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ABSTRACT

.This study. attempts to determine the nature of
karst developed in uplifted and intruded carbonate strdté
on northern Vancouv;r‘Island ,(Canada. Hydrochemica&
. analyses are emplo&ed to determine the potential of the
soiﬁtion procéss imposed by geochemical cowg@raints , and
to investigate the extent to which hydroqhe;ical character
can be used to interpret the nature of groundwater flow
and the spatial distribution of solution in the karst.
Examination of iandscape form,particularly in cave
passaggs,is employed to further'undefstanding of " the
physical constraints on groundwater flow ané cave

development ,and to interpret the historical record

presexrved there,
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INTRODSCTION

1.1 Introduction

The object of this dissertation is to examine karst developed
on an area of Upper Triassic limestones on northern Vancouver Island,
British Columbia. The karst comprises a linear valley bottom area
and an adjacent plateau. Characteristic features of the limestone
are the consistent stratal dip at about 30° and the high frequency
of impermeable intrusions in the wnit. The dissertation contributes
tovards the study of the karst landscapes of Canada by providing
information on a region which has been tectonically disturbed and

which has a cool mesothermal climate,

The dominant erosion process in karst landform development
is the mass transfer of limestone in solution. The nature of the
process has been substantially quantified in theory and experiment.
However, it remainsg difficult to define relationships between process
“and landfomm development in other than a qualitative manner in all
but a few small scale situations (eg. Cunl 1966). Moreover, other
geomorphic processes compete with solution in the present landscape
‘and non-karst proce’sses (e;g. glaciation) have dominated landform
éeVeIOpment in the re‘cent past. ' Nevertheless, "the facts that one

known process is dominant in the evolution of a karst terrain and that

W
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the manner in which this process acts upon the terrain isznown in
a number of simplified situations (such a3 sheet-flow over and pipe-
flow through the rock) make the study of karst landforms one of the

least inprecise in geomorphology" (Drake 1974).

Recognising the above constraints, two aspects of the solution
process were studied as these were thought to provide insights of
geomorphic significance. Fixst, the controls of potential solute
conoentfations.in waters. in the region were studied as it is possible
to use these to define limits to the solutiox)'process because of |
geochemical constraints. Second, spatial variationsg of certain chemical
and s;atistica}l variables were employed in an attempt to. determine
whether these variables can yield i}xfomation about the nature of

.groundwater flow and hence the pattern of solution.

Caves provide an historical perspéctive on karst development
and an understanding of t.heir'sequentia'l development provides insights
into the interaction of groundwater movement and solution in a karst.
The purpose of the speleological studies in this dissertation was

twofold: (1) to determine the gross controls on groundwater

flow and hence the spatial ., constraints on

solution. (2) to reconstruct genetic sequences of passage development

and to relate these to factors external to the cave.

This dissertation is arranged into six chapters. Chapter 2
describes the geology and the geéquic history of the region. Chapter

.3 describes the environmental controls on soluti:on and the hydrochemistry

PNy
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™,

*of hydrologic water classes. Chapter 4 reviews aspects of the surface

geomorphology of the valley bottom and the plateau. Chapter 5 considers

the major controls on groundwater flow and describes the caves of the

‘region. Chapter 6 summarises and draws conclusions from the preceding

chapters.

1.2 Pphysiography

Karst development on northern Vancouver Island occurs'primarily

along  30km of the strike aligned Benson River Valley and on the
adjacent Gibson Plateau in the Quatsino Fm, limestone. PRelative relief
in the valley exceeds 1000m but the limestone is restricted to the
basal 400m., On the stt side of the valley the contact with the non-
karst Parson Bay Fm. is génerally more than 300m above the river.
However, on the east side limestone outcrops on the valley side in
cnly two locations, both of which contain extensive éave systems.

At both places the top of the limestone is less than 150m above the
river. Elsewhere the eastern boundary of the limestone occurs on

the valley floor in a pattern influenced by faulting. d

I;\ threelocations the valley floor is uplifted into cuegta
blocks which exceed lkm in length both along and normal to the strike,
with a relative relief upto 400m. The Benson River and its tributary
the Raging River dissect the inclined surface and function as the base

levgl for surficial and subsurface drainage.

The Gibson Plateau is located north-west of the Benson Valley.
It rises up to 9006m above the surroudipg bas¢ level which to the west

and north is formed by two fiords, Nereutsos Inlet and the Quatsino

»
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Narrows. The steep sided plateau reaches 7km in length along the
strike and 3km normal to the strike. The surface area is approx-

imately 15km2 .

1.3 Climate, Soil and Vegetation
("~ Tau

The region has a cool mesothermal climate, Cfc in the Koppen
classification (Strahler }954) . . The mean annual temperature is about
7°C; the mean monthly temperature rance is from 1°C to 14°C. Mean
annual precipitation ra*~ is about 250cm yr"l but less than 50cm yr'l

occurs between April and September. The region has about 200 days

with precipitation\ﬁer year.

The regional soil type is an elluviated podzol, however,
soil development in much of the karst is skeletal and influenced by
local factors. The region occurs in the Pacific Coast and Interior
Mid Latitude forest zone. Forest composition is dominated by Douglas
Fir, Western Hemlock and Western Red Cedar. Data source - the Mational

Atlas of Canada (1974).
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CHAPTER 2

-

GEOLOGY AND QUATERNARY HISTORY OF NORTHERN VANCOUVER ISLAND

2,1 Introduction

The purpose of this chapter is to outline the geology of Northern
Vancouver Island. Stratigraphic and lithologic descriptiéns are followed
by an interpretation of the structural geology and geological history
of the region. The account is based‘largely on the recent synthesis of
Muller, Northcote and Carlisle (1974). Particular emphasis is placed
on the geology of the Benson Valley (Figure 2.1) as it comprises the
host rock for the karst development described in subsequent chapters.

Aspects of the Quaternary history are introduced in the final section.

2.2 Stratigraphy

2.2.1 Late Paleozoic

Sicker Group

The basal rock sequence on Vancouver Island, the Westcoast
Crystalline Complex, vis inferred to be metamorphised and dioritized
oceanic crustal material. The Sicker Group overlying the basement
plqtform represent the initiation of igneous activity on the Island.

The sequence is composed of metavolcanic rocks of Pennsylvanian age
overlain by minor volcaniclastic a;.nd carbonate units which are generally

unmgtamorphised, well bedded, coarse bio lastic reef and shelf limestones.
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The Sicker Group outcrops in the Alberini area of eastern Vancouver

Island and is not exposed in the Benson Valley.

2.2.2 Triassic

Vancouver Group

The Vancouver Group is the aerially most extensive sequence on
Va;xcouVer Island and dominates the geology of the study area. f‘irst named
by Dawson (1887) the sequence consists of bagic sills and minoxr sediments,
a thick pile of Triassic balsaltic volcanics (Karimutsen Fm.), Upper
Triassic carbonate, pelitic and volcaniclastic sediments (QuatsSino and
Parson Bay Fms.) and a lower Jurassic sequence of basaltic and pyro-
clastic volcanics with mlnor intercalated sediments (Bonanza sub Group).

(Figure 2.2)

Sediment-Sill unit

First recognised around Buttle lLake, Carlisle (1972) has
revealed the presence of a unit of basic sills and sediments between
the Sicker Group and the overlying Karimutsen lavas. The sills are
diabases composed of labradorite and pyroxene exhibiting a marked
increase in grain size from the contacts to the central part. The
sedimentary layers between the sills range from less than 1l to greater
than 60m in thickgess. The rocks are laminated to graded-bedded,
Daonella rich, black shales and siltstones generally silicified by

diagenesis and contact metamorphism by the invading sills.

