, and folding. Easterly tapering clastic wedges were 

deposited in foredeep environments along the eastern margin of the Foreland Belt as 

a result of periods of orogeny (Norris, 1985a). Collectively, these clastic wedges are 

divisible into three groups of tectonic assemblages that are separated by regional 

unconformities; they are: (i) Upper Jurassic to Lower Cretaceous, (ii) Mid and Upper 

Cretaceous, and (iii) Upper Cretaceous to Oligocene (Yorath, 1991). Each represents 

a period of orogenic activity in the Cordillera. 

In the northern Foreland Belt, uplift was delayed until the mid-Cretaceous. 

Clastic assemblages of the first group are not recorded in the study region. By Late 

Aptian to Early Albian time, several foreland basins and troughs were receiving 

sediment from uplifts in the Mackenzie Mountains and Keele Arch. Peel Trough 

was an elongated foredeep that developed east of the Mackenzie Mountains. Strata 

.uL Aptian and_ Albian. time __ nre£epresented._b_y_ the_Blairmore_.and . __ I[e..YO.L 

Assemblages. The Brazeau Assemblage comprises units from the Upper Cretaceous 

to Oligocene. The stratigraphic relationships between formations of the above 

assemblages, along the axis of Peel Trough, are depicted in Figure 4.16. A thick and 

isolated fault bounded sequence of Cretaceous fluvial deposits are described from the 

western Mackenzie Mountains by Blusson (1971). Few data are available on these 

strata and they are not mapped separately on Figure 4.2. 

4.8.1 Blairmore and Trevor Assemblages 

The Blairmore Assemblage includes the Arctic Red and Sans Sault Formations, the 

Trevor Assemblage consists of the Slater River and Trevor Formations (Stott et ai, 
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1991). The Arctic Red Formation is a thick sequence of concretionary, fossiliferous, 

and silty mudstone overlying a basal unit of glauconitic sandstone and conglomerate 

(Mountjoy and Chamney, 1969; Yorath and Cook, 1981). It disconformably overlies 

the Devonian in the Mackenzie Plain and possibly older units on the flank of Keele 

Arch. Thickness is variable with a maximum of 1600 m and an average of 

approximately 600 to 800 m in northern Peel Trough. The Arctic Red Formation 

pinches out 48 km southeast of Norman Wells. The upper part of the formation is 

the lateral equivalent to sandstones and mudstones of the Sans Sault Formation 

(Yorath and Cook, 1981). 

The Sans Sault Formation developed on the western border of Keele Arch 

and extended into Peel Trough. In distribution it is limited to the Mackenzie Plain 

between Fort Good Hope and Norman Wells (Aitken et ai, 1982). The maximum 

surface thickness is approximately 450 m and in the subsurface 700 m. The 

formation thins to the north, south, and west due to a facies change with the Arctic 

Red Formation. The Sans Sault Formation unconformably overlies Devonian units 

and is, in part, a lateral equivalent to and overlain by the Arctic Red Formation. The 

Sans Sault and Arctic Red Formations do not occur across Keele Arch. 

By late Middle Albian time, coarse sediments of the Trevor Formation were 

accumulating in Peel Trough (Yorath and Cook, 1981). The Trevor Formation 

consists of interbedded sandstone and mudstone. The uppermost sandstone units are 

very resistant. The Trevor Formation is preserved in the broad synclines of the 

Mackenzie Plain west of the Mackenzie River and on Peel Plateau. An equivalent 

unnamed conglomerate occurs across the crest of Keele Arch. Thickness of the 

Trevor Formation ranges from 300 to 1150 m. Over much of its occurrence, it is 

overlain by a thin veneer of Quaternary deposits. The Trevor Formation and the 

unnamed conglomerate grade laterally southward along the Mackenzie Valley into 

the mudstone and siltstone of the Slater River Formation. The underlying contact 

with the Arctic Red is gradational. 

The Slater River Formation is a very poorly exposed sequence of black, 
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concretionary, bentonitic shale (Yorath and Cook, 1981). Its distribution is extensive 

in the southern Mackenzie Plain and it extends across Keele Arch. The Slater River 

Formation unconformably overlies Paleozoic strata ranging in age from the 

Cambrian to Devonian. In the southern area of Peel Trough, bentonitic shales of the 

lower Slater River Formation comprise the basal unit of the Cretaceous Succession 

(Yorath and Cook, 1981, 1984). 

4.8.2 Brazeau Assemblage 

In the study region, the Brazeau Assemblage includes the Little Bear, East Fork, and 

Summit Creek Formations. Across much of the Northern Cordillera and the 

Northern Interior Platform, there is an unconformity between the Mid and Upper 

Cretaceous. However, evidence from Peel Trough suggests sedimentation through 

this interval was not interrupted by a significant hiatus (Yorath and Cook, 1981). 

The contact between the Slater River Formation and the overlying Little Bear 

Formation may be conformable. The Little Bear Formation is a unit of interbedded 

sandstone, siltstone, and mudstone. It occurs in the southeastern portion of Peel 

Trough. At the type section in the Canyon Range, the Little Bear Formation is 228 

m thick, in the subsurface as much as 482 m are recorded. The formation comprises 

all~ast~ly ~Q~riflK w~lig~Uhat thins 1m-yards _Keele _Ar_chJlUdjs_replac~_d tQthe _ 

northeast by shale of the East Fork Formation (Yorath and Cook, 1981). 

The East Fork Formation is a unit of black shale and minor sandstone and 

siltstone. It is distributed in the Mackenzie Plain in the Norman Wells area. 

Outcrops are few and recessive, and differentiation from the Slater River Formation 

on the western flank of Keele Arch is difficult. Subsurface thickness averages 

several hundred metres with a maximum of 1055 m. The East Fork Formation is 

Campanian to Maastrichtian age (Aitken and Cook, 1974). Contacts with the 

underlying Little Bear and overlying Summit Creek Formations are poorly exposed. 

The latter contact represents a change from marine to nonmarine conditions and is 

disconformable (Y orath and Cook. 1981 t " - ~ , ~ 
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The Summit Creek Formation is a Late Maastrichtian and Paleocene 

(Eocene?) succession of nonmarine conglomerate, sandstone, tuff, and coal. The 

formation is restricted to the Mackenzie Valley between Fort Norman and Keele 

River. The facies and geometry of the Summit Creek Formation suggest it represents 

deposition on broad alluvial fans and bajadas. These strata are deformed and tilted 

by positive tectonic elements on the Mackenzie Plain, such as the MacKay Range, 

demonstrating much of the thrust faulting in the eastern foldbelt is post-Paleocene 

(Yorath and Cook, 1981). Units equivalent to the Summit Creek Formation were 

presumably deposited throughout the foredeep, but have been largely removed by 

Quaternary glacial erosion (Hughes, personal communication, 1991). 

4.9 Tertiary to Quaternary 

There are no deposits ofthe Oligocene, Miocene, or Pliocene epochs recognized in 

the study region. To the north, sediments from southeastern Banks Island record 

changes from temperate to periglacial conditions over the Neogene to Quaternary. 

The Upper Miocene to Lower Pliocene Beaufort Formation is a poorly consolidated 

unit of sand and gravel, it includes a fauna indicative of mixed temperate forest 

(Hills, 1975; Vincent, 1990). This formation extends southward into Anderson Plain 

(Yorath and Cook, 1981). The Beaufort Formation is overlain by the preglacial 

Upper Pliocene to early Pleistocene Worth Point Formation (Vincent, 1989, 1990). 

Paleoecological data from the Worth Point Formation indicate an environment of 

open, subarctic forest-tundra, similar to that of the northern boreal forest (Kuc, 1974; 

Vincent, 1990). This formation represents a period of warm climate relative to the 

subsequent Quaternary interglacials (Matthews et aI, 1986). The occurrence of ice 

wedge pseudomorphs provide a minimum date for permafrost aggradation in the 

Northern Interior Plains (Vincent, 1983, 1990; Matthews et aI, 1986). The Worth 

Point Formation is overlain by the early Pleistocene Ducks Hawk Formation, 

deposits of the oldest recognized glaciation in the region (Vincent, 1983, 1989, 1990; 

Vincent et aI, 1983). 
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There are no such data from the northern Mackenzie Mountains. The 

chronology from the Arctic coast is probably a reasonable account of the regional 

climatic changes that occurred from the Miocene to Pleistocene. In the Mackenzie 

Mountains, it is assumed that permafrost was aggrading at high elevations by the 

Upper Pliocene. In the Upper Cretaceous and Paleocene the mountainous region was 

subjected to a long period of erosion, remnants of that erosion surface are preserved 

on the plateau-like summits of the Canyon Ranges (Bostock, 1948, 1970). A change 

in climate at the end of the Tertiary and the onset of glacial conditions in the 

Quaternary have had a substantial impact on the geomorphology of the region. The 

following chapter focusses on the Quaternary glacial record. 
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Table 4.1: Descriptive classification of breccia fabrics (Morrow and Meijer Drees, 1981). 

Interfragment Space Spatial Relationship of Mutual Proximity of 
Fragments Fragments 

Open: unfilled void space Crackle: little relative Packbreccia: fragments 
between fragments displacement of largely in contact 

fragments 

Cemented: chemically Mosaic: fragments largely but 
precipitated mineral not wholly displaced 
in void space 

Particulate: voids filled with Rubble: fabric where no Floatbreccia: fragments 
subgranule sized fragments match not in contact 
grains 

Table 4.2: Locations of wells in Table 4.3. Surface elevations are in metres (Pugh, 1993). 

Well Name Latitude Longitude Elevation 

A-37b Imperial Bluefish No. 1-A 64°56'01 liN 125°50'54"W 67.1 

A-52 Imperial Loon Creek No. 1 65°11'06"N 126°54'23"W 116.4 

G-12 Imperial Loonex No.1 65°11'19"N 127°02'33"W 133.2 

G-44 Imperial Morrow Creek No.1 65°23'15"N 127°23'07"W 55.8 

G-78 Imperial Loon Creek No.2 65°07'20"N 126°28'51"W 110.6 

H-15 Imperial Hossier Ridge No.1 65°24'16"N 127°32' 14"W 131.1 

H-~4 Arco W __ Whitefish 8j1.,teLH-34 65~~'2A"N 127°35~45"W 23U.1 

1-01 Decalta Keele River 1-01 64°20'40"N 125°00'07"W 289.9 

J-65 Candel Tate J-65 64°24'39"N 125°26'48"W 607.5 

K-03 Aquit. Dodo Canyon K-03 65°02'33"N 126°46'14"W 308.5 

K-29 Amoco Red Dog K-29 64°08'43"N 125°34'55"W 560.5 

N-28 Imperial Vermillion Ridge No.1 65°07'51 liN 126°05'OO"W 281.9 

S-01 Imperial Sans Sault No.1 65°43'19"N 128°49'08"W 57.3 

W-01 Imperial Whirlpool No.1 65°32'25"N 129°13'17"W 99.4 



Table 4.3: Thickness of Mesozoic to L~wer Cambrian units from several cores in the Mackenzie Plain area. Data are 
in metres. In each well the upper unit ~ay be erosionally truncated. The lower unit may be only partially represented. 
Tables 4.2 and 4.4 provide a legend, well locations are indicated on Figure 4.9 (data from Pugh, 1993). 

Well Sections 
Unit 

, G-78 A-37b A-52 G-12 G-44 H-15 H-34 1-01 J-65 K-D3 K-29 N-28 **S-01 **W-D1 

Mes 383.4 146.3 399.3 663.2 1113.1 1664.8 907.1 393.2 

uDi 87.4 528.8 537.4 >216.1 323.1 0.0 0.0 0.0 675.4 29.6 289.6 

uDc 28.0 79.2 60.7 74.1 46.6 3.0 0.0 0.0 0.0 52.1 34.4 0.0 

mDr 18.6 84.4 0.0 30.5 0.0 170.7 0.0 0.0 0.0 0.0 125.0 131.1 

mDhi 141.7 125.9 212.1 153.6 134.1 139.6 0.0 0.0 78.3 135.9 143.3 207.3 216.4 

mDh 114.0 102.1 100.0 101.8 114.3 104.2 0.0 91.7 123.4 118.6 33.5 115.8 96.0 160.0 

ImDI 7.0 21.3 21.0 6.1 19.5 10.4 18.9 56.1 50.6 17.7 204.2 25.9 13.7 65.5 

ImDa 6.1 14.6 22.9 >19.5 28.7 32.6 47.9 38.7 24.4 29.0 176.2 30.5 

ImDt >*182.6 274.9 >34.7 309.1 303.5 *199.3 *154.2 *167.6 353.6 *271.9 248.4 *> 103.9 *134.0 

ImDap 0.0 0.0 0.0 0.0 94.5 123.1 0.0 204.2 0.0 0.0 

SDd 0.0 0.0 0.0 177.1 0.0 0.0 0.0 >1258.8 0.0 0.0 

aSk 7.0 0.0 0.0 132.0 0.0 0.0 23.8 9.1 0.0 

COt >265.8 386.5 >45.4 186.5 >118.9 >516.3 419.7 278.9 >600.0 

uCs >143.9 63.1 >13.4 885.4 

ImCc 29.3 >82.3 

ICc 31.4 

* Fort Norman Formation with breccia oriother evidence of groundwater solution (see Table 4.5). 
** Data from wells S-01 (Imperial Sans $ault No.1) and W-01 (Imperial Whirlpool No.1) are after Tassonyi (1969) and 

I-' 
Hume (1954), the Arnica is not present b~cause unit definitions do not precisely match those used by Pugh (1993). 01>-

lr1 
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Table 4.4: Abbreviations used for lithostratigraphic units in Table 4.3. 

Abbreviation Erathem, System, Series Group and or Formation (s) 

Mes Mesozoic Arctic Red, Sans Sault, Trevor, etc. 

uDi Upper Devonian Imperial 

uDc Upper Devonian Canol 

mDr Middle Devonian Ramparts 

mDhi Middle Devonian Hare Indian 

mDh Middle Devonian Hume 

ImDI Lower Middle Devonian Landry 

ImDa Lower Middle Devonian Arnica 

ImDf Lower Middle Devonian Fort Norman 

ImDap Lower Middle Devonian Arnica Platform 

SDd sub-Devonian Delorme Group: Tsetso, Camsell 

OSk Ordovician-Silurian Mount Kindle 

COf Cambrian-Ordovician Franklin Mountain 

uCs Upper Cambrian Saline River 

ImCc Lower Middle Cambrian Mount Cap 

ICc Lower Cambrian Mount Clark 

Table 4.5: Well records from the Mackenzie Plain area that display evidence of 
groundwater solution in Devonian strata, in particular the Fort Norman Formation. 

Well Mes Dev FN Description 

A-37b 383.4 402.8 

G-44 0.0 601.7 

H-34 663.2 66.8 

1-01 1113.1 186.5 

J-65 1664.8 276.7 

K-29 0.0 413.9 

S-01 393.2 506.0 

896.1 

* 

830.5 

1305.8 

2002.6 

413.9 

956.5 

Lost circulation during drilling in the Ramparts Fm at 774 m, water 
encountered in Landry or Arnica Fm at 892 m (1) 

At 616.9 m sulphate rich groundwater encountered with a temperature 
of 32°C, and a flow volume of 55-60 L s·, (1) 

-- -

Vug porosity in Arnica Fm, vug and intercrystalline porosity in 
interbedded anhydrite and dolomite of the Fort Norman Fm (2) 

Fort Norman Fm represented by brecciated dolomite and limestone, 
the underlying Arnica Platform is also brecciated (2) 

Fort Norman Fm represented by becciated dolomite with appearance 
of solution breccia (2) 

Arnica Fm with high porosity, Fort Norman Fm represented by 
brecciated dolomite and anhydrite also has high porosity (2,3) 

Groundwater in Fort Norman (Bear Rock Fm)(1), Fort Norman Fm 
represented by brecciated dolomite and limestone (4) 

W-01 0.0 862.6 965.0 Fort Norman Fm represented by brecciated gypsiferous dolomite (4) 

Mes: Thickness of Mesozoic strata above the Devonian (in metres) 
Dev: Thickness of Devonian strata above top of the Fort Norman Formation (in metres) 
FN: Depth of the Fort Norman Formation below the surface (in metres). The thickness of surficial 

sediments are not listed separately, thus the sum of columns Mes and Dev may not equal FN. 
* The base of well G-44 was assigned to the Bear Rock Formation by Hume (1954). Pugh (1993) 
assigns the base to the Arnica Formation near the transition with the Fort Norman Formation. 
(1) Hume (1954) (2) Pugh (1993) (3) Morrow (1991) (4) Tassonyi (1969) 



147 

1360 1320 1280 1240 1200 

68°~=---~~~~---,------~--------~------~~~~~6~ 

640 

1360 

NORTHERN 

QI~ 
<tz, 
~. ' 1!0 
'V ): 9'1.;) 

.-<' '. ~ 
-<:-.--0 ". 
~ / (' . 

YUKON v1< () , 
TERRITORY ~~< 

1 ;.. 

Kilometres 

1320 1280 1240 

PLATFORM 

Eastern Limit 
of Cordilleran 

~Deformation 

DISTRICTOF 

640 

rvt~CKE:f\!~IE: .. 600 

_00_00-00_0\_00 6 

1200 

Figure 4.1: Major physiographic and tectonic divisions in western District of 
Mackenzie and eastern Yukon. The Mackenzie Foldbelt incorporates the Mackenzie 
and Franklin Mountains and the Mackenzie Plain. The eastern limit of the Cordillera 
is marked by a series of thrust faults on the eastern slopes of the Franklins (after 
Gabrielse et aI, 1991; Bostock, 1970). 
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Figure 4.2: Generai geoiogy of the study region, map shows the distribution oj tectonic 
assemblages and major faults. Where known fault type and sense of displacement are 
illustrated. Formation lithologies are given on Figure 4.3 (Wheeler and McFeely, 1991). 
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Figure 4.3 (can't): Table of formations from Sans Sault Rapids, Carcaiou Canyon, 
Norman Wells, and Fort Norman map areas (various references). . .. 
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Figure 4.4: Distibution of positive and negative tectonic features on the Mackenzie Shelf. 
Negative elements were centres of subsidence and thick sediment accumulation, positive 
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was during the Silurian and Devonian (after Morrow, 1991). 
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Figure 4.6: Distribution of major faults and anticlines in the Mackenzie Foldbelt. The 
features depicted are representative of the total population. Cusp marks on the fault symbols 
indicate the hanging walls of thrust or reverse faults. Syncline and monocline traces are not 
shown. Plateau Fault separates the Outer Fold Belt of the Canyon Ranges from the Plateau 
Sheet of the Backbone Ranges. The fold pattern changes from right-hand to left-hand en 
echelon from the southern to northwestern Mackenzies. The labelled features are the 
dominant structural forms in the area of the field sites (after Norris, 1972; Aitken et aI, 1982; 
Park et aI, 1989; Wheeler and McFeely. 1991). 
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the Saline River Formation. The depositional edge of 
the evaporite extends into the Canyon Ranges of the 
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Figure 4.10: Isopach map of the Fort Norman Formation. 
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350 m. No subsurface data exist from the northern Canyon 
Ranges. The brecciated Bear Rock Formation occurs where 
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circulating meteoric groundwater (Pugh, 1993). 

I-' 
1Jl 
1Jl 



156 

Figure 4.11: Exposure of the Mount Kindle and Bear Rock Formations on the north wall of 
Carcajou Canyon near the Dodo Canyon Site. The bedded dolomites of the Mount Kindle are 
sharply overlain by the Brecciated Member of the Bear Rock. Cavernous porosity is evident 
along the contact. The degree of brecciation decreases toward the Landry Member which is 
discontinuously exposed at the cliff top. 

Figure 4.12: The Brecciated Member of the Bear Rock Formation at the type section near 
Fort Norman. This photo was taken approximately 20 metres below the base of the Landry 
~.,4ember. The exposure is predominantly medium to daik giey iubble packbieccia. The 
dolomite and limestone clasts are angular, granule to boulder sized, and set in a matrix of lime 
mudstone (micrite). 



Figure 4.13: The Landry Member of the Bear RocK Formation. This 
exposure is on the east wall of Dodo Canyon at the Dbdo Canyon Site. 
The Landry consists of alternating sequences of niassive, resistant, 
blue··grey weathering lime mudstone and recessive, th~nly bedded, lime 
mudstone. The hammer is resting on a resistant bed, !a crackle breccia 
fabric occurs throughout the section. 

Figure 4.14: The Brecciated Member of the Bear Rock Formation at the 
Bear Rock Site. Much of the exposure is particulate rubble floatbreccia, I-' 

though many of the clasts are in close proximity (foreground). Rounding 1Jl 

of clasts is due to solution following exposure. The pinnacles occur on ....... 
the crest of a whaleback ridge and are Holocene features. They are 
generated by solution and frost action. 
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(A) Uplift and Tilting (8) Solution (C) Compaction 

1 1 

2 2 

3 3 

4 4 

5 5 

Units 
1 and 5: Thick bedded dolomite 
2 and 4: Interbedded thin to medium 

bedded anhydrite and dolomite 
3: Medium bedded dolomite 

~ Crackle breccia 

&~ Cemented mosaic packbreccia 

1 
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5 

a~ 

a: Gravitational stress 
b: Component of gravitational stress 

perpendicular to bedding 
c: Component of gravitational stress 

parallel to bedding 

/.;,:~.i/:~ Particulate rubble floatbreccia 

Figure 4.15: The solution brecciation process as outlined by Stanton (1966) involves: (i) 
initial solution of evaporite minerals (in the order: sodium and potassium salts, hydration of 
anhydrite to gypsum, expansion, solution of gypsum); (ii) initial subsidence of overlying strata 
into void spaces; (iii) fragmentation of strata accompanying subsidence; (iv) deformation of 
evaporite, entrainment of carbonate clasts through the evaporite; (v) continuing solution, 
gradual development of a grain or clast supported mass; (vi) compaction and subsidence of 
the mass; (vii) complete solution of evaporite. The above model is from Morrow (1991). it 
illustrates the early and late stages of Stanton's process and accounts for variations in 
breccia fabric observed in the Bear Rock Formation. Brecciation of the unweathered 
interbedded dolomite and anhydrite follows exposure to meteoric groundwater. (A) Uplift 
brings these strata to the shallow subsurface, steepens the hydraulic gradient, and increases 
the depth of groundwater circulation. (B) Anhydrite is preferentially dissolved creating voids 
parallel to bedding (shown as black). (C) Gravitational compaction of thin dolomite beds 
generates platy fragments that are oriented parallel to bedding by a component of shear (c) 
developed against less compactable, thicker dolomite beds. Intervals of thinly bedded 
dolomite and anhydrite are altered to particulate rubble floatbreccia, while intervals of 
medium and thick bedded dolomite are represented by cemented mosaic packbreccia. 
Overall the degree of brecciation decreases from the base of the iowest anhydrite rich beds 
to the overlying thick bedded dolomites, which are crackle breccia. 
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CHAPTER V 

QUATERNARY OF THE NORTHEASTERN MACKENZIE MOUNTAINS 

5.1 Introduction 

This chapter reviews the Quaternary of the District of Mackenzie with a focus on 

glaciation of the northern Mackenzie Mountains. Mackay (1958, 1963) and Craig 

(1960, 1965) conducted the first extensive Quaternary studies in the Mackenzie 

Valley. Terrain mapping accompanied Project Norman and the Northern Pipeline 

Study (Hanley and Hughes, 1973a, 1973b, 1973c; Hanley et ai, 1975; Hughes, 1970; 

Hughes et ai, 1972a, 1972b; Hughes and Pilon, 1973; Rutter, 1974). Data on 

regional glacial limits and chronology are reviewed by Hughes (1972, 1987, 1989), 

Hughes et al (1981), Rampton (1982, 1988) and Vincent (1989). Duk-Rodkin and 

Hughes (1991) and Ford (1976) describe the glacial records of the northern and 

southern Mackenzie Mountains. Vincent (1982, 1983, 1984) and Vincent et al 

(1983) review the glaciation of Banks Island, and Catto (1986) that of the Richardson 

Mountains. The glacial history of Yukon Territory is reviewed by Hughes et al 

(1989a), the eastern Cordillera by Jackson et al (1989), and unglaciated areas by 
- - - - ---

Hughes et al (1989b). 

Ice sources that have influenced northwestern Canada include the Cordilleran 

Ice Sheet, small montane cirque and valley glaciers, and the Laurentide Ice Sheet. 

These ice masses have repeatedly fluctuated in the Pleistocene, producing a 

terrestrial stratigraphic and geomorphic record that is complex and displays 

considerable spatial variation. The approximate Wisconsinan limits of the 

Laurentide and Cordilleran Ice Sheets show much of the Canyon Ranges are 

unglaciated (Figure 5.1). 

In the Wisconsinan, Laurentide ice advanced northwesterly from Great Bear 

160 
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and Great Slave Lakes across the Mackenzie Valley to the Mackenzie Mountains. 

The Mackenzie Lobe spread north to the Beaufort Sea and Yukon Coastal Plain. In 

the low Arctic, ice lobes advanced westerly through Amundsen Gulf and M'Clure 

Strait to Banks Island. Laurentide Ice was deflected south of Nahanni River and 

coalesced with the Cordilleran Ice Sheet on the Liard Plateau. Cordilleran ice spread 

from the Selwyn and Pelly Mountains to the Yukon Plateau and Backbone Ranges 

of the Mackenzie Mountains. 

5.2 Regional Glacial Chronologies 

The following sections review the glacial chronologies and ice limits from several 

areas in northwestern Canada (Figures 5.2, 5.3). With exception of the most recent 

events, glacial limits are poorly defined and controls on dating few. Thus, 

interpretations of the available evidence vary. Table 5.1 lists chronological data 

discussed in this text. Site locations are indexed on Figures 5.1 and 5.3. Late 

Wisconsinan retreat positions of the Laurentide Ice Sheet are indicated on Figure 5.4. 

5.2.1 Yukon Territory 

Bostock (1966) identified four Cordilleran glacial advances in Yukon Territory. 

From oldest to most recent they are: Nansen, Klaza, Reid, and McConnell 

Glaciations (Figure 5.2). Lava and tephra separate deposits of the Nansen and Klaza 

events at Fort Selkirk (0.84 to l.08 Ma, Naeser et aI, 1982). Both glaciations are 

recognized as pre-Illinoian (middle and early Pleistocene; Vincent, 1989; Tarnocai 

and Schweger, 1991). The limits of the Nansen and Klaza are mapped only in the 

western Yukon (Figure 5.3). Thick luvisols have developed on these deposits, 

brunisols and regosols characterize younger surfaces (Hughes et aI, 1972c; Tarnocai 

et aI, 1985). 

The limits of the Reid and McConnell Glaciations are well defined across the 

Yukon Plateau and correlate with the Mirror Creek and Macauley Glaciations of the 

Snag-Klutan region (Hughes et aI, 1969, 1983; Rampton, 1971), and with a series of 
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tills in southeastern Yukon (Hughes et ai, 1989a). Dating from Mayo and Stewart 

River provide minimum ages for the Reid Glaciation of>46,580 BP (GSC-331) and 

>42,900 BP (GSC-524). A K-Ar date of 0.23 Ma from basalt underlying the 

southeastern Yukon equivalent provides a maximum age (Klassen, 1978, 1987). At 

the Stewart River site, Sheep Creek tephra overlies the Reid deposit (~75-80 ka: 

Hamilton and Bischoff, 1984), and at Kluane Lake, Old Crow tephra mantles the 

Mirror Creek drift (~80-130 ka: Schweger and Matthews, 1985; Wintle and 

Westgate, 1986; Berger, 1987; Hughes et ai, 1989a). The Reid Glaciation is no 

younger than Early. Wisconsinan and many researchers favour an Illinoian 

assignment (Hughes, 1989; Hughes et ai, 1989a; Vincent, 1989; Matthews et ai, 

1990). The McConnell Glaciation is recognized as Late Wisconsinan, maximum 

dates of29,600 BP (GSC-769) and 23,900 BP (GSC-2811) occur at Kluane Lake and 

Liard Lowland. Deglaciation in the southern Ogilvie Mountains and the Snag

Klutan region began before 13.7 ka (Vernon and Hughes, 1966; Rampton, 1971). 

5.2.2 Banks Island, Tuktoyaktuk Coast 

In the western Arctic there is evidence of several glaciations, .data are available from 

Banks Island where the limits of three major glaciations are mapped (Vincent, 1978, 

1982,1983, 198A, 19B9;'yjocent e1 a~_1981; Eigure.s 5 2 and 5~1).Theselati'Leages 

of these events are established but absolute dating is not conclusive. On Banks 

Island, a series of Laurentide tills overlie the Late Pliocene Worth Point Formation. 

These tills represent the oldest and most extensive glacial event, the Banks 

Glaciation. The deposits are magnetically reversed and are therefore Early 

Pleistocene in age (Vincent and Barendregt, 1987). The following Middle 

Pleistocene Thomsen Glaciation and the equivalent Mason River Glaciation of 

western Bathurst Peninsula were less extensive events (Rampton, 1988). 

Paleoecological data suggest the Banks and Thomsen Glaciations were followed by 

interglacials that were warmer than present (Vincent, 1989). 

The Wisconsinan Stage of Banks Island is subdivided into the M'Clure and 
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Russell Stadials of the Amundsen Glaciation (Vincent, 1983, 1984). During the 

M'Clure Stadial, Laurentide ice expanded to eastern and northern Banks Island 

(Vincent, 1983). On the northern mainland, ice was wholly absent from Bathurst 

Peninsula, Brock Upland, and much of Tuktoyaktuk Peninsula (Toker Point Stadial; 

Rampton, 1988). The Russell Stadial is the least extensive of the recognized glacial 

advances, influencing only the northeastern extreme of Banks Island. During the 

equivalent mainland event (Sitidgi Stadial), Laurentide ice advanced northwestward 

from Great Bear Lake to the Mackenzie Delta (Rampton, 1988). Two distinct limits 

occur in association with the Sitidgi Stadial. They are the Tutsieta and Kelly Lake 

Phases (Hughes, 1987). 

Dating of these stadials and equivalent events in the northern Cordillera have 

been the subject of considerable debate. The M'Clure Stadial is considered either 

Early Wisconsinan (Vincent, 1982, 1983; Vincent and Prest, 1987), or Late 

Wisconsinan (Denton and Hughes, 1983; Dyke, 1987). Evidence supporting the 

former interpretation include a number of absolute dates and correlation of glacial 

units with adjacent regions. Shells collected from marine sediments directly 

underlying aM'Clure till.in southern Banks Island provide a maximum date (>37,000 

BP: GSC-3698, and U/Th 92.4 ka: UQT-143; Vincent, 1989). On northern Banks 

Island, autochthonous moss overlying marine sediments, associated with the M'Clure 

Stadial, provide a minimum date (>41,000 BP: GSC-1088). Shells thought to be 

contemporaneous are >19,000 BP, 24,730 BP, and 46 ka (GSC-1478, TO-650, UQT-

142; Vincent, 1989). Based on these dates and additional amino acid ratio data, 

Vincent and Prest (1987) favour a pre-Late Wisconsinan assignment. Tills on 

Melville Island thought to be equivalent to M'Clure units are overlain by shells that 

support this interpretation (Hodgson et ai, 1984). 

Glacial ice of the M'ClureIToker Point Stadial was too thin to cover Bathurst 

Peninsula and Brock Upland of the northern District of Mackenzie. There are two 

glacial limits recognized around the perimeter of Brock Upland, an upper-limit at 

450-600 m, and a lower limit at approximately 300 m. Vincent (1984) suggests the 
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upper limit is Early Wisconsinan and the lower, Late Wisconsinan. Hughes (1987) 

assigns the upper limit to the Tutsieta Lake Phase of the RusseU/Sitidgi Stadia!' St

Onge (1987) also considers both limits to be Late Wisconsinan. The Tutsieta limit 

is traced to the south and west into the Mackenzie Valley. 

M'Clure/Toker Point Stadial ice also advanced across the Mackenzie Delta 

to southern Tuktoyaktuk Peninsula (Rampton, 1988). Shell fragments lying above 

sediments associated with this stadial have yielded minimum dates of >35,000 BP 

(GSC-562) and >37,000 BP (GSC-690) from Garry and Kendall Islands. These 

fragments may, however, be reworked from older deposits (Hughes, 1987). 

Additional dates from shells overlying till on Garry and Kendall Islands suggest a 

pre-Late Wisconsinan assignment for the Toker Point Stadial (43,550 BP: TO-796; 

48,200 BP: RIDDL-801; Vincent, 1989). Rampton (1982) mapped the glacial limit 

of the Toker Point equivalent on the eastern Yukon Coastal Plain, locally termed the 

Buckland Glaciation. Based on correlation with glaciomarine sediments in coastal 

Alaska, Vincent (1989) suggests an Early Wisconsinan date. However, the oldest 

minimum date on the Buckland Glaciation is 22,400 BP (GSC-1262) and Hughes 

(1987) argues the Buckland Glaciation is synchronous with the Hungry Creek 

Glaciation of Bonnett Plume Basin. 

5.2.3 Bonnett Plume Basin, Richardson and Franklin Mountains, Mackenzie 

Valley 

Bostock (1948) traced the limit of the last glaciation on the eastern slopes of the 

Richardson Mountains to 1000 m elevation. Mapping by Hughes (1972) placed the 

Wisconsinan limit farther east, at a series of moraines that are approximately 

equivalent to the Sitidgi Lake Stadial of the Arctic coast (Rampton, 1982). 

Subsequent reinterpretation by Hughes et at (1981), Catto (1986), and Hughes 

(1987) has moved the Wisconsinan margin westward to 900 m elevation south of Rat 

River and approximately 1100 m in Bonnett Plume Basin. This is recognized as the 

local all-time limit of the Laurentide Ice Sheet. 
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Till of this advance is preserved in the upper Rat River Valley where it 

underlies proglacial lacustrine sediments (Catto, 1986). Organic material 

incorporated into the lake deposits provides a minimum date on this glaciation 

(21,300 BP: GSC-3371; 21,200 BP: GSC-3813). At Hungry Creek in Bonnett Plume 

Basin, a single Laurentide till and a sequence of glaciofluvial sediments overlie 

deltaic and fluvial deposits (Hughes et aI, 1981). Allochthonous wood fragments in 

the lower unit provide a maximum date on the Hungry Creek Glaciation (36,900 BP: 

GSC-2422). 

During this glaciation, Laurentide Ice advanced across the Franklin 

Mountains and Mackenzie Valley to the eastern Richardson Mountains. Glacial ice 

infilled Bonnett Plume Basin and impeded drainage of eastward flowing rivers. Peel 

River backed up via the Eagle River into the Porcupine system. The route of the 

latter through McDougall Pass was blocked. As a result, lake basins developed in 

portions of the Porcupine watershed in the unglaciated Yukon (Hughes, 1972; 

Hughes et aI, 1989b). The sediments of Old Crow and Bluefish Flats record a 

history of flooding related to the damming of the ancestral Porcupine River by 

Wisconsinan Laurentide advances. Based upon sedimentation in the Porcupine River 

in Alaska, Thorson and Dixon (1983) conclude there were at least three glacial 

lacustrine phases in the Wisconsinan, with two events after 31 ka. Morlan (1980) 

and Hughes et al (1981) have found evidence for only one event in the Late 

Wisconsinan. Maximum dates on the most recent inundation are provided by: (i) 

organic debris underlying lacustrine sediments at Old Crow Flat (31,300 BP: GSC-

1191), (ii) a mammoth tusk underlying lacustrine sediments at the nearby Cadzow 

Bluff (25,170 BP: NMC-1232), and (iii) plant debris occupying the same 

stratigraphic position at Bluefish Flats (20,800 BP: GSC-3946). At Doll Creek, 

organic silts overlying deposits of the Hungry Creek Glaciation suggest Laurentide 

ice was retreating from Bonnett Plume Basin by 16,000 BP (GSC-2690). At Old 

Crow Flats, fluvial sediments dated at 12,460 BP (1-3574) overlie the lacustrine 

deposits. 
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The Hungry Creek Glaciation may have culminated as early as 25 ka ago 

(Schweger, 1989), and is considered by Hughes (1987) and Duk-Rodkin and Hughes 

(1991) to represent the all-time Laurentide advance in the northwestern District of 

Mackenzie. Vincent (1989) favours assigning the glaciation to the late Middle 

Wisconsinan or the early Late Wisconsinan. Moraines of the Hungry Creek 

Glaciation are approximately contiguous with the Early Wisconsinan Buckland 

Glaciation of Ramp ton (1982). Hughes (1987) and Tarnocai and Schweger (1991) 

assign the Buckland to the Late Wisconsinan. The glacial advance denoted by these 

moraines was extensive enough to cover the entire Mackenzie Delta and the southern 

Beaufort Sea. However, data do not support an extensive ice advance on the Arctic 

coast in Late Wisconsinan time (Vincent, 1989). There remains some debate 

regarding the timing of this event. 

Following retreat from the Hungry Creek maximum, a readvance of the 

Mackenzie Lobe is marked by a series of moraines east of the Mackenzie River 

(Hughes, 1987). At Tutsieta Lake, well-preserved moraine ridges and hummocky 

features extend to the north and are continuous with moraines mapped by Rampton 

(1980) at Sitidgi Lake in the Inuvik area. Eastward, the Tutsieta moraines extend 

through the Anderson River basin to the western flank of Brock Upland. Minimum 

dfl1~s_ oJltll~l'1.!~iej:!l.Lake~h~~e are <l~riveg JfQ111 grg~i~materlCll~ i!1Jl}~J~itjggi 

Lake region (12,900 BP: GSC-1784-2; 13,000 BP: GSC-1995; 13,100 BP: GSC-

3387). Hughes (1987) assigns a date of 13 ka to the Tutsieta Moraine. The position 

of the ice margin west of the Mackenzie River during the Tutsieta Phase is uncertain. 

A series of moraines just west of Peel River on the eastern slopes of the Richardson 

Mountains may be correlative (Hughes, 1987). 

A major stillstand or minor readvance of Laurentide ice is marked by a single 

sharp moraine or a belt of hummocky moraine extending from Kelly Lake northward 

in the Norman Range. The area west of Kelly Lake (Franklin Mountains) was 

deglaciated well before 11 ka. Wood fragments dated at 10,600 BP (GSC-2328) 

occur in deltaic sediments associated with Glacial Lake Mackenzie in the Fort 
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Norman area. On this basis, Hughes (1987) assigns a minimum date of 10.6 ka to 

the end of the Kelly Lake Phase. In addition to moraines marking the Hungry Creek, 

Tutsieta, and Kelly Lake events, there are many fragments of hummocky moraine 

present in the Mackenzie Valley that are not assigned to a particular phase or stadia!' 

Glaciolacustrine deposits mantle much of the surface of the Mackenzie Plain 

(Mackay and Mathews, 1973). Following the Kelly Lake Phase and retreat of the 

Mackenzie Lobe, a long linear proglacial lake developed in the Mackenzie Valley 

between Fort Good Hope and Fort Simpson (Smith, 1992). The Mountain River area 

was deglaciated before 11,760 BP (TO-1190) and Fort Norman by 11,530 BP (1-

15020). Glacial Lake Mackenzie persisted between at least 11.8 and 10.3 ka and 

achieved a maximum depth of 80 m in the Fort Norman region. Deltaic sequences 

occur along most tributaries at the former shoreline of this glacial lake (Smith, 1992). 

Given the older dates associated with Glacial Lake Mackenzie, the Kelly Lake 

moraine must date to at least 12 ka. 

5.3 Mackenzie Mountains 

The geomorphic and stratigraphic records of the Mackenzie Mountains show 

repeated glacial advances from three sources: (i) the Laurentide Ice Sheet, (ii) large 

montane glaciers emanating from the Backbone Ranges, and (iii) small cirque, 

valley, and piedmont glaciers in the Canyon Ranges (Ford, 1976; Duk-Rodkin and 

Hughes, 1991). The all-time limit of the Laurentide Ice Sheet extends to 

approximately 1500 m on the eastern flank of the Mackenzie Mountains (Hughes, 

1972). It is considered Wisconsinan by many workers, but there is considerable 

debate regarding timing of the event (Rutter, 1974; Hughes et aI, 1981; Prest, 1984; 

Hughes, 1987; Vincent and Prest, 1987; Vincent, 1989). In the Nahanni region, 

older Laurentide deposits (Illinoian) occur beyond the Wisconsinan limit (Ford, 

1976), but equivalent units are not recognized northward. The behaviour of montane 

ice in the Mackenzie Mountains was largely independent of the Cordilleran Ice 

Sheet, and topography strongly controlled ice flow. Extensive areas in the Canyon 
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Ranges are characterized by cryoplanation features and tors, suggesting a history of 

infrequent or no glaciation (Hughes, 1972; Hughes et ai, 1989b). 

5.3.1 Southern Mackenzie Mountains 

Laurentide glacial deposits identified in the Nahanni region are assigned to a series 

of three glaciations (Figures 5.2,5.3) (Ford, 1973, 1976; Brook, 1976). The oldest 

and most extensive deposit is a thin lag of scattered till and erratics occurring as far 

west as the eastern flank of Nahanni Plateau. At First Canyon, shield erratics are 

found to an elevation of 1400 m and occur at elevations between 1400 and 1600 m 

across the plateaux to the north (Ford, 1976). This unit is assigned to the First 

Canyon Glaciation. During this advance, Laurentide Ice pushed across the Nahanni 

Range to Nahanni Plateau. The thin, discontinuous, and highly weathered state of 

the till is interpreted as evidence of the event's antiquity (Ford, 1976). Uranium 

thorium ages on cave speleothem from First Canyon provide dating control on this 

glaciation. Speleothem growth occurred between 320-275 ka and 220-190 ka, these 

intervals represent interglacial periods (Grotte Valerie Interglacials I and II). 

Samples of older speleothem overlie fluvial sediments that are dominated by shield 

erratics. This fill is attributed to the First Canyon Glaciation and based on the 

sp_eleothem_datait is ~i\Te1lan age >350 1m (Ford, 19}6;HarmoD eIal, 1917) 

Geomorphic evidence from Virginia Falls indicates a concurrent montane advance 

correlating with the First Canyon Glaciation. 

West of Y ohin Ridge, a belt of hummocky ground moraine marks the 

terminal position of the Clausen Glaciation (Ford, 1976). During this advance, 

Laurentide ice blocked the outlet of the eastward flowing Nahanni River, 

impounding a lake in the Nahanni and Flat River Valleys (Glacial Lake Nahanni). 

There is evidence of two lake phases separated by a period of erosion. In Grotte 

Valerie, Glacial Lake Nahanni deposits onlap in situ speleothem dated between 220 

and 190 ka. This provides a maximum date for the early lake phase and glaciation 

(Ford, 1976). In the Upper Nahanni and Flat River Valleys, the Clausen Glaciation 
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was preceded by at least one montane glaciation, the Flat River Glaciation. Ice 

advanced to the east from the Ragged Range and Logan Mountains. The limits of 

this event are marked by ice marginal channels and breached divides. Lacustrine 

deposits from Glacial Lake Nahanni overlie and infill some Flat River glacial 

meltwater features. Ford (1976) favours an Illinoian assignment for the ClausenIFlat 

River Glaciation (>145 ka) but does not oppose the view that it is Wisconsinan. It 

may be correlative with the Reid glaciation of the Cordilleran Ice Sheet in Yukon 

Territory (Jackson et ai, 1989) and the Thomsen Glaciation of the western Arctic 

(Vincent, 1989). 

The limit of the third Laurentide advance is marked by a sharp ice-contact 

moraine at an elevation of 50 a to 800 m on the eastern flank of the mountain front. 

This Iackfish Glaciation confined a lake in the lower South Nahanni Valley, Glacial 

Lake Tetcela. The penecontemporaneous montane Hole-in-the-Wall Glaciation was 

of limited extent, with valley glaciers extending only a few kilometres from cirques 

in the Ragged Range. The IackfishIHole-in-the-Wall Glaciation is considered Late 

Wisconsinan by Ford (1976). 

Reconnaissance work in the southern Mackenzie Mountains has also been 

undertaken by Rutter and Minning (1972), Rutter and Boydell (1973), and Rutter, 

(1974). Meltwater channels at an elevation of 1525 m west of the Nahanni Range 

and 1295 m near Wrigley Lake define the extent of the all-time Laurentide advance. 

The limit of a more recent advance is observed at a lower elevation. Unlike the 

chronology presented by Ford (1976) and Harmon et at (1977), both events are 

considered Late Wisconsinan by Rutter (1974). Vincent (1989) suggests the Clausen 

Glaciation may be Wisconsinan and approximately equivalent to the upper limit 

described by Rutter. 

5.3.2 Northern Mackenzie Mountains 

Operation Norman and the Northern Pipeline Study included preliminary 

examinations of the surficial geology of the northern Mackenzie Mountains (Hughes, 
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1970; Hughes et a11972a, 1972b). Duk-Rodkin initiated a comprehensive glacial 

study in 1986, involving detailed aerial photograph interpretation and several 

summers of field work in the Canyon Ranges between Redstone and Arctic Red 

Rivers (Duk-Rodkin and Hughes, 1991). Tarnocai and Schweger (1991) review data 

on Middle Pleistocene deposits from the Canyon Ranges. In addition, the present 

author has undertaken mapping in the area east of the Laurentide limit between Little 

Bear River and Katherine Creek (Figure 5.6). 

Topography controlled the extent of Laurentide ice penetration into the 

Mackenzie Mountains. Ice tongues advanced tens of kilometres past the mountain 

front into Redstone, Keele, Carcajou, Little Keele, Imperial, Mountain, and Gayna 

River Valleys. Large icefields in the Backbone Ranges supplied eastward advancing 

montane valley glaciers. Also, high cirques in the Canyon Ranges supported valley 

and piedmont glaciers. The morphology of ice marginal features, the distribution of 

erratics, and the occurrence of extraglacial features, such as cryoplanation surfaces 

and tors, are used to establish the limits of montane and Laurentide ice. Moraines 

and meltwater channels delimit advance positions and stillstands during retreat. 

Erratic lithology defines source areas for glacial deposits; sediments of montane 

origin lack shield clasts. In some areas, extensive deposits of glaciolacustrine and 

glacial ciiarrlict()ns are igentified. StrCltigsaphic relati()nshigs, n~lative da!ing and 

correlation with areas to the north and west provide control on event chronology. 

The following sections review the salient characteristics of the glaciation of 

the northern Mackenzie Mountains. Figure 5.5 illustrates the regional limits of 

Laurentide and montane ice during the Late Wisconsinan. Figure 5.6 shows the 

distribution of moraines and meltwater channels in the study area. 

5.3.2.1 Pre-Wisconsinan Events 

There are no pre-Wisconsinan Laurentide deposits recognized in the northern 

Mackenzie Mountains. However, the morphology of numerous glacial troughs, stoss 

and lee forms, and large meltwater channels suggest it is highly probable that in the 
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Pleistocene, Laurentide ice has repeatedly advanced to the eastern ranges of the 

Mackenzie Mountains. 

Evidence of Early and Middle Pleistocene montane glaciations in the Canyon 

Ranges are preserved at a section located above treeline on the south bank of Little 

Bear River (64~7'42"N Lat., 126°43'18"W Long.). The surface material is outwash 

from a Wisconsinan Laurentide event. It overlies five glacial diamictons of montane 

origin that rest locally on colluvium of the Franklin Mountain Formation. Valley 

glaciers advancing from high ground in the Carcajou Range deposited these tills. 

Paleosols are present at the upper surface of each of these till units (Tarnocai and 

Schweger, 1991). These paleosols lack A horizons and the upper portions of the B 

horizons, but they are considerably thicker than the modern soil. They represent 

periods of pedogenesis during interglacials. There are no indications of 

cryoturbation and the pollen record suggests closed boreal forest conditions. Solum 

thickness, rubification, and the occurrence of argillans increase from the youngest 

to the oldest paleosols. Tarnocai and Schweger (1991) speculate they may represent 

a gradual deterioration in interglacial climate. This is consistent with observations 

in Yukon Territory where paleosols of the Late Tertiary and Early Pleistocene are 

indicative of a much warmer and moister climate. 

At the Little Bear Site, an infinite radiocarbon date of >47,000 BP (GSC-

1618) occurs between the uppermost montane tills (units five and four). Wood dated 

at 44,420 BP (TO-195) underlies the Laurentide deposit, but the wood fragments are 

detrital and may not accurately date the Laurentide event (Duk-Rodkin and Hughes, 

1991). The upper montane till (unit five) may correlate with the Yukon Reid 

Glaciation. The lower four units are considered pre-Reid age (Tarnocai and 

Schweger, 1991). Of the three montane glaciations recorded in the southern Ogilvie 

Mountains (Vernon and Hughes, 1966) only the oldest is pre-Reid. The others are 

equivalent to the Reid and McConnell Glaciations (Duk-Rodkin and Hughes, 1991). 

At Katherine Creek, a series of montane tills underlying Laurentide deposits provide 

additional evidence of multiple pre-Wisconsinan advances of montane ice. 
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Moraines of montane origin occur at several other locations in the Canyon 

Ranges. Many of these represent deposition from small local glaciers and others 

from large valley glaciers spreading eastward from the Backbone Ranges. At Dark 

Rock Creek, south of Keele River, lateral moraines of a montane glaciation emanate 

from an area of cirques in the Tigonankweine Range. These moraines are truncated 

by a Laurentide advance of Hungry Creek age (see below). A second set of montane 

features extends onto the Hungry Creek deposits. The penultimate montane event, 

the Dark Rock Creek I, is considered Reid (Illinoian) age (Duk-Rodkin and Hughes, 

1991). The second montane glaciation is considered equivalent to the McConnell 

Glaciation (Dark Rock Creek II). In general, moraines of the penultimate montane 

glaciation are subdued in their morphology and contrast with the sharp forms of 

McConnell age. 

5.3.2.2 Hungry Creek Glaciation 

The limit of the most extensive Laurentide glaciation in the Canyon Ranges is 

delineated by ice marginal features and shield erratics (Figures 5.5, 5.6). This limit 

occurs to elevations of approximately 1550 m in the Landry Range, 1430 m in the 

Carcajou Range, 1200 m near Katherine Creek, and 1100 m at Arctic Red River. In 

all, the limit cl~cliIles at a rate of al:>()ut 1'~ll1lcll1-1 l!oI1hw_ardfr()rn I(e~leBiy_er (Pl.llc

Rodkin and Hughes, 1991). Laurentide deposits from this event are generally thin 

and discontinuous. Well rounded, granule to boulder sized erratics of granite gneiss 

comprise less than 5% of the coarse fraction of surficial materials. Moraine features 

are subdued but are traceable northward where they are contiguous with moraines 

of the Hungry Creek Glaciation mapped around the perimeter of Bonnett Plume 

Basin (Duk-Rodkin and Hughes, 1991). These moraines are correlated with the 

Buckland Glaciation of the Yukon Coastal Plain. Soils developed on these deposits 

are primarily thin bruni sols and regosols, weathering rinds on shield erratics are 1 to 

2 mm in thickness. These data indicate the most extensive Laurentide event is 

Wisconsinan age and Duk-Rodkin and Hughes (1991) assign it to the Hungry Creek 
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Glaciation. Downslope of the Hungry Creek maximum, there are sets of moraines 

denoting stillstands and minor readvances during the Late Wisconsinan. 

The intrusion of Laurentide ice into mountain valleys profoundly influenced 

drainage. During the Hungry Creek Glaciation and subsequent stadials, proglacial 

lakes were impounded and drainage was diverted to the northwest along passes that 

join the main valley systems (Figure 5.5). Major spillways extended from the 

headwaters of the Little Keele and Carcajou Rivers to Mountain and Gayna Rivers. 

These channels incise deposits of piedmont glaciers that are likely of Reid age. 

Thick sequences of glaciolacustrine deposits mark the extent of the largest glacial 

lakes in the Keele and Mountain River Valleys. As the Laurentide Ice Sheet 

retreated, the positions and extent of proglacial lakes and ice marginal meltwater 

channels shifted frequently, utilizing lower passes as they were deglaciated. In the 

Canyon Ranges, numerous underfit channels and canyons occupy anomalous 

drainage positions that were carved by ice marginal and subglacial meltwaters 

(Section 5.3.2). 

Bracketing dates on the Hungry Creek Glaciation in Bonnett Plume Basin are 

36,900 BP (GSC-2422) and 16,000 BP (GSC-2690) (Section 5.1.3). In the northern 

Mackenzie Mountains, dates from outside this limit are available from Keele and 

Andy Lakes (Szeicz, personal communication, 1993). Keele Lake is located 

approximately 2 km south and 300 m above the Hungry Creek maximum in Keele 

River Valley. Basal sediments were expected to yield an infinite age but were dated 

at 11,900 BP (TO-2298). This lake could have been affected by the Dark Rock II 

montane advance that followed the Hungry Creek maximum. Andy Lake is located 

near the headwaters of Little Keele River and has a basal date of 12,060 BP (TO-

2295). It is also likely this lake received sediments from the most recent montane 

advance. 

5.3.2.3 Katherine Creek Phase 

Following the Hungry Creek maximum, Laurentide ice retreated eastward. Montane 
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ice then advanced from high ground to positions down slope of the Hungry Creek 

limit. This is recorded at Dark Rock Creek, Little Bear River, Katherine Creek, and 

at other locations. The duration and extent of the Dark Rock Creek II event is not 

known. A readvance of Laurentide ice ensued, termed the Katherine Creek Phase 

(Duk-Rodkin and Hughes, 1991). In the Moose Horn Valley, tributary to the 

Redstone River, a belt of hummocky moraine and kame occurs where montane and 

Laurentide ice coalesced during this phase. 

At the Katherine Creek type location, lateral morames, outwash, and 

meltwater channels of montane origin extend beyond the Hungry Creek limit (Figure 

5.6). In turn, ice marginal Laurentide moraines truncate these montane features. 

Similar Laurentide features occur sporadically to the southeast on the flanks of the 

ranges stretching to Rouge Mountain River (Figure 5.6). Those occurring between 

Katherine Creek and Little Bear River were located on aerial photographs. These 

data were transferred to 1 :50000 and 1 :250000 scale maps. The topographic base 

maps available from this region are provisional and elevations poorly controlled. 

Errors of ± 50 m are expected in data transfer. 

Small meltwater channels occur on mountain slopes and across high passes 

to elevations of 1080 m, and are common between 1020 and 1070 m (3350 to 3500 

ft) (Figlli'e5.6)~IheseLepses~ntdrainage [Qujes_llj_th_e up-per margin ofLllJJrenJide 

ice mass during the peak of the Katherine Creek Phase. The Katherine Creek 

moraine attains a maximum elevation of 1020 m (3350 ft) at the type area; 

approximately 160 vertical metres below the Hungry Creek limit. Elsewhere, 

moraine elevations vary with local topography. A large number occur between 915 

and 975 m (3000 to 3200 ft) and a second group between 1000 and 1070 m (3300 to 

3500 ft). While those of the latter group are less continuous, there are no apparent 

differences in the degree of preservation of these moraine sets, and all are interpreted 

as deposits of the Katherine Creek Phase. Duk-Rodkin and Hughes (1991) favour 

a contemporaneous age assignment for similar features to the south. 

Tills from the Hungry Creek and Katherine Creek events are sparse, and 
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fragments of recessional moraine uncommon. Large areas are characterized by a thin 

patchy veneer of waterlain sediments of glaciolacustrine and fluvioglacial origin. 

During ice retreat, much of the landsurface was exposed to meltwater erosion and 

drift remobilized. Materials deposited in canyons and large valleys have been 

reworked since deglaciation. However, local glacial deposits may approach tens of 

metres in thickness. Many higher peaks and cirques in the Carcajou Range would 

have existed as nunataks during the Katherine Creek Phase. Relatively thick 

morainal and glaciolacustrine deposits occur where Laurentide ice advanced up 

narrow valleys into small cirques, creating sediment traps. Moraine morphology 

suggests that in some instances these cirques may have been occupied by small ice 

bodies. Other montane moraines extend down valley, below the Katherine limit, 

implying that a minor advance of cirque glaciers followed the Katherine Creek 

maximum. Evidence suggests that proglacial lakes were impounded in the Little 

Keele, Carcajou, and Rouge Mountain River Valleys by ice dams in Carcajou 

Canyon. At Bonus Lake, sediments from a lake phase partially infill sinkholes 

developed in the Hume Formation. Excavations show these materials are massive 

silts, revealing periods of rapid sedimentation (Section 5.2.2.6). 

Dating control of the Katherine Creek Phase is provided by a single 

radiocarbon age, correlation with nearby areas, and the weathering state of deposits. 

Bells Lake is located north of Katherine Creek about 16 km west of the Dodo 

Canyon Site. The lake is at the limit of the Katherine Creek Phase. Basal sediments 

provide a minimum age of 10,230 BP (TO-2375; Szeicz, personal communication, 

1993). The Katherine Creek Phase is younger than the Hungry Creek Glaciation and 

older than the 13 ka Mackenzie Valley Tutsieta Lake Phase. Duk-Rodkin and 

Hughes (1991) speculate the Katherine Creek Phase may be equivalent to the 

extensive Sabine Stadial of the Yukon Coastal Plain Buckland Glaciation (Rampton, 

1982). 
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5.3.2.4 Tutsieta and Kelly Lake Phases 

Moraines of the Tutsieta Lake Phase are strongly developed east of the Mackenzie 

Delta. Extrapolation of that limit to the Mackenzie Mountains places the ice margin 

between 450 and 600 m elevation. There is some evidence of a prolonged stillstand 

of Laurentide Ice at that position in the Canyon Range. A series of narrow, 

discontinuous, parallel benches extends on the eastern flank of MacDougal Anticline, 

across Dodo Mountain, northward to Katherine Creek. These benches cut across 

structure at elevations between 580 and 600 m and are interpreted as ice marginal 

channels. West of Dodo Mountain, large intact blocks of the Mount Kindle 

Formation have been displaced forming a moraine at 620 m. These features may be 

above the Tutsieta limit. In addition, there is a series of large meltwater channels 

occurring between 550 and 600 m that link drainage from Rouge Mountain River to 

Katherine Creek. This route is situated just west of a postulated Tutsieta limit and 

includes sections of canyon that are currently dry (Figure 5.6). 

Laurentide ice experienced a minor readvance during the Kelly Lake Phase. 

Moraines and meltwater channels at the mountain front occur between 300 and 375 

m and may define the position of ice during this stillstand. Glacial ice had retreated 

from the mountain front by at least 12 ka (Section 5.l.3, Figure 5.4). 

5.3.2.5 Chronological Summary 

Data from the northern Mackenzie Mountains are summarized by the following 

chronology: (i) several montane advances occurred in the Early and Middle 

Pleistocene, (ii) Dark Rock Creek I advance, the penultimate montane event of 

Illinoian age, extended to the eastern Canyon Ranges, (iii) the all-time Laurentide 

advance, the Wisconsinan Hungry Creek Glaciation, truncated moraines of the Dark 

Rock Creek I event, (iv) a second montane advance, Dark Rock Creek II, extended 

downslope of the Hungry Creek limit, kame and other ice marginal features define 

positions near Redstone and Keele Rivers where montane valley glaciers and 
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Phase, truncating moraines of the Dark Rock Creek II event, and (vi) retreat and/or 

readvance of Laurentide ice in the mountain front region is marked by ice marginal 

channels, two possible stillstands are associated with the Tutsieta and Kelly Lake 

Phases. 

The sequence of events presented in this interpretation is grounded on 

stratigraphic and geomorphic evidence, however, controls on dating are few. Much 

hinges on the date assigned to the Hungry Creek Glaciation, and this remains a 

matter of some controversy. There is a possibility of older Laurentide advances, 

though their deposits are not recognized. 

5.3.2.6 Glacial Thermal Conditions 

Geomorphic evidence from the field areas suggests that Laurentide ice of the 

Katherine Creek and subsequent phases was warm based. There are numerous 

examples of roche mountonnee, drumlinoid, and crag and tail features, all indicative 

of basal sliding. Meltwater channels are predominantly ice marginal but examples 

of subglacial Nye channels and p-forms provide evidence of subglacial flow. At the 

Bonus Lake and Bear Rock Sites, fine-grained sediments were found in conduits and 

cavities in the Bear Rock and Hume Formations. The materials were primarily 

massive fine and medium silts but also included some coarse silt and sand, and thin 

sequences of laminated clay. These deposits were similar in texture and colour to 

glaciolacustrine and fluvial materials found on the surface. The fine silt and clay 

could have been deposited near openings of larger conduits during glacial lake 

phases. However, the distribution and massive structure of the coarser silts suggests 

that deposition occurred subglacially. At Bonus Lake these deposits are found more 

than 30m from cavern openings, through conduits of high sinuosity, and exceed 2 

m in thickness, completely infilling some passages. These materials were probably 

flushed into conduits in a subglacial phreatic environment by meltwaters operating 

under the hydraulic gradient provided by the overlying glacial aquifer. 

The evidence of warm-based ice and subglacial groundwater circulation are 
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important to the karst geomorphology of the region. While the infilling of conduits 

with sediment would inhibit karstification, the occurrence of basal melting at the ice 

rock interface would have had a positive effect. This is of particular significance 

where strata are evaporites and dissolution is largely controlled by groundwater flux 

rather than by the carbonic acid content. There are no data available regarding the 

rate of subglacial meltwater production that would characterize the Laurentide Ice 

Sheet in this region. 

5.4 General Geomorphology, Canyon Ranges 

The geomorphology of the Canyon Ranges reflects the balance between process and 

structure across a variety of spatial and temporal scales. At the macro scale, structure 

exercises the dominant control on topography. The general distribution of ridges and 

valleys is coincident with the structural trend. Overall, the regional drainage has a 

trellis pattern (Figure 3.1). Subsequent streams tend to be developed along recessive 

Devonian units that occupy synclinal axes while, ridges are primarily in resistant 

Proterozoic strata exposed along anticlines. The largest plateaux features (e.g., 

Plains of Abraham) are formed by gently dipping synclinal and monoclinal 

structures. However, exogenic processes have generated large geomorphic features. 

Combinations_ of _ peciglaclal,flmdal,glacial,andslop_e_pm_ceJises hmlegenerated 

cryopediments, planation surfaces, meltwater channels, and canyons. Locally, 

solution has produced karst landforms. This section provides a brief discussion of 

the major non-karst elements of the geomorphology. 

5.4.1 Pediments and Planation Surfaces 

Strata of the northern Cordillera were subjected to folding, faulting, and uplift during 

the Cretaceous and Tertiary, with the last major phase ending as recently as the 

Paleocene (Eocene?). In response to uplift, erosion occurred over the Mackenzie 

Mountain area, initiating sedimentation in the adjacent foredeep (Chapter IV). 

Bostock (1948, 1970) noted the rerrmants of erosion surfaces across much of the 



179 

northern Cordillera. Hume and Link (1945) describe the predominance of plateau 

forms in the Dodo Canyon region. Alpine terrain is limited to the highest of the 

ranges, where resistant Proterozoic strata outcrop along the axial traces of major 

anticlines. Most of the low ranges are flat topped and broad uplands are common. 

In many areas, these gentle surfaces cut across structure and slope toward Mackenzie 

Plain (Aitken and Cook, 1974). They may be attributed to a long interval of fluvial 

erosion in the Upper Cretaceous and Tertiary and to cyroplanation during the 

Tertiary and Quaternary. 

Ice wedge pseudomorphs in the Worth Point Formation show permafrost was 

present in the northern District of Mackenzie by the Upper Pliocene to early 

Pleistocene (Vincent, 1989, 1990). Under the conditions of a periglacial climate, 

bedrock weathering is dominated by frost action. Sediment is transferred by slow 

mass wasting and seasonal fluvial activity. Regions of the Canyon Ranges that have 

been infrequently glaciated, or are unglaciated, display the characteristic 

morphologies often attributed to periglaciation (e.g., French, 1976; BOdel, 1982). 

Planation surfaces and pediments are common and areas of high plateau are sharply 

dissected by deep valleys. Many of these valleys are flat floored and have steep 

rectilinear slopes that approach 30°. Talus and blockfields (felsenmeer) are 

observed. Braided channel patterns are common. Tors occur on plateau and 

planation surfaces. Steep mountain sides are bounded by gently sloping pediments 

(cryopediments) (Hughes, 1972; Priesnitz and Schunke, 1983). 

Mountain and hillslope morphologies reflect parallel slope retreat. The 

general model suggests slope retreat is accomplished by frost wedging, slow mass 

wasting, and rillwash, and that slope debris is transported over the pediment surface 

by solifluction and sheetwash (Priesnitz, 1981, 1988). Many argue activity on 

pediments and planation surfaces under current climatic conditions is limited. BOdel 

(1982) finds no evidence to support pedimentation as an important process in modern 

periglacial regions, and favours fluvial dissection as the dominant process. Evidence 

of sediment erosion and transport is restricted to steep pediments in the Mackenzie 



180 

and Richardson Mountains, with little activity on gently sloping vegetated surfaces 

(Priesnitz and Schunke, 1983). Fried et al (1993) contend that pediments of the 

Richardson Mountains are relict features developed during colder periods of the 

Pleistocene. Pediments of the unglaciated Barn Mountains of northern Yukon are 

also currently inactive (French and Harry, 1992). Given typical rates ofbackwearing 

commonly attributed to periglacial regions (e.g., French, 1976), cryopediments of the 

dimensions observed in the Mackenzie Mountains could be developed in the 

Quaternary (Priesnitz and Schunke, 1983). However, these estimates are based on 

few data. French and Harry (1992) support assigning a middle or upper Tertiary age 

to the original pediment features of the Barn Mountains. The initial formation 

processes are not known but it is suggested the pediments were reactivated during 

the wet and cold periods of the Pleistocene. 

5.4.2 The Valleys and Canyons 

Elements of two drainage systems are recognized in the northern Mackenzie 

Mountain region, an older system consisting of gently sloping valleys, and a younger 

network of incised channels that are expanding retrogressively into the older system 

(priesnitz and Schunke, 1983). Elements of the former are observed on the plateau 

ami-low mountains-of the-Ganyon R-anges,-while-theupland-bloGlfsafedisseGted -by 

the younger steep sided valleys and deep canyons. It is likely that expansion of these 

canyons has occurred throughout the Quaternary. The long profiles of Dodo Creek, 

Carcajou River, and Little Keele River are steep, with prominent knick points. The 

rapid downcutting is attributed to recent uplift and ongoing adjustment to the current 

base level. Ford (1973) documents 500 m of Quaternary uplift in the southern 

Mackenzie Mountains. Between 100 and 200 m occurred in the Richardson 

Mountains over the same interval (Priesnitz and Schunke, 1983). There are no data 

on Quaternary epeirogeny in the northern Mackenzies; however, it is reasonable to 

suspect uplift, tectonic and isostatic, is at least on the order of 100 metres. 

On the South Nahanni River, meanders have cut through several hundred 
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metres of bedrock following uplift. There are equivalent meanders on the Carcajou 

and Little Keele Rivers, although not of the number or dimension observed on the 

South Nahanni. These meanders occur just east of a major break in slope in the long 

profile. Above the knick point, channels are wide and braided with cryopediments 

extending to their boundaries. Priesnitz and Schunke (1983) argue that these reaches 

are at equilibrium and provide a model for channel development under periglacial 

conditions. However, much sediment on the braidplains is reworked glacial deposits 

and this material must be flushed through the system before a dynamic equilibrium 

will be established between periglacial processes and channel form. Below the knick 

points, the river channels are confined to canyons and the morphology ranges from 

straight and meandering single channels to braided. 

The conditions favouring incision are not limited to uplift. During the 

Pleistocene the Mackenzie Plain was repeatedly glaciated by Laurentide Ice 

advancing from the Great Bear Lake region. Mackay and Matthews (1973) speculate 

that a pre-glacial Mackenzie River may have followed a course through the eastern 

Franklin Mountains. Hughes (personal communication, 1990) and Duk-Rodkin and 

Hughes (1993) contend that the present configuration of the Mackenzie River system 

is of Quaternary age. Ice of the Mackenzie Lobe progressively removed Cretaceous 

and Tertiary strata from the Mackenzie Plain. This altered the position of the 

Mackenzie River and the local base level for streams of the Mackenzie Mountains. 

The major effect on mountain drainage was a disturbance to the pre-glacial river 

profiles, causing incision and the headward propagation of knick points. 

While canyon development was in response to a combination of uplift and 

base level change, the positions and characteristics of these canyons have been 

strongly influenced by glaciation. These features generally fall into one of three 

classes: (i) major river canyons and valleys, (ii) glacial marginal canyons, and (iii) 

mountain front canyons. Canyons of the latter group are small narrow features that 

are typically 1 to 3 km in length and up to 300 m deep. Rapids and falls are common 

down their length and alluvial fans occur at the outlets. Many of these fans continue 
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to aggrade. Canyon orientation is either nonnal to a larger canyon or to the mountain 

front. They are best expressed on the Bear Rock and Hume Formations where small 

springs and seeps are visible on canyon walls. Spring head sapping appears 

responsible for the development of one box canyon tributary to Dodo Canyon. 

The largest valleys of the first group have relatively smooth river profiles 

with few abrupt changes in slope, and cut across structure deep into the core of the 

foldbelt. They may represent the Tertiary drainage routes of the major rivers. The 

Arctic Red, Keele, and Redstone Rivers fall into this category. The courses of other 

major rivers are partially controlled by structure and do not possess a graded profile 

over their entire length. The upper Carcajou and Mountain Rivers follow a trellis 

pattern, though the trunk channels do cut across most of the outer ranges. All of 

these valleys have been scoured by montane ice. 

Glacial marginal canyons occur where mountain drainage and meltwaters 

were diverted and focused during glaciation. They are most common between the 

mountain front and the all-time Laurentide limit (Figures 5.5, 5.6). Included in this 

group are: (i) reaches of major river canyons currently integrated into the drainage 

network, (ii) sections of canyon now underfit or dry and abandoned, and (iii) canyons 

or channels cutting across drainage divides or occupying anomalous positions on 

mountain ·slgpes.1'h€ -lgw€r n~aches-gfmany gfthe major .riversandabandoned 

canyons show a deflection to the northwest. Carcajou River abruptly turns into a 

canyon paralleling the mountain front despite the presence of a more direct route 

onto the Mackenzie Plain. Dodo and Grotto Canyons, Katherine Creek, and 

Mountain River also have a northwest deflection near the mountain front. The 

location and orientation of these drainage elements have been strongly influenced by 

Laurentide Ice blocking pre-glacial drainage routes. 

Sections of dry and abandoned canyon are found in positions where they have 

drained proglaciallakes or functioned as ice marginal channels. One example is a 

canyon linking the drainages of Little Keele River and Dodo Creek. It is illustrated 
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canyon cuts through the Mount Kindle and Franklin Mountain Formations. The Bear 

Rock Formation is exposed along its rim. At its southeastern end is a large plunge 

pool developed beneath a dry 30 m waterfall. Since its abandonment, the canyon 

floor has been partially buried by slumps and talus. A small lake has been 

impounded at the north end by aggrading fans. This canyon was probably carved as 

a gorge that drained proglaciallakes and streams that were impounded and diverted 

by Laurentide Ice dams. This route was active when the ice position was between 

the limits mapped for the Katherine Creek and Tutsieta Lake Phases. This would 

produce an ice dam in Carcajou Canyon near the confluence with Rouge Mountain 

River. The lake generated would inundate portions of the Little Keele and Carcajou 

River Valleys to approximately 650 m elevation, and receive drainage from as far 

south as Little Bear River. There are other examples of abandoned canyons in the 

study area (Figure 5.8, 5.9). Above and parallel to segments ofCarcajou and Dodo 

Canyons are channel fragments that also held mountain drainage and meltwaters 

when ice was present in the main canyons. Some stretches are represented by deep 

canyons and others by lightly vegetated braid plains and sequences of fluvioglacial 

sediments. 