ORI
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Rifting of an old Paleozoic basin in the mid-Triassic produced

lava outpourings up to 6000m in depth. The base of the Karmutsen

is composed off close packed angular pillow fragments of dive ze
in a pyroclaséic matrix of feldspar, augite and partly devitrified
volcanic glass., The upper subdivision is composed of predominantly
subaerial lava flows 1 to 30m thick, dis;xected by joints at angles
roughly nommal to the depositional layering. Columnar jointing is

' ~"‘r\é'por:t:edly rare but was cbserved at two locations in the Benson Valley.

} Intervolcanic limestone, similar to the overlying Quatsino Fm, limestone
but only 1 or 2m thick, has been noted near the top of the Karmutsen
Fm. in several areas (Muller and Carson, 1969). In the Benson Valley,
limegtone sub units u;to 3m thick and separated from the Quatrino Fm.

by less than 6m of layered lavas, were cbserved.

Quatsino Fm, e

P’

The Quatsino Pfm, is the principal carbonate unit of ﬂxta‘:"Vancouver
Group. Exposed in three, fault dissected, linear belts trendinc}‘ domi -
nantly north west - south east, the outcrop covers approximately 1000 xm?.
It is the most intensively investigated unit in the region, primarily

because it served as the host rock for extensive mineral emplacement.

The formation consists of biomicritic limestones displaying a
bimodal size distribution, dominantly composed of coral and pelecypod
debris in a volumetrically dominant matrix of fine carbonate muds.

The base of the sequence, which rests paraconformably on the Karmutsen



A

lavas, consists of dark grey to black microcrystalline but locally
coarsecrystalline strata. These are thick-bedded or massive and commonly
digplay a stylolitic structﬁre. The uppér part of the Quatsino Fm,
consists of medium to thick bedded 1;.mestones, interlaminated with

black calcargou's siltstonés up to 0.3m thick. The limestone grades
upwardy into calcareous clastic sediments; shale intercalations increase
in thi;:kness as the dapth of carbonate beds decrease. The contact with
the overlying 'Parsfon Bay Fm., is diachronous and placed where black
shales and a‘renit%'s first predon'xinate over pure carbonates. The thickness
of the limestone unit is variable; stratigraphic thickness exceeds
700m occur south of Alice Lake in the Benson Valley (Mullerxr, Northcote
and Carlisle, 1974). However, the total thickness of limestone in this
location is greater than 1000m. This may result from folding or thrust

faulting.

Cherty nodules are present at several stratigraphic levels in
the Quatsino Fm., but intense silicifi-cation of the limestone is only
observed near granitic intrusions. Petrographic analysis of samples
collected throughout the unit suggest that dolomitization of the¢ Quatsino
Fm. has been minimal (McCammon, 1969). This probably results from burial
and lithification beneath parson Bay lithologies coupled with rapid
emergence during tectonic uplift, so that e;posure to diagenetic’ induéing
brines, especially those of shallow water and intertidal environments,

has been minimized.

The age of the Quatsino Fm. has been documented by fossil

collections examined by Tozer (1967).” Deposition occured during Upper

T £k e
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Kammian and Norian times of the Upper Triassic.

Parson Bay and Harbledown Pms,

"me Parson’ Bay Fm. is exposed adjacent to the Quatsi;xo Fm,
in three Triassic sedimentary belts. At the base, black ?:o dark grey
calcareous siltstones, shales and shaley lime"st:.ones are interbedded
with progressively thinnex laye‘rs of pure Quatsino limestone. Pro-
gressively the fine grained clastic sediments are ieplaced by sandstones
and greywackes which ir; turh grade into grits and brecci:as of limestone
and volcanic composition. | The sequence is continued into the Harbledown
Fm, which is distinguished from the Parson Bay Fm. by its Lower Jurassic

fossil assemblage.

2.2.3 Iovwer Jurassic

v

éonanza Volcanics and Island Intrusions.

The Bonanza Volcanics are exposed in the South west of Northemn
Vancouver Island. The lithology is varied and heterogenous in comparison
to the uniform sequence of the Karmutsen volcanicg., Lavas range in
'composition‘from basaltic andesite to rhyodacite and are interbedded
with maroon and green tuffs and breccias, and several clastic sedimentary

units,

The Island Intrusions, produced by quartz diokite to qhart£
magmas, occur as variable !si;.e i:atholiths: orientated in a north west -~
south east direction. Two small plutons each approximately lokm?
in area, outcrop at the westexn margins of the Senson Valley. Limited

" metamorphism within the surrounding limestone country rock has produced

11
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gée'?y coloured, medium coarse even grained marbles (Dolmage, 192i).
Intrusive dykes and sills of Lower Jurassic age are widespread
in the Vancouver Group.“ In most instances surface expression is masked
by ¢ill and rugged terrain; however, the features are readily identified
in river go‘fées and cave passages. The dykes are ;:rimarily oriented
parallel to the stratal dip, but some occur parallel to the strike,

Intrusive gills are less than 0.4m thick.

The frequency of occurrence of intrusive features in the Quatsino
Fm. limestone is greater than that': recorded in any other karst area;
one 600m long strike oriented cave passage intercep}:ed 11 dyk’es parallel
to the dip. This frequency is many times greater than that of the much

reported intrusions of the Carboniferous Limestone of Derbyshire, England
H

(see Ford, 1977).

2.2.4 Post Jurassic’

Post Jurassic deposition is limited to the coastal areas of
Northern Vancouver Island ;and no deposits are known in the Benson
Valley. Potassimn—xargon dating has revealed limited Tertiary tectonic
and igneous acti'vity, but only one smalpl pluton has been positively

identified in the region.

2,3 Structural Geology

The structural geology of Northem Vancouver Island is dominated
by fault blocks uplifted along the medial, N ‘w - S.BE. trending,

Victoria Arch. The. Victoria Arch represents the axial high of the

B it
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Jurassic igneous period and contains the batholiths which form the
ba;:kbone of the Island. The (arch is flanked by outward dipping fault
blocks, dissected by irreqular sets of steep to vertical faults of
largely unknown displacement. The predominance of tilted faulted strata
rather than folded strata in the region probably reflects the inelastic

behavicur of the Karmutsen basalts under deforming stress.

The Benson Valley occurs on the Karmutsen fault block to the
west of the Victoria Arch. The Stratal dip in the vaELley ranges from
about 10° to gf and is coﬂsistently to the west or south west. The
principal faults in the Benson Valley occur adjacent to the intrusive
plutons. Many are oriented roughly parallel to the stratal dip or strike
and in some locations faults intersect other faults. In places their
influence on hydrogeology is fundamental. Thé dominant jointing pattemms
in the Benson Valley limestone is a reticulate network with axes t;.rending
roughly 60° - 240° and }50° - 330°. The joints ‘paral.lel to £he dip
(60° - 240°) are densely packed, sometimes less than three centimetres
apart. These joints generaily do not pass from one bed to those above

or beléw, however, scne master joints occur parallel to the strike.

2.4 Geological History

It is unlikely the PreCambrian ngar{itic crust underlies any
part of Vancouver Island. Rather,the basal rock sequence (the Westcoast
Crystalline Complex) is inferred to be metamorphosed and dioritized

xot:eanj.c crustal material with a quartz dioritic to gabbroic composition.

Al

Ocean floor spreading and the creation of a volcanic island .

PR——
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arc in the Late Pal_eozoic produced the Sicker Volganics. Volcanism
ceased in Early Penésylvanian times and basin infilling by volcan-
iclastic and limestone sedimentation followed until the early Permian,

In the Middle Triassic a unit of black argillite and siltstone containing

pelagic Daonella was laid down.

t

. Rifting within the old volcanic island arc in the Upper Triassic
created oceanic troughs similar to those of the present Western Pacific.
The Inter'Arc Basin concept developed by Kaxig (}J971LA&B) may be applicable
in this situation. (Muller, Northcote and Carlisle, 1974). Karig pro-
posed that structural basin; formed in these circumstances are bounded
by fault scarps, h;ve a ridge-troughtopopgraphy and contain a shallow,
medial, axial high. The basin becomes the site of major basaltic deposition.
Over 6000m of basalts were extruded into the basin to form the Karmutsen
Fm. The base of the sequence, composed of pillow basalts, was deposited
into a marine environme;t. In the centre of the basin along the axial
high water shallowed sufficiently to become subject to wave action and
the close packed pillow lavas were replaced by pillow breccias and

agquagene tuffs. Eventually shield volcanoes emerged along the axial

high and produced subaerial bedded lava flows.

In the late Karmianof the Uppei‘ Triassic rifting and related
extrusive activity ceased and the prevailing tropical or sub-tropical
conditions permitted the accumulation of open sea biomicritic limestones.
Accumulation; in excess of 700m occured where subsidence kept,paée‘with
carbonate deposition. Erosion of the surrounding arc shed debris into

the basin forming the Parson Bay Fm. Initial clastic deposition
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occurripng at the basin margins was concurrent with limestone deposition
in distal waters; with time the clastic facies extended into the centre
of the basin. This resulted in the diachronous boundary between the
limesf}one and clastic units and the coarsening upwards evident in the

Parscon Bay Formation.

Renewed arc~type volcanism in the Early Jurassic formed the
Bonanza Volcanics. The episode probably resulted from mobilization
of the old Paleozoic basement (Muller, Northcote and Carlisle, 1974).
Volcanism was coupled with plutonic intrusions and the uplift of the
structural high along the Victoria Arch, I}way from the batholiths,

igneous activity was restricted to intrusion of sills and dykes.

Post-Jurassic deposition was restricted to clastic shelf
sedimentation at the margins of the Island. Few events are recorded
from the Tertiary era, but the region has remained tectonically active

into the Quaternary.

2.5 Ouaternary History

Vancouver Island has been extensively glaciated by local
alpine ice bodies and intruding ice sheets of continental origin
during thé Pleistocene. The number of glaéiations on Northern Vancouver
Island is not well established. However, given the elevation of the
mountains on the Island (>1750m) and the location adjacent to the

West Coast mountains the number is likely to be large.

U-shaped valleys and cirques are abundent in the central.

mountains of the Island. This demonstrates extensive loc,}l mountain

Yot canann e o 15 tp bt W A =

4w e e

e e i g e



16

ice generation. However, the occurrence of U-ghaped valleys extending
through the mountain belts (Fy"'les 1963) and the occurrence of calcareous
drift to the west of the limes}tone outcrops (D. Howes pers. comm. 1980)
suggests that a qudillerian ice sheet moved across Vancouver Island
from the mainland during the last (Frazer) glaciation. Measurement of
glacial gtriae indicate that all but the highest peaks were buried

beneath ice (Howes, 1980). This indicates an ice depth greater than

1000m in the Benson Valley at the maximum.

Fyles (1963) and Halstead (1968) suggest that an episode of
valley glaciation followed ‘the maximum of the Frazer Glaciation in
southern Vancouver Island. It is uncertain whether a similar episode
occured at the north end of the Island as none of the valleys are
U-shaped troughs (Muller, Northcote and Carlisle, 1974), or contain
clearly defined cirques. Howes (1980) suggests that ice in the region
ablated and downwasted into discrete valley glaciers which thinned
and stagnated. Limited ice scouring is evident in the Benson Valley
from perched and truncated cave passages arid glacial striae preserved
beneath carbonate tills. Glacial till occurs throughout the valley
but the greatest depths occur on the valley sides and in the head
waters, which suggests ice movement up the valley. Till depths exceed

6m in these areas whereas deposits on the valley floor are frequently

less than one metre thick.

The late Quaternary chronology of Vancouver Island is known
from work on fhe Island and the .adjacent mainland. The oldest deposits

on the Island, the Mapleguard Sediments, are thought to be pre -

.

e PSR
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Early Wisconsin in age (Fyles, 1963). Controversy has existed regarding
the presence or absence, and ;:iming, of a Mid Wisconsin glaciation in
the region. A Mid Wisconsin intersrstadialis known from radiocarbon
dating of'sedimentary deposits (Alley 1979, Howes 1980, Armstrong and
Clague 1977) and from Uranium series dating of speleotlem in south-

central Vancouver Island (Gascoyne 1980) and in the Benson Valley.

The late Wisconsin or Frazer Glaciation was established in the
north of the Island prior to 25,000 BP, and reached its maximum after
20,500 ¥ 330 BP (Howes 1980). No deglaciation date was obtained from

the Benson Valley but speleothem deposition had occured on an adjacent

limestone ridge by 11,600 % 300 BP.

17
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CHAPTER 3

THE SOLUTION PROCESS IN THE QUATSINO FORMATION KARST

3.1 Introduction

The objectives of this chapter are: (1) to determine the
potential equilibrium concentration of the limestone ,(2) to desgcribe
pattems of solution there in terms of the chemical character of
waters routed along different hydrogeological flowpaths and the éynamic
hydrochemistry of a‘monitored cave conduit system; and (3) to test
the validity of a priori hydrogeological classes in the karst by

linear discriminant analysis of class water chemistry data.

3.2 Karst Process—Response System

In karst regions the dominant erosion process is solution.
Although other geamorphic processes may influence landform development
1
in general a relationship between solution and the surficial or
subsurface landforms developed is apparent. Most karst landscapes are

thus products of a comparifively simple solutional process-response

system,

The boundaries of the solution system can be defined by
the spatial interaction of aggressive waters with limestone occuring

as bedrock or in particulate form in the soil or regolith profile.

+
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The solution process frequently alters the system boundaries, eg.
the progressive leaching of calcium carbonate from the soil (Trudgill
1976) or the increasing penetration distance of solvent entering a

limestone mass over time (White 1977},

Like most natural systems, karst development is controlled by
the driving action of exongenous variables. Primarily, these are the
climatic variables temperature and precipitation which set overall
limits to the solution rate in a region through their control of
mineral solubility and carbon dioxide production, and solvent
availability, respectively. In the Benson Valley karst the importance
of the solvent availabjility factor is reflected by the fact that
cave gystems of explorable dimensions are concentrated in zones recharged
by sinking allogenic streams. Overall temperature control defines
the maximum concentration of limestone removed in the water. Spatial

variation of CO; production is reflected in the hardness distribution

of saturated waters.

Endogenous factors in the karst process-response system influence
the rate and distribution of solution. These are dependent primarily
on the lithology and hydraulic regime .of the solvent, and the framework

of structural pathways available to route groundwater, respectively.