Channels and canyons also cut across divides. A canyon headed in Carcajou 

Lake extends to the northwest across a divide to the Mountain River basin. This 

drainage route was active during the Hungry Creek and possibly the Katherine Creek 

events. Most of these features occur at the limit of the Hungry Creek, Katherine 

Creek, or Tutsieta Glaciations. They are small in their dimensions, but some major 

canyon features may have been initiated as such channels. Dodo Canyon cuts 

sharply through the northwestern flank of Dodo Mountain from a position up high 

on the slope. The canyon cuts through older drainage elements in the area of the 

Dodo Canyon Karst. Much of the area now included in the Dodo Creek watershed 

was formerly drained by streams to the south of Dodo Mountain. Dodo Canyon may 

have evolved from an initial small ice marginal channel, and was enlarged during 

subsequent glaciations to a position where it progressively captured drainage. 
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The major canyons of the northern Mackenzie Mountains are of Quaternary 

age. The sharpness of their morphology makes them the most striking mesoscale 

geomorphic features of the Canyon Ranges. The role of such relief development as 

an influence on karst will be discussed in subsequent chapters. 



Tablle 5.1: Map reference, lab numbers, and Iodation of radiocarbon dates in the District of Mackenzie (various sources). 
Map Lab # Date (years BP) Locality Reference Material Significance 

1 GSC-331 >46,580 Mayo, Vk Dyck et aI, 1966 wood minimum date for Reid Glaciation 

2 GSC-524 >42,900 Stewart River, Vk Lowdon and Blake, 1968 wood minimum date for Reid Glaciation 

3 GSC-562 >35,000 Garry Island, NwT Lowdon et aI, 1971; Rampton, 1988 shells minimum date for Toker Point Stadial 

4 GSC-690 >37,000 Kenclallisiand, NWT Lowdon and Blake, 1968; Rampton, 1988 shells minimum date for Toker Point Stadial 

5 GSC-769 29,600±460 Silver Creek, Vk Lowdon and Blake, 1970 plants maximum date for Kluane (McConnell) Glaciation 

6 GSC-1088 >41,000 Banks Island, NWil" Vincent, 1983, 1984 moss minimum date for M'Clure Stadial 

7 GSC-1191 31,300 ± 640 Old Crow Flats, Vk Lowdon and Blake, 1979 plants maximum date for proglacial lake 

8 GSC-1262 22,400±240 Stokes Point, Vk Lowdon" and Blake, 1976; Rampton, 1982 peat minimum date for Buckland Glaciation 

9 GSC-1478 >19,000 Banks Island, NWil" Lowdon and Blake, 1973; Vincent, 1983 shells minimum date for M'Clure Stadial 

10 GSC-1618 >47,000 Little Bear R, NWT Duk-Rodkin and Hughes, 1991 wood minimum date Dark Rock Creek I 

11 GSC-1784-2 12,900 ± 150 Eskimo Lakes, NWT Blake, 1987; Rampton, 1988 grass minimum date for Tutsieta Lake Phase 

12 GSC-1995 13,000 ± 130 Eskimo Lakes, NWT Blake, 1987; Rampton, 1988 plants minimum date for Tutsieta Lake Phase 

13 GSC-2328 10,600± 260 Great Bear R, NWT Lowdon and Blake, 1979; Smith, 1992 plants minimum age of Glacial Lake Mackenzie 

14 GSC-2422 36,900±300 Hungry Creek, Vk Hughes et aI, 1981 wood maximum date for Hungry Creek Glaciation 

15 GSC-2690 16,000 ± 420 Doll Creek, Vk Lowdon and Blake, 1981; Ritchie, 1982 mud minimum date for Hungry Creek Glaciation 

16 GSC-2811 23,900 ± 1,140 Tom Creek, Vk Klassen, 1978; Lowdon and Blake, 1981 plants maximum date for McConnell equivalent 

17 GSC-3371 21,300 ±270 Rat River, NWT Catto, 1986 plants minimum date deglaciation, Rat River 

18 GSC-3387 13,100± 150 Tamarack Lk, NWT Blake, 1983; Ritchie etal, 1983 mud minimum date on Tutsieta Lake Phase 

19 GSC-3698 >37,000 Banks Island, NWT Vincent, 1984; Blake, 1987 shells minimum date for M'Clure Stadial? 

20 GSC-3813 21,200 ± 240 Rat River, NWT Catto, 1986 plants minimum date for deglaciation, Rat River 

21 GSC-3946 20,800 ± 200 Bluefish Flats, Vk Blake, 1987 plants maximum date for proglacial lake 

22 1-3574 12,460 ± 440 Old Crow Flats, Vir. Harington, 1977 bone minimum date for proglacial lake 

23 1-15,020 11,530 ± 170 Fort Norman, NWr Smith,1992 wood deglaciation from Fort Norman 

24 NMC-1232 25,170 ± 630 Cadzow Bluff, Vk Morlan, 1986 bone maximum date for proglaciallake 

25 RIDDL-801 48,200 ± 1,110 Kendall Island, NWT Vincent, 1989 shells minimum date on Toker Point Stadial 

26 TO-195 44,420 ± 630 Little Bear R, NWT Hughes et aI, in press wood maximum age for Hungry Creek Glaciation? 

27 TO-650 24,730 ± 260 Banks Island, NWT Vincent, 1989 shells minimum date for M'Clure Stadial 

28 TO-796 43,550±470 Garry Island, NWl' Vincent, 1989 shells minimum date on Toker Point Stadial 

29 TO-1190 11,760±90 Mountain R, NWT Smith,1992 wood deglaciation from Mountain River 

30 TO-2298 11,900 ± 80 Keele Lake, NWT Szeicz, personal communication, 1993 shells minimum date for Hungry Creek Glaciation 

31 TO-2295 12;060 ±80 Andy Lake, NWT Szeicz, personal communication, 1993 wood minimum date for Dark Rock Creek" 

32 TO-2375 10,230 ± 150 Bells Lake, NWT Szeicz, personal communicati.on, 1993 wood minimum date on Katherine Creek Phase r-' 
-----_.- "co 
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Figure 5.1: Wisconsinan ice limits in northwestern Canada. The numbered carbon dates are indexed to 
Table 5.1. Locations are discussed in the text (data from Hughes, 1987; Vincent, 1989). 
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Figure 5.2: Regional correlation of glacial deposits and events in northwestern Canada (various sources). 
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Figure 5.3: Glacial limits, type areas, arild distribution of deposits in northwestern Canada (after Hughes, 1987; 
Vincent, 1989; Tarnocai and Schweger, 1991). The Late Wisconsinan limit shown for the Laurentide Ice Sheet is a 
conservative view. Hughes (1987) argu~s for an all time Laurentide maximum at c. 25 ka that would include much 
of the area mapped as Early Wisconsinan on this diagram. 
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1 . Sitidgi Lake Stadial 
2. Tutsieta Lake Phase 
3. Kelly Lake Phase 

Figure 5.4: Retreat positions,of the Laurentide Ice Sheet in the Late Wisconsinan, and 
the locations of the type areas for the major stadials (Vincent, 1989). 
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Figure 5.6: Glacial landforms in the Carcajou Range, Mackenzie Mountains, N.W.T. The 
approximate limits of the Hungry Creek, Katherine Creek, and Tutsieta Glaciations are 
shown, as are the distributions of moraine fragments, meltwater channels, and erratics. 
Data are from aerial photograph interpretation and from Duk-Rodkin and Hughes (1991). 
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Figure 5.7: A south to north transect of the abandoned canyon between Little Keele 
River and Dodo Creek (top to bottom). The Bear Rock, Mount Kindle, and Franklin 
Mountain Formations are seen in outcrop. 
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Figure 5.8: The photo is looking northwest through "Dry Canyon" to Katherine Creek. 
The floor of Dry Canyon is at 580-590 m elevation, about 20 m above the level of the 
adjacent Katherine Creek floodplain. From aerial photography a braided channel pattern 
is seen on the area of the floor now vegetated. This meltwater channel is just beyond the 
limit of the Tutsieta Lake Phase. The rotational slump is in the Mount Kindle Formation. 

Figure 5.9: Photograph of "Kindle Canyon", the view is to the north. The canyon cuts 
through the Mount Kindle Formation, there are numerous mass movement deposits along 
its length. The canyon iioor is at 630-640 m eievation. This channei was iast active when 
drainage from the dry canyon of Figure 5.7 was routed via Dodo Canyon to this location. 



CHAPTER VI 

KARST LANDFORMS OF THE NORTHEASTERN MACKENZIE 

FOLDBELT 

6.1 Introduction 

Karst landforms and drainage systems are typically of limited extent in periglacial 

regions. Bedrock depressions are gradually infilled by the slow flux of frost 

shattered debris through the processes of solifluction, creep, sheet and rillwash. 

Where permafrost is continuous, the development of karst may be inhibited by the 

presence of an aquitard in the near subsurface. Despite these factors, karst does 

occur in areas of periglacial climate, particularly where permafrost is discontinuous. 

This chapter describes the range and characteristics of karst input, throughput, and 

output landforms observed in the study region. 

Karst is widely distributed in the northern Mackenzie Foldbelt (Figure 6.1). 

Mapping of karst features is not complete over the whole region. A range of features 

are present: karren, dolines, dry valleys, caves, springs, and tufa deposits. While the 

focu~ VV'~s ()p. si!e_s i!1 the CarcajQl.l Range, c()lllments in this s~ctiQn a!e e~tended to 

karst from adjacent areas. Geomorphological maps from the individual study sites 

are provided, with hydrochemical data presented in subsequent chapters. 

6.2 Karren 

Small linear dissolution features of the surface and shallow subsurface are 

collectively called karren. They function as input landforms to the epikarst and 

normally range in size between 1 cm and 10 metres, but may approach lengths of 

several hundred metres. Microkarren occurs at the millimetre scale. There are 

several types ofkarren and they are classified morphologically (Ford and Williams, 
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1989). A karrenfield is an assemblage of individual features extending over areas 

as broad as several square kilometres. Rarely are karren described on a regional 

scale, particularly where bedrock is mantled by soil and vegetation. The following 

discussion ofkarren is not exhaustive, only the most common forms associated with 

the Mount Kindle and Bear Rock Formations are described. 

6.2.1 Karren on the Mount Kindle Formation 

A karst pavement is a level or stepped karrenfield dominated by an orthogonal or 

polygonal network of vertical, solutionally enlarged fissures (grikes and splitkarren) 

occurring along joints, fractures, and minor faults (Figure 6.2)(Williams, 1966). 

Intervening bedrock areas (clints) support several lesser karren forms. Pavements 

are best developed on flat lying or gently dipping, massive, fine grained limestones 

that have been scoured by glaciation or other geomorphic processes that expose 

unweathered bedrock surfaces. Pavements are also present on dolomite, but typically 

support a smaller range and lower density of karren forms. Old pavement surfaces 

may become mantled by insoluble residue and irregular bedrock fragments of shill ow 

that result from solution along minor discontinuities (Figure 6.3). Shillow 

production is most rapid where bedding is thin and flaggy, the insoluble content 

high, and where frost wedging and shatter are intense. Pavements may also develop 

under the cover of thin, acidic soils that contribute carbonic acid and accelerate 

subsoil solution. 

Karst pavements occur at several locations in the Carcajou Range, developed 

on bare, flat to gently dipping dolomite of the Mount Kindle Formation. The 

formation is predominantly a medium to fine grained, vuggy, fossiliferous dolomite 

with minor chert. The most extensive pavement is at the Dodo Canyon Site and it 

is adopted as the type area for this karren assemblage. The site lies at an elevation 

between 600 and 800 m, at or just above the glaciallimit of the Tutsieta Lake Phase 

(13 ka). Large meltwater canyons occur south and north of the pavement and several 

smaller channels cut across its eastern portion. The occurrence of large plucked and 
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bulldozed blocks, and numerous stoss and lee forms, suggest the last glacial ice was 

warm based. The area is above treeline and is largely free of soil and sediment. 

Lichen and moss are locally observed on the bedrock surface. Moist locations are 

characteristically dark grey and black weathering, indicating the presence of an 

organic coating. Massively bedded intervals are separated by flaggy, thinly bedded, 

chert-rich units. This bedding pattern imparts a stepped appearance to the pavement 

(Figure 6.2). Strata dip northward at 50 to 100. 

The morphological characteristics of the Dodo Pavement are similar to those 

of other stepped pavements (schichtreppenkarst) that occur in glaciated and cold 

regions of Europe and North America (Bagli, 1980; Ford and Williams, 1989). 

Large karren features on the Dodo Pavement include grikes, splitkarren, solution pits 

and pans. There are few subsoil (rundkarren) features. Grikes are angular and sharp 

and are the dominant solution forms. Major grikes typically penetrate from the 

surface of the massive beds to the thin cherty units that are 1 to 2 metres below. 

These grikes spread orthogonally from several large fractures and lineaments that 

dissect the pavement area from the north to south. An en echelon pattern of smaller 

grikes and splitkarren intersects the main set at oblique angles, forming many 

triangular clints (Figure 6.2). A variety of closed and open splitkarren are developed 

along. minQLfissures. 

On the surface of clints there are a variety of minor features including small 

solution pits, grooves, shallow rillenkarren, and solution pans. Cockling and rippling 

may occur on steep slopes. In some areas thin bedded intervals break down into an 

almost complete cover of shill ow, particularly where chert is abundant along bed 

partings. The solution pans observed were typically 15 to 25 em in diameter and 3 

to 8 em deep with an outer rim raised 2 to 5 em above the general surface of the 

pavement (Figure 6.5). A thin layer of precipitated calcite commonly occurs at the 

rim crest due to the wicking of moisture from the pan base and subsequent 

evaporation. Pan bases are often covered in lichen and cyanobacteria contributing 

to accelerated local erosion. Overflow channels run outward from the pan centres 
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and small rillenkarren may develop on the nm edges. The rillenkarren are 

discontinuous and typically only 1 to 2 cm in length. The Mount Kindle Formation 

contains a diverse fauna; particularly abundant are silicified hemispherical coral of 

the genus Favosite. Individual coral heads approach diameters of 15 cm. Many 

solution pans appear to have developed within depressions that were formerly 

occupied by coral specimens. The heads were dislodged from the rock mass by 

either glaciation or frost wedging. Solution has enlarged these depressions. 

Small scale solution features are best developed, and the shillow frequency 

lowest, on clints where bedding is massive, the dolomite fine grained and 

homogeneous, and the chert content low. Lundberg (personal communication, 1988) 

identified an unusual microkarren form on the windward surface of smooth clints. 

These positive relief features, called wind streaks, are oriented parallel to the 

direction of major storm winds and averaged 1 mm in height, 20 mm in length, 

tapering in a down wind direction. Lundberg speculated that these forms result from 

solution by wind driven rain and sheetflow across the rock surface. Flow is diverted 

around minor inhomogeneities or impurities, focusing solution in intervening areas. 

Wind oriented microkarren are also reported on limestones from the Tibetan Plateau 

(Zhang et aI, 1993). 

At the Pyramid Lake Site, much of the Mount Kindle outcrop is debris covered, 

however, in some areas the weathering of the formation is characterized by dense 

pitting (Figure 6.4). The morphology is similar to that of phytokarst, outcrops 

pocked by a dense irregular network of concavities generated in part through the 

boring action of micro flora (Folk et aI, 1973). Jones (1989) identified a variety of 

fungi, algae, and bacteria responsible for these features on dolomite in the Cayman 

Islands. Although Viles (1987) has questioned the importance ofbiokarst processes 

in non-coastal areas, Jones (personal communication, 1993) supports the argument 

that these processes operate across a full range of environmental conditions. 

Identification of the particular organisms involved would require examination by a 

scanning electron microscope. 
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Measurements of grike widths provide an assessment of the rate of 

epikarstification following a glacial event. Lundberg and Ford (personal 

communication, 1988; 1994) identified two populations of grikes at the Dodo 

Pavement, a set of smaller, less well-developed grikes with an average width of39 

mm and a group oflarge grikes with an average width of72 mm. Goldie (1981) 

established the rate of grike widening on limestone pavements in Britain as 13 mm 

ka-1
. If it is assumed that the Dodo Pavement was a pristine surface following 

deglaciation, the rate of grike widening would vary between 3 and 5.5 mm ka-1
• It 

is probable that the larger grikes were not completely removed by the last glacial 

event and that they represent a preglacial population. 

The largest silicified corals rise between 60 and 80 mm above the level of the 

dolomite pavement. Erratic pedestals approach 70 mm in height. These data yield 

a postglacial surface lowering rate of approximately 5 mm ka-1
• This rate is much 

lower than those observed on limestone pavements in warmer, moister climates. 

Bogli (1961) calculated a rate of 15 mm ka-1 in the Maren Mountains of the Swiss 

Alps. Williams (1966) determined a rate of 12.5 mm ka-1 in County Clare, Ireland. 

At other temperate locations rates range between 30 and 50 mm ka-1 (Ford and 

Williams, 1989). Akerman (1983) estimated surface lowering on a dolomitic 

limestone at-Spitsbergen of 2.5nLmka-1
, whjchis_comparableto_theD_odo value. 

Compared to limestone pavements of the temperate zone, there are a smaller 

range and lower density of karren on the Dodo Pavement. The frequency and size 

of pits and pans are low, while rillenkarren, runnels, and shafts are largely absent. 

This distribution may be related to the slow rate of surface corrosion at the Dodo 

Pavement, which is likely a function of dolomite solubility and the semi-arid level 

of precipitation. However, the site does show the general characteristics of dolomite 

pavements found elsewhere in southern Canada. It is significant because it has 

developed under the conditions of a permafrost climate. 
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6.2.2 Karren on the Bear Rock Formation 

On the Bear Rock Fonnation, karren are restricted to the massively bedded limestone 

intervals of the Landry Member. The major karren features identified include 

solution pans, pits, rillenkarren, and cockling. No extensive areas of pavement occur 

due to the restricted area and the highly variable attitude of the Landry outcrop, the 

latter resulting from the underlying interstratal dissolution of evaporites. Solution 

pans are rare and are similar in morphology to those described on the Mount Kindle 

Formation. 

Rillenkarren are rainfall-generated linear solution channels. They extend 

downslope from crest line positions on bare rock outcrops and may grade into either 

cockling, consisting of a mixture of scallops, ripples, and discontinuous rills, or into 

a belt of smooth planar erosion (ausgleichflache). These are equilibrium features and 

once established subsequent retreat is parallel to the surface. Laboratory 

experimentation suggests rill length is directly proportional to surface slope (Glew 

and Ford, 1980). However, many field studies have not proven that relationship 

(Ford and Lundberg, 1987; Ford and Williams, 1989). 

Rillenkarren occur on the Landry Member at the Dodo Canyon Site (Figure 

6.6). This site was deglaciated at approximately 13 ka. Rill lengths were measured 

from the crest tops to ausgleichflache or cockling. Rill depth and width were 

determined at the rill midpoint. Data from the Dodo Canyon Site show: (i) there is 

no relationship between surface slope and rill length, (ii) rill width increases with rill 

length (r=0.62, n=87), and (iii) rillenkarren occur on crackle breccias (Figure 6.7). 

The rillenkarren depicted on Figure 6.6 and similar frost shattered exposures were 

not used for sampling length and width. The measured rill widths are consistent with 

the range expressed in the literature, although the relationship with length is not 

usually reported (e.g., Lundberg, 1977; Dunkerly, 1979). The Landry Member at the 

rill site is predominantly a homogeneous crackle breccia of calcite cemented 

fossiliferous pelletal lime wackestone. Solution across the fragments and cement 

were observed to be congruent. Rillenkarren were not found on the recessive lime 
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mudstone units of the Landry Member or where there was a mosaic or rubbly breccia 

fabric. 

The frequent occurrence of rillenkarren on the massive units of the Landry 

Member is in sharp contrast with the absence of these forms across extensive areas 

of dolomite on the Dodo Pavement. This is consistent with observations on dolomite 

outcrop elsewhere in Canada (Ford, personal communication, 1992). Presumably the 

dolomite is not sufficiently soluble to host such features. 

The highly fractured and heterogeneous outcrops of the Brecciated Member of 

the Bear Rock Formation do not support karren forms. Massive intervals of mosaic 

packbreccia tend to weather with a blocky spheroidal form. Rubble packbreccias and 

floatbreccias support sharp ridges and pinnacles at some locations (e.g., Figure 4.14). 

The heights of individual pinnacles were measured at the Bear Rock, Dodo Canyon, 

and Bonus Lake Sites. Pinnacle heights ranged from 1 to 15 m, with a mean of 

approximately 6 m (n=20). A weak relationship was observed between pinnacle 

height and circumference, but measuring the latter was often difficult. Pinnacles 

were observed with a lower frequency on the more resistant intervals of the Bear 

Rock Formation, and on the Franklin Mountain, Mount Kindle, and Hume 

Formations. 

__ In_a karst context, 3110s1_ pinnacles develop in a subsoil environment. CEnts are 

gradually rounded by rundkarren developing wide tapering subsoil grikes called 

cutters. This process reduces the clints to rounded pinnacles. Subsequent 

exhumation and exposure to rainfall may sharpen features with the development of 

hydraulic karren. Alternatively, pinnacles may develop as tower remnants in giant 

grikeland, corridor, or labyrinth karsts (e.g., Brook and Ford, 1978). At the Dodo 

Canyon Site, there are examples of pinnacles or small towers on the Mount Kindle 

Formation. These are found where mountain drainage and glacial meltwaters were 

routed near the limit of the Tutsieta Lake Phase. The Mount Kindle Formation at 

this site is strongly jointed and tower development accompanied toppling failures at 

the margins of meltwater charmels. 
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There were several subsoil cutters or grikes located in the Hume Formation at 

the Bonus Lake Site. Vertically tapering fissures infilled with sediment are observed 

in canyon exposures. Most of these features have a maximum width of less than 1 

m and a vertical dimension of 1 to 3 m. While there are some morphological 

similarities to cutters, the origin of these features is not attributed to subsoil solution 

during the Holocene. The infilling sediments are fluvioglacial and glaciolacustrine 

materials. The carbonate content of these sediments is high, indicating the relief on 

the underlying Hume predated deposition. The largest fissures are located where 

subglacial and glacial marginal channels cross-cut small mountain front canyons. 

These fissures may have an origin that is attributed to a combination of preglacial 

solution, erosion by meItwaters, and to tension associated with glaciotectonism. It 

is unlikely that the cutter forms observed at the Bonus Lake Site developed by recent 

subsoil solution. 

The pinnacles observed in the study region are predominantly frost features. 

Solution along minor fissures and discontinuities parallel to and dipping out of rock 

faces increases the susceptibility of outcrop to disintegration through frost wedging. 

The breccia of the Bear Rock Formation has a very high fissure frequency. Much 

of the strata that sustain pinnacles are particulate cemented rubble packbreccia and 

mosaic floatbreccias that contain a high proportion of large (>10 cm diameter) 

subangular dolomite and limestone clasts (Figure 4.14). The lime mudstone cement 

is preferentially weathered leaving the clasts partially extruding from the surface; 

subsequent solution and frost action along fissures then removes these blocks. At 10 

locations the geomorphic rock mass strengths of pinnacle strata were determined 

after the method of Selby (1980). A composite rating is assessed based on: intact 

rock strength, state of weathering, spacing of discontinuities, joint orientations, joint 

width, fracture continuity, and outflow of groundwater. The majority of pinnacle 

hosting strata were rated as weak, the more resistant calcite cemented packbreccias 

were predominantly rated as moderate and the massive Landry Member as strong. 

Pinnacles occur in the following situations: (i) on the flanks or near the tops of 
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steep valley, doline, and canyon slopes, (ii) on the headwalls of mass movement 

scars, and (iii) along sharp ridge crests. Pinnacles on steep slopes are locally 

resistant columns of bedrock, the intervening rock having been removed by frost 

wedging and rockfall. Typically these pinnacles occur as individuals and are 

bordered by talus. In active river canyons, talus accumulation is limited as these 

materials are quickly remobilized by braided streams. Where the pinnacles rim the 

upper slopes of dolines, the frost shattered debris is gradually moved downslope by 

solifluction and creep. In some instances, a sufficient accumulation of material has 

occurred on the doline floor to impede drainage. 

On ridge crests, pinnacles may not occur as discrete forms. At the Bear Rock 

Site there are many examples of sharp ridges supporting pinnacles. These features 

have developed since deglaciation at this site. Crag and tail features suggest the last 

ice was warm based and thus it is likely the ridges initially had a smooth whaleback 

form. Rock weathering has generated sharp ridges and pinnacles as high as 15 m in 

only 12 to 13 ka. 

6.2.3 Karren on the Hume Formation 

In the study region, much of the outcrop of the Hume Formation is mantled in glacial 

dep-Dsits ocissteeply dipping. Thus, no extensiveareasofp~vement wereJocated 

in the field or aerial surveys. Small scale karren forms do occur on the Hume 

Formation though they were not were not examined in detail. At the Bonus Lake 

Site, there are subsoil cutters and an area of giant grikes. The latter area is referred 

to as a giant grikeland and is described in Chapter VIII. 

6.3 Dolines and Depressions 

Dolines are mesoscale closed depressions of solution origin that constitute the major 

input landform to many karst systems. Dimensions and morphology vary, most 

being circular in plan and conical in section. Four genetic classes are recognized: (i) 

solution, (li) collapse, (iii) subsidence, and (iv) suffosion. Solution dolines develop 
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where bedrock corrosion is unevenly -distributed in the epikarst. This maybe a 

function of the localized capture of autogenic drainage due to spatial variations in 

bedrock porosity (drawdown doline), or the routing of allogenic drainage by cover 

or bordering rocks into inliers or outcrops of karst rock (point recharge doline). 

Williams (1983, 1985) argues that in carbonate rocks the enlargement of dolines to 

the classic topographic form requires the development of proto-conduits to link the 

epikarstic and main aquifers. This establishes an efficient route for the removal of 

solutes from the doline catchment. 

Dolines of other genetic classes are differentiated from solution dolines based 

on the secondary processes that accompany their development. Debates on 

classification have focused on areas of overlap between collapse and subsidence 

forms. Dolines of the collapse end member develop where bedrock or sediment fails 

catastrophically into underlying conduits. The resulting topographic feature may be 

distinguished from solution dolines by morphology. Fresh collapse features tend to 

be steep to vertical sided and have bordering catchments of limited or no areal 

extent. Where doline walls are accessible, examinations may reveal the presence of 

fractures across which coherent blocks of bedrock have been vertically displaced. 

A morphological similarity to solution dolines may arise when surficial materials 

accumulate within collapse features and their upper walls become dissected by 

weathering processes. 

Bedrock fracture is an integral component of the collapse process. Subsidence 

normally involves less fracturing, but between collapse and subsidence exists a 

continuum of process and form. Subsidence dolines and depressions are generated 

when solution occurs at depth and is propagated vertically to the surface by either 

sagging and folding, or by stoping through breccia pipes. The latter may also be 

produced through the failure of cave passages and be responsible for the origin of 

surficial collapse dolines, but pipes are far more common where evaporites occur in 

the subsurface. Essential to subsidence is the condition that a formation of high 

solubility underlies a less soluble cover and that circulating meteoric groundwaters 
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encounter the lower unit. Cover often consists of insoluble materials such as clastics 

and chert. Limestone and dolomite may be considered cover rocks when underlain 

by evaporites. Forms generated by deep solution are called subjacent karst by 

Jennings (1971, 1985), solution generated collapse structures by Simpson (1987, 

1988), and interstratal karst by Quinlan (1978). The latter term is applied to a range 

of features associated with solution of karst rock beneath a pre-karst cover of rock 

or sediment. In practise, the term karstification is attributed to changes in secondary 

porosity of carbonate rocks that are associated with solution and other processes, and 

the term subrosion is used to describe solution of evaporites under cover (Quinlan, 

1978). Subrosion is of particular significance to the study area where the Fort 

Norman (Bear Rock) and Saline River Formations occur in subcrop. 

Two major classes of interstratal karst are recognized: (i) point solution 

subsidence features and, (ii) areal solution subsidence features (Quinlan, 1978). 

Point solution features are produced by the localized corrosion of a karst rock 

beneath cover. Most of these forms are in limestone and have a vertical morphology. 

This class includes subsoil karren and pipes, geological organs, pocket deposits, and 

vertical shafts. Many of these forms are gradually infilled by their cover material as 

they develop, or the cover may fail abruptly and partially or completely infill the 

featureL It is _emph~size_dJhatthe~e featuI_es_are not formed onthe surface and then 

buried; they are younger than their cover. 

Areal subsidence features are associated with solution of evaporites in subcrop. 

Quinlan (1978) includes a range of planar and linear subsidence forms, and breccia 

pipes in this category. When evaporite removal is approximately parallel to the 

cover bedding the extensive subrosion of massive salts and sulphates can occur with 

little brecciation of overlying strata. Cover rocks and the topographic surface are 

gradually let down as a consequence of the sub crop erosion. However, subsidence 

may not be uniform if subrosion is concentrated along the axial traces of folds or 

along the zero edge of dipping or flat lying evaporite strata. Linear subsidence 

troughs are recorded at anticline crests where underlying salt has been removed 
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(Adams, 1940, 1944; Quillian, 1978) and above the zero edge of salt and anhydrite 

subcrops (Olive, 1957; Quinlan et ai, 1986) (Figure 6.8). The topographic 

expression of these troughs is highly variable. Small troughs developed from 

subrosion in the shallow subsurface may be sharp and possess several metres of 

surface relief. At the margins of extensive evaporite sub crops, the positions of active 

or former dissolution fronts may be marked by a salt slope. The largest troughs may 

be infilled as quickly as they enlarge and exhibit no relief. The latter are called 

solution-induced depositional basins by Quinlan (1978) and are commonly reported 

in the paleokarst literature (e.g., Tsui and Cruden, 1984; Bosak, 1992). 

On Great Slave Plain in the southern District of Mackenzie a large linear 

subsidence trough is developed above the zero edge of the Cold Lake salt member 

of the Mirage Point Formation (Meijer Drees, 1993). The Mirage Point Formation 

is the lateral equivalent of the Fort Norman Formation. The subsurface Cold Lake 

salt is distributed east of the Mackenzie River, from Wrigley to eastern Great Slave 

Lake. The salt and the bounding Paleozoic strata dip to the west and are locally 

overlain by flat lying Cretaceous clastics. The dissolution edge is on the northeast 

side of the salts distribution where it is within a few hundred metres of the surface 

or the sub-Cretaceous unconformity. The subsidence trough has a length of 

approximately 150 km and is expressed as an asymmetrical syncline in Devonian 

strata overlying the Mirage Point Formation. Its surficial expression is partially 

masked where the Cretaceous infills the structure. This shows that much of the 

subrosion was pre-Cretaceous. 

Solution breccias usually develop penecontemporaneously with evaporite 

subrosion, and are common where interbedded carbonate and evaporite strata are 

exposed to meteoric groundwater. The process of solution brecciation is discussed 

in detail in Section 4.7.2.3. It is topographically significant because of the associated 

foundering of cover rocks and the development of breccia pipes. Quinlan (1978) in 

a survey of the latter, found individual pipe diameters ranged from 1 to 1000 m, with 

upward stoping passing through a maximum 1500 m of cover. They occur in large 
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numbers wherever there are extensive subcrops of evaporites. In southeastern 

Saskatchewan, subrosion of salt and anhydrite of the Middle Devonian Prairie 

Evaporite has generated a variety of fault bounded solution generated collapse forms 

(Simpson, 1988). In plan view, features exhibit a circular, linear, wedge or blanket 

shape, while pipe, chimney, sink, dome, wedge and blanket morphologies occur in 

elevation. Where subrosion is concentrated at the evaporite superface (supraface), 

lateral expansion of conduits and localized subsidence and collapse has produced 

extensive blankets of breccia. Wedge, pipe, and linear bodies occur where subrosion 

is directed at the evaporite margin. Groundwater passing through underlying 

fractures or carbonate mounds to the evaporite subface produce pipes that stope 

through overlying strata (Figure 6.8). Pipes extend as much as 975 m from the 

evaporite into cover rocks and the surficial expression may be marked by 

topographic depressions and circular ponds (Christiansen, 1971a, 1971b; Gendzwill 

and Hajnal, 1971; Christiansen et aI, 1973). These features occur across the full area 

of salt sub crop although most of the large topographic sinks occur above the 

anhydrite member (Simpson, 1988). Quinlan and Ford (1973) suggest there may be 

hundreds of such pipes in the southern prairies, masked topographically by overlying 

glacial sediments. Large complex depressions are also recorded in the subsurface 

of the same region. The Rosetown-Lowjs a370 km2 basin developed-Ln the 

Devonian, 1500 m below the surface (De Mille et aI, 1964). It represents a large area 

where the Prairie Evaporite was removed by post-Mississippian subrosion and later 

infilled with younger sediments. Collapse structures are also associated with 

subrosion of the Cold Lake Formation in northeastern Alberta, and the Cold Lake 

salt member of the Mirage Point Formation in southern District of Mackenzie 

(Meijer Drees, 1986, 1993). 

Ford and Williams (1989) identify four possible dynarnic/topographic states for 

breccia pipes: (i) active, upward propagating pipes without a surface expression, (ii) 

active or inactive pipes expressed at the surface as a closed depression with or 

without a surface overflow chamlel, (iii) inactive pipes buried by younger strata, and 
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(iv) inactive with the pipe standing as a possible relief feature, owing to differential 

erosion with the surrounding strata. 

Suffosion dolines are surface depressions in unconsolidated materials overlying 

porous bedrock. Fine grained sediments are mobilized by infiltrating autogenic 

recharge and downwashed into subsoil karren and fissures. This is aided by mineral 

solution within the sediment cover. Suffosion dolines are common in alluvial and 

glacial deposits overlying buried karst surfaces, and in the alluvium of dry valleys. 

6.3.1 Distribution and Identification of Dolines and Depressions 

Karst depressions have been widely reported in the northern Mackenzie and Franklin 

Mountains, but there are few data available on the distribution and range of features 

(e.g., Hume, 1954; Aitken and Cook, 1974; van Everdingen, 1981; Michel, 1986; 

Duk-Rodkin, personaL communication, 1990) (Figure 6.1). van Everdingen (1981) 

has mapped karst from the Norman Range eastward to Great Bear Lake. Many 

landforms identified were simply depression contours shown at 50 foot intervals on 

1 :50000 scale topographic maps. This study involves mapping do lines and 

depressions in the Carcajou Range (Figure 6.9) and at the southern extent of the 

Norman Range (Bear Rock Site, Chapter X). The products of this work are viewed 

as a substantial improvement on earlier surveys in the region. 

Field sites were traversed by foot and the locations of depressions and ponors 

recorded. Mapping of intervening areas was accomplished by aerial photographic 

interpretation, ground truthed on data gathered during field surveys. The scale of 

photography varied from 1:15000 to 1:35000. Depressions were identified based on 

topography, drainage, and vegetation. The most distinctive features were enclosed 

in bedrock and had topographic catchments that were easily defined from the 

photography; ponded drainage and overflow channels occurred in some instances. 

Where the surface is mantled by sediment and the relieflow, drainage channels and 

solifluction lobes were used to determine the direction of surface flow and the points 

of convergence functioning as sink points. On flat or gently sloping terrain, dolines 
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were often identified as shallow, partially drained or empty ponds. These were 

normally linked by a series of overflow channels. Vegetation on protected and well

drained slopes fringing sink points often included large individuals of black and 

white spruce, and commonly, trembling aspen. The aspen was notably absent from 

exposed and moist locations. 

In addition to dolines in bedrock, there are several areas in the Carcajou Range 

where small depressions occur in former meltwater channels or dry valleys. There 

is a possibility of confusion with kettles in fluvioglacial outwash. Several 

characteristics were used to help distinguish between them. Sufl'osion do lines tended 

to be clustered in their distribution above outcrops of the Bear Rock and Saline River 

Formations. Kettles were more often solitary features and demonstrated no bias to 

a particular formation. Often former meltwater channels and braidplains could be 

identified in proximity to kettles. Surface drainage was often focussed to sufl'osion 

dolines while kettles remained independent. Sufl'osion dolines were more likely to 

drain than kettle ponds. 

Field work revealed a much higher doline density than was apparent from the 

photography. Under ideal conditions, features of diameter greater than 10 m could 

be identified by the latter method. However, below treeline and where local relief 

was small, featureB of that _dimension we~e undoQbtedly overlo_oked .. Most oil en the 

doline markers on Figure 6.9 are disproportionately large given the size of the 

landform on the ground; some are ponors within larger depressions. Where doline 

densities were very high, the distribution of markers represents the total population. 

Maps in subsequent chapters provide detail at the scale of individual study sites. 

Often it was possible to recognize dolines and depressions as members of a 

particular group; however, no attempts were made to index all features mapped. 

Several genetic categories of depressions are identified: (i) collapse-subsidence 

dolines, (ii) solution dolines, (iii) sufl'osion dolines, (iv) compound depressions, blind 

valleys, and pocket valleys, (v) subsidence troughs, (vi) poljes, and (vii) fault

bounded or structural depressions. The morphology of features between and within 
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groups are highly variable. 

Collapse-subsidence dolines, depressions, and troughs are observed on both 

karst and non-karst rocks. These strata function as cover over evaporites which are 

in shallow sub crop and are subroded by meteoric groundwaters. Frequently, cover 

hosted depressions occur on: (i) the crests and flanks of anticlines, (ii) monocline 

limbs, and (iii) gently dipping or horizontal strata. Landform density is highest 

above local zero edges of evaporite subcrops. 

Solution do lines and depressions, shallow collapse features, and blind valleys 

occur on exposed karst rock in a variety of structural situations. The largest 

depressions and polje are usually fault bounded, moraine dammed, or glacially 

scoured. The following sections describe the distribution and general characteristics 

of the depression landform categories and the typical structural situations in which 

they are found. Emphasis is given to those developed on the Bear Rock Formation. 

6.3.2 Collapse-Subsidence Dolines and Depressions 

Dolines of collapse origin are characterized by low width to depth ratios, sheer walls, 

foundered and' faulted strata, and small topographic catchllents (Figure 6.10). 

Dolines of this morphology are common in the study region, though it is likely that 

few have been generated by collapse into underlying conduits. They are 

predominantly subsidence features of the types described above. There are many 

examples from Carcajou Range (Dodo Canyon, Bonus Lake, Ration Creek Sites), 

Great Bear Karst (Kelly Lake, Moon Lake, Vermillion Creek), and Imperial Hills 
-

(Figure 6.1). In each case, cover units have failed due to stoping of underlying 

breccia pipes or with large linear depressions by trough subsidence (Figure 6.8). The 

cover units include: (i) Tertiary gravels, (ii) Cretaceous clastics (Little Bear and East 

Fork Formations), (iii) Upper Devonian clastics (Imperial, Canol, Hare Indian 

Formations), (iv) Middle Devonian carbonates (Hume and Bear Rock Formations), 

and (v) Cambrian to Silurian dolomites (Franklin Mountain and Mount Kindle 

Formations). Subrosion occurs in either the Fort Norman (Bear Rock) or Saline 
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River Formations. 

6.3.2.1 Regional Structural Setting 

Collapse-subsidence depressions occur in a number of structural situations. The 

following sections provide a brief description of the regional distribution of these 

features. This is not a complete inventory but rather a sample that typifies the 

landform setting. 

Vermillion Creek 

The most striking regional example of a post-glacial collapse-subsidence do line is 

the Vermillion Creek Sinkhole (Quinlan and Ford, 1973; van Everdingen, 1981) 

(Figures 6.1, 6.11). It is the largest of several features that occur near Vermillion 

Creek on gently sloping terrain, west of Norman Range (Figure 6.1). It is an oval 

shaped doline approximately 120 m long, 60 m wide, and 40 m deep, occurring in 

shale of the Canol Formation. At the nearby Imperial Vermillion Ridge No.1 well, 

the Fort Norman Formation occurs 300 m below the surface. The local evaporite 

thickness is approximately 250 m (Table 4.3, Tassonyi, 1969; Pugh, 1993). Water 

samples taken from within the sink and at nearby subpermafrost springs that flow 

into· V ermiUionGreekhave high-conGentFations· of Ga2+andSQl ions-(:r-AaGkenzie 

Valley Transportation Corridor Study, 1973; van Everdingen, 1981). These data 

indicate active circulation of groundwater in contact with anhydrite/gypsum. 

Subrosion in the Fort Norman Formation has developed breccia pipes that have 

stoped through the Hume and thin intervals of the Hare Indian and Canol Formations 

to the surface, generating the collapse-subsidence dolines. 

Great Bear Karst 

West of Smith Arm of Great Bear Lake, east of Moon Lake, and along the eastern 

Franklin Mountains, there are several hundred dolines and large depressions in 

gently dipphlg strata of the Franklin ~vfountain and Mount Kindle Formations (Figure 
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6.1, van Everdingen, 1981). Recharge to groundwater flow systems of the Franklin 

Mountains occurs along mountain crests and flanks with the principal aquifers being 

the Bear RockIFort Norman, Mount Kindle, Franklin Mountain, and Saline River 

Formations (Michel, 1986). Winter icings show much discharge occurs in down dip 

valley bottom locations and at fault traces. 

Subrosion of the Saline River Formation along groundwater flowpaths has 

generated the network of dolines in the Franklin Mountain strata. Many of these 

features are older than the most recent glaciation. The expanding network of dolines 

and depressions has captured a significant amount of surface drainage. Large scale 

areal subsidence has occurred over the crests of structural domes, where much of the 

underlying Saline River Formation has been subroded and the overlying strata let 

down. Similar features are noted in southern Franklin Mountains where the 

evaporite units occur in shallow sub crop (e.g., Cap Mountain). 

Imperial Hills 

There are collapse-subsidence landforms in the Imperial Hills of the Mackenzie Plain 

(Figure 6.1). The Hills consist of folded Paleozoic strata located between the 

mountain front and Carcajou River (Imperial Anticline: Figure 4.6). A range of karst 

features are present. Dolines occur on the crests or limbs of anticlines, where the 

Bear Rock Formation outcrops or is in shallow subcrop. At some locations, dolines 

have coalesced to form large lobate depressions or linear troughs that are aligned 

parallel to strike (Figure 6.12). Figure 6.12 and similar diagrams depict a change in 

facies and thickness between the Bear Rock and Fort Norman Formations, from 

solution breccia to anhydrite. The Arnica and Landry Formations are not shown 

separately though they are commonly recognized in well records as distinct units. 

In outcrop, their thicknesses do not warrant mapping at these scales. They are 

included with either the Bear Rock or Fort Norman Formations. 

In the eastern Imperial Hills, sharp collapse-subsidence dolines are developed 

in the Bear Rock, Hume, and Hare Indian Formations on fold limbs and crests. 
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Recharge passing through cover units has subroded the Fort Norman Formation. At 

the eastern plunging end of Imperial Anticline, a stream draining an area of several 

square kilometres on the Hume and Hare Indian Formations sinks into a large 

depression in the Bear Rock Formation. It is thought to resurge 1.5 km down dip at 

Sammons Creek, a tributary to Carcajou River (Hume and Link, 1945). 

Mountain River 

Dolines and compound depressions are found at the Mackenzie Mountain front near 

Mountain River (Figure 6.1). In this area, the Saline River Formation is near its 

depositional edge with only red beds and shales locally represented. To the west, the 

Bear Rock and Fort Norman Formations grade laterally into the Arnica and Landry 

Formations. Subsidence depressions are confined to those areas where the Fort 

Norman Formation occurs in subcrop. 

A monocline structure forms the mountain front in the region (Gayna Flexure: 

Figure 4.6). Helikian strata outcrop in the crests of broad anticlines to the southwest 

(Stony and Tawu Anticlines). Cambrian to Devonian strata outcrop on the 

monocline limb, and clastics on the Mackenzie Plain to the northeast (Figure 6.13). 

Karst depressions occur on the reef limestone member of the Ramparts Formation 

and on the_Upper J1evonian and_ Cretaceous formations. The depressions on the 

Ramparts Formation are probably solution dolines while those on the clastics units 

are interstratal karst of subsidence origin. Occasionally, linear troughs are developed 

parallel to strike. Evidently recharge passes down dip through the Hume, Bear Rock, 

Mount Kindle, and Franklin Mountain Formations bringing meteoric water into 

contact with the Fort Norman Formation. Across the area of subsidence depressions, 

the Fort Norman Formation occurs as much as 900 m below the sub-Cretaceous 

unconformity and 1200 m below the topographic surface. Formation thicknesses 

depicted in Figure 6.13 are from outcrops and a nearby well record (Imperial 

Whirlpool No.1). Elsewhere in the region interstratal karst features are recorded in 

similar structural situations along the Mackenzie Mountain front. 
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Ration Creek 

At the Mackenzie Mountain front east of Little Bear River, the hanging wall of 

Gambill Thrust fonns a prominent ridge. Cambrian to Devonian strata outcrop along 

the ridge and rest unconformably on Cretaceous clastic units. Dolines and troughs 

occur on the Hume, Bear Rock, and Mount Kindle Formations above the local zero 

edge of the underlying Saline River Formation. A sheer 50 m deep circular collapse

subsidence do line in the Bear Rock Formation is the sharpest single feature (Figure 

6.14). Strata of the underlying Mount Kindle Formation are exposed at the base of 

the sink. The Saline River Formation has been identified as a surface of decollement 

in the region (Aitken and Cook, 1974; Aitken et aI, 1982), and the planes of thrust 

faults as routes of regional groundwater flow (Michel, 1986). The deep doline is the 

obvious surface expression of a breccia pipe passing from the Saline River 

Formation, through dolomite of the Franklin Mountain and Mount Kindle 

Fonnations (subsurface Ronning Group), to the surface Bear Rock Formation. The 

combined thickness of the Ronning Group in the area is 500 to 600 m (Pugh, 1993). 

The terrain east of Gambill Thrust consists of low dissected plateaux in gently 

dipping Cretaceous and Tertiary clastics. Several shallow dolines occur along the 

crest of a plateau ridge 10 km east of Ration Creek Sink. These features may owe 

their origin to subrosion in the Fort Nonnan Formation. The C.S. Bluefish K-71 well 

(64°50'30" N Lat., 125°59'30" W Long.) is the closest borehole that penetrates to the 

Fort Norman Formation. In that well, the Fort Nonnan is overlain by 1338 m of 

Devonian and Mesozoic strata, 436 m of which are Mesozoic units (Pugh, 1993). If 

these dolines are the surficial expression of breccia pipes then subsidence must be 

propagated through a minimum of 900 to 1100 m of cover. The local hydrogeology 

is unlike the other cases described. The cover strata are gently dipping, thick 

impenneable units and there is no clear recharge-discharge zonation as is seen in the 

monocline, anticline, and fault examples. The possible superimposition of a glacial 

aquifer would increase the hydraulic potential, or unseen faults may move 

groundwaters of a regional flow system to the Fort Nonnan Formation. However, 
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it is also possible these shallow features are kettles or other pseudokarst forms. 

Carcajou Canyon 

Several small collapse-subsidence dolines are found on the steeply dipping 

northeastern flank of MacDougal Anticline above Carcajou Canyon. A series of 

dolines, each 20 to 30 m in diameter and up to 10 m in depth, are located along a 

lineament in the Franklin Mountain Formation. These are northeast of the Saline 

River outcrop, and represent subrosion of the latter beneath approximately 50 to 100 

m of cover. Nearby are some very shallow dolines in red beds of the Saline River. 

These landforms could be considered solution-subsidence features since little 

collapse of strata accompanied shallow subrosion. 

Dodo Canyon North Karst, Bonus Lake 

There are collapse-subsidence dolines at the Dodo Canyon Site (Chapter VII). The 

northern section of this site is called the North Karst. Within that area, individual 

dolines and compound depressions occur on the northward dipping limb of 

MacDougal Anticline in the Hare Indian and Hume Formations (Figure 6.10). Many 

features are steep sided but the slopes are vegetated, suggesting a period of recent 

stability. At-the Bonus-Lake-Site, coUapse..subsidence doIines -are confined-to· the 

Hume Formation, many are partially infilled with talus. The density is high, 

exceeding 10 km-2
, they are discussed in Chapter VIII. At both locations, subrosion 

of the Fort Norman Formation is responsible for subsidence. 

6.3.3 Depressions on the Bear Rock Formation 

At the Dodo Canyon and Bear Rock Sites, depressions on outcrops of the Bear Rock 

Formation include single and compound do lines, blind valleys, subsidence troughs, 

and fault bounded lowlands. These features are sufficiently numerous to warrant 

separate treatment from the collapse-subsidence depressions described above. 
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6.3.3.1 Dolines 

On the Bear Rock Formation, dolines exhibit forms ranging from sharp vertical 

walled depressions to broad flat floored shallow features (Figures 6.10, 6.11, 6.15). 

Ground surveys revealed that many collapse or subsidence dolines were partially 

infilled with talus, giving them the solution morphology. Consequently, individual 

or compound dolines could be attributed to combinations of subsidence, collapse, 

solution, and other processes. At each of the field sites, the general orientation of 

doline long axes were parallel to local strike. In addition, many dolines occurred 

within, or were aligned with, glacial meltwater channels (Figures 6.11, 6.17). 

There are many shallow, steep sided dolines at the Dodo Canyon Site where the 

Landry Member is locally present (e.g., Figure 6.10). The Landry functions as a 

strong cover unit over the Brecciated Member. Dolines occur above local areas of 

collapse and subsidence into the underlying evaporite breccia. They are generally 

20 to 50 m in diameter and 5 to 10m in depth. Where talus is absent, the walls may 

be near vertical. There are two main variants of these dolines. The first type usually 

has a flat to slightly concave bottom that is largely vegetation-free (Figure 6.15a). 

Many of these held water through the summer period due to a slow rate of 

infiltration. Overflow channels were common and were activated only following 

substantial ponding in the early spring. It is likely that water held in these dolines 

freezes to the bed in winter, and that the underlying permafrost and fine sediments 

account for the slow summer drainage of the ponds. This situation is similar to that 

described by Brook (1976) for the Nahanni Karst (Chapter II). The poor 

hydrological connection between the doline catchments and the underlying breccia 

results in a slow rate of solute removal from these basins. Data show that surface 

waters in these slow draining dolines are near saturation with respect to calcite and 

dolomite (Chapter VII). Thus, recharge through them has little solution potential. 

The flat floored morphology is preserved as the rate of talus and debris accumulation 

on basin floors keeps pace with solute removal. In some cases, debris accumulation 

has reduced the relief of the features, producing very shallow depressions. 
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The second type of doline is steep sided with a high depth to width ratio and 

a conical bottom (Figure 6.1Sb). They are developed in the Landry Member and 

extend vertically into the underlying breccia. Observations and strandline positions 

show that these dolines drain rapidly in the spring and early summer. The bottoms 

are commonly lightly vegetated (Figure 6.11). Hydrochemical data show that waters 

draining through these depressions are aggressive to calcite and dolomite. The 

efficient removal of solutes from these basins has contributed to their deepening into 

the Brecciated Member. These solution-subsidence dolines provide a good contrast 

with the perched examples. 

At the Bear Rock Site, the Landry Member is locally absent over much of the 

karst area. Consequently, dolines do not have a sharp morphology, instead 

depressions tend to be large compound features. Sink points are shallow and marked 

by grasses and tall aspen and spruce (Figure 6.11). Ponors within large depressions 

have the same characteristics. 

At the Dodo Canyon Site, there is evidence that the downslope walls of many 

former dolines have eroded away, producing cirque shaped basins (Figure 6.16). 

These features are called breached or horseshoe sinks. A steep backwearing slope 

gradually intercepts the doline, opening a gap in the depression. The downslope wall 

is efQded bY_3 combinati(m of~urfuc~ _overflow, solutiQu, andl1lass wasting. ~urfa~e 

overflows generate channels by solution and abrasion. Local groundwater passes 

from the sink points to seeps at the base of the slope. Rock is removed along these 

flowpaths but more importantly slope caves may develop at seep points (Section 

6.4.1). Slope cave formation is accompanied by mass wasting and slope retreat. 

There were several such features observed at the Dodo Canyon Site across several 

stages of development. Aerial photography showed the recent failure of one such 

doline. It was intact in 1974 when it ponded water: examination in 1988 revealed a 

slope cave collapse on the downslope wall and the feature was drained. In some 

breached sinks, the hydrological functioning of the karst continues, with local 

sinking on the doline floor and a downslone resumence as sunra and intranermafrost _ - .I......, - - -- - - - ... - - -- -. -- -~- --... - - -- --
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spnngs. In other cases, the seep positions have migrated upslope into the body of the 

breached doline. 

6.3.3.2 Compound Dolines 

Depressions are not limited to individual doline forms. Compound dolines (uvalas), 

fault bounded lowlands, blind valleys, subsidence troughs, and poljes are recorded 

in the study region. Uvalas result from the expansion and coalescence of adjacent 

dolines. They occur on the Bear Rock and Hume Formations. In plan view, the long 

axes of these depressions are often oriented parallel to strike, though their geometry 

can be irregular (e.g., Big Depression: Figure 7.7). In profile, they are similar in 

character to single dolines and differ only in scale. At the Dodo Canyon and Bonus 

Lake Sites, fluvioglacial deposits are present within several compound dolines. Field 

observations suggest glacial modification of these features by scour and meltwater 

eroslOn. 

At the Bear Rock Site (Norman Range) there are three large depressions. The 

features are an order of magnitude greater in their size than depressions at the Dodo 

Canyon and Bonus Lake Sites. The largest depression is three kilometres in length 

and 100 m deep. It is aligned along a reverse (thrust) fault in the Saline River 

Formation (Chapter X). The Franklin Mountain and Bear Rock Formations are 

exposed on the hanging wall. Elsewhere on the range, large compound depressions 

occur on gently dipping strata of the Bear Rock Formation, covering areas up to 1.5 

km2 with local relief to 100 m. 

6.4 Blind Valleys 

Valleys may develop on an area of karst rock in response to allogenic stream inputs. 

Valley morphology is related to: (i) the amount and timing of allogenic discharge, 

(ii) the infiltration capacity of surficial materials, (iii) the hydraulic conductivity of 

the karst rock, and (iv) the hydraulic gradient of the system (Ford and Williams, 

1989). Through valleys develop where allogenic inputs exceed the infiltration 
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capacity and hydraulic conductivity of the karst aquifer. The largest through valleys 

are deeply incised and may function as regional base levels, their streams gaining 

discharge from springs along their courses. 

Where allogenic inputs are less substantial, more of the discharge is captured 

by stream sinks and influent channel stretches. This fraction increases with 

progressive karstification of the aquifer. A half or semi-blind valley is one where all 

of the allogenic discharge is captured under normal flow conditions. During flood 

events the full valley length will take flow. Semi-blind valleys contain ponors and 

shallow dolines that function as stream sinks. A reverse step forms in the long 

profile, due to higher rates of corrosion in upstream reaches. In a fully developed 

blind valley, the total allogenic input is taken up by the karst aquifer. The 

hydrological function of a blind valley can be altered by changes in surficial 

materials that influence infiltration. The deposition of fine grained sediments or the 

aggradation of permafrost may result in a blind valley changing to semi-blind or 

through valley status. 

There are through, semi-blind, and half-blind valleys on the karst rocks of the 

study area. Carcajou Canyon is an example of a through valley; it dissects 35 km of 

the Franklin Mountain, Mount Kindle, Bear Rock, and Hume Formations along the 

mountain front. Regional thermaLspringsdischarge into CarcajouRiver where it 

cuts through onto the Mackenzie Plain. Straight Valley is an example of a semi

blind valley at the Dodo Canyon Site (Chapter VII: Figure 7.7). The incision of 

Dodo Canyon has cut off its allogenic source. Straight Valley is oriented normal to 

strike, has several small ponors along its length, and a large doline at its maximum 

penetration into the Dodo Canyon Karst. It is classified as semi-blind as some 

allogenic waters are diverted away from ponors and runoff to an adjacent stream 

course. At the Bonus Lake Site, a small stream on the Bear Rock Formation flows 

through a strike aligned valley along the contact with the Hume Formation (Chapter 

VIII: Bear Rock Valley). The stream gradually losses flow along its course and sinks 

in ~n Pynnl1.11rp nf thp l-TlltnP Hnrtn"tinn <l l'1"""il' pV<ltnnl .. nf" ., hlinrl ".,l1 .. u 
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However, many of these valleys features have been modified by glacial meltwaters 

and should be considered polygenetic features. 

6.5 Subsidence Troughs 

The origin and characteristics of subsidence troughs are discussed in Section 6.3. 

Troughs in the study area occur in several structural situations but predominantly 

near the zero edge of the Bear Rock Formation (e.g., Figure 6.8: salt slope) and along 

the axial traces of anticlines. Troughs of the latter type are developed in either the 

Bear Rock or in cover units where evaporite is in the shallow subsurface. In 

morphology, troughs are generally oriented parallel to strike, of variable length and 

width, and exhibit up to 50 m relief In many locations, troughs have been modified 

by glacial meltwaters or diverted mountain drainage. 

At the field sites, shallow troughs are recorded along the contacts between the 

Mount Kindle and Bear Rock Formations (Dodo Canyon Site) and between the Bear 

Rock and Hume Formations (Bonus Lake Site). Larger examples are seen at Ration 

Creek, along the MacKay Range (Figure 6.1), and at the Bear Rock Site (Chapter X). 

At Ration Creek, a linear depression of length 1,100 m, width 50 to 100 m and 

average depth 20 m, occurs in the Bear Rock Formation on the hanging wall of 

Gambill Thrust (Figure 6.14). The Bear Rock dips steeply and the trough is 

developed along the trace of its outcrop. Subrosion of evaporite has contributed to 

the lateral expansion of a surface depression along strike. 

6.5.1 MacKay Range 

The MacKay Range is an upthrust inlier of Paleozoic strata on the Mackenzie Plain 

(Figure 6.1). The range rises 500 m above the level of the surrounding terrain. Steep 

thrust and reverse faults are exposed on its northeastern side where the Bear Rock 

and Franklin Mountain Formations are brought to rest upon the Cretaceous Slater 

River Formation (Figure 4.2). Across the crest area, a tight anticline runs the full 

length of the range (Figure 6.18). Strata as old as the Cambrian Saline River 
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Formation are exposed. The fold limbs dip steeply with local values exceeding 70°. 

Two large linear depressions are developed along the range; both are close to 

the range crest southwest of the fault traces. The bounding slopes are steep and 

mantled in talus. The larger feature is illustrated on Figure 6.18. The depression has 

a length of3.2 km, an average width of 1 km and a maximum depth of 160 m. It is 

developed in the Bear Rock Formation. The Franklin Mountain Formation is 

exposed at a fault to the northeast. These features are interpreted as subsidence 

troughs. Post-Paleocene folding and faulting upthrust Paleozoic strata. Subsequent 

erosion of the Hare Indian, Canol, and Hume Formations over much of the range 

exposed the Bear Rock Formation to fresh meteoric groundwater. The removal of 

the evaporite in the Bear Rock and possibly the underlying Saline River Formation 

has generated the troughs. Well records in the area show the two formations have 

a combined total of 450 m of anhydrite and halite. 

6.6 Poljes 

Poljes are karstically drained, flat floored, closed basins that are at least 400 min 

width and are bounded by steep valley walls (Gams, 1978). Moraine Polje is the 

only depression feature in the study area that satisfies this formal definition (Figure 

6.1). The basin floor has an area of 5 km2 and a maximum width of 1250 m~ The 

total drainage area is 92 km2
, making it the largest karst watershed in the region. 

Moraine Polje occupies the limb of a major syncline in Devonian strata and is 

elongated parallel to its axial trace. Runoff from the Katherine Group, Franklin 

Mountain, and Mount Kindle Formations sinks on the basin floor near the contact 

between the Bear Rock and Hume Formations. The basin is dammed by a moraine 

of Hungry Creek age, deposited by the lobe of the Laurentide Ice Sheet that occupied 

the Keele River Valley (Chapter V). However, sinking and resurgence points are in 

bedrock. The feature matches the description of a border polje, where allogenic 

runoff onto an alluviated basin sinks into underlying karst rock. 

There are also examples of small overflow poljes. In these cases, the floors of 
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the depressions are underlain by relatively impermeable strata. Spring flow from one 

end of the polje sinks through ponors at the opposite end. At the Dodo and Bonus 

Lake Sites, there are shallow depressions of this basic morphology (Carcadodo and 

Bonus Valleys). In both cases, the shale interval of the Hume Formation forms the 

local aquitard. These features are polygenetic. The flat floors have been produced 

by combined action of glacial meltwaters and lateral corrosion. In addition, they are 

not sufficiently wide to qualify as formal poljes, though they do function 

hydrologically as karst. 

6.7 Caves 

Conduits are the throughput landforms of the karst system. The widespread 

distribution of dolines and the discharge behaviour of some springs suggests conduit 

aquifers occur in the study region. Well records from Mackenzie Valley record 

cavernous porosity in the Bear Rock (Fort Norman) Formation (e.g., Hume and Link, 

1945). Despite this, there are few locations in the study region where enterable relict 

cave passages are preserved. Solution caves were observed in the Bear Rock and 

Hume Formations, but only in the latter did they warrant exploration. Far more 

common were slope caves. 

6.7.1 Slope Caves 

Cliff and steep exposures of the Brecciated Member of the Bear Rock Formation 

often appear to possess substantial cavernous porosity (e.g., Figure 4.11). Close 

investigation of what may be large solution cave openings are usually shown to be 

shallow rock shelters termed slope caves or frost pockets (Figure 6.19). The cave 

mouths range from <1 to 10 m in height. The openings are normally backed by 

inclined sub circular passages that gradually taper to a pinch. Occasionally, 

rectangular rooms were observed to expand from small openings. In a cave from the 

Bear Rock Site, a room with a volume of80 m3 enlarged from an entrance of 0.6 m 

height. 
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Total passage lengths are usually <10 m. Interior surfaces are frost riven, 

rockfall debris mantles the cave floors, and talus ramparts occur at cave entrances. 

Patterned ground is observed on passage floors and on the talus ramps. Often a sink 

point as a shallow doline or ponor is located immediately upslope of the cave and 

groundwater seeps are common in the ceiling rock. There is a tendency for cave 

openings and passages to develop along large fractures and shear planes (Figure 

6.19). Displacement along some of these planes were recorded by the presence of 

slickenslides. These general observations are consistent with slope cave descriptions 

from other periglacial regimes (e.g., Schroeder, 1979; Mitter, 1982). 

A slope cave at the Dodo Canyon base camp was observed from early spring 

to late summer. Upslope a shallow doline is present in the Landry Member. This 

sink functions as a site of depression storage during snowmelt and following rainfall 

events, and is the likely supply of groundwater flow to the cave (Figure 6.19). The 

drip rate through the slope cave ceiling increased over the course of the summer, as 

seasonal frost thawed and flow routes were established between the sink and seeps 

points. In addition, the drip rate increased following major storm events. 

Morphological evidence suggests slope cave initiation occurs on steep slopes 

at the locations of groundwater seeps and minor springs. Frost action and solution 

botapla}' a role as they do in_pinnacle_development. SQlutiQnQftheJimeston~clasts 

and micrite cement gradually increases the effective porosity and rate of water 

transmission from sink to seepage points. The rock mass strength is reduced as 

breccia fragments are loosened. Frost wedging and gravitational fallout of these 

loose clasts enlarge the passage and produce the frost riven appearance of ceilings 

and walls. 

Rockfall frequencies were high during the freeze thaw cycles of late summer 

when the rock surfaces were moist. Rockfall was spatially concentrated at the top 

of the passage where tensional stresses are maximum and groundwater seeps 

common. Clast fallout and occasional slab failure generate the debris mantle and 

talus rampart. These materials are moved slowly downslope by slow mass wasting 
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processes. At the Bear Rock and Dodo Canyon Sites, the strata that support these 

features are primarily vuggy particulate cemented floatbreccias. 

6.7.2 Solution Caves 

The Nahanni Formation of the southern Mackenzie Mountains is host to extensive 

solution caves in the South Nahanni River area (Brook, 1976). The Hume Formation 

is the northern Mackenzie Mountain equivalent to the Nahanni Formation. Solution 

caves are most common in the upper massive member of the Hume at the Bonus 

Lake and Dodo Canyon Sites. 

The caves explored and mapped were limited in their length. There were no 

significant finds in the area examined. Cave entrances were modified by periglacial 

processes. They displayed many attributes of slope caves: frost riven walls, debris 

ramparts, and patterned ground. The extent of frost penetration into a cave is related 

to the passage diameter, average wind conditions, and cave geometry (Wigley and 

Brown, 1976). Caves with multiple large entrances may experience seasonal frost 

several hundred metres within a passage. Most of the caves examined in the study 

had only one entrance, often of small diameter, or had a low passage close to the 

mouth. Frost shattered surfaces generally extended only 5 to 20 m into these caves. 

In the largest caves, there were marked changes in cave climate. The frost riven 

entrance zone experiences above freezing temperatures during the summer period; 

this is backed by an area of hoar frost and ice speleothem that occasionally thaw, and 

finally within the interior a dry permafrozen zone. 

Solution caves were round in the rollowing situations: (i) as vertical fissures 

adjacent to cliff edges, (ii) on the downslope wall of dolines, and (iii) as fragments 

of strike aligned phreatic passage. In the first case, the initial fissures may have been 

generated by stresses accompanying cambering at cliff edges. However, there is 

evidence of solutional enlargement. One example from Carcajou Canyon displayed 

subrounded passages and a horizontal section. This cave had no upslope catchment, 

suggesting the possibility of ice contact speleogenesis. At a steep exposure at Bonus 
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Lake, vadose passages are cut through 20 to 30 m of the Hume Formation where 

allogenic drainage is concentrated off the Hare Indian Formation. Similar features 

are reported in the Franklin Mountain Formation at the MacKay Range (Ford, 

personal communication, 1994). 

In the second situation, small cave fragments were observed penetrating the 

downslope walls of dolines in the Hume Formation at Bonus Lake. These fragments 

were above the level of the active doline ponors. The passages were frost riven with 

much rockfall debris on their floors. These fragments are abandoned conduits that 

were last active when doline floors were at a higher level. In these dolines, vertically 

directed solution and subsidence exceeded lateral erosion and therefore horseshoe 

or breached sinks did not develop. 

Most of the caves examined belong to the third class. At Bonus Lake, remnants 

of an extensive system of phreatic conduits are preserved in upland blocks of the 

Hume Formation. The system has been dissected and fragments can be extrapolated 

across dolines, canyons, valleys, and meltwater channels. Mapping shows a system 

of passages that are predominantly parallel to strike with a slight inclination down 

dip. Some sections are aligned with joints and fractures that are normal to strike. 

The cave passages examined were phreatic in their morphology, they have smooth 

walls that are&ubmunded in section with Qccasional solution pockets. The_single 

longest cave explored had only 100 m of maze passage. Usually the caves became 

impassable due to sediment fills, breakdown or pinches. Much of the sediment fill 

was of glaciolacustrine and fluvioglacial origin. Composite forms were present as 

arches. The single largest example was 20 m high and 15 m wide (Chapter VIII). 

The distribution and characteristics of these caves suggest the initial 

development occurred on gently dipping exposures of the Hume Formation. A 

system of strike aligned proto-conduits was gradually enlarged as shallow solution 

dolines were developed and linked. Events in the Quaternary fragmented the conduit 

aquifer at Bonus Lake. Canyon incision and the erosion of meltwater channels 

locally increased the hydraulic potential, driving groundwater circulation into the 
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underlying Fort Norman Formation. Subsidence-collapse produced deeper dolines 

and troughs, and large scale foundering. Consequently, the Hume conduit aquifer 

was abandoned. The relict passages have been modified by glacial and periglacial 

processes. Many contain glacial fills and all have been modified by frost, producing 

the coarse ramparts at entrances. 

6.8 Tufa 

Tufa and travertine are the principal output landforms of the karst system. Tufa is 

a granular deposit of calcium carbonate that accretes to algal filaments and plant 

fragments at spring and shoreline locations (Ford and Williams, 1989). Typically 

tufa is coarse grained, earthy, and has a high porosity. Travertine is a dense, layered, 

crystalline carbonate deposited within conduits or at highly mineralized hot springs. 

In the study area, tufa deposits were observed at spring locations at the Dodo 

Canyon and Bear Rock Sites. In both cases, the spring waters were oversaturated 

with respect to calcite. These data are presented in Chapters VII and IX. 

6.9 Pseudokarst Forms 

In the study area there are depressions that were not formed primarily by solution, 

including: (i) kettles in fluvioglacial outwash, (ii) depressions in mass movement 

deposits, (iii) thermokarst forms, and (iv) hummocky moraine. Usually it was 

possible to differentiate between such pseudokarst forms and legitimate karst 

depressions. 
- - -

The characteristics used to distinguish between kettles and dolines are 

discussed in Section 6.3.1, kettles are not plotted on Figure 6.9. Several rotational 

slumps were observed on canyon margins in the Mount Kindle Formation (e.g., 

Figure 5.8). In addition, a major rock avalanche is present on the western wall of 

Carcajou Canyon southeast of the Dodo Canyon Site developed in the Franklin 

Mountain Formation. There were also several active layer detachments and 

mudflows in surficial materials. Normally the mass movement deposits did not 
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possess closed depressions. However, on slumped blocks of the Mount Kindle 

Formation there are depressions that function hydrologically as dolines. Solution 

contributed little to their development and they are not identified on Figure 6.9. The 

deposit of the Carcajou Canyon rock avalanche contains several depressions. The 

failure surface appears to have been the contact zone between the Saline River and 

Franklin Mountain Formations. Solution within the former may have contributed to 

the failure. It is likely that solution continues in the slide mass and these depressions 

are therefore treated as karst. 

Thermokarst forms were identified at the periphery of the Bear Rock Site, in 

an area of high ground ice content. Such depressions are primarily confined to the 

Mackenzie Plain and are not significant in the mountainous terrain where ground ice 

content is generally low. Similarly, hummocky moraine deposits are not common 

in the study region. There are small ponds and depressions in glacial sediments in 

some high cirques in the Canyon Ranges but these are easily recognized from aerial 

photography. 
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Figure 6.1: Distribution of karst in the northern Franklin and Mackenzie 
Mountains. The shaded regions are characterized by internal drainage and/or a 
frequency of dolines and closed depressions greater than 2 km,2. Karst data are 
from aerial photographic interpretation, van Everdingen (1981), and Duk-Rodkin 
(personal communication, 1990). Also indicated are spring locations sampled by 
Michel (1986) in a hydrogeological study of the Mackenzie Valley, and the position 
of the southern Mackenzie Mountain Nahanni Karst (Brook, 1976). 
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Figure 6.2: Oblique aerial view of the Dodo Pavement. This schichtreppenkarst 
(stepped pavement) is developed on gently dipping dolomite of the Mount Kindle 
Formation. The pavement covers an area of approximately 2 km

2 
and has been 

ice free for 12-13 ka (photograph by J.A. Lundberg). 

Figure 6.3: Tors on the Plains of Abraham, strata is dolomite of the Mount Kindle 
Formation. This area is in continuous permafrost and is unglaciated. Outcrop 
surfaces are mantled in shillow, karst pavements are absent. Geomorphic 
processes are dominated by frost shatter and slow mass wasting (photograph by 
D.C. Ford). 

228 



Figure 6.4: Dense pitting of the Mount Killdle ~ormation at the 
Pyramid Lake Site. This weathering morphology has some 
similarity to phytokarst, although the concavities ,are smaller and 
the outcrop frost shattered. This site is at 1100 m elevation, in 
c:ontinuous permafrost, and has been ice free for >13 ka. 

Figure 6.5: Solution pan (kaminitza) on the Dodo Pavement. Pan 
diameter. is approximately 25 cm, depth varies between 5 and 8 
cm. The raised rim and flat organic covered bottom are typical of 
pan features on the Mount Kindle Formation and on the Landry 
Member of the Bear Rock Formation. 
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Figure 6.6: Rillenkarren on the Landry Member of the Bear Rock Formation. The lower 
portion of the outcrop has been broken away to show the crackle breccia of the limestone. 
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Figure 6.7: Rillenkarren data from the Dodo Site: a) rill width vs' rill length and; b) rill length 
vs surface slope. The latter is consistent with other field studies (Ford and Williams, 1989). 
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Figure 6.8: Model illustra~ing the occurrence of areal subsidence-collapse features 
in cover units above an eV?lporite subcrop. The evaporite may be either halite or 
anhydrite. Solution-induced subsidence basins, salt slopes, and subsidence troughs 
are generated at the evapbrite margin (zero edge). Brecciation will normally accom
pany subrosion at the eva~orite superface. Breccia pipes commonly develop where 
groundwater travels via carbonate mounds (reefs) or deep fractures to the evaporite 
subface, and solutes are removed through brine density circulation. Consequent 
sagging of the evaporite urilit initiates an upward stoping pipe. There are several ex
amples of such large scale subsidence features in the study region, including the 
Vermillion Creek Sinkhole '(Figure 6.11) (Ford and Williams, 1989). 
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Figure 6.10: A vertical walled collapse doline at the Dodo Canyon Site (lower left of photo). 
It is in the resistant Landry Member of the Bear Rock Formation. Only the southern end of 
the feature is visible (see plan view) . Variable dips indicate uneven foundering; faults on the 
walls and within a large interior block show vertical displacement. There are two ponors 
within the doline and another in a clump of vegetation in the small trough to the lower right. 
In the study region, a majority of dolines of this size were partially infilled by talus from local 
rockfall. The valley running left to right across the photograph is the principal discharge 
zone of the Main Karst at the Dodo Canyon Site. The Hume Formation produces the cliff. 
The area of low relief behind the Hume cliff is the interstratal North Karst (in clastics). The 
positions of sinks are shown by clusters of unusually tall spruce and aspen. 



Figure 6.11: Examples of dolines from the study region. (Left) 
A series of solution-subsidence dolines in a linear trough and 
meltwater channel at the Dodo Canyon Site. (Upper right) The 
Vermillion Creek Sinkhole, a collapse-subsidence feature in 
shale of the Canol and Imperial Formations. Subrosion occurs 
in the underlying Fort Norman Formation. (Lower right) A 
shallow vegetated doline in the Bear Rock Formation. N 
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Figure 6.12: The Imperial Hills are a series of low mountains located on the Mackenzie Plain 
between Carcajou River and the Mackenzie Mountain front. The Hills consist of folds in 
Paleozoic strata. The Imperial Anticline runs the length of the western section of the Hills. 
Karst occurs in the Hume and Bear Rock Formations along the crests and limbs of this, and 
other anticlines. In the section and map above there are a number of compound dolines within 
a subsidence trough in the Bear Rock Formation. To the east, sharp collapse dolines are 
deveioped where the Hume Formation forms a cover unit over the Fort Norman Formation 
along anticline crests (geology after Aitken et ai, 1982; Pugh, 1993). 
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Figure 6.13: The Gayna Flexure forms the mountain front in the Mountain River area. The map 
shows a small tributary of Mountain River cutting through Devonian strata on the limb of the 
monocline. Solution dolines occur on Ramparts Formation, and collapse-subsidence features 
are deveioped on clastics of the Imperial Formation and the Cretaceous units. The latter 
features are the surficial expressions of breccia pipes generated by subrosion of the Fort 
Norman Formation under a maximum of 1200 m of cover (after Aitken et a', 1982; Pugh, 1993). 
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Figure 6.14: Dolines and linear depressions occur on the hanging wall of Gambill Thrust, 
east of Little Bear River. The largest feature. Ration Creek Doline, is an oval shaped, steep 
walled sink located within a linear trough. The trough is in the Bear Rock Formation, its axis 
is parallel to strike. The doline extends into the Mount Kindle Formation. The morphology 
suggests a collapse-subsidence origin. Subrosion originates in the Saline River Formation 
which subcrops 500 to 600 m below the feature (after Aitken and Cook, 1974; Pugh, 1993). 
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Figure 6.15: Two types of dolines in the Bear Rock Formation observed at the Dodo 
Canyon Site. (a) Helicopter Sink is an example of a slowly draining, flat bottomed, 
shallow doline developed in the Landry Member. (b) 3006 Sink has a high depth to 
width ratio, drains rapidly, and extends vertically into the Brecciated Member. 
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Figure 6.16: Development of a breached or horseshoe doline. The model is based on 
observations at the Dodo Canyon Site. The downslope wall of the doline is eroded by 
a combination of: solution along shallow groundwater flowpaths, breakdown in slope 
caves, and surface overflow. Debris is removed by slow mass wasting, solution, and 
surface runoff. Permafrost may inhibit a deeper circulation of sinking waters with the 
effect of increasing lateral erosion and the opening up of dolines. 
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Figure 6.17: Plan view of two dolines in a linear trough at the Dodo Canyon Site. 
The trough cuts through the resistant Landry Member into the Brecciated Member. 
These dolines are similar to those depicted on Figure 6.11. These troughs functioned 
as meltwater channels during glaciation. Many dolines are located in such features. 
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Figure 6.19: Characteristic morphology of slope caves in the study region illustrated 
by three examples. They are most common in the Brecciated Member of the Bear 
Rock Formation. In cross section the cave consists of a short, steeply inclined 
passage with a broad opening. A talus rampart occurs at the entrance. Patterned 
ground may be present on the cave floor or as stone stripes in the mobilized debris. 
Expansion occurs by solution and frost wedging at seep points . An upslope sink or 
ponor supplies groundwater to the cave seeps, fractures operate as flowpaths . 



MacKay Range Section, Formations (Lithology) 
MacKay Range Map Ke East Fork (shale, sandstone) 
Sheet: NTS 96 C/12 N Klb Little Bear (sandstone, shale) 
-- Line of Section 

1 
Ksr Slater River (shale) 

Contour Interval 100 ft Di Imperial (shale, sandstone) 
Scale 1 :50,000 Dhc Hare Indian/Canol (shale) 

MacKay Range Cross Section 

Southwest 
en 
ro 600 

.§.. 400 
c 
.2 200 -t-....,.....-----r---r'" 

~ 0 
COl 

Dh 
Db 

Din 
COl 
Cs 

240 

Hume (limestone, shale) 
Bear Rock (gypsilerous dolomite 
and limestone breccia) 
Fort Norman (anhydrite, dolomite, lime 
Franklin Mountain (dolomite) 
Saline River (red beds, salt, gypsum) 

Scale 1 :35,700 

Northeast 

, , 
Klb " ... Ke Ksr 

, , ... , m ; -, , 
w -200 ~ ___ ~ ___ ~ __ ~ __ ~/ _CS_-~-_-~~_~~~~_r-__ "'~ __ ~ 

o 2 3 4 5 
Distance Along Section (km) 

Figure 6.18: An anticline runs the length of MacKay Range. The northeastern limb is cut by a 
series of steep reverse faults, strata on both limbs dip sharply, locally approaching vertical. 
The Mount Kindle Formation is absent over this area. Along the crest of MacKay Range there 
are two large linear depressions interpreted as subsidence troughs. The northern trough is 
shown on the map above with a section below. Local well records (G-78: Table 4.3) indicate 
the Fort Norman Formation exceeds 300 m in thickness and the salt of the Saline River 
Formation is 150 m (Figure 4.8). The troughs are developed through subrosion of these units 
along the anticline crest and faults. Elsewhere on the range, dolines and karren occur on the 
Bear Rock and Hume Formations (geology after Cook and Aitken, 1976; Pugh, 1993). 



CHAPTER VII 

THE DODO CANYON SITE 

7.1 Introduction 

The Dodo Canyon Site is situated at the Mackenzie Mountain front approximately 

40 km southwest of Norman Wells (Figure 3.1). The terrain rises abruptly from the 

Mackenzie Plain to a sloping upland that is sharply incised by river canyons (Figure 

7.1). Segments of canyon, valley, and channel features are either underfit or 

abandoned, such as Kindle and Dry Canyons (Figures 7.1, 7.7). This morphology 

is due to glacial meltwaters and diversion of mountain drainage as described in 

Chapter V. Karst input landforms occur on some upland blocks. Springs discharge 

into bordering canyons and valleys. 

Fieldwork was conducted at the Dodo Canyon Site in June and July of 1987, 

May and July of 1988, and August of 1991. Geological and geomorphological 

mapping were undertaken, and water samples were collected for hydrochemical and 

stable isotope analyses. Figures 7.2 and 7.9 show water sampling locations. The 

pattern of recharge was monitored at sink points, and the discharge of springs and 

surface streams were measured. This chapter reviews these data, proposes a model 

of groundwater circulation in the local aquifer, and discusses the geomorphic role of 

solution at the site. 

7.2 Site Description 

Dodo Canyon divides the study site into western and eastern sections (Figure 7.2). 

Dodo West comprises the Mount Kindle pavement described in Chapter VI, and an 

area of dolines on the Bear Rock Formation. The Main Karst lies on the Bear Rock 

F ormation between Dodo and Carcajou Canyons, south of a meltwater channel 
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developed along the Bear Rock-Hume contact (Figures 7.3, 7.4). Informally, this 

channel is called Carcadodo Valley (Figures 7.5, 7.6). Northward is an interstratal 

karst on the Hume, Canol, Hare Indian, and Imperial Formations (North Karst) 

(Figures 7.7, 7.8). 

The Main Karst is separated into crude zones of holokarst (Sink Zone), 

fluviokarst (Fluvial Zone), and discharge (Carcadodo Valley). It was initially 

thought to represent a small autogenic karst basin (Figure 7.9). The Sink Zone is a 

region of dolines and dry valleys that operate as a recharge area for a series of 

springs in Carcadodo Valley (Figure 7.5). Most of the dolines and ponors store 

surface runoff during snowmelt and gradually drain through the spring and early 

summer (e.g., sample location D8). A few of the ponds remain perched (e.g., DI9). 

The largest linear depressions are Straight and Dry Valleys. Both contain several 

ponors and lack integrated surface channel networks (Figures 7.9, 7.10). At the 

northern end of Straight Valley is a large doline called Big Sink (D7), where much 

runoff converges during snowmelt and precipitation events. Straight Valley is an 

example of a blind valley. It was formed by allogenic runoff from the Mount Kindle 

F ormation and was subsequently truncated by Dodo Canyon. The Straight Valley 

should be considered semi-blind because some autogenic recharge is diverted away 

from ponors and the Big Sink to adjacent surface streams in the Glade. Dry Valley 

is oriented parallel to strike and located up-dip of a major break in slope. It has 

morphological similarities to a subsidence trough. A deep unnamed doline occurs 

at the western end of the valley and is the focus of recharge (Figure 7.10). 

There are several dolines located along a ridge crest at the northern end of the 

Sink Zone. This ridge is the Scarp. The Landry Member outcrops along the full 

length of the Scarp and it has been dissected by glacial meltwater channels (e.g., 

Figures 6.11,6.17). Most of the depressions penetrate into the underlying Brecciated 

Member. In places, the dolines have a sharp collapse form, though they are more 

appropriately classified as point solution-subsidence features (e.g., Figure 7.11). Big 

Depression is a compound feature at the eastern end of the Scarp. Other large 
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dolines include Bear Scat Sink and Strand line Sink (Figures 7.9, 7.12). In the 

southern portion of the Sink Zone, dolines are shallow and the depressions broad. 

The Fluvial Zone is an area of ephemeral streams, small meltwater channels, 

and breached dolines located between the Scarp and the springs of Carcadodo 

Valley. Most of the precipitation that falls on this zone infiltrates into small ponors 

and dolines, fractured bedrock outcrops, angular surface debris, and channel beds. 

This zone is considered a fluviokarst. Two channels, Window and Fan Canyon 

Streams, carry most of the discharge. Fan Canyon Stream heads in a large breached 

depression called the Glade (D26, D40) and flows through a steep canyon (DI4) to 

an alluvial fan built onto the floor ofCarcadodo Valley (Figure 7.9). Under normal 

flow conditions, Fan Canyon Stream sinks into its bed near the apex of this fan 

(D38). This flow is thought to resurge at the eastern boundary of the fan as a diffuse 

collection of small springs. Window Stream is fed by suprapermafrost springs 

downslope of the Big Depression (D18), and surface flow to Carcadodo Valley is 

recorded only during snowmelt and following summer storms (DI7). 

Carcadodo Valley is the principal discharge area of the Main Karst, and 

process investigations were focussed within and south of this channel (Figures 7.2, 

7.4, 7.5, 7.6, 7.9). Several springs occur in coarse fluvioglacial sediments west of 

the fan. These springs comprise the Great Spring Line. Water was sampled from the 

Great Spring Line in a channel east of the main springs at location D33 . Additional 

samples were taken 400 m downstream ofD33 at location D5, where discharge was 

also periodically gauged. This is Fan Stream. It was thought to be a resurgence of 

Fan Canyon Stream (D38), but data show they should be treated separately. 

Eastward, Fan Stream joins a series of small ponds in the valley. A second stream 

(Fox Spring/Stream) flows into the first pond at its southwestern end. This stream 

is fed by at least two groups of springs, including a low discharge flow emerging 

from fractures in the Bear Rock Formation (Fox Moss Spring: D4), and nearby 

aggraded springs supplying an area of wetland. Fox Swamp Stream (D39) drains 

this wetland and is tributaty to the flow of Fox Moss Spring. In portions of the 1988 
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field season, the combined discharges of Fox Swamp Stream and Fox Moss Spring 

were measured at location D43 (Fox Well) and are collectively called Fox Spring. 

The aggregate flows of Great Spring Line/Fan Stream, Fox Spring, Window, and Fan 

Canyon Streams account for most of the discharge into Carcadodo Valley. Flow 

variations of these and other sources are reviewed in later sections. 

The size of the ponds in Carcadodo Valley varied with season and stage. The 

discharge of Red Rock Brook, the stream that links these ponds was monitored at 

location D3 for much of the 1987 and 1988 field seasons (Figure 7.5). The discharge 

record is not available for early July of 1988 when the ponds coalesced following a 

major precipitation event. There are no significant inputs into Carcadodo Valley 

between D3 and the Terminal Sink, where Red Rock Brook drains near the contact 

between the Bear Rock and Hume Formations (Figure 7.6). 

The floor of Carcadodo Valley is approximately 100 m above that of 

Carcajou Canyon. There is a series of springs at the base of the west wall of 

Carcajou Canyon, east of Terminal Sink. Water samples were drawn from individual 

spring points (D2, D42) and from a spring-fed channel (Carca-Spring Stream: Dl, 

D35, D37). Springs discharged directly from the Bear Rock Formation or from 

alluvium stratigraphically below the Hume contact. At location D2, water was taken 

directly from a fissure in the Landry Member. Samples from other locations are 

discussed elsewhere in the text. 

7.3 Geology of the Dodo Canyon Site 

Outcrop in the Dodo Canyon area spans the Upper Proterozoic to Upper Cretaceous 

(Figure 7.8; Aitken and Cook, 1974). Dodo Mountain is at the northwestern 

plunging end of MacDougal Anticline, the axial trace of which extends to the 

southeast, parallel to Carcajou River. Resistant Proterozoic strata of the Katherine 

Group and Unit H5 of the Little Dal Group outcrop in the anticline core. Paleozoic 

strata comprise the northern flank of Dodo Mountain and dip to the northeast toward 

Grotto Syncline of the Mackenzie Plain Synclinorium. At the field site, older strata 
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occur in sub crop and are exposed in Dodo Canyon at the base of Dodo Mountain. 

Across the Main Karst and the Dodo Pavement, the Bear Rock and Mount Kindle 

Formations dip gently to the north-northeast at 5° to 10°. However, at the local 

scale, the dip and strike of the upper Bear Rock Formation is highly variable. 

Towards the Scarp of the Main Karst, strata dip more sharply. At the floor of 

Carcadodo Valley and Carcajou Canyon, dips average 20° and are locally as great 

as 35° (Figure 7.8). 

At the Dodo Canyon Site, the areas that function as hydrological karst are 

confined primarily to the Bear Rock and Hume Formations, with a small zone on 

Upper Devonian clastics of the North Karst. These areas are depicted as belts of 

enclosed drainage on Figure 7.7. Under most circumstances, precipitation onto these 

zones is captured by karst input landforms, though overflow can occur under extreme 

conditions. Much precipitation onto the Mount Kindle Formation also sinks over the 

area of the Dodo Pavement, but delineation of enclosed drainage on the pavement 

was not attempted. In the following section, field descriptions are limited to the 

main doline-hosting strata, the Bear Rock and Hume Formations. The Dodo 

Pavement was described in Chapter VI and the regional stratigraphy in Chapter IV. 

7.3.1 Burne Formation 

The Bear Rock and Hume Formations were examined at several locations in Dodo 

Canyon. Observations were consistent with the surface division of the Hume 

Formation into an upper resistant unit and a lower recessive unit. At three locations, 

the thickness of the upper member was measured between 60 and 70 m. The 

recessive interval is partially covered by talus and has a maximum observed 

thickness of 25 m. The upper unit is a thick bedded, grey weathering, cliff-forming 

wackestone and packstone. The lower unit consists of alternating sequences of: thin 

to thick bedded nodular wackestone, and thin to laminated, planar and wavy beds of 

argillaceous lime mudstone and shale. The nodular beds are discontinuous and are 

draped by the argiiiaceous iaminae. The content of terrigenous material is highest 
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5 to 10m above the base of the lower member. The lower few metres of the Hume 

Formation is a more resistant thin to thick bedded wackestone that passes gradually 

into the underlying Landry Member of the Bear Rock Formation. 

7.3.2 Bear Rock Formation 

In the Dodo Canyon area, the Bear Rock Formation is thinner and has a higher 

terrigenous content than sections described elsewhere in the Mackenzie and Franklin 

Mountains (e.g., Morrow, 1991). The thickness varies between 80 and 100 m in 

exposures from Dodo Canyon, with the Brecciated Member comprising the bulk of 

the outcrop. The Landry Member is locally absent in the northern part of Dodo West 

Karst. 

7.3.2.1 Landry Member 

The Landry Member is assigned to the Bear Rock Formation across the area of the 

Norman Wells High and is the lateral equivalent of the regionally extensive Landry 

Formation. At the Dodo Site, the Landry Member consists of alternating sequences 

of: recessive, platy weathering, laminated to thin, planar and wavy bedded lime 

mudstone, and resistant intervals of thin to thick planar bedded, lime mudstone and 

wackestone (Figure 4.13). Bands of very resistant, blue grey and smooth, massive 

weathering lime mudstone occur between the lower Hume Formation and the 

Brecciated Member of the Bear Rock Formation. This generates a ribbed appearance 

to some outcrop. Intervals of calcite-cemented crackle breccia are present in massive 

weathering units. Calcite-cemented mosaic packbreccia and floatbreccia occur in 

some laminated intervals. 

The lithology of the member was tested in the field and laboratory. All field 

samples were limestone. Several hand specimens and thin sections were polished, 

etched, and stained with Alizarine Red S and Titan Yellow using standard 

procedures (Dutro et aI, 1989). The staining confirmed the field determination of 

calcite. Minor staining in the veins of the crackle breccia suggested the possibility 
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of high magnesium calcite. 

The Landry Member averages 15 m in thickness at the Dodo Canyon Site, 5 

to 8 m of which consists of massive units. In most exposures, the contact between 

the laminated Landry and the underlying Brecciated Member is gradational over a 

distance of 1 to 2 m. However, there are examples of abrupt contact between the 

breccia and massive bands. The member is distributed across the full area of the 

Main Karst and is locally eroded from Carcadodo Valley. Much of the rugged 

topographic character of the Main Karst is attributed to the resistant cap of the 

Landry. Where the Landry is absent, such as over much of Dodo West Karst, the 

topographic expression of the Bear Rock Formation is recessive. 

7.3.2.2 Brecciated Member 

Exposures of the Brecciated Member of the Bear Rock Formation were examined in 

Dodo, Dodo West, and Fan Canyons. The member is a calcite- and particulate

cemented mosaic and rubble packbreccia, discontinuously interbedded with 

particulate-cemented floatbreccia (Figures 4.11, 4.12). Outcrops are vuggy, highly 

fissured, and locally bituminous. The terrigenous content is as high as 5%. Breccia 

clasts are angular to sub rounded and range in size from granules to boulders. 

Fissures and discontinuities often act as failure planes, imparting a slaky appearance 

to outcrop. 

Packbreccias are predominantly grey weathering and resistant. Crude, wavy, 

thick bedding units are recognizable when outcrops are viewed from several metres, 

but appear chaotic upon closer examination. Clasts in packbreccias are not sorted 

and are poorly oriented along strike. They are, on average, larger than those in the 

float breccia intervals. Large coherent clasts with pre-breccia laminae preserved are 

common. 

Floatbreccias tend to be tan or orange weathering and recessive. Most of the 

clasts are smaller than cobble size and are primarily angular, although rounding is 

more common than in packbreccias. Floatbreccia segments occur between thick 
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beds and intervals of packbreccia, and along pipes and fractures linking them. The 

observations support the general model of Morrow (1991) where floatbreccias 

develop from interbedded dolomite and anhydrite (Figure 4.15). Highly localized 

collapse, breakdown, and subsidence into minor conduits accompanied evaporite 

subrosion, producing small, slightly rounded clasts with a preferred orientation down 

dip. Packbreccias represent thick intervals of dolomite overlying massive anhydrite. 

Solution produces areal subsidence and uniform brecciation of the overlying 

dolomite. 

The lithology of the member was examined in the field and laboratory. 

Approximately 70% of the clasts tested in the field were limestone; the balance were 

dolomite. The particulate cement was micrite. Staining of polished hand specimens 

and thin sections confirmed the field data. Many clasts were completely 

dedolomitized while others were less altered. It is suggested that dedolomitization 

accompanied solution brecciation. Primary depositional structures within clasts were 

not always destroyed by this process. 

7.4 General Hydrology, Hydrochemistry, and Isotopes 

The following section reviews the hydrological and hydrochemical characteristics 

of recharge and discharge across the Dodo Canyon Site. Over three field seasons, 

130 samples of stream, spring, and pond waters were taken from 44 locations on the 

Bear Rock, Mount Kindle, and Hare Indian Formations (Figures 7.2, 7.9). 

Temperature, pH, conductivity, and ion concentrations were determined on site or 

in the laboratory (Chapter III). Complete analyses were undertaken for 90 samples 

(Appendix I). Water samples are grouped into types on the basis of their location, 

temperature, conductivity, discharge, and hydrochemistry (Table 7.1). Table 7.2 

describes individual sampling locations. Mean values of the above parameters for 

each of the water types are presented in Table 7.3. 

Precipitation samples are called Type 1 waters. Springs are divided into 

classes that crudely reflect the depth and length of flowpaths from recharge to 
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discharge points. Springs are from flow systems of: (i) shallow (Type 2), (ii) 

intermediate (Type 3), or (iii) deep origin (Type 4). Shallow springs are 

characterized by low values of temperature, discharge, conductivity, and TDI (total 

dissolved ion). In permafrost regions, such springs normally drain the 

suprapermafrost aquifer (van Everdingen, 1990). Deep springs (Type 4) are either: 

(i) thermal, low discharge flows of high conductivity and TDI, or (ii) cold, high 

discharge flows of low conductivity and TDI. Groundwaters of the subpermafrost 

aquifer have these characteristics (van Everdingen, 1990). The physical attributes 

of intermediate springs show some mixing between waters of shallow and deep 

origin. 

Streams were classified by their physical and chemical similarities with one 

of the above spring types (Types 5, 6, and 7). Ponds and dolines were categorized 

according to their rate of drainage. Perched or very slowing draining ponds were 

separated from those that had high rates of infiltration (Types 8 and 9). Samples 

taken off the Bear Rock Formation or from locations remote from the Main Karst 

were treated separately (Types 11 through 16: Table 7.1). These samples possessed 

characteristics that warranted separate classification. 

7.4.1 Catchment Delineation 

In studies of karst aquifers, much attention is given to defining areas of recharge for 

spring points. Worthington (1992) identified five potential problems involved with 

catchment delineation: (i) groundwater boundaries may not coincide with 

topographic boundaries, (ii) recharge to a given area may branch to more than one 

spring point, (iii) flow routes in the system may vary with stage, (iv) discharge may 

occur from unmonitored underflow springs, and (v) the catchments may consist of 

non-contiguous topographic components. A specific cold region addendum to the 

list that may be proposed here is : (vi) flow routes may vary with season due to the 

influence of frost on infiltration. 

Under ideal conditions, dye tracing from sink to spring points provides data 
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required to accurately define the area of a recharge catchment. Many factors may 

complicate tracing, including situations where: (i) conduit porosity is poorly 

developed and flow through times are lengthy, (ii) recharge is diffuse, (iii) 

precipitation events are infrequent, (iv) spring points are aggraded, (v) springs rise 

in the bottoms of rivers or lakes, and (vi) background fluorescence is high. To 

varying degrees, each of these difficulties were noted at the Dodo Canyon Site and 

only two successful traces were completed using Rhodamine WT. The first trace 

was an attempt to establish a connection between the Sink Zone and Carcadodo 

Valley. Dye was introduced into surface flows above infiltration points in the area 

of Big Sink (D7) on July 2, 1987 and May 26, 1988. Charcoal detectors were placed 

at several locations in Carcadodo Valley. Analyses of elutant from the 1987 test 

showed positive results at Fox Well (D43); the 1988 test was positive at Fox Well 

(D43) and Fan Stream (D5). Flow through times were less than 30 days to Fox Well 

(July 2, 1987 test) and less than 50 days to Fan Stream (May 26, 1988 test). These 

data show groundwater recharge moves from the Sink Zone, down dip and 

subparallel to strike, discharging in Carcadodo Valley. 

A second set of traces were done between Terminal Sink (D44) and Carca

Spring Stream. Dye was introduced into the eastern pond on four occasions; twice 

detectors along Carca-Spring Stream were lost to flooding of Carcajou River. The 

first dye injection was done on June 18, 1987, detectors were placed between DIS 

and D37, collected on June 22, replaced and collected again on July 4. Analyses 

indicated a positive trace to location D37 by June 22, and between D 1 and D35 by 

July 4, 1987. The test was repeated on August 16, 1991, the detector at D37 was 

positive by August 17 and at D35 by August 27. The flow at Terminal Sink enters 

the Bear Rock Formation just below the contact with the Hume Formation. The 

strata dip steeply to the north. Fossil conduits were observed in the Hume Formation 

at the Dodo Canyon Site and elsewhere. A probable location for resurgence of Red 

Rock Brook is along Carca-Spring Stream, south ofD37, at the contact between the 

Hume and overlying Hare Indian Formation. However, the apparent positive 
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between D35 and D1 presents some difficulties with interpretation. Springs at this 

location discharge at the base of the Hume Formation and possess physical and 

chemical properties that are much different from the sinking waters of Red Rock 

Brook (Section 7.4.3). 

The extent of the Red Rock Brook catchment can be estimated from 

topography. The topographic basins of Fan Canyon and Window Streams were 

mapped from aerial photographic interpretation and field checking. These surface 

waters are a small fraction of the total discharge into Carcadodo Valley. Much of the 

precipitation on these watersheds infiltrates into the active layer and small sinks. 

The approximate catchment recharging the dolines and ponors of the Sink Zone is 

also known and together with the Window and Fan basins a minimum area of 

recharge to Carcadodo Valley is established. 

It is probable that there are contributions to the system from bordering 

streams. Dodo Mountain Stream (D23) is at the eastern end of the Main Karst and 

has a topographic basin of2 km2 on the northern flank of Dodo Mountain. It was 

examined east of the Sink Zone during dry periods and following precipitation events 

of 5 to 10 mm. The channel was either dry or carrying a discharge of only a few 

litres per second. Flow was visibly reduced as the stream crossed from the Mount 

Kindle to the Bear Rock Formation. The channel was armoured with cobble and 

boulder sized clasts showing that high flows accompany intense precipitation events. 

It was not possible to estimate infiltration into the stream bed across the full range 

of flows, nor can it be assumed that recharge is directed to Carcadodo Valley. 

Additional recharge to Carcadodo Valley may also occur from an area of 

do lines east of Dodo Mountain Stream, and through a smaller stream channel at the 

southern end of the Main Karst. There is also potential for recharge from the floor 

of Dodo Canyon. The contact between the Mount Kindle and Bear Rock Formations 

occurs on the canyon floor at 380 m elevation, approximately 2.5 km south and 60 

m above the elevation of the Great Spring Line. The hydrochemical facies of Great 

Spring Line, Fan Stream, and Fox Spring sho\v there is a deep chloride-rich 
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groundwater component to the discharge of Carcadodo Valley (Section 7.4.3). 

Possible contributions are from Dodo Creek or from groundwaters more distantly 

recharged. The Saline River and Bear Rock Formations are the major aquifers in the 

northern Mackenzie Mountains (Michel, 1986a). An extensive outcrop of the Saline 

River Formation occurs along Echo Creek several kilometres to the southwest, up dip 

of the Dodo Canyon Site. Flow paths from this recharge area to Carcadodo Valley 

are not blocked by the core of MacDougal Anticline, which does effectively function 

as a barrier to recharge from areas to the south (Figure 6.20). These and other 

potential flow paths are examined together with data on hydrochemistry, discharge, 

temperature, and natural isotopes in subsequent sections. 

7.4.2 Variations in Recharge and Discharge 

The following is a general review of flow variations in the Sink, Fluvial, and 

Discharge Zones recorded during field observations. 

7.4.2.1 Winter-Spring: Sink (Recharge) Zone 

The field area was not examined during the winter period. At Norman Wells, 

snowfall comprises 45% of the total annual precipitation (Figure 3.2; Table 3.1). 

Accumulation typically begins in early October and melting is initiated in late April 

and early May. Snowfall levels in the winter of 1986-87 were average, and in 1988-

89 approximately 70% of normal (Figure 7.12). In the field season of 1987, 

snowdrifts persisted in shaded locations into late June, including a large snow dam 

in Fan Canyon above location D 14. In 1988, fieldwork began on May 14 and at that 

time the snowpack was observed to be ripe. The last spring snowfalls occurred over 

the period May 14 to 16 and totalled 5-6 cm. The distribution of snow in the Sink 

Zone showed the importance of winter drifting. Exposed surfaces were largely 

snow-free while deeper snow was present in depression features and in the forested 

floor of the Carcadodo Valley. Melting accelerated in late May when daytime highs 

reached 15°C. 
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Several ponds were completely or partially frozen over in mid-May of 1988. 

These were shallow, flat bottomed ponds that freeze to their beds and drain very 

slowly through the summer period. In steep sided conical dolines, standing water 

was fed by melting snow and overland flow from local catchments. At several sinks, 

large drifts and surface seeps supplied recharge at rates greater than the infiltration 

capacity (Figure 7.13). Where there were highly fractured outcrops or solution 

conduits at doline bases, snowmelt and surface seeps infiltrated quickly. In the Big 

Sink (D7), much of the snow had melted by May 20 and standing water was 

restricted to several small depressions. In the more densely forested Straight Valley, 

mid-May snow depth was up to 50 cm and persisted into late May. Water marks 

showed ponors in that area were slowly draining. 

7.4.2.2 Winter-Spring: Fluvial Zone 

In the basins of Fan Canyon and Window Streams, many surface seeps and 

suprapermafrost springs contributed to stream flow in the spring period. In June of 

1987 and May and June of 1988, the discharge of Fan Canyon Stream (location 

D14), varied between 2 and 15 L S-1 . This stream was typically sustained to the north 

end of Fan Canyon (location D38) where it infiltrated into the coarse surface of an 

alluvial fan. Over the same period, the discharge of Window Stream varied between 

5 and 20 L S-1. The flow seeped into angular debris below a break in slope at location 

D 17, and entered a pond in Carcadodo Valley as a diffuse flow through an organic 

mat east of Fox Spring. In addition, there were several other minor streams in the 

Fluvial Zone, including Camp Stream (D11, D13), which discharged into the western 

end ofCarcadodo Valley. 

7.4.2.3 Winter-Spring: Discharge Zone 

The main springs supplying flow to the Carcadodo Valley are not perennial. The 

Great Spring Line CD33) and Fox Spring CD4, D39, D43) were examined in May of 

1988. l'leither displayed the large icing features that characterize perennial, low 
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discharge spring points in the region. It is likely that flow ceases in the early winter 

before major icing construction. Spillway Spring (D36) comprises a series of 

perennial low temperature subpermafrost springs. Frost blisters and icings develop 

at spring outlets and persist well into late summer. The thermal springs feeding 

Carca-Spring Stream also flow through the winter period, though icings associated 

with them are removed by Carcajou River when in flood. 

In the summer period, a series of shallow ponds occupies the eastern portion 

ofCarcadodo Valley (Figure 7.5). In mid-May of 1988, there was little open water 

on the valley floor. Most of the pond basins were covered by a veneer of fine 

sediments overlying 10 to 15 cm of needle ice. Ground icings and small frost blisters 

were locally present. The needle ice, ground icings, and frost blisters resulted from 

freezing of saturated sediments and minor groundwater discharges. Some shore-fast 

ice was located on the pond margins. The ice distribution suggested the ponds had 

partially drained before freeze-up. Ice was also present in some parts of Red Rock 

Brook (D3), however, much was the result of snow drifting into the channel and 

refreezing earlier in the melt season. 

During the snowmelt period, flow into Carcadodo Valley included 

contributions from several small suprapermafrost springs (e.g., DlO), Fox Moss 

Spring (D4), Fan Canyon (DI4, D38), Window (DI7), Camp (Dll) and several 

minor streams. Great Spring Line (D33), Fan (D5), and Fox Swamp Streams (D39) 

were not active. A shallow channel carried the combined discharge under the ice of 

Red Rock Brook to Terminal Sink. High water marks showed an earlier pulse of 

snowmelt had infilled that pond to near capacity, dislodging and melting the shore

fast ice. 

Due to channel ice, the continuous discharge series from Red Rock Brook is 

not available for late May and early June of 1988. However, manual gaugings were 

undertaken several times and the systems response to precipitation monitored. On 

May 19, 1988 the discharge of Red Rock Brook was 32 L S·1 at the well location 

(D3) . The level of Terminal Sink was low, the stream infiltrating as it approached 
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the easternmost ponor. A 20 mm rainfall event on May 23 and 24 triggered a rapid 

response in discharge. Flow peaked at D3 late on the 24th, at over 70 L s·'. On the 

afternoon of May 25 the discharge had fallen to 53 L s·' . Terminal Sink backed up 

to its characteristic summer level on May 24 but had returned to pre-storm levels by 

May 25 (Figure 7.14). These observations indicate that the surface streams and 

suprapermafrost aquifer of the Fluvial Zone translate rainfall pulses rapidly to the 

valley bottom. The capacity of Terminal Sink was only temporarily exceeded and 

the level quickly dropped. A smaller event on May 30 produced a similar response. 

The discharge of Fan Stream (D5) was very low through this period, 1.8 L s·' on May 

19 and 9.0 L s·' on May 25. Much of the flow was from local snowmelt, with no 

contribution provided by Great Spring Line. 

Gradual flooding of the ponds accompanied the precipitation events and 

melting of ground ice in late May. At the western end ofCarcadodo Valley, a pond 

called Circular Swamp (D34) was dry during the snowmelt of 1988. Four ponors 

occur on its base. This feature gradually infilled following heavy rainfall events in 

late June and early July. 

7.4.2.4 Summer: Sink and Fluvial Zone 

Most of the recharge do lines and ponors were dry by mid to late June. Summer 

precipitation infiltrated into the active layer. In the Sink Zone, suprapermafrost 

waters were directed downslope to sink points, little surface runoff was observed. 

Several ponds drained slowly or remained perched through the summer period. They 

are flat bottomed, less than 1 m in depth, 20 to 30 m in diameter, and occur at open 

sites with little vegetation. These basins comprise about 5-10% of the recharge area. 

Discharges of 1 to 3 L s·' were sustained in Fan Canyon Stream, the upper 

part of Window Stream, and Dodo Mountain Stream through the summer period. 

Flows were increased by an order of magnitude following major precipitation events. 

Suprapermafrost springs at the base of the Scarp supplied Window and its tributary 

\Vinding Stream (DI8). Fan Canyon Stream was fed by similar springs and seeps 
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in its breached headwater depression, the Glade (D26, D40). 

7.4.2.5 Summer: Discharge Zone 

At Red Rock Brook (D3), stage was continuously measured for six weeks in 1987, 

and for ten weeks in 1988. The water level at Fox Spring was monitored at location 

D43 for several weeks in May, June, and July of 1988. These data are plotted on 

Figure 7.15 as a discharge series with daily temperature and precipitation records 

from Norman Wells. Discharge was also manually gauged at Red Rock Brook 

during August of 1991 and at Fan Stream (D5) in each of the three field seasons. 

Following the snowmelt period an increasing proportion of the total discharge 

into Carcadodo Valley was provided by Great Spring Line, Fan Stream, and Fox 

Spring (Figure 7.16). The shallow suprapermafrost springs and streams that were 

active during the melt season were dry by late June. Flows associated with snowmelt 

were not the dominant flood events under the period of observation. Discharge 

gradually increased through the summer season with low frequency, high magnitude 

rainfall events triggering the highest flows. 

The summer of 1987 was warmer and drier than average. At Norman Wells, 

the combined June, July, and August precipitation was 60% of normal and the 

average June and July temperature was 0.8°C above. The most substantial rainfall 

events occurred on June 10 (13 .8 mm) and June 13 (10.2 mm). A stilling well was 

installed at D3 (RRB) on June 14, but the record shows little evidence of the 

preceding precipitation. The Sink and Fluvial Zones were dry by the middle of June. 

Between June 14 and July 4 the discharge of Red Rock Brook varied between 115 

and 128 L S· l. The discharge of Fan Stream increased over that interval from 84 to 

123 L S·l . There was little variation in the discharge of Red Rock Brook, declining 

to 105 L S· l in mid July and subsequently increasing to 140 L S· l following local 

thunderstorm events (Figure 7. 15). 

The summer of 1988 was wetter than average with significant rainfall events 

on June 23 (25 .2 mm), June 30 (26.6 mm), July 15 (10A mm), and July 29 (13.6 
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mm). The response of the system to these inputs was influenced by the magnitude 

and intensity of precipitation and antecedent moisture conditions in the 

suprapermafrost aquifer. There was a slight increase in the discharge of Red Rock 

Brook following the June 23 event. A survey of the upper portion of the karst on 

June 27 and 28 showed the Sink and Fluvial Zones to be dry despite an additional 7 

mm of rain on June 26. However, rainfall on June 30 and July 1 did produce 

substantial responses in the Fluvial Zone, and at Great Spring Line, Fan Stream, Fox 

Spring, and Red Rock Brook. A reactivation of suprapermafrost springs and streams 

occurred during the storm peak (e.g., Camp Stream, Bubbling Spring). The 

discharge of Red Rock Brook was manually gauged at 117 L S-I, 202 L S-I, and 292 

L S-1 on June 26, 30 and July 1, respectively. The latter discharge far exceeded the 

capacity of Terminal Sink and the ponds of the Carcadodo Valley coalesced, backing 

up for several days as far west as Fox Spring. The discharge peak of July 15 

accompanied a localized thunderstorm event during which 10 mm of rain were 

recorded at the base camp in 30 minutes. The discharges of Red Rock Brook and 

Fox Spring gradually increased into late July and then declined. Discharge and 

solute variations associated with the June 30 event are described in Section 7.6. 

There are no continuous discharge records from the summer of 1991. Many 

streams of the Mackenzie Mountains experienced high flows during that period, in 

some cases surpassing their 1988 peaks. Red Rock Brook was gauged on August 14, 

20, 24, and 29 at: 212, 166, 163, and 156 L S-I, respectively. Pond levels in 

Carcadodo Valley were normal. 

The capacity of Terminal Sink is not consistent through the spring and 

summer seasons. In late May 1988, ponding to normal summer levels was produced 

by an input flow of only 70 L S-I . Through June and July of 1987, inputs of 105 to 

140 L S-1 sustained the normal pond level. In mid-August 1991, inflows as high as 

212 L S-1 were accommodated by Terminal Sink. The apparent increase in capacity 

through the course of the summer is attributed to activation of higher level ponors 
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were visible on the base of Terminal Sink. One was inundated only as the pond level 

increased in early-June. There may be other aggraded ponors that are activated at 

higher levels, or the increase in capacity from late June into August is due to the 

slow melting of seasonal ground ice at the base of Terminal Sink. 

7.4.3 Hydrochemical Signatures 

A Piper or trilinear diagram is a graphical representation used to identify 

hydrochemical facies (Fetter, 1988). For each water sample, the abundances of 

individual cation and anion species are plotted as percentages of the total cation and 

anion concentrations (e.g., Figure 7.17). Hydrochemical facies reflect a water 

sample's travel history, as influenced by the lithologies encountered and the kinetics 

of solution. The individual samples collected at the Dodo Canyon Site are plotted 

on Figure 7.17. These data are summarized on Figure 7.18. The data groupings of 

Figures 7.17 and 7.18 are organized by physical position within the karst and are not 

an exact match of the classification of Table 7.1. The average ion concentrations for 

the groups of Table 7.1 are presented as fingerprint diagrams on Figure 7.19. The 

general characteristics of those groups are outlined in the following sections. 

7.4.3.1 Recharge Waters of the Sink Zone 

Recharge in the Sink Zone was sampled from draining and perched waters in ponds 

and do lines on the Main Karst (Types 8 and 9: Table 7.1). Most of Type 9 waters 

were from shallow ponds on the Landry Member, while Type 8 samples included 

dolines that extend vertically into the Brecciated Member. Types 8 and 9 have low 

concentrations of dissolved ions (TDI = 2.74 and 3.24 meq L-!; Total Hardness = 67 

and 77 mg L-! CaC03), high pH values (8.35 and 8.46), high Ca2+/Mg2+ ratios (6.4 

and 8.6), and low pPC02 (3 .57) (Table 7.3). The pPC02 indicates these samples are 

equilibrated with atmospheric concentrations of CO2, 

These waters have a calcium bicarbonate facies (Figures 7.17, 7.18), with ion 

abundances Ca2+>Mg2+» Na+ and HC03-» SOt~ CI- by equivalence (Figure 7.19). 
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The concentrations of Na+, Cl- and SO/ ion are only marginally above that of 

atmospheric inputs. The differences in temperature between Types 8 and 9 are due 

to time of sampling, most of the former were taken during snowmelt. Draining 

waters (Type 8) were found to be near equilibrium with respect to calcite (SIc = 0.03) 

and strongly aggressive toward dolomite (SID = -1 .12). Perched waters are less 

aggressive to dolomite (SID = -0.31). 

7.4.3.2 Discharge Waters of the Sink and Fluvial Zones 

This group includes the shallow (suprapermafrost) springs and streams of the Sink 

and Fluvial Zones, essentially Types 2 and 5 of Table 7.1. Complete analyses are 

available for only two suprapermafrost springs of discharge> 1 L S-I, though the 

temperature and conductivity measurements from a larger set were similar to those 

from DlO (Bubbling Spring) and D24. Streams of Type 5 were usually supplied by 

a number of small shallow diffuse springs, and their characteristics reflect that mix. 

The average temperature, total dissolved ion concentration, and total hardness 

of supra permafrost springs are: T :::: 2°C (n = 15), TDI = 4.68 meq L-1, and TH = 113 

mg L-1 CaC03. Measurements from streams are slightly higher: T = 4.1 DC, TDI = 

6.79 meq L-1
, and TH = 171 mg L-1 CaC03. The pH (8 .01 and 8.18) and pPC02 

values (2.96 and 3.15) indicate some CO2 enrichment from the soil atmosphere. 

These waters have a calcium bicarbonate facies with average ion abundances 

Ca2~Mi+» Na+ and HC03->SO/»CI- by equivalence (Figures 7.17, 7.18, 7.19). 

The low concentrations ofNa+ and Cl- show a lack of input from dissolved 

halite. The average concentrations ofMg2+ and SO/ indicate there are contributions 

from dolomite and gypsum. However, sot concentrations range from a to > 1 meq 

L-1, depending upon location. At Fan Canyon Stream (DI4, D38) and its headwaters 

(D26, D41), SO/ makes up approximately 25% of the anion charge (Appendix I) . 

At Camp Stream (D11) and early in the melt season at Window Stream (D17, D18), 

sot is either absent or occurs at low concentrations. Streams of the Fluvial Zone 

that run througt~out the SUiT1iller period maintain relatively high sot concentrations. 
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This suggests that some component of the flow to these streams is not confined to the 

active layer. There is a contribution from local flow systems circulating deeply 

enough in the Bear Rock Formation to encounter gypsum or anhydrite. On average, 

these waters are slightly saturated with respect to calcite and aggressive toward 

dolomite (Table 7.3). Samples with high sot content were saturated with respect 

to both minerals (Appendix I). 

The Ca2+ IMg2+ ratios of 3.5 and 5.0 (Types 2 and 5) suggest dissolution is 

mainly of calcite. Limestone waters typically have ratios between 3 and 10, while 

interbedded limestone and dolomite yield values between 1.5 and 3 (White, 1988). 

In a study of over 400 water samples from the southern Rocky and Selkirk 

Mountains of Alberta and British Columbia, Ford (1971) found an average ratio 

value of2.5, with most waters in the range of 1.75 to 3.5. The samples were largely 

drawn from limestone with minor interbedded dolomite. At the Dodo Canyon Site 

and at other locations in this study, the highest ratios are from water samples of 

shallow origin collected on the Landry Member (e.g., Type 9: Ca2+lMg2+ = 8.6) or 

from the Hume Formation (Chapter VIII). Both of these units are limestone. Ratios 

from Types 2 and 5 are considered high, given their contact with dolomite of the 

Bear Rock Formation. However, for Type 5 and other waters, ratio values are 

inflated by the Ca2+ contributed from gypsum dissolution. Thus, Ca2+lMg2+ ratios 

may overstate the importance of limestone dissolution over dolomite. 

7.4.3.3 Discharge Waters of Carcadodo Valley 

Waters of this group include the springs and streams of intermediate chemistry that 

discharge onto the floor ofCarcadodo Valley (Types 3 and 6: Table 7.1). Springs 

classified as Type 3 include Fox Moss Spring (D4) and the Great Spring Line (D33). 

Circular Swamp (D34) was included in this grouping although its hydrology is 

unique. Type 6 waters include Red Rock Brook (D3), Fan Stream (D5), Fox Swamp 

Stream (D39), and Fox Well (Spring) (D43). Additional sources of discharge to 

Carcadodo Valley are treated separately (e.g., DlO), or incorporated into one of the 
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above locations. 

Mean temperature, total dissolved ion, and hardness data from the 

intermediate springs are: T = 4.5°C, TDI = 15 .21 meq L- l
, and TH = 237 mg L- l 

CaC03 (Table 7.3; Figure 7.19). The same parameters for the streams are: T = 7.4°C, 

TDI = 16.1 meq L-l
, and TH = 238 mg L-l CaC03. The temperature value for Type 

3 springs is skewed by the one observation from site D34 (T = 17.9°C), the average 

temperature of Fox Moss Spring was 1.6°C (n = 4), and for Great Spring Line 4.0°C 

(n = 5). The mean concentrations ofCa2+, Na+, HC03-, and CI- were approximately 

3 meq L- l
, and for Mg2+ and sot were 1.5 meq L- l

. In ion abundances these 

intermediate waters are characterized as Ca2+;::Na+>Mg2+ and HC03-;::CI->SOt, by 

equivalence (Table 7.3; Figure 7.19). Many of the individual samples are tightly 

clustered on the trilinear diagram, depicting a grouping of similar hydrochemical 

facies (Figures 7.17, 7.18). Samples from Fox Moss Spring plot between the bulk 

of the intermediate waters and the shallow waters of the Sink Zone. 

The primary differences in hydrochemistry between Carcadodo Valley and 

the Fluvial Zone are higher concentrations of Mg2+ and sot, and the presence of 

Na+ and Cl-. The ratio of the latter ions suggests that a component of discharge into 

Carcadodo Valley has encountered the Saline River Formation, several hundred 

metres below the valley floor (Na+/Cl- ;:: 1.0). Data also show that in passing from 

the Fluvial Zone to Carcadodo Valley there is: (i) a drop in the Ca2+/Mg2+ ratio (Type 

5 = 5.0; Type 6 = 2.2), revealing a rise in dolomite solution through the system, (ii) 

an increase inpPC02 values from 2.96 (Type 2) and 3.15 (Type 5) to 2.7 (Type 3) 

and 2.92 (Type 6), and (iii) a corresponding decrease in pH (Type 3 = 7.88; Type 6 

= 8.06). Additional CO2 may be dissolved in the soil zone or more likely supplied 

by redox reactions involving hydrocarbons in the Bear Rock Formation. Spring 

waters (Type 3) are near equilibrium towards calcite and dolomite but are more 

aggressive to the latter. Stream waters (Type 6) are saturated with both minerals 

(Table 7.3). 

There are important variations of discharge in 
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Carcadodo Valley. Temporal changes are reviewed in Section 7.6, spatial variations 

are discussed below. The mean ion concentrations for each of the sites in Carcadodo 

Valley are plotted on Figure 7.20 (Table 7.4). Fan Stream (DS), Circular Swamp 

(D34), Great Spring Line (D33), and Red Rock Brook (DS) all have ion abundances 

ofNa+>Ca2+>Mg2+ and CI->HC03->Sot by equivalence. At Fox Swamp Stream 

(D39) and Fox Well (D43), concentrations ofNa+ and CI- are lower than those of 

Ca2+ and HC03-. Fox Moss Spring (D4) has little Na+ and Cl-, although its 

concentrations are still an order of magnitude higher than those of Fan Canyon 

Stream (D14, D38). The range in Ca2+, Mg2+, HC03-, and sot concentrations 

between sites is <1 meq L-1
, the range in Na+ and Cl- is >4 meq L-1

. The sites with 

the highest total dissolved ion content are Fan Stream (20.36 meq L-1
), Great Spring 

Line (17.81 meq L-1
), and Circular Swamp (17.63 meq L"l). Stream discharge 

increases from Great Spring Line (D33) to Fan Stream (DS) but the hydrochemistry 

is consistent (Table 7.4; Appendix I). The differences in the mean concentrations on 

Figure 7.20 are due largely to the interval sampled, most of the Great Spring Line 

samples date from the 1991 season, when discharges through the system were high 

and solute concentrations slightly lower. The hydrochemistry at Fox Well (Spring) 

(D43) reflects mixing between the waters of Fox Moss Spring and Fox Swamp 

Stream. The same is noted for Red Rock Brook, a site that reflects the mixing of all 

waters ofCarcadodo Valley. 

The data presented above allow some preliminary interpretation of the 

components that contribute flow to Carcadodo Valley. During the summer period, 

most of the discharge is supplied by Great Spring Line to Fan Stream. This is likely 

a subpermafrost groundwater component with high concentrations ofNa+, Cl-, Mg2+, 

and sot. There is also a flow component from surface and shallow suprapermafrost 

waters of the Fluvial Zone (e.g., Fan Canyon Stream), these waters lack Na+ and Cl

and sink at the edge of the valley. The flow from Fan Canyon Stream probably 

mixes with the groundwater supplying Fox Swamp Stream, thus diluting its 

concentration ofNa+ and CI". Fox Moss Spring may merit unique treatment. It is a 
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cold, low discharge spring of calcium bicarbonate chemistry but with concentrations 

ofNa+ and Cl- (0.5 meq L-1
) differentiating it from waters of the Fluvial Zone. It is 

possible that the Na+ and Cl- are from minor halite interbedded with gypsum and 

anhydrite of the Fort NormanlBear Rock Formation, although halite is not reported 

in the literature. In later sections, the variations of these ions with discharge are 

examined more closely and the mixing model refined. 

7.4.3.4 Discharge Waters into Carcajou Canyon 

A series of spring points located at the base of the west wall of Carcajou Canyon 

were considered a possible resurgence of the sinking drainage of Care ado do Valley. 

Several low discharge springs issue from bedrock and alluvium below or near the 

Bear Rock-Hume contact. Two of these springs were sampled for a complete 

analysis, Salt Spring (D2) and Colluvium Spring (D42). They are classified as Type 

4 or deep springs. Samples were also drawn from three locations in Carca-Spring 

Stream at D1, D3S, and D37. These are Type 7 or deep stream waters. A single 

sample was taken from an intermittent low discharge stream coming off the Bear 

Rock Formation at the east end of the Main Karst (DIS). In addition, periodic 

measurements of temperature, conductivity, salinity, and discharge were made at a 

number of nearby locations. Certainly there are undetected aggraded spring points 

that contribute flow to Carca-Spring Stream and the channel of Carcajou River. The 

positions of the sample locations are indicated on Figure 7.21. 

Mean values of temperature, total dissolved ion, and total hardness for the 

deep springs (Type 4) and streams (Type 7) are: T = 9.5 and 11.6 °C, TDI = 190.6 

and 142.7 meq L-I, TH = 463 and 358 mg L-1 CaC03 (Table 7.3). These waters have 

a sodium chloride facies (Figures 7.17, 7.18). Ion abundances for both groups are 

Na+»Ca2+>Mg2+ and Cl-»SOt~HC03- by equivalence. The concentrations of 

Ca2+, Mg2+, HC03-, and sot are higher than other samples of the Main Karst, but 

are low relative to the exceptionally high concentrations of Na+ and Cl-. The 

Ca2+/Mg2+ ratios (1 .8 and 1.7) are lower than other waters of the Main Karst. The 
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average concentrations from Salt and Colluvium Springs (86 meq L- l Na+ and 86.6 

meq L- l Cn indicate that approximately 5.1 g of NaCI are dissolved per litre of 

water. Field data show that downstream of Salt Spring, discharge of Carca-Spring 

Stream gradually increases, but conductivity and salinity remain high (Figure 7.21). 

The pH of these samples are on average lower than other waters of the Main Karst 

(Type 4 = 7.63; Type 7 = 7.96), and thepPC02 values are the highest (Type 4 = 2.56; 

Type 7 = 2.91). The deep springs are near equilibrium with respect to calcite and 

slightly undersaturated with respect to dolomite. 

In view of the hydrochemistry and physical characteristics of these deep 

spring waters, it is unlikely that they represent a resurgence of the sinking drainage 

of Carcadodo Valley. These warm highly mineralized groundwaters represent 

discharge from a regional flow system circulating as deeply as the Saline River 

Formation. These waters contrast markedly to discharge from the intermediate and 

shallow flow systems of the Main Karst on the Bear Rock Formation. The extent of 

these flow systems, depth of circulation, and linkages between them are discussed 

in subsequent sections in conjunction with isotopic and geological data. The positive 

dye trace from Terminal Sink to D37 strongly suggests the sinking waters of 

Carcadodo Valley resurge in alluvium on the floor ofCarcajou Canyon. 

7.4.3.5 Spillway Spring 

North of the Main Karst is an area of dolines and depressions of solution and 

interstratal origin that are developed on the Hume and Hare Indian Formations. 

Many of these features have been altered or modified by glacial meltwaters; 

numerous spillway channels cut across the area of karst. An east-west trending 

channel incised into the Hare Indian Formation has local relief of about 50 m. At 

the base of a steep slope at the southern end of the channel is a series of springs. The 

spring area closest to the Carcajou River is Spillway Spring (D36; Type 11). It was 

sampled on two occasions. Shale of the Hare Indian Formation was observed on the 

surface, but based on outcrops on the west bank of Carcajou River it is expected that 
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the Hume-Hare Indian contact was in the shallow subsurface. Other springs occurred 

farther west in the same structural situation. 

Spillway Spring consists of a series of diffuse, perennial, low discharge 

springs of subpermafrost origin. The discharge area is marked by extensive frost 

blisters. The site is similar to other subpermafrost spring points at Bear Rock in the 

Norman Range (van Everdingen, 1978, 1981; Chapter X) and at North Fork Pass in 

the Ogilvie Mountains (Pollard and French, 1983). Sampling occurred in a channel 

about 50 m downstream of several spring points. The discharge at the sampling 

point was approximately 5 L S-I . It is not possible to estimate the total discharge 

from the area given the aggraded nature of many spring points and the presence of 

an extensive wetland. The average temperature at the sampling location was 3.9 °C, 

the total dissolved ion content 25.9 meq L-I
, and total hardness 642 mg L-I CaC03 . 

At the spring points, the temperature ranged between 1.5 and 2.1°C. These waters 

have a calcium bicarbonate and calcium sulphate hydrochemical facies (Figure 7.17, 

7.18). Ion abundances are Ca2+>Mg2+»Na+ and HC03-::::SO/"»CI- by equivalence 

(Figure 7.19). The concentrations ofCa2+, HC03-, and SO/" at Spillway Spring are 

higher than any other location at the Dodo Canyon Site (Table 7.3; Appendix I) . 

Ratios between the major ions indicate solution has occurred predominantly in 

limestone and gypsum, no halite is encountered by the groundwater feeding these 

springs. The pH of Spillway Spring was the lowest at the Dodo Canyon Site and 

pPC02 the highest. Spring waters are saturated with respect to dolomite and calcite 

(SIc = 0.7, SID = 0.74). Tufa deposits were widespread in the frost blister area. 

7.4.3.6 Mount Kindle Samples 

The Mount Kindle Formation occurs in outcrop across the area of the Dodo 

Pavement. Water samples were collected from a pond, spring, and stream on the 

dolomite. They have been grouped together for analyses (Type 12: Table 7.2). 

Conductivity measurements from other surface waters on the pavement suggest these 

samples are representative. The orJy variable that differed substantially between 
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samples was temperature. The spring was coldest at 3.5°C, the pond warmest at 

19.5°C. Average values for total dissolved ion and total hardness are 5.71 meq L"l 

and 141 mg L"l CaC03. These waters have a calcium-magnesium bicarbonate facies 

(Figures 7.17, 7.18). Ion abundances are Ca2+~Mg2+»Na+ and HC03"»CI>SO/" 

by equivalence (Figure 7.19). There are only trace amounts of SO/", Na+, and Cl". 

A Ca2+/Mg2+ ratio of 1.3 indicates solution of dolomite. The pH of these samples is 

high and the pPC02 10w, all samples were highly saturated with respect to calcite and 

dolomite. 

The fourth sample in the Dodo West area was taken from a low discharge 

seep emerging from talus at the base of an outcrop of the Bear Rock Formation (D31; 

Type 16: Table 7.2). The temperature of this sample was elevated by radiative 

heating of the talus at the collection location. This sample warranted separate 

treatment because of its location and some chemical differences to those of the 

Fluvial Zone. A high Mi+ concentration, low sol" content, and low Ca2+/Mg2+ ratio 

indicate this water had circulated in part through the Mount Kindle Formation 

despite the apparent surface relationship. 

7.4.3.7 Dodo West Creek, Dodo Creek, and Carcajou River 

Conductivity and temperature measurements were periodically taken at Dodo West 

Creek, Dodo Creek, and Carcajou River. The former stream drains the Dodo West 

Karst and two small basins further westward, a total of approximately 15 km2. The 

discharge of Dodo West Creek was often only 10 to 20 L sol, and during the summer 

some sections of the channel were dry. Channel bed materials suggest that periodic 

high discharge events do occur. The Mount Kindle and Bear Rock Formations are 

exposed through Dodo West Canyon. A series of springs at the base of the south 

wall of Dodo Canyon, 1.5 km west of the base camp, may be a resurgence of sinking 

Dodo West Creek waters (Figures 7. 2, 7.7). A single chemical analysis was done on 

130788 (Table 7.3: Type 13 ; Figures 7.17,7.19). The hydrochemistry was most 

similar to waters sampled on the Mount Kindle Formation, temperature was 8.2 °C, 
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total dissolved ion 7.6 meq Loi, total hardness 159 mg Loi CaC03, and the Ca2+/Mg2+ 

ratio was l.3. Ion abundances were Ca2+>Mg2+>Na+ and HC03°>Clo>SOt by 

equivalence. The occurrence ofNa+, Ct", and sot show groundwater contributions 

from the Bear Rock and possibly the Saline River Formations. 

Upstream of the base camp, the Dodo Creek basin has an area of 

approximately 225 km2. The discharge regime is flashy, the floor of Dodo Canyon 

is mantled in coarse alluvium, channels are braided and shallow. Dilution gauging 

would be the only practical method of discharge measurement, however this was not 

undertaken as part of this project. Data on the hydrochemistry of Dodo Creek are 

few and should be interpreted with caution (Table 7.3: Type 14). Specific 

conductivity and salinity measurements varied between 300 and 820 IlS cmoi , and 0.0 

and 0.6 %0, temperature averaged 4.6°C. The hydrochemical facies varied with stage. 

During flood events Na+, Clo, and SO/" ions constituted a minor component of the 

dissolved load. At average discharges, the facies is similar to that of Red Rock 

Brook, though ion concentrations in Carcadodo Valley are higher (Figures 7.17, 

7.19). 

Carcajou River is gauged by the Water Survey of Canada, 20 km downstream 

of Carca-Spring Stream. Few hydrochemical data are available from that location 

(Chapter III) . In the field area, a single sample was collected on the west bank at 

location D16, 100 m downstream of the deep springs. The data suggest a mixing 

with deep groundwaters at this location, and thus this sample is in no way viewed as 

representative of the average river chemistry (Table 7.3; Figures 7.17, 7.19). 

7.4.4 Meteoric Waters 

The natural isotopes of oxygen and hydrogen provide information on the origin, 

flowpaths, and velocities of ground and surface waters (Fritz et ai, 1976; Sklash et 

ai, 1976; Sklash and Farvolden, 1979; Fritz and Fontes, 1980; Moore, 1989; 

McDonnel et ai, 1990; Payne, 1990; Mazor, 1991). Craig (1961) established the 

global meteoric water line using 0 180 and oD data from surface waters and 
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precipitation samples. Regional and local meteoric lines are available from 

precipitation data collected by the lAEA. Groundwaters of meteoric origin should 

lie close to the local lines. Deviations are attributed to fractionation effects. These 

may involve changes in state before infiltration, particularly surface evaporation, or 

exchanges with rock minerals, CO2, or H2S. Under ideal conditions natural isotopes 

function as conservative tracers. 

7.4.4.1 Local Meteoric Line 

Several 3 180 and 3D measurements are available from precipitation samples in the 

study region (Table 7.5). The closest lAEA station is Fort Smith, 900 km southeast 

of Norman Wells. A meteoric water line is available from Fort Smith based on data 

collected in the 1960's. Data from the study region produce a meteoric water line 

that matches very closely with the Fort Smith line (Figure 7.22). The difference may 

be due to the temperature effect. The mean annual temperature at Norman Wells is 

-6.0°C, while at Fort Smith it is -3 .0°C. Dansgaard (1964) has shown average global 

deviations attributed to the temperature effect are 0.7 %o;oC for 0 180 and 5.6 %%C 

for oD. 

7.4.4.2 Sample Deviation from the Local Meteoric Line 

Most of the samples collected in 1991 were analyzed for both 0 180 and 0 D, only 

0 180 was measured for the 1983, 1987, and 1988 samples. The 1991 data were 

divided into: (i) discharge waters of Carcadodo Valley, (ii) discharge waters of 

Carca-Spring Stream, (iii) streams of the Fluvial Zone, and (iv) a pond of the Sink 

Zone. These data are plotted against the Fort Smith and local meteoric water lines 

(Figure 7.23). Most of the data fall below the Fort Smith and local line, but the 

deviation is slight. The distribution shows the sampled waters have a meteoric 

origin. This eliminates the possibility that waters of Carcadodo Valley or Carca

Spring Stream are fossil or connate. The positions of two samples requires further 

comment. One point is to the far right of the local line, this sample is from a slow 
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draining pond and the departure is attributed to the evaporation effect. The second 

point, lying above the cluster of data, was from Red Rock Brook (D3). The oD 

value is markedly different from other Red Rock Brook and Carcadodo Valley 

samples. It may be the result of sample contamination or analytical error. 

The small average departure between the Dodo Canyon data and the Fort 

Smith line may reflect minor fractionation. The possibilities include: (i) evaporation 

of surface waters before infiltration, (ii) sublimation and evaporation from ice and 

snow, and (iii) mineral-water interactions. The latter are ruled out due to the low 

temperatures of the sampled groundwaters (Savin, 1980). In the summer period, 

surface waters in perched and slowly draining ponds are enriched by evaporation. 

Michel (1986a) documented a similar effect in the Franklin Mountains. However, 

at the Dodo Canyon Site, much snowmelt and summer rainfall infiltrates rapidly at 

doline locations and little recharge is held in depression storage for prolonged 

periods. Therefore, it is expected that the evaporative deviation of the discharge 

waters will be slight. Evaporation and sublimation also occur from the active layer 

and the snowpack. Known winter vapour fluxes from seasonal ice in the active layer 

to the snowpack vary between 3 and 30 mm cm-2 a-I (Woo, 1986). The remaining 

pore and lense ice are enriched. The snowpack is also enriched by sublimation and 

evaporation to the atmosphere. Moser and Stichler (1980) recorded a linear increase 

in both 0 180 and oD with evaporative weight loss. The effect is particularly 

important in the surface layers. However, if the rate of mass removal is equalled or 

exceeded by the condensation of water vapour on the snow surface the net effect may 

be little change in the isotopic composition (Moser and Stichler, 1980). 

A progressive depletion in 0 180 values is observed in passing from surface 

waters of the Sink and Fluvial Zones to deeply circulating springs of Carca-Spring 

Stream (Figure 7.23, Table 7.6). Pond and surface streams are heaviest with respect 

to 180, waters of Carca-Spring Stream are the most depleted, and discharge of 

Carcadodo Valley has an intermediate signature. Physical and hydrochemical data 

suggest some surface streams are fed by suprapermafrost and shallow aquifers in the 
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Bear Rock Formation, and Carca-Spring Stream is supplied by a subpermafrost 

aquifer in the Saline River Formation. Discharge into Carcadodo Valley includes a 

mix of groundwater components, including the above aquifers and subpermafrost 

waters that circulate deeper through the Bear Rock and Mount Kindle Formations. 

Where sot ion is absent or at concentrations below 0.5 meq Lo l
, it is assumed that 

there has been little mixing and the waters have a suprapermafrost origin. The mean 

0 180 of such springs and streams is -20.8 %0 with a range from -20 to -22 %0 (Table 

7.6). Suprapermafrost discharge with higher concentrations of sot have a mean 

0 180 of-21.6 %0. In Carcadodo Valley, the mean 0 180 of Type 3 and Type 6 waters 

is -21.7 %0. The data from Carca-Spring Stream yield a value of -21. 9 %0 0 180, and 

it is -22.35 %0 from Salt, Spillway, and Colluvium Springs. These data suggest that 

recharge to the subpermafrost aquifers must be lighter than recharge to 

suprapermafrost aquifers. This may be due to a combination of the following factors: 

(i) the freezing effect, (ii) the area over which recharge occurs, and (iii) the timing 

of that recharge. 

7.4.4.3 Freezing Effect 

Evaporation and sublimation remove water from a hydrological system and alter the 

isotopic balance over an annual period. Freezing does not have the same effect but 

may produce isotopic stratification within active layer ice. The active layer attains 

its maximum thickness in late summer. In the fall and early winter, freezing 

proceeds downward from the surface and upward from the frost table. Fractionation 

occurs when the freezing front advances slowly into the soil (Michel, 1983; Mackay, 

1983b). With downward freezing, ice formed deeper in the active layer is 

progressively isotopically depleted. Michel and Fritz (1982) report on fractionation 

from several cores penetrating the active layer at the IIlisarvik experimental site of 

Mackenzie Delta. A 2 %0 0 180 fractionation is observed downward from the surface, 

a reverse trend upward from the base of the active layer showed two-sided freezing. 

The fractionation effect is strongest in closed systems such as frost blisters and 
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pmgos. A depletion from -20 to -28 %0 0 180 is reported in frost blister ice resulting 

from a single phase of downward freezing in a water filled cavity at North Fork Pass 

(Michel, 1986b). 

In spring and summer, water in the active layer originates from snowmelt, 

rainfall, and thawing of winter ice. Consequently, the isotopic composition of 

suprapermafrost groundwater reflects mixing or averaging of the above sources 

(Mackay, 1983b). If fractionation has occurred during freezing, then gradual 

thawing of the active layer will liberate progressively lighter water through the early 

summer. This effect may be masked by mixing with isotopically heavier rain. In the 

field area, the 0 180 of summer rainfall ranged between -16.1 and -22.1 0/00, with most 

measurements between -16 and -20 %0 (Table 7.5; Figure 7.22). The difference 

between the 0 180 of suprapermafrost discharge and summer precipitation may be 

attributed to summer melting of isotopically light ice stored in the active layer. 

Therefore, it is also expected that recharge to the subpermafrost aquifers will also be 

isotopically lighter than the summer precipitation suggests alone. However, since 

subpermafrost discharge is more depleted with respect to 180 than suprapermafrost 

flow there must be additional factors influencing recharge to the latter aquifers. 

7.4.4.4 Recharge Area 

Discharge from deep and intermediate flow systems should have 0 180 values that are 

close to annual average values of precipitation (Michel, 1983, 1986b; van 

Everdingen, 1990). There are insufficient data to calculate a precipitation average 

from Norman Wells. The value recorded from perennial subpermafrost springs at 

the Dodo Canyon Site is -22.4 %0 (Table 7.6). Other subpermafrost springs in the 

region have 0 180 ratios as low as -23 %0 (Chapter X). The lower values for 

subpermafrost springs may be partially related to the locations of their recharge 

areas. 

Recharge areas for springs of Carcadodo Valley and Carca-Spring Stream 

caniiot be precisely defined. It is suggested that the Sink and Fluvial Zones are areas 
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of recharge for Carcadodo Valley. The deeper groundwater component and the 

perennial subpermafrost springs of Carca-Spring Stream may be recharged at higher 

elevations on Dodo Mountain or possibly to the southwest along pediments 

bordering Dodo Canyon and its tributaries. Waters of Spillway Spring do not 

encounter the Saline River Formation, and thus it is most reasonable that the North 

Karst functions as its recharge area. In each of these cases, the recharge areas are at 

higher elevations than locations where precipitation and discharge have been 

sampled. The magnitude of the altitude effect is not constant between regions. 

There are insufficient data from the study area to calculate a local rate. Values from 

the literature typically range from -0.2 to -0.4 %0/100 m (Mazor, 1991). Thus, the 

altitude effect does not account for the total variation between 0 180 values of supra

and subpermafrost waters in the study region. The elevation differences are too 

small. It is likely that the subpermafrost aquifers are recharged, in part, by snowmelt 

and the timing of recharge is an important factor. 

7.4.4.5 Temporal Variations in 0 180 

At the Dodo Canyon Site, 0 180 data were collected over portions of four summers 

from locations on the Main Karst. This data set has been divided into : (i) springs in 

Carcajou Canyon and Carca-Spring Stream, (ii) springs and streams in Carcadodo 

Valley, (iii) springs and streams in the Fluvial Zone, (iv) sinks and ponds in the Sink 

Zone, and (v) precipitation. Carcadodo Valley samples are from Great Spring Line, 

Fan Stream, Fox Spring, and Red Rock Brook. Fluvial Zone waters include Fan 

Canyon and Window Streams, and several small springs. Samples from the Sink 

Zone contain recharge waters collected in May 1988 from Bear Scat Sink, Straight 

Valley and other locations, and several samples from perched ponds collected during 

the summers. These data are plotted against time of collection on Figure 7.24. 

The snowmelt period makes up an important pulse of recharge in the Sink 

and Fluvial Zones. A mid-May sample of ripe, melting snow yielded a 0 180 value 

of -25. 1 %0. Water sinking in dolines and ponors in late May had 0 180 values in the 
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range -21 to -23 %0, while precipitation was in the range -17 to -21 %0. Springs and 

streams in the Fluvial Zone and Carcadodo Valley were -19.5 to -21.50/00. During 

the melt period, water arrives at spring points in Carcadodo Valley from both 

suprapermafrost and subpermafrost aquifers, and the discharge of streams in the 

Fluvial Zone is relatively high. The isotopic values at these locations reflect the 

mixing of rainfall, melting snow, and melting ice in the upper part of the active layer. 