A

3.3 Limestone Solution

The geochemistry of limestone solution has been described in’
detail by Garrels and Christ (1965), Stumm and Morgan (1970), Langmu iy

(1971) and Drake ( 1974 ) and is not reviewed here. In this study

—m kewty ey F R



the concentrati‘on of ca’t, Mg?t, uh, HCO3", nt and 5042- and the
temperature and the specific conductivity of sampled waters were
measured. The carbon dioxide partial pressure and the saturation
status of the waterwsrralcite (SI) and dolomite (SIy) were calculated
on a CDC 6400 computer using WATSPEC, a program written by T.M.L. Wigley
(1977). WATSPEC was also employed to calculate the character of

groundwater at equilibrium from temperature and POD, data.

2

3.4 Specific Conductivity

The specific conductivity of a substance is a measure of
its ability to conduct an electric current (measured as the 'ratio
of the current to the applied electromotive force under standardised
conditions). In an ionic solution this results from the movement of
charged ionic species along an electropotential gradient and is
dependent on the solution temperature, ionic concentration and specific
ion mobility. In most dilute aqueous systems a linear relationship
exists between ionic concent.:ration and specific conductivity so that
the flatter me asurement ‘can be employed as a surrogate variable in the
determination of solute concentrations. In this study measurement

of specific conductivity was obtained with a Y.S.I 33 S~C-T meter.

Values were standardized by conversion to the specific conductance

.at 2S°C, by assuming a linear increase in conductance of 2% per °c by

the equation:

SPC,c = (1 +(0 .02(25 - T))) spc

2 (1)

T

20
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3.5 Hydrochemical Data Set

The sampling program ran from June té August 1980. Emphasis
was placed on spot sampling from the widest range of hydrogeological
environments available in an attempt to determine the spatial pattemns
of solution. A répeated sampling program was mounted along the Malosk
Creek Cave system to determine the dynamic nature of the chemistry of

a sinking stream conduit cave system in the region.

On-site determinations of temperature, pH and specific
conductivity were made at each sampling. Temperature was determined
with calibrated mercury in glass thermometers with a precision of 10.1° c.
pH was measured using~; portable Sargent Welch meter calibrated at
pH 10.0 ;nd pH 7.0 before each measurement. The precision of the
measured valuves is estimated to be ¥ 0.1 unit. Further errors may
have resulted from: (1) the streaming of fluid past the electrode
(2) slow instrument response with measurement made before the final
equilibrium point (3) interference in the system electronics resulting
from high humidity in the measuring environment. An attempt was
made to reduce the influence of these factors by immersing the electrode
in static water, having the buffer solutions at the water temperature
and minimising the number of dete;minations made in cave passages.
Minimising error in pH measurement is a fundamental problem since
an error 0f 0.1 pH unit introduces ah equal error into a calculated
SIc or SIp value. Error in pH measurement is probably the largest
contributing factor to error in the calculation of mineral saturation

status in this study. To account for this factor and other possible

21
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errors made during chemical analysis, SI, and SID values in the range

% 0.3 are considered to be at saturation in this thesis.

Analyses for Ca2+ and Mg2+ were performed within 24 hours
on samples stored in NALGENE bottles. The method consisted of standard
Schwartzenbach EDTA titrations using B.D.H. reagents. Titration
alkadinity was determined colorimetrically with 0.05 N HCl to the
Bromocresel end point, as a measure of HC03'. Sulphate analyses

were made using a commercially available Lamotte S04 kit. The accuracy

of the method is estimated to be 2 Smg 171,

ES

3.6 ~ontrols of Limestone Solution in the Quatsino Fm.

3.6.1 Temperature

Temperature controls the solubility of the Quatsino limestone
through the temperature dependence of the equilibrium constants of
the reactions in the solution process, and indirectly by its supposed
control of carbon dioxide production. The solubility of calcite,
which dominatesjthe composition of the Quatrino Fm. limestme is~
inversely dependent on temperature under a given PC0,. For PCO, =

2
-3.5

10 atm and coincident evolution the solubility of calcite increases .

by approximately 50% for a decreasge in temperature from 25°C to 0°c.

{Drake unpubl. see figure 3.1) Under these conditions the equilibrium

concentration of the Quat ino Fm, limestone is approximately 27mg 1_1Ca2+

Some workers have employed the above relationship coupled with

the negative temperature dependence of carbon dioxide solubility to
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FIGURE 3.l1: Solubility of calcite (PCO2=10'3‘5 atm, concordant

system) as a function of temperaturs.
Source: DRAKE (unpubl.)
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pos tul maximum erosion rates in cold climates &ég. Corbel 1959).
HoweVer, comparable concentrations of dissolved limestone in different
climatic regions, and large variaticns in solute concentrations

within single regions (Smith and Atkinson 1976) suggest that other
factors must override the direct temperate dependance of calcite

and carbon dioxide solubility in solute concentration determination.

3.6.2 Carbon Dioxide - Solute Concentration Relationships

Water enters the Benson karst via two pathways, as incident

precipitation or invading allogenic stream waters. The PCDz'of

precipitation approximates 10"3‘5 atm and the mean PCO, of allogenic
stream\water was determined as 107 °°°% atm. The PCO, of saturated
groundwater in the karst was determined as 10-2'42 atm. Clearly, the

carbon dioxide partial pressures of waters entering the karst are
ingufficient to explain the PCO,, and hence solution potential of

groundwater in the region.

Enhanced carbon dioxide partial pressures in karst waters
derive primarily from biogenic 00, production in the soil (eg. Lehmann
1964, Jakucs 1977). Carbon enters the soil system by fixation by
higher plants during photosynthes}s. The principal source of soil
air @, is the decomposjtion of organic materials by microorganisms;
however, h'igher plant respiration also releases 0, to the soil via

0, root pumps.

24
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Carbon dioxide is lost fxom the soil by diffusion along the
partial pressure gradient to the external atmosphere,by hydration
an;i di‘a;nage in water under gravity flow when soil water co'ntent ’
exceeds field capacity and by consumption during the solution of
CaC03 clasts in the soil profile. This latter process is responsgible
for the preweathering or‘vorverwitterung '(Miotke 1974) p}\enapenon

in calcareous soils, observed as a high hardness pulse im-soil water

drainage following recharge after an extended dry period.

Soil PCO, measurements were made in the Benson karst in an
attempt tt; determine: (1) the potential solubility of limestone
exposed to soii percolation waters, (2) the relationship between
soil or bedrock PCO, and groundwater PCO, and (3) whether loca;l
factors override a simple, externally controlled pattern of Oy
production. PCO; was measured at several points in each of 8 sites
under varying vegetal and pedologic conditions, with Draeger tubes
A('x‘abl.e 3.1). The sampling depth was standardised at approximately

30¢em below the surface,

-

b . ,
The mean 0, concentration of the 8 sites is 0.26%; site

means range from'0.11% to 0.57%. The mean soil CO, concentratiion
for other temperate regions determined by Smith and Atkinson (1976)

from 9 data sources was 6.91% with a range in group means fram 0.1%:
"to 1.8%, Thus, at the time of sampling OO préduction in soils in
the Benson karst was comparable to the less productive sites in the

Temperate data set. Contributing factors may be the low summer season
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mean temperature, dry antecedent conditions and the fact that soils

L)

tend to be skeletal and disturbed by logging activities.

Considerable variation is evident between the groups in Table

3.1, even between groups 5 and 6 which are located 1e,ss than 5m apart.