The signature suggests precipitation and suprapermafrost waters contribute 

substantially to the total discharge. 

Through June and July, 0 180 values of springs and streams become 

progressively more negative, decreasing from -20 to -23 0/00. Over the same period, 

the 0 180 values of precipitation are heavier, with many samples in the range -16.5 

to -18 %0. Perched ponds have isotope values that are very close to that of 

precipitation. The relationship between discharge and precipitation is clearly out of 

phase, with a maximum difference in late July. In the summer period, the 0 180 

values of springs and streams in the Fluvial Zone and Carcadodo Valley are similar 

to those of draining waters in the Sink Zone during snowmelt. The simplest 

interpretation is that there is a time lag between infiltration in the Sink Zone and 

discharge in Carcadodo Valley. Based on Figure 7.24, that lag is approximately 40 

to 50 days, which is in good agreement with the dye trace between the two areas. 

There are other factors that may also contribute to the light summer isotopic 

signature of Carcadodo Valley and Fluvial Zone discharge. It is possible that 

recharge may pass from Dodo Canyon to Carcadodo Valley. These waters would be 

isotopically lighter due to the high average elevation of Dodo Creek basin. This 

would influence precipitation by the altitude effect, and would delay and prolong 

snowmelt from cooler high elevation areas. Also, in the summer period the thickness 

of the active layer gradually increases. The slow melting of active layer ice should 

liberate water that is progressively depleted in 180 due to the freezing effect. This 

effect may partially account for the early summer observations in the Fluvial Zone. 

Data from August show a gradual increase in 0 IRa values from discharge 
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samples of Carcadodo Valley and the Fluvial Zone. Precipitation becomes more 

depleted through August and September, and reaches levels that are typical of May 

and June meltwaters. In late September and October, the 0 180 of precipitation is 

typical of winter values in the region. Infiltration of this isotopically light water on 

the Main Karst would continue until freeze-up. The gradual late summer increases 

in spring and stream 0 180 may signify the passage of isotopically heavy summer 

precipitation through to spring points. These waters sink at do lines and ponors 

during summer storms. These data support the model of a lengthy time lag between 

infiltration and discharge on the Main Karst. 

The few data from Carca-Spring Stream exhibit lower variance than the data 

sets of Care ado do Valley and the Fluvial Zone. The springs of Care a-Spring Stream 

are interpreted as discharge from a regional subpermafrost aquifer in the Saline River 

Formation. Flow paths and travel times are long, discharge is thermal and perennial. 

It would be expected that under these conditions, discharge from this aquifer would 

have 0 180 values close to that of the annual average precipitation. This is in sharp 

contrast with data from Carcadodo Valley and the Fluvial Zone, which show a 

complex relationship between 0 180 of precipitation and discharge. The pattern may 

be related to a delay between Sink Zone infiltration and discharge in Carcadodo 

Valley, but explanation must also address mixing of shallow, intermediate, and deep 

groundwater components. 

7.5 Hydrochemical Mixing in the Main Karst 

The hydrochemical facies of shallow recharge waters reflect the local lithology of 

their basins. The facies of springs and streams in Carcadodo Valley are associated 

with mixing of ground waters from different aquifers, the time of year, and variations 

in discharge. This section describes the pattern of groundwater mixing in the Main 

Karst, with a focus on springs of Care ado do Valley. Section 7.6 reviews seasonal 

and discharge related variations in hydrochemistry. 

Information on the depth and length of groundwater flowpaths may be 
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discerned from chemical, isotope, and temperature data. Composition diagrams 

consist of pairs of hydrochemical parameters plotted as scattergrams. Most 

commonly the concentrations of major ions are graphed as a function of total 

dissolved ions (TDI). When the discharge and chemistry from an aquifer are 

constant, these data plot in clusters. Where groundwaters of multiple aquifers 

discharge at common springs, data plot along mixing lines (Mazor, 1991). 

In a mixing model, averaged values of ion concentration and discharge are 

assigned to each known surface and groundwater component (Figures 7.25, 7.26). 

The least complex case involves two hydrological end members of distinct 

chemistry. The effects of mixing are determined by applying a mass balance 

equation to a specific discharge condition. The following mass balance equation 

separates two components: 

(7.1) 

where Cr is the ion concentration in the spring water, Qr is the total discharge, Co, 

CN, Qo, and QN are the concentrations and the flow contributions of the two 

components. If the total discharge and the concentrations of the flow components 

are known, or can be estimated, it is possible to calculate the discharge of each 

component. If: 

(7.2) 

then, at a point in time: 

(7.3) 

This approach of treating aquifers as separate elements is a simple representation of 

reality where a continuum of transmissivity and hydrochemistry exists between rock 

units. This is further complicated by attempting to separate three or more flow 
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components. Thus, field data often vary from the model cases described below. 

Three general patterns of mixing are recognized between two components: 

(i) data extrapolate to a value on the TDI axis, (ii) data extrapolate to point on the ion 

axis, and (iii) data extrapolate to the origin (Figure 7.25). In the first case, one 

member has a very low concentration of the ion under consideration, while the other 

is higher. In the second case, both waters have measurable but unequal 

concentrations of the ion. In the final situation, a fresh water component is 

progressively diluted by a water of high TDI. The mixing permutations increase 

when three or more flow components are involved. Two potential interactions of 

three-way mixing are represented on Figure 7.26. In Figures 7.25 and 7.26, 

relationships are depicted for only a single ion species. 

7.5.1 Fluvial Zone 

In the Fluvial Zone, concentrations of Ca2+, HC03-, SO/", and Mg2+ are positively 

correlated with total dissolved ions (Figure 7.27). Samples ofIow TDI were taken 

from intermittent streams thought to be supplied by the suprapermafrost aquifer 

(Camp Stream: D13; Winding Stream: DIS). Sites where discharge occurred 

throughout the summer period record the presence of SO/", and have higher TDI 

values (Fan Canyon Stream: DI4, D3S; Streams in Glade: D26, D40; Tributary 

stream to Fan Canyon: D4I). Data from Fan Canyon Stream display considerable 

variation, with the highest concentrations from the late summer. 

The patterns on the composition diagram of Figure 7.27 suggest two-member 

mixing occurs in passing from the topographically high to low areas of the Fluvial 

Zone. The fresher component has a calcium bicarbonate chemistry and little Mg2+ 

and no sot. The concentrated component brings in SO/" and higher concentrations 

of Mg2+. The levels of Na+ and CI- are negligible in all waters sampled. The 

hydrochemistry suggests that circulation of the shallow component is limited to 

limestone of the Landry Member and may be largely restricted to the 

suprapermafrost aquifer. The deeper water has encountered the Brecciated Member 



277 

of the Bear Rock Formation as indicated by the SO/" data. Recharge to this 

component must locally penetrate the permafrost. Water temperatures are consistent 

with relatively shallow circulation for both waters. 

The hydrochemical data and the topographic positions of spring points in the 

Fluvial Zone support this model. Ephemeral, high elevation springs and streams are 

dominated by the fresher component. Its flowpaths are short, shallow, and restricted 

to the upper part of the Bear Rock Formation. Springs and streams within large 

depressions (e.g., Glade) or Fan Canyon have higher TDI's and SO/" ion. These 

springs take flow from intrapermafrost and subpermafrost waters recharged at nearby 

dolines. They flow throughout the summer and have a hydrochemical facies that 

shows contact with the Brecciated Member. 

7.5.2 Carcadodo Valley 

In discharge waters of Carcadodo Valley, all major anions and cations are positively 

correlated with TDI (Figure 7.28). There are important differences from data of the 

Fluvial Zone, including the addition of a Na+ and Cl- rich groundwater component. 

At Red Rock Brook (D3), TDI values range from 7 to 22 meq L-1
. The low TDI 

samples were taken during the melt season prior to activation of Great Spring Line 

(D33), and the high TDI samples when Fan Stream (D5) accounted for most the 

discharge. There is clustering of data from some individual sites, showing consistent 

hydrochemistry, but these are superimposed on mixing trends. The range ofTDI at 

Fox Well (D43) was 8 to 16 meq L-1
, samples from Fox Moss Spring (D4) were at 

the low end (;::: 10 meq L-1
), and those of Fox Swamp Stream (D39) were higher ( ;::: 

15 meq L-1
) . Sites of the highest TDI are Great Spring Line and Fan Stream (17 to 

24 meq L-1
) . The rate of change in ion concentrations with TDI is not constant 

between species (Figure 7.28). In samples ofTDI >10 meq L-1
, Na+ and Cl- increase 

at the highest rate (slopes = 0.34 and 0.35). The rate is much lower for Ca2+ and 

HC03- (slopes = 0.07 and 0.04) and intermediate for SO/" and Mg2+ (slopes = 0.12 

and 0.09). 
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The mixing lines suggest all components of discharge contain Ca2+, HC03-, 

and Mg2+, though the latter occurs at low concentrations in a low TDI input. The 

ions Na+, CI-, and sot are absent in the freshest input but are present in one or more 

other waters. At least three groundwater components contribute to discharge in 

Carcadodo Valley: (i) a calcium bicarbonate water of low TDI, (ii) a water of 

intermediate TDI with sol and a low Ca2+IMg2+ ratio, and (iii) a water of high TDI 

with high concentrations ofNa+ and CI". Spring and stream hydrochemistry reflect 

mixing between these outputs. The data from the Fluvial Zone show mixing of a 

calcium bicarbonate water with a groundwater component of the Bear Rock 

Formation, the latter bringing in sOl. These two components also discharge into 

Carcadodo Valley. The sol and Mg2+ concentrations may be higher than those 

recorded in Fan Canyon Stream due to deeper and longer flowpaths. Assuming a 

permafrost thickness of approximately 50 m, much of the recharge from the Sink 

Zone would travel through the Bear Rock Formation in a subpermafrost position. 

The Ca2+ IMg2+ ratios of the Carcadodo waters are much lower than those of the 

Fluvial Zone suggesting circulation through dolomites of the Mount Kindle and 

Franklin Mountain Formations is likely. The ion ratio between Na+ and CI- suggests 

halite as a source of these ions in the discharge of Carcadodo Valley. The Saline 

River Formation is the only rock unit with the proper mineralogy. This component 

has therefore circulated through this formation and has come to the surface through 

approximately five hundred metres of overlying carbonate. This component is not 

uniformly discharged at the surface; the concentrations ofNa+ and CI- are highest at 

Great Spring Line and Fan Stream. 

7.5.3 Carca-Spring Stream 

In Carcajou Canyon, data are available from Salt and Colluvium Springs, and three 

locations along Carca-Spring Stream. All samples are dominated by Na+ and CI-. 

Salt Spring has the highest TDI and its chemistry and discharge were consistent over 

the period of observation. Composition diagrams show mixing occurs along Carca-
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Spring Stream between saline groundwater and a fresher component (Figure 7.29). 

The latter component is a resurgence from Carcadodo Valley or Carcajou River 

water seeping through alluvium. The saline component is presumed to discharge 

from the subpermafrost Saline River aquifer. 

7.5.4 Temperature of Spring Waters 

The minimum depth of groundwater circulation in an aquifer may be estimated from 

the temperature of discharge by: 

D z 
T - T 

measured suiface 

~T/100 
(7.4) 

where D is the depth of circulation in metres, Tmeasured is the spring or well 

temperature, Tsur/ace is the local average ground surface temperature, and !l T is the 

local geothermal gradient (Mazor, 1991). Temperature data are available from 

samples of the Main Karst (Appendix I). The values measured from springs and 

spring-fed streams may differ from those equilibrated with aquifer rocks. 

Subpermafrost waters may be cooled in passing through the permafrost zone. 

Diffuse springs may be warmed in the soil zone. However, at a few locations waters 

flowed directly from bedrock or from high discharge aggraded spring points. In 

these cases, temperature changes during ascent would be less and the spring 

temperatures would provide a minimum estimate of the average depth of circulation. 

Temperature data from Fox Moss Spring, Great Spring Line, Colluvium 

Spring, and Salt Spring are presented on Figure 7.30. Temperature and TDI are 

positively correlated. The depth of circulation was calculated with an annual ground 

temperature of -2°C and a geothermal gradient of 3°C/1 00 m. The shallowest 

average circulation is shown for Fox Moss Spring and the deepest for Salt Spring. 

At Fox Moss Spring and Great Spring Line, deep and shallow groundwater 

components are mixed, with the deep component elevating the temperature of the 

discharge. It is likely that much of the flow of Fox Moss Spring does not circulate 
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below 100 m. The figure of383 m from Salt Spring is probably a minimum, as these 

waters would experience some cooling when rising to the surface. 

7.5.6 Sulphur Isotopes 

The 34S(32S abundance ratios in sulphates from the Saline River Formation are higher 

than those from the Bear Rock (Fort Norman) Formation (Figure 7.31)(van 

Everdingen and Krouse, 1977; van Everdingen et ai, 1982a). It is possible to trace 

groundwaters to one of these units by determining the & 34S of dissolved sulphates. 

Four water samples from the Main Karst area were analyzed (Figure 7.31). The &34S 

values from Red Rock Brook and Great Spring Line are 12.3 and 15.4 %0, these are 

close to the Bear Rock (Fort Norman) Formation mean of 17.8 %0 (van Everdingen 

et ai, 1982a). The value from Salt Spring is 23.0 %0 which lies in the range of Bear 

Rock (Fort Norman) sulphate (Figure 7.31). However, the hydrochemistry of Salt 

Spring is dominated by Na+ and Cl-, suggesting contact with the Saline River 

F ormation. A similar situation is described by van Everdingen et al (1982b) from 

a site in the Norman Range northwest of Norman Wells. At Paige Mountain, 

sulphurous springs with high concentrations ofNa+ and Cl- discharge into a valley 

near the contact between the Bear Rock and Hume Formations. The &34S ratios 

range from 16.2 to 22.0 %0. It is possible that only halite facies are encountered in 

the Saline River Formation, or that descending water becomes saturated with 

sulphate of the Fort Norman Formation. If the residence time in the Saline River 

F ormation is relatively brief there would be little exchange of dissolved sulphate. 

Also, ascending waters would contact the Fort Norman Formation a second time 

before discharge. The value from Salt Spring is near the range established for 

sulphates of the Saline River Formation and there may be a mix of sulphates from 

both the Fort Norman and Saline River Formations. The final sample was from 

Spillway Spring, the &34S value of 2.3 %0 is unlike other data reported from the Fort 

Norman Formation. It is possible the ratio value has been lowered through 

production of secondary sot involving redox reactions in the shales of the Canol 
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and Hare Indian Formations. Such reactions are described by van Everdingen et al 

(1982b) from Paige Mountain. 

7.5.7 Model of Circulation in the Main Karst 

In the Fluvial Zone, composition diagrams show mixing between two flow 

components. The first is water of low TDI restricted to the surface and shallow 

subsurface of the Landry Member. The second is water of higher TDI that includes 

sulphate ion from the Brecciated Member. Discharge in Carcadodo Valley includes: 

(i) the combined flows of the Fluvial Zone, (ii) additional subpermafrost discharge 

through the Bear Rock, Mount Kindle, and possibly the Franklin Mountain 

Formations, and (iii) a deep saline component from the Saline River Formation 

(Figure 7.32). The facies of the latter is represented by the thermal Salt Spring of 

Carcajou Canyon. Variations in the hydrochemistry and discharge of Red Rock 

Brook are related to changes in the above flow contributions to Carcadodo Valley. 

A simple model of the system involves three way mixing between flows of the 

Fluvial Zone (1), the Bear Rock-Mount Kindle-Franklin Mountain aquifers (2), and 

the Saline River aquifer (3): 

(7.5) 

where Cr and Qr are ion concentrations and discharge of Red Rock Brook (1). In 

equation 7.5, Cr and Qr are known, and CJ may be estimated from Salt Spring. 

Measurements are also available from the Fluvial Zone, but much of the discharge 

through the upper Bear Rock Formation is not visible in Window and Fan Canyon 

Streams. 

How solution is spatially distributed within these aquifers is important to 

landform development of the Main Karst. If it assumed that all N a + and CI- recorded 

in Red Rock Brook have an origin in the Saline River aquifer, it is possible to 

calculate QJ for a particular discharge condition. In this calculation Equation 7.5 

reduces to: 
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(7.6) 

The average concentrations ofNa+ and Cl- from Salt Spring are 92.1 and 92.7 meq 

L-l (C3). Concentrations from Red Rock Brook are 3.27 and 3.25 meq L-l (CT). The 

average summer discharge of Red Rock Brook is approximately 150 L sol (QT)' 

From Equation 7.6, the flow contribution of the Saline River component is calculated 

at 5.3 L S-l (Q3)' Data from Fan Stream can also be used. The Na+ and Cl

concentrations are both 4.68 meq L-l and the discharge is 125 L sol (Figure 7.16). 

The Saline River component has a calculated discharge of 6.4 and 6.3 L sol, based on 

the Na+ and Cl- data. The two estimates of the Saline River contribution to 

Carcadodo Valley are in good agreement. From this approximation, it is possible to 

calculate the proportions of Red Rock Brook's Ca2+, Mg2+, and SO/" that may be 

traced to the deep aquifer. The average concentrations of these ions in Salt Spring 

are 6.21,3.44, and 6.03 meq L-l (Q3)' while in Red Rock Brook they are 3.10, 1.44, 

and 1. 75 meq L-l (QT)' Assuming discharges of 6 and 150 L sol for the Saline River 

(Q3) and Red Rock Brook (QT) components, the contributions from the Saline River 

aquifer account for only 12.5% of the Ca2+, 10.5% of the Mg2+, and 7.3% of the SO/" 

. The balance of the ions are contributed by the shallow (1) and intermediate flow 

components (2). Thus, most of the carbonate and gypsum solution occurs in the Bear 

Rock, Mount Kindle and Franklin Mountain Formations. 

Estimating the amount of flow that travels through the shallow pathways of 

the upper Bear Rock Formation to Red Rock Brook is more difficult (Ql) ' Section 

7.6 .3 describes hydrograph separation at Fox Spring. Under non-storm conditions 

the shallow water component is determined to comprise approximately 33% of Fox 

Spring discharge. This is interpreted as flow through the upper Bear Rock 

F ormation. Hydrochemical data suggest that this component comprises a smaller 

percentage of the total flow at Great Spring Line and Fan Stream, and therefore at 

Red Rock Brook. Assuming the average ion concentrations of Fan Canyon and 

similar streams (Type 5: Table 7.3) are typical of the shallow component, and the 
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concentrations from Salt Spring represent the deep component, then it is possible to 

determine the average ion concentrations of the intermediate water (C2) from 

Equation 7.5. This is done for the discharge conditions when QJ is equal to 33% and 

20% of QT (Table 7.7). In both cases the ion concentrations of the intermediate 

component are similar to the average values from Red Rock Brook. They differ from 

the shallow water in concentrations ofMg2
+ and sot, indicating deeper circulation 

through the Bear Rock Formation and into the underlying dolomites of the Mount 

Kindle and Franklin Mountain Formations. 

7.6 Hydrograph Analyses 

Monitoring discharge and chemistry of spring points is a basic method in karst 

hydrology. Spring hydrographs can provide data on the physical properties of 

aquifers, particularly when coupled with hydrochemical and isotopic data. The 

properties of aquifers that may be explored include: (i) the dynamic storage volume 

and effective porosity (Bonnaci, 1987), (ii) the amount of groundwater recharge 

(Korkmaz, 1990), and (iii) the nature of the flow system and degree of karstification 

(Mangin, 1975; Bakalowicz and Mangin, 1980). The standard approaches are 

examinations of recessional limbs and the separation of hydro graphs into flow 

components with the aid of chemical or isotopic data. The following sections present 

discharge records and the associated solute variations from Carcadodo Valley. 

7.6.1 Hydrograph Recession 

Hydrographs of springs or spring-fed streams typically rise to maximums during 

periods of precipitation and aquifer recharge, and then display gradual reductions in 

discharge on recessional limbs. The form of a recession may be described by a 

variety of mathematical expressions, including simple exponential decays, double 

exponential, hyperbolas, or combinations of these functions (Ford and Williams, 

1989). In complex aquifers, the hydrograph recession may contain multiple log

linear segments each reoresentinQ the drainaQe of a different flow comDonent within - J....... ...... . - - . - - - --1 - . -- --
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the aquifer (Milanovic, 1981). In some cases, the falling limb may be subdivided 

into a short, steep segment that follows the discharge peak, and a gently sloping log

linear segment (Mangin, 1975; Figure 7.33). The rapidly declining, non-linear 

interval may correspond with the passage of a flood pulse through the system, and 

the linear portion a baseflow recession. The baseflow recession is described by: 

(7.7) 

where Qb is the discharge at time I, Qi is the discharge at Ii' and a is the recession 

coefficient. At time Ii' the baseflow comprises the total discharge (Qi = Q/: Figure 

7.33). The recession coefficient is determined from: 

10gQbI - log Qb2 

0.4343 x (lb2 - IbI) 
(7.8) 

where QbI and Qb2 are discharges for times IbI and Ib2 . These data are taken from the 

log-linear portion of the hydrograph (Figure 7.33). The value of the recession 

coefficient varies with aquifer transmissivity, storativity, and catchment geometry 

(Foster, 1974). This parameter has a range from 0 to 1. Steep baseflow recessions 

are represented by high a values, suggesting a rapidly draining aquifer with a high 

effective porosity, perhaps an integrated conduit network. A gently sloping 

recession and low value of a, suggests an aquifer dominated by diffuse flow with a 

large storage volume. There may be difficulties with this basic interpretation since 

the coefficient has no clear physical meaning. 

The dynamic volume of an aquifer is storage in the phreatic zone above the 

level of the spring outlet. It is calculated from: 

(7.9) 

where V is the dynamic volume, Q/ is the discharge at time t, and c is a constant that 
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equals 86400 when discharge is expressed in m3 S-I and a in day-I . This volume can 

be calculated for any point on a recession. The discharge used to determine 

maximum dynamic volume should not exceed the maximum baseflow discharge (Qbo 

on Figure 7.33). 

7.6.1.1 Recession of Red Rock Brook and Fox Spring 

There were several recharge events in the field season of 1988 that generated flood 

peaks at Fox Spring and Red Rock Brook. The single largest event produced a flood 

hydrograph at Fox Spring with a long recession suitable for analysis (Figures 7.34, 

7.35). The discharge record of Red Rock Brook shows a gradual increase through 

June and July in response to a prolonged period of recharge. This is followed by a 

long recession initiated in late July (Figure 7.34). Superimposed on that trend are 

several flood peaks and recessions that correspond with individual storms. The late 

summer recession and two other peaks are examined (Figure 7.35). 

The recession coefficients calculated for Red Rock Brook range from 0.021 

to 0.028 day-I, with the late summer recession having a value of 0.025 day-I (Figure 

7.35). The discharge of Red Rock Brook may be extrapolated into September and 

October based on the latter value. The coefficient from Fox Spring is 0.049 day-I . 

These values are moderately high and may be indicative of an aquifer with a high 

effective porosity and transmissivity. The maximum dynamic volumes for Red Rock 

Brook and Fox Spring aquifers are 7.5xlOs m3 and 6.5 x104 m3
. The order of 

magnitude difference is not unexpected since Fox Spring aquifer is simply a 

sub catchment of the larger aquifer that feeds Great Spring Line, Fan Stream, and Red 

Rock Brook. Mangin (1975) suggests that in karst aquifers the ratio between the 

dynamic volume and the total annual flow is < 0.5. Recharge passes through highly 

transmissive karst aquifers more rapidly and with less storage than diffuse aquifers. 

Based on the 1988 data, the total discharge is estimated at 1.5x 106 m3 (Section 7.6.4) 

and the maximum dynamic volume at 7.5xlOs m3
, yielding a ratio of 0.5. 
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7.6.2 Discharge Solute Relationships 

There are sufficient data from locations in Carcadodo Valley to examine temporal 

variations in solute concentration and the relationship with discharge. Figure 7.36 

plots Na+, Ca2+, Mi+, ct, HC03-, and S042- concentrations recorded from Red Rock 

Brook (D3), Fox Spring (D43), and Fan Stream (DS) against time. These data are 

presented along with the discharge series from Red Rock Brook and Fox Spring. 

During the snowmelt period, concentrations ofNa+, Mg2+, Cl-, and sot are 

lower than typical summer values. In Red Rock Brook, the late May concentrations 

of these ions are <1 meq L-I, while concentrations ofCa2+ and HC03- are in the 1 to 

2 meq L-1 range. In June, the values increase for all ions and remain high through the 

summer period. Maximums approach S meq L-1 for Na+ and Cl-, 3 meq L-1 for Ca2+ 

and HC03-, and 2 to 2.S meq L-1 for Mg2+ and sot. Concentrations are slightly 

higher in Fan Stream, and lower at Fox Spring, particularly for Na+ and Cl-. The Ca2+ 

and HC03- ion concentrations are most consistent between sites and years (Figure 

7.36). Higher variability is exhibited by Na+ and Cl- ions, due to changes in 

discharge of the shallow and intermediate flow components. 

There is a complex relationship between discharge and solute concentrations. 

The gradual increase in TDI that follows snowmelt is related to a shift from 

suprapermafrost and surface flows that dominate in May, to subpermafrost spring 

flow that comprises most of the summer discharge. Consequently, ion 

concentrations and discharge are lowest during the snowmelt period. Despite 

fluctuations in summer flows, the ion concentrations remain relatively stable; only 

the high magnitude event of June 30 - July 1, 1988 generated substantial variability. 

In this event, all ions experienced a decrease in concentration that corresponded with 

the discharge peak, although for Ca2+ and HC03- the reduction was minor. This event 

is discussed in detail in Section 7.6.3 .1. In the 1991 samples, ion concentrations 

remained consistent, despite a substantial drop in discharge over the sampling 

interval. The average lower concentrations ofNa+ and Cl-in the 1991 samples may 

be due to greater dilution of the deep Saline River component by shallow and 
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intermediate discharge. 

The discharge solute trends observed in Carcadodo Valley can be 

extrapolated to Fan Canyon and Window Streams of the Fluvial Zone. The TDI of 

Fan Canyon Stream (DI4) on May 26 and July 3, 1988 were 5.9 and 7.4 meq L-t ; 

samples from August 1991 have TDI's of9.3 meq L- t (Appendix I) . These increases 

are due to higher concentrations ofCa2+, Mi+, HC03-, and SO/. Ion concentrations 

at Salt Spring did not vary substantially over the period of observation and seem to 

behave independently of discharge in Carcadodo Valley and other surface streams. 

7.6.3 Hydrograph Separation 

It is common practise in hydrology to separate storm hydro graphs into genetic 

components. A distinction is usually made between pre-event and event waters. Pre

event waters may be groundwater, baseflow, or subsurface storrntlow, and event 

waters are overland flow, quickflow, stormflow, or surface stormflow. Appropriate 

use of these terms requires the recognition of the flow components involved and their 

temporal contribution to the hydrograph. When a hydrograph is separated into only 

two components the terms 'new' and 'old' water are useful, where 'new' denotes flow 

derived from the precipitation and 'old' from water presently in a system store 

(pilgrim et aI, 1979; Anderson and Burt, 1982). The storm peak is usually attributed 

to a 'new' component which is normally shallow subsurface or surface flow. Deeper 

circulating components are assigned to the recession. 

Separation into two components is accomplished using the mass balance 

equation (Equation 7.1) with discharge data and a conservative tracer. The latter 

include: (i) environmental isotopes (Sklash et aI, 1976; Sklash and Farvolden, 1979; 

Sklash et aI, 1986; Moore, 1989; McDonnell et aI, 1990), (ii) electrical conductivity 

(pilgrim et aI, 1979; Kobayashi, 1986), (iii) solute concentrations (Pinder and Jones, 

1969; Caine, 1989), (iv) temperature (Kobayashi, 1985), or (v) a combination of 

parameters (Hooper and Shoemaker, 1986; Kennedy et a/1986). 

Hydrograph separations have been done in a range of environments from the 
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humid temperate to the periglacial, but not in regions influenced by permafrost. The 

technique requires that the total discharge be measured and the concentrations or 

signatures of the tracers for each flow component be known and remain constant 

throughout the event. The latter condition is rarely satisfied. Changes in solute load 

and conductance partially reflect the contact time between a flow component and the 

soil or aquifer materials; this contact time will vary with flow conditions. 

In karst systems, the phreatic and subcutaneous zones represent stores where 

the solute load and conductance of old waters may be high. A hydro graph separation 

model proposed by Atkinson (1977) and modified by Williams (1983) for conduit 

aquifers divides the flood hydrograph into a series of components representing 

different stores and flowpaths within the aquifer (Figure 7.37). The rising limb 

represents the displacement of old water stored in phreatic conduits. This is followed 

by old waters derived from fissures of the subcutaneous and phreatic zones. The 

initial fluxes are marked by increases in conductivity and dissolved solids 

concentration. The arrival of new water at the spring point is marked by a decrease 

in conductance and an increase in turbidity. This model suggests that much of the 

peak area of the hydrograph may be composed of old waters. This contrasts sharply 

with models from non-karst basins where new water forms the bulk of the 

hydro graph peak. 

7.6.3.1 Hydrograph Separation: Fox Spring 

Data collected at Fox Spring in 1988 include: (i) a continuous discharge series, (ii) 

ion concentration and 0 180 measurements from ten water samples, and (iii) a record 

of electrical conductance. The discharge series contains three storm peaks that are 

potential candidates for hydro graph separation, with the largest single event lasting 

from June 30 to July 3 (Figure 7.15). Prior to the event, the Sink and Fluvial Zones 

of the Main Karst were dry, and the discharges of Fan Canyon and Window Streams 

low (Section 7.4.2.4). At the Dodo Canyon base camp, rainfall was recorded in two 

heavy pulses. The first pulse began on the evening of June 29 and lasted until 10 
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a.m. on the 30th, with the most intense precipitation between 4 and 8 a.m. (Figure 

7.38). Following light midday rains on June 30, the precipitation intensity increased 

after 5 p.m. and remained high until 3 a.m. on July l. Rainfall then declined and 

ceased by 12 p.m. In all, 56.6 mm of rainfall were recorded. 

There were immediate responses at Fox Spring and Red Rock Brook to the 

first precipitation input. Both sites experienced a moderate increase in discharge and 

peaked around 12 p.m. on the 30th. Elsewhere in Carcadodo Valley and the Fluvial 

Zone, increased flows were observed at Great Spring Line, Fan, Window, and Fan 

Canyon Streams, and at suprapermafrost springs and streams that had previously 

taken flow only during snowmelt (e.g., Camp Stream (Dl3) and Bubbling Spring 

(D 1 0» . The second precipitation pulse generated a similar but much greater 

response. Discharge rose rapidly through the early morning hours of July 1 peaking 

at 66 L S-I at Fox Spring, >290 L S-I at Red Rock Brook, and >30 L S-I at Fan Canyon 

Stream. The latter flowed 70-100 m over the surface of the alluvial fan before 

completely infiltrating. Window Stream reached or exceeded its snowmelt 

discharge. Circular Swamp (D34), dry before the event, was flooded during this 

period. The capacity of Terminal Sink was exceeded and the eastern portion of 

Carcadodo Valley was flooded . The lake reached the stage recorder at Red Rock 

Brook at 2 p.m. on July 1 and continued to rise until 3 p.m. on July 3. At its 

maximum extent, the lake backed up to a position approximately 25 m east of Fox 

Spring. By July 3, the discharge of Window Stream had decreased to 4 L S-I and Fan 

Canyon Stream to 15 L S-I . The lake impounded in Carcadodo Valley slowly drained 

to pre-storm levels by July 11 . 

Ion concentrations at Fan Stream, Fox Spring, and Red Rock Brook were 

reduced across the peak of the storm event (Figure 7.36). These variations were 

recorded in greater detail at Fox Spring by continuous monitoring of electrical 

conductance (Figure 7.38). Conductivity increased from 700 to 750 IlS cm-I with the 

initial rise in discharge on June 30. There was an abrupt reduction to a minimum of 

580 IlS cm-I on July 1 that was coincident with the flood portion of the hydrograph. 
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Recovery to pre-storm conductivity levels was achieved by midday of July 2. The 

flood pulse was also recorded by an increase in 0 180 from -21.9 to -21.6 %0. While 

this is a small change, the enrichment was recorded at the height of the flood (Figure 

7.38) . The storm generated substantial increases in suspended sediment 

concentration in Dodo Creek and Carcajou River, but at no time did Fox Spring or 

any other waters in Carcadodo Valley exhibit turbidity. Sinking waters on the Main 

Karst were not observed at the peak of the event but it is not expected they were 

turbid. 

There are at least three flow components contributing to Carcadodo Valley: 

(i) discharge from a shallow unconfined aquifer in the Bear Rock Formation, (ii) 

discharge from a subpermafrost aquifer in the Bear Rock, Mount Kindle, and 

possibly Franklin Mountain Formations, and (iii) thermal discharge from a deep 

aquifer in the Saline River Formation (Section 7.5). The shallow flow component 

is represented by suprapermafrost dominated springs and streams, including Fan 

Canyon and Window Streams (Types 2 and 5: Tables 7.1, 7.3). These waters lack 

Na+ and CI" and have average electrical conductivities around 250 ~S cm"l. Waters 

of subpermafrost origin account for most of the discharge of Carcadodo Valley 

(Types 3 and 6: Tables 7.1, 7.3). Much of this flow is supplied by the Bear Rock

Mount Kindle aquifer that is recharged in the Sink Zone, but also incorporated is a 

Na+ and CI" rich Saline River aquifer component. The latter comprises 

approximately 3 to 4% of the total discharge (Section 7.5). Sites that are thought to 

be representative of the combined intermediate and deep flow components are Great 

Spring Line (D33) and Fan Stream (D5); they have average electrical conductivities 

of800 and 970 ~S cm"1 (Table 7.4). 

The data of Figure 7.38 were collected at the Fox Well location (D43), which 

is called Fox Spring through this text. The site takes flow from Fox Moss Spring 

(D4) and Fox Swamp Stream (D39). The latter is fed by a diffuse set of aggraded 

springs west of the well. Under average summer flow conditions, Fox Moss Spring 

is about 15-20% of the total discharge of Fox Spring. The hydrochemistry of Fox 
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Swamp Stream is similar to other waters of Carcadodo Valley, but with lower 

concentrations of Na+ and Cl-. Fox Moss Spring is the least mineralized of the 

subpermafrost springs (Figure 7.20). Its low total dissolved ion concentration 

suggests that, relative to Red Rock Brook, the shallow flow component comprises 

a higher percentage of its discharge. The presence of Na+ and Cl- show a deep 

groundwater contribution. At Fox Swamp Stream, dilution of the intermediate and 

deep components may be due to a resurgence of Fan Canyon Stream. At Fox Moss 

Spring, much of the flow is from a shallow aquifer in the Bear Rock Formation. 

Variations in conductivity, hardness, and oxygen isotope ratios suggest the 

relative proportions of shallow, intermediate, and deep flow components that supply 

Fox Spring were altered through the flood event of June 30 - July 1. A series of 

hydro graph separations are undertaken using the mass balance equation with the 

conductivity data (Figures 7.39, 7.40). In these models, it is assumed that the 

conductivities of the flow components remain constant through the event. In the first 

separation, the hydro graph is divided into 'shallow' and 'deep' components using 

conductivities of250 and 900 IlS cm-t (Figure 7.39a). The 'deep' fraction is thought 

to incorporate both the intermediate and deep flow components described above. 

The 900 IlS cm-t figure is typical of the conductivity of Fan Stream and Great Spring 

Line. The 'shallow' component is thought to be dominated by suprapermafrost water 

but likely includes some intra and subpermafrost discharge; its conductivity was 

based on the mean value of Type 2 and 5 waters (Table 7.3). The separation shows 

'deep' waters comprise most of the flood discharge. The volume of 'shallow' water 

is highest on the steep rising limb where it approaches that of the 'deep' component. 

There is a sharp decrease in 'shallow' discharge on the falling limb. The position of 

the 'shallow' water peak suggests that most of the waters travel to the spring point 

along pathways of high hydraulic conductivity. 

In the second separation, a distinction is made between 'old' and 'new' waters 

using conductivities of700 and 200 IlS cm-t (Figure 7.39b). The 700 IlS cm- t figure 

is the approximate pre- and post storm conductivity of Fox Spring. The 200 il S cm-t 
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value is thought to be representative of suprapermafrost waters. The hydrograph 

separation shows 'new' or suprapermafrost waters are about 25% of the discharge at 

the flood peak. This component contributes to the total discharge during the second 

pulse of rainfall, reflecting a rapid movement of throughflow to the spring point. 

The final separation divides the hydrograph into three components interpreted as 

suprapermafrost, subcutaneous/shallow phreatic, and phreatic discharge (Figure 

7.40). The suprapermafrost component is the 'new' water from Figure 7.39b, and the 

phreatic component is the 'deep' water of Figure 7.39a, the difference comprises the 

subcutaneous fraction. The distinction between suprapermafrost and subcutaneous 

waters may not apply across the whole area of the karst. In places, suprapermafrost 

waters will be restricted to a thin active layer. However, in areas adjacent to water 

bodies or near taliks, the suprapermafrost aquifer may extend several metres below 

the surface into the region that is considered the subcutaneous zone in karst 

hydrology. The phreatic flow component as depicted is large, but this interpretation 

is supported by chemical and isotopic data which show little dilution by storm waters 

during the event. 

A general model based on the third separation and other data recorded at Fox 

S pring is presented in Figure 7.41. The initial portion of the rising limb is 

interpreted as phreatic water displaced from fractures and pores near the spring point, 

as the first pulse of precipitation infiltrates through do lines and ponors. The arrival 

of this water at the spring is marked by a gradual increase in electrical conductivity. 

This is followed by a rapid discharge increase and a corresponding decrease in 

conductivity. The majority of the water is probably moved from storage in the 

phreatic zone. Displacement from the subcutaneous or the epiphreatic zones mimics 

the general pattern in phreatic waters. At the height of the flood, the conductivity 

decrease is due to the arrival of suprapermafrost waters at the spring. The 

precipitation intensity exceeds the infiltration capacity of the subcutaneous aquifer 

over the area of the Fluvial Zone, suprapermafrost waters then move laterally as 

throughflow. The reactivation of suprapermafrost springs during this period is 
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related to this perching of new water above the permafrost and subcutaneous zone. 

A similar conductivity spike was observed in the storm event of July 15. The falling 

limb of the hydrograph is marked by a gradual recession as water is withdrawn from 

both phreatic and subcutaneous storage. 

The lack of turbidity at the spring throughout the event indicates the Bear 

Rock aquifer at this site does not host a well developed conduit network. The 

physical properties of the formation do not favour conduit development. In outcrop, 

the breccia has a low strength. In subcrop, the solution of gypsum generates 

widespread subsidence and collapse. The steep hydro graph recessions do suggest 

an aquifer of high effective porosity and transmissivity but this is not due to a 

conduit system. A high fissure frequency related to solution brecciation is 

responsible. 

The data from this event and general observations from other periods suggest 

that only locally does permafrost function as a significant barrier to infiltration. The 

occurrence of perched ponds show that frozen ice-rich sediments have very low 

hydraulic conductivities but across most of the karst precipitation infiltrates quickly. 

This is probably due to a low ground ice content in the active layer and a high fissure 

frequency at the top of the subcutaneous zone. Where permafrost is close to the 

surface, water may travel laterally through the active layer until it encounters a 

doline, ponor, or fracture. Widespread overland flow is observed only when the 

precipitation intensity is very high, or when unfrozen portions of the active layer are 

saturated. These conditions occur locally during the snowmelt period and following 

long intervals of heavy precipitation. 

7.6.4 Water Balance 

The water balance is expressed by: 

(7.10) 

where Q is runoff (discharge), P is precipitation, E is evapotranspiration, and LiS is 
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change in storage. Data from Red Rock Brook are limited but the parameters of the 

1988 water balance can be estimated by assuming no change in storage. Discharge 

measurements from Red Rock Brook are available from May 15 to August 14, 1988 

and over that interval there was 1.08 x 106 m3 of discharge recorded. This figure 

includes some interpolation at the beginning of the record when there was channel 

ice and across the discharge peak of the June 30 - July 1 storm event. 

The record may be extended to August 30 by extrapolation of the late 

summer recession, and to May 1 by assuming a linear increase in discharge from a 

value of zero on May 1 to the first discharge measurement of May 15. This yields 

a volume of 1.32 x 106 m3
; which likely underestimates discharge over that interval. 

Extending the record to October 10 along the late summer recession gives a volume 

of 1. 5 x 106 m3
. Storage for the 1988 discharge season begins in October with 

freeze-up and snowfall accumulation. From October 1987 to August 1988, there 

were 283 .5 mm of precipitation recorded at Norman Wells. This value is adjusted 

to 410 mm based on the Dodo Canyon - Norman Wells rainfall relationship of Figure 

3.3 . The adjusted value for October 1987 to July 1988 is 378 nun. There are few 

evapotranspiration data in the region; Burns (1973) provides an annual estimate of 

150 nun. September lake evaporation is 8.5% of the annual total (Section 3.2.1.3), 

the 150 mm figure is reduced by that amount to 137 mm as a measure of May to 

August evapotranspiration. Assuming no change in storage, the 1988 water balance 

yields a runoff (discharge) of273 mm using the October to August precipitation data. 

The value is 241 nun if August precipitation is excluded. 

The runoff values are lower than those from other basins in the northern 

Mackenzie Mountains, which range between 318 and 507 nun (Table 3.4). These 

basins have higher average elevations and corresponding levels of precipitation. 

Using the data from the Main Karst, it is possible to estimate the size of recharge 

area feeding Red Rock Brook. From the discharge volume of 1.32 x 106 m3 (May 

1 to August 30) and runoffof241 mm, the recharge area is calculated to be 5.5 km2
. 

The area is reduced to 4.8 km2 if the 273 mm runoff value is used. The region 
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mapped on Figure 7.2 as the Main Karst has an area of 5.4 km2
. This mapping 

included the Sink and Fluvial Zones, and Carcadodo Valley. It represents the 

maximum topographic catchment of Red Rock Brook. It is likely that some 

precipitation on the margins of this area are routed to Dodo and Carcajou Canyons, 

and not to Carcadodo Valley. Seasonal discharge volumes greater than the 1.32 x 

106 m3 estimate would require larger recharge areas. Therefore, additional recharge 

to the Red Rock Brook aquifer must occur at other locations. Probable areas are up 

dip along Dodo Canyon through exposures of the Saline River, Franklin Mountain, 

and Mount Kindle Formations. Recharge in those positions would supply deeper 

circulating groundwaters discharged in Carcadodo Valley. 

7.6.5 Groundwater Velocity 

Temporal variations in 0 180 suggest there is a delay of 40 to 50 days between 

infiltration in the Sink Zone and discharge in Carcadodo Valley (Section 7.4.4.5). 

Dye tracing established a 30 day connection between the Big Sink and Fox Well 

(Section 7.4.1). Much of the discharge ofCarcadodo Valley is recharged through the 

Sink Zone. It is possible to estimate the macroscopic groundwater velocity and 

hydraulic conductivity of the principal aquifer. The elevation of the Sink Zone is 

450-550 m and that of Carcadodo Valley 300 m. These areas are separated by a 

distance of 1200-2500 m. This yields a hydraulic gradient (dh/dl) of approximately 

0.10-0.13 . Assuming an average flowpath distance of 2500 m and a travel time of 

30 days, the macroscopic groundwater velocity is on the order of 10-4 m S-I . Use of 

this velocity for specific discharge (u) in Darcy's Law (Equation 7.11) yields a 

hydraulic conductivity (K) of 10-3 m S-I. 

u = _K dh 

dl 
(7.11) 

These values are similar to those from other fissured limestone aquifers (Ford and 

Wiliiams, i 989). At such veiocities, flow through smaii fissures and proto-conduits 
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would be laminar. This is consistent with the behaviour of the aquifer during and 

following storm inputs. There is no turbidity recorded at spring points and much of 

the flashy character of flood hydro graphs is attributed to discharge from the 

suprapermafrost and subcutaneous aquifers in the Fluvial Zone. Rapid increases in 

phreatic outputs are not related to the transmission of recharge through conduits, but 

rather the style of that recharge in the Sink Zone. Surface and suprapermafrost 

waters are moved laterally to dolines, ponors, and large fractures. This point style 

of recharge results in an increase of phreatic output by a piston flow mechanism. 

7.7 Summary 

At the Dodo Canyon Site, karst landforms occur on dolomite, solution breccia, and 

limestone of the Mount Kindle, Bear Rock, and Hume Formations. Interstratal karst 

is found on the clastic Hare Indian Formation. The morphology of many dolines and 

depressions suggests an origin partially attributed to subsurface solution of 

evaporites and associated subsidence of cover units. Gypsum of the Bear RockIFort 

Norman Formation subcrops throughout the distribution of depression forms. Bare 

Karst is also present as a dolomite pavement and as depression forms on limestone. 

The site was glaciated in the Late Wisconsinan and lies in the zone of widespread 

discontinuous permafrost. The rugged terrain is characterised by low ranges and 

plateaux that are sharply incised by canyons of Quaternary age. Elements of the 

karst system are older than the Quaternary canyons. 

Hydrological observations show there are zones of holokarst (Sink Zone), 

fluviokarst (Fluvial Zone), and discharge (Carcadodo Valley) across the core area of 

the site. There is active circulation of meteoric groundwaters to depths of perhaps 

500 m. Recharge occurs in the Sink and Fluvial Zones from snowmelt to freeze-up. 

Early in the melt season, discharge is dominated by low TDI surface and near 

subsurface waters. The higher TDI subpermafrost springs ofCarcadodo Valley are 

only activated following the snowmelt period. The delay may be due to frozen 

outlets or the functioning of Great Spring Line as overflow springs. The lack of 
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icings, the presence of spring hierarchy (e.g., Smart, 1983) and hydrochemical data 

support the overflow interpretation. Perennial thermal springs in Carcajou Canyon 

flow from a deep aquifer in the Saline River Formation and display little variation 

in discharge and chemistry. The subpermafrost springs of Carcadodo Valley 

discharge from the Bear Rock, Mount Kindle, and the Franklin Mountain 

Formations. There is also a small contribution from the Saline River Formation. 

These springs flow only after the Bear Rock Format~on has been recharged by a 

snowmelt pulse. Suprapermafrost springs and streams are partially independent of 

discharge from the main aquifer. This is due to permafrost functioning as a leaky 

aquitard, locally perching water in ponds and the active layer. In the recharge area, 

permafrost laterally routes waters to dolines, ponors, and fractures in response to 

steep gradients. The combination of point style recharge in the Sink Zone and near 

subsurface flow in the Fluvial Zone generates rapid spring responses to summer 

storm inputs. 

Hydrochemical data indicate much of the solute load of Carcadodo Valley is 

composed of ions dissolved from evaporite rocks. Accordingly, depression 

landforms are partially attributed to subsidence. The distribution of solution within 

the aquifers feeding Carcadodo Valley and the geomorphic implications are 

described in detail in the concluding chapter of the thesis. 
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Table 7.1: Grouping of water samples from the Dodo Canyon Site on the basis of 
their physical characteristics and location within the karst. 

Springs 

Type Description 

Precipitation 

2 Shallow (suprapermafrost) Springs: Flow is highest during snowmelt and 
following intense rainfall events, usually: Q < 5 L S'1, T < 5°C, 
SPC < 200 IJS cm,1, bicarbonate chemistry 

3 Intermediate Springs: Intermediate between types 2 and 4, flow not perennial, 
Q from individual spring pOints, usually: Q < 5 L S'1, T < 5°C, 
200 IJS cm'1 < SPC < 2000 IJS cm,1, bicarbonate chemistry with some ions of 
evaporite origin 

4 Deep (subpermafrost) Springs: Flow is usually perennial, two subtypes: 
(i) low discharge springs, Q constant and < 10 L S'1 , may be thermal, 
T normally> 5°C, SPC > 1000 IJS cm,1, evaporite chemistry; (ii) high 
discharge, Q variable >10 L S'1, T < 5°C, bicarbonate chemistry, some ions of 
evaporite origin 

Streams 5 Stream, predominantly fed by springs of Type 2 

6 Stream, predominantly fed by springs of Type 3 

7 Stream, predominantly fed by springs of Type 4 

Ponds 8 PondlDoline/Ponor: Surface water infiltrating into a ponor or doline 

9 PondlOoline/Ponor: Surface water impounded in a slow draining depression 

....... ~~~.~.~ .... _ ..... ~.9. ....... ~~~.~.: .. !.~~~.~.~.i.~.~.~~.~.P..~! .~.~~!.~9. .. ~~~.~~ .. ?'9.9.!:~ .. 9.! .. ~.~.~~ .. ?: .. ~g.~ .. ~~ ................................................. .. . 
Other 11 Location 036 (Spillway Spring) : subpermafrost water on Hare Indian Fm 

12 Locations 028, 029, 030: Samples taken from the Mt. Kindle Formation 

13 Location 012: Dodo Creek sampled near base camp 

14 Location 016: Carcajou River sampled on west bank below canyon rim 

15 Location 032: Stream at the base of Dodo West Canyon 

16 Location 031 : Seep on the Bear Rock Formation east of Pavement 

Note: No springs of Type 4 (ii) were located at the Dodo Karst. 
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Table 7.2: Description and classification of water sampling sites at Dodo Canyon Site. 
Location 

01 

02 

03 

04 

05 

06 

07 
08 

09 

010 

011 

012 

013 

014 

015 

016 

017 
018 

019 

020 

021 

022 

023 

024 

025 

026 

027 

028 

029 

030 

031 

032 

033 

034 

035 

036 

037 

038 

039 

040 

041 

042 

043 

044 

045 

Description 
Carca-Spring Stream. Spring-fed stream on the floor of Carcajou Canyon. 

Salt Spring. Thermal spring from the Landry Member on the floor of Carcajou Canyon. 

Red Rock Brook. Main spring-fed stream in the Carcadodo Valley. 

Fox Moss Spring. Small spring in Bear Rock Formation in Carcadodo Valley. 

Fan Stream. Stream fed by Great Spring Line and other springs , northeast of Fan 

Water draining into ponor in Straight Valley. 

Surface runoff to Big Sink. 

Surface runoff to Strandline Sink. 

Surface runoff to Bearscat Sink. 

Bubbling Spring. Small spring on the south side of Carcadodo Valley. 

Camp Stream. Stream in Carcadodo Valley, downslope of 013. 

Dodo Creek. 

Camp Stream. Spring-fed stream above Carcadodo Valley. 

Fan Canyon Stream. Stream in upper Fan Canyon. 

Stream draining into Carcajou Canyon, off of Bear Rock Formation. 

Carcajou River. 

Window Stream. Stream south of Carcadodo Valley. 

Winding Stream. Intermittent stream north of Big Depression. 

Slow draining pond on scarp. 

Slow draining pond southwest of West End. 

Slow draining pond southwest of Straight Valley. 

Slow draining pond in the Sink Zone. 

Dodo Mountain Stream. Stream at southern boundary of Main Karst. 

Spring/seep from east wall of Dodo Canyon. 

Slow draining pond northeast of Dodo Canyon. 

Intermittent stream southwest of West End. 

Slow draining pond in Sink Zone. 

Pond at the Mt. KindlelBear Rock contact; Dodo West. 

Spring from Mt. Kindle Formation; Dodo West. 

Stream on Mt. Kindle Formation; Dodo West. 

Spring draining the Bear Rock Formation; Dodo West. 

Stream in the floor of Dodo West Canyon. 

Great Spring Line. Line of springs in Carcadodo Valley northwest of Fan Canyon. 

Circular Swamp. Pond with fluctuating water levels; west end of Carcadodo Valley. 

Carca-Spring Stream. Spring-fed stream in the floor of Carcajou Canyon, east of 01 . 

Spillway Spring. Springs in meltwater channel near the Hume/Hare Indian contact. 

Carca-Spring Stream. Spring-fed stream in the floor of Carcajou Canyon, east of 035. 

Fan Canyon Stream. Fan Canyon Stream sampled at apex of the fan. 

Fox Swamp Stream. Spring-fed stream, southeast of Great Spring Line. 

Spring-fed Stream in West End. 

Stream draining into Fan Canyon. 

Colluvium Spring. Spring in the floor of Carcajou Canyon, near Landry/Hume contact. 

Fox Well. Stream fed by Fox Moss Spring and Fox Swamp Stream. 

Terminal Sink. Easternmost sink point in the Carcadodo Valley. 

Small stream below Scarp. 

Type 
7 

4 

6,10 

3 

6 

8 

8 

8 

8 

2 

5 

13 

5 

5 

5 

14 

5 

5 

9 

9 

9 

9 

5 

2 

9 

5 

9 

12 

12 

12 

16 

15 

3 

3 

7 

11 

7 

5 

6 

5 

5 

4 

6 

6 

5 



Table 7.3: Mean temperature, conductivity, pH, total hardness, ion concentrations, total dissolved ions, Ca2+/Mg2+ ratio, saturation 

indices (calcite and dolomite), and pPC02 for water types of Dodo Canyon Site. 

Type 

2: Shallow Springs 

3: Intermediate Springs 

4: Deep Springs 

5: Shallow Streams 

6: Intermediate Streams 

7: Deep Streams 

8: Pond; Draining 

9: Pond; Perched 

11 : Spillway Spr (D36) 

12: Mt. Kindle Samples 

13: Dodo W Ck (D32) 

14: Dodo Creek (D12) 

15: Carcajou R (D16) 

16: Sample D31 

Temp SPC 

1.9 237 

4.5 666 

9.5 9840 

4.1 288 

7.4 758 

11.6 7220 

5.8 113 

15.4 124 

3.9 845 

10.2 234 

8.2 

4.6 

305 

566 

8.2 1410 

17.2 266 

pH THd Ca2
' Mg2

• HC03- SO: - Na' cr TDI Ca/Mg Sic SID pPC0
2 

n 

8.01 113 1.77 0.50 2.18 0.16 0.06 0.01 4.7 3.5 0.15 -0.32 2.96 2 

7.88 237 3.25 1.50 3.25 1.74 2.79 2.68 15.2 2.2 0.13 -0.13 2.7011 

7.63 463 5.99 3.27 3.21 5.57 85.98 86.56 190.6 1.8 0.02 -0.23 2.56 6 

8.18 171 2.86 0.57 2.66 0.64 0.04 0.02 6.8 5.0 0.33 -0.18 3.15 17 

8.06 238 3.30 1.48 3.10 1.76 3.24 3.22 16.1 2.2 0.37 0.34 2.92 45 

7.96 358 4.52 2.64 3.19 3.84 66.46 62.02 142.7 1.7 0.28 0.36 2.91 6 

8.35 67 1.16 0.18 1.32 0.01 0.05 0.02 2.7 6.4 0.03 -1.12 3.57 6 

8.46 77 1.38 0.16 1.51 0.13 0.04 0.02 3.2 8.6 0.29 -0.31 3.57 6 

7.70 642 10.19 2.63 6.58 6.36 0.14 0.03 25.9 3.9 0.70 0.74 2.29 2 

8.58 141 1.60 1.23 2.82 0.Q1 0.03 0.02 5.7 1.3 0.63 1.13 3.48 3 

8.34 

8.28 

7.83 

8.56 

159 

178 

113 

150 

1.78 

2.39 

1.52 

2.02 

1.40 

1.17 

0.74 

0.98 

3.12 

2.47 

2.00 

2.92 

0.30 

1.79 

0.53 

3.18 

0.46 

2.55 

2.08 20.12 16.73 

0.21 0.05 0.03 

7.6 

13.6 

43.2 

6.2 

1.3 

2.0 

0.46 

0.32 

0.77 

0.30 

2.1 -0.29 -0.83 

2.1 0.80 1.35 

3.20 

3.02 

2.78 

3.39 

4 

Temp: temperature in °C; SPC: specific electrical conductivity, expressed to 25 °c, in !-IS cm-
1

; THd: Total Hardness in mg L-
1 

CaC03; 

Ion concentrations reported in meq L·1
; Ca/Mg: Ca2+/Mg2

+ ratio; Sic: Saturation index for calcite; SID: Saturation index for dolomite; pPC02: -log of partial 

pressure of CO2 

w 
o 
o 



Table 7.4: Mean temperature, conductivity, pH, total hardness, ion concentrations, total dissolved ions, Ca2+/Mg2+ ratio, saturation 

indices (calcite and dolomite), and pPC02 for water samples in Carcadodo Valley. 

Type Temp SPC pH THd Ca2+ Mg2+ HC0
3

• so/ · Na+ cr TDI CalMg Sic Slo PPC02 n 

D3: Red Rock Brook 8.9 753 8.10 227 3.10 1.44 2.93 1.75 3.27 3.25 15.7 2.2 0.44 0.53 2.98 18 

D4: Fox Moss Spring 1.6 440 7.88 224 3.34 1.14 3.26 1.30 0.57 0.52 10.1 2.9 0.04 -0.49 2.60 5 

D5: Fan Stream 7.3 967 8.05 274 3.65 1.83 3.27 2.25 4.68 4.68 20.4 2.0 0.34 0.35 2.87 12 

D33: Great Spring Line 4.0 800 7.88 248 3.22 1.74 3.27 1.96 3.86 3.76 17.8 1.9 0.16 -0.02 2.76 5 

D34: Circular Swamp 17.9 905 7.88 236 3.00 1.72 3.12 1.96 4.05 3.78 17.6 1.7 0.27 0.38 2.67 

D39: Fox Swamp Str 9.9 741 8.08 256 3.62 1.50 3.24 1.71 2.36 2.47 14.9 2.4 0.48 0.57 2.92 

D43: Fox Well (Spr) 5.4 585 8.01 222 3.16 1.27 3.15 1.42 2.24 2.21 13.5 2.5 0.31 0.14 2.89 14 

Temp: temperature in °C; SPC: specific electrical conductivity, expressed to 25°C, in ~S cm·1
; THd: Total Hardness in mg L·1 CaC0

3
; 

Ion concentrations reported in meq L· 1
; Ca/Mg: Ca2+/Mg2+ ratio; Sic: Saturation index for calcite; SID: Saturation index for dolomite; pPC02 : -log of partial 

pressure of CO2 

VJ 
o 
I-' 
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Table 7.5: o 180 and 0 D data from precipitation in the study region. 

Date Location Type 0'80 %0 oD%o 

220977 N.W. Airport· Rain -24.5 -186.5 

230977 N.W. Airport· Snow -20.3 -155.6 

230977 N.w. Airport· Snow -20.2 -157.7 

011078 N.w. Airport· Snow -20.0 

071078 N.W. Airport· Snow -24.2 -190.4 

071078 N.W. Airport· Snow -22.8 -180.5 

101078 N.w. Airport· Snow -31.5 -244.5 

101078 N.w. Airport· Snow -31.9 -250.0 

180787 Bear Rock Site Rain -16.8 

250787 Bear Rock Site Rain -16.1 

150588 Dodo Canyon Site Snow -17.2 

160588 Dodo Canyon Site Snow -19.5 

240588 Dodo Canyon Site Rain -18.0 

310588 Dodo Canyon Site Rain -20.9 

240688 Bonus Lake Site Rain -17.1 

300688 Dodo Canyon Site Rain -17.5 

010788 Dodo Canyon Site Rain -16.9 

150788 Dodo Canyon Site Rain -16.2 

220788 Bear Rock Site Rain -19.4 

120888 Bear Rock Site Rain -18.1 

130791 Pyramid Lake Site Rain -20.4 -161.6 

190891 Dodo Canyon Site Rain -22.1 -172.9 

230891 Dodo Canyon Site Rain -15.9 -132.0 

240891 Dodo Canyon Site Snow -28.7 -224.4 

• Data from van Everdingen (1981) 
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Table 7.6: (,180 from selected sampling locations in the Dodo Canyon Karst (in %o). 
Location Date 0

18
0 Location Date 0

18
0 

Carcadodo Valley: Springs and Streams Suprapermafrost Springs and Streams 

044 310783 -22.47 018 030787 -21.40 
043 310783 -22.73 010 190588 -20.47 
033 010883 -22.80 013 260588 -20.87 
03 250687 -21.31 015 270588 -20.48 
04 250687 -22.31 018 300588 -21.49 
05 250687 -21.55 023 280688 -21.29 
03 190588 -19.66 013 030788 -20.61 
04 190588 -20.16 024 050788 -19.10 
04 240588 -20.05 029 130788 -21.02 
03 250588 -20.99 030 130788 -20.77 
03 310588 -20.30 AVG -20.75 
04 310588 -20.36 
03 260688 -22.14 
043 260688 -21.85 
05 260688 -21.87 Fluvial Zone: Springs and Streams 

05 300688 -21.90 038 310783 -22.89 
043 300888 -21.83 014 310783 -23.27 
03 300688 -21.44 017 140687 -21.42 
03 010788 -20.72 045 030787 -22.20 
043 010788 -21 .58 014 260588 -20.45 
05 010788 -21.71 017 300588 -20.97 
03 030788 -21.67 014 030788 -22.26 
043 030788 -21.91 017 030788 -21.59 
05 030788 -21.96 026 100788 -21.99 
05 060788 -22.49 014 160891 -21.37 
043 060788 -21.86 038 160891 -21.69 
03 060788 -21.82 040 280891 -21.30 
03 100788 -21 .81 014 280891 -21.83 
043 100788 -21.83 AVG -21.79 
05 100788 -21.88 
03 150788 -21.71 
043 150788 -21 .86 
04 150788 -22.03 
05 150788 -21.90 Carca-Spring Stream 
033 150788 -21.95 01 270588 -21.38 
03 140888 -21.90 01 060788 -22.25 
033 140891 -22.23 035 150891 -22.09 
043 140891 -21.83 037 150891 -21.97 
03 140891 -21.82 AVG -21 .92 
05 170891 -22.09 
039 170891 -21.98 
04 170891 -21.69 
033 200891 -21.84 Salt, Spillway and Colluvium Springs 
04 200891 -21.74 02 060788 -22.59 
03 200891 -21.80 02 150891 -22.23 
033 250891 -21.84 02 270891 -22.62 
05 250891 -21.96 036 150891 -22.31 
043 250891 -21.72 036 270891 -22.21 
03 250891 -21.69 042 170891 -22.14 
033 290891 -21.64 AVG -22.35 
05 290891 -21.98 
043 290891 -21.88 
D3 290891 -21.78 

AVG -21 .70 



Table 7.7: Discharge and hydrochemistry of shallow, intermediate, and deep flow components in the Dodo Canyon Karst. 

Case #1: Discharge of shallow component (01) is 33% of the total discharge of Red Rock Brook (aT) 

Flow Component Discharge Ca2+ Mg2+ HCO-
3 

SO 2-
4 

Na+ cr 
............................................................................................................................................................................................................................................................................................................. 

1. Shallow: Upper Bear Rock Fm (01) 50 2.86 0.57 2.66 0.64 0.04 0.02 

2. Intermediate: Bear Rock-Franklin Mtn Fms (02) 94 3.03 1.78 3.06 2.07 

3. Deep: Saline River Fm (03) 6 6.21 3.44 3.19 6.03 92.12 92.66 

Total Discharge of Red Rock Brook (aT) 150 3.10 1.44 2.93 1.75 3.27 3.25 

Case #2: Discharge of shallow component (01) is 20% of the total discharge of Red Rock Brook (aT) 

Flow Component Discharge Ca2+ Mg2+ HCO -
3 

SO 2-
4 

Na+ cr 
............................................................................................................................................................................................................................................................................................................ 

1. Shallow: Upper Bear Rock Fm (01) 25 2.86 0.57 2.66 0.64 0.04 0.02 

2. Intermediate: Bear Rock-Franklin Mtn Fms (02) 119 2.99 1.52 2.97 1.77 

3. Deep: Saline River Fm (03) 6 6.21 3.44 3.19 6.03 92.12 92.66 

Total Discharge of Red Rock Brook (aT) 150 3.10 1.44 2.93 1.75 3.27 3.25 

Discharge is in L S-1, ion concentrations are in meq L-1• 

The ion concentrations of the shallow component (C1) are the average of Type 5 waters (Shallow Streams: Table 7.3). 

The concentrations of the deep component (C3) are the averages from Salt Spring (D2). The ion concentrations of the 

intermediate component (C2) are calculated from Equation 7.5 using the above discharges. 

w 
o 
.p-
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Figure 7.1: Vertical aerial photograph of the Dodo Canyon Site. The average scale is 1 :47,000, the 
top of the photograph is northeast. The site is at the mountain front. Rolling terrain of the Mackenzie 
Valley is to the north and east, rugged canyon topography of the Carcajou Range extends to the south 
and west. The primary study area is the Main Karst, on the Bear Rock Formation between Carcajou 
and Dodo Canyons (<D and @). Northward, dolines occur on the Hume, Canol, and Hare Indian 
Fonnations (North Karst). The Dodo West Karst is west of Dodo Canyon and includes do lines on the 
Bear Rock Fonnation and a pavement on the Mount Kindle Formation. The largest area of pavement 
is east of the steep, narrow canyon running north of the marker ® . Dry Canyon (® ) is typical of the 
abandoned, misfit, or anomalous drainage channels of the Canyon Ranges (Figure 5.8) . Dodo 
Canyon cuts through the flank of Dodo Mountain in the lower right (NAPL A23932-60) . 
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.... , .... Contour Interval: 500 ft - Dye Trace E:3 Carcadodo Valley 

Figure 7.2: The Dodo Canyon Site is divided into the Dodo West, Main, and North 
Karsts. The former is dominated by the Mount Kindle Pavement (or Dodo Pavement) 
located west of Kindle Canyon. The North Karst is an interstratal doline karst on the 
Hume, Hare Indian, Canol, and Imperial Formations, north of Carcadodo Valley. The 
Main Karst is partioned into zones of holokarst (Sink Zone), fluviokarst (Fluvial 
Zone), and discharge (Carcadodo Valley). The shaded areas denote the maximum 
topographic catchment of Red Rock Brook (Carcadodo Valley), this includes a small 
area of the North Karst. All discharge into Carcadodo Valley sinks at Terminal Sink. 
Dye traces established linkages between the Sink Zone and Carcadodo Valley, and 
from Terminal Sink to Carcajbu Canyon. Water sampling locations within the Main 
Karst are indicated on Figure 7.7. 



Figure 7.3: Oblique aerial photograph looking west over Carcajou Canyon to the Main 
Karst and Dodo Canyon(@). Exposed on the wall of Carcajou Canyon are the Mount Kindle 
(CD). Bear Rock (@), and Hume Formations (@). A spring-fed stream (@:Carca-Spring 
Stream) runs at the base of Carcajou Canyon, east of Terminal Sink in Carcadodo Valley. 
The pavement of Dodo West Karst (@) lies between Kindle (®) and Dry Canyons «(7)). 

Figure 7.4: Oblique aerial photograph looking northwestward over the Main Karst. Dodo 
Canyon is in the upper left (@). Large depression features along the Scarp and within the 
Sink Zone include: Big Depression(CD), Dry Valley (@), and Big Sink (@). Fan Canyon 
Stream (@) cuts through the Scarp to Carcadodo Valley (®). Dolines of interstratal origin 
are located across the area of the North Karst «(7)). 
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Figure 7.5: A view of Carcadodo Valley looking west to Dodo Canyon. This is the discharge 
area of the Main Karst. The flow direction through the spring-fed ponds is eastward to Terminal 
Sink. The springs are aggraded or are observed to discharge from the upper Bear Rock 
Formation. Stage was recorded at Red Rock Brook (CD) and at Fox Spring (@). West of Fox 
Spring is a small fan and the Great Spring Line. The Hume Formation forms the prominent cliff. 

Figure 7.6: The eastern end of Carcadodo Valley. The Terminal Sink is the pond on the right 
of the photograph. Most of the discharge of Red Rock Brook sinks into a ponor at the northern 
end of the pond, near the contact between the Hume and Bear Rock Formations. The 
Carcadodo Valley has its origin as a meltwater channel but functions hydrologically as a border 
polje. Sinking waters resurge in the floor of Carcajou Canyon located to the ENE. 
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Fi~Jure 7.7: General geomorphology of the Dodo Canyon Site. Several canyon features have orientations that are parallel to the mountain 
front, others occupy anomalous positions that cut across older drainage. This distribution is related to the diversion of mountain streams and 
thE! routing of meltwaters by Laurentide Ice near the mountain front. Streamlined features indicate an ESE-WNW movement of Laurentide Ice. 
In the high range west of Dodo Mountain both montane and Laurentide moraines are recognized . Preliminary interpretation favours a minor 
montane advance following the Laurentide Katherine Creek maximum. The karst features shown are springs, dolines, pavement, and areas of 
enclosed drainage (shaded). The pavement is located on the Mount Kindle Formation, the majority of the doline karst is on the Bear Rock and 
Hume Formations. The size of the doline markers represents the approximate minimum dimension of their immediate catchment, divided into: 
small «10 m), intermediate (25 m), or large basins (>50 m). At this scale not all karst input or output features are depicted. w 
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Figure 7.8: Bedrock geology of the Dodo Canyon Site. Dodo 
Mountain sits at the northwestern plunging end of MacDougal 
Anticline. Paleozoic strata outcrop on the northern and 
western flanks of Dodo Mountain and dip toward the Macken
zie Plain Synclinorium. Cross section is through the Main 
Karst. Data are from field observations, aerial photographic 
interpretation and published work by Aitken and Cook (1974), 
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312 

Figure 7.10: A view looking east through "Dry Valley", a linear depression in the Sink Zone of the 
Main Karst (Figure 7.9). The Landry Member forms a resistant cap on the surrounding slopes. 
Landry strata on both the north and south rims dip toward the central axis of the depression, 
yielding a draped topography indicative of a subsidence trough. Precipitation and snowmelt are 
captured by several ponors and a deep doline marked by trees at the western end of the valley. 

Figure 7.11: A solution-subsidence doline east of Fan Canyon near D14 (Figure 7.9). The upper 
steep walls are in the Landry Member, the base extends into the Brecciated Member. The overall 
profile is conical and the long axis is elongated 'vvith strike. The doline origin 'lIas like!y as the 
surficial expression of breccia pipe, but it has been deepened by solution within the catchment. 
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Figure 7.13: A view of the base of Bear Scat Sink looking west along the Scarp (location on 
Figure 7.9). The upper photograph was taken on May 18,1988. Runoff to the doline was from 
surface flows and suprapermafrost seeps generated by snowmelt and rainfall. The water level 
was observed to drop slowly over the next week. The lower photograph was taken in mid-July 
and represents the typical summer condition of the doline. Following major rainfall events 
there is a short period of ponding when the infiltration capacity is exceeded. 
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Figure 7.14: Two views of Terminal Sink, the easternmost pond in Carcadodo Valley 
(Figures 7.5, 7.6). The upper photograph was taken on May 25,1988 when the discharge 
of Red Rock Brook was 53 L S·l. This flow infiltrated immediately into the pond base. The 
level on the 24th had been higher following a precipitation event on May 23, but that pulse 
passed quickly through the system. The lower photograph was taken in mid-July and 
represents the summer level when the input discharge is typically 150 L s·j. At this higher 
level additional ponors on the margin are activated. 
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Location Temperature pH SPC Salinity Discharge 

1: Salt Spring 10.0 7.75 7300 6.0 1 
2: Carca-Spr Str 10.2 6600 5.6 3 
3: Stream 13.0 3400 2.7 15 
4: Carca-Spr Str 13.2 4380 3.3 20 
5: Carca-Spr Str 13.2 8.11 5250 4.0 60 
6: Carca-Spr Str 16.9 8.30 4900 3.5 200 
7: Carcajou R 14.0 485 0.2 

Temperature and conductivity data are raw field measurements. 
Temperature in °C; SPC (Conductivity) in !-IS cm" ; Salinity in %0; Discharge in L s-' 

Figure 7.21: Sketch map of sample locations at the base of Carcajou Canyon. Salt 
Spring (02) discharges from fractures in the Landry Member. Carca-Spring Stream 
was sampled at several locations. Raw data from i 5089i are presented above. 
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Figure 7.25: Model depicting the mixing of two flow components of equal magnitude (0 1= O2) (upper). In the example 
shown, a surface stream mixes with equal amounts of groundwater (ad = O. = 0 1) at three points (a., Ob' Oc). The TDI of the 
surface water is 2.0 meq L- 1

, and the groundwater 6.0 meq L- 1
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Figure 7.28: Concentrations of major anions and cations verses total dissolved ions for samples of Carcadodo Valley. 
Data show the addition of a Na+ and cr rich groundwater to discharge from the Landry and Brecciated Members. 
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Figure 7.29: Concentrations of major anions and cations verses total dissolved ions for samples from Salt and Colluvium 
Springs, and Carca-Spring Stream. One sample from Salt Spring is beyond the range of the x-axis (TDI = 210 meq L·\ 
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Figure 7.30: Temperature verses total dissolved ions for selected springs in the Main 
Karst. Water temperatures were taken from the springs in July and August of 1988 and 
1991. The temperature data are used to approximate the minimum depth of circulation. 
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Figure 7.31: Histogram of 834S values in %0 for sot from gypsum and anhydrite samples 
of the Bear Rock and Saline River Formations. Data are from van Everdingen et al 
(1982a). 834S values for sot from four waters samples of the Dodo Canyon Karst are 
shown. The vaiues from Red Rock Brook, Great Spring Line, and Sait Spring correiate 
with the range of 834S for sulphate from the Bear Rock Formation. 
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Figure 7.33: Terms used in karst spring recession. The falling limb is often typified by a 
log-linear recession, or a series of log-linear segments where each represents withdrawl 
from different aquifer storage. In the case illustrated, the falling limb is divided into two 
sections: (i) a steep non-linear portion showing a decline in flood waters, and (ii) a 
log-linear portion representing the baseflow recession (modified after Mangin, 1975). 
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Figure 7.39: Hydrograph separation at Fox Springo In diagram (a) the hydrograph is 
divided into shallow and deep water componentso The deep component is assigned a 
conductivity of 900 ~S cmo" the shallow water 250 ~S cmo!. In diagram (b) the hydrograph is 
divided into new and old waters using assigned conductivities of 700 ~S cm

o
• and 200 ~S 

cmo!o The new waters are interpreted as suprapermafrost discharge. 
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Figure 7.40: Separation of Fox Spring hydrograph into three components. Flow through the 
upper Bear Rock Formation is divided into suprapermafrost and subcutaneous waters. The 
phreatic water includes discharge from the main Bear Rock-Mount Kindle aquifer and the 
deep Saline River aquifer. Phreatic water comprises a larger proportion of the discharge 
from Great Spring Line and therefore also Red Rock Brook. 

-----

I 
I 

r " 

Total Hydrograph 

Phreatic 

Subcutaneous -- --- --- --- ---
Suprapermafrost 

Figure 7.41: General model of hydrograph separation in Carcadodo Valley. The hydrograph 
is divided into suprapermafrost, subcutaneous, and phreatic contributions. 



8.1 Introduction 

CHAPTER VIII 

THE BONUS LAKE SITE 

Karst is widely distributed on the Bear Rock and Hume Formations in the Carcajou 

Range (Chapter VI). Besides the Dodo Canyon Site, karst on these formations was 

also examined at Bonus Lake (Figures 3.1, 8.1). Bonus Lake was first visited by 

D.C. Ford and party in the summer of 1983. The author worked the site on the dates 

June 12 - 24, 1988, and August 2 - 11, 1991. Fieldwork involved mapping and 

describing karst landforms, observing the hydrology of the system, and spot 

sampling for hydrochemistry and isotopes. 

Unlike the Dodo Canyon example, the Bonus Lake Site is primarily 

developed on the Hume Formation. Groundwater circulation is comparatively 

shallow and the system responds rapidly to recharge events. As with the Dodo 

Canyon Site, the karst has been strongly influenced by glaciation. This chapter 

describes the physical, hydrological, and hydrochemical characteristics of the Bonus 

Lake Karst. 

8.2 Site Description 

Bonus Lake occupies the floor of a spillway approximately 20 Ian southeast of 

Carcajou Canyon (Figures 3.1, 8.1). The spillway is called Bonus Valley and it is 

locally developed along the contact between resistant limestones of the Hume 

F ormation and recessive shales of the Hare Indian Formation. Karst occurs in the 

Hume limestones and in the Bear Rock Formation on the southwestern flank of the 

valley. 

The site IS divided into three zones of recharge, each displaying a 
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characteristic morphology: (i) Upper Sink Zone, (ii) Grikeland, and (iii) Lower Sink 

Zone (Figure 8.2). The first is an area of shallow depressions and small ridges 

located on gently sloping terrain in the upper portion of the karst. Downslope is the 

Grikeland, a narrow zone of residual towers and corridors (streets) that are developed 

along the crest of the slope above Bonus Valley. The Lower Sink Zone is an area of 

dolines and corridors that extends from steeply dipping strata on the valley side to 

gentler terrain on the valley floor. 

The karst is cross-cut by several small, narrow, and deeply incised canyons 

that are oriented normal to Bonus Valley. Twin Bridges, Central, and North 

Canyons occur in the main area investigated (Figure 8.2). Streams from each of 

these canyons have produced large fans on the floor of Bonus Valley, impounding 

Bonus Lake, and Trout Lake to the northwest. Valley floor deposition and lake 

impoundment have infilled and drowned several dolines of the Lower Sink Zone that 

extend onto the floor of Bonus Valley. The infilling sediments are not restricted to 

alluvium but there are also glaciofluvial and lacustrine materials. 

The floor of Bonus Valley functions as the discharge area. Several diffuse 

springs are located on the northern margin of Twin Bridges Fan (Sampling Point B 1: 

Table 8.1). Much larger springs discharge from alluvium of Central Fan (B 17, B 18) 

and from bedrock and talus near Trout Lake (B 15, B 16). Additional springs 

discharge from alluvium and talus near North Fan. The total discharge of the system 

is represented by Bonus Stream (B26) above the confluence with Rouge Mountain 

River. The Bonus Stream basin has an area of approximately 60 krn2
. Most of this 

area is in non-karst rock above the elevation of the Hume Formation, and is drained 

by the three canyons. Under average discharge conditions, the canyon streams sink 

into their channels as they cross the Hume outcrop. Only under heavy precipitation 

are surface flows maintained through the canyons and across the fans . Precipitation 

onto the karst proper is routed to dolines and ponors. 

In the region, there is a gradual rise in elevation from the Mackenzie Plain 

to the Mackenzie Mountains. The topography surrounding the karst is of low relief 
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Broad, gently sloping terrain stretches to the northeast and southwest (Figure 8.1). 

These areas are incised by other meltwater channels and their tributaries. Adjacent 

to the karst are two flat, higher elevation surfaces labelled as North and South 

Upland on Figure 8.2. These features are laterally extensive along Bonus Valley and 

are interpreted as kame terraces (Section 8.2.3.1). Some drainages from these 

surfaces are focussed to sink points on the Hume Formation. 

8.2.1 Geology 

The general geology of the Bonus Lake Site is shown on Figure 8.3. Karst is hosted 

on the Hume and Bear Rock Formations. The Hume Formation is well exposed in 

the Grikeland, Lower Sink Zone, and in the canyons. The Bear Rock Formation 

outcrops in the canyons and in Bear Rock Valley of the Upper Sink Zone (Figure 

8.3). Reverse faults, tight folds, and subsided blocks are common in the Bear Rock 

Formation. The larger features extend vertically into the Hume Formation. 

8.2.1.1 Burne Formation 

The subsurface Hume Formation is divided into Upper, Middle, and Headless 

Members (Pugh, 1983, 1993; Chapter IV). In outcrop, the latter two are often 

grouped into a recessive lower member (Morrow, 1991). At the Bonus Lake Site, 

the Upper Member is exposed over the Sink Zones and Grikeland. It is massively 

bedded, grey to orange weathering, fine-grained, fossiliferous wackestone and lime 

mudstone. Exposures in Central Canyon range from 60 to 80 m in thickness. Strata 

across the Grikeland and Upper Sink Zone dip gently to the northeast. Dips steepen 

toward Bonus Valley approaching 30° in the Lower Sink Zone and then flatten out 

on the valley floor. The general structure is that of a monocline (Figure 8.3). The 

Upper Member is very resistant and cliff forming . Many exposures display 

cavernous porosity, particularly in the upper 20 m. Crackle breccia fabrics were 

observed in both the Upper Member and the underlying units. The incidence of 

breccia was highest in large foundered blocks near Trout Lake. All field samples 
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tested were limestones. 

The lower recessive members are not easily discerned in the field . Canyon 

sections show 30 to 40 m of poorly exposed fossiliferous, thin bedded, argillaceous 

wackestone with interbedded calcareous shale. Much of the interval is talus covered. 

These units outcrop in the canyons, in Bear Rock Valley, and in Bonus Valley near 

sampling point B26. Intervals of black shale occur at the latter two locations. 

Springs at B30 are perched above the argillaceous lower member. 

8.2.1.2 Bear Rock Formation 

The Bear Rock Formation outcrops in the canyons and Bear Rock Valley (Figure 

8.3). Its characteristics differ from exposures at the Dodo Canyon Site. Overall, the 

formation is less brecciated, contains less terrigenous material, and is easily 

separated into its subsurface components. The Landry Member is buff coloured, 

thick to thin bedded, fossiliferous wackestone and lime mudstone. In the canyon 

exposures, thicker beds form resistant cliff units, thinly bedded intervals are 

recessive. All field samples tested as limestone. The unit shows some brecciation, 

fabrics vary from crackle to floatbreccias. Breccias are frequent where strata are 

displaced by faults, tight folds, and subsidence. Elsewhere the Landry beds are 

largely undisturbed. 

At the Bonus Lake Site, the transition from the Landry to Brecciated Member 

is gradual. There is a change over 20 - 30 m from well bedded limestones of the 

Landry Member to dolomitic pack and floatbreccias of the Brecciated Member. The 

intervening section is equivalent to the subsurface Arnica Formation. It is lightly 

brecciated with calcite cemented crackle and packbreccia fabrics most common. 

Bedding is well preserved in some exposures but the degree of disturbance is much 

higher than in the overlying Landry. There are several tight folds and small faults 

developed in the unit. The larger reverse faults pass upward through the Landry and 

into the Hume Formation. The reverse faults indicate some deformation may be 

attributed to tectonic compression. However, the high frequency of tight folds, 
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convoluted and slumped blocks in the Arnica portion suggest much of the 

disturbance may be related to underlying volumetric expansion that accompanied 

hydration of anhydrite to gypsum. There is also evidence of multi-stage brecciation 

and deformation. Some beds were brecciated and then folded; others folded and then 

brecciated and faulted. The incidence of floatbreccias and gypsiferous outcrops 

increase lower in the section. In these intervals, many clasts are subrounded, 

although crude bedding is preserved throughout. A white precipitate assumed to be 

gypsum was found around some groundwater seeps. 

8.2.2 Geomorphology 

The distribution of karst, glacial, and fluvial features in the area between Twin 

Bridges and North Canyons is shown on Figure 8.4. This area is considered to be the 

core of the Bonus Lake Karst. The following text describes the karst zones of this 

area, from the non-karst upland to the Lower Sink Zone. Karst does extend to the 

northwest on the western flank of Rouge Mountain River, but it was not examined. 

8.2.2.1 Upland 

The Uplands are broad, gently sloping areas that border the karst. They lie above 

treeline, with vegetation dominated by a heath tundra community, and scattered tree 

islands of white and black spruce. Bedrock of the South Upland includes the Bear 

Rock and Mount Kindle Formations. The Franklin Mountain Formation underlies 

the higher ground denoted on Figure 8.1 by ponds. Outcrops on the South Upland 

are few as the area is mantled by an extensive red-weathering glacial deposit. The 

drainage density is high with the numerous channels marked by lines of dense 

vegetation (Figure 8.1). Precipitation onto this zone is rapidly translated as overland 

flow or throughflow to these channels. This is due to the texture of the glacial 

sediments and the probable continuous distribution of permafrost across the area. 

The upland is not an unbroken plain; it exists as a series of discontinuous 

terraces. South Upland is a prominent terrace between 780 and 810m that occurs 
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southwest of the Upper Sink Zone (Figure 8.2). Drainage from this upland sinks in 

ponors on the floor of Bear Rock Valley. The same terrace level is labelled North 

Upland southwest of Trout Lake. It extends to the northwest beyond the confluence 

of Rouge Mountain River and Bonus Stream. In the latter area, there is a karst on 

the Bear Rock Formation with a single large draining lake and many suffosion 

dolines. A second well-developed terrace occurs between 690 and 710 m. This 

surface is northeast of Bonus Valley and below the 790 m surface west of Rouge 

Mountain River. A fragmentary surface is also seen above Rouge Mountain River 

at 850 m. 

The origin of these features is determined through inspection of their 

distribution, surficial sediments, and association with surrounding landforms. These 

surfaces are not structural terraces because dipping bedrock is bevelled across them. 

Morphologically, they do have the characteristics of cyropediments, cyroplanation 

surfaces, or any other type of erosion surface, since over short distances they occur 

at three distinct elevations. In plan view, they are oriented parallel to glacial 

meltwater channels, and are mantled in glacial deposits. These deposits are found 

elsewhere at the site, but over the karst their distribution is sporadic. The deposit is 

a red weathering, massive, sandy silt with a coarse gravel fraction that comprises 

about 30% of surface exposures. It is composed of local materials. Many coarse 

clasts are rounded quartzites of the Katherine Group and range in size from granules 

to cobbles. There are occasional boulders across the full area of the karst. Striae are 

rare on clasts in the deposit. The red matrix also incorporates fine grained clastics 

and carbonates from the Little Dal Group. The deposit is poorly consolidated and 

is not associated with subglacial or supraglacial landforms. It is therefore not 

considered a till. Based on its general distribution and characteristics it is interpreted 

as a fluvioglacial deposit, and the uplands as kame terraces. Deposition occurred in 

channels and shallow water bodies at the margin of the Laurentide Ice Sheet. 

Mountain drainage was diverted to the northwest along this margin and the local 

materials were deposited by the rerouted Little Keele River. Both the Little Dal and 
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Katherine Groups outcrop extensively in the headwaters of Little Keele River on the 

flank of Foran Anticline, only 10 to 15 km southwest of the study site. 

8.2.2.2 Upper Sink Zone 

This recharge zone is characterized by a terrain of small ridges and shallow 

depressions and a single large linear trough. The latter feature is a strike-aligned 

depression called Bear Rock Valley. It meanders from the upper part of North 

Canyon, south of the North Upland, across Central Canyon and ends in a large sink 

(Figures 8.2, 8.4). Along most of its length, Bear Rock Valley is developed along 

or near the contact between the Bear Rock and Hume Formations (Figure 8.3). The 

average relief is 20 to 30 m and locally approaches 40 m. The northern portion of 

the valley receives large allogenic inputs from the Uplands and has shallow 

alluviated sinks linked by overflow channels. Closer to Central Canyon and at its 

southern end, several sinks and ponors on the floor and southwestern flank of the 

valley accommodate recharge from the South Upland (Figure 8.4). The morphology 

at the southern end is similar to that of a blind valley. 

Where Central Canyon Stream cuts through Bear Rock Valley, over 30 m of 

Bear Rock strata are exposed. In that area, the valley bottom is mantled by 1 to 2 m 

of the fluvioglacial sediment. On the north wall, a 10m deep tapering fissure is 

displayed; it is infilled with the deposit. Similar fissures are observed in the 

Grikeland and Lower Sink Zone. These solutionally enlarged fissures show the 

presence of a preglacial karst surface of substantial relief. On the south wall of 

Central Canyon Stream, the Hume Formation pinches out at the northeastern scarp 

of Bear Rock Valley. Strata below the valley floor are Landry Member, they are 

deformed and in places subsided in synclinal structures by up to 10m. The 

deformation has been propagated upward from the underlying breccia along what 

appear to be reverse faults . The glacial sediment partially infills the resulting 

depressions. On the surface, strata exposed on the valley sides show a general 

cambering toward the valley axis. Dips and strikes are highly variable at the local 



346 

scale. 

Given the morphology and structure of the feature, it is most probable that 

Bear Rock Valley developed as a subsidence trough or as a string of subsidence 

dolines in the contact zone between the Bear Rock and Hume Formations. 

Alternatively, the feature could have evolved as a blind valley taking allogenic 

drainage off the Mount Kindle Formation to the west. The orientation of the upper 

part of the current North Canyon Stream suggests it could have drained into Bear 

Rock Valley before the postglacial expansion of canyons and disruption of the 

preglacial karst drainage. Duk-Rodkin (personal communication, 1991) interprets 

the feature as a subglacial meltwater channel. However, while the presence of 

sediments indicate it has clearly been utilized by glacial meltwaters, the author 

argues for a karst origin. 

A single large depression with a total relief of25 m is located north of Bear 

Rock Valley (Figure 8.4). Within this depression, shallow surface channels direct 

precipitation to a large ponor near sample point B8. The ponor is a 2 m deep vertical 

fissure floored by angular debris. There are no overflow channels leading from this 

depression. Strata within the feature primarily dip to the northeast but there are areas 

on the perimeter where bedding is cambered toward the ponor and the depression 

centre. The morphology suggests a solution subsidence origin, with warm based 

glacial ice scouring the bounding ridges. Elsewhere in the Upper Sink Zone, there 

are several small dolines and ridges on gently dipping and horizontal strata of the 

upper Hume Formation. The frequency of small troughs or corridors increases 

towards Bonus Valley. 

8.2.2.3 Grikeland 

The lateral expansion of grikes by solution and frost action can generate a 

topography of intersecting linear depressions and valleys separated by residual 

bedrock masses. The term corridor or street is applied to mesoscale grikes, box 

valley is applied to squared valley forms, and platea to large closed depressions. The 
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resulting landform assemblage is a giant grikeland, corridor karst, or labyrinth karst 

(Ford and Williams, 1989). The Nahanni Karst described by Brook (1976) and 

Brook and Ford (1978) is the best example of such terrain developed in cold 

climates, with individual streets (corridors) exceeding several hundred metres in 

length and 50 m in depth. That karst is in massive limestones of the Nahanni 

Formation, which is the southern Mackenzie Mountain equivalent of the Hume 

Formation. Labyrinth formation is favoured by massive strata, a deep water table, 

and a long period of erosion. 

The Grikeland of the Bonus Lake Karst is a narrow belt of strike-aligned 

linear corridors, platea, and residual towers found along the crest and upper flanks 

of the slope above Bonus Valley (Figures 8.2, 8.4). It is developed in massive strata 

of the upper Hume Formation. The Grikeland straddles a broad monoclinal fold 

across which there is a change in dip from horizontal and gently dipping strata to 

values in excess of 20° in the northeast. Tension across the area fractured the Hume 

Formation and a prominent joint set is developed approximately parallel to strike. 

Solution and frost action have opened joints. These are gradually enlarged into 

corridors and platea by solution and rockfall (e.g., Brook and Ford, 1978). Slow 

mass wasting at the base of slopes preserve the vertical wall form. Scouring by 

glacial ice and meltwaters have also enlarged the features and removed debris from 

their bases. In some areas, vertical fissures are infilled with glacial sediments. The 

lateral continuity of these features and the subsurface relief show they have a 

preglacial origin. 

The largest platea straddles Central Canyon between the Upper and Lower 

Sink Zones (B7 area: Figure 8.4). The feature is several hundred metres in length 

and has a maximum depth of 50 m. Sections of its flat bottom are covered by glacial 

sediments. It is dissected by Central Canyon which has captured much of its 

drainage. Similar depressions and isolated towers extend to the northwest. In 

general, the rock walls of these features are steep to vertical with broad talus foots 

stretching onto platea floors. Frost-solution pinnacles are common on rock walls. 
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Cave fragments are preserved in the blocks at several locations. The strata that 

comprise many of the tower blocks are flat lying or dip with the regional trend. 

However, several coherent blocks show some signs of rotation, dipping at relatively 

steep and varying angles. This foundering is common in the Lower Sink Zone near 

Trout Lake (Figure 8.8). It is likely this subsidence is due to the solution of 

underlying evaporites. 

8.2.2.4 Lower Sink Zone 

The Lower Sink Zone is an area of corridors, dolines, breached and inundated sinks 

that occupy the steep slopes above Bonus and Trout Lakes, and a portion of the 

valley floor (Figures 8.4, 8.5, 8.7, 8.8). Strata dip sharply on the valley flank 

approaching a maximum 000°. Downslope and on the floor of Bonus Valley, strata 

dip more gently. The general morphology of the zone is that of a scabland. The area 

appears to have been swept by rerouted drainage at the margin of the Laurentide Ice 

Sheet. A series of corridors or meltwater channels run northward from the area of 

Twin Bridges Canyon to Bonus Lake. The single largest corridor heads in a breach 

of Twin Bridges Canyon downstream of B2 (Figure 8.4). Along its course are 

dolines which give it an undulating long profile (e.g., B3, B4, B25). At its widest 

point, the corridor includes several dolines that have coalesced. This pattern of 

dolines or compound depressions occurring within or cutting across corridors is seen 

elsewhere. The undulating profile along corridor bases contrasts with the flat or 

gently sloping bottoms of the Grikeland. This is attributed to postglacial deepening 

of dolines by solution and subsidence within the area. Foundered blocks near Trout 

Lake are evidence of subsidence accompanying evaporite subrosion (Figure 8.8). 

There are several breached and inundated dolines in the area adjacent to 

Bonus and Trout Lakes (Figures 8.4, 8.7). The lower walls of breached sinks have 

been eroded by either slope cave development and mass wasting, or by diverted 

drainage routed through corridors. Some of the breached sinks have been flooded 

by Bonus and Trout Lakes, and form lobate inlets. Others have been partially 
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infilled by sediments. Excavations revealed a combination of fluvial and lacustrine 

materials. Much of the sediment is from aggrading alluvial fans. There are other 

dolines that probably lie buried beneath this cover. Despite the burial of this portion 

of the karst, it continues its hydrological function. A sink point was located at the 

northern end of Bonus Lake and others probably occur in deeper water. This 

drainage may resurge at the major springs north of Central Fan. 

8.2.2.5 Caves 

The general characteristics of caves in the study area were discussed in Chapter VI. 

At the Bonus Lake Site, the Hume Formation supports the best developed solution 

caves in the region. Cave fragments are found in the Grikeland and Lower Sink 

Zone. In general, they have a phreatic morphology and are oriented parallel to strike. 

The longest example has only 80-100 m of passage. Caves occur as fragments in 

tower, corridor or doline walls, and as composite forms such as archways (Figure 

8.5). The positions of many caves are well above the current level of groundwater 

circulation. However, sediments within them show a period of activity during Late 

Wisconsinan glaciation. The reddish fluvioglacial deposits seen on the terraces and 

across the karst are observed to fill several passages. In the largest caves, 

exploration was limited by these fills. Other caves that cui through small tower 

blocks or doline walls are sediment-free and may have been developed or enlarged 

during glaciation. 

The caves also provided some insight into the distribution of permafrost at 

the site. In two caves, hoar frost was encountered within 10-15 m of the entrance 

where air circulation was restricted by a tight passage. In August of 1991, ice 

stalactites were located 15 m into a maze cave. There were drips observed at that 

time. Inner passages tended to be dry and subfreezing. 

8.3 Hydrology and Hydrochemistry 

A range of hydrological conditions occurred during the periods of fieldwork. Dry 



350 

weather in late May and June of 1988 produced low water levels and discharges. 

Conversely, heavy rains in July of 1991 generated high flows and lake levels in early 

August of that year. Discharge and conductivity were not continuously monitored 

at springs and streams. However, spot discharge and hydrochemical measurements 

were obtained at a variety of locations. 

The location of sampling sites are shown on Figures 8.2 and 8.4, and the site 

characteristics are described in Table 8.1. Physical and chemical data from the study 

area are presented in Appendix II. For analytical purposes, these data have been 

organized by sample locations within the karst (Table 8.2). Where data warrant, a 

water type is defined for each area (Upper and Lower Sink Zones, Grikeland, and 

Bonus Valley) and flow category (recharge, springs, and streams). The physical 

characteristics of each water type are outlined in the following sections. 

8.3.1 Recharge 

Recharge to the karst occurs in the Upper and Lower Sink Zones and Grikeland. 

During both field seasons, precipitation over these areas was observed to infiltrate 

readily into soil, regolith, or karst input landforms. At some valley floor locations 

and doline bases, water collected in shallow channels and depressions before 

infiltration. At no time were sheetflow or overbank channel flows noted, though the 

site was not visited during snowmelt. 

In both June of 1988 and August of 1991, the Upper Sink Zone was observed 

to be well drained with little standing water. The exception was a broad level area 

in Bear Rock Valley just north of Central Canyon that contained small wetlands. 

Allogenic inputs from the South Upland (e.g., B 1 0, B28) fed sinking streams in Bear 

Rock Valley (e.g., B9, B11). These streams sustained their flow during the dry 

period of June 1988 and increased their discharge following rainfall events. The 

discharge of Upland streams, B 10 and B28, were estimated between 4 and 8 L S·l in 

early August of 1991. Draining waters in the Upper Sink Zone are referred to as 

Type 1 waters (Table 8.2). 
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The Lower Sink Zone and Grikeland have much exposed bedrock and talus, 

but shallow ponds still persist on the floors of some depressions and corridors. 

These ponds are usually located against the downslope walls of depressions (e.g., B3, 

B4, B6, B25). Several are supplied by low discharge springs that issue from talus 

at the base of the upslope walls (e.g., B5, BI2). Other ponds are presumably 

supplied by the melting of drifted snow and supplemented by summer precipitation 

(e.g., B6). The latter ponds lost volume over the period of fieldwork in 1988. 

Across the Lower Sink Zone and Grikeland, all draining ponds are called Type 2 

waters (Table 8.2). The elevated temperatures of some ponds suggest that infiltration 

can occur at a slow rate. The water levels in some dolines fluctuated substantially. 

The doline at B31 is circular in plan, with a steep conical section. The floor is 

mantled in regolith. Its lowest wall is 60 m from the southern end of Trout Lake and 

its floor about 10 m higher. In 1988, water inundated about one third of the doline 

floor, in 1991 the floor was completely covered. In aerial photographs from the 

summer of 1974 the doline was drained. 

Discharge waters in the Grikeland and Lower Sink Zone consist of small 

springs (e.g., B22, B5) and spring-fed streams (e.g., B7, B24, B29) (Type 3: Table 

8.2). Most of the springs are located in talus beneath steep slopes. Their temperature 

and hydrochemistry suggest many derive their flow from the suprapermafrost 

aquifer. Spring discharges are typically <1 L s"\ and that of the largest stream (B29) 

only 3 L sol. Most of these flows are directed to draining ponds located in corridors 

and dolines. However, some spring-fed streams discharge into canyons (e.g., B7) 

or to the floor of Bonus Valley (e.g., B24). 

8.3.2 Discharge 

The canyon streams (Type 4: Table 8.2) drain the non-karst areas southwest of the 

exposed Hume and Bear Rock Formations. The discharge response to precipitation 

inputs is rapid and flow variations are flashy. The highest observed discharge was 

estimated at 500 L S"i in Central Canyon Stream on June 24, 1988. This followed 21 
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mm of precipitation on the 23rd and 24th. Aerial reconnaissance of the karst on July 

28, 1991 showed the canyon streams at a higher flood stage. This occurred after 59 

mm of rain over the period July 26 to 28. In the latter event, the streams were highly 

turbid and traversed the full length of their fans, flowing directly into Bonus Lake, 

Trout Lake, or Bonus Stream. By August 2, the discharge of Twin Bridges Stream 

was 30 L S-I, and by August 3, North Canyon Stream was 80 L S-I. The steep 

discharge decline was accompanied by a concurrent decrease in sediment 

concentration. Twin Bridges Stream infiltrated into its channel about 50 m below 

sample point B2, and North Canyon Stream into alluvium in the upper part of its fan. 

Under average conditions, the canyon streams are characterized by a gradual loss of 

discharge where they flow through the area of Hume outcrop and infiltrate into their 

channel beds. 

A series of springs are located on the floor of Bonus Valley. Low discharge, 

cold springs occur on the perimeters of the fans and below steep slopes (e.g., B 1, 

B16, B30; Type 5: Table 8.2). The maximum discharge of this type of spring was 

4 L S-1 at point B16. At Bl and at B30, there are a series of diffuse springs 

discharging from alluvium. They are located down gradient of the sinking canyon 

streams and some of their flow may resurge from those sources. However, their 

hydrochemistry and slow response to precipitation suggest they are largely 

independent of those waters. 

High discharge springs are also located in Bonus Valley; three such springs 

and spring-fed streams occur south of Trout Lake. Spring B 15 issues from a highly 

fractured outcrop of the Hume Formation below the Lower Sink Zone. Two 

discharge estimates from B15 were 100 and 200 L S-1 (Table 8.1). It is treated 

separately in some portions of the data analysis (Type 8: Table 8.2). Two large 

aggraded springs flow from alluvium of Central Fan. These springs supply the 

stream channels at points B 17 and B 18 (Type 6: Table 8.2). They and other springs 

coalesce to form Bonus Stream which was sampled at B 13 and again downstream of 

North Fan at B26. The spring-fed streams, B 17 and B 18, varied in discharge 
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between 50 and 350 L S·I and together account for much of the flow of Bonus Stream 

(Table 8.1). On June 21, 1988 the discharge at B 13 was estimated at 600 L S·I . The 

discharge ofB15, B17, and B18 were 100, 80, and 50 L S·I respectively. The total 

flow of small springs in the area ofB16 was approximately 20 L S·I . Thus, between 

points B 17 and B 13, Bonus Stream must gain additional flow from unseen springs 

discharging through the channel bed. The position of the aggraded springs and their 

hydrochemistry suggest B 17 and B 18 are a resurgence of Central Canyon Stream and 

the sinking waters of Bonus Lake. 

The water level of Bonus Lake fluctuated about 2 m over the periods of 

observation. Levels in 1988 were 1.5 m below a prominent trimline on the lake 

perimeter. Heavy rains in July of 1991 expanded the lake to the full area enclosed 

by the 520 m depression contour on Figure 8.2, inundating areas of trees on its 

margin. The level depicted in Figure 8.2 is lower than that recorded in 1988. In that 

season, Bonus Lake was observed to drain into a drowned sink at its northern end 

(Figure 8.7). Lake waters flowed into the base of a bedrock wall in a partially buried 

doline. At lower levels, other sink points must also be active. There were no major 

springs located on the lake perimeter, though some must issue through either the 

drowned portion of the Lower Sink Zone or from the margin of Twin Bridges Fan. 

The level of Trout Lake was consistent through the fieldwork. During periods of 

high flow at B 15, B 17, and B 18 there were corresponding increases in the 

downstream discharge of Bonus Stream. In early August of 1991 , the discharge of 

Bonus Stream (B26) was between 900 and 1100 L S·I . The gain indicates further 

inputs to Bonus Stream from a resurgence of North Canyon Stream and other 

aggraded springs. 

8.3.3 Stable Isotopes 

Measurements of6 180 were done for most of the samples collected in June of 1988. 

In addition, 6 180 and 6 D were determined for seven samples collected in August, 

1991. There is little variance in <sigO between water types. Averages show several 
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water types have similar values, only canyon flows and low discharge valley springs 

differ from the overall mean (Table 8.3). Recharge waters (sinking streams and 

ponds) of the Upper and Lower Sink Zones and Grikeland (Types 1 and 2) have an 

average 0 180 value of - 21. 09 %0. The figure for springs and streams of the Lower 

Sink Zone and Grikeland (Type 3) is - 21.33 %0. High discharge springs and streams 

in Bonus Valley (Types 6 and 8) have a value of -21.41 0/00, and Bonus and Trout 

Lakes -21.15 %0 (Type 7). The canyon streams (Type 4) are the heaviest at -20.57 

%0 and the low discharge valley bottom springs (Type 5) the lightest at - 22.11 %0. 

Most of these samples date from June, when isotopically light meltwaters 

from snow and ground ice would comprise a significant portion of the recharge and 

discharge. August samples are approximately 0.5 to 1 %0 heavier than their June 

counterparts, suggesting a dominance of summer precipitation at that time. The 

general pattern shows Bonus and Trout Lakes, and the major springs (e.g., B 15) and 

spring-fed streams (e.g., B 17, B 18) have signatures very similar to that of the 

recharge waters (Types 1, 2, and 3). The lower value from the canyon streams (Type 

4) may reflect the characteristics of those basins. These streams respond quickly to 

inputs and thus more closely resemble the isotopic value of summer precipitation. 

The low discharge springs (Type 5) flow from alluvium or talus and may receive 

meltwaters from the active layer for much of the summer period. 

The 0 180 and 0 D data from the 1991 samples plot very closely to the local 

and Fort Smith meteoric water lines (Figure 8.9). Most of these samples were 

collected between August 2 and 4 on the recessional limb of a major discharge peak. 

Recharge waters (B 11 and B25) from the Sink Zones and discharge from the canyon 

streams (B2 and B27) plot in a cluster. Two readings from Bonus Stream (B 17 and 

B26) are slightly heavier, indicating inputs of isotopically heavier spring and lake 

water. 

Stable isotope values from Bonus Lake water differ substantially from Dodo 

Canyon discharge samples, they are heavier and more closely resemble that of 

summer precipitation. At the Dodo Canyon Site, there is a substantial delay between 
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recharge and discharge. The heavier Bonus Lake values and the concordance 

between recharge and discharge suggest circulation through the Bonus Lake aquifer 

is rapid. Outcrops of the Hume Formation show well developed cavernous porosity, 

supporting the view of a conduit aquifer. 

8.3.4 Hydrochemical Facies 

All sampled waters at the Bonus Lake Site have a calcium bicarbonate facies but 

there is some diversity in composition (Figure 8.10). Samples from the Upper and 

Lower Sink Zones, and Grikeland (Types 1, 2, and 3) are dominated by Ca2+ and 

HC03-, and have low amounts of Mg2+. Canyon streams (Type 4) have more Mg2+ 

and sot, and the spring, stream, and lake waters of Bonus Valley have some CI- and 

Na+. While the facies vary little through the system, there are changes in 

concentration. Magnesium, calcium, and total hardness all increase between the Sink 

Zones and Bonus Valley (Figure 8.11). This increase is most marked with 

magnesium hardness. The modal concentration for Sink Zone and Grikeland waters 

(Types 1, 2, and 3) lies in the range 0 to 6 mg L-1 CaC03 (Figure 8.11). The same 

figure for Canyon and Bonus Valley waters (Types 4 to 8) is 24 t030 mg L-1 CaC03. 

Calcium hardness increases from a mean of 85 mg L-1 CaC03 in the Sink Zones to 

99 mg L-1 CaC03 in Bonus Valley. 

Mean values of temperature, conductivity, pH, ion concentrations, pPC02, 

Ca2+ /Mg2+, and saturation indices of calcite and dolomite are presented for each 

water type in Table 8.4. The ion concentration data are plotted in Figure 8.12. The 

relationships between pPC02 and calcite saturation index and total hardness are 

shown in Figures 8.13 and 8.14. The sections that follow describe these data for 

each water type. 

8.3.4.1 Sink Zones and Grikeland 

Samples from the Upper Sink Zone (Type 1) include allogenic streams off the South 

Upland, and sinking waters in Bear Rock Valley and the depression at B8. This 
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water type has the lowest mean total hardness (89 mg Lot CaC03) and TDI values 

(3.46 meq Lot) across the karst. Ion abundances are Ca2+>Mg2+»Na+ and HC03° 

»SO/>Clo by equivalence. The concentrations ofNa+, Clo, and sot are low, with 

Ca2+ and HC03°comprising 91% of the ion load (Table 8.4, Figure 8.12). Samples 

off the Upland have higher concentrations ofMg2+ (e.g., B9, BlO) reflecting contact 

with the Bear Rock Formation. Two Upland samples (Table A2: BL88-10 and 

BL88-11) had high ion balance errors and were excluded from the calculations 

(Table 8.4, Figure 8.12). Upper Sink Zone waters are aggressive to calcite and 

dolomite (SIc = -0.40; SID = -1.79) and the pPC02 value of 3.07 shows CO2 

enrichment in the soil zone. The temperature (3. 9°C), hydrochemistry, and flow 

behaviour indicates these are suprapermafrost waters that are restricted in their 

circulation to the glacial cover and the fractured uppermost portions the Bear Rock 

and Hume Formations. Recharge in this zone mainly occurs at dolines in the Hume 

Formation and represents significant solvent potential due to the undersaturated state 

of these waters. 

Water samples of the Lower Sink Zone and Grikeland were collected from 

draining ponds (Type 2) and from springs and spring-fed streams (Type 3). The total 

hardness and TDI values of the pond waters (97 mg Lot CaC03 and 3.88 meq Lot) are 

similar to the Upper Sink Zone. Ion abundances are Ca2+>Mg2+» Na+ and HC03° 

»Clo by equivalence. The pond temperatures were high (average = 14.5°C) and 

saturated with respect to calcite (SIc = 0.5), pPC02 values are close to atmospheric 

(3.31). 

Springs and spring-fed streams have an average total hardness of 113 mg Lot 

CaC03 and TDI of 4.42 meq Lot. Ion abundances are Ca2+»Mg2+>Na+ and HC03° 

»sot by equivalence, with 94% total dissolved ions composed ofCa2+ and HC03°. 

Concentrations of the latter ions are higher than those in recharge samples or canyon 

streams (Figure 8.12). The hydrochemical facies, low temperature (2.9°C), high 

Ca2+IMi+ ratio (13 .9), and near equilibrium value of the calcite saturation index (SIc 

= 0.05) suggests these waters are discharge from a suprapermafrost aquifer in the 
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upper Hume Formation. 

8.3.4.2 Canyon Streams 

Canyon streams (Type 4) have an average total hardness of 110 mg L-1 CaC03 and 

a TDI of4.43 meq L-1
. Ion abundances are Ca2+>Mg2+»Na+ and HC03->SO/>Cl

by equivalence. While the hardness and TDI values are similar to those of discharge 

waters of the Lower Sink Zone, the concentrations of Ca2+ and HC03- are lower 

(Table 8.4; Figure 8.12). The higher concentrations of Mg2+ and sot and a 

Ca2+ IMg2+ ratio of 3.1 indicate contact with dolomite and gypsum. The canyon 

stream basins are in the Mount Kindle and Franklin Mountain Formations, with 

intervals of the Brecciated Member of the Bear Rock Formation exposed in the 

canyons. Runoff from these units has produced a facies that differs from that of the 

Sink Zones (Figure 8.10). These streams are thought to be largely suprapermafrost 

waters but additional intra- and subpermafrost flows must circulate through the Bear 

Rock Formation and discharge into the canyons. 

8.3.4.3 Bonus Valley 

Recharge to the Sink Zones is thought to discharge on the floor of Bonus Valley. 

Four water types were sampled in Bonus Valley. Each of these have ion abundances 

ofCa2~Mi~Na+ and HC03->SO/>Cl- by equivalence. The recorded Na+ and Cl

concentrations are above the trace levels seen in the Sink Zones and Canyons (Table 

8.4; Figure 8.10, 8.12). The presence of Na+ and Cl- suggests that a deep flow 

component mixes with the groundwaters circulating through the Hume and Bear 

Rock Formations. 

The low discharge, cold springs (Type 5) have the highest total hardness and 

TDI values across the karst, 159 mg L- I CaC03 and 6.45 meq L-I
. These waters are 

aggressive to both calcite and dolomite (SIc = -0.22, SID = -1.19), were the most 

enriched in CO2 (pPC02 = 2.58), and have the lowest 0 180 values (-22.1 %0). They 

were sampied at fun margins and the vaHey floor. These springs were iess 
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responsive to precipitation inputs than the high discharge springs and streams. Their 

characteristics suggest they represent discharge from a mix of flow components 

including possible resurgence from canyon or Lower Sink Zone streams, local supra

and intrapermafrost discharge, and a diffuse deeper circulating groundwater. 

A single high discharge, cold spring flows from an outcrop of the Hume 

Formation (B15: Type 8). The spring has a total hardness of 120 mg L-l CaC03 and 

a TDI of 5.43 meq L-l
. It has the highest concentrations ofMg2+, Na+, and Cl- (0.76, 

0.43,0.33 meq L-l
, respectively) and the lowest Ca2+/Mg2+ ratio (2.1). B15 is near 

equilibrium with respect to calcite (SIc = -0.14) and aggressive towards dolomite 

(SID = -0.71). Its discharge fluctuated markedly with precipitation. These 

characteristics suggest B 15 is a subpermafrost spring, discharging groundwaters that 

are likely recharged in the Upper Sink Zone through dolines in the Hume and Bear 

Rock Formations. The high concentration ofMg2+ indicate circulation through the 

Bear Rock and into the dolomites of the Mount Kindle Formation. The Na+ and Cl

may have an origin in the underlying Saline River Formation but the cold 

temperature (2.6°C) suggests little of the flow is contributed by deep thermal 

groundwaters. It is likely that similar aggraded or drowned springs discharge into 

Bonus or Trout Lakes and alluvium of the canyon fans. 

Bonus Lake (Type 7) takes flow from Twin Bridges Canyon (Type 4), low 

discharge cold springs (Type 5), aggraded springs (Type 8?), and direct precipitation. 

Bonus Stream (Type 6) takes flow from water Types 4, 5, and 8 and the resurgence 

from Bonus Lake. The lake samples have a mean total hardness of 112 mg L-l 

CaC03 and TDI of 5.02 meq L-l
. The same data from Bonus Stream (Type 6) are 

127 mg L-l CaC03 and 5.50 meq L-l
. The main differences between these waters are 

their temperatures, pPCOz, and saturation indices. Bonus Streams' temperature is 

similar to that of the canyon streams (8.3°C) and it was also undersaturated with 

respect to dolomite (SID = -0.55). Lake waters have higher temperatures (18 .1 DC), 

are saturated with respect to both calcite and dolomite (SIc = 0.38, SID = 0.22), and 

have near atmospheric pPC02 (3.33). 
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8.4 Summary 

At the Bonus Lake Site, karst landforms occur on solution breccia and limestone of 

the Bear Rock and Hume Formations. Depression forms include linear troughs, 

corridors, platea, and single and compound dolines. The linear depressions are cross 

cut by sharply incised river canyons and meltwater channels. Glacial sediments infill 

karst features including relict caves and subsoil grikes. These relationships show 

elements of the karst predate glaciation and fluvial incision. However, modern 

karstification proceeds despite the presence of permafrost. Recent subsidence is 

marked by deep conical dolines in corridor floors and foundered blocks. 

The hydrochemistry and flow behaviour of recharge, canyon, and discharge 

waters vary across the karst. Recharge waters are oflow hardness and TDI. Many 

samples were aggressive to calcite and dolomite (Type 1). Before infiltration 

through input landforms, circulation is limited to the suprapermafrost aquifer. The 

canyon streams drain the higher elevation areas and react rapidly to precipitation. 

Most of their flow has a suprapermafrost origin but there is also a subpermafrost 

contribution that contains sot from the Bear Rock Formation. At high stage, they 

are aggressive but do not completely infiltrate into the karst. Most of the discharge 

samples of Bonus Valley are close to equilibrium with respect to calcite and 

aggressive towards dolomite. Bonus Stream and the subpermafrost springs have a 

calcium bicarbonate hydrochemistry with minor amounts of sot, Na+, and Cl- ions. 

This indicates solution at the site occurs primarily in limestone and the deep 

groundwater contributions from subjacent anhydrite and halite is minimal in 

comparison to the Dodo Canyon Site. 

Aggressiveness and total hardness are strongly influenced by pPC02 (Figures 

8.13, 8.14). Discharge waters of Bonus Valley (Types 5, 6, 7, 8), and waters of the 

Lower Sink Zone (Types 2, 3) show decreases in the calcite saturation index with 

higher partial pressures of CO2 (Figure 8.13). Canyon streams (Type 4) were 

aggressive when in flood stage, while recharge waters of the Upper Sink Zone (Type 

1) were aggressive despite low pPC02 values. All water types show increased 
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hardness with higher partial pressures of CO2 (Figure 8.14). 

The physical properties of the aquifer feeding the springs and streams of 

Bonus Valley differ from those described from the Dodo Canyon Site. Several lines 

of evidence suggest that conduit porosity characterizes the aquifer at the Bonus Lake 

Site. Relict conduits are common in exposures of the Hume Formation. Conduits 

could also extend into the Bear Rock Formation. At Bonus Lake, this formation is 

less brecciated and contains little terrigenous material. Point recharge landforms 

occur across the Sink Zones. At low stage, the canyon streams infiltrate into 

alluvium above the Hume Formation. Bonus Lake sinks into a drowned doline. 

High discharge springs flow from alluvium and bedrock. Precipitation inputs are 

translated quickly to spring points. Hydrochemical data show minor contributions 

from evaporites, and 0 180 values are similar to those of summer precipitation. These 

data support a model of rapid, shallow circulation through a conduit aquifer in the 

Hume and Bear Rock Formations. 
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Table 8.1: Description of water sampling locations at the Bonus Lake Site. 

Location Description Sample Dates 

B1 Spring from gravels of Twin Bridges Fan. Q 1 = 0.5 L S'l, Q 2 = 0.5 L S·l. 150688 230688 

B2 Twin Bridges Stream. Sampled above Arch. Q 1 < 1 L S·l, Q2 '" 30 L S·l. 150688 020891 

B3 Slow draining pond in doline. 150688 

B4 Slow draining pond in large do line. 150688 

B5 Springs from base of talus slope. Q < 1 L S·l. 150688 

B6 Slow draining pond in gravel. 150688 

B7 Small spring-fed stream draining to Central Canyon. Q '" 1 L S·l. 180688 

B8 Sinking stream sampled in large depression above ponor. Q < 1 L S·l. 180688 

B9 Sinking stream in Bear Rock Valley above ponor. Q 1 '" 0.5 L S·l, Q 2 '" 3 L S·l. 180688 070891 

B10 Stream coming off South Upland. Q '" 8 L S·l. 180688 

B11 

B12 

B13 

B14 

B15 

B16 

B17 

B18 

B19 

B20 

B21 

B22 

B23 

B24 

B25 

B26 

B27 

B28 

B29 

B30 

B31 

Sinking stream in Bear Rock Valley, just below Hume Scarp. Q 1 '" 8 L S'l, 
Q 2 '" 2 L S·l, Q

3 
'" 5 L S·l . 

Small springs at foot of talus below cliff. Q ", 2 L S·l. 

Bonus Stream. Sampled above Trout Lake. Q '" 600 L S·l . 

Trout Lake. 

Large cold spring from the Hume Formation. Ql '" 100 L S'l, Q 2 '" 200 L S ·l . 

Small spring north of B 15. Q '" 4 L S·l. 

Bonus Stream. Sampled below main resurgence point. Q 1 '" 80 L S'l, 

Q2 '" 350 L S'l, Q
3 

'" 300 L S·l. 

Bonus Stream. Sampled north resurgence. Q
1 

'" 50 L S'l, Q 2 '" 250 L S·l 

Bonus Lake. Sampled at Sink Inlet. 

Bonus Lake. Sampled at Oil Drum Inlet. 

Bonus Lake. Sampled at Bear Beach. 

Small springs feeding B7. Flow is from talus foot. Ql '" 1 L s·\ Q 2 '" 2 L S·l. 

Central Canyon Stream. Sampled above Central Fan. Q ", 500 L S·l. 

Small spring-fed stream from Horseshoe Sink near base camp. Q '" 1 L S ·l. 

Sinking water in pond below spring B5. 

Bonus Stream. Q 1 '" 1.1 m3 
S ' l, Q 2 '" 0.9 m3 

S·l . 

North Canyon Stream. Sampled at fan apex. Q ", 80 L S·l. 

Small stream off South Upland. Q ", 4 L S·l. 

Small suriace stream draining to Trout Lake. Q '" 3 L S·l. 

Spring at the margin of North Fan. Q ", 3 L S·l. 

Fluctuating pond in large doline, draining at time of sampling. 

180688 
040891 070891 

180688 

210688 

210688 

210688 030891 

210688 

210688 
030891 090891 

210688 090891 

230688 

230688 

230688 

240688 070891 

240688 

240688 

020891 

030891 090891 

030891 

070891 

090891 

090891 

090891 



Table 8.2: Grouping of water samples from the Bonus Lake Site on the basis of their location. 

Type 

2 

3 

4 

5 

6 

7 

8 

Description 

Recharge waters in Upper Sink Zone 

Recharge waters in Lower Sink Zone and Grikeland 

Springs and streams in Lower Sink Zone and Grikeland 

Streams in Canyons 

Low discharge springs in valley bottom 

High discharge streams in valley bottom 

80nus and Trout Lakes 

Location 815: High discharge spring in valley bottom 

Locations 

88,89,810,811,828 

83,84,86,825,831 

85,87,812, 822,824,829 

82,823,827 

81,816,830 

813,817,818,826 

814,819,820,821 

815 

Table 8.3: 0
180 of water samples from the Bonus Lake Site (in %0). 

Location Date 5'·0 Location Date 5'·0 

Recharge waters : Upper and Lower Sink Zones Low discharge springs in valley bottom 

83 150688 -21.93 81 150688 -22.55 

84 150688 -21.57 816 210688 -22.05 

86 150688 -20.81 81 230688 -22.26 

88 180688 -20.91 830 090891 -21 .57 

89 180688 -21.22 AVG -22.11 

810 180688 -21.15 

811 180688 -21.18 

825 020891 -20.75 
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811 040891 -20.33 High discharge springs and streams in valley bottom 

AVG -21 .09 813 210688 -21 .67 

815 210688 -21.96 

Springs and streams in Lower Sink Zone and Grikeland 817 210688 -21.53 

85 150688 -22.16 818 210688 -21.68 

87 180688 -21.14 817 030891 -20.93 

812 180688 -21.73 826 030891 -20.69 

822 240688 -20.88 AVG -21.41 

824 240688 -20.75 

AVG -21.33 

Streams in Canyons Lakes 

82 150688 -21.09 814 210688 -21.37 

823 240688 -20.24 819 230688 -20.95 

82 020891 -20.49 821 230688 -21.13 

827 030891 -20.48 AVG -21 .15 

A\lr.>. -20.57 



Table 8.4: Mean temperature, conductivity, pH, total hardness, ion concentrations, total dissolved ions, Ca2+/Mg2+ ratio, saturation indices 
(calcite and dolomite), and pPC02 for water samples at the Bonus Lake Site. 

Type Temp SPC pH THd Ca2+ Mg2+ HC0
3
· SO/· Na+ cr TDI C/M Sic SID pPC02 n 

1: Recharge, Upper Sink Zone 3.9 168 7.85 89 1.57 0.20 1.57 0.06 0.03 0.03 3A6 7.9 -OAO -1.79 3.07 6 (4) 

2: Recharge, Lower Sink Zone 14.5 166 8.29 97 1.68 0.25 1.88 0.00 0.04 0.03 3.88 6.7 0.50 -0.51 3.31 5 (3) 

3: Springs and Streams, LSZ 2.9 174 8.14 113 2.08 0.15 2.09 0.09 0.01 0.00 4A2 13.9 0.05 -1.53 3.21 7 (5) 

4: Streams in Canyons 9.9 186 8.08 110 1.66 0.54 1.67 0.50 0.03 0.03 4A3 3.1 -0.08 -0.71 3.21 4 (4) 

5: Low Q Springs, Bonus Valley 3.9 252 7.75 159 2.60 0.58 2.72 0.27 0.15 0.13 6A5 4.5 -0.22 -1.19 2.58 4 (3) 

6: High Q Streams, Bonus Valley 8.3 231 7.95 127 1.99 0.54 2.16 0.38 0.23 0.20 5.50 3.7 0.03 -0.55 2.98 8 (4) 

7: Bonus and Trout Lakes 18.1 241 8.33 112 1.81 OA3 1.87 OA1 0.29 0.21 5.02 4.2 0.38 0.22 3.33 4 (4) 

8: High Q Spring: Location B15 2.6 183 8.05 120 1.63 0.76 2.03 0.25 OA3 0.33 5A3 2.1 -0.14 -0.71 3.07 2 (1) 

Temp: temperature in °C; SPC: specific electrical conductivity, expressed to 25°C, in ~S cm·'; THd: Total Hardness in mg L·' CaC03; 

Ion concentrations reported in meq L·' ; C/M : Ca2+/Mg2+ ratio; Sic: Saturation index for calcite; SID: Saturation index for dolomite; pPC02 : -log of partial 

pressure of CO2; n: number of cases, figure in brackets is number of cases for which Na+, cr, and SO/ were measured. 

W 
0\ 
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Figure 8.1: Vertical aerial photograph of the Bonus Lake Site. The average scale is 
1 :60,000. The top of the photograph is north. The terrain is dominated by a broad, gently 
sloping upland dissected by river canyons and glacial meltwater channels. Bonus Lake 
(CD) lies in a spillway that extends from Little Bear River to Carcajou Canyon (Figure 5.6). 
This spillway is called Bonus Valley. Strata dip to the northeast in a monocline. Clastics 
of the Hare Indian, Canol, and Imperial Formations lie on the northeastern flank of Bonus 
Valley. A belt of dolines and depressions occurs on the southwestern flank. These karst 
features are in the Hume Formation. The Bear Rock Formation outcrops in the southern 
portions of the sharp canyons that cut across the doline karst. Much of the outcrop of the 
Beai Rock and Mount Kindle FOimations aie mantled by a veneei of lacustiine and fluvial 
deposits of glacial origin. These deposits locally form terraces (NAPL A24224-1 OS). 
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Figure 8.5: View of the Lower Sink Zone southwest of Bonus Lake. The 
photograph runs the full length of the lake. The Hume Formation is exposed 
throughout the area and dips sharply to the northeast. Partially drowned and 
buried dolines occur along the lake margin. Deep collapse dolines and linear 
rock walled depressions are on the sloping ground. The marker CD is the Arch. 

Figure 8.6: Natural bridge exposed on the southern wall of Twin Bridges 
Canyon, the feature is called the Arch. It is the largest of several natural 
arches at the site. The rock wall has a height of approximately 20 m. This 
and other features are fragments of a dissected strike-aligned conduit system. 
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Figure 8.7: View of the northwestern end of Bonus Lake. In the foreground is 
a large doline infilled with alluvial and lacustrine sediments. A second doline at 
the top of the photograph is drowned by Bonus Lake. At the water level shown, 
the lake drains into the rock wall of the drowned doline at the marker <D. 

Figure 8.8: View of the western end of Trout Lake showing three blocks of the 
upper Hume Formation. Each block represents the same interval of strata. From 
left to right, the strata dip to the NE, E, and NNW. This variation is due to 
subsidence and coiiapse in ihe underiying Bear Rock Formation. 

369 



-150 

~-160 

o 
~ 
CJ) 

o 
~ 
o 
to -170 

Local Line 

Fort Smith Line ~ 

"
B2 (Twin Bridges 

• 

Perched Pond I 
(Dodo Canyon Site) 

Stream) 
00 B11 (Recharge) 

00 B27 (North Canyon Stream) 

B17 (Bonus Stream) 

o B30 (Spring, North Fan) 

I 0 Bonus Lake Samples I 

Dodo Canyon Samples 
o Springs and Streams in Carcadodo Valley 

-180 & Springs, Carca-Spring Stream in Carcajou Canyon 
• Pond in Sinking Zone 
• Springs and Streams in Fluvial Zone 

-23 -22 -21 -20 -19 -18 -17 

Figure 8.9: Isotope samples from the Bonus Lake Site plotted with the 
local and Fort Smith meteoric water lines. Data from the Dodo Canyon 
Site are also shown. All but one of the Bonus Lake samples were 
collected between August 2nd and 4th, 1991; B30 was sampled on 
August 9, 1991. The Dodo Canyon samples are from mid to late August 
of 1991. The graph shows waters of the Bonus Lake Site are meteoric in 
origin and are isotopically heavier than discharge waters of the Dodo 
Canyon Site. Recharge (B25, B 11) and canyon stream (B2, B27) 
samples have the highest 8180 and 80 values, Bonus Stream values are 
lower. This pattern is consistent with data from 1988 (Table 8.3). 
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Figure 8.12: Mean concentrations of major anion and cation species in meq L-1 for 
water types of the Bonus Lake Karst (types defined in Table 8.2). 
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CHAPTER IX 

THE PYRAMID LAKE SITE 

9.1 Introduction 

The Pyramid Lake Site is located in the Carcajou Range of the Mackenzie 

Mountains, 75 Ian south-southwest of Norman Wells (Figure 3.1). The main feature 

of the site is the karstically draining Pyramid Lake. Surficial karst landforms are 

limited to karren. This site provides an opportunity to examine karst hydrology in 

an area of continuous permafrost. Field work was undertaken between July 13 and 

28, 1991. The field objectives were: (i) to supplement the regional hydrochemical 

data base, (ii) to attempt to locate spring points for the sinking waters of Pyramid 

Lake, and (iii) to observe variations in the level of Pyramid Lake and its springs. 

While on site, adverse weather presented some challenges. Consequently, water 

sampling was undertaken at only 17 points and several samples were not fully 

analyzed. However, hydrochemical trends across the site are identified. 

9.2 Site Description 

The Pyramid Lake Site lies between Little Keele and Carcajou Rivers, northeast of 

a range called the Blue Mountains (Figures 9.1, 9.2). The Canol Road and pipeline 

traverse the site. Pyramid Lake occupies a shallow depression and is flanked to the 

west and south by local hills that rise 300 to 400 m above the lake level. To the 

north and east, a broad cryopediment extends to Little Keele River. The latter area 

is shown by a series of dark lines on Figure 9.1 which mark zones of dense 

vegetation next to channels. Pyramid Lake is fed by several small streams draining 

the surrounding slopes (e.g., sample sites P12, P13, P15, P16: Figure 9.2) and by two 

streams from the Blue Mountains. The largest channel is Blue Creek; it was sampled 
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below steep terrain (P14) and again just upstream of Pyramid Lake (PIO). In all, the 

topographic catchment of Pyramid Lake has an area of 34.4 km2 and an elevation 

range from 786 m at lake level to 1780 m along Blue Mountain ridge. 

West of the Pyramid Lake basin is a broad topographic swale developed 

along the axis of a tight syncline. This area is called Misery Valley. The trend of 

this structural valley is east to west, but it has been dissected and its drainage 

captured by a series of northward flowing streams (PI, P2, P3, P8, P9). Drainage 

from the western portion of Blue Mountains is routed south of Misery Valley to 

Little Keele River (P4). The largest stream, Boulder Creek, was sampled at point 

PI7 (Figure 9.2). The channels of Boulder and Blue Creek are coarse and shallow. 

Where these streams traverse carbonate rocks, they lose flow (Figure 9.2). At the 

western end of Misery Valley there are a series of low discharge, diffuse springs in 

alluvial deposits (P5, P6). There is also a high discharge, cold spring flowing from 

the base of a bedrock knoll (P7). This is Horseshoe Spring. It has no topographic 

catchment and is identified as a possible resurgence for sinking waters of the 

Pyramid Lake basin. 

9.2.1 Geology 

The geology of the Pyramid Lake Site is shown on Figure 9.3 . The exposed 

succession spans the Upper Proterozoic (Helikian) to Lower Devonian. The 

following sections review structure and lithology. 

9.2.1.1 Structure 

Major structural features include Stony Anticline and Canyon Fault (Figure 4.6). 

Stony Anticline forms a series of ranges that stretch as an arc of high ground from 

Carcajou to Mountain Rivers. Strata of the Upper Proterozoic Katherine Group 

outcrop along the crest and flanks of this anticline. Canyon Fault is a major thrust 

in the Mackenzie Mountains. Along most of its length the fault plane passes through 

and displaces only Proterozoic strata. In the study area, Canyon Fault brings the 
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Lower Katherine Group to rest upon units ranging from the Upper Proterozoic Little 

Dal Group to the Franklin Mountain Formation. Canyon Fault extends into the 

Franklin Mountain Formation west of Pyramid Lake at its northern end. The fault 

trace is marked by a small bluff and the fault plane dips westward at 50 to 100. In 

addition to these major structural elements there are tight folds in Paleozoic strata. 

Misery Syncline runs from Pyramid Lake to Little Keele River (Figure 9.3). Sharply 

dipping strata of the Franklin Mountain and Mount Kindle Formations form the 

limbs of the syncline. The Bear Rock Formation outcrops in the syncline core. A 

series of folds splay from Misery Syncline west of Little Keele River. 

9.2.1.2 Lithology and Distribution 

Strata of the Lower Katherine Group outcrop along the crest and flank of Stony 

Anticline (Figure 9.3). This unit consists of more than 1000 m of resistant, 

orthoquartzite with minor shale and dolomite (Section 4.4.1.3). Exposures along 

Blue and Boulder Creeks consist of very fine and fine grained, pale yellow and pink, 

well sorted, cross-bedded quartzite. No outcrops of shale or dolomite were observed. 

North of Blue Mountains, the Lower Katherine Group is unconformably overlain by 

the Saline River or Franklin Mountain Formations. To the east, Canyon Fault brings 

the Lower Katherine Group into contact with these same units. 

The Saline River Formation occurs south of Misery Syncline and east of 

Canyon Fault (Figure 9.3). In the former area, there are few good exposures but the 

trace of the formation is marked by its recessive weathering, which contrasts well 

with the bordering resistant units. However, the positions of the geological contact 

are not well controlled. On the west bank of Little Keele River there are exposures 

of shale. In this region, the formation is near its zero edge and is represented by a 

redbed facies. Little or no evaporite is expected in the subsurface. 

There are outcrops of the Franklin Mountain Formation around Pyramid Lake 

and on the flanks of Misery Syncline. Horseshoe Spring discharges from the 

Franldin Mountain Formation near the syncline axis. Exposures west of Pyra!T1id 
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Lake are tan coloured, thinly to thickly bedded, micro to finely crystalline dolomite. 

Some intervals are finely laminated, others display vug porosity. East of sample 

point P14, the contact between the Franklin Mountain Formation and overlying 

Mount Kindle Formation descends to the level of Blue Creek. Along a steep 

exposure, vertically tapering breccia pipes extend downward 3 to 5 metres from the 

Mount Kindle into an interval of massively bedded Franklin Mountain dolomite. 

Nearby, there are other intervals of breccia at that contact. These breccia pipes are 

interpreted as paleokarst features. 

The Mount Kindle Formation occurs on high ground in Misery Syncline and 

east of Pyramid Lake. Outcrops are primarily light to dark grey, medium bedded, 

fine to medium grained, fossiliferous, vuggy, dolomite. Most of the outcrops are 

frost riven but there are small areas of karren on the ridge west of Pyramid Lake and 

along Blue Creek (e.g., Figure 6.4). 

The Bear Rock Formation is mapped along the core of Misery Syncline 

(Figure 9.3) . Much of that area is mantled in frost shattered debris, and peat rich 

soils. There are few good exposures. Outcrops observed are finely crystalline 

dolomite with no extensive breccia. The area was free of surficial karst landforms. 

The mapped boundary of the Bear Rock Formation is approximate, corresponding 

to a slight rise in topography. 

9.2.2 Geomorphology 

The geomorphology of the Pyramid Lake area is characterised by structural and 

periglacial features. Resistant strata on the crests and limbs of folds, form prominent 

ridges and mountain plateaux. The uplands are incised by valleys and spillways, but 

their morphology differs from those of the Dodo Canyon area. West of the Pyramid 

Lake Site, the channels of Carcajou, Little Keele, and other major rivers are braided 

and occupy relatively wide, flat floored valleys with moderately steep longitudinal 

profiles. Rectilinear valley and mountain sides commonly approach slopes of 30°. 

There are isolated conical and pyramidal shaped mountains. Above treeline, bedrock 
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weathering and sediment transfer are dominated by frost processes. Downslope 

sediment transport is achieved by slow mass wasting and rillwash. Steep mountain 

slopes are bordered by gently inclined, broad cryopediments. Most of the pediments 

are vegetated and solifluction across them is limited (Section 5.4.1). In the main, the 

morphology of the mountains and pediments reflect parallel slope retreat and 

pedimentation attributable to long periods of frost action associated with periglacial 

climates. 

Carcajou and Little Keele Rivers pass through knick points adjacent to the 

site. The channels incise sharply into their braidplains and change in pattern from 

braided to meandering. In the latter sections, the streams are confined to narrow, 100 

to 200 m deep canyons that feature abandoned meander loops. Below the confluence 

of Carcajou and Little Keele Rivers, Carcajou Canyon deepens, widens and the 

channel re-establishes a braided pattern. The meandering reach coincides with a 

broad area of low relief and pediments. The incision is related to Quaternary uplift 

and glaciation across the area. Two small waterfalls mark the post-glacial headward 

progression up Carcajou River. Downstream of these falls is 3 Ian of abandoned 

braidplain attributed to the last glaciation. This provides a minimum estimate of 

post-glacial incision along this channel. 

Erratics are distributed to elevations as high as 1150 m at the site. There are 

no well-defined moraine or ice marginal meltwater features. Drift cover is thin and 

sporadic. Laurentide ice advanced to the flanks of the Blue Mountains during the 

Hungry Creek Glaciation, covering the full area of Misery Valley, Pyramid Lake, 

and the surrounding hills (Figure 5.6). The glacial limit is based on the erratic 

distribution and extrapolation from adjacent areas. During the Katherine Creek 

Phase it is suggested that there was Laurentide ice in Misery Valley and over 

Pyramid Lake but the uplands existed as nunataks. The area has been ice-free since 

retreat from the Katherine Creek maximum. 

Permafrost mapping does not extend into the area but the site has attributes 

of the zone of continuous permafrost. There is active felsenmeer on unvegetated 
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pediments northeast of the Blue Mountains. Earth hummocks and stone stripes are 

common. Lowland areas are boggy with much peat. The site includes forest-tundra 

and tundra vegetation communities. 

9.3 Hydrology and Hydrochemistry 

Although the duration of fieldwork at the Pyramid Lake Site was limited, there was 

a range of hydrological conditions observed. Following a relatively dry period there 

was 20 mm of rainfall on July 14 and 15. On July 19 there was an additional major 

rainfall event estimated at 30 mm, a further 20 mm was estimated for July 20. 

During the July 19-20 event there was a 50 em rise in the level of Pyramid Lake, 

flooding the base camp and climate station. The hydrological response in the 

Pyramid Lake area was typical of basins in continuous permafrost. Small seeps and 

springs draining the suprapermafrost aquifer were activated. The discharge of 

surface streams increased rapidly. Over the period of July 25-27, there was an 

additional 58 mm of rain that triggered the maximum response observed. 

Water samples were collected from a number of streams, springs and from 

Pyramid Lake (Table 9.1; Figure 9.2). All waters are meteoric in origin and similar 

in their isotopic composition to those from the Bonus Lake Site (Figure 9.4). 

Detailed analyses were done for only nine samples from six locations (Table 9.2). 

The sampled waters display a calcium bicarbonate chemistry, with only trace 

amounts of sot and Cl- ions. Conductivity data are available from a larger set of 

sampling sites. Based on data listed in Table 9.2, relationships were generated to 

estimate total hardness and total dissolved ions for the larger data set (Figure 9.5). 

Overall, there is a strong relationship between pPC02 and total hardness of the 

sampled waters (Figure 9.6). 

The data have been organized into six groups to identify spatial patterns 

across the site. They are: (1) streams in Misery Valley, (2) low discharge springs 

(along Little Keele River), (3) Blue Mountain streams, (4) Pyramid Lake streams, (5) 

Pyramid Lake, and (6) Horseshoe Spring. The following sections review the 
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hydrology and chemistry of each type. 

9.3.1 Streams in Misery Valley 

Three northward flowing streams dissect Misery Valley. They are in the Franklin 

Mountain, Mount Kindle, and Bear Rock Formations. The temperatures and 

conductivities of streams PI , P2, and P3 varied between 9.7 and 10. 7°C, and 191 and 

231 IlS cmol (Table 9.3). The estimated values for total hardness and total dissolved 

ions range from 127 to 155 mgLol asCaC03, and 5.0t06.1 meqLol . Streams PI and 

P2 were also sampled north of the valley at points P8 and P9. There were increases 

in temperature, conductivity, and discharge at these downstream locations. On July 

15, discharges were 20 and 30 L sol at the upper sites, rising to between 35 and 50 L 

sol downstream (Table 9.1). These measures followed 20 mrn of rainfall on the 

previous day. 

Based on the topographic setting and physical characteristics of these waters, 

they are interpreted as flow from local suprapermafrost aquifers. Samples PI, P2, 

and P3 were taken below steeply sloping terrain. The channels were fed by seeps 

discharging from talus and moss covered colluvium, and from lightly forested peat

rich soils. Across Misery Valley temperature and conductivity were consistent. The 

high hardness values reflect the local carbonates and the slow rate of percolation 

through the organic soils. These waters are perched above the permafrost and are not 

associated with springs to the west. 

9.3.2 Low Discharge Springs (Little Keele River) 

At the west end of Misery Valley there are several small springs flowing from 

alluvium located on terraces and on the bank of Little Keele River. The temperature 

and conductivity of springs P 5 and P6 were measured at 11. 7 and l3 . 7°C, and 238 

and 244 IlS cmol (Table 9.3). The conductivity values yield total hardness and TDI 

estimates of approximately 163 mg Lol as CaC03 and 6.4 meq Lol. East of the spring 

points the terrain slopes gently towards Little Keele River. The physical measures 
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are similar to those from streams of Misery Valley, suggesting these spnngs 

discharge local suprapermafrost waters. 

9.3.3 Blue Mountain Streams 

A series of steep, braided streams drain the northern flank of the Blue Mountains. 

Sample sites included Boulder Creek (P17), Blue Creek (PI4), and a small tributary 

of the latter (P 15). These basins are in quartzites of the Katherine Group and are 

largely above treeline. 

Boulder Creek was examined at point P17. The sample location lies below 

a cliff in the Franklin Mountain Formation. The strata dip sharply to the north

northwest. The discharge at the site was variable. The channel was dry on July 15. 

The total flow was infiltrating upstream into a cobble and boulder bed. Following 

the heavy rains of July 25 to 27, the discharge increased to approximately 350 L S-I 

at P17. Downstream there was a gradual loss in flow through infiltration. An icing 

at the confluence of Boulder Creek and Little Keele River persisted into mid-July, 

indicating some winter flow through the channel bed. 

The morphology of the upper and middle reaches of Blue Creek are similar 

to Boulder Creek. Near Pyramid Lake, channel bed sediments gradually fine and the 

stream adopts a meandering pattern. The flow of Blue Creek is diminished where 

it crosses the Franklin Mountain Formation. At low stage, the total discharge 

infiltrated near point P14. Moderate flows occupied the channel to approximately 

point P 16. Only during the high flows associated with the July 19 to 20 and 25 to 

27 events was the channel occupied to Pyramid Lake. Between July 22 and 27, 

flows observed at P14 ranged from 150 to 400 L S-I, although the maximum 

discharge associated with the July 25 to 27 event was not estimated. The channel at 

PIS is also coarse grained and in quartzites, but it is partially below treeline. Flows 

were observed only following rainfall events. 