-2.24 atm) occured in a series

The highest group mean (0.57% or 10
of soil-filled grikes and small hollows. A similar pattern was found
on the Bruce Peninsula (Cowell 1976). The mean value in thin soils

-2.85 atm, The Mann-Whitney U test

between the grikes was_0.14% or 10
was employed to test the hypothesis f:hat the 002 concentration'in

site 6 is significantly greater than that i:n sitel at the 0.005 level.
The test supportéd the contention, which indicates that significantly

different CO» production rates occur in soils in the Benson karst,

The calculated PCO; of vadose seepage water (cave roof drips)

in the Bath Cave approximately 15m beneath a grike surface (site 6,

-1.53

table 3.1) was 10 atm, The Ii*CO2 of a cave drip in Haphazard

-2.24
Cave, approximately 5m beneath the surface of soil site 1, was 10

s

atm. This suggests that measured soff PCO_ is not a good estimate

2
of the maximum PCO, to which(,percplati.on waters are exposed. This .
érobably results from underestimation of the true soil PCO, because of
sa.mplinlg in the top 30cm of the soil profile, or possibly 0, production
in fissures.in the vadose zone. It is not possible to detexrmine

Whether. the higher PCO3 of the Bath Cave drip is the result of the higher

sz in the overlying soil alone, or is also dependent on the bedrock

depth- thro_tigt} which the percolation water has passed.

- 7 -
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A similar pattern of karst water PCO, in excess of measured
soil P, is reported in the Mendip Hills, England (Atkinson 1976).
Three springs draining the central part of the Mendip plateau had .

-1.5 -1.8

groundwater PCO, values ranging from 10 to 10 atm. Soil

-2.0

PCO, values were less than 10 atm and thus cannot explain

groundwater PXO,. However, the mean PCO, of air sampled from small
fissures in caves was 10_1'75 atm. Moreover, fissure PQO, increased
with depth. This suggested (1) the presence of a vadose "ground air"
source of C02 distinct from soil air CO, and (2) that maximum
ground air PCO, is dependent on the depth of the vadose zone.

Atkinson suggests that the principal source of grc;und air 0y is the
decomposition of organic material washed into fissures by percolation
waters. ‘The patchy distribuf:ion of carbonate rich tills in the Benson
karst, indicating extensive bedrock solution, coupled with vadose :
zone depths known to exceed 30m suggest that the possi,bility of ground

air Oy production in vadose fissures in the Benson karst cannot be

ruled out without more complete soil profile PCO5 data.

A}

3.6.3 Additional factors affecting the salubility of the Quatsino Limestone ;

The solubility of limestone is decreased in the presence of
certain trace metals; eg concentrations of Cuz+ in the range from ' ‘;
1074 1 171 t0 10™% M 17} were found to decrease the solubility of .
limestone twofold by increasing the rate of reverse reaction in the N
solution process (Terjesen et al 1961). Extensive mineral emplacement,

primarily of copper,occurred in the Quatsino Fm. limestone during. the
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Tertiary tectonic episode. Commercial copper deposits have been
mined at two sites in the Benson Valley. Subsidiary emplacement may
have occurred in other locations in association with the dyke and
8ill intrusions., At present no ground water trace metal data are

available and the extent.-of solution inhibition is unknown.

. The concentration of limestone iﬁ groundwaters in certain
karst regions is enhanced by the presence of ion pairs in solution
{(eg Fish 1977). The most significant effects in karst terrains
result from the pairing of Ca2+ and Mg2+ with 8042', and of Mg2+
with xco3' and 0032_ (Drake ]974) . Analyses performed on samples
from a wide variety of hydrogeological environments did not detect
the pﬁesence of suiphates in the Benson karst., The detection limit

of the method was about Smgl-l.

The relationship between total hardness and SPCys, determined

from 67 samples is defined by the best fit (least squares) equation:
SPC = 11.9 + 1.698 TH - (2)

The equation suggests that SPC,; = 11.9 uS em™' when TH = 0 mgl™l.
This suggests the presence of a solute load in the karst waters,
derived from processes outside the karst, ie. in precipitation or
allogenic waters from the Karmutsen lavas. Albutt (1977) describes
a similar relationship from qukshire, England., 1In this region the

predicted presence of non-carbonate hardness solutes was Qupported

by the measurement of 8.mgl™l C1~ in all samples, almost certainly

+
P I,
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introduced in precipitation. CQ , Na' and K may occur in the Benson
karst because of the maritime location. The presence of the ions
would marginally increase the solubility of the Quatsino Fm, limestone

by the ,"salt effect", ie. by increasing the ionic strength of the

solution.

3.6.4 Quatsino Fm. Limestone Solubility

The potential equilibrium concentration of the limestone
in the Benson karst has been determined solely with regard to temperature
and PQO,; under coincident conditions. The contribution of the factors

in 2.6.4 is ignored because the effects are either slight or impossible

to predict from available data.

Table 3.2 outlines the potential equilibrium concentration
of limestone in waters exposed to the various environments investigated

in thi's study, assuming a mean ground water temperature of 7°c.

The mean groundwater concentration of ca?t detemir;ed from
8 samples is 47 mglm1 with a range from 34 rngl"l to 70 mgl™l. The
mean potential equilibrium concentration of calcite in the soil water
discharge is 52 mgl Ca2+ with a range from~ 40.1 mgl-1 to 74 mgl-l.
This suggests that the measured soil PCO, can accownt for the groundwater
calcium hardness assuming fully coincident conditions. Hawever,
the patchy distribution of carbonate rich soils and the fact that
cave drip PCO, (; = 10 -1'75) can produce a caleium hardness of.

42.6 mgl"l under fully subsequent conditions suggest that (1) most

- ge——
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TABLE 3.2
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Potential solubility of (the Quatsino Fm.) limestone in

waters exposed to different

ENVIRONMENT

atmosphere
allogenic streams

soil

grike

vadose seep

1.
2.
3.
4,
Sa
6.

7.

SITE

Haphazard

Top Window
Top Window
Craft‘Creek
Devil's Bath
Jeune Landing

Jeune Landing

Devil's Bath

Bath Cave

Haphazard Cave

log PCO

-3.50
-3.04
-2.98
-2.85
-2.40
-2.63
-2,85
-2.51
-2.76
~2.24
-1,53
-2,24

PC02 environments, at 7°c

EQUILIBRIUM

2 Ca2+ mgl-

1

27.4
40.7
40,1
45.9
66.0
54.0°
45.9
60.8
50.0
74.0

138.5
74.0
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e R e T A e T

e SR

R

At s AEn Aa e

R

e T e o



solution occurs under subsequent conditions and (2) the solution
process is not controlled by shallow soil PCOZ. More detailed ground

air and soil profile PCO2 data are required to test these liypotheses.

3.6.5 Regional Solute Concentration-Climate Modelling

Limestone outcrops in every major climatic region of the
world. The morp};ological similarity of karst landscapes in similar
climates, coupled with the marked variation in morphological response
between different climates has led several workers to conclude that
. climate must control karst landform development, and inferentially

the solution process to a large degree.

Harmon et al (1975) have demon;strated that the equilibrium
concentration of limestone in karst terrains throughout North America
is well correlated with the mean annual groundwater temperature. The
relationships bq‘ty,eeﬁ/ rt;ean annual temperature and chemical parameters
determined in their study are presented in Table 3.3. Al'c.houg}; the
set includes data from 7 distinct karst regions, the independent
variable, mean annual temperature, distinguished only 5 groups:
Canada, Virginia/West Virginia and Pennsylvania, Missouri, Kpntucky,

Texas and Mexico.