Stream temperatures varied between 3.1 and 8.7°C. Conductivity values 

ranged from 21 to 61 IlS cm- I (Table 9.3). On average, this group has the lowest 
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total hardness and TDI values of the water types: 16 mg L-I as CaC03, and 0.6 meq 

L-I. At site P14, TDI was measured at 0.24 and 0.25 meq L-I and total hardness at 

6 mg L-I as CaC03 (Table 9.2). These waters are aggressive towards calcite and 

dolomite (P14: SIc = -3.1; SID = -6.4) withpPC02 values equilibrated to atmospheric 

concentrations of CO2 (pPC02 ~ 3.7). The data indicate that Blue and Boulder 

Creeks are supplied by suprapermafrost waters. This is consistent with their 

temperature and flashy discharge response to precipitation. The low hardness is a 

function of the basin materials. 

On July 23, the discharge of Blue Creek at P14 was 150 L S-I . Rhodamine 

WT dye was introduced into the stream at that point. The flow infiltrated into the 

bed across the next 100 m of channel. Charcoal detectors were placed at Horseshoe 

Spring to the northwest and were collected on July 27. Laboratory analysis of the 

effluent established a positive trace to Horseshoe Spring. 

At point PI0, Blue Creek flows through a small sand and gravel channel 

within a wide floodplain . Downstream, the floodplain gradually narrows and the 

stream passes through several meanders where a prominent levee of fine textured 

sands encloses a high capacity channel. A small bird-foot delta extends into the lake. 

At PI 0, the level of the July 19 to 20 flood event was marked by overbank deposits 

and organic detritus. Measurement of the local floodplain geometry, down valley 

slope, and surface roughness allowed calculation of the flood velocity using the 

Manning Equation: 

n 
(9.1) 

where V = mean channel velocity (m S-I), R = hydraulic radius (m) which equals the 

cross-sectional area of the channel divided by the wetted perimeter, S = water surface 

gradient (m m-I), and n = Manning's resistance coefficient. A mean channel velocity 

of 0.6 m S-I was calculated from a hydraulic radius of 0.28 m, a gradient of 0.015 m 
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m-I
, and a Manning's n of 0.09. The latter value was estimated from standard tables 

that conform to a floodplain of grasses and willows (Gardiner and Dackombe, 

1983). The area of the flood channel is 3 m2
, which yields a flood peak of 1.8 m S-I. 

This is a minimum estimate of the peak flow since the selected value of roughness 

coefficient is thought conservative. 

9.3.4 Pyramid Lake Streams 

These streams drain the wetlands and slopes around Pyramid Lake and the small 

basins in carbonate rocks to the south. The water type includes the lower portion of 

Blue Creek (P10), as well as Cache Creek (P13) and the streams P12 and P16. 

Blue Creek at PI 0 was gauged on July 16 at 20 L S-I and on July 23 at 40 L 

S-I. Analysis of the July 16 sample yielded: total hardness of 192 mg L-1 as CaC03, 

TDI of7.51 meq L-1
, Ca2+/Mg2+ ratio of 1.2, pPC02 of2.94, and positive saturation 

indices (SIc = 0.49, SID= 0.89) (Table 9.2). At low stage, Blue Creek (P10) takes 

flow from Stream P16 and nearby wetlands. Stream P16 is developed along the trace 

of Plateau Fault. One half of the basin is in quartzite and the balance in dolomite. 

The elevated pPC02 reflects CO2 enrichment in organic soils. This sample may be 

typical of the low discharge diffuse flows that drain into Pyramid Lake. However, 

it does not capture the bulk character of the Blue Creek input that is cold, aggressive, 

and of low hardness. 

Cache Creek (P13) was sampled following the July 19 to 20 event. The July 

22 discharge was 45 L S-I . Its chemistry is similar to P10 though more diluted by 

stormflow. Total hardness was 139 mg L-1 as CaC03 and TDI was 5.48 meq L-1
. 

The pPC02 of 3.35 suggests only marginal CO2 enrichment in the soil zone. The 

sample is saturated with respect to calcite and dolomite (SIc = 0.52, SID = 0.90). The 

differences with PI 0 reflect, in part, basin parameters; much of the Cache Creek 

basin lies above treeline in talus and exposed dolomite. 

The flow of Stream P 12 greatly increases following precipitation events. It 

was sampled on July 22 with a discharge of 25 L S-I. The sample temperature was 
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4 .2°C, total hardness 93 mg L- I as CaC03, TDI 3.7 meq L-I
, pPC02 3.64, and the 

saturation indices near equilibrium (SIc = 0.21, SID = 0.15). The stream drains a 

small, steeply sloping basin in dolomite above treeline. Flows to the channel emerge 

from talus as suprapermafrost seeps. 

On average, waters of this grouping are similar in temperature, conductivity 

and hardness to the suprapermafrost streams of Misery Valley (Table 9.3). Their 

chemistry reflects the dolomite bedrock and colluvium that dominate the basins. 

9.3.5 Pyramid Lake 

Pyramid Lake is fed by Blue and Cache Creeks and by streams and seeps draining 

the local slopes and wetlands. The total area of the watershed is 34.4 km2
, of which 

16 km2 occurs upslope of location PIS . Pyramid Lake has no surface outlet, its 

elevation is 785 m. A survey on July 16 showed total inflow at 50 to 75 L S-I . The 

contributions from diffuse inputs were difficult to estimate. At the western end of 

the lake, there is a steep bluff in the Franklin Mountain Formation. The shoreline 

outcrop hosts fractures and frost shattered solution pockets that approach 20 cm in 

diameter and extend 0.5 m into the bedrock. The strata dip to the west (Figure 9.3). 

The water depth next to this bluff was 5 m. This site is the only location where a 

bedrock bluff forms the shoreline and it is identified as a sink point. While the lake 

bathometry is unknown, it is probable there are other swallets. 

During and following heavy precipitation events, flows into Pyramid Lake 

increase by an order of magnitude. Most of the input originates from the Blue Creek 

watershed. The minimum estimate of the July 19 to 20 Blue Creek peak is 1.8 m3 S-I. 

By July 21, a plume of suspended sediment had spread across the full area of the lake 

in the upper part of the water column (e.g., Figure 9.1). The process was repeated 

during and following the July 25 to 27 event. On such occasions, a pulse of cold, 

aggressive, sediment laden, low hardness water enters Pyramid Lake. Presumably 

such flows also occur during the snowmelt period. There is a substantial difference 

in the temperature and turbidity of the summer storm and fair weather flows . The 
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cold, turbid waters may generate density currents that deliver a mass of bedload to 

the lake bottom and spread a plume of suspended materials laterally. 

Pyramid Lake was sampled at the shoreline just below the Franklin bluff at 

point P 11. Conductivity and temperature were recorded at the surface and at 1.5 m 

depth (Table 9.3). Analysis of the latter sample showed: temperature of II.2°C, total 

hardness of77 mg L-I as CaC03, TDI of3.1 meq L-I
, Ca2+/Mg2+ ratio of 1.3, pPC02 

of3 .5I, and near equilibrium saturation indices (SIc = -0.04, SID = -0.17) (Table 9.2). 

The surface sample had a temperature of I2.rC and a conductivity of302 IlS cm- I
, 

yielding a total hardness estimate of 207 mg L-1 as CaC03. The two samples suggest 

the lake is stratified. Waters at depth are assumed to have low temperatures and low 

hardness. It is not known if the 1.5 m sample is representative of the lake body. It 

may characterize a mixing zone between the cold, dense, aggressive flood waters 

(e.g., PI4) and the fair weather, warm, high hardness flows of Cache Creek (P13) 

and lower Blue Creek (PIO). A sample was also retained from 1.5 m depth for 

isotope analysis (Figure 9.4). 

9.3.6 Horseshoe Spring 

Horseshoe Spring is located 10 m above the level of Little Keele River at the west 

end of Misery Valley (Figure 9.2). The spring elevation is 720 m. No surface 

streams or gullies drain towards the site. The majority of the flow issues from 

alluvium on a terrace of Little Keele River adjacent to an outcrop of the Franklin 

Mountain Formation. A 5 m diameter pool marks the position of the principal 

outflow. Upwelling of spring waters is sufficiently vigorous to suspend sands. The 

alluvium in the pool area has been reworked. Gravels line the pool bed while fine 

sands border its margin and comprise the channel draining to Little Keele River. 

A hierarchy of springs is present. The discharge increased below the pool 

due to further aggraded inputs into the channel. Also, several small capacity 

conduits occur in the adjacent outcrop. At high stage, the upper bedrock conduits 

were activated. Discharge measurements varied between 1.2 and 1.7 m3 
S-I (Table 
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9.1). Deposits from the spring area provided evidence of higher flows. At the time 

of the July 27 measurement (Q ~ 1.7 m3 s-') the highest spring points were not 

flowing . However, within and below these conduits were recent deposits of fine 

sands. Extensive overbank deposits and flattened vegetation fringed the channel 

below the pool. The charcoal detectors placed on the channel bed on July 23 were 

buried by 5 to 15 cm of fine and very fine sand. 

Horseshoe Springsl temperature and conductivity averaged 3.0°C and 86 IlS 

cm-' (Table 9.3). The two samples analysed displayed consistent chemistry (Table 

9.2). Data from July 27 show: a total hardness of74 mg L-' as CaC03, TDI of2.81 

meq L-', Ca2+lMi+ ratio of 1.5,pPC02 of3.42, and aggressive saturation indices (SIc 

= -0.49, SID = -1.25). This chemistry is similar to that of Pyramid Lake (P 11) and 

intermediate between that of the Blue Mountain Streams (Type 3) and streams of the 

carbonate basins (Type 4). 

9.4 Pyramid Lake Aquifer 

The character of the Pyramid Lake aquifer can be deduced from Horseshoe Spring 

data. The low Ca2+ IMg2+ ratio shows circulation has been through dolomite. 

Discharge is high and variable and the waters are aggressive. The temperature and 

conductivity are low compared with nearby suprapermafrost springs (Type 2). 

Clastic sediments are flushed through the outlet during storm events. The sediments 

have a texture similar to that of the Lower Katherine Group quartzites. A dye trace 

established a less than 4 day connection between Blue Creek and Horseshoe Spring. 

In total, these data support a model of high groundwater velocity and a short 

residence time in the aquifer. Circulation is not sufficiently deep to produce thermal 

discharge. These observations indicate that Horseshoe Spring drains a subpermafrost 

conduit aquifer. 

There is ample evidence supporting the interpretation of a conduit aquifer but 

few data are available regarding the style of its recharge and the extent of its 

recharge area. The dye trace shows a connection between the middle reaches of Blue 
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Creek and Horseshoe Spring. Through that section, the stream loses flow under all 

discharge conditions where it crosses the Franklin Mountain Formation. The strata 

are on the flank of Misery Syncline and dip sharply to the northwest. Infiltration also 

occurs into the channel of Boulder Creek in a similar structural situtation. It is 

possible that Boulder Creek waters are also discharged at Horseshoe Spring. The 

isotopic signature of Horseshoe Spring is most similar to the water sampled from 

Pyramid Lake (Figure 9.4). The chemistry and isotope ratios of the spring indicate 

that Blue Mountain waters do not constitute the sum of the recharge. There are other 

inputs to the aquifer. It is suggested that waters of Pyramid Lake sink at the eastern 

end of Misery Syncline into western dipping strata and discharge at Horseshoe 

Spring. There is a possibility that Pyramid Lake waters are routed to unknown 

springs on the Little Keele or Carcajou Rivers. However, the chemistry of 

Horseshoe Spring requires the input of a high hardness water. There are insufficient 

data to evaluate ifinputs and outputs to the system balance. However, there is room 

for speculation. 

There were several rainfall events during the period of fieldwork. Each 

successive storm generated a greater discharge response. The level of Pyramid Lake 

rose by 1.3 m between July 13 and 28. In the event of July 25 to 27, there was 59 

mm of precipitation recorded at the Pyramid Lake base camp. At the flood peak, 

most of the flow of Boulder Creek infiltrated into its bed and a pulse of cold, 

sediment laden water entered Pyramid Lake from Blue Creek. The peak discharge 

at Horseshoe Spring was missed but it was likely near 2 m3 
S-I. In this event, the 

volume of recharge to the Pyramid Lake basin was at least 2.0 x 106 m3
. With 

Horseshoe Spring discharging at 1.5 m3 
S-I, this rainfall pulse would pass through the 

system in 15.4 days. The volume of recharge ( discharge) and the time estimate are 

increased if Boulder Creek waters also contribute to Horseshoe Spring, as is 

suspected. These figures seem reasonable given the storage capacity of Pyramid 

Lake. As the lake level increased some of the small conduits on its western shoreline 

were inudated. On an annual basis, runoff in the area may be as high as 500 mm 
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(Table 3.4: Tsichu River). Over the whole basin that represents 17.2 x 106 m3 of 

recharge. At 1.5 m3 s-l, Horseshoe Spring could discharge such a volume in a season 

of 132.7 days. Again the volumes and time estimates would be higher if the sinking 

waters of Boulder Creek contribute to Horseshoe Spring. There are few data that can 

be used to validate these estimates. However, they do suggest that Horseshoe Spring 

is capable of accomodating recharge across the full area of Pyramid Lake basin and 

some flow from Boulder Creek. 

The final difficulty are the sediments that are flushed through the aquifer 

during storm events. Waters draining off the quartzites of the Katherine Group 

represent allogenic waters in this system. When flood waters from Blue Creek enter 

Pyramid Lake they may behave as turbidity currents with cool, dense water moving 

below the surface. Fine grained sediments are suspended but the sands move along 

the lake floor, perhaps to a conduit where they enter the aquifer. Alternatively, sands .... 

enter the system through aggraded conQuits along Blue or Boulder Creeks. 

9.5 Summary: Pyramid Lake Site 

The significance of the Pyramid Lake Site is not in the range or distribution of 

surficial landforms but rather the presence of a large conduit aquifer developed in 

dolomite bedrock in a previously glaciated and continuous permafrost environment. 

Recharge passes through north and westward dipping strata of Misery Syncline. 

It is focussed to the axis of the syncline, and discharges just above local base level 

at Horseshoe Spring. Water samples have a calcium bicarbonate chemistry. Total 

hardness is strongly correlated with pPC02 (Figure 9.6). Hardness and ion 

concentrations are lower than samples from other sites in this study. The latter reflect 

the cold climate and the dolomite geology. Under the current environmental 

conditions, the development of a high capacity, integrated conduit aquifer in 

dolomite would be improbable. Surficial processes are dominated by frost action. 

Permafrost is continuous. There is a possibility that the Pyramid Lake aquifer is a 

reactivated paleokarst. 
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Table 9.1: Description of water sampling locations at the Pyramid Lake Site. 

Map Site Description 

Location 

P1 Small stream in Misery Valley draining northward. A " 30 L S·l. 

P2 Small stream in Misery Valley draining northward. A " 30 L S ·l. 

P3 Small stream in Misery Valley draining northward. A " 20 L S ·l . 

P4 Little Keele River. Braided stream, a > 10 m3 
S ·l. 

P5 Springs discharging from alluvium. A " 1 0 - 15 L S·l. 

P6 Springs discharging from alluvium. A " 1 0 L S·l . 

P7 Horseshoe Spring. Large spring discharging from an outcrop of the Franklin 

Mountain Formation . Discharge is high and variable. 0 1 " 1.2 - 1.3 m3 
S ·l, O2 " 

3 ·1 a 3 ·1 1.2 - 1.3 m s , 3 " 1.6 - 1.8 m s . 

P8 Stream channel downstream of location P2. A " 50 L S ·l . 

P9 Stream channel downstream of location P1. A " 35 - 40 L S ·l . 

P10 Blue Creek. Sampled in channel above Pyramid Lake. Discharge variable. 

0 1 " 20 L S ·l , O
2

,, 40 L S' l, Omax > 1.8 m3 
S ·l (based on Manning Equation). 

P11 Pyramid Lake. Sampled at the surface and at a depth of 1.5 m. 

P12 Small stream in steep channel above treeline. Flow sampled after heavy 

precipitation. A " 20 - 30 L S·l . 

P13 Cache Creek. Stream draining a forested basin. A " 40 - 50 L S ·l . 

P14 Blue Creek. Braided channel with a boulder and cobble bed . At this site, flow 

was obseNed throughout the period of field obseNations. Discharge decreased 
below the sampling point. 0

1
" 200 L S ·l, O

2
::; 150 L S ·l, 0

3
::; 300 - 400 L S ·l . 

P15 

P16 

P17 

Stream with a coarse channel. Basin is partially below treeline. a ::; 30 L S ·l . 

Stream along the contact between quartzite of the Katherine Group and dolomite 

of the Franklin Mountain Formation . Basin partially below treeline. A " 25 L S·l . 

Boulder Creek. Braided channel with a boulder and cobble bed . Flow at the 

sampling site occurs only after rainfall events . Flow is reduced downstream. 
a " 300 - 400 L S ·l. 

Sample 

Date(s) 

150791 

150791 

150791 

150791 

150791 

150791 

150791 

180791 

270791 

150791 

150791 

160791 

230791 

210791 

220791 

220791 

220791 

230791 

270791 

220791 

220791 

270791 



Table 9.2: Temperature, conductivity, pH, total hardness, ion concentrations, total dissolved ions, Ca2+/Mg2+ 

ratio, saturation indices (calcite and dolomite), and pPC02 of water samples at the Pyramid Lake Site. 

Location Site Date Temp SPC pH THd Ca
2T Mg2T HCO ' SO 2· 

3 4 cr TDI C/M Sic SID pPC02 IBE 

Horseshoe Spr P7 180791 2.7 79 8.34 53 0.60 0.46 1.02 0.08 0.02 2.18 1.3 -0.48 -1 .17 3.71 -2.8 

Horseshoe Spr P7 270791 2.5 102 8.11 74 0.88 0.60 1.18 0.13 0.02 2.81 1.5 -0.49 -1.25 3.42 5.4 

Blue Creek P14 220791 7.1 21 7.45 6 0.08 0.04 0.12 0.00 0.00 0.24 2.0 -3.05 -6.44 3.69 0.1 

Blue Creek P14 270791 3.6 33 7.38 6 0.12 0.00 0.08 0.05 0.00 0.25 -3.16 99.00 3.83 -4.1 

Blue Creek P10 160791 11.5 284 8.18 192 2.12 1.72 3.68 0.00 0.00 7.51 1.2 0.49 0.89 2.94 2.0 

Pyramid Lake P11 210791 11 .2 139 8.38 77 0.86 0.68 1.52 0.00 0.04 3.10 1.3 -0.04 -0.17 3.51 -2.3 

Stream P12 220791 4.2 135 8.52 93 1.12 0.74 1.84 0.00 0.00 3.70 1.5 0.21 0.15 3.64 0.6 

Cache Creek P13 220791 11.7 215 8.45 139 1.60 1.18 2.70 0.00 0.00 5.48 1.4 0.52 0.90 3.35 1.5 

Boulder Creek P17 270791 3.1 61 7.71 25 0.36 0.14 0.30 0.05 0.05 0.90 2.6 -1 .82 -4.13 3.59 11 .5 

Temp: temperature in °C; SPC: electrical conductivity, expressed to 25°C, in ~S cm'
l

; THd: Total Hardness in mg L·
1 
CaC03 ; 

Ion Concentrations reported in meq L'\ analyses for NaT were not done; TDI: Total Dissolved Ions in meq L·1; C/M: Ca2T/Mg2T ratio; 

Sic: Saturation Index of Calcite; SID: Saturation Index of Dolomite; pPC02 : -log of partial pressure of CO2; IBE: Ion balance error in %. 

99.00 indicates no computation . 

W 
\0 
t-' 



Table 9.3: Temperature, conductivity, total hardness, and total dissolved iO/1~lor Pyramid Lake Site sample groups. 
Water Type Date Site Temp SPC THd TDI 

Stream waters in Misery Valley (stream basins 
are in carbonates of the Franklin Mountain, 

Mount Kindle, and Bear Rock Formations) 

150791 
150791 

150791 
150791 
150791 

P1 
P2 

P3 
P8 

P9 

9.7 
10.5 

10.7 

191 

221 

231 

127 
148 

155 

5.0 
5.8 
6.1 

15.7 228 153 6.0 

....... ~.~:~ .......... ............ ?~? .................. 1.?? .. ....... .......... ?.:9. .... . 
....... _ ....................................................................................... _ .............. !::'!.~~~~!7 .......................... ~.~:~ ...................... ??? .................. ~.~~ .. .................. ~:~ .... . 
2 Low discharge springs east of Little Keele River 150791 P5 11.7 238 161 6.3 

150791 P6 .. ..... ~}:? ..................... ?.~~ ................ .J.~~ .................... ~:? .... . 
..... .. _ ....................................................................................... _ ............... f:..'!.~~~~!7 .......................... ~.~:? ...................... ?~~ ................... ~.~.? .................... ~:~ .... . 
3 Blue Mountain streams (basins are largely in 220791 P14* 7.1 21 6 0.2 

quartzites of Katherine Group, the flow of Blue 230791 P14 7.2 35 13 0.5 
Creek (P14) is directed to Pyramid Lake) 270791 P14* 3.6 33 6 0.3 

220791 
270791 

P15 
P17* 

8.7 59 30 1.2 
3.1 61 25 0.9 ......................................... ... ................................................ ...... 

....... _ ....................................................................................... _ ............... f:..'!.~~~~!7 ............................ ?:~ ...... .................. ~~ .................... ~.~ .................... ?:~ .... . 
4 Pyramid Lake streams (stream basins in Franklin 160791 P10* 11.5 284 192 7.5 

Mountain and Mount Kindle Formations southeast 230791 P10 7.8 246 166 6.5 
of Pyramid Lake) 220791 P12 4.2 135 93 3.7 

220791 P13* 11.7 215 139 5.5 

220791 P16 ........ . §!:§! ..................... .1.?L ................. 1.~.§! .................... ~:? .... . 
....... _ ....................................................................................... _ .... .. ......... f:..'!.~~~~!7 .. .......................... ~:~ ...................... ?~.~ .................. ~.~.~ .................... ~:? .... . 
5 Pyramid Lake (samples taken at two depths; ** 210791 P11** 12.7 302 207 8.1 

at the surface; * taken at 1.5 m depth) 210791 P11* ...... JJ.:? ..................... P.§! .................... ?? ................... ?.J. .... . 
....... _ ....................................................................................... _ ............... f:..'!.~~~~!7 .......................... ~.~:~ ...................... ??~ ................... ~.~.~ .................... ~:? .... . 

6 Horseshoe Spring (flows from Franklin 150791 P7 3.7 78 44 1.7 
Mountain Formation) 180791 P7* 2.7 79 53 2.2 

270791 P7* 2.5 102 74 2.8 ................................................................................................ 

....... _ ....................................................................................... _ ............... f:..'!.~~~~!7 ............................ ?:~ ........................ ?? ................... ~?. .................... ?:? .... . 
Little Keele River 150791 P4 9.9 183 120 4.7 

* Data used to generate regression relationships to estimate THd and TDI for the full data set; Temp: Temperature in °C; SPC: specific electrical 

conductivity, expressed to 25°C, in ~S cm·' ; THd: Total Hardness is expressed in mg L·' as CaC03; TDI: Total Dissolved Ions in meq L·' . 
W 
1.0 
N 
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Figure 9.1: Vertical aerial photograph of the Pyramid Lake Site (top). North is at the top. The scale 
is 1 :69500 in the Pyramid Lake (CD) area. Horseshoe Spring is located near Little Keele River at @. 
The channel of Blue Creek (@) is shown below. The Canol Road is seen to the lower right. 
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Figure 9.2: Map of the Pyramid Lake Site illustrating topography, drainage, and water sampling 
locations. Pyramid Lake is supplied by several small streams draining the local hills and by Blue 
Creek. The watershed has an area of 34 km 2

• Blue Creek drains a portion of the Blue Mountains 
which rise to 1780 m elevation and possess an alpine topography. The Laurentide glacial limit 
occurs below 1300 m. A broad pediment extends north of Pyramid Lake towards Little Keele 
River. Undulating terrain occurs through Misery Valley to the west. Karst input landforms are 
restricted to a small area of karren along Blue Creek and the hills west of Pyramid Lake. 
Horseshoe Spring is east of Little Keele River and flows from the Franklin Mountain Formation. 
Blue Creek and the neighbouring Boulder Creek have coarse braided channels that lose 
discharge where they flow over carbonates. A dye trace shows a connection between Blue 
Creek and Horseshoe Spring. 
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Figure 9.3: Geology of the Pyramid Lake Site. Pyramid Lake sits at the eastern end of a 
doubly plunging syncline (Misery Syncline) developed in the Franklin Mountain, Mount Kindle, 
and Bear Rock Formations. To the south, Proterozoic strata of the Lower Katherine Group 
outcrop along the crest and flanks of Stony Anticline. West of Canyon Fault, the Saline River 
and Franklin Mountain Formations unconformably overlie quartzites of the Lower Katherine 
Group. Canyon Fauit aiso brings the iatter units into contact with a variety of younger strata in 
the eastern section of the map (after Aitken and Cook, 1974). 
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CHAPTER X 

THE BEAR ROCK SITE 

10.1 Introduction 

The Bear Rock Site is located 4 km west of the confluence of the Mackenzie and 

Great Bear Rivers (Figure 3.1). The term liB ear Rock" was applied by Franklin 

(1828) and Hume (1954) to an upland at the southern end of the Norman Range 

between 64°54' and 64°59' north latitude. In current cartographic usage the name is 

reserved for single peak at the northeastern end of the range (e.g., NTS 96 C/13). 

However, in this work "Bear Rock" is employed in accordance with the original 

intent. 

At its southern end, Bear Rock rises abruptly from the level of the Mackenzie 

River and runs northward. The range is 4 km in width and 8 km in length. Steep 

slopes occur at the margin of Bear Rock along the Mackenzie River and above the 

lowland to the east (Figure 10. 1). There are prominent cliffs at the north and south 

ends of the range. To the west, sheer slopes mark the trace of the Hume Formation 

and a series of faults. Local relief approaches 400 metres. 

Across the central portion of the upland there are a variety of karst 

depressions that are developed primarily on the Bear Rock Formation. Several larger 

features contain ponds and lakes. In the northern portion of the range, the density 

of dolines is high, many are circular in plan, and there are large compound and linear 

depressions. This area is the North Karst (Figure 10.2). The single largest feature 

of the North Karst is Camp Depression. It is a compound doline or uvala centred on 

two small ponds (Figures 10.2, lOA) . A ridge separates the North Karst from the 

bordering South Karst (Figure 10.3). The southern area is dominated by a compound 

linear depression that is developed parallel to the axis of a small anticline. Two large 

398 
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lakes are found within this zone: Round and Long Lakes. Both the Bear Rock and 

Franklin Mountain Formations outcrop in their basins. 

Hydrogeologically, Bear Rock may be divided into recharge and discharge 

zones. The recharge zone runs the full length of the range through the central portion 

of the upland. This zone includes the area of karst depressions and those regions 

where surface drainage is routed towards sink points or infiltrates into channel beds. 

Recharge occurs in the Bear Rock and Franklin Mountain Formations. The 

discharge zone includes the marginal and sloping areas of the upland and the low 

ground that borders Bear Rock. Drainage elements of the latter area include 

ephemeral streams and a series of springs at the periphery of the range (Figure 10.1). 

At the southeastern end of Bear Rock, several low discharge, perennial springs flow 

into a grass and sedge clearing at the base of a steep slope (Figure 10.5). This spring 

line and glade is called the Bear Rock Spring Area. The perennial discharge 

generates frost blisters at that location. The hydrochemistry of these springs has 

been described by Michel (1977) and van Everdingen (1978, 1982). Similar springs 

also flow from talus and outcrops along the north bank of the Mackenzie River. A 

second set of important springs occurs at the base of a gully near the contact of the 

Bear Rock and Hume Formations at the southwest edge of the range. These springs 

feed Forest and Blood Streams (Figure 10.1). They have a high discharge and differ 

in their chemistry from those of the Bear Rock Spring Area. Another major spring 

is located 2.5 km north of Forest Stream and supplies West Stream. Its point of 

discharge is also near the Bear Rock-Hume contact. In the area of the North Karst, 

there were few springs located. A single low discharge spring flows from a bench 

of the Franklin Mountain Formation southwest of Trout Lake, and small springs 

contribute to the flow of Vale Stream in the northwestern portion of the range. The 

bulk of the recharge through the North Karst must discharge through unseen flooded 

or aggraded springs. 

The specific objectives of fieldwork at the Bear Rock Site were: (i) to map 

the geomorphology with a focus given to the distribution and range of karst 
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depressions, (ii) to describe the hydrology of the site, (iii) to collect surface and 

spring waters for chemical analyses, and (iv) to identify flow paths from the zone of 

recharge to discharge. 

Fieldwork was conducted from three base camps. Camp One was occupied 

between July 6 and August 2, 1987. During that season the field effort was 

concentrated in mapping the South Karst area. In 1988, fieldwork was done from 

Camps Two and Three. Camp Two provided easy access to the Bear Rock Spring 

Area. In 1988, it was used between June 1 and June 10, July 28 and July 31, and 

August 8 and August 11. Camp Three occupies the largest depression in the North 

Karst. It was used between July 19 and 27, August 1 to 7, and August 12 to 14, 

1988. While at the latter site, water samples were collected and mapping was 

conducted over the area of the North Karst. 

10.2 Geology 

The geology of the Bear Rock area was mapped by Stelck (1944) during the Canol 

Project. The work is reviewed by Hume and Link (1945) and Hume (1954). During 

Operation Norman, sections on and near Bear Rock were examined by Aitken et al 

(1973) and a geological map of the Fort Norman map area (96E) was prepared by 

Cook and Aitken (1976). There is broad agreement on lithological boundaries 

between the geological maps. However, structural features are modified in the Cook 

and Aitken version. Morrow and Meijer-Drees (1981) remeasured Stelck's type 

section of the Bear Rock Formation and revised some formational boundaries of the 

Cook and Aitken map. Savigny (1989) subsequently reinterpreted regional structural 

features. 

During fieldwork, the author traversed most of Bear Rock noting the 

distribution and lithology of the formations present. Emphasis was placed on: (i) 

describing the lithology of the karst hosting strata (Bear Rock and Franklin Mountain 

Formations), (ii) establishing the distribution and orientation of these units, and (iii) 

interpreting the broad stmcture of Bear Rock, These objectives have been largely 
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achieved. The Bear Rock and Franklin Mountain Formations were examined at 

many locations, and the contact between them and adjacent units have been well 

established. However, there is uncertainty regarding the aerial extent and the 

displacement of faults in the western and southern portions of the range. Access to 

some locations was limited by steep slopes and interpretation hindered by covered 

intervals. The geological map presented in Figure 10.6 incorporates field 

observations and data from previous work. The following sections describe the 

lithology and structure of Bear Rock. 

10.2.1 Lithology and Distribution 

Strata exposed at Bear Rock span the Cambrian to Tertiary. Outcrop on the upland 

includes the Saline River, Franklin Mountain, Bear Rock, and Hume Formations. 

Younger strata are distributed to the east and west. 

10.2.1.1 Saline River Formation 

The Saline River Formation outcrops on the eastern margin of Bear Rock where it 

occurs in the hanging wall of a major thrust. In this area, the formation rests upon 

strata of Tertiary age (Section 10.2.2). Owing to its recessive character it is 

generally poorly exposed. A section in a steep gully at the southeastern end of Bear 

Rock shows 34 m of the upper beds along a reverse fault (Section MQ-3: Aitken et 

ai, 1973). This section was described by Aitken et al (1973) and examined by the 

author. It mainly consists of red to reddish brown gypsiferous mudstone with minor 

interbedded dolomite. Thin bands of gypsum (selenite) and green mudstone were 

present. Beds were highly contorted and there were many small faults and folds. 

The contact with the overlying Franklin Mountain Formation is covered. 

A complete section was described by Aitken et al (1973) from a valley side 

location northwest of Bear Rock (Section MQ-2: 65°17' N Lat., 126°16' W Long.). 

The upper portion is recessive, red mudstone with some interbedded dolomite and 

other clastics. Lower in the section the mudstone becomes progressively more 
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contorted and folded, brecciated intervals of dolomite occur and the content of 

gypsum increases. The latter is noted as selenite crystals, nodular gypsum, and 

massive gypsum beds. There is evidence of gypsum solution and reprecipitation at 

some surfaces. The total exposure is 162 m in thickness and may represent a 

complete section. The subsurface thickness of the Saline River Formation is highly 

variable in the area. At Vermillion Ridge No. 1 Well the thickness exceeds 885 m 

with 796 m occurring as evaporite (Salt Member: Pugh, 1993). 

10.2.1.2 Franklin Mountain Formation 

The Franklin Mountain Formation forms the bold cliffs at the northern and eastern 

flanks of Bear Rock. It is also exposed in the Long Lake area of the South Karst. 

The formation is divided into the Cyclic, Rhythmic, and Cherty Members. In the 

lower Keele River area, it has an average thickness of 400 to 450 m (Pugh, 1993). 

In the southern Norman Range, the formation thins markedly. The Cherty Member 

was eroded during pre-Devonian activity across Keele Arch (Figure 4.4) . Only the 

Cyclic and Rhythmic Members of the formation are present in the Bear Rock area. 

The basal Cyclic Member conformably overlies the Saline River Formation. 

In the main, it is a yellowish orange, recessive unit that has an average thickness of 

about 40 m in the region. At the MQ-3 section, the Cyclic Member consists of 

alternating sequences of: (i) recessive, argillaceous dolomite and dolomitic shale, (ii) 

yellowish orange, very finely crystalline dolomite, (iii) flat pebble conglomeritic 

dolomite, and (iv) stromatolitic dolomite. There are brecciated intervals. The 

measured thickness is 44 m. The pattern of lithic cycles is repeated elsewhere in the 

Norman Range (Aitken and Cook, 1974). The Cyclic Member forms a prominent 

structural bench along the eastern flank of Bear Rock. The strata dip to the 

southwest and the bench elevation decreases southward. 

The Rhythmic Member is characterized by a colour banding due to recurring 

couplets of light brownish grey and brownish grey dolomite. At the Bear Rock Site, 

this member comprises the bulk of the Franklin outcrop. The upland at the 
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northeastern end of the range is a dip slope in this member. Elsewhere, it is 

represented as a second topographic bench sitting above that of the Cyclic Member. 

The best exposures of the Rhythmic Member are on the steep southern flank of Bear 

Rock. The member consists of intervals of buff or light greyish brown, thin bedded, 

micro and very finely crystalline dolomite that alternate with darker brown, fine to 

medium crystalline, thin to medium bedded dolomite (Morrow and Meijer Drees, 

1981 ). 

In the Bear Rock area, the Rhythmic Member forms the upper unit of the 

Franklin Mountain Formation. It is unconformably overlain by the Bear Rock 

Formation. The Cherty Member of the Franklin Mountain Formation and the Mount 

Kindle Formation are absent across the area of Keele Arch due to pre-Kindle and 

pre-Devonian erosion. At Bear Rock, this erosion was sufficient to partially remove 

the Rhythmic Member. Consequently, its thickness is variable due to differential 

erosion. At the nearest borehole the unit has a thickness of 210m (Candel Police 

Island: 64°45'38" N Lat. 125°12'57" W Long.: Pugh, 1993), and it averages 200 m 

in the Norman Range to the north. Exposures on the east side of Bear Rock show a 

stratigraphic thickness estimated at 270 m for the Rhythmic Member. The total 

thickness for the Franklin Mountain Formation is 320 m. In southern Bear Rock, this 

thickness may be inflated due to fault repeats. The possibility also exists that the 

lower beds of the Cherty Member are locally preserved, though they were not 

observed on site. The Cherty Member is coarsely crystalline dolomite, pale in 

colour, with abundant light coloured chert and minor amounts of quartz sand. 

The contact with the Bear Rock Formation is typically poorly exposed. 

However, at several locations the unconformity is seen to be irregular. A large mass 

of breccia, 20 m in width, extends 5 to 10m into a depression in the Rhythmic 

Member at a site 4.5 km north of the Mackenzie River. Elsewhere, tabular and 

columnar masses of Bear Rock Formation breccia reach several metres into well

bedded sequences of the Rhythmic Member (Morrow and Meijer Drees, 1981). 

Breccia pipes taper downward and often include chert nodules that were likely 
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eroded from the Cherty Member. The nature of the contact shows the pre-Devonian 

erosion surface on the Franklin Mountain Formation displayed considerable relief 

and likely possessed karst landforms. Currently, surficial karst features are restricted 

to the Rhythmic Member of the formation. 

10.2.1.3 Bear Rock Formation 

Much of the upland surface at Bear Rock is composed of the Bear Rock Formation 

(Figure 10.6). Exposures on the steep slopes overlooking the Mackenzie River 

comprise the type section (Rume, 1954; Morrow and Meijer Drees, 1981). The 

formation was examined at the type section and across the karst area. It is divided 

into a lower Brecciated Member and an upper bedded limestone unit called the 

Landry Member. At the type section, the Brecciated Member is primarily a massive 

weathering, particulate rubble packbreccia and floatbreccia. Clasts are angular, very 

poorly sorted, finely crystalline dolomite and calcite. The matrix is predominantly 

reprecipitated micrite and is locally silty (Morrow and Meijer-Drees, 1981). The 

clast size increases upward through the section with the upper portion of the 

exposure containing clasts that exceed 1 m in diameter. In outcrop, many clasts 

appear rounded due to solution in rainwater following exposure. The Brecciated 

Member weathers a pale grey colour and contains little terrigenous material relative 

to exposures in the area of the Norman Wells High (e.g., Dodo Canyon area). It does 

have thin irregular intervals of calcite cemented crackle breccia and zones where the 

interfragmentary spaces are open. Cavernous and vug porosity are conspicuous, 

fissure frequencies are high. Stelck (1944) described the outcrop as gypsiferous 

dolomite and limestone. No massive or nodular beds of gypsum were located. Field 

testing of hand samples with dilute RCI acid revealed the character of the unit is 

calcareous with most clasts testing as limestone. The thickness of this unit at the 

type section is 154 m, which exceeds that of exposures in the Canyon Ranges. 

The brecciated interval passes through a thin unit of calcite cemented mosaic 

packbreccia into the overlying Landry Member. The base of the Landry is 
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characterized by a thinly bedded recessive unit of silty lime mudstone. This is 

overlain by a thick interval of resistant medium bedded, pelletal lime mudstone. The 

Landry has a thickness of 65 m at the type section, making a total thickness of 219 

m for the Bear Rock Formation. The formation is conformably overlain by the 

Hume Formation. The Landry Member is present at the type section and along the 

southern and western flanks of the Bear Rock upland. Where present, it is a resistant 

weathering unit. Across most of the North and South Karsts the Landry is absent 

which has a strong influence on the topographic expression of the karst. 

10.2.1.4 Burne Formation 

The Hume Formation outcrops on the southwestern and western edges of Bear Rock. 

It is lithologically similar to exposures described from the Canyon Ranges. The 

upper portion forms a prominent cliff that runs along the western margin of Bear 

Rock (Figure 10.1). It was examined where it is cut by Forest Stream. It consists of 

thickly bedded, resistant, fossiliferous limestone. The lower recessive portion was 

examined along the banks of the Mackenzie River. It is thinly bedded, argillaceous 

limestone and minor shale. In the nearest borehole to the site, the Hume Formation 

has a total thickness of 114 m (Imperial Bluefish Canol I-A: 64°56'1" N Lat., 

125°50'54" W Long.: Pugh, 1993). The upper resistant interval comprises 52 m of 

that total. 

10.2.1.5 Other Units 

The Hare Indian and Canol Formations outcrop to the west of the Hume Formation. 

The positions of these units are not well defined. These formations are lithologically 

dominated by shale. The easternmost position of the Hare Indian as mapped on the 

northern bank of the Mackenzie River corresponds with the first thick interval of 

exposed shale. On the east side of Bear Rock, the Saline River Formation rests on 

coarse clastics of Tertiary age (Paleocene and Eocene) (Cook and Aitken, 1976). 

The cover of glacial sediments on Bear Rock is thin. The low elevation areas to the 
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east and west are covered in a veneer of ground moraine (till) and glaciolacustrine 

sediments (Savigny, 1989). Much of the lowland was flooded by proglacial Lake 

Mackenzie following the Late Wisconsinan retreat (Smith, 1992). 

10.2.2 Structure 

East ofNonnan Wells, the Nonnan Range trends to the southeast. Approaching Bear 

Rock, the orientation of the range gradually turns southward. Paleozoic strata are 

exposed on the flanks and crest of the range. Strata on the western flank dip 

moderately to the southwest. The northeastern slope is far more rugged and is 

characterized by a series of sharp fault scarps. Thrust faults occur at the base of 

scarp slopes above Kelly Lake and east of Discovery Ridge. This fault system 

extends along the east slope of the Norman Range south to the Mackenzie River 

(Figure 4.2). In the Bear Rock area, the associated thrust brings the Saline River 

Fonnation into contact with Tertiary clastics (Figure 10.6). The position of the fault 

trace is obscured by glacial sediments. As mapped, it is thought to lie below the 

elevation of the Bear Rock Spring Area and follows a path approximately parallel to 

Congo River. Bear Rock is located near the eastern limit of deformation in the 

Mackenzie Fold Belt. Its general structure is that of a westward dipping upthrust 

block. Steep scarp slopes mark its eastern margin. Strata dip moderately to the west 

and southwest. While the range as a whole is not a large anticlinal feature, there is 

a tight anticline in the South Karst. In addition, there are several poorly mapped 

minor faults and folds. 

In the South Karst, there are two minor thrust faults exposed on the slopes 

adjacent to the Mackenzie River (Figure 10.6). Both faults pass up gullies from the 

base of Bear Rock onto the upland. The eastern fault has a vertical throw of less than 

30 m. On the upland surface, the Franklin Mountain Formation is exposed above the 

Bear Rock Fonnation on a steep bluff. The contact is covered. In the hanging wall, 

Franklin strata dip to the west at 30°. Just above the contact, strata are shattered with 

many fractures; some are infilled with calcite, Bear Rock Formation strata below the 
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fault plane are brecciated and the bedding is upturned to an almost vertical position. 

The second fault appears very steep. Strata in the hanging wall dip at angles 

greater than 60° to the west and northwest. The vertical throw is unknown but the 

fault exposes over 40 m of the Saline River Formation where it rests on the Franklin 

Mountain Formation in the footwall. On the upland surface, the fault can be traced 

to a position within 500-600 m of Long Lake. Northward there is a gap in surface 

linear features but Cook and Aitken (1976) extend the fault trace along the eastern 

shore of Long and Round Lakes to the area west of Franklin Lake. They show the 

Franklin Mountain Formation on the west side of the fault in the hanging wall, and 

Bear Rock Formation in the footwall. The topography of the South Karst is 

consistent with this interpretation. A steep slope marks the eastern shore of Long 

and Round Lakes. Stelck, as reported in Hume (1954), also noted that the two faults 

at the south end of Bear Rock show thrusting from the southwest to northeast. 

However, the fault traces are not extended into the Long Lake area by Stelck, instead 

an anticline is shown parallel to the depression. The axis of the anticline runs along 

Long Lake. The Franklin Mountain Formation is mapped on both shorelines. 

Fieldwork by this author has validated Stelck's interpretation. Long Lake lies in an 

anticline in the Franklin Mountain Formation (Figure 10.6). On the west slopes, 

strata dip sharply to the southwest at angles between 35° and 55°. Strata of the 

overlying Bear Rock Formation have a similar orientation. West of Camp One on 

the eastern slope above Long Lake, the Franklin Mountain Formation was located 

below the slope crest. Strata dip to the east and northeast at 30° to 45°. Overlying 

exposures of the Bear Rock Formation breccia also dip eastward and contain some 

chert. The presence of chert is indicative of the basal beds of the Bear Rock 

Formation in the area. Thus, the Franklin Mountain Formation has not been thrust 

over the Bear Rock Formation at the contact. The Long Lake anticline was traced 

to the area northeast of Round Lake where it plunged. The western shoreline of 

Round Lake is in the Bear Rock Formation. At the Round Lake Sink Point (R17) 

strata appear to dip to the southwest at 20°. Franklin Lake is entirely in the Franklin 
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Mountain Formation. The Franklin Mountain and surrounding Bear Rock strata dip 

to the west and northwest at 10° to 25°. There is the possibility that the fault mapped 

by Cook and Aitken (1976) does outcrop on the floor of Long Lake or it simply does 

not propagate to the surface. The thrust and the Long Lake anticline are clearly 

related and were probably generated by the same compressive forces that influenced 

the South Karst area during uplift. 

On the southwest flank of Bear Rock there is a series of minor folds . A tight 

syncline occurs in the Bear Rock Formation west of the Franklin contact. The 

section passes through westward, near vertical, and eastward dipping strata. West 

of this steeply dipping zone, there is a covered interval that was mapped by Stelck 

(cited in Hume, 1954) and Cook and Aitken (1976) as Hume Formation. The area 

is considered Bear Rock Formation by Morrow and Meijer Drees (1981) and is 

depicted as such in Figure 10.6. The Landry Member is clearly visible at a 

prominent headland just east of the mapped boundary with the Hume Formation 

(Figure 10.6). Strata are folded and faulted at the river level. Cook and Aitken 

(1976) show another synclinal feature at that location. Farther west in the Hume 

Formation there is a small anticline. Strata on the east side of the feature dip at 25° 

to the southeast. West of the axis, the Hume Formation is partially brecciated and 

dips at 45° to the southwest. Shales of the Hare Indian Formation are exposed 100 

m east of Blood Stream where they are observed to dip sharply to the southwest. The 

controls on these folds are few and their positions should be considered approximate. 

The south flank of Bear Rock has several steep cliffs in the Bear Rock and 

Hume Formations. Stelck mapped faults at the bases of these cliffs but did not 

comment on their nature. One exposure below Forest Spring has the appearance of 

a fault scarp. Savigny (1989) shows a normal fault extending from this area to the 

northwest. The fault is parallel to the contact of the Hume and Bear Rock 

Formations, with the Hume in the footwall . This feature is not shown on Figure 10.6 

as the author has not thoroughly inspected that site. The other cliffs facing the 

Mackenzie River are erosional features . Late Wisconsinan ice of the Mackenzie 
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Lobe advanced from east to west across the region. The steep slopes were probably 

accented by plucking and block entrainment along joints, fractures, and other fissures 

in the strata. 

In the eastern section of the North Karst, strata of the Franklin Mountain 

Formation dip to the west and southwest at 15° to 20° (Figure 10.6). The Bear Rock 

Formation forms most of the outcrops in the recharge area. Recognition of bedding 

in the brecciated interval requires large, clean exposures. Where outcrops are 

weathered, frost shattered, and partially vegetated, the measurement of strike and dip 

proved difficult. The most credible estimates are taken from the base of the 

Brecciated Member or from the Landry Member. Over most of the North Karst, the 

Landry Member is absent and the Bear Rock strata are mainly float and 

packbreccias. Consequently, many dip readings are estimated. In the central area 

of the North Karst, the Bear Rock Formation dips between 20° and 30° to the south 

and southwest. On the northwest flank of the upland several outcrops dip to the 

northwest. There is much variability at the scale of individual depressions. Bedding 

often appears draped towards sink points or the central axes of linear depressions and 

valleys. In the largest example, strata bordering the upper Vale Stream valley dip 

into the valley axis. 

A few lineaments are shown on Figure 10.6. These were located from aerial 

photographs as aligned drainage courses, steep slopes or breaks in slope, and linear 

patterns in vegetation. A major lineament runs from Round Lake to Vale Stream, 

another from Long Lake anticline to the eastern margin of Camp Depression. These 

and other lineaments may represent minor faults or fracture zones that do not 

involve substantial displacement of rock units. If so, they should represent pathways 

of high hydraulic conductivity for circulating groundwaters and possibly areas of 

increased bedrock and surface subsidence. 

There are a series of faults in the northwest part of Bear Rock. The high 

ground west of Vale Stream is bounded by faults on its west side. A fault runs 

southward from the northern boundary of Figure 10.6 through the Bear Rock 
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Formation. This is mapped as a normal fault by Cook and Aitken (1976) with the 

downthrown block on the west. They extend this fault past the topographic high 

towards the headwaters of West Stream. Ste1ck (reported in Hume 1954) also noted 

the presence of this fault and that the upthrown block was on the east. Where the 

fault forms the boundary between the Hume and the Bear Rock Formations, it 

appears that Bear Rock strata are thrust against the Hume and the inclination of the 

fault plane is very steep. Field examinations of that area were limited but it was 

apparent there is a thrust between the Bear Rock and Hume Formations. The 

morphology and displacement of the units do not correspond with that of an 

extension fault. Given the discrepancy with the interpretation of Cook and Aitken 

(1976) the sense of displacement is not shown for that fault on Figure 10.6. 

10.3 Geomorphology 

The general topographic features of Bear Rock are related to the structure and 

lithology of the bedrock units that comprise the range. The bold cliffs that border the 

upland are fault generated or the product of differential erosion between formations 

of varying resistance. Superimposed on the structural features are karst, glacial, 

fluvioglacial, and periglacial landforms. The terrain reflects this variety of processes 

and the properties of the bedrock. On the upland surface, distinctive topographies 

are associated with the Franklin Mountain and Bear Rock Formations. The former 

is expressed as gently sloping ground and benches at the northeastern and eastern 

portions of the range, while the latter is an undulating surface of karst depressions. 

In the following sections, the characteristics of karst landforms at the site are 

reviewed. A map of karst features is presented in Figure 10.7. Aerial photographs 

of the North and South Karst areas are shown in Figures 10.2 and 10.3. Due to the 

impact of glaciation on the geomorphology the glacial record is briefly reviewed. 

10.3.1 Glacial 

Glacial sediments occur across the full range of elevations at Bear Rock. In the 
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Pleistocene, Bear Rock was repeatedly glaciated by the Laurentide Ice Sheet. The 

Late Wisconsinan glacial maximum occurred during the Hungry Creek Glaciation, 

when Laurentide ice advanced into the Canyon Ranges of the Mackenzie Mountains. 

The retreat was broken by three stadials: Katherine Creek, Tutsieta Lake, and Kelly 

Lake Phases (Chapter V). After the Tutsieta Lake Phase, it is possible that 

Laurentide ice retreated to a position below the Bear Rock upland. The subsequent 

readvance of the Kelly Lake Phase is marked by a sharp moraine on an upland 55 krn 

north of Bear Rock (Hughes, 1987). The moraine rises to an elevation of 490 m. 

During this stadial, Laurentide ice is thought to have occupied the floor of the 

Mackenzie Valley almost as far north as Mountain River (Figure 5.4). High ground 

in the Franklin Mountains stood above the level of the glaciation, but it is likely the 

whole of Bear Rock was ice covered. Dating control on the Kelly Lake Phase is 

provided by plant materials recovered from deltaic sediments associated with Glacial 

Lake Mackenzie near Fort Norman. The minimum deglaciation date on the lowland 

is 10,600 ± 260 BP (GSC-2328). The Tutisieta Lake Phase has a minimum date of 

12,900 ± 150 BP (GSC-1784-2). Thus, the final retreat of ice from the Bear Rock 

upland occurred some time before 10,600 BP (12 ka?). Pedestals beneath erratics 

reach a maximum height of 80 mm at Bear Rock. 

A range of glacial landforms are present on the upland surface. The most 

striking are a series of streamlined bedrock forms developed on the Brecciated 

Member at several areas of the range. They are less frequent and poorly developed 

on the Franklin Mountain Formation. The streamlined landforms are primarily 

whaleback ridges and rock drumlin features (Figures 10.8, 10.9). The long axes of 

the ridges have an east to west orientation. These landforms impart a ribbed 

appearance to the North Karst where they cover much of the surface area (Figures 

10.2, 10.9). Ridge heights vary from less than one metre to tens of metres. Many 

extend laterally for distances of hundreds of metres. In cross-section, some features 

are symmetrical with smooth bedrock or debris mantled surfaces on their flanks and 

crests. Others have sharp pinnacles developed along the ridge line. Many have 
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smooth south facing slopes and steep north facing slopes. The northern faces often 

appear quarried, producing a roche mountonnee appearance. In addition, there are 

several small examples of crag and tail depositional landforms or flutes. In long 

profile, these features taper from east to west. 

The bedrock landforms were produced by subglacial abrasion and plucking. 

Their presence and morphology suggests the last ice over Bear Rock was warm 

based and moved in an east to west direction. This is consistent with ice direction 

indicators from adjacent areas. The possibility that the aligned ridges are purely 

structural in origin has been rejected. In the areas of the range where they occur, the 

Bear Rock Formation does not display uniform properties. Dips vary from south to 

northwest. Strata along individual ridges range from particulate cemented 

floatbreccia to calcite cemented packbreccia. In places, smooth gently sloping 

surfaces may approximate dip slopes and the steep faces may be small scarp features 

but no consistent pattern was observed. The less prominent nature of these features 

on the Franklin Mountain Formation is probably due to the resistant nature of that 

unit. The high fissure frequency of the Bear Rock breccia makes it susceptible to 

glacial plucking. Abrasion rates would be high due to the low hardness of the 

breccia relative to the shield erratics functioning as tools in the basal ice. These 

processes would be favoured by the undulating karst of Bear Rock. The karst 

presents a bed of high surface roughness which would be expected to increase the 

rate of enhanced creep and the formation of regelation ice (Drewry, 1986). While 

the aligned ridges are attributed to glaciation and can be observed in the Franklin 

Mountains to the north, the controls on the spacing of the streamlined features are 

unknown. 

Glaciation also produced steep walled troughs and may have contributed to 

scouring of depressions. There are a series of meltwater channels northwest of Bear 

Rock and small drainage features on the upland surface. Channels occupy positions 

between aligned ridges, and can be continuous across depressions. The cover of 

glacial sediments across Bear Rock is sporadic. At the higher elevations and ridges, 
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there is a lag of winnowed erratic materials ranging in size from sands to boulders. 

The floors of some depressions are flat, due in part to infilling with glacial drift. 

Excavations from the Camp Depression area show a widespread distribution of 

fluvioglacial sediments in doline bottoms. Finally, at several outcrops of the breccia, 

small solution conduits were infilled with silts. 

10.3.2 Karst 

Chapter VI described the characteristics of karst landforms occurring in the region. 

The following sections provide additional information on major features present at 

the Bear Rock Site. The suite of karst landforms includes a variety of closed 

depressions and dolines forms and an area of spring deposits. No karren were 

observed. 

10.3.2.1 Mapping 

The boundary of the recharge zone and the locations ofponors and springs are shown 

on Figure 10.7. These features were identified from field surveys and aerial 

photography. Mapping was done with low level photographs of 1: 10,625 scale. The 

recharge zone is defined based on surface topography. It includes some areas that 

slope away from the central portion of the upland but where the drainage is still 

captured by dolines. Regions external to the mapped boundary may also function as 

areas of recharge but lack surface karst. The recharge zone is divided into many 

small basins. Occasionally it was possible to delimit basins on the order of a single 

doline or ponor. Where there is little local relief or dense vegetation, the local basin 

boundaries are not well defined. 

Ponors are sink points on the floors of dolines or compound depressions. 

Many are seasonally flooded and appear as ponds or pools of standing water 

following snowmelt. When drained, the larger sink points are usually marked by 

open grassy areas bordered by deciduous vegetation. Other sink points are in 

bedrock. These types of ponors were easily seen on the photographs. However, 
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ground surveys showed many ponors of radius less than 2 m. Where they occur in 

areas of thick coniferous cover, they were often not visible on the photography. The 

distribution depicted on Figure 10.7 cannot be considered a census of the total 

population but it is thought to be representative. Previous mapping of karst at Bear 

Rock involved the shading of areas enclosed in 50 foot depression contours (van 

Everdingen, 1981). This only identified deep depressions and not individual sink 

points. 

The Bear Rock Site is not characterized by dolines and depressions that are 

easily mapped as discrete features (e.g., Figure lOA) . On the upland surface, steep 

slopes and ridges partially or fully enclose some circular and linear depressions 

(Figure 10.7). More common are do lines that are irregular in plan and are bordered 

by variable slopes and rolling hills. Illustration of the latter features was difficult. 

As mapped, it appears many dolines are breached or open sinks. The presence or 

absence of ponors indicates if drainage is karstic. Subdivisions within the recharge 

zone mark the local depression basins. 

10.3.2.2 Dolines and Depressions 

Most of the karst landforms are developed on the breccia of the Bear Rock 

Formation. Doline density is highest through the central part of the North Karst and 

western portion of the South Karst. There are a few shallow dolines on dolomite of 

the Franklin Mountain Formation at the northeastern end of the range. Where the 

slope of the upland is steep there are few ponors. In the central part of the range, 

sink points on the breccia are located on gentle terrain, often between streamlined 

ridges and on the bases of lobate or circular dolines (Figure 10.7). Relief 

surrounding the sinks may be high. 

Swales between many of the parallel ridges are flat to gently sloping. In 

places, there are small depressions in these valleys. Some are linked by shallow 

channels. The capacities of some of these sinks are low and surface waters were 

often observed to be routed towards larger dolines. In some valleys, bedrock spurs 
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extend from ridge crests into the central valley axis dividing the swale into sub

basins. Ponors may occur within these basins (e.g., R20 and R21). Most of the spurs 

are preserved as fragments on the margins of the valleys. The ponors may mark the 

positions of dolines that have been removed or greatly modified by subglacial 

erosion and the bedrock spurs are remnants of bordering hills or walls. Much of the 

eastern and northern portions of the recharge zone have a topography oflinear ridges 

and swales. This is well expressed east of sample point R34, where there are several 

ponors within a series of parallel valleys. Despite glacial erosion across the recharge 

zone, the hydrological functions of the ponors are preserved. In the swales where 

sink points are absent, they are presumably infilled with glacial sediments or were 

completely removed by erosion. Between the North and South Karst, there is a low 

elevation area in the Bear Rock Formation that lies outside the recharge zone. The 

region lacks depressions and sink points due to the impact of glaciation. The area 

is characterized by many small whaleback ridges, crag and tail features, and glacial 

meltwater channels. A similar situation occurs at the north end of Bear Rock. 

Outcrops of the breccia are mantled in a thick glacial cover and drainage is 

nonkarstic. 

The very sharp collapse-subsidence dolines seen at Dodo Canyon, Bonus 

Lake, and at sites elsewhere in the Canyon Ranges and Franklin Mountains are rare 

at the Bear Rock Site. The explanation is the lack of a resistant cover over an 

evaporite-rich unit. At Dodo Canyon, the Landry Member and Hume Formations 

function as cover to the Bear Rock breccia. To the northeast, very sharp collapse 

dolines in the Mount Kindle and Franklin Mountain Formations occur above 

evaporites of the Saline River Formation. Vermillion Creek sinkhole is a collapse 

feature in shales and limestone above gypsum of the Fort Norman (Bear Rock) 

F ormation. There are steep sided dolines located in the western portion of the 

recharge zone along a lineament that extends southeast from upper Vale Stream. 

These do lines are at the western end of the steep ridge that separates the North and 

South Karsts and are developed entirely within the breccia. 
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The typical doline of Bear Rock is a solution-subsidence landform developed 

in the Brecciated Member. They are circular to lobate in plan and bound by irregular 

hills and slopes of moderate steepness. Doline floors are gently sloping to flat. 

Diameters range from several to hundreds of metres. Local relief is variable but is 

commonly between 10 and 20 m. In places, the morphology is not unlike that of the 

tropical doline or cockpit. 

Ponors are located at the low points of doline floors adjacent to or close to 

bedrock outcrops. Many ponors have the attributes of small suffosion sinks. The 

bases are in sediment and the sinks points appear as gently sloping cones or shallow 

vegetated hollows. Ponors in sediment are seasonally flooded . Typical dimensions 

of the flooded areas are 10m in diameter. Other ponors are developed in bedrock 

and are steep walled. Shafts of 2 m depth and width are typical of this group. 

Infiltration into these sinks is rapid. Despite the high density of ponors, standing 

pools of water remain perched on doline bases through the summer period, often 

only metres away from sink points. 

Compound dolines occur at several locations on Bear Rock. The largest is 

Camp Depression. In plan it has an irregular outline (Figure 10.7). It is bound by 

a linear ridge to the north and a steep rise to the east. The latter boundary is aligned 

to a lineament (Figure 10.6). The margin to the south and west is lobate. In section 

the floor of Camp Depression is flat with small residual knolls of bedrock. The 

morphology suggests the depression has expanded by lateral corrosion and captured 

the basins of adjacent dolines. The depth of the Franklin Mountain Formation below 

the sink point (R37) is unknown, but it may function as an inlier of low permeability 

strata at the depression base. This would encourage lateral corrosion over vertical. 

Periglacial processes also favour slope erosion in this environment. 

Elsewhere on the upland, there are compound depressions of varying 

dimensions and stages of development. South of Camp Depression, there are a series 

of interconnected lobate and circular dolines (Figure 10.7). Within these are a 

hierarchy of sink points, The lowest ponor is in bedrock and is well-drained. At 
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higher elevations, there are suffosion sinks and eroded doline walls. These dolines 

appear to have coalesced by the breaching of downslope walls. East of Franklin 

Lake is a broad depression with three, widely spaced, well-drained ponors. The 

depression is partially enclosed by steep bedrock walls. Two glacial troughs cut into 

the feature from the east. In the centre of the depression is a conical bedrock knoll 

from which fragmented ridges extend to the depression margins. The feature is 

developed from the merging of at least three dolines. Locally, the floors are flat due 

to infilling by glacial sediments. 

There are few depressions on the Franklin Mountain Formation. East of 

sample point R29 there is a linear depression developed along the contact of the Bear 

Rock and Franklin Mountain Formations. The breccia is exposed on the west wall 

and the dolomite on the east. Within it two sink points accept drainage from a large 

area north of point R20 (Figure 10.7). The deepest ponor is enclosed in dolomite. 

Northward is another doline developed almost entirely in the Franklin Mountain 

Formation. As mapped, there are two ponors and a closed basin. However, 

following rainfall an overflow channel that drains westward onto the Bear Rock 

Formation was activated. There are similar ponors near the contact of the two units 

to the south. 

The largest karst feature at Bear Rock is the deep, linear depression that runs 

through Long, Round, and Franklin Lakes of the South Karst. The southern and 

central portions of this depression are aligned with the axial trace of an anticline in 

the Bear Rock and Franklin Mountain Formations. Only one ponor was located on 

the southern shoreline of Round Lake at sample point R17, but all three water bodies 

drain karstically. This depression is a linear subsidence trough. Folding and faulting 

in the South Karst would open pathways of high permeability to infiltrating 

ground waters. A series of subsidence-solutions dolines would be expected to 

develop in the Bear Rock Formation along the anticline crest. Expansion of the 

features and increased depth of circulation would bring meteoric groundwaters into 

contact with evaporite of the underlying Saline River Formation. Deep groundwaters 
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may also have travelled along fault traces to the subface of the formation. Subrosion 

of the thick Salt Member would produce subsidence and expansion of the surface 

dolines into a single linear depression. Hydrochemical data from Blood and Forest 

Streams show the process continues (Section 10.4). 

10.4 Hydrology and Hydrochemistry 

Most of the observations at the Bear Rock Site occurred in mid-summer. In June of 

1987, there was a brief reconnaissance of the Bear Rock Spring Area, and a survey 

of southern Bear Rock was done in early June of 1988. However, the snowmelt 

period was not observed nor were water samples collected during that time. Due to 

these limitations no attempt is made to characterize the hydrology of the site across 

the seasons. Hydrological data are reviewed in subsequent sections alongside 

hydrochemical data. The hydrochemical data are organized into groups reflecting 

the type of water body and the sampling location within the karst (Table 10.1). Eight 

water types are defined; three are classified as recharge waters and five as discharge. 

Recharge waters were sampled on the upland and are divided into: (i) surface waters 

infiltrating through dolines, ponors, or ponds (Type 1), (ii) perched or slowly 

infiltrating waters in ponds, lakes, and wetlands (Type 2), and (iii) springs, seeps, 

and surface streams in the recharge area (Type 3). Discharge water types include: 

(i) Forest and Blood Streams (Type 4), (ii) streams draining the upland margins 

(Type 5), (iii) springs and streams in the Bear Rock Spring Area (Type 6), (iv) 

Congo River (Type 7), and (v) other springs on the margin of Bear Rock (Type 8). 

Individual sample sites are listed and described in Table 10.2. Sample positions are 

shown on Figure 10.7. Raw data are presented in Appendix III. 

Ion abundances for each water sample are plotted on a trilinear diagram 

(Figure 10.10). In all samples, Ca2
+ comprises the dominant cation. Most recharge 

waters have a calcium bicarbonate chemistry while many discharge samples are 

calcium sulphate waters. Average ion concentrations for each water type are graphed 

in Figure 10.11. Additional physical and chemical data for the water types are 
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presented in Table 10.3 . These data are discussed in the following sections. 

10.4.1 Recharge Zone 

The topographic limit of the recharge zone is shown on Figures 10.1 and 10.7. Over 

most of that area, surface waters are routed to the large depressions and dolines that 

occur through the central portion of the range (e.g., Camp Depression, Round and 

Long Lakes). Recharge also occurs through several dolines and channels that are in 

the peripheral areas of the zone and several that lie outside (e.g., R34). Near the 

margins of the recharge zone, there are some shallow ponds and dolines that have 

overflow channels. An example is along the upper part of Vale Stream below 

streams R25 and R28 (Figure 10.7). These streams flow to a shallow pond that 

functions as a sink. Downslope there are two additional ponors. It is possible that 

the capacities of these sinks may be exceeded during periods of intense precipitation 

or snowmelt and their overflow channels activated. Under these conditions surface 

waters can flow directly from the linear pond at R32 to lower Vale River (R27). A 

similar situation exists above the headwaters of West Stream where a doline occurs 

near the margin of the recharge zone. When observed in the field, all of these sink 

points were dry or draining. Aerial photographs from the snowmelt period of early 

June 1972 show them in a similar hydrological status. 

10.4.1.1 Water Type 1: Draining Ponds and Dolines 

This type includes waters sinking in ponds, do lines, or ponors where the infiltration 

rate is high (Tables 10.1, 10.2). Samples were taken from do lines on the Bear Rock 

Formation in the Camp Depression area (R20, R21, R23) and from the sink points 

from Round Lake (R17) and the west pond at Camp Depression (R37). Sample R29 

was excluded from calculations due to a high ion balance error (8.8%). 

The average temperature, total hardness, and total dissolved ions for this 

water type are 9.0°C, 167 mg L-1 CaC03, and 6.5 1 meq L-1 (Table 10.3). Ion 

abundances are Ca2~Mg2+ and HC03->SO/ by equivalence, Cl- and Na+ occur only 
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in trace amounts. These waters are aggressive towards calcite (SIc = -0.42) and 

dolomite (SID = -l.51) and show enrichment in CO2 (pPC02 = 2.36). The Ca2+, sot 
, and TDI concentrations are inflated by the one sample from location R20. This 

sample was drawn from a doline located between two sharp pinnacled ridges east of 

Camp Depression. Discharge into the sink was about 1 L S-I . The high Ca2
+ and 

SO/ values show this water had encountered gypsum. This may indicate there is 

gypsum close to the surface of the Brecciated Member or that local groundwater 

circulation within the recharge area is driven below the permafrost. The high relief 

near the sample point would favour the latter. It is also likely that the distribution 

of permafrost on south facing slopes is sporadic. Other recharge samples of this type 

(R21, R37) and Types 2 and 3 also have high concentrations of sot. This contrasts 

with the Dodo Canyon Site where circulation in the recharge area is confined to the 

suprapermafrost aquifer. 

There are many small do lines and ponors where surface waters infiltrated 

rapidly. They are located in the swales between the parallel ridges and in the 

depressions through the central portion of the range. Following summer rainfall 

events, surface flows were observed in small channels within depressions (e.g., 

Water Type 3). Between storm events most of the channels are dry. The basins in 

which these sinks are located are vegetated and have soils with thick organic surface 

horizons. The high pPC02 values suggest the waters are equilibrated with high CO2 

concentrations from the soil atmosphere. 

On the southwestern shoreline of Round Lake, a small channel flows into a 

cave at the base of a bluff in the Bear Rock Formation. This is Round Lake Sink 

(R17) and was the only ponor located on the margins of Long, Round, and Franklin 

Lakes. The cave is 5 m in length and pinches into breakdown. The flow from the 

lake infiltrates through the channel bed and the cave floor. An aerial survey in early 

June of 1987 showed a high discharge to the sink point. In a ground check on July 

12, 1987 the flow was only 2 L S-I. Presumably the lake level had fallen, following 

passage of the snowmelt pulse into the system. The flow was sampled on June 9, 
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1988 when the discharge into the cave was 10 - 15 L S-I. The water has a calcium 

bicarbonate chemistry and is strongly aggressive to calcite and dolomite (SIc = -0.65, 

SID = -2.01). It is very likely there are other unseen sink points below the water line 

in Round Lake. 

Rhodamine WT was introduced into the Round Lake Sink on July 14, 1987 

and again on June 9, 1988. Detectors had been placed at Forest and Blood Streams 

to the southwest. The 1987 detectors were poorly secured and were lost to a storm 

event. The 1988 detectors were recovered on August 9. The elutant tested as 

positive in the laboratory. This trace established a less than 60 day connection 

between Round Lake Sink and Blood and Forest Streams. Detectors had also been 

placed at the Bear Rock Spring Area, though a positive result was not expected. 

Elutant extracted from these detectors showed a high background fluorescence but 

was negative. 

10.4.1.2 Water Type 2: Perched Lakes and Ponds 

Samples of this water type are perched or slowly draining surface waters (Tables 

10.1 , 10.2). Included are samples drawn from the shorelines of Round and Long 

Lakes (R6, R7), samples from wetlands (R30, R35), and doline and pond waters 

from the upper Vale Stream area (R31, R32, R33) . A complete analysis is not 

available for location R34. 

The average temperature, total hardness, and total dissolved ions for this 

water type are 14.0°C, 128 mg L-1 CaC03, and 5.43 meq L-1 (Table 10.3). Ion 

abundances are Ca2+>Mg2+»Na+ and HC03->SO/»Ct- by equivalence. Samples 

are near equilibrium with respect to calcite (SIc = 0.17) and dolomite (SID = -0.13) 

and are little enriched in CO2 (pPC02 = 3.02). The high temperature and the 

equilibrium saturation indices are expected for perched and slowly draining waters. 

The high concentration of SO/ (0.45 meq L-1
) shows that a variety of waters 

circulating within the recharge zone encounter gypsum. 

There is much variability within this data grouping that is not captured by the 
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average values above. Sample R31 was drawn from a pond at the base of a doline. 

It has a low total hardness (64 mg L-l CaC03) and sot concentration (0.1 meq L-l ) . 

The water is aggressive to calcite and dolomite (SIc = -0.81, SID = -1.87) and the 

0 180 value shows a dominance ofsumrner precipitation (-17.7 %0) . Sample R33 was 

taken from a nearby shallow pond. It has a higher total hardness (173 mg L- l CaC03) 

and sot concentration (0.88 meq L- l
), and has near equilibrium saturation indices 

(SIc = 0.18, SID = -0.02). The 0 180 value of -21.30/00 show melting ground ice and 

snow contribute to its flow. The basin ofR33 is larger and includes several small 

seeps that discharge from the surrounding slopes towards the sample point. A sub 

or intrapermafrost circulation of this water is suggested by the isotope ratio and 

water chemistry. 

There is a high density of ponors in the recharge zone, but there were many 

locations where water was observed perched on the surface in shallow ponds and 

wetlands. In some instances these perched waters were within several metres of 

drained sink points but were not connected hydrologically. This was most common 

where there were thick organic-rich soils or surface deposits of fine grained 

materials. Late July excavations into peaty soils that were dry on the surface showed 

the thickness of the active layer varied between 50 and 80 cm on the floor on Camp 

Depression. Where relief was gentle, the suprapermafrost water table was generally 

within 40 cm of the surface. 

Samples R30 and R35 were drawn from wetlands at the base of large 

depressions. Both samples are aggressive towards calcite and dolomite (SIc = -0.27 

and -0.43, SID = -1.11 and -1.58), have high total hardness and total dissolved ion 

values (Thd = 188 and 229 mg L-l CaC03, TDI = 7.46 and 9.09 meq L-l
) and are 

equilibrated with high concentrations of CO2 (pPC02 = 2.09 and 1.82). The high 

hardness suggests flowpaths to these points involve long travel times through the 

suprapermafrost aquifer. These waters were observed to be draining very slowly to 

channels or sink points. Such waters represent significant solvent potential due to 

their aggressive nature. 
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The four samples from Round and Long Lakes (R6 and R 7) contrast with the 

wetland locations. Total hardness and total dissolved ion values are low (:::: 105 mg 

L-1 CaC03 and 4.1 meq L-1
), the samples are saturated with respect to calcite and 

dolomite (SIc:::: 0.65, SID:::: 0.8) and are equilibrated to atmospheric concentrations 

of CO2 (pPC02 = 3.65). These samples were collected from shallow water at the 

shoreline in late July. The Round Lake Sink sample (RI7) collected in early June 

is aggressive. There may be a seasonal pattern in the aggressiveness of these lake 

waters. 

10.4.1.3 Water Type 3: Springs and Streams 

This water type includes springs, seeps, and streams within the recharge zone (Tables 

10.1, 10.2). Four samples were drawn from the catchment of Camp Depression 

(R18, R19, R24, R36) and two from the upper Vale Stream area (R25, R28). In the 

recharge zone, there are many small channels located between ridges and on the 

floors of dolines. Seeps and springs are found below steep slopes, often discharging 

from talus. Spring flows either contribute directly to stream channels, to other 

surface waters, or infiltrate into the active layer. While flows increased following 

rainfall events the magnitudes of those responses were small. There was much 

surface detention, storage in the active layer, and discharge from small groundwater 

seeps. Consequently, the discharge of streams flowing to ponors was sustained at 

low levels for much of the summer period. 

The average temperature, total hardness, and total dissolved ions for this 

water type are 1O.6°C, 197 mg L-1 CaC03, and 7.82 meq L-1 (Table 10.3). Ion 

abundances are Ca2+>Mg2+»Na+ and HC03->SO/»CI- by equivalence. Samples 

are aggressive towards calcite (SIc = -0.31) and dolomite (SID = -1.29) and are 

enriched in CO2 (pPC02 = 2.04). While the hardness and dissolved ion values are 

higher than the other recharge groups, the pattern is similar (Figures 10.10, 10.11). 

Once again, the relatively high SOl concentration (0.44 meq L-') shows samples 

contain dissolved gypsum. 
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In this grouping, water samples R25 and R36 have the highest total hardness 

and dissolved ion values (Thd = 188 and 229 mg L-I CaC03, TDI = 7.46 and 9.09 

meq L-I
). They are also strongly aggressive to calcite and dolomite (SIc = -0.63 and 

-0.56, SID = -1.88 and -1.81). Stream R36 drains low ground in Camp Depression 

and has a chemistry similar to wetland sample R35. Stream R25 is fed by diffuse 

seeps below a steep bluffin the Bear Rock Formation in the upper Vale Stream area. 

R25 has the highest sot concentration (1.23 meq L-I
) and the lowest 0 180 value (-

22.54) in the grouping. This sample suggests groundwater circulation to the seep 

points, and ultimately the stream, is not confined to a thin active layer. Also notable 

about samples R25 and R36 are a low pH of6.91 andpPC02 values of 1.71 and 1.66. 

Such values suggest the partial pressure of CO2 in the soil should approach 0.02 

atmospheres (2% by volume). Measurements of soil CO2 were taken from an 

organic soil at a site adjacent to the wetland in Camp Depression (Chapter II). 

However, the highest concentrations were 0.13% by volume. This discrepancy may 

be a function of poor sampling technique of the soil atmosphere or CO2 enters the 

system by other means. 

10.4.1.4 Recharge Zone Summary 

Recharge in the North Karst is accomplished through small ponors and channels in 

dolines that are widely scattered on the Bear Rock and Franklin Mountain 

Formations (Figure 10.7). The single largest point recharge occurs in the west pond 

of Camp Depression (R37). In the South Karst, the same diffuse autogenic style of 

recharge is accomplished in over 40% of the area. The basins of Franklin, Round, 

and Long Lakes comprise 60% of the South Karst. Surface flows to the lakes were 

. few and often infiltrated into the active layer or small ponors on the basin slopes. 

There was little fluctuation observed in lake levels. Only a single ponor was located 

on a lake margin that functioned as a site of point recharge, and it was largely 

inactive in the late summer. While there are no data on lake bathometry and likely 

positions of sink points below the water line, the style of recharge through the South 
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Karst lakes may not differ from elsewhere on the range. 

There is uniformity in hydrochemical facies and ion concentrations between 

groups of samples in the recharge zone (Figures 10.10, 10.11). Waters have a 

calcium bicarbonate facies; most are aggressive to calcite and all to dolomite. The 

total hardness and total dissolved ion concentrations are high, compared with values 

from the recharge zones of the Dodo Canyon and Bonus Lake Sites (Chapters VII, 

VIII). Much of the difference is due to the presence of Ca2
+ and sot from the 

dissolution of gypsum. The Ca2
+ lMi+ ratios of the recharge water types are 3.8, 3.4, 

and 4.4. These values suggest limestone solution is favoured over dolomite. 

However, these ratios are inflated by the Ca2
+ contributed from gypsum solution. 

Individual sampling points highlight differences across the area. There are 

a series of high hardness and sot rich samples that indicate local circulation within 

the recharge zone is not confined to the active layer but is sufficiently deep to 

encounter gypsum. These samples are springs and spring-fed streams in areas of 

high local relief. Other perched and draining samples have low hardness values and 

low sot concentrations. These waters are thought to have a short residence time 

in a suprapermafrost aquifer. At other sites in this study, a relationship has been 

noted between 6 180 and the inferred flowpath. Subpermafrost groundwaters are 

most depleted in 180 (e.g., Figure 7.23). The SO/- ion concentration may be used 

to deduce flowpath history at the Bear Rock Site. Waters that are restricted to 

shallow circulation in the Franklin Mountain or Bear Rock Formations should 

contain little or no sot ion. Sampling such waters in July and August should yield 

an isotopic signature dominated by summer rainfall (e.g., 6 180 ::;, -17%0). Waters 

circulating to intermediate depths in the Bear Rock Formation would encounter more 

gypsum and have moderately high sot concentrations. Recharge will include 

snowmelt and the isotopic signature of summer discharge is more negative (e.g., 

0 180 ::;, -20%0). Waters that fully penetrate the Bear Rock Formation and pass 

through the Franklin Mountain into the underlying Saline River Formation will have 

high S042
- concentrations and an isotopic signature that reflects the weighted mean 
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of annual recharge (e.g., 0 180 ::::: -23%0). This model is supported by 0 180 data from 

samples across the Bear Rock Site. These data are plotted as a function of sot 
concentration for all water types (Figure 10.12). All but one of the recharge samples 

were collected in the period mid-July to early August. There is an inverse 

relationship between 0 180 and sot concentration (Figure 10.12). This is observed 

within samples of a given water type and between groups of samples. In the 

recharge zone, the high sot waters have low 0 180 values. Circulation within the 

recharge zone is not confined to the active layer but is locally subpermafrost. 

0 180 data are also plotted as a function of time for all water types (Figure 

10.13). The values from the recharge samples range from -17.7 to -22.5%0. Perched 

samples are the most positive (Type 2), likely due to the evaporation effect. There 

is much less variance in 0180 of discharge samples. Early June waters from the Bear 

Rock Spring Area and Forest Stream fall in the range -21 .9 to -23 .6%0. These ratios 

are virtually unchanged in July and August. This consistency suggests discharge 

waters are supplied by deep subpermafrost aquifers. The isotopic signature of 

recharge waters reflects the local site conditions. 

10.4.2 Discharge Zone 

Samples of the discharge zone include a series of ephemeral low discharge streams 

draining the flanks of the upland (Type 5) and several springs or spring areas on the 

margin of Bear Rock. Sampling of the springs and spring-fed streams focussed on 

Forest and Blood Streams (Type 4) and the Bear Rock Spring Area (Type 6). 

10.4.2.1 Water Type 4: Forest and Blood Streams 

A steep gully southwest of Round Lake is the largest drainage course in the southern 

area of Bear Rock. Several small breached depressions and troughs are tributary to 

this main valley. Forest Spring (R5) is located in the lower reach of the valley near 

the contact of the Bear Rock and Hume Formations. The flow is diffuse and emerges 

at several points from bare and moss covered limestone fragments. It was sampled 
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at the spring point on July 12, 1987 when the discharge was estimated at 3 to 5 L S-l. 

The channel upslope was observed to be dry in July of 1987 and 1988. The 

distribution of vegetation and sediment in the channel suggests it takes flow 

following heavy precipitation and rainfall events. The closest outcrop to the spring 

is the Landry Member of the Bear Rock Formation, strata dip sharply to the west and 

northwest. 

Initially it was thought the spring was fed exclusively by interflow and local 

seepage from the surrounding slopes and catchment of the gully area. However, the 

relatively high conductivity indicated these were not simply active layer waters. The 

flow was followed downstream to the head of a short, narrow gorge where it cuts 

through the Hume Formation just north of the Mackenzie River. The discharge 

increases through and below this stretch. Aerial photographs from June 1972 show 

an icing at the head of this gorge just above a small waterfall. This may suggest that 

the discharge is perennial. Forest Stream (R9) was sampled above its confluence 

with the Mackenzie River. The discharge was estimated on two occasions at 16 and 

25 L S-l (300787 and 090888). Blood Stream (RIO) is located to the east (Figure 

10.7). It takes flow from springs discharging from the lower portion of the Hume 

Formation, at the base of a steep bluff. There may be a connection between the 

Forest Spring gully and Blood Stream. However, such a feature was not located on 

the ground. Discharge estimates of Blood Stream are 55 and 60 L S-l (300787 and 

090888). 

Average temperature, total hardness, and total dissolved ions for Forest and 

Blood Streams are 5.1°C, 361 mg L-1 CaC03, and 17.62 meq L-1 (Table 10.3). Ion 

abundances are Ca2+>Mg2+>Na+ and HC03">SO/>Cl" by equivalence. Samples are 

saturated with respect to calcite (SIc = 0.37) and at equilibrium with dolomite (SIn 

= 0.04). These samples are the only waters at the Bear Rock Site that were found to 

contain more than trace amounts of Na+ (1.42 meq L-1
) and Cl- (1.20 meq L-1

) 

(Figures 7.10, 7.11). The presence of these ions shows a deep groundwater 

contribution from the Saline River Formation. The low average 0 180 value of -
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23.3%0 is also consistent with deep subpermafrost flowpaths to the spring points. It 

is concluded that Forest and Blood Streams discharge from the same aquifer based 

on their chemical similarity and the dye trace between Round Lake Sink (R17) to 

both streams. 

10.4.2.2 Water Type 5: Streams 

There are several small streams that drain marginal areas of the Bear Rock upland. 

The discharge of these surface waters was observed to be high in early June 

following the snowmelt period. In July and August, channels were dry or carried 

declining flows . Few of these waters were tested. A single early June sample is 

available from Gully Stream (R14). This stream drains a small portion of the upland 

east of Long Lake. It flows to the south end of the Bear Rock Spring Area with a 

discharge of 5 to 10 L S-I . Its basin is in the Bear Rock and Franklin Mountain 

Formations. This water has a low total hardness and sot ion concentration (107 mg 

L-I CaC03 and 0.31 meq L-I
) and is thought to represent mainly suprapermafrost 

flow. 

A second stream was sampled on the upland at location R22 in late July. The 

discharge was 2 L S-I. The stream was fed by small seeps discharging from the base 

of a steep slope and by seepage from an area of low relief on the Franklin Mountain 

Formation. Total hardness and sot ion concentration are high (238 mg L-I CaC03 

and 1.46 meq L- I
). The sot levels suggest some contribution from subpermafrost 

waters. Two other samples complete this grouping. They are from lower Vale 

Stream, taken downslope of the recharge zone boundary. Sample R26 was collected 

at the top of a small canyon, sample R27 at the base. Discharge was 0.5 L S-I 

throughout the section. Total hardness is 211 and 206 mg L-I CaC03 for R26 and 

R27, and SO/" ion concentrations 0.73 and 0.83 meq L-I . Three of the four samples 

of this grouping are aggressive to calcite and all to dolomite. Overall there is little 

difference in the physical characteristics of Water Type 5 and Water Type 3. 
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10.4.2.3 Water Type 6: Bear Rock Spring Area 

The Bear Rock Spring Area is located below a steep grade at the southeastern margin 

of Bear Rock (Figure 10.1). A series of perennial, low temperature, low discharge 

springs flow from angular frost shattered colluvium and moss covered gravels at the 

base of the slope. There are no clean outcrops at the spring elevations but strata of 

the Franklin Mountain Formation are exposed on the bluffs above. The spring points 

are thought to be close to the contact between the Franklin Mountain and Saline 

River Formations. A map of the Bear Rock Spring Area is shown on Figure 10.14. 

Springs labelled as Rl and R2 are indexed to Table 10.2. Locations Rl and R15 are 

the same water course. Rl is called Spring SI and R15 is Stream S1. In the 

discussion they are collectively called Spring S 1. A second set of labels (VI, V2, 

etc.) are the spring locations sampled by van Everdingen (1978, 1982). In some 

cases, locations of the two sample sets coincide. 

An opening in the forest canopy occurs below the spring line. Some of the 

northern portion of this spring area is mantled in tufa and travertine precipitates 

(Figures 10.5, 10.14). The southern part of the spring area is characterized by a 

cover of grass, sedge, and moss on thick organic soils. The perennial discharge of 

groundwater is responsible for the winter development of frost blisters and icings at 

the site. Frost blisters form in the southern and central part of the spring area with 

most collapsing in the summer. Individual mounds rise to 4.9 m with diameters 

approaching 65 m (van Everdingen, 1978, 1982). Icings and icing blisters blanket 

most of the spring area during the winter and decay in the early spring period. The 

presence of frost blisters, icings, and active layer ground ice greatly influences the 

site hydrology. 

The spring area was observed in early June, and from early July to mid

August. In 1988, icing mounds had completely melted by June 6. Frost blisters were 

more persistent, gradually decaying through the summer period. During the slow 

collapse of the frost blisters layers of segregated ground ice beneath the soil cover 

are exposed. Much of the summer runoff from the spring area is released from the 
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melting of ground ice in the spring area. 

Steep gullies cut the slopes west of the spring line. These channels 

accommodate surface runoff from the upland during snowmelt and following heavy 

precipitation. The basins are small and the flows are ephemeral. In early June of 

1988 the discharge of Gully Stream (RI4) was between Sand 10 L S·I. Most of that 

flow was directed towards Spring S1 (RI, V6, RIS) and a small fraction to Spring 

S2 (R2, V4, VS). A similar channel supplied Spring SO (R16, V7). There did not 

appear to be any significant surface inputs to Springs S3a (RI2, V3), S3 (R3, V2), 

and S4 (R3 9, VI) during the same period. By early July, the discharges of these 

gully streams were much reduced, the channels taking flow only during precipitation 

events. It is likely that interflow of soil moisture from these basins occurs through 

the summer and that suprapermafrost waters continue to comprise part of the total 

flow observed at Springs SO, S 1, and possibly S2. 

A series of shallow channels cut across the surface of the spring area below 

the spring points (Figure 10.14). The channel flows sink below the soil cover at 

many locations or branch into a series of diffuse distributaries. The local sinking is 

related to the melt of ground ice and the erosion of conduits through ice-rich soils 

and sediments. The stream below Spring S 1 displays the most impressive 

thermo karst features. It incised a channel as deep as 1. S m into ice-rich sediments. 

In places, a cover of vegetated soil spans the underlying conduit. However, much 

of the spring discharge seemed to travel on the surface or through the upper part of 

the active layer. The amount of moisture visible on the surface of the open area 

increased through the middle part of the day. Discharge from the spring area flows 

eastward to a narrow southward flowing channel called Congo River. 

A variety of data are available from the Bear Rock Spring Area. 

Conductivity and stage of Congo River were monitored below of the spring inputs 

in 1987 (Section 10.4.2.4). Similar data were also collected from Springs S2 (R2 and 

V4) and S3 (R3) in 1988. Discharge was measured at several locations across the 

spring area and samples collected from spring points for chemical and oxygen 
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isotope analyses. In addition, chemical, isotope, and precipitate data are available 

from van Everdingen (1978,1981,1982). 

Water samples from the spring area have a meteoric origin (Figure 10.15, 

Table 10.5). Samples plot closely to the Fort Smith water line and are more negative 

than those of the Canyon Ranges. The low 0 180 values suggest snowmelt comprises 

a high proportion of the recharge to these springs and that circulation is 

subpermafrost. There is little variance in 0 180 over the course of the summer (Figure 

10.13). 

Most of the samples from the Bear Rock Spring Area have a calcium sulphate 

facies (Figure 10.10, 10.11). Ion abundances are Ca2+>Mg2+»Na+ and SO/">HC03-

»CI- by equivalence. The average temperature, total hardness, and total dissolved 

ions are 3.rC, 946 mg L-I CaC03, and 39.57 meq L- I (Table 10.3). Samples are 

saturated with respect to calcite (SIc = 0.53) and dolomite (SID = 0.22). These 

average figures do not capture the spatial and temporal variability that is present on 

site. Ion concentrations increase from the southern to northern portions of the spring 

area. Also, the southern springs experience an increase in ion concentration through 

the course of the summer period. Table 10.4 contains physical data from the site. 

The data are arranged along a north to south transect. There are multiple sampling 

dates for each spring. The spatial trend can be observed by comparing locations for 

the same date. For example, TDI from June 6 or 7,1988 for Springs SO, Sl, S2, S3a, 

S3, and S5 (south to north) are 8.43, 15.16, 40.56, 27.77, 37.26, and 51.60 meq L- I
. 

The SO/- ion concentrations along the same transect are 1.38, 4.48, 15.20, 9.58, 

13.64, and 22.28 meq L-I . Spring S2 is the only sampling point that does not fit the 

general pattern. This spatial trend persists through the summer period but is less 

pronounced in August and September. Data from September 9, 1975 (van 

Everdingen, 1978) for Springs SO, Sl, S2, S3a, S3, and S4 show TDI's of 21.48, 

35.06,56.89,41.61 , 46.52, and 60.54 meq L-I . While the TDls of Springs SO and Sl 

remain lower than sample sites to the north they do increase over the summer period. 

The June 6 TDls for Springs SO and S7 are 8.43 and 15 .16. The July 30 data are 



432 

19.86 and 37.60 meq L- l
. In contrast, Spring S2 and the northern springs experience 

little temporal variation between the spring and summer periods (Table 10.4). 

Ion concentrations are plotted against TDI on Figure 10.16. The relationships 

depict mixing between at least two waters. The regression line of the sot graph 

extrapolates to a point on the TDI axis. This indicates one input is a low TDI water 

with measurable concentrations of ions other than S042-. The HC03- and Mg2+ data 

extrapolate to the ion axes, suggesting all input waters have significant 

concentrations of these ions. At first inspection it appears the Ca2+ graph is identical 

to that for SO/". However, two linear segments are depicted. This pattern suggests 

the possibility of a three-way mixing (Figure 7.26). The three components may be 

represented by high, moderate, and low TDI waters, each representing flow from a 

separate aquifer. Springs S4 and S5 most closely represent the deepest 

subpermafrost component. These springs have high concentrations ofCa2+ and sot 
(~27 and 23 meq L- l

) and a summer temperature of 4 t07°C. Based on their 

chemistry it is probable this flow component discharges from either the Bear Rock 

(Fort Norman) or Saline River Formations. The structure at the site favours the latter 

unit. 634S analyses of dissolved sot vary between 25.1 and 32.7%0 for the spring 

samples (Table 10.6). These values fall within the range for sulphates of the Saline 

River Formation (Figure 7.31). 

The shallow component is suprapermafrost water that originates from either 

surface streams that drain onto the spring area or from the local melt of segregated 

ice in the active layer. Gully Stream (RI4) typifies this input, with a low TDI (4.3 

meq L- l
) and a facies dominated by Ca2+ and HC03- ions (1.96 and 1.84 meq L- l

). 

The Ca2+ and sot graphs do not show a linear mixing between Gully Stream and 

Spring S5 (Figure 10.16). Thus, a third component is inferred. This intermediate 

component would have higher concentrations of all ions compared to Gully Stream 

but would have substantially lower concentrations of Ca2+ and sot compared with 

the deep water represented by Spring S5 (e.g., Figure 7.26). This input is likely 

subpermafrost water circulating through the Franklin Mountain Formation. 
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Spatial and temporal trends in ion concentrations observed across the spring 

area vary with the mixing of the flow components. During and immediately 

following the snowmelt period, the southern springs (SO, S 1) receive direct flow 

from suprapermafrost streams. Through the summer months the suprapermafrost 

inputs are reduced and the ion concentrations increase. There is less variation in the 

northern springs because they are thought to receive minimal shallow inputs. 

All but one sample collected from the spring area was saturated with respect 

to calcite. The degree of saturation was highest in mid summer. Data from July 29 

or 30, 1988 show SIc values at Springs S5, S2, S3, and SO of 1.01,0.96,0.84, and 

0.65. The SID values for the same dates and sites are 0.91, 0.93, 0.94, and 0.89, and 

the SIG (saturation index of gypsum) values are -0.01, -0.16, -0.39, and -0.90. The 

highest SIc value is from the central portion of the travertine deposit. The 

mineralogy of precipitates in the spring area was examined by van Everdingen 

(1982). Deposits from the large area of travertine were composed of calcite (92%), 

quartz (5%), and dolomite (2%). Tufa deposits on vegetative cover were gypsum 

(95%) and calcite (5%), as was a powdery precipitate attributed to freezing of 

mineralized water during icing formation. The c5 34S values of sulphate from these 

three precipitates were 28.9,27.9, and 28.4%0 (Table 10.6). These values are typical 

of the Saline River Formation (Figure 7.31). 

A stilling well was placed in gravel 30 m below the discharge point of Spring 

S2 (R2) in early June of 1988. This well was operational until mid-August, with 

some missing intervals in the record (Figure 10.17). Spring S2 corresponds with van 

Everdingen's Spring 5 (V5). Below the spring point, it is joined by flow from Spring 

V4. The well was located to record the combined discharge. Spring S2 (R2) 

comprised 60-70% of that total. The record shows an increase in stage from June 2 

to 9, and then a gradual decrease into August. The initial rise was accompanied by 

an increase in discharge from 1.2 to 1.7 L S·I. At that time, part of the flow of Gully 

Stream (RI4) appeared directed towards Spring S2. The increase in discharge 

followed light rain on June 3 and 4, and a trace on June 8. The stage record is 
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notable for its lack of variability. A small peak on July 20 was in response to a 10 

mm rainfall (Norman Wells) . At the end of the record the discharge was l.1 L S·l, 

virtually unchanged from the first June measurement. 

A second well monitored the water level of a small pool into which Spring 

S3 (R3) discharged. This pool is drained by a channel that flows eastward along the 

boundary of the travertine deposits and the vegetated area. Discharge was gauged 

in this channel. The well record shows a gradual decline in the pool water level over 

the measurement interval (Figure 10.17). However, discharge varied little, 

decreasing from 3.5 L S·l on June 9 to 2.8 L S·l on August 10. The substantial 

decrease in stage was due to the lowering of the channel outlet through the summer 

period by melting of ground ice in the active layer. The record of Spring S3 shows 

negligible response to precipitation events. A 32 mm rainfall on June 30 - July 1 

generated only a small spike in the stage record. It was likely the result of direct 

precipitation onto the pool and throughflow from the slopes above. The stage 

records show the Bear Rock springs do not respond to storm inputs. Springs of this 

character flow from deep regional aquifers where flowpaths and residence times are 

long. This is supported by the highly mineralized discharge and the consistency in 

chemical and isotopic data. 

10.4.2.4 Water Type 7: Congo River 

Waters of the spring area drain eastward to Congo River (Figure 10.14: R4, R8). 

The stream channel in the area ofR4 is composed of fine grained sediments and the 

banks are heavily vegetated with willow and herbaceous ground cover. The flow is 

turbid. Upstream at point R8 there is a sandy channel with no suspended sediment. 

The stage of Congo River was monitored at point R4 during July of 1987. A stilling 

well was dug into the channel bank on July 8 and operated until July 31 . The stream 

was gauged at the well site six times and the stage record transformed into a 

discharge series using a rating curve. Discharge shows a gradual increase in the 

early part of the record and then plateaus at around 50 L S·l (Figure 10.18). 



435 

Superimposed on this trend is a pronounced diurnal pattern. Daily discharge 

maximums are attained at midday and minimums in the early morning. Rainfall 

events on July 14 (3 mm), 15 (5 mm), 18 (5 mm) and 24 (2 mm) disrupt the cycle. 

Temperature and conductivity were also recorded in the first 11 days of the record. 

The temperature series displays a daily cycle reaching maximums in the late 

afternoon hours. Conductivity also shows a cycle but it is not synchronized with 

discharge. The discharge pattern is attributed to variations in solar radiation at the 

site. The spring area faces east and is direct sunlight through the morning and early 

afternoon hours. Solar noon occurs at 2: 00 p.m. local time. The area is gradually 

shaded following solar noon by high ground to the west. The daily peaks are due to 

the melting of segregated ice in the active layer and frost blister ice in the spring 

area. Rainfall onto this surface generates rapid responses because of the high 

moisture content of spring area soils. The daily peaks do not reflect variations in 

flow from the spring points. 

Congo River takes flow from the spring area and from Trout Lake at the 

northeastern end of Bear Rock. On July 23, 1987 discharge measurements were 

done at several locations in the spring area (Figure 10.14). The discharge of Congo 

River at R4, above the spring inputs, was 32 L S·l. At the well site, the discharge 

increased to 50 L S·l . The difference is contribution from the Bear Rock Spring Area. 

It is unlikely that all of the flow from the spring area is recorded at the well (R4). 

The stream at R40 in the northern part of the spring area was measured at almost 7 

L S· l and the southern springs had a total discharge between 5 and 6 L S·l . The 

balance is attributed to the melting of ground ice and possible aggraded spring 

inputs. On July 27, Congo River had a discharge of 26 L S·l at R8 and was 

unchanged at R4. From these data, the total summer discharge of the springs is 

approximately 10-15 L S· l. Some winter discharge is stored as ground ice and melted 

through the summer period. 

There are few chemical data from Congo River, and no samples for which 

sot was determined (Table 10.3). On July 27, the total hardness of Congo River 
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at points R8 and R4 were 413 and 593 mg L-' CaC03 and the conductivities were 716 

and 900 flS cm-'. The increase in hardness and conductivity from R8 to R4 is due 

the spring inputs between the two points. The change in 6'80 from -18.65 to -19.85 

across the same distance reflects the same input. 

10.4.2.5 Water Type 8: Other Springs 

Several other springs discharge on the margin of Bear Rock. A spring was sampled 

below a talus slope south of the Bear Rock Spring Area at site R38 . The spring point 

was close to the trace of the small thrust exposed on the cliffs above. This sample 

has a total hardness and total dissolved ions concentration of752 mg L-' CaC03 and 

31.98 meq L-' (Table 10.3). In ion abundance, it is similar to waters of the spring 

area though with higher concentrations ofMg2+. This may be due to a proportionally 

higher contribution of water discharging from dolomite of the Franklin Mountain 

Formation. 

On the south flank of Bear Rock, below a steep gully, there is a vegetated fan. 

At the fan margin, there are a series of diffuse springs with a combined discharge of 

3 to 5 L sol. Low conductivity suggests local seepage through the fan surface. 

Westward, near the axis of the small anticline exposed on the slopes above the 

Mackenzie River, there is a set of sulphurous springs with a conspicuous odour of 

H2S and yellowish precipitates. The total discharge of this set was estimated at 10 

L sol . No samples were taken of these springs. Other springs on the west flank of 

Bear Rock (e.g. , West Spring) were not investigated and their chemistry and 

discharge behaviour are unknown. 

10.4.2.6 Discharge Zone Summary 

Streams draining the gullies and valleys of the Bear Rock upland have a chemistry 

that is similar to waters of the recharge zone (Figure 10.10, 10.11 ; Table 10.3). 

These waters are supra permafrost in origin with some local contributions from 

subpermafrost groundwater. Springs that discharge from several areas at the base of 
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the upland differ markedly to waters of the recharge zone. They are predominantly 

calcium sulphate waters with high hardness and ion concentrations. They are 

supplied by subpermafrost aquifers in the Bear Rock, Franklin Mountain, and Saline 

River Formations. 

The majority of infiltrating waters (Types 1 and 3) and streams draining the 

upland flanks (Type 5) are aggressive towards calcite and dolomite. Forest and 

Blood Streams (Type 4), and discharge of the Bear Rock Spring Area are saturated, 

as are some perched samples of the recharge zone (Type 2). For each water type, 

there is an inverse relationship between the calcite saturation index and pPC02 

(Figure 10.19). The same relationship is observed for dolomite. Consistently 

aggressive waters were sampled in the recharge zone from boggy environments. 

Highly saturated spring waters are associated with tufa and travertine deposits, 

including deposits of gypsum. The spring waters discharging from the base of Bear 

Rock are thought to be recharged on the upland. The substantial changes in 

chemistry are due largely to the subrosion of gypsum in the Bear Rock and Saline 

River Formations. The increase in Ca2
+ activity associated with the evaporite 

solution generates the positive saturation indices. As waters move through the 

system and dissolve gypsum, they become progressively saturated, first with respect 

to calcite and then to dolomite. Total hardness is also related to contact with 

gypsum. The Bear Rock Springs have the highest total hardness values. In samples 

where sot concentrations are low, total hardness is strongly correlated with pPC02 

(Figure 10.20). 

10.5 Groundwater Circulation at Bear Rock 

There are few data available that may be used to resolve groundwater flowpaths at 

Bear Rock. No major springs were located on the margins of the North Karst. It was 

expected that groundwater circulation would be east to west in accordance with the 

dip of the Franklin Mountain Formation. The recharge zone of the North Karst 

covers an area of approximately 4.5 km2
. Outside that zone, there are additional 
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areas where surface waters seasonally infiltrate. On an annual basis, recharge may 

be 1.4 x 106 m3
. Future work may determine if there are spring points farther west 

along Vale Stream or other drainage courses. In the South Karst, there are sufficient 

data to attempt a summary. 

10.5.1 South Karst 

The primary discharge points on the southern margin of Bear Rock are Forest and 

Blood Streams and the Bear Rock Spring Area. Interpretation of groundwater flow 

in the South Karst is complicated by few data and a difficult geology. Ultimately, 

it may be possible to subdivide the South Karst into zones of recharge for each of the 

major spring areas. At this preliminary stage, models are speculative. 

10.5.1.1 Forest and Blood Streams 

The combined discharges of Forest and Blood Streams were measured at 71 and 85 

L S-I. It is not known if these values are typical of summer conditions or if the 

streams are perennial. The streams are fed by subpermafrost springs and by local 

drainage from the upslope gully (Forest Valley) and its tributaries. The 

subpermafrost waters are recharged in part, or in full, within the Round Lake basin. 

It is expected that winter discharge will be reduced due to freezing of the active layer 

in the gully area. Icings at Forest Spring suggest some groundwater flow occurs in 

the winter months. The gully watershed has an area of approximately 1.4 krn2
. This 

figure includes a small portion of the recharge area located downslope of the height 

of land, west of Long Lake (Figure 10.7). The basin of Round Lake has an area of 

1.7 krn2
. This estimate includes the doline basins that are west of Round Lake. Long 

and Franklin Lakes have basin areas of 0.6 and 0.55 krn2
. Round Lake sits 15 m 

below the level of Long Lake and 5 m below that of Franklin Lake. Conduits 

between Round and Long Lakes are possible but their presence has not been 

established. The geological structure at Round Lake favours groundwater flow 

through the Bear Rock Formation to the southwest. A dye trace confirmed this 
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connection in under 60 days. However, the chemistry of Forest and Blood Streams 

show contributions from units as deep as the Saline River Formation. Travel times 

in the Bear Rock Formation do not represent the deeper, longer flowpaths through 

Franklin Mountain and Saline River strata. 

If the Round Lake and gully basins function as the source area for Forest and 

Blood Streams, there should be concordance between stream discharge and basin 

recharge. Data from nearby Jungle Ridge Creek suggest runoff in the Bear Rock 

area may approach 300 mm a-I (Table 3.4). Applying this value as a recharge 

estimate across the 3.1 km2 area of the Round Lake and gully watersheds yields an 

annual recharge volume of 9.3 xl 05 m3 a-I. Assuming perennial flow at Forest and 

Blood Streams, the mean daily discharge would be approximately 30 L S-I . Summer 

discharges would be higher than those of winter. While there are few data to support 

this model it does show an order of magnitude agreement between the measured 

discharge and what might be expected based on structure and regional runoff data. 

10.5.1.2. Bear Rock Spring Area 

The Bear Rock Spring Area is characterized by highly mineralized, perennial 

groundwater discharge. Flow contributions from three aquifers are suspect. 

Suprapermafrost waters flow onto the southern portion of the spring area from 

surface gullies. Subpermafrost springs discharge both an intermediate component 

that has circulated through the Bear Rock and Franklin Mountain Formations, and 

a deep water component from the Saline River Formation. Mixing between these 

components accounts for spatial and temporal variability across the site. 

Hydrological, chemical, and isotopic data justify a model of circulation through 

diffuse, subpermafrost aquifers. Spring discharges are consistent and do not respond 

to storm inputs on the recharge area. Conductivity and ion concentrations are high 

and, at a given spring, show little variance. Low 0 180 values suggest spring 

discharge must incorporate winter precipitation. Sulphur isotopes show dissolved 

sulphate from the Saline River Formation. 
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There are tritium data available from the Bear Rock Spring Area (van 

Everdingen, 1982). In 1975, springs sampled had an average of 211 tritium CH) 

units. Data from 1978 show an average of 123 tritium units. Comparisons with 

tritium in precipitation from Fort Smith and Ottawa lead van Everdingen (1982) to 

conclude that water discharging at the Bear Rock Spring Area fell as precipitation 

5 or 6 years earlier. This age may be overestimated if there are large surface water 

bodies in the recharge area. Fractionation during evaporation can affect the apparent 

tritium age of water. A single sample from Round Lake in 1976 had 210 tritium 

units (van Everdingen, 1982). This is the same as the spring discharge in 1975. If 

lake waters comprise a significant portion of the recharge, then tritium 

concentrations in the spring waters will be inflated and their age overestimated. 

The obvious source area for the Bear Rock Springs is the Long Lake basin 

and the eastern portion of the recharge zone and upland. Long Lake occupies the 

core of an anticline and recharge through its flanks may infiltrate into strata that dip 

to the southeast. However, it is also possible that drainage is to the southwest. The 

combined summer discharges of the springs are a minimum 10 L S-I . Assuming a 

300 mm annual recharge across the South Karst and a constant spring discharge, the 

recharge area supplying the springs is 1.05 km2
. The topographic area of the Long 

Lake basin is 0.6 km2
. The l.05 krn2 estimate would be lower if some of the spring 

discharge is from a deep regional flow, perhaps exploiting the thrust fault at the 

eastern margin of Bear Rock. While there is certainly such a deep water component, 

its flow contribution is probably minor, though it may supply much dissolved 

material. The tritium data suggest a short average residence time and thus a short 

flow system from recharge to discharge. It is proposed that Long Lake and the 

eastern upland function as the recharge area for the Bear Rock Springs. Circulation 

is subpermafrost and encounters the Saline River Formation. The aquifers cannot be 

characterized as having a conduit or fissure porosity, based on the consistency in 

discharge and chemistry at the spring area. 
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10.6 Summary: Bear Rock Site 

At the Bear Rock Site, there are a variety of dolines attributed to solution and 

subsidence in the Bear Rock Formation. Ponor density is high and a large 

continuous area of internal drainage occurs on the rugged upland. Depressions are 

not limited to the breccia; a large subsidence trough is developed along the breached 

core of a tight anticline. The subsidence is due to subresion in the underlying Saline 

River Formation. Shallow dolines also occur on the Franklin Mountain dolomites. 

Karst features on Bear Rock are thought to predate glaciation in the region. Glaciers 

have locally eroded karst input landforms and infilled elements of the karst drainage 

system with subglacial and fluvioglacial sediments. However, despite repeated 

glaciation most of the upland area continues to be drained karstically. 

Bear Rock is located in the zone of widespread discontinuous permafrost. 

The site spans treeline and patterned ground is common on exposed ridges and 

slopes. Precipitation and surface waters infiltrate through a widely distributed 

network of ponors and water bodies on the upland that function as open taliks. 

Recharge to subpermafrost aquifers in the Bear Rock, Franklin Mountain, and Saline 

River Formations supplies mineralized springs on the margin of Bear Rock. Flow

through times from recharge to discharge vary with the depth of circulation and 

porosity of the individual rock units. The hydrochemistry of spring and stream 

waters show the process of gypsum subrosion continues across the site. While much 

occurs at depth in the Saline River Formation, gypsum solution is locally important 

in near surface strata of the recharge area. The development of dolines and 

depressions continues at the site. 
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Table 10.1: Grouping of water samples from the Bear Rock Site on the basis of location 
in the karst. Waters are divided into recharge and discharge categories. Recharge occurs 
in the upper portion of the range largely through the Bear Rock Formation. The discharge 
area consists of the low ground on the perimeter of the range. 

Type Description 

Recharge PondiDoline/Ponor: Surface waters in the recharge zone infiltrating into 
a ponor or do line. Includes ponds at the base of dolines that drain. 

Discharge 

2 PondiLakeNVetland: Surface waters in the recharge zone impounded in 
a slowly draining or perched pond, lake, or wetland. Some water bodies 
are within dolines and large closed depressions. 

3 Springs/Seeps/Streams: Surface waters in the recharge zone directed 
towards dolines, ponors, ponds, and lakes. 

4 Forest Spring, Forest Stream, and Blood Stream: Discharge near the 
Bear Rock-Hume contact at the southwestern end of the range. 

5 Streams and Springs: Surface waters from the upper portion of the 
range directed towards the discharge zone. Some on the Franklin 
Mountain Formation. 

6 Springs and Streams in the Bear Rock Spring Area. 

7 Congo River: Stream draining Trout Lake and the Bear Rock Spring 
Area. 

8 Other Springs on the margin of the range. 
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Table 10.2: Description and classification of water sampling locations at the Bear Rock Site. 

Location Description Type 

Rl Spring S1. Spring in Bear Rock Spring Area (BRSA). Takes flow from R14 at high stage. 6 

R2 Spring S2. Spring in BRSA. One of a several located below a gully. Gauged in 1988. 6 

R3 Spring S3. Spring in BRSA. Located at margin of travertine deposits. Gauged in 1988. 6 

R4 Congo River. Stream draining Trout Lake and BRSA. Gauged in 1987. 7 

R5 Forest Spring. Spring discharging from moss covered gravels in a gully, winter icings. 4 

R6 Round Lake. Lake located in the southern portion of Bear Rock. 2 

R7 Long Lake. Lake located southeast of Round Lake. 2 

R8 Congo River. Congo River sampled above contributions from BRSA. 7 

R9 Forest Stream. Spring-fed stream sampled above its confluence with the Mackenzie River. 4 

Rl0 Blood Stream. Spring-fed stream sampled above its confluence with the Mackenzie River. 4 

Rll Spring S5. Spring in BRSA located in the central portion of the travertine deposit. 6 

R12 Spring S3a. Spring in BRSA. Spring discharges from moss covered gravels. 6 

R13 Stream S3a. Spring-fed stream in BRSA, sampled downstream of Spring S3a (R12). 6 

R14 Gully Stream. Stream draining steep ravine west of BRSA. 5 

R15 Stream S1. Spring-fed stream in BRSA, sampled downstream of Spring Sl (Rl). 6 

R16 Spring SO. Spring in BRSA. Takes flow from gully at high stage. 6 

R17 Round Lake Sink. Sinking point for waters of Round Lake. 

R18 Surface seep draining a wetland near Camp Three. Q < 0.5 L S ·l (210788). 3 

R19 Stream between the two ponds at Camp Three. Q " 1.0 L S ·l (210788). 3 

R20 Pond/Sink. Draining waters in a do line. Flow into doline " 1.0 L S·l (230788). 

R21 Pond/Sink. Draining waters in a doline. Flow into doline " 0.5 L S·l (230788). 

R22 Stream near the Bear Rock-Franklin contact. Q ::: 2.0 L S ·l (230788). 5 

R23 Pond. Draining pond in a shallow doline. 1 

R24 Seeps emerging from talus. Drain to wetland near Camp Three. Q < 0.5 L S·l (230788) . 3 

R25 Stream draining to the NW and sinking at a swamp/pond. Q ::: 0.5 L S ·l (260788). 3 

R26 Vale Stream. Stream above small canyon below an area of seeps. Q ::: 0.5 L S ·l (260788) . 5 

R27 Vale Stream. Stream at the foot of the canyon, sinks into its bed. Q ::: 0.5 L S ·l (260788). 5 

R28 Stream draining pond R32. Drains to sink below R25. Q ::: 1.0 L S ·l (260788). 3 

R29 Small perched pond draining into adjacent ponor. 

R30 Small perched pond in a wetland area. 2 

R31 Pond at the base of large doline, water level below that of overflow channel. 2 

R32 Pond with overflow channel at its western shoreline. Channel is stream R28. 2 

R33 PondlWetiand with overflow channel draining toward R28. 2 

R34 Perched pond within circular doline with an overflow channel. 2 

R35 Standing water in the wetland south of Camp Three. 2 

R36 Stream draining wetland south of Camp Three. Q < 0.5 L S ·l (060888). 3 

R37 Camp Three Sink. Ponor of west pond at Camp Three. Q into ponor ::: 0.5 L S' l (060888). 1 

R38 Spring below steep talus slope in Franklin Mountain Formation. Q ::: 2.0 L S ·l (090888). 8 

R39 Spring S4. Spring in BRSA, low discharge, flows intermittently. 6 

R40 Stream S5. Spring-fed stream in BRSA below Spring S5. 6 



Table 10.3: Mean temperature, conductivity, pH, total hardness, ion concentrations, total dissolved ions, Ca2+/Mg2+ ratio, 
saturation indices (calcite and dolomite), and pPC02 for water types of the Bear Rock Site. 

Type Temp SPC pH THd Ca2+ Mg2+ HC0
3

- S042- Na+ cr TDI C/M Sic SID pPC02 n 

1: Dolines and Ponors 9.0 309 7.41 167 2.61 0.68 2.43 0.77 0.00 0.01 6.51 3.8 -0.42 -1.51 2.36 6 (5) 

2: Lakes and Ponds 14.0 228 8.07 128 1.98 0.59 2.38 0.45 0.02 0.02 5.43 3.4 0.17 -0.13 3.02 10 (5) 

3: Springs and Streams 10.6 328 7.25 197 3.21 0.73 3.43 0.44 0.01 0.01 7.82 4.4 -0.31 -1.29 2.04 7 (5) 

4: Forest, Blood Streams 5.1 621 8.02 361 4.96 2.25 4.40 3.39 1.42 1.20 17.62 2.2 0.37 0.04 2.49 6 (3) 

5: Streams off Upland 4.0 298 7.06 191 3.05 0.75 3.06 0.83 0.00 0.01 7.71 4.0 -0.66 -2.08 1.97 4 (4) 

6: Bear Rock Springs 3.7 1336 7.68 946 16.64 2.35 4.84 15.65 0.06 0.01 39.57 7.1 0.53 0.22 2.36 35 (15) 

7: Congo River 13.5 871 8.39 561 8.65 2.55 3.32 3.5 4 (0) 

8: Other Springs 752 11.51 4.00 4.74 11.45 0.27 0.02 31 .98 2.9 (0) 

Temp: temperature in °C; SPC: specific electrical conductivity, expressed to 25°C, in ~S cm-
1

; THd: Total Hardness in mg L-
1 

CaC03; 

Ion concentrations reported in meq L-1
; C/M: Ca2+/Mg2+ ratio; Sic: Saturation index for calcite; SID: Saturation index for dolomite; pPC02: -log of 

partial pressure of CO2; n: number of cases for each type, value in brackets represents the number of cases for which there is a complete data set. 

~ 
~ 
~ 



Table 10.4: Mean temperature, conductivity, pH, total hardness, ion concentrations, total dissolved ions, saturation 
indices (calcite and dolomite), and ion balance errors for Bear Rock Springs. 

Date Location Map Temp SPC pH Ca2+ Mg2+ HC0
3
· S042. Na+ cr TDI Sic SID SI

G 
IBE 

100888 Spring S4 R39 4.2 1838 7.1 27.97 2.40 5.53 24.94 0.17 0.02 61.04 0.34 -0.43 -0.03 0.1 

090975 Spring S4 V1 1.6 2210 7.5 29.64 3.33 5.44 21.86 0.24 0.03 60.54 0.71 0.39 -0.04 9.7 

070688 Spring S5 R11 6.1 1660 7.7 22.30 2.48 4.40 22.28 0.13 0.02 51.60 0.75 0.51 -0.13 -3.5 

290788 Spring S5 R11 5.4 1850 7.8 28.05 2.36 5.75 26.96 0.06 0.01 63.20 1.01 0.91 -0.01 -3.6 

100888 Stream S5 R40 7.4 1890 7.4 26.38 2.08 3.70 25.71 0.13 0.02 58.01 0.41 -0.29 -0.04 -1.5 

070688 Spring S3 R3 1.7 1340 7.5 15.83 2.48 5.24 13.64 0.08 0.01 37.26 0.45 0.02 -0.37 -1.3 

290788 Spring S3 R3 4.9 1480 7.8 15.07 3.04 5.51 14.37 0.05 0.01 38.05 0.84 0.94 -0.39 -4.6 

090975 Spring S3 V2 2.6 1650 7.5 20.61 3.23 5.24 17.28 0.11 0.05 46.52 0.58 0.28 -0.22 3.0 

130978 Spring S3 V2 4.8 1536 7.6 15.47 3.14 5.24 13.74 0.09 0.01 37.47 0.61 0.48 -0.39 -0.8 

070688 SpringS3a R121.7 8247.4 11.59 2.08 4.48 9.58 0.05 0.0127.77 0.29 -0.26 -0.57 -1.3 
290788 Spring S3a R12 2.3 1050 7.7 16.86 1.62 5.18 15.09 0.06 0.02 38.83 0.67 0.24 -0.31 -4.5 

110576 SpringS3a V30.1 16387.518.51 3.32 5.2015.32 0.09 0.0342.47 0.52 0.20 -0.28 3.2 

090975 Spring S3a V3 1.9 1500 7.5 17.86 3.07 5.11 15.41 0.10 0.06 41.61 0.52 0.19 -0.30 1.1 

130978 Spring S3a V3 4.9 1529 7.5 16.32 2.72 5.00 14.16 0.08 0.01 38.29 0.51 0.20 -0.36 -0.1 

300788 Stream S3a 

070688 Spring S2 

290788 Spring S2 

090975 Spring S2 

130978 Spring S2 

110675 Spring S2 

130978 Spring S2 

060688 Stream S1 

300788 Stream S1 

090975 Spring S1 

130978 Spring S1 

060688 Spring SO 

300788 Spring SO 

090975 Spring SO 

R13 6.7 1303 7.5 15.89 

R2 3.7 1289 7.7 17.66 

R2 6.5 1597 7.9 21.42 

V5 2.8 2025 7.5 26.35 

V5 4.3 2110 7.6 23.60 

V4 1.7 1620 7.6 19.56 

V4 5.0 1989 7.5 21.76 

R15 2.7 537 7.6 5.44 

R15 4.9 1261 7.5 14.85 

V6 3.1 1500 7.5 17.56 

V6 4.0 1434 7.5 14.42 

R16 1.6 287 7.6 2.76 

R16 3.6 685 8.0 6.69 

V7 3.5 890 7.6 7.68 

2.82 

2.84 

2.36 

2.83 

2.65 

2.25 

2.81 

2.04 

3.22 

3.65 

3.22 

1.28 

3.08 

3.44 

5.04 

4.80 

4.88 

4.83 

4.93 

4.44 

4.80 

3.16 

5.12 

4.96 

4.83 

2.96 

4.66 

4.47 

14.57 

15.20 

21.13 

22.69 

20.82 

18.32 

19.57 

4.48 

14.37 

15.61 

12.49 

1.38 

5.41 

5.81 

0.06 

0.06 
0.04 

0.13 

0.13 

0.08 

0.09 

0.05 

0.04 

0.11 

0.08 

0.04 

0.00 

0.06 

0.01 

0.01 
0.01 

0.06 

0.02 

0.02 

0.01 

0.01 

0.01 

0.06 

0.02 

0.02 

0.02 

0.02 

38.38 

40.56 
49.84 

56.89 

52.15 

44.67 

49.04 

15.16 

37.60 

41.95 

35.06 

8.43 

19.86 

21.48 

0.53 

0.67 
0.96 

0.62 

0.70 

0.57 

0.58 

0.09 

0.50 

0.51 

0.45 

-0.20 

0.65 

0.32 

0.28 

0.49 
0.93 

0.20 

0.41 

0.12 

0.22 

-0.32 

0.29 

0.26 

0.19 

-0.83 

0.89 

0.22 

-0.37 

-0.31 
-0.16 

-0.07 

-0.13 

-0.21 

-0.18 

-1.08 

-0.39 

-0.31 

-0.44 

-1.74 

-0.97 

-0.90 

-2.2 

1.4 
-4.4 

3.0 
1.2 

-2.0 

0.6 

-0.8 

-3.7 

1.6 

1.1 
-3.4 

-1.6 

4.1 

Temp: temperature in °C; SPC: specific electrical conductivity, expressed to 25°C, in !-IS cm'
l

; Ion concentrations reported in meq L·
1

; Sic: 
Saturation index for calcite; SID: Saturation index for dolomite; SIG: Saturation Index for gypsum; IBE: Ion balance error in %. -P-

-P-
\.Jl 



Table 10.5: 018
0 and 0 D values in %0 SMOW from the Bear Rock Spring Area. 

Data are from van Everdingen (1981, 1982). 

Site Date 0
18

0 oD 

Spring V1 (S4) 090975 -22.9 -177.1 

Spring V2 (S3) 090975 -22.9 -176.6 

Spring V2 (S3) 130978 -23.1 -175.0 

Spring V3 (S3a) 090975 -22.8 -175.3 

Spring V3 (S3a) 130978 -23.1 -176.0 

Spring V4 130978 -23.6 -178.0 

Spring V5 (S2) 110675 -23.6 -179.2 

Spring V5 (S2) 090975 -23.2 -178.4 

Spring V5 (S2) 130978 -23.4 -181.0 

Spring V6 (S1) 090975 -22.4 -176.3 

Spring V6 (S1) 130978 -22.9 -178.8 

Table 10.6: 0
34

S values in %0 for aqueous and precipitated sulphates from the Bear 
Rock Spring Area. Data are from van Everdingen (1978). 

Site SO 4 2· aqueous S042. precipitate 

Spring V1 (S4) 32.7 27.9* 

Spring V2 (S3) 25.1 

Spring V2 (S3) 25.3 

Spring V3 (S3a) 26.0 

Spring V5 (S2) 30.1 28.9** 

Spring V5 (S2) 29.5 28.4*** 

Spring V6 (S1) 27.8 

Spring V6 (S1) 27.8 

* Precipitate on moss 
** Travertine deposit 
*** Precipitate from icing 

446 



64° 59 ' 

~:./ ... (~> 

c; 
". 

"" West Stream 

N 

A 
'. 

" . .--' 

Lftf~l Recharge Zone ..-..,- Cliffs and Steep Slopes 

-- Contour Interval: 250 ft ~ Streams 
o km , ... Springs 

447 

1 40' 64° • 

------------'\,----

o 
t 

1050 

64° 55 ' 

Depression Contours 
shown on NTS map 
sheet 96 C/13 (contour 
interval 50 ft) 

Figure 10.1: Map of the Bear Rock Site showing topography and drainage. Bear Rock is located 
west of the confluence of the Mackenzie and Great Bear Rivers. Karst depressions occur through 
the central portion of the range (e .g., Figure 10.2). Several are shown by depression contours at 
50 foot intervals. Areas within these contours are lightly shaded. The recharge zone is more 
extensive than what is indicated by the depression contours. Discharge occurs from a series of 
springs and streams draining the flanks of the range. The Bear Rock Spring Area is a region of 
perennial low discharge springs (Figure 10.3). Other important springs discharge at the southwest 
and western sides of the range (e .g., Forest Spring). 
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Figure 10.2: Aerial photograph of the North Karst, Bear Rock Site. North is at the top of 
the photo. The scale is approximately 1 :24,500. The large depression centred on the two 
ponds at CD is Camp Depression (Figure 10.4). There is a marked topographic contrast 
between terrain on the Bear Rock (@) and Franklin Mountain Formations (®). The Bear 
Rock Formation supports an undulating surface of dolines, depressions (e.g., ®) and ridges 
and swales (e.g., ®). The latter features are attributed to subglacial erosion and are parallel 
to the direction of ice flow across the region. The Franklin Mountain Formation forms a 
westward sloping bench on the upland, and bold cliffs along the eastern margin of Bear 
Rock (NAPL A26416-78). 
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Figure 10.3: Aerial photograph of the South Karst, Bear Rock Site. The top of the photo is 
northeast. The scale is approximately 1 :30,500. Camp Depression is in the upper left. The 
South Karst is dominated by a large linear depression developed along the core of an 
anticline in the Bear Rock and Franklin Mountain Formations. The anticline axis runs 
through Long Lake (CD) and along the eastern margin of Round Lake (@). A ponor located 
on the shoreline of Round Lake (@) is the deepest point in the depression. Sinking waters 
were traced from that location to the spring-fed Forest and Blood Streams to the southwest 
(®) . A major group of perennial springs discharge east of Long Lake at the Bear Rock 
Spring Area (®, and Figure 10.5) (NAPL A22889-147). 
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Figure 10.4: Camp Depression of the North Karst. The view is from the south rim of 
the depression looking north. This rolling terrain is typical of the North Karst. The 
forested area in the central portion of the photo drains to the sinking ponds on the 
depression base. The eastern pond is visible in the centre. 

Figure 10.5: Photograph of the Bear Rock Spring Area. The springs are perennial, 
low temperature, low discharge, and highly mineralized. The very light tone on the left 
is an area of tufa and travertine deposits. At the extreme right, a channel is seen 
incised into the ice-rich sediments that comprise the spring area. 
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Figure 10.8: A view of the North Karst looking east from a position west of sample point 
R25. Camp Depression is obscured from view. The hill in the background is oriented east 
to west. It is an example of a large streamlined whaleback ridge. Similar ridges occur to the 
north. The pond in the foreground drains towards two ponors in the trees in the lower left. 

Figure 10.9: Small streamlined ridges and crag and tail features developed on the Bear 
Rock Formation in the area around point R34. The photo looks northeast. The landforms 
shov.J glacial ice moved east to \V8St across the range. The treeless smooth surface in the 
background in the upland above Trout Lake in the Franklin Mountain Formation. 
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11.1 Introduction 

CHAPTER XI 

DISCUSSION AND CONCLUSION 

The principal objectives of this thesis were to describe the distribution, morphology, 

and development of karst landforms and drainage systems in the northern Mackenzie 

Mountain region (Chapter I). The preceding chapters have: (i) outlined the 

framework and methods of the study (Chapters I and III), (ii) provided a review of 

karst and permafrost literature (Chapter II), (iii) examined the regional hydrology, 

geology, and geomorphology (Chapters III, IV, and V), (iv) described the 

distribution and range of karst landforms (Chapter VI), and (v) presented a variety 

of data froni individual study sites with a focus on detailed mapping, surface and 

groundwater hydrology, and hydrochemistry (Chapters VII, VIII, IX, and X). In 

many of these chapters, discussion has accompanied the presentation of data. This 

chapter will not reiterate each of the points of discussion from the individual sites. 

The intent of this chapter is to summarize the main findings. 

1'he-discussion-is-organized in-accordance-with-the-primarythemes-of-the 

opening chapters. Specific topics include examination of: (i) the relationships 

between lithology, structure and the characteristics of karst landforms and drainage 

systems, (ii) the impact of glaciation on karst systems in the region, (iii) the role of 

permafrost in karst processes, and (iv) the spatial and temporal characteristics of 

dissolution. Finally, by coupling the regional observations with the process data, the 

conclusion will summarize the development of karst in the northern Mackenzie 

Mountains. 
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11.2 Distribution of Karst Landforms 

Karst features have been mapped across the Carcajou Range of the Mackenzie 

Mountains, and the southern portion of the Norman Range, Franklin Mountains. 

Intermediate-scale landforms were easily identifiable on aerial photography. The 

distribution of these landforms is controlled by bedrock lithology and structure, 

topography, glaciation, and permafrost. 

11.2.1 Morphology, Lithology, and Structure 

Major depression landforms include dolines, dry valleys, subsidence troughs, and 

poljes. A variety of solution, subsidence, and collapse depressions occur. The 

distribution of dolines, springs, pavement, and areas of internal drainage in the 

Carcajou Range are mapped with bedrock geology on Figure 11.1. The density of 

sink points is highest on the Bear Rock and Hume Formations. They also occur on 

the Franklin Mountain and Mount Kindle dolomites, the Saline River Formation, and 

on some of the clastic units overlying the Hume Formation. The main genetic types 

of depressions are summarized below. 

Shallow, flat bottomed dolines occur as bare karst on limestones of the Hume 

and Ramparts Formation, and on the Landry Member of the Bear Rock Formation. 

These dolines have a solution origin and their frequency of occurrence is low. At the 

Bear Rock Site, there are also a few solution dolines in dolomite of the Franklin 

Mountain Formation. Karren forms occur on exposed limestone and dolomite, with 

the best developed karst pavements on the dolomites of the Mount Kindle Formation. 

More common are dolines of subsidence and collapse origin. Most 

intermediate-scale subsidence features occur where evaporite bedrock, usually 

gypsum, is found in the shallow subsurface. Solution of carbonates in the soil and 

subcutaneous zones may also contribute to their development. Most of these dolines 

evolve where meteoric waters infiltrate through surface fissures and fractures and 

come into contact with the upper beds of underlying evaporites. Dissolution is 

accompanied by brecciation and subsidence. Alternatively, some may result from 
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upward stoping of breccia pipes. Through subsidence, surface catchments are 

enlarged, focussing drainage as point recharge. These dolines are usually conical in 

section and are most often found on outcrops of the Brecciated Member of the Bear 

Rock Formation, and occasionally on outcrops of the Saline River Formation. They 

are the predominant type of doline at the Dodo Canyon and Bear Rock Sites. In 

areas of high doline density, adjacent features may coalesce to form large lobate 

compound depressions. Where allogenic drainage is routed onto these karst surfaces, 

blind or dry valleys may develop. Linear depressions or troughs occur above zero 

edges of underlying evaporites or where dissolution is focussed along major 

lineaments, fractures, or faults. Poljes are rare in the region, though examples of 

border (Moraine Polje) and overflow poljes (Carcadodo Valley) are noted. 

Many dolines also display a sharp, steep sided morphology. These 

depressions have an origin attributed to a combination of collapse and subsidence 

into cavities of underlying evaporites. Collapse depressions are located where cover 

rocks provide a resistant cap above gypsum and salt rich units. The cover rocks are 

carbonate or clastic formations. Subrosion may occur in the shallow subsurface or 

at depths as great as several hundred metres. The evaporite units are Bear Rock/Fort 

Norman and Saline River Formations. Collapse dolines formed by dissolution of 

gypsum in-the-Bear-RoekIFeft-Nerman-Fermatien -are~een-0n-the-bandry-M€mb€r, 

and on the Hume, Hare Indian, and Canol Formations. In the Landry Member and 

Hume Formation, surficial dissolution of limestone expands do line catchments. 

Collapse-subsidence dolines also occur in dolomite of the Mount Kindle and 

Franklin Mountain Formations in response to subrosion of halite and gypsum of the 

Saline River Formation. They are most frequent on the Great Bear Plain to the east 

of the study area. Many collapse-subsidence dolines are thought to occupy positions 

where breccia pipes have propagated to the surface, particularly where subrosion is 

deep seated (e.g., Figure 6.8). 

Subsidence and collapse do lines, depressions and troughs occur where karst 

and cover rocks overlie evaporitic strata. They are most common in the following 
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structural situations: (i) on crests or flanks of anticlines (e.g., Imperial Hills, MacKay 

Range, Bear Rock), (ii) on flanks ofmonoclinal folds (e.g., Dodo Canyon, Bonus 

Lake, Mountain RiverlBell Creek), (iii) on gently dipping strata along or near 

lineaments or faults (e.g., Bear Rock), and (iv) above the zero edge of evaporite 

subcrops (e.g., Ration Creek, Dodo Canyon). In most of these situations, meteoric 

groundwaters circulate through local or intermediate flow systems from 

topographically high recharge areas to bordering discharge areas. Much dissolution 

occurs at depth where fresh groundwaters encounter highly soluble evaporites. 

Meteoric waters percolate to the supraface of evaporite beds through fractured or 

highly porous strata or may be delivered to the subface by artesian flow through 

underlying strata. The Bear RockIFort Norman evaporite is underlain by dolomites. 

Below the Saline River Formation are fractured quartzites and sandstones of the 

Little Dal and Katherine Groups. The dolomite and clastic units function as aquifers. 

Topography exercises control by influencing the local hydraulic gradients. Where 

gradients are gentle, or where circulation is impeded by aquicludes or aquitards, 

there are fewer karst landforms. Depression density is highest where the gradients 

are steepest, that is on uplands immediately adjacent to river valleys, canyons, and 

glacial meltwater channels. In studying covered karst, Quinlan (1978) describes 

similar relationships between structure and landform characteristics. Where 

carbonates are draped over gypsum, steep subsidence features may develop by 

vertical percolation of meteoric waters and artesian flow. Linear subsidence troughs 

occur above the zero edge of evaporite subcrops. Breccia pipes and collapse dolines 

are commonplace where gypsum is in subcrop. The association between depression 

location and major lineaments and anticlines is noted in other studies (e.g., Jassim 

et aI, 1995). 

Examples of each of the genetic depression types occur at the Dodo Canyon 

Site. There are solution and subsidence dolines, and linear troughs on the Bear Rock 

Formation. Collapse-subsidence depressions extend to the Hume and overlying 

clastic formations. Subrosion occurs in gypsum of the Bear Rock Formation. The 
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local undisturbed thickness of the subsurface evaporite is not known. From nearby 

boreholes and the breccia thickness, it is estimated that at least 100 m of anhydrite 

and gypsum are interbedded with the dolomite where it is unaffected by meteoric 

groundwaters. Karst depressions at the Dodo Canyon Site exhibit local relief up to 

30 m. From boreholes near the Bear Rock Site, there are 200 m of undisturbed 

evaporite underlying the dolomite (Figure 4.10). At this site, depressions on the Bear 

Rock Formation differ only slightly from those at Dodo Canyon. Solution

subsidence dolines and large compound features are more common at the Bear Rock 

Site, due mainly to the local absence of the resistant Landry Member. The difference 

in the subsurface evaporite thickness is not reflected in topography. Priesnitz (1974; 

cited in Quinlan, 1978) notes that while a very small proportion of the total evaporite 

removed is expressed through overlying topographic relief, the proportion is greater 

above the feather or zero edges of evaporite subcrops. At Dodo Canyon, Bonus 

Lake, and at other locations on monoclines or anticlines a substantial karst relief is 

developed where carbonates straddle the feather edge of evaporite subcrops. 

11.2.2 Influence of Glaciation and Permafrost 

Each of the study sites investigated were glaciated in the Late Wisconsinan by the 

L~ur~ntiQe I~e Sheet. !n th~ regign. th~r~ i~ ~vid~nc~ 9f§~v~ral :rlei~tQC~l1e tnQl1j:alle 

and Laurentide advances (Chapter V). During the last glaciation, Laurentide ice 

spread westward from Great Bear Plain over the Franklin Mountains and Mackenzie 

Valley into the Canyon Ranges. The 'valleys, plateaus, and low ridges of the front 

ranges were ice covered. To the west, ice of the Cordilleran Ice Sheet advanced into 

the main valleys of the Backbone Ranges. Cirque and small valley glaciers also 

spread from high elevations of the Canyon Ranges, in places forming piedmont 

glaciers. In the Canyon Ranges, the main geomorphic impact of glaciation was the 

formation of canyons through diversion of mountain drainage by the Laurentide Ice 

Sheet into ice marginal channels. The cover of glacial sediments in the region is 

thin. 
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West of the main study area, high plateaus and ridges of the Canyon Ranges 

have been unglaciated for at least several hundred thousand years (Hughes, 1972). 

The rock formations that support the karst of the Carcajou and Norman Ranges also 

outcrop in that area. Aerial photographs of portions of the unglaciated terrain were 

examined. There were no meso-scale karst depressions or drainage features 

identified outside the limits of Wisconsinan glacial ice or meltwater channels. The 

unglaciated areas are at higher elevations than the study sites. The permafrost 

distribution is continuous and of greater thickness. There are geological structures 

that are similar to those hosting karst in the front ranges but the geology of the 

unglaciated area has not been examined in detail. However, solution breccias are 

reported in the Bear Rock Formation (Aitken and Cook, 1974; Morrow, 1991). The 

landscape has the geomorphic characteristics associated with long periods of 

cryogenic (periglacial) weathering: cryoplanation landforms, flat floored valleys with 

braided channels, and evidence of parallel slope retreat (Preisnitz and Schunke, 

1983; Preisnitz, 1988). This area provides a model of landform development in 

mountains under the climatic conditions that generate continuous permafrost. It is 

highly significant that the incidence of karst on the Bear Rock Formation and other 

rocks differs so greatly between the glaciated and non-glaciated terrain. Given the 

absence of karst in areas beyond the ice limit, it must be concluded that glaciation 

has had an overall positive role on karstification. 

Specific glacial impacts were identified at the study sites. Destructive and 

deranging effects on the karst include: (i) erosion of karren, do lines, and other input 

landforms, (ii) dissection of conduits and drainage systems by meltwater channels, 

and (iii) infilling of conduits and input landforms with glacial sediments. Dolines 

and depressions were eroded across the region. Despite the partial removal of 

surface karst, the hydrological role of many input landforms were either preserved 

or re-established following deglaciation. Portions of drainage systems were 

fragmented by canyon and valley incision. The best example is from Bonus Lake, 

where an abandoned conduit aquifer is preserved as fragments of cave passage in 
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widely scattered upland blocks. The aquifer was cut by meltwater channels and by 

collapse and subsidence following deglaciation. At the same site, input landforms 

and caves are infilled with glacio-lacustrine and fluvial sediments. Some dolines at 

the Dodo Canyon Site that are partially infilled with sediment have lost their 

hydrological function. 

Evidence from the Carcajou Range and the Bear Rock Site suggests that the 

last Laurentide ice was warm based. The stimulative or positive impacts of 

glaciation include: (i) focusing meltwaters to input landforms in subglacial or ice 

marginal environments, (ii) lowering spring point elevations through canyon and 

valley incision, (iii) scouring, deepening, or expanding depressions by abrasion, 

plucking, or meltwater erosion, and (iv) degradation of permafrost under warm ice. 

In the Carcajou Range, meltwaters and impounded mountain drainage were routed 

through ice marginal or subglacial channels. Some channels developed along or cut 

across subsidence troughs and dolines. The importance of meltwater focusing to 

input landforms is seen by the close association between the distribution of 

meltwater channels and sink points at the study sites. The topographic and 

hydrologic characteristics of the karst are strongly related to the interstratal 

dissolution of gypsum. Unlike carbonate minerals, the dissolution rate of gypsum 

is--tFanspeFt-eentrel1ea--ana-it -is -inaepenaent--ef-the--Peo20f--infllt~ating-watefs. 

Subglacial karstification would continue beneath a warm ice cover if meltwaters 

recharged underlying strata. However, the superimposition of glacial ice would not 

have steepened the hydraulic gradient substantially, and thereby generated an 

increased flux of meltwater from the glacial aquifer into the bedrock aquifer. At 

most of the karst sites, recharge zones sit on upland surfaces. Discharge from local 

groundwater flow systems is accomplished into bordering valleys and canyons. The 

hydraulic gradients are steep. During the Laurentide glacial advance, the discharge 

zones were ice covered before the recharge zones. At the height of glaciation, 

hydraulic gradients are reduced due to the gently sloping potentiometric surfaces in 

the overlying glacial aquifer. This 'Canadian Type' of mountain glaciation does not 
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favour subglacial karstification (Ford, 1993). 

In the Pleistocene, the Laurentide Ice Sheet advanced repeatedly into the 

Mackenzie Valley. The pre-glacial Mackenzie River followed a course east of the 

Franklin Mountains (Duk-Rodkin and Hughes, 1993). Formations of Cretaceous and 

Tertiary age had originally extended as a clastic wedge from the Canyon Ranges 

across to the western slopes of the Franklin Mountains. These were largely removed 

by the Laurentide Ice Sheet (Hughes, personal communication, 1991). The course 

of the Mackenzie River shifted to its current position. The erosion of the clastic 

wedge and re-orientation of the Mackenzie River had the effect of lowering base 

level and increasing gradients in the front ranges of the Mackenzie Mountains. 

Combined with diversions of mountain drainage at the ice margin, a series of deep 

canyons were incised in the front ranges. This expanding network of canyons 

continues to dissect an older drainage network in the mountains. The effect on karst 

systems has been to lower the elevation of spring points, steepen hydraulic gradients, 

and increase hydraulic potential. The elevations of recharge and discharge areas are 

primary boundary controls on the development and behaviour of karst aquifers 

(Figure 2.4). A lowering of spring points favours deeper circulation in local flow 

systems. The post-glacial flux of fresh meteoric waters along deeper flowpaths 

would increase, as would subrosion of evaporites, subsidence, brecciation, and 

development of interstratal karst. 

In the 'unglaciated areas, geomorphic processes have been dominated by frost 

and slow mass wasting processes for the whole of the Pleistocene. Outcrops of 

carbonate and clastic rocks are frost shattered. Debris moves downslope by creep, 

solifluction, and rillwash. Groundwater circulation is impeded by permafrost. Small 

undulations or depressions in the topography are infilled by the slow mass wasting 

of surface debris. In the mountain areas that have been glaciated, these periglacial 

processes operate under current conditions. Slow mass wasting has partially infilled 

some dolines. Where the removal of solutes has kept pace, the landform has been 

preserved. However, there are dolines where ice plugs or fine-grained sediments 
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have perched them above the main aquifer. Some have been breached by surface 

overflow others partially infilled. Glaciation of these terrains may restore the 

hydrologic function of some dolines by removing materials and scouring 

depressions. 

In Chapter II, a simple thermal model of glacial superimposition on 

permafrost was presented (Section 2.7.4, Figures 2.11, 2.12). Assuming typical 

values for ground heat flux, ice surface temperature, and thermal conductivities of 

ice and bedrock, it was calculated that over a long period of time permafrost would 

degrade under 400 to 600 metres of glacial ice. In the Carcajou Range, the main belt 

of karst runs along the monocline that forms the mountain front (Figure 11.1). The 

Laurentide ice limit was west of this belt during the Hungry Creek and Katherine 

Creek phases of the last glaciation, a period of at least several thousand years. At the 

glacial maximum, ice thicknesses over most of the karst areas were over 800 metres. 

Given these conditions, it is suggested that permafrost degraded during glaciation. 