In order to detemine the relationship between climatg and
potential groundwater solute concentrations it was necessary to study
waters at equilibrium, Thus Harmon et al employed spring and well

water data. However, the significant correlation between SIc and

32
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temperature indicated that many of the samples were not at eguilibrium.
Drake and Wigley (1975) redefined the data set to exclude samples "

with SI > f0o.1l . The Drake-Wigley relationship between M.A.T

and groundwater PCO, was defined by:
log PO, = -3.42 +0.07 T °C (3)

The predicted E‘CO2 of groundwater in the Benson karst employing

€his relationship is 10"2'93 atm. The mean PCO2 \of four samples

within the SI ra;mge ¥0.1 was 1072:81, mherefore groundwater

characlter in the Benson karst supports the hypothesis implicit in

Harmon et al that e‘dzn‘.librium concentrations of limest.one in karst /

”

groundwater can be'determined from the climatic variable, mean annual

temperature. The relationshipg between solution in the Benson karst

, a
and other carbonate terrains in North America, employing the uncorrected

Harmon et al data set, are presented graphically in figure 3.2.

Drake and Wigley (1975) attempted to explain relationships
between MAT and soil CO, production described by Harmon et al 1975, since
"by isolating this co ection we can provide a vital link in the karst\
erosion cycle and our understanding of carbonate groundwater chemistry”,
‘Soil PCO2 dependence on temperature was calculated indirectly from ’ '
both data on soil 002 production rates and CC)2 transfer rates or
fluxes into the atmosphere. Frequently these two quantities would

" be equal. However, 0y hydration in percolation waters or consumption

-

during s‘olution in the soil profile could reduce .the‘ latter. The

e = ey pg o oo o
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temperature coefficient of the log soil POO, - temperature relationship

2
was found to approximate 0.04/°C. This differs from the log
groundwater PCO, -~ M.A.T. relationship determined to be approximately
0.07/°C. However, subsequent sysbem.evolution was used to explain

the discrepency and under these conditions an initial soil PCO, - M.A.T.

relationship of

log POy = =~1.97 + 0.04T (4)

was developed to explain the groundwater-climate relationship of Harmon
et al (1975). Subsequently, Drake (1980) modified equation 4 to account
for the inhibiting effect that a high PCO2 places on respiration and

hence further Q0, production, to:

*
» soil PCO, = ((o.z:.-pcoz) )Pco2 (5)
0.21

*
where PCO; = "uninhibited” PCO, determined
from equation 4 above.

The predicted PCO, of soils in the Benson karst from equation 5 is

10"}"73 atm . Assuming subsequent system solutjon this value predicts

a solute concentration of approximately 43 mgl-l Ca2+ . The mean
PCO,, in the region was 107267 atm . Clearly equation S does not

reflect 0, production in the top 30cm of the soil profile, but it

does closely reflect the POO, of vadose percolation waters.

In summary, section 3.6 has attempted to define the potential
equilibrium concentration of the Quatsino Fm, limestone in water,
primarily w.r.t. to carbon dioxide production and temperature.

Measured soil PC02 is both spatially variable and unlikely to control .
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groundwater PC02. Vadoge seepage water data suggest that most O,
production occurs in the roating zone ‘:“t the base of the soil profile
or in the bedrock ground air zone, Ground air CO, production is likely
to occur where organic matter decays in beérock fissures or where

the soil is shallow and the base of the rooting zone occurs beneath

the soil-bedrock contact.

The character of groundwater at equilibrium in the Benson karst
is similar to that predicted from M.A.T. - PCO2 models developed from
data from different climatic regions. This supports the hypothesis

that a process-response system has been clearly defined in karst

R

terrains.

3.7 Aquifer Hydrochemistry
3.7.1 Hydrologic Class Chemical Characteristics

Waters routed through karst regions follow a variety of hydrologic
pathways and consequently develop different chemical signatures.
Variations in c};emical signature reflect variations in such factors
as flow regime, degree of concentration of flow, subsurface residence
time and exposure to different PCO, environmen‘t;;.. These result in
waters having both different solution potentials and being at different
stages of chemical evolution towards saturation. The distribution
of conceptually defined hydrochemical environments in the Benson karst

is outlined in fiqure 3.3. Group chemical characteristics are summarised

in table 3.4,
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3.7.2 BAllogenic Stream Waters

These waters are derived from précipitation incident on the
surrounding non-limestone uplands, samM at the limestone boundary.
Characteristically, the group has the lowest total hardness (x = 35.3
mglnl) and is distinctly unsaturated w.r.t. calcite (ST .= -1.47) and
dolomite (§Iy= -1.64). Group mean PCO, (X = 1073+04 atm) indicates
limited addition of gsoil CO,. Streams flowing off the magnesium xich

lavas to the East hawve Ca/Mg ratios that differ markedly from.those

of streamg flowing off Parson Bay lithologies to the West of the karst

belt (Table/3,5) -
/

3.7.3 Cave Passages

This group comprises waters derived dominantly from sinking
allogenic streams. The concentrated nature of the inputs to and the
short residence time of waters within the conduits results in limited
cave passage solution (TH = 55.0mgl"1, SI;:‘ = ~1.03). The PCO, of the

-2.65

waters (% = 10 ) is slightly greater than that of the allogenic

streams, reflecting limited addition of authigenic percolation waters

previously exposed to soil air.

3.7.4 Cave Conduit Springs

The conduit springs discharge allogenic stream waters sinking
near the geologic boundary and routed through the karst via large
conduj ts. Five of the six studjed conduit g{grings were connected to

stream sinks by dye traces. Measured tot;al‘ hardness in this group
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(x = 52.8mg1-1) is similar to group 2 above, although the groups are
not directly comparable because intervening cave L‘:onduit samples are
not available for waters at two of the springs. The data suggests
lemited solution in the conduits along the mean straightline flow

path length of some 960m between sink and rising point despite the
aggresive nature of the spring water (SI; = -1.04, SIj = —1.‘31). A
Mann-Whitney U test was employed to test the hypothesis that allogenic
waters routed through the karst via large conduits exhibit little
evolution towards saturation.(see Table 3.6.) No significant difference
in group mean SI, data was apparent at the 0.05 significance

level which suggests that extensive solution does not occur along the

underground conduit flow paths.

3.7.5 Cave Drip (Vadose Seepage) Waters

The chemical properties of percolation waters measured in

.

two caves at different depths beneath different soil types are presented

in table 3.7. The data demonstrates the CO; boost obtained by passage
through the soil base '6r grodnd air zone. The high tatal hardness
(x = 172mg1"1) demonstrates considerable solution by percolating waters

in the soil or upper region of the vadose zone.

3.7.6 Diffu;e Flow Springs

Diffuse flow springs discharge autochthonous percolation

waters routed in nerorks of small passages. These waters are character-
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isgd by high total hardness (X = l33.7mgl"1) and considerable evolution
towards saturation (5?; = =0.33) reflecting longer subsurface residence
times. The mean temperature of the diffuse spring group is 9.0 ©c.
However, several measurements were obtained with the SPC thermistor

and are only accurate to t 29c. fThe mean groundwater temperature
derived by thermometry is about 7.0 OC. A Mann-Whitney U tes£ was
employed to test the hypothesis that diffuse spring waters routed
through the karst in networks of small passages have a significantly
different saturation status w.r.t., calcite than the spring waters
routed in large conduits (Table 3.8). A significant difference was

apparent at the 0.05 level, which demonstrates that the chemical

character of the groups reflect their different flow pathways.