The same conclusion is applied to the Bear Rock Site. Permafrost degradation 

increases the permeability of near surface materials. This has a minor stimulative 

effect on subglacial groundwater circulation. The greater influence on karstification 

occurs during and following deglaciation. Meltwater recharge through deglaciated 

surfaces-that lack-pennafrostmay·experiencerapid-gerreration-of-karst-Iandforms-due 

to unimpeded infiltration of high volumes of recharge (Lauritzen, 1984b, 1986a; 

Ford, 1993). As spring points are deglaciated, local groundwater circulation is 

driven deeper and interstratal karst expanded. Subsequent aggradation of permafrost 

strongly influences hydrology but does not necessarily alter the function of input 

landforms. 

The model of Ford (1993; Figure 2.13) depicts the relationship between 

permafrost and groundwater circulation in carbonate and evaporite rocks. In 

widespread discontinuous permafrost, circulation through carbonates is locally 

impeded. Permafrost becomes more of an aquitard in the continuous zone where 

circulation between the suprapermafrost and subpermafrost aquifers is normaiiy 
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absent. A similar pattern is shown for gypsum and halite although their higher 

solubilities permit an easier exchange between aquifers. Brook (1976) describes the 

same relationship for rugged terrain (Figure 2.14). The model illustrates the variable 

nature of permafrost distribution in mountains and its effects on circulation. These 

models are based on, or describe well, several karst terrains from northern Canada, 

including: Nahanni (Brook, 1976, 1983; Brook and Ford, 1980), Great Bear Plain 

(van Everdingen, 1981), north Yukon (Tsi-It-Toh-Choh: Cinq-Mars and Lauriol, 

1985; Roberge et ai, 1986; Thibaudeau et ai, 1988), Horton and Anderson Rivers 

(Ford, 1993), Akpatok Island (Lauriol and Gray, 1990) and King William and 

Somerset Islands (Bird, 1967). 

In portions of the study reglOn, permafrost has acted to restrict the 

development of karst landforms and drainage systems. Where permafrost has a 

continuous distribution, surficial karst and groundwater circulation in carbonates is 

absent, or is poorly developed. However, a full range of landforms occur in the 

discontinuous zone. Groundwater circulation is least impeded where there are 

evaporites in the near subsurface. Such areas are identified by interstratal karst. 

Many of the dolines and ponors of the study region that survived glaciation, or were 

formed post-glacially, function as open taliks. Depressions trap drifting snow and 

many experience periodic ponding. Snow cover, surface detention, and aspect 

influence the local ground thermal regime resulting in an uneven permafrost 

distribution. 

The study sites span the widespread discontinuous and continuous permafrost 

zones. At the Bear Rock Site, permafrost on the upland locally perches surface 

waters in small ponds, but overall it functions as a leaky aquiclude with many sink 

points operating as taliks. The recharge areas of the Dodo Canyon and Bonus Lake 

Sites are similar. The observations support Brook's (1976) model of variable 

permafrost distribution in rugged terrain. An addendum to the model is a lithological 

consideration. Several flat bottomed dolines at Dodo Canyon, that are developed in 

limestone of Landry Member, hold water through the summer period. However, 
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nearby do lines that penetrate the gypsiferous Brecciated Member drain readily. 

Solution breccias of the Bear Rock Formation appear to have a much higher 

permeability than bedded limestones of the Landry Member or Hume Formation. 

This may be attributed to a higher fissure frequency in the breccia and not a 

permafrost effect. 

Permafrost strongly influences seasonal changes in hydrological pathways 

(Figure 11.2). This was best seen at the Dodo Canyon Site where there was a 

hierarchy of springs. The model of Figure 11.2 is based on that site. During winter, 

the suprapermafrost aquifer is inactive. Precipitation is stored as snow and is 

redistributed in depressions. Soil moisture freezes as pore and lense ice in the active 

layer. Perennial springs discharging from deep aquifers of regional flow systems are 

marked by icings. Most of these springs have high concentrations of dissolved ions, 

some are thermal. They exhibit little variation in flow or chemistry. Exceptions are 

springs that drain conduit aquifers (e.g., Horseshoe Spring at Pyramid Lake). In the 

spring period, snowmelt and precipitation are stored in depressions. Rates of 

infiltration into underlying strata vary considerably. During this time, the streams 

and springs draining the karst are fed primarily by waters of suprapermafrost origin. 

This is reflected in their low conductivity, hardness, and temperature, and by their 

flashy discharge response· to rainfall. In the late~pring· and through the -smnmer; 

infiltration to subpermafrost aquifers continues through sink points across recharge 

areas. Springs draining the local karst systems are marked by increases in 

concentrations of dissolved materials, particularly ions from evaporite minerals, 

indicating subpermafrost contributions. Springs may also continue to discharge 

suprapermafrost waters. The discharge response to rainfall events remains flashy. 

Storm flow moves through the supra and subpermafrost aquifers to spring points. 

The style of recharge in the sink zones contributes to rapid discharge responses. 

Precipitation in these areas is routed as throughflow to surface depressions due to the 

permafrost aquitard in the near subsurface. The end result is aggressive recharge, 

focussed through discrete input points in a short intervai of time. Thus permafrost, 
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when widely distributed may contribute to the karstification of an aquifer as a result 

of these focussed inputs. It seems unlikely that these systems would develop 

independently where permafrost is continuous. The elements of the flow system may 

be inherited from warmer climates or paraglacial conditions. However, once 

established the systems continue to function as long as taliks persist. 

The Pyramid Lake Site is unlike the other sites in the study. It features a 

conduit aquifer in dolomite in the zone of continuous permafrost. The site lies just 

within the ice limit of the Hungry Creek Glaciation and has been ice free for 14 ka. 

There are no evaporites in the subsurface. Under current conditions, it would not be 

possible to develop such an aquifer in dolomite. The possibilities include subglacial 

or paraglacial karstification and inheritance. Conduits associated with subglacial 

karstification are usually short fragments that occupy anomalous drainage positions. 

The Pyramid Lake aquifer is an extensive integrated network. The karst must be 

inherited from a period of warmer climate and is possibly a reactivated paleokarst. 

Inheritance is thought to play a role across the whole of the region. At Dodo 

Canyon, a large dry valley is truncated by canyon incision. Many karst features have 

been modified or removed by glaciation and other processes in the Quaternary, but 

the original karst in the study region probably dates to the Tertiary. These ideas are 

reviewed at the conclusion of this chapter. 

11.3 Karst Hydrogeology 

The primary aquifers of the study region are the Bear Rock and Saline River 

Formations, important secondary aquifers include the Franklin Mountain, Mount 

Kindle, and Hume Formations (Brandon, 1965; Michel, 1986a). The geology of 

these strata were reviewed in Chapter IV. The characteristics of karst drainage 

systems have been described in Chapters VII through X. From each field site, data 

have been presented on: hydrochemistry, surface hydrology, and the flow routes and 

flow through times of groundwater systems. Each of the principal aquifers is 

associated with a distinctive hydrochemical facies. 
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Broad differences between sites and aquifers can be illustrated with the full 

data set. Conductivity is plotted as a function of total dissolved ions concentration 

for all samples for which there is a complete analysis and low ion balance error 

(Figure 11.3). Samples with the highest conductivity and TDI are thermal discharge 

from a deep aquifer in the Saline River Formation. These waters have a sodium 

chloride facies and were collected at the Dodo Canyon Site at the base of Carcajou 

Canyon where it emerges at the mountain front. A second group of samples also lies 

away from the main trend. These samples have a calcium sulphate facies and 

moderately high conductivities and TDI's. They are perennial discharge waters from 

an intermediate flow system at the Bear Rock Site. The dissolved gypsum is from 

the Fort NormanlBear Rock Formation. 

Most of the samples in the study area have TDI values below 30 meq L-t
. 

They may be divided into two groups. At TDI levels below 10 meq L-t , water 

samples have a calcium bicarbonate facies (sum of Ca2+, Mg2+, and HC03-

concentrations ~ 75% of TDI). There is a linear relationship between TDI and 

conductivity over this range (Figure 11.3). These waters were sampled from the 

Bear Rock, Hume, Mount Kindle, and Franklin Mountain Formations. Those from 

the Bear Rock Formation were either recharge or shallow circulating discharge 

waters. At-higher-TBI-eoneentrations; -the-proportions-ofevaporite-ions-increase-and 

samples have a mixed chemistry. These samples are from springs and spring-fed 

streams that have a groundwater component which has contacted the subsurface Bear 

Rock or Saline River Formations. Samples aligned along the sulphate trend of 

Figure 11.3 have travelled mainly through the Bear Rock Formation. Those aligned 

with the chloride trend have a component of discharge from the Saline River 

Formation. Due to the variable response of conductivity with the different 

hydrochemical facies, field conductivity measurements as a surrogate for TDI are 

best restricted to bicarbonate waters. 

There is substantial variability in the structural characteristics of the flow 

systems studied. At the Pyramid Lake Site, allogenic inputs supply recharge to a 
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conduit aquifer developed in dolomite of the Franklin Mountain Formation. The 

basin area is 34 km2
• It is drained by a single known high discharge, low hardness, 

subpennafrost spring. Recharge occurs on the flanks of the syncline. Flowpaths are 

down dip and subparallel to the long axis of the fold. The maximum distance 

between sinking waters and the spring exceeds 8 km. Flow velocities and travel 

times are rapid and the spring responses are typical of a conduit aquifer. A similar 

system is seen at Moraine Polje (Section 6.6). The latter site was visited by D.C. 

Ford and party. Runoff from an area of92 km2 drains to a polje, north of Keele 

River. Sink points are in bedrock near the contact of the Bear Rock and Hume 

Formations. A hierarchy of subpermafrost springs drain the system (Ford, 1993). 

Again, groundwater flow is routed along a fold axis. A conduit aquifer is suspected. 

At the Bonus Lake Site, groundwaters circulate from recharge to discharge 

zones through the Hume Formation and the upper part of the Bear Rock Formation 

in a monoclinal structure. Many outcrops of the Hume Formation show relict 

conduits. The chemistry and hydrology of the main springs support a model of rapid, 

conduit flow through the portions of the system in the Hume Formation. There are 

also groundwater contributions from the subsurface Bear Rock Formation and 

underlying strata as indicated by sot and ct- ions. 

A monocline also forms the structure at the Dodo Canyon Site. Over the 

mam karst, recharge is accomplished through the Bear Rock Formation. 

Groundwater flow is down dip to bordering topographic lows. Most of the spring 

discharge is water from the local flow system. Groundwater circulates through supra 

and subpennafrost aquifers in the Bear Rock Formation, and subpermafrost aquifers 

in underlying strata. Local boreholes show Bear Rock breccias to depths as great as 

several hundred metres (Chapter IV). In the subsurface, reports of cavernous 

porosi1'j and lost circulation are common (e.g., Hume, 1954). Outcrops have a very 

high fissure frequency but do not have relict conduits. Groundwater flow through 

the Bear Rock aquifer is probably ofa mixed flow regime (e.g., Figure 2.5). Rapid 

responses in the discharge of springs is related to the style of recharge. Permafrost 
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in recharge areas functions as an aquitard. Suprapermafrost water moves as 

throughflow to sink points. Infiltration displaces subcutaneous and phreatic storage 

by a piston mechanism. 

At the Bear Rock Site, the main aquifers are the Bear Rock, Franklin 

Mountain, and Saline River Formations. Recharge across an extensive upland in the 

Bear Rock Formation discharges through bordering springs. There is evidence of 

slow diffuse flow and a more rapid mixed flow through different areas of the South 

Karst. The perennial, highly mineralized Bear Rock Springs discharge waters from 

an intermediate flow system. Recharge is presumed to occur in Long Lake basin. 

Travel times through the system are several years based on isotope analyses. 

Circulation is driven to the depth of the Saline River Formation and may be guided 

by a thrust fault in that unit. Also in the South Karst, there is a system of similar size 

from Round Lake to Forest and Blood Streams. Discharge is from the Bear Rock 

and Hume Formations. Travel times along shallow flowpaths are measured in 

weeks, as shown by dye tracing. However, there are also contributions from 

underlying deeper flowpaths. 

11.4 Rate and Distribution of Solution 

. 'Fhe-mest-cmnmen-hydrechemiealmeastlrefrom-karstareas-isthatoftotal-hardness~· 

When coupled with discharge, total hardness measures can be used to calculate rates 

of solutional denudation in carbonate basins. In the study region, the range in total 

hardness values are from 6 to > 1500 mg L-1 as CaC03. Across the full data set, there 

is a linear relationship between conductivity and total hardness for non-chloride 

samples (Figure 11.4). Chloride samples are defined here as waters where the sum 

of Na+ and Cl" concentrations is greater than 15% of TD!. Chloride waters are 

present at Carca-Spring Stream and Carcadodo Valley of the Dodo Canyon Site. 

Non-chloride waters of very high hardness contain abundant Ca2+ from subsurface 

dissolution of gypsum (e.g., Bear Rock Spring Area). For bicarbonate waters, the 

rfu'ge ill total hardness is 6 to 240 mg L-1 as CaC03. Conductivity measures provide 
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a good estimate of total hardness over this range (Figure 11.4). 

There are several factors that influence the rate of dissolution of carbonate 

minerals and these are reflected in the average hardness values from a variety of 

karst environments. Of particular importance are Peo2 and water temperature. 

Corbel (1959) suggested from several field studies that water hardness and rates of 

limestone denudation were highest in mountain and arctic regions. The high rates 

were partially attributed to increased solubility of carbon dioxide in cold water. This 

was not affirmed in subsequent studies (e.g., Smith, 1972). In a broad survey, Smith 

and Atkinson (1976) found average water hardness to be lowest in arctic and alpine 

regions and highest in tropical environments. The key variable is the addition of 

biogenic CO2 in the soil zone. On theoretical grounds, White (1984, 1988) supports 

the field data summarized by Smith and Atkinson (1976). Repeated work in the 

Canadian arctic and subarctic shows average water hardness values that are in the 

range of the bicarbonate waters of the study region (e.g., McCann and Cogley, 1971; 

Cogley, 1972; Smith, 1972; Wilkinson and Bunting, 1975; Brook, 1976, 1980; Woo 

and Marsh, 1977; Thibaudeau et ai, 1988; Lauriol and Gray, 1990). A frequency 

distribution of total hardness, organized by site, is shown on Figure 11.5. Most of 

the samples were drawn from below treeline. Many of the low hardness waters are 

from recharge areas above treeline. Between the study sites, average hardness is 

lowest at Pyramid Lake and highest at Bear Rock. This distribution is influenced by 

geology and by vegetation. Allogenic inputs at Pyramid Lake drain areas in quartzite 

and have very low hardness values. Some of the bicarbonate samples from the Bear 

Rock and Dodo Canyon Sites contain Ca2
+ from gypsum dissolution and their 

hardness values are inflated by the evaporite contribution. Most of the Bear Rock 

Site is below treeline and organic soils are common. At the Dodo Canyon and Bear 

Rock Sites, soil peo2 concentrations were higher in protected areas below treeline 

than on exposed ridges and slopes in tundra vegetation. Woo and Marsh (1977) 

show hardness of surface and active layer waters is directly related to biogenic 

carbon dioxide. In the study area, there is a positive correlation between total 
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hardness and the partial pressure of carbon dioxide for the bicarbonate water samples 

(Figure 11.6). 

11.4.1 Denudation 

Denudation is a measure of the rate of mass transfer from a system. Most karst 

studies consider only the transfer of solutes and not clastics. Such treatment is 

normally adequate to describe landform development in karst areas. Denudation 

rates on carbonate rocks are directly correlated with runoff and Peo2, and inversely 

related to water temperature (White, 1984, 1988). Due to the high solubilities of 

gypsum and halite, evaporite dissolution is a function of the volume of water 

contacting the rock mass. Ford and Williams (1989) suggest that for a given runoff, 

gypsum denudation per unit area is approximately one order of magnitude higher 

than that of limestone. 

Denudation is usually expressed as a thickness of rock eroded across a 

uniform surface per thousand years (mm ka-I); this is equivalent to a volume per unit 

area per unit time (e.g., m3 km-2 a-I). Alternatives are to state denudation in units of 

volume per volume per unit time (m3 km-3 a-I) or as a mass per unit area per unit time 

(t km-2 a-I) (Beckinsale, 1972; Goudie, 1990). Solutional denudation is commonly 

estimated-from:-(-i)weightloss-ofbedrock tablets;-(iiJ-micro~rosionme,rsure-s;(iiiJ 

heights of bedrock pedestals, and (iv) discharge and solute data. Bedrock tablets 

often yield rates that are orders of magnitude lower than those suggested by solute 

data (Crowther, 1983) and errors associated with micro-erosion meters can produce 

unreliable results (Spate et aI, 1985). In the study area, estimates of solutional 

denudation are based on the latter two methods. 

On the Mount Kindle Formation at the Dodo Canyon Site, bedrock pedestals 

are 70 mm in height, yielding a post-glacial surface lowering rate of 5 to 6 mm ka-I 

(Section 6.2.1). Pedestals of 80 mm height are on the Bear Rock Formation at the 

Bear Rock Site, producing a surface denudation rate of 7 mm ka-I. These rates are 
1 f. • f. . ... .... _ .. .... ... .. _. .. 

lOW comparea to me temperate zone Out are SimIlar to values trom Other Arcttc and 
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alpine sites (e.g., 2.5 mm ka- l at Spitzbergen: Akerman, 1983). While these data 

provide estimates of surface lowering they say nothing about subsurface dissolution. 

Data from many field studies in limestone areas suggest that most dissolution occurs 

in the soil and epikarst zone, with relatively little occurring in conduits and fissures 

(e.g., Gunn, 1981). However, the morphology of the Mackenzie Mountain karst is 

strongly controlled by subsurface dissolution. Groundwaters percolating through the 

epikarst may be near saturation with respect to calcite but still be very aggressive 

towards evaporite minerals and contribute to the formation of interstratal karst. 

Discharge and solute data from springs and spring-fed streams can illustrate spatial 

variations in solution with an aquifer. 

Solutional denudation rates are calculated from averages of solute 

concentration and discharge, or through the use of continuous time series of 

discharge and concentration data. The time series approach accounts for variations 

in the discharge-solute relationship and provides high quality estimates when there 

are several years of data. The use of annual or seasonal averages of discharge and 

solute concentration typically overestimate denudation rates (Gunn, 1981; Ford and 

Williams, 1989). A major concern in denudation calculations are solute 

contributions from allogenic inputs. Solute and discharge data recorded at basin 

outlets often include allogenic components. Isolation and removal of these inputs 

requires that the discharge and solute concentrations of allogenic streams be 

measured (Lauritzen, 1990). Allogenic groundwaters may also contribute to the 

solute load. Another problem is measuring the basin area, which is exacting in karst 

areas. 

In the simplest case, where basin boundaries are well defined and there are 

no allogenic inputs to a system, denudation can be evaluated from: 

D =KQ,ca 
NAp 

(11.1) 

where D is denudation in mm ka-l
, Qt is total annual discharge in m3 a-I, Ca is the 
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average solute concentration in g m-3
, p is mineral density in g cm-3

, A is the basin 

area in km2, N is the fraction of the basin underlain by the soluble rock, and K is a 

constant of conversion that equals 10-6 if the units above are used. Variants of this 

expression are used when continuous time series are available. 

11.4.1.1 Denudation Rates 

There are few data from rivers of the Mackenzie Mountains upon which to base 

estimates of regional denudation (e.g., Tables 3.5,3.6). However, variations in the 

spatial distribution of dissolution are seen with the existing data. Water quality data 

from Keele, Redstone, and Mountain Rivers and from some recharge and discharge 

waters of the Dodo Canyon, Bonus Lake, and Bear Rock Sites are presented in Table 

11.1. The major rivers integrate solute inputs over a variety of geological 

environments. The field data are specific to regions that contain karst landforms. 

The average total dissolved ions concentrations of river waters are similar to those 

ofthe recharge and shallow discharge waters of the karst sites. A higher proportion 

of the ion content of the karst waters are composed ofCa2+ and HC03-. Some karst 

discharge waters have high average TDI values, owing largely to contributions of 

Ca2+, S042-, Na+, and CI- from evaporites in the Bear Rock and Saline River 

-FeFmation&--'I'hese-are-predt>minantly-diseharge-waters-of-local-and-intermediate

flow systems where subsurface dissolution is linked to the local generation of 

subsidence and collapse landforms. From the limited water quality data from the 

Mackenzie Mountain Rivers, estimates are made of the solutional denudation rates 

(Table 11.2). The estimates were derived from Equation 11.1 using average total 

annual discharge (Q), average total dissolved solids concentration (C), basin area 

(A), a rock density of 2.65 gm cm-3 (p), and assuming a uniform distribution of 

soluble rock across the river basins (N=I). Solutional denudation rates for the 

Carcajou, Redstone, and Mountain River basins are 34,29, and 33 m3 km-2 a-l. These 

rates should obviously be viewed with considerable caution. Rates of denudation 

associated with the transfer of clastic sediments range between 50 and 75m3 km-2 a-I. 
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Discharge and solute data are available from Red Rock Brook of the Dodo 

Canyon Site. The average concentrations of the major ion species reflect a mix of 

three groundwater components (Table 7.7). The load of each ion in Red Rock Brook 

is calculated in t a-I from average concentration data (C) and an estimated annual 

discharge of 1.5 x 106 m3 a-I (Q) (Table 11.3). The objective is to use these data to 

determine the volumes of rock that are represented by the solute load of Red Rock 

Brook and if possible to translate those data into measures of denudation. The 

aquifers that contribute to the flow are the Bear Rock, Mount Kindle, Franklin 

Mountain, and Saline River Formations. The subsurface mineralogy of these 

aquifers is dominated by dolomite, anhydrite, and halite. Outcrops of the Bear Rock 

Formation are calcareous due to the subsurface generation of dedolomite. 

The Na+ and Cl-Ioads (112.8 and 172.8 t a-I) are expressed as halite (NaCl) 

and divided by the mineral density to derive the rock volume eroded (Table 11.4). 

The volume estimates based on the Na+ and Cl- concentrations are 130.4 m3 and 

129.5 m3
. This analysis assumes all Na+ and Cl- originate from halite dissolution and 

ignores atmospheric inputs. The sot load in Red Rock Brook is 126.2 t a-I. 

Assuming all sot originates from anhydrite (CaS04) the volume of rock eroded is 

61.9 m3 (Table 11.4). Anhydrite is used in the calculation and not gypsum (CaS04 

-2H20). The latter has an atmospheric component and the anhydrite represents the 

true subsurface rock volume. There are difficulties in calculating the volume of 

carbonate rock eroded due to dedolomite in the Bear Rock Formation. Since 

dolomite is prevalent in the subsurface it is used to represent carbonates. The Mg2+, 

HC03-, and Ca2+ ion loads provide estimates of dolomite erosion. The Mg2+ load of 

26.3 t a-I is equivalent to 199.4 t a-I of dolomite, which yields an eroded rock volume 

of71.2 m3 (Table 11.4). The HC03- ion load (268.2 t a-I) is adjusted in two steps. 

One half of the HC03- load has an origin wholly from atmospheric water and carbon 

dioxide, it is removed from consideration. The balance of the bicarbonate is stated 

as C03
2- ion to remove the remaining atmospheric hydrogen and then expressed as 

dolomite. In this calculation, 72.4 m3 of dolomite are eroded. There is good 
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agreement between the Mg2+ and HC03- estimates. The remaining Ca2+ load is 40.5 

t a-I, this is equivalent to 186.4 t a-I of dolomite which represents 66.6 m3 of rock 

eroded. The lower Ca2+ estimate is due to the replacement ofMg2+ by Ca2+ within 

the Bear Rock Formation. 

These calculations show the eroded volumes of halite, anhydrite, and 

dolomite in the Red Rock Brook catchment are approximately 130, 60, and 70 m3
. 

The halite has an origin in the subsurface Saline River Formation. This unit is over 

500 m below the topographic surface of the Main Karst. Recharge to the Saline 

River Formation probably occurs on the flank of MacDougal Anticline and in valleys 

tributary to Dodo Canyon several kilometres to the south and southwest of 

Carcadodo Valley. The extent of the recharge zone and the area that is influenced 

by subrosion in the Saline River Formation are unknown. For these reasons, it is 

difficult to translate the rock volume estimate into a denudation rate. The recharge 

area of the Main Karst is 5.5 km2. Ifit is assumed that all of the halite discharged at 

Red Rock Brook was dissolved beneath the Main Karst, then from Equation 11.1 the 

halite denudation rate is 23.6 m3 km-2 a-I (mm ka-I). At Salt Spring and along Carca

Spring Stream, concentrations ofNa+ and Cl- approach 30 times that of Red Rock 

Brook. While discharges are lower, the volume of eroded rock is at least an order 

of-magnitude-higherthan-tlte-R-ed-R1Jck-Bro-ok--estimate-:- Tlres-e-dataim:lic~te1TIuclr 

dissolution occurs at depth in the Saline River Formation. 

The anhydrite/gypsum components can originate from the Bear Rock or 

Saline River Formations. Sulphur isotopes show the sot ion is derived from the 

Bear Rock Formation and the mixing model of Chapter VII suggests the deep Saline 

River aquifer contributes only 14% of the sot load to Red Rock Brook (Table 7.7). 

It can be assumed that the balance of anhydrite dissolution occurs within the Bear 

Rock Formation (~52 m3
). From Equation 11.1, these data yield a denudation rate 

attributed to anhydrite subrosion of9.4 m3 km-2 a-I (mm ka-I). For dolomite, the deep 

groundwater component supplies 9% of the Mi+ load, and <5% of the HCa3- (Table 
,., 1"7\. r"T'1 _ 1 1 eo.. .. t t •. .._ . .. 11 11<1 <II.. 

1.1). Ine aOlomne VOlUme eroaea oy mtermeOlate ana ShallOW grounawaters IS 
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adjusted to 67 m3 assuming the deep aquifer contributes only 5% of the carbonate 

rock dissolution. From Equation 11.1 this yields a denudation rate of 12.1 m3 km-2 

a-I (mm ka- l
) attributed to dolomite dissolution. Bedrock pedestals on the Mount 

Kindle Formation show a surface lowering rate of 5 to 6 mm ka- l
. The total 

solutional denudation rate from the Main Karst is ;::45 m3 km-2 a-I (mm ka-l
). This 

calculation ignores allogenic groundwater contributions which are expected to be 

substantial for halite, and thus is an overestimate of autogenic denudation. 

Compared with karst regions of similar morpho-climatic regimes, the total rates are 

high (Smith and Atkinson, 1976; Bogli, 1980). The denudation estimate from Red 

Rock Brook does not differ greatly from what is suggested by the few regional data 

available. They do indicate much of the dissolution occurs below the soil and 

subcutaneous zones and within the body of evaporite-rich aquifers. The 

predominance of subsidence and collapse landforms is related to this distribution of 

solution. 

11.5 Development of the Northern Mackenzie Mountain Karst 

There is evidence of paleokarst in dolomite of the Franklin Mountain and Mount 

Kindle Formations. Erosion in the Ordovician and Silurian is marked by 

unconformities (Figure 4.3). It is likely that collapse and subsidence features are 

present in the Franklin Mountain Formation, resulting from Ordovician or Silurian 

subrosion of the underlying Saline River evaporites. However, the main karst rock 

of the region is the Lower Devonian Bear Rock Formation. The unit is a massive 

breccia in outcrop. A small fraction of the brecciation is attributed to early 

diagenetic dissolution and subsidence. The majority is late diagenetic solution 

brecciation by meteoric groundwaters. Important periods of erosion are marked by 

regional unconformities at the base and top of the Cretaceous. The Tertiaf'j and 

Quaternary are also characterized by lengthy intervals of erosion (Figure 4.3). 

Boreholes show evidence that, at some locations, brecciation of the Bear RockIF ort 

Norman Formation accompanied the hiatus between the Upper Devonian and 
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Cretaceous (Tables 4.3, 4.5). The mid to Upper Cretaceous was a time of orogeny 

in the northern Cordillera, with uplift continuing into the Tertiary (Section 4.8). 

During this time, an erosion surface developed in the mountain areas and clastic 

deposits accumulated in the foredeep to the east. Presumably, where the Bear Rock 

Formation was exposed to meteoric groundwaters, solution brecciation occurred and 

interstratal karst developed. The Bear Rock Formation was exposed or was in 

shallow sub crop along positive structural features of the foldbelt such as anticlines, 

monoclines, and on the hanging walls of thrust faults. Remnants of the late Tertiary 

drainage network suggest gradients from the Canyon Ranges to the Mackenzie Plain 

were gentle. Many of the regions larger karst landforms (dry valleys and subsidence 

troughs) and drainage systems date to the Tertiary and developed under the 

conditions of a warm and wet climate. Gradual cooling and aggradation of 

permafrost in the Mackenzie Mountains occurred by the Upper Pliocene. Where 

permafrost was continuous, karst drainage and landform development were inhibited. 

The karst landscape may have been degraded through this period. In the Pleistocene, 

there were several glaciations. The foredeep clastics of the Mackenzie Plain were 

eroded and the Canyon Ranges were directly influenced by glacial ice and drainage 

diversions. A resulting steepening of gradients, coupled with minor uplift and 

-glaGial-dr-ainage-aiversions,triggered-ineision-of-the-eanyeflS;-- Seme-karst-features 

and the Tertiary drainage network are older than this young expanding network of 

canyons. They are cross-cut and dissected by the latter. In some areas, glaciation 

has removed karst landforms but the net effect was positive. This was due to 

permafrost degradation beneath warm based ice, scouring and removal of surface 

debris from input landforms, and the post-glacial increase in hydraulic gradients and 

potentials through the effect on topography. 

Under the current conditions, karst drainage systems operate in several 

formations and karst landforms continue to develop. In the global context, the 

landform assemblage of the northern Mackenzie Mountain Karst is not typical of that 

associated with carbonate rocks in arctic climates (Table 1.2). The persistence of the 
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karst is in part related to the shallow subcrops of evaporite rocks. Drainage is less 

inhibited by permafrost due to the solubility of evaporite rocks. However, 

components of the karst systems are inherited from previous warmer climates or have 

been influenced by past conditions that favoured infiltration and circulation of 

groundwater. The development of these systems occurred over a long period in the 

Tertiary. Cooling to a permafrost climate created a new set of conditions. Erosional 

systems respond slowly to climate change and the hydrological function of portions 

of the system continued. Pleistocene glaciation revitalized areas by steepening 

gradients and degrading permafrost. The landscape now has features that are 

attributed to a variety of processes and its geomorphology must be viewed in that 

context. 

11.6 Future Directions 

To date, work on the northern Mackenzie Mountain Karst has been of a 

reconnaissance nature. Future investigations should focus on areas that have been 

only briefly considered by this thesis or have yet to be explored. Mapping the 

distribution and range of karst landforms and drainage should continue to the south 

and northwest of the study region. Currently, there is information available on the 

Nahanni Karst of the southern Mackenzie Mountains and from the Old Crow region 

of Northern Yukon. Mapping intervening areas would provide a regional perspective 

from which the influence of glaciation, permafrost, and lithology on karst 

development could be more fully evaluated. Additional mapping should involve 

morphometric measurements of the main landform types to facilitate comparison 

with other karst regions. Within the study region, there is much detailed work to be 

done on the hydrology and hydrochemistry of karst at the scale of small basins and 

sub-basLns. The individual field sites offer much in continued study. The Bear Rock 

Site represents a true autogenic system and is suited to the long term examination of 

discharge solute relationships with an aim to calculate some meaningful denudation 

rates. The Pyramid Lake Site features a conduit dolomite aquifer in a continuous 
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permafrost environment. The limited field work has suggested a responsive system 

that is unlike other karst drainage in the region. Moraine Polje may be similar but 

that has yet to be established by fieldwork. The Dodo Canyon and Bonus Lake Sites 

have a full range of landforms, hydrological, and permafrost conditions and may 

serve as type areas for this karst assemblage. At each of these sites and at others, 

there is a requirement for additional geological mapping. This will permit the 

development of models describing the structural situations in which these systems 

operate. Ultimately, the formation of subsidence and collapse landforms will be 

better understood. 

END 
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Table 11.1: Mean ion concentrations for rivers of the Mackenzie Mountains and selected 
water types from Dodo Canyon, Bonus Lake, and Bear Rock field sites. River samples are 
from the months May to September (raw data in Table 3.6). All data are in meq L-1

• 

Keele 

Redstone 

Mountain 

Dodo Canyon Site 

Shallow Streams 

Carcadodo Valley 

Carca-Spring Str 

Bonus Lake Site 

Sink Zone Recharge 

Bonus Valley Str 

Bear Rock Site 

Dofines and Ponors 

Bear Rock Springs 

1.89 

1.74 

1.96 

2.86 

3.30 

4.52 

1.57 

1.99 

0.92 

0.92 

0.94 

0.57 

1.48 

2.64 

0.20 

0.54 

0.68 

2.35 

1.78 

1.96 

1.94 

2.66 

3.10 

3.19 

1.57 

2.16 

2.43 

4.84 

1.06 

0.85 

1.02 

0.64 

1.76 

3.84 

0.06 

0.38 

0.77 

15.65 

0.22 

0.25 

0.13 

0.04 

3.24 

66.46 

0.03 

0.23 

0.00 

0.06 

0.19 

0.17 

0.06 

6.06 

5.89 

6.05 

0.02 6.79 

3.22 16.10 

62.02 142.67 

0.03 

0.20 

0.01 

0.01 

3.46 

5.50 

6.51 

39.57 

Table 11.2: $()ll1tLonf!J cleffiJci~ion in QC!r~Ql.JJ B~cJstollel a_nj:l MountC!in Riv~lLC!§iDS. --------- ------ -

Annual Average Average Total Solutional 
River Basin Area (km2

) Discharge (103 Dissolved Solids Denudation 
3 -I) Concentration Rate (m3 km-2 a-I m a 

(mg L-1
) or mm ka-1

) 

Carcajou 7,400 2,360,000 279 34 

Redstone 15,400 5,590,000 208 29 

Mountain 11,100 3,860,000 252 33 
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Table 11.3: Average ion concentrations for Red Rock Brook, Dodo Canyon Site and solute 
load, by ion, as tonnes over the hydrological season (data from 1988). 

Average Ion Concentrations Ca 2+ Mg2+ HC0
3

- SO 2- Na+ cr 4 

meq L-1 3.10 1.44 2.93 1.75 3.27 3.25 

mg L-1 62.1 17.5 178.8 84.1 75.2 115.2 
..................................................................................................................................................................................... 

Solute Load = Ion Concentrations in mg L-
1 

(C) multiplied by Q of 1.5 * 106 
m3 a-I 

Ion Ca 2+ Mg2+ HCO- SO 2- Na+ cr 3 4 

Load in tonnes a-I 93.2 26.3 268.2 126.2 112.8 172.8 

Table 11.4: Volume of halite, anhydrite, and dolomite discharged from the Red Rock Brook 
aquifer, Dodo Canyon Site. Calculations are based on data from 1988. 

Mineral/Rock 

Halite (NaCI) 

112.8 t of Na+ as NaCI 

172.8 t of cr as NaCI 

Anhydrite (CaS04) 

126.2 t of S042- as CaS04 

Mineral Load 
(t a-I) 

286.8 

284.8 

179.4 

Mineral Density Volume Eroded 
(t m

3
) (m3

) 

2.2 

2.2 

2.9 

130.4 

129.5 

61.9 

179.4 t of an~ydrite requ~es 52.7 t of Ca
2
+, le~lVing a balance of 40.5 t of Ca

2
+ in ~RB 

Dolomite (CaMg(C03)2) 
..................................................................................................................................................................................... 

26.3 t of Mg2+ as (CaMg(C03)2) 199.4 2.8 71.2 

40.5 t of Ca
2
+ as (CaMg(C03)2) 

263.8 t of C03
2
- as (CaMg(C03)2) 

186.4 

202.7 

2.8 

2.8 

66.6 

72.4 

Note: The HCOs- ion load is converted to C03
2

- to remove the mass from atmospheric hydrogen. 
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Figure 11.1: Bedrock geology, distribution of dolines, ponors within closed depressions, dolomite 
pavement, major springs, and areas of internal drainage, Carcajou Range, Mackenzie Mountains, 
N_W.T_ The karst distribution is the same as that of Figure 6.9- Doline and ponor frequency is 
highest on the Bear Rock and Hume Formations_ Other groups of depressions occur on the Mount 
Kindle, Franklin Mountain, and Saline River Formations. Collapse dolines on Middle and Upper 
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Anticline are shown. Many fold features are not depicted (geology after Aitken and Cook, 1974). 
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Figure 11.2: Influence of permafrost on hydrological pathways in karst of the northern 
Mackenzie Mountains. This schematic diagram is based on the Dodo Canyon Site 
and is not to scale. The distribution of permafrost is in accordance with observations 
of surface infiltration. It is thought absent beneath large dolines or water bodies. 
During the early spring (upper) melting snow and precipitation travel as surface runoff 
or as shallow suprapermafrost water. Much of this runoff is stored in depressions of 
the Sink (Recharge) Zone. Discharge in the Fluvial Zone and Carcadodo Valley are 
dominated by surface or suprapermafrost waters. By mid-summer, precipitation 
infiltrates rapidly through input landforms of the Sink Zone. There is little surface 
iunoff. GiOundwateis circulating through the Bear Rock Formation and underlying 
strata discharge at subpermafrost springs of Carcadodo Valley. 
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Figure 11,3: Specific electrical conductivity vs total dissolved ions concentration for samples from the 
field sites. The regression line in the upper figure is based on all data. The lower figure shows data 
near the origin. In the latter, a regression line is plotted using samples with a bicarbonate chemistry. 
There is a linear relationship between conductivity and TDI for bicarbonate waters. Addition of 
evaporite ions increases conductivity, but at different rates for sot and Cr. 
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Figure 11,4: Specific electrical conductivity vs total hardness for samples from the field sites. Waters 
with high concentrations of cr lie above the main trend (solid markers). The regression line in the 
upper figure is based on all samples where the sum of Na + and cr is ~ 15% of TO!. The regression 
line in the lower figure is plotted using samples with a bicarbonate chemistry. There is a linear 
relationship between conductivity and total hardness for bicarbonate waters. 
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Figure 11.5: Frequency distribution of total hardness from the study region. Only water samples with 
a bicarbonate facies are shown_ Total hardness is lowest at the Pyramid Lake Site and higher at the 
Dodo Canyon and Bear Rock Sites. At the latter locations, many bicarbonate samples have Ca2

+ from 
gypsum dissolution. The mean hardness of all samples is 132 mg L-1 as CaCOa. This mean is similar 
to those of the Nahanni Karst (Brook and Ford, 1982) and Akpatok Island (Lauriol and Gray, 1990). 
The high value from Woo and Marsh (1977) is due to biogenic CO2 production by tundra vegetation 
and is not thought typical of high arctic locations. The distribution of Arctic and Alpine Sites from Smith 
and Atkinson is shown in the upper left. 
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Table A.1: Raw physical and hydroc~emical data from the Dodo Canyon Site. 
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0.56 0.92 

0.60 1.02 

0.79 1.34 

0.45 0.77 

0.30 0.43 

0.19 0.05 

-0.23 -0.92 

22.12 2.0 

5.53 1.3 

5.39 1.3 

6.22 1.3 

6.20 2.1 

7.58 1.3 

18.95 1.5 

15.90 1.9 

10.18 2.3 

21.74 1.6 -0.05 -0.31 

2.25 5.52 5.53 22.17 

1.96 4.05 3.78 17.61 

2.31 4.28 3.95 17.63 

1.73 3.04 2.95 15.39 

1.66 1.58 1.91 13.58 

1.94 2.91 3.17 16.59 

4.86 89.78 90.25 197.16 

3.91 67.14 65.43 146.97 

6.84 0.14 0.03 26.69 

3.39 63.62 52.03 128.48 

1.32 0.07 0.03 9.31 

1.12 0.07 0.03 8.31 

2.02 3.72 3.71 18.12 

1.71 2.36 2.47 14.89 

1.5 -0.48 -1.18 

1.7 0.27 0.38 

1.9 -9.00 -9.00 

1.8 0.28 0.22 

2.6 0.44 0.45 

2.0 0.60 0.95 

1.9 0.06 -0.12 

1.9 0.41 0.59 

3.7 0.74 0.87 

2.0 0.59 0.97 

5.0 0.78 0.82 

4.8 0.77 0.84 

1.9 0.72 1.11 

2.4 0.48 0.57 

088-93 150788 033 

D88-94 150788 034 

088-99 140888 03 

091-1 140891 033 

091-2 140891 043 

091-3 140891 03 

091-4 150891 02 

091-5 150891 035 

091-6 150891 036 

091-7 150891 037 

091-8 160891 014 

091-9 160891 038 

091-10 170891 05 

091-11 170891 039 

091-12 170891 04 

091-13 170891 042 

091-14 200891 033 

091-15 200891 05 

091-16 200891 04 

091-17 200891 03 

091-18 200891 038 

091-19 250891 033 

1.9 421 7.83 -21.69 3.66 1.10 3.28 1.38 0.38 0.37 10.16 3.3 0.19 -0.25 

8.9 7629 

3.8 

5.8 

1.8 

10.0 

5.9 

3.3 

743 

860 

422 

849 

359 

688 

7.83 -22.14 4.92 2.38 3.26 3.75 67.57 68.25 150.12 

7.97 

8.20 

7.79 

8.33 

8.36 

8.09 

-21.84 

-d9.00 

-~1.74 
-21.80 

-~!9.00 
-~1.84 

3.36 

-9.00 

3.66 

3.58 

3.50 

3.28 

1.64 

-9.00 

1.14 

1.72 

0.86 

1.58 

3.32 

3.36 

3.32 

3.32 

2.96 

3.28 

1.97 

-9.00 

1.38 

1.92 

-9.00 

1.92 

3.65 

-9.00 

0.40 

3.16 

-9.00 

3.52 

3.51 

-9.00 

0.43 

3.19 

-9.00 

3.45 

17.45 

-9.00 

10.32 

16.88 

-9.00 

17.02 

2.1 0.11 -0.08 

2.0 0.27 0.16 

-9.0 -9.00 -9.00 

3.2 0.15 -0.31 

2.1 

4.1 

2.1 

0.71 1.10 

-9.00 -9.00 

0.37 0.34 

pPC02 

2.89 

2.92 

3.44 

3.60 

3.40 

3.40 

3.20 

2.80 

2.69 

2.42 

2.43 

Error 

0.1 

-2.0 

-3.9 

-0.8 

4.3 

-1.8 

-2.3 

-0.2 

-2.8 

0.0 

-1.2 

2.04 -0.1 

2.67 -0.5 

-9.00 0.6 

2.94 -2.4 

2.84 -3.2 

2.97 -1.1 

2.67 0.3 

3.00 1.3 

2.26 -0.9 

3.16 8.7 

3.24 1.6 

3.30 2.7 

3.26 0.6 

2.92 0.4 

2.72 1.1 

2.73 -0.3 

2.85 -0.9 

-9.00 -99.0 

2.67 0.7 

3.17 0.2 

-9.00 -99.0 

2.98 -1.6 V1 
N 
0'\ 



Field Oate Map Temp SPC pH 0180 Ca2+ Mg2+ HCO; sot 
091-20 250891 05 3.9 779 8.26 -~1.96 3.46 1.80 3.28 1.98 

091-21 250891 043 2.9 526 8.03 -21.72 3.64 1.28 3.20 1.56 

091-22 250891 03 5.0 775 8.45 -21.69 3.56 1.60 3.22 1.89 
I 

091-23 270891 036 1.9 924 7.71 -92.21 10.09 2.46 6.57 5.88 

091-24 270891 037 9.8 7593 8.07 -9,9.00 -9.00 -9.00 3.04 -9.00 

091-25 270891 02 9.4 9772 7.70 -22.62 6.07 3.00 2.92 5.00 

091-26 280891 025 6.5 108 8.47 
I 

-1i7.26 1.60 0.10 1.50 0.08 
I 

091-27 280891 040 2.3 355 7.78 -21.30 3.84 0.70 3.28 1.13 

091-28 280891 014 1.6 369 8.38 -21.83 3.90 0.90 3.06 1.38 

091-29 280891 041 0.5 320 8.02 -~9.00 3.52 0.84 3.40 0.75 

091-30 280891 038 3.5 356 8.46 -~9.00 3.62 0.72 3.06 1.24 
I 

091-31 290891 033 3.1 758 8.11 -~1.64 3.20 1.70 3.24 1.92 

091-32 290891 05 3.9 764 8.32 -21.98 3.40 1.80 3.26 2.00 

091-33 290891 043 3.5 556 9.01 -21.88 3.58 1.38 3.36 1.64 
I 

091-34 290891 03 5.4 748 9.10 -4:1.78 3.48 1.62 3.18 1.94 

Missing Data: -9, -9.0, -9.00 and -99.0 
I 

Map: Locations indexed on Figures 7.~ and 7.9 

Temp: Temperature in °c 
SPC: Specific electrical conductivity in ~S cm·1 

Ion concentrations in meq L-1 

SIC: Saturation index for calcite 

SID: Saturation index for dolomite 

pPC02: -log of the partial pressure of CO2 

Na+ cr TOI CalMg 

3.45 3.51 17.47 1.9 

1.19 1.38 12.24 2.8 

3.17 3.09 16.53 2.2 

0.14 0.03 25.17 4.1 

-9.00 -9.00 -9.00 -9.0 

91.75 92.22 200.96 2.0 

0.05 0.03 3.35 16.0 

0.06 0.03 9.03 5.5 

0.06 0.03 9.32 4.3 

0.06 0.03 8.59 4.2 

0.07 0.03 8.73 5.0 

3.59 3.37 17.01 1.9 

3.59 3.55 17.59 1.9 

1.62 1.73 13.31 2.6 

3.12 3.12 16.45 2.1 

SIC SIO 

0.56 0.75 

0.36 0.19 

0.73 1.04 

0.69 0.67 

-9.00 -9.00 

-0.02 -0.33 

0.25 -0.75 

0.17 -0.49 

0.72 0.69 

0.38 0.01 

0.79 0.79 

0.37 0.38 

0.60 0.85 

1.27 2.02 

1.30 2.18 

pPC02 

3.15 

2.92 

3.35 

2.31 

-9.00 

2.66 

3.66 

2.66 

3.31 

2.90 

3.38 

3.00 

3.21 

3.95 

4.08 

Error 

-0.4 

-0.2 

0.8 

0.8 

-99.0 

0.3 

4.4 

1.8 

4.2 

2.8 

1.0 

-0.3 

-0.2 

-1.1 

-0.1 

lJl 
N 
-...J 



Table A.2: Raw physical and hydrochemical f-Iata from the Bonus Lake Site. 
Field ID Date Map Temp SPC pH 10'·0 Ca2+ Mg2+ HC0

3
' SO.2' 

I 

8L88-1 150688 81 5.5 220 7.16 ,22.55 2.54 0.54 2.94 0.23 

8L88-2 150688 82 11.2 205 7.55 121.09 2.04 0.44 1.98 0.63 

8 L88-3 150688 83 158 8.50 +21.93 2.04 0.04 2.02 0.00 

Na+ 

0.08 

0.01 

0.08 

cr 
0.04 

0.01 

0.08 

TDI CalMg SIC SID pPC02 Error 

6.37 4.7 -0.59 -1.92 2.05 -0.8 

5.11 4.6 -0.40 -1.46 2.56 -2.7 

4.26 51.0 0.65 -0.32 3.46 1.5 

8L88-4 150688 84 

18.7 

17.2 

4.2 

24.7 

2.7 

5.7 

160 7.99 ~21.57 1.80 0.04 1.94 0.00 0.00 0,01 3.79 45.0 0.08 -1.42 2.96 -2.8 

8L88-5 

8L88-6 

8L88-7 

8L88-8 

8L88-9 

8L88-10 

8L88-11 

8L88-12 

8L88-13 

8L88-14 

8L88-15 

8L88-16 

8L88-17 

150688 85 

150688 86 

180688 

180688 

180688 

180688 

180688 

180688 

210688 

210688 

210688 

210688 

210688 

8L88-18 210688 

8 L88-19 230688 

8L88-20 230688 

8L88-21 230688 

8L88-22 230688 

8L88-23 

8L88-24 

8L88-25 

240688 

240688 

240688 

87 

88 

89 

810 

811 

812 

813 

814 

815 

816 

817 

2.2 

0.7 

4.5 

5.2 

8.2 

16.5 

2.7 

1.9 

8.7 

818 6.7 

81 6.7 

819 17.2 

820 18.7 

821 19.9 

822 

823 

824 

8L91-1 020891 825 

0.0 

7.2 

0.7 

4.9 

173 8.02 j22.16 1.98 0.06 2.02 0.00 0.00 0.01 

171 8.60 ~20.81 1.86 0.06 2.02 0.00 0.03 0.02 

162 

164 

105 

29 

84 

147 

214 

249 

206 

202 

230 

245 

262 

241 

237 

237 

164 

95 

146 

8.36 

8.05 

7.96 

7.94 

7.91 

7.92 

7.97 

8.19 

8.00 

8.07 

7.92 

+21.14 

-20.91 

~21.22 

~21.15 

,21.18 

~21.73 

,21.67 

421.37 

i21 .96 

,22.05 

,21.53 

2.12 

2.00 

1.40 

0.40 

1.10 

1.82 

1.88 

1.72 

1.58 

1.56 

1.89 

QOO 

QOO 

Q16 

0.14 

On6 

On6 

0~2 

0~2 

Qn 

0£8 

0.45 

2.20 

2.02 

1.42 

0.34 

0.86 

1.74 

1.96 

1.96 

2.06 

2.08 

2.14 

O~ 

O~ 

O~ 

O~ 

O~ 

OM 

OM 

OE 

O~ 

O~ 

O~ 

on1 
om 
on1 
on1 
O~ 

on1 
O~ 

O~ 

O~ 

O~ 

OE 

QOO 

on2 
O~ 

O~ 

O~ 

O~ 

O~ 

O~ 

O~ 

O~1 

O~ 

7.96 ~21.68 1.98 0.52 2.26 0.45 0.28 0.23 

7.68 .;22.26 2.92 0.30 2.98 0.34 0.02 0.04 

8.39 ,20.95 1.84 0.42 1.90 0.45 0.35 0.22 

8.33 I -9.00 1.84 0.40 1.82 0.56 0.33 0.22 

8.42 ~21.13 1.84 0.40 1.82 0.37 0.22 0.19 

7.99 

8.02 

8.24 

,20.88 

~20.24 
I 

-'20.75 

2.18 

0.94 

1.80 

0.04 

0.22 

0.06 

1.92 

0.92 

1.72 

0.41 

0.25 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

4.07 33.0 0.01 -1.58 3.08 

3.99 31.0 0.77 0.22 3.52 

4.41 

4.15 

2.99 

0.89 

2.02 

3.65 

5.36 

4.95 

5.37 

5.22 

5.39 

5.72 

6.60 

5.18 

5.17 

4.84 

4.55 

2.33 

3.59 

26.5 0.38 -0.75 

25.0 0.06 -1.34 

8.8 -0.36 -1.76 

2.9 -1.52 -3.60 

18.3 -0.69 -2.71 

30.3 -0.17 -1.90 

3.6 -0.06 -0.70 

3.3 0.22 0.00 

2.2 -0.14 -0.71 

2.3 -0.08 -0.62 

4.2 -0.06 -0.76 

3.40 

3.10 

3.19 

3.79 

3.33 

3.04 

3.02 

3.17 

3.07 

3.14 

2.92 

3.8 0.00 -0.64 2.96 

9.7 0.00 -1.04 2.56 

4.4 0.43 0.30 3.39 

4.6 0.37 0.18 3.33 

4.6 0.48 0.40 3.42 

54.5 -0.06 -1.98 

4.3 -0.60 -1.87 

30.0 0.08 -1.43 

3.11 

3.39 

3.40 

0.4 

-2.4 

0.2 

1.8 

5.0 

23.5 

14.9 

3.6 

0.8 

1.8 

1.8 

-0.4 

-3.2 

-2.8 

-1.9 

0.8 

-0.8 

1.8 

-2.4 

-0.5 

4.3 

110 8.34 +20.64 0.94 0.41 1.15 -9.00 -9.00 -9.00 -9.00 2.3 -9.00 -9.00 -9.00 -9.0 lJ1 
N 
00 



Reid ID Date Map Temp SPC pH I 0'·0 Ca2+ Mg2+ HC0
3
• S042. Na+ cr TDI CalMg SIC SID pPC02 Error 

BL91-2 020891 B2 10.2 ' 207 8.33-20.49 1.85 0.57 1.54 0.73 0.05 0.06 4.80 3.2 0.20 -0.11 3.47 3.3 

BL91-3 030891 B17 

BL91-4 030891 B15 

6.2 

2.6 

BL91-5 030891 B26 10.8 

BL91-6 030891 B27 11.2 

BL91-7 040891 B11 

208 8.05 ,-20.93 1.87 0.53 1.80 -9.00 -9.00 -9.00 -9.00 

160 8.10 -9.00 1.68 0.80 2.01 -9.00 -9.00 -9.00 -9.00 

247 8.08 -20.69 2.21 0.57 2.44 0.26 0.08 0.08 5.64 

236 8.43 -20.48 1.82 0.92 2.23 0.37 0.05 0.04 5.43 

306 7.63-20.33 1.82 0.26 1.66 0.22 0.05 0.04 4.05 

3.5 -9.00 -9.00 -9.00 -9.0 

2.1 -9.00 -9.00 -9.00 -9.0 

3.9 0.25 -0.10 3.01 

2.0 0.46 0.62 3.41 

7.0 -0.49 -1.88 2.76 

1.7 

2.6 

5.3 

BL91-8 070891 B22 

5.6 

0.6 

2.6 

4.9 

2.6 

7.6 

7.7 

6.8 

1.6 

168 8.36 -9.00 2.21 0.11 1.99 -9.00 -9.00 -9.00 -9.00 20.1 -9.00 -9.00 -9.00 -9.0 

8L91-9 070891 828 157 7.99 -9.00 1.68 0.20 1.62 -9.00 -9.00 -9.00 -9.00 

8L91-10 070891 811 168 7.61 -9.00 1.70 0.19 1.66 -9.00 -9.00 -9.00 -9.00 

BL91-11 070891 B9 109 7.85 -9.00 0.82 0.30 1.03 0.03 0.04 0.06 2.28 

BL91-12 090891 817 216 7.74 -9.00 1.98 0.53 2.11 -9.00 -9.00 -9.00 -9.00 

BL91-13 090891 818 234 7.77 -9.00 2.02 0.54 2.17 -9.00 -9.00 -9.00 -9.00 

BL91-14 090891 B29 257 8.10 -9.00 2.49 0.64 3.05 -9.00 -9.00 -9.00 -9.00 

8L91-15 090891 830 324 8.09 '-21.17 3.37 0.78 2.89 -9.00 -9.00 -9.00 -9.00 

8L91-16 090891 826 10.9 256 8.11 -9.00 2.08 0.65 2.44 -9.00 -9.00 -9.00 -9.00 

BL91-17 090891 831 6.9 232 8.01 . -9.00 1.78 0.70 2.27 -9.00 -9.00 -9.00 -9.00 

Missing Data: -9.00 and -99.00 

Map: Locations indexed on Figures 8.2 and 8)4 

Temp: Temperature in °c 
SPC: Specific electrical conductivity in ~S cm-" 

Ion concentrations in meq L-1 

SIC: Saturation index for calcite 

SID: Saturation index for dolomite 

pPC02: -log of the partial pressure of CO2 

Error: Ion balance error in percent (samples BIL88-10 and BL88-11 were excluded from analyses) 

8.4 -9.00 -9.00 -9.00 -9.0 

8.9 -9.00 -9.00 -9.00 -9.0 

2.7 -0.83 -2.19 3.21 2.2 

3.7 -9.00 -9.00 -9.00 -9.0 

3.7 -9.00 -9.00 -9.00 -9.0 

3.9 -9.00 -9.00 -9.00 -9.0 

4.3 -9.00 -9.00 -9.00 -9.0 

3.2 -9.00 -9.00 -9.00 -9.0 

2.5 -9.00 -9.00 -9.00 -9.0 

In 
N 
\.0 



Table A.3: Raw physical and hydrochemical data from the Bear Rock Site. 

Field 10 Date Map Temp SPC pH '0'·0 Ca2+ Mg2+ HCO; SO.2' Na+ cr TDI CalMg SIC SID pPC02 Error 

100787 R1 4.2 1223 8.19 1-99.00 -9.00 -9.00 5.10 -9.00 -9.00 -9.00 -9.00 -9.0 -9.00 -9.00 -9.00 -99.0 BR87-1 

BR87-2 

BR87-3 

BR87-4 

BR87-5 

BR87-6 

BR87-7 

BR87-8 

BR87-9 

100787 R2 

100787 R3 

100787 R4 

120787 R5 

160787 R1 

160787 R2 

160787 R3 

160787 R4 

6.6 1470 7.96-99.00 -9.00 -9.00 5.02 -9.00 -9.00 -9.00 -9.00 -9.0 -9.00 -9.00 -9.00 -99.0 

BR87-10 220787 R6 

BR87-11 220787 R7 

BR87-12 250787 R6 

BR87-13 250787 R7 

BR87-14 270787 R3 

BR87-15 270787 R4 

BR87-16 270787 R8 

BR87-17 300787 R9 

3.7 1575 7.89 '-99.00 -9.00 -9.00 5.49 -9.00 -9.00 -9.00 -9.00 -9.0 -9.00 -9.00 -9.00 -99.0 

13.3 1015 8.38-99.00 8.77 3.28 3.22 -9.00 -9.00 -9.00 15.27 

4.4 468 8.26-22.39 3.60 2.32 4.46 -9.00 -9.00 -9.00 10.37 

4.7 1285 8.20 1-22.05 14.63 3.40 5.14 -9.00 -9.00 -9.00 23.16 

8.6 1560 8.18 1-22.69 19.74 2.04 4.94 -9.00 -9.00 -9.00 26.72 

6.9 1668 8.00-99.00 14.23 2.68 5.51 -9.00 -9.00 -9.00 22.42 

14.3 

13.5 

13.6 

17.4 

16.7 

853 8.34 '-99.00 10.43 2.22 3.42 -9.00 -9.00 -9.00 16.07 

184 8.67 ,-18.78 1.66 0.46 1.98 -9.00 -9.00 -9.00 4.10 

184 8.65 -19.53 1.64 0.52 1.98 -9.00 -9.00 -9.00 4.14 

168 8.64 1-99.00 1.64 0.44 2.02 -9.00 -9.00 -9.00 4.10 

180 8.68 ,-99.00 1.58 0.54 2.04 -9.00 -9.00 -9.00 4.16 

2.7 -9.00 -9.00 -9.00 -99.0 

1.6 -9.00 -9.00 -9.00 -99.0 

4.3 -9.00 -9.00 -9.00 -99.0 

9.7 -9.00 -9.00 -9.00 -99.0 

5.3 -9.00 -9.00 -9.00 -99.0 

4.7 -9.00 -9.00 -9.00 -99.0 

3.6 0.64 0.75 3.69 3.4 

3.2 0.62 0.77 3.67 4.3 

3.7 0.66 0.83 3.62 1.5 

2.9 0.68 0.95 3.67 1.9 

3.3 1728 8.12 1-22.85 16.56 1.32 5.59 -9.00 -9.00 -9.00 23.48 12.6 -9.00 -9.00 -9.00 -99.0 

12.7 

13.5 

7.7 

900 8.46 -19.85 9.71 2.14 3.78 -9.00 -9.00 -9.00 15.63 

716 8.36 ,-18.65 5.69 2.56 2.86 -9.00 -9.00 -9.00 11.11 

559 8.34 ,-23.32 4.28 3.40 4.80 -9.00 -9.00 -9.00 12.47 

BR87-18 300787 RiO 4.2 667 8.34 1-23.48 4.00 3.38 4.62 -9.00 -9.00 -9.00 11.99 

4.5 -9.00 -9.00 -9.00 -99.0 

2.2 -9.00 -9.00 -9.00 -99.0 

1.3 -9.00 -9.00 -9.00 -99.0 

1.2 -9.00 -9.00 -9.00 -99.0 

8.6 -9.00 -9.00 -9.00 -99.0 

6.6 -9.00 -9.00 -9.00 -99.0 

BR88-1 030688 R11 2.8 1407 7.93-99.00 22.62 2.64 4.08 -9.00 -9.00 -9.00 29.33 

BR88-2 030688 R3 0.9 1339 7.56 :-22.09 17.78 2.68 5.36 -9.00 -9.00 -9.00 25.82 

BR88-3 040688 R3 0.7 1283 7.43 1-99.00 -9.00 -9.00 5.48 -9.00 -9.00 -9.00 -9.00 -9.0 -9.00 -9.00 -9.00 -99.0 

BR88-4 040688 R11 2.8 1595 7.58 ,-99.00 -9.00 -9.00 4.14 -9.00 -9.00 -9.00 -9.00 -9.0 -9.00 -9.00 -9.00 -99.0 

BR88-5 050688 R12 1.7 1413 7.22 1-21.97 13.23 1.84 4.76 -9.00 -9.00 -9.00 19.82 7.2 -9.00 -9.00 -9.00 -99.0 

BR88-6 050688 R2 3.7 1403 7.63 '-22.56 18.54 1.80 4.76 -9.00 -9.00 -9.00 25.10 10.3 -9.00 -9.00 -9.00 -99.0 

BR88-7 050688 R13 3.4 1006 7.79-22.48 13.39 1.92 4.70 -9.00 -9.00 -9.00 20.00 7.0 -9.00 -9.00 -9.00 -99.0 

BR88-8 060688 R14 4.9 157 8.11 ,-22.62 1.96 0.18 1.84 0.31 0.01 0.00 4.30 10.9 0.05 -1.01 3.21 -0.2 

BR88-9 060688 R15 2.7 537 7.64-23.23 5.44 2.04 3.16 4.48 0.05 0.01 15.16 2.7 0.09 -0.32 2.54 -0.8 Ln 
W 
o 



FieldlD 

BR88-10 

BR88-11 

BR88-12 

BR88-13 

BR88-14 

BR88-15 

BR88-16 

BR88-17 

BR88-18 

BR88-19 

BR88-19 

BR88-20 

BR88-21 

BR88-22 

BR88-23 

BR88-24 

BR88-25 

BR88-26 

BR88-27 

Date 

060688 

070688 

070688 

070688 

070688 

080688 

080688 

080688 

080688 

090688 

090688 

210788 

210788 

230788 

230788 

230788 

230788 

230788 

260788 

BR88-28 260788 

BR88-29 260788 

BR88-30 260788 

BR88-31 290788 

BR88-32 290788 

BR88-33 290788 

Map Temp 

R16 1.6 

R12 1.7 

R2 3.7 

R3 1.7 

R11 6.1 

R12 1.4 

R2 1.6 

R3 0.8 

R11 1.2 

R17 7.7 

R9 4.2 

R18 15.9 

R19 16.2 

R20 5.0 

R21 6.9 

R22 3.3 

R23 9.9 

R24 4.1 

R25 6.9 

R26 2.4 

R27 5.2 

R28 11.3 

R12 2.3 

R2 6.5 

R3 4.9 

SPC 

287 

824 

1289 

1340 

1660 

902 

1342 

1341 

1668 

162 

657 

350 

265 

488 

292 

444 

303 

404 

343 

286 

303 

289 

1050 

1597 

1480 

BR88-34 290788 R11 

BR88-35 300788 R13 

BR88-36 300788 R15 

BR88-37 300788 R16 

5.4 1850 

6.7 1303 

4.9 1261 

3.6 685 

pH 0'·0 Ca2+ Mg2+ HCOa' SO.2' Na+ cr TDI 
I 

7.60-22.97 2.76 1.28 2.96 1.38 0.04 0.02 8.43 

7.45 '-23.54 11.59 2.08 4.48 9.58 0.05 0.01 27.77 

7.67 -23.09 17.66 2.84 4.80 15.20 0.06 0.01 40.56 

7.46 -23.42 15.83 2.48 5.24 13.64 0.08 0.01 37.26 

7.71 '-23.26 22.30 2.48 4.40 22.28 0.13 0.02 51.60 

7.22-99.00 -9.00 -9.00 -9.00 8.74 -9.00 -9.00 -9.00 

7.43-99.00 -9.00 -9.00 -9.00 14.05 -9.00 -9.00 -9.00 

7.23 -99.00 -9.00 -9.00 -9.00 -9.00 

7.63-99.00 -9.00 -9.00 -9.00 22.38 

7.54 -19.91 1.44 0.30 1.64 0.00 

7.80 ,-23.49 5.34 2.14 3.92 4.06 

-9.00 -19.64 3.42 0.78 3.96 0.00 

-9.00 1-20.21 2.62 0.50 2.56 0.45 

7.35 -21.31 4.32 1.46 2.92 3.04 

7.16 -21.52 2.30 0.74 2.52 0.42 

-9.00 -9.00 -9.00 

-9.00 -9.00 -9.00 

0.01 0.00 3.40 

1.43 1.23 18.12 

0.00 0.D1 8.16 

0.02 0.00 6.15 

0.00 0.00 11.74 

0.01 0.00 5.98 

6.87 -21.91 3.90 0.86 3.42 1.46 0.00 0.00 9.63 

7.29 '-99.00 2.22 0.24 2.26 0.00 0.00 0.01 4.72 
1 

7.05 -21.27 3.36 0.54 3.56 0.02 0.02 0.01 7.50 

6.91-22.54 3.66 0.96 3.58 1.23 0.00 0.00 9.42 

6.63 -21.96 3.22 1.00 3.48 0.73 

6.64 :-21.93 3.14 0.98 3.50 0.83 

7.70-20.53 2.82 0.84 3.32 0.29 

7.66 -22.98 16.86 1.62 5.18 15.09 

7.89 1-23.11 21.42 2.36 4.88 21.13 

7.83 '-22.71 15.07 3.04 5.51 14.37 

0.00 0.00 8.43 

0.00 0.02 8.47 

0.00 0.00 7.27 

0.06 0.02 38.83 

0.04 0.01 49.84 

0.05 0.01 38.05 

CalMg SIC SID pPC0
2 

Error 

2.2 -0.20 -0.83 2.53 -3.4 

5.6 0.29 -0.26 2.22 -1.3 

6.2 0.67 0.49 2.41 1.4 

6.4 0.45 0.02 2.17 -1.3 

9.0 0.75 0.51 2.47 -3.5 

-9.0 -9.00 -9.00 -9.00 -99.0 

-9.0 -9.00 -9.00 -9.00 -99.0 

-9.0 -9.00 -9.00 -9.00 -99.0 

-9.0 -9.00 -9.00 -9.00 -99.0 

4.8 -0.65 -2.01 

2.5 0.35 0.23 

4.4 -9.00 -9.00 

5.2 -9.00 -9.00 

3.0 -0.27 -1.07 

3.1 -0.69 -1.91 

4.5 -0.70 -2.15 

9.3 -0.56 -2.10 

6.2 -0.52 -1.91 

3.8 -0.63 -1.88 

3.2 -1.01 -2.62 

3.2 -0.98 -2.52 

3.4 0.10 -0.33 

10.4 0.67 0.24 

9.1 0.96 0.93 

5.0 0.84 0.94 

2.66 

2.60 

-9.00 

-9.00 

2.26 

2.10 

1.72 

2.25 

1.87 

1.71 

3.2 

-1.7 

2.9 

2.1 

-1.6 

1.8 

-1.2 

4.1 

4.4 

-2.0 

7.80 ,-23.18 28.05 2.36 5.75 26.96 0.06 0.01 63.20 11.9 1.01 0.91 

1.48 0.1 

1.46 -2.8 

2.49 0.7 

2.37 -4.5 

2.61 -4.4 

2.50 -4.6 

2.46 -3.6 

2.20 -2.2 7.51 -22.93 15.89 2.82 5.04 14.57 0.06 0.01 38.38 5.6 0.53 0.28 

7.52-22.69 14.85 3.22 5.12 14.37 0.04 0.01 37.60 4.6 0.50 0.29 2.21 -3.7 

7.97 '-22.55 6.69 3.08 4.66 5.41 0.00 0.02 19.86 2.2 0.65 0.89 2.71 -1.6 
VI 
w 
t-' 



Field ID Date Map Temp SPC pH 10'·0 Ca2+ Mg2+ HC0
3

· SO.2. Na+ cr TDI Ca/Mg SIC SID pPC02 Error 

BR88-38 020888 R29 11.4 236 7.31 +21.24 2.30 0.54 2.40 0.00 0.03 0.01 5.28 4.3 -0.49 -1.60 2.24 8.8 

BR88-39 020888 R30 12.9 

BR88-40 020888 

BR88-41 020888 

BR88-42 020888 

R31 17.0 

R32 13.0 

R33 15.4 

BR88-43 060888 R34 -9.0 

BR88-44 070888 R35 6.3 

BR88-45 070888 R36 6.1 

BR88-46 070888 R19 13.9 

BR88-47 070888 R37 i5.3 

BR88-48 090888 R10 4.1 

BR88-49 090888 R9 6.0 

BR88-50 090888 R38 -9.0 

316 7.30 121.70 3.00 0.76 3.22 0.42 0.05 0.02 7.46 

106 

269 

295 

7.67 ~17.67 0.88 0.40 1.04 0.10 0.00 0.03 2.45 

8.06 l19.15 2.20 0.74 2.56 0.29 0.02 0.02 5.82 

7.89 l21.27 2.54 0.92 2.66 0.88 0,01 0.01 7.02 

-9 -9.00 ,99.00 0.88 0.30 -9.00 -9.00 -9.00 -9.00 -9.00 

348 7.05 "21.51 3.78 0.80 3.90 0.56 0.04 0.01 9.09 
I 

356 6.91 ~21.77 3.80 0.88 4.02 0.69 0.00 0.02 9.40 

287 7.66 -19.85 2.78 0.64 3.02 0.39 0.02 0.00 6.84 

298 7.69 t19.67 2.80 0.66 2.84 0.39 0.00 0.01 6.69 

642 7.58 "23.36 6.23 0.96 4.34 2.89 1.52 1.26 17.20 
I 

731 7.80 -23.73 6.29 1.34 4.28 3.21 1.32 1.11 17.54 

-9 -9.00 +22.84 11.51 4.00 4.74 11.45 0.27 0.02 31.98 

3.9 -0.27 -1.11 2.09 2.1 

2.2 -0.81 -1.87 

3.0 0.27 0.08 

2.8 0.18 -0.02 

2.91 4.4 

2.96 1.5 

2.75 -1.2 

2.9 -9.00 -9.00 -9.00 -99.0 

4.7 -0.43 -1.58 1.82· 1.6 

4.3 -0.56 -1.81 1.66 -0.5 

4.3 0.04 -0.51 2.47 0.4 

4.2 0.07 -0.44 2.52 3.4 

6.5 0.26 -0.37 2.33 1.3 

4.7 0.49 0.25 2.55 2.1 

2.9 -9.00 -9.00 -9.00 -1.4 

BR88-51 100888 R39 4.2 1838 7.14 +23.51 27.97 2.40 5.53 24.94 0.17 0.02 61.04 11.7 0.34 -0.43 1.81 0.1 

BR88-52 100888 R40 7.4 1890 7.38 -23.34 26.38 2.08 3.70 25.71 0.13 0.02 58.01 12.7 0.41 -0.29 2.20 -1.4 

BR88-53 110888 R3 -9.0 -9 -9.00 ~23.01 -9.00 -9.00 -9.00 16.34 0.03 0.01 16.39 -9.0 -9.00 -9.00 -9.00 -99.0 

BR88-54 110888 R2 -9.0 -9 -9.00 l23.08 -9.00 -9.00 -9.00 22.38 0.07 0.01 22.46 -9.0 -9.00 -9.00 -9.00 -99.0 

Missing Data: -9.00 and -99.00 
Map: Locations indexed on Figures 8.2 and 8.4-

Temp: Temperature in °c 
SPC: Specific electrical conductivity in !-IS cm" 

Ion concentrations in meq L" 

SIC: Saturation index for calcite 

SID: Saturation index for dolomite 

pPC02: -log of the partial pressure of CO2 

V1 
W 
N 