3.7.7 Basin Discharge

This group comprises samples from the base level Benson River,
its principal tributary (the Raging River), and smaller tributaries
flowing off the ParsoncBay Fm. 1ljthologies at their junctions with
the Benson River. Group mean SI_ (X = -1.43) and total hardness
(% = 46.3mg1l™Y) reflect both rapid flow through the karst in discrete
channels and the small proportion of the total catchment area of the

- Bengson River Valley that is composed of carbonate lithologies (less than
10%). lLike the sinking streams on.the eastern si@e pf the val}ey
(Groups 1, 2 & 3) the chemistry of the surface streams: flowing off
fhe Parson Bay Fm. lithologies to the west demonstrates only limited

evolution towards saturation prior to confluence with the Benson River

(Table.3.9 ).
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3.8 Conduit System Hydrochemigtry

3.8.1 Hydrochemjical Facies

The Mann-Whit;ey U test described in table 3.6 demonstrated
that significant chagges in saturation status do not occur between
waters entering and leaving the conduit cave system. This suggests
that there was little solution within the conéuits during the sampling
season and no significant addition of more saturated percolation

waters to the conduits.

_However, total hardness and Ca/Mg ratio data from one cave
system demonstrate that solution does occur along the conduit flow
paths. The Malook Creek cave&system routes two étreams from the
Karmutsen Fm., lavas through the‘karst’to the Benson River over a

vy,

strgightline distance of approximately 1,lkm. The Karmutsen Fm, lavas
are,coﬁposed of high magnesium basalts, having a Ca/Mg ratio of
approximately 1.45 (Kuno 1968). Analyses by McCammon (1969) show that

the magnesium content of the Quatsino Fm. limestone can be as low as

1.15% by volume.

The mean Ca/Mg ratio of stream waters entering the Malo k Creek
cave system is 1.73. Water samples frém the two stream sinks close
to the geologfc boundary, three karst windows along ;oute, and the
system resdrgenée demonstrate a progressive increase in the Ca/Mg
rétio along the conduit passage (Table 3.10, Column A). This demonstrates

solution of low magnegiGL limestone in the cave passage and possibly
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in the soil or vadose zone by percolation waters. (Sufficiently accurate

discharge measurements are not available to determine whether percolation

waters are added to the cave stream.)-

HfdhwfmmmemmﬁmCﬂMrthﬁﬁmemhuw
rates of evolution towards saturation w.r.t. calcite and dolomite
change once waters pass from the high magnesium facies into the karst.
This factor is demonstrated by the downgtream decoupling of the ratio

SIC/SID {Table 3.10, Column B).

The mean increase in total hardness between the stream sink
and spring of the Malook Creek cave system, based on twice weekly
measurements was }Gmgl-l. The mean discharge from the system during the
sampling season was about 0.25 m3 s_l. Thus the mean dry season rate

of limestone removed from the system is about 0.8 t dil

3.8.2 Total Hardness Variation in the Malook Creek Cave System

Research in Pennsylvania, U.S.A. (Shuster and White, 1971)
and Yor;'kshire, England (Teman, 1972) has shown that conduit flow
systems may be differentiated from diffuse flow systems.by consideration
of spring hydrological and chemical data. In particular these
authors employed the coefficient of variation of hardness V (whe.re
V= (S.D/X) x 100) £o separate spring waters. 1In both regions springs
classified as diffuse flow systemghhad mean V values of approximately
5% with maximum values of less than 1ll%, whereas V in a conduit flow

system ranged between about 10% and 25%.
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Total hardness determinations of waters in the Malock Creek
cave system were made twice weekly between June 26 and Auqust 14 1980
in an attempt to test this method of classjfication. The determinations
were made; from SPC25 data employing the relationship‘ defined in

equation l.

The coafficient of variation of total hardness for the Malook
Creek cave‘sites are presented in Table 3.11. The data exhibit three
important features. Firstly, the value of V for the Malocmk Creek
cave sy;tem spring occurs within the range of conduit springs in )
Pennsylvania and Yorkshire. Dynamic variatic'n is evident‘: in the data

despite restriction of sampling to a single season whereas watexr year

data was available in the other regions.

Secondly, the availability of data From intermediate sites

along' the conduit flow path, compared to spring data alone, demonstrates

a marked reduction in V downstream. This is believed to be a con-

sequence of phreatic storage.

Thirdly, the cceffic:ient of total hardness vari;tion, coupled
with the hydrochemical facies data in Table 3.1l presents strong evidence
that there is an addition of iess saturated, high magnesium alloéenic
stream water to the Malook Creek cave system bet‘;'een’the Steps Cave
and Malo k Creek resurgence. These two sampling points are about 60m
apart. The water.is probably derived from a stream which sinks at

\ .
the Karmutsen Fm. lava contact approximately 500m' east of the spring.

5]



\ TABLE 3.11

-

.

Coefficient of Total Hardness Variation- (V) at

different sites in the Malook cRiex <LAvVE Systen
e

SITE \'/
Malook Sink I 24.47%
14
Top Window 14,09%
Eternal Fountain 13.92%
Stéps cawd 7.38%
Malook resurgence 1l6.37%
’ . \\
LT
S
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The flow retains a si:mnger allogenic character 'at'its confluence

with the Malook‘Creek cave sistem_ l;ecausé of its shorter flow path in

]

the ¥1ms tone.

/
/::ntatistical Analysis of Conceptually Defined Hydrochemical Environments

;me water clasges outlined in sections 3.7.1 to 3.7.7 were
derived conceptually from a consideration of hydrogeologic factors.
As such the groups were derived to reflect variationé in hydrologic
flow paths or positions along these ‘flow' paths. This section attempts
to test the validity of this sépa.ration expploying group hydrochemicgl

"data. The basis of this asseasment is the hypothesis that the zbove

. mentioned hydrogeologic variations should exhibit variations in chemical

P

chgractﬁer.

Tk;é conceptually defined h:;drog“eolo)gic clagsses are presented in
'rabsle. 3.12 (Colum A). Corresponding hydrochemical ‘gx:oupings are
presented in c'ol;nm‘ a; The Mann Whitney U test in table 3.6 demonstrated
that it was not pc;ssibly to gtau;stically separate sinking allogenic

3

waters at diffexrent stages along the conduits on the basis of SI,.

Thus thés_e three classes are collapt;ad into a single' hydrochemi cal
grouping "COnduig'Water“. The hydmloéiéu~ class “'Qiffuse spring water"
has been Qaparatcd into twe hydrochémical. groupings; ;'stable diffuse
water" and "gn;stable diffuse watex" since a sub'sxef. of this group

3 sa&glesl have. an altered satu;ation..atat;us believed to result fz:;:r’:'
 degassing of CO, (Teble .13, |

AN
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TABLE 3.12

C

Conceptually defined hﬁdrdgeologic environments and
corresponding hydrochemical water classes.

HYDROGEOLOGIC .. . HYDROCHEMICAL
ENVIRONMENT CLASS

stream sink

cave passage

conduit waters
conduit spring-

i —t» stable diffuse
diffuse spring

— unstable diffuse (degassed)

v

cave drips

o» cave drip (vadose seepage)

=

basin discharge

p basin discharge

B b L
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TABLE 3,13
7

)
-

Chemistry of 'stable' diffuse spring waters and
"diffuse’ spring waterxs believed to have undergone
extensive degassing of CO

EYERN

STABLE DEGASSED
NO. OF CASES 7 3
TEMPERATURE -y 9.0 10.6
pH / 7.5 8.3
TH (mgl~? caco,) 133,7 156.3
HCO, - 253.9 : 286.7
SIc. -0.33 ' +0.52

-0.76 ) +0.34

SI . . 3
lo? PCO -2.46 ~3.14.

2

+ e S P



Stepwise linear discriminant function (LDF) analysis was employed

tc; test the significance of the a priori hydrochemigal groups and
dett;rmine the most powerful discriminating variables. The analysis:
was perjformed by the S.P.S.S. ;:rogram using the smallest Wilks lambda
method (Kleck 1975). The independent ability of four measured
(temperat;re, pH, TH, Hd){) and three calculated (SI., SI;, log PCD,)

variables to separate the groupings are summarised in table 3.14.

Initially all variables were entered into LDF analysis. Their
order of entry is listed in Table 3.]:5, column A, This yielded only
25.4% misclassification o’f'cases. However, it is difficult to interpret
the hydrochemical significance of( the discriminant functions and the
variables are not functionally independent. - |

The LDF analysis was rerun using only the calculated variables

log Pcoz. Group separation is-easier to interpret hydro-

SIc' SID'
chemically since the variables are all logarithmetic, functionally
independent, and between them summarise both the constraints on,

and extent of, the solution process. The order of entry of the variab}es
is presented in Table 3,16 column B. A /cii'\i-.-hsquare test of significance
was employed to test thg hypothesis that no significant difference

in missclassification by the groups 'all variables' and 'calculated
variables' is apparent at the 0,005 level ('Jfaﬁﬁ"le 3.16)‘. No, signlifi‘cant

»

difference was apparent in the analysis.

> 4 :

The measured variables were entered into LDF analysis to’
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TABLE 3.16 .

Chi-Square Test of Significance in difference of misclassification

by ﬁ?e groups- "calculated variables" and "all" variables.

- ' ‘ CORRECT ' INCORRECT
CALCULATED VARIABLES ' 37 18
ALL VARIABLES . 41 14

. . 2

Ho#no significant difference in misclassification by groups at
- 0.005 1level

Qo

TABLE 3.17

€hi-Square Test of significance in difference of misclassification
by the grouws"measured" and "calculated’variables.

CORRECT INCORRECT
HEASURED VARIABLES 39 . S~ 1®
CALCULATED VARIABLES 37 18

Ho=n6'sigqifi€amt difference in misclassification at 0,005 level

. ) a
X =0.19 eritical X =7.88, Cannot regecl - H,. . .

[PV




ht

determine the statistical ability of these variables to separate the |
‘a priori groups —(see Table 3.15, column C). Mi’s’c,;._a(ssification of
samples employing these variabies is’ 29.1%, 'I'he' éwo variables with
the highest F-ratios, TH and THCC‘);‘, occur in this group. However,

the amount of mis,cIias'ssifit:ation (29.1%) is r;ot significantly less than

that of the calculated variables (see Table 3.17). The results from

the relationship M TH » M HCO3” / 2 that exists between pH 6.5 and
8.0 in simple limestone groundwater systems.. Thus little added dis-
criminatory power is added to the analysis with inclusion of the second

variable “of the pair.

The a posteriori reclassification of the hydrpch.emical groupings,
employing t§e calculated variables SI., SIp and log PCO,, is presented
in Table 3.18. The misclassification {overlap) between the a priori
groupings evident in the reclassificatioq reflect the sPatiSJ. hydrologic,
and hence chemical continums that exist in karst drainage‘syste!‘ns.

¢

Most misclassification in Table 3.18 occurs between groups 1 and 5.
5 .
This is a reflection of the fact that both groups are dominantly

composed of allogenié stream waters routed through the karst in ciiscret_:e

channels via either cave conduits or surface riversy.

\

"Ihe separation of hy'drochemical. groups achieved by LOF analysis
can be summarised graphicallg; meloying ‘the compute’d varniabl.es ST ¢
and loy PCO, (figure 3.4). The hydrochemicAl group "con;iuit v‘rate-rs"
has been broken down into, its three ;:ornponent hydmg;sologic diasses;.
The graph _'clearly"illustratés both the t;y.drochemical sffat%us of the |

di fferent waters and relates these to hydro}ogicai routing through the
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karst. Although routing may not always appear to be towarqa/ the
saturation line, all unsaturated waters are evolving towards saturation
with passage through the kars;:, only the effec;t of mixing of different
waters may mask this trend. Therefore the arrows do reflect the

movement of waters along both hydrologic and hydrochemical pathways.

3.10 Conclusions

Characteristics of the solution process in the Quatsino Fm.
karst are outlined in chapter 3. The principal conclusions of this study

&

are :

1. Support is given to the concept of climate control of
the equilibrium groundwater solute concentrations ‘1n the karst by
its controlo on biogenic 00, production (Drake and Wigley 1975). The
PCO, in the top 30ch of the soil is less than the PCO, implicit in
hydrochemical analyses, thusl higher PCO, environments than those
directly measured determine the solution potential. The relative

importa??ce of soil v groundair (0, production cannot be évaluated from

the present data set.

2. Conduit fler and diffuse flow type systems can be separated
by analysis of the saturation status of discharged waters.

“¥

3. The flow of water from the iavas into the limestone is
reflected by changing Ca/Mg and SIC/SID rétios.

4., Stepwise linear discriminant function analysis of hydro-

chemical data generally supports the delimitation of a priori hydro-




geologic environments (32% migclagsification). 67% of the original
misclassification is between two classe%5 cave conduits\and.basin
discharge. This reflects the fact that both of these environments
route allogenic stream waters through the karst in discrete channelé
which results in similar chemical signatures. No significant increase
in misclassification oecufred when only the 3 calculated variables
(PCO,, SI,, SIp) were entered into the analysis. Separation by this

‘ group was chosen in place of all the variables available because the
calculated variables are functionally independent and betweem them
summarise the’ constraints on the solution process in a more easily

wnderstood manner.

bt
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SURFACE GEOMORPHOLOGY

> -

4.1 Introduction

The objective of this chapter is to describe aspects of the
surface gecﬁorpholoqy of the Quatsino Fm. karst in the Benson Valley
and on the Gibson Plateau. The study employs the classification of
Ford and Quinlan (1973) which subdivides features into groups according
to §Eple; microforms ~ less than 10m in their greatest dimension;
mesoforms -~ 10 to 1000m in their greatest dimension; and macroforms -
over 1000m. Although these subdivisiéns are arbitrary they tend to
fit ohservation. 1In éhe Quatsiné Fm. the form of macroscale features
is largely controlled by geologic structure and glacial processes;

micro and mesoscale features are more obviously the products of solution.

L3 - ‘ -

Y

i

The nature of this analysis of surface landforms is descriptive;
only a qualitative relationship between process and form is presented.

This congtraint arises sfrom a gpneral difficulty in defininq‘quantitative

relationships between processes and form in landscapes.

4.2 Benson Valley Karst

The physiggraphy of tﬁe Benson Valley was outlined in chapter
)

1.2, fThe outcrop of Quatsino/ Fm. limestone in northern Vancouver

|

| :
Island dominantly occurs alo?q valley bottoms. fThis indicates

|

bS
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preferential erosionéif the unit since the uplift of the region

during the Early Jurassic.
4.2.1 Macxoforma

The physiography of the Benson Valley is dominated by the
cuestas which rise up to 400m ah;ve the valley floor. Cuesta form
is strongly influenced by geologic structure; steep scarp faces
occur on the north-east side, gentler dlp Slopes on the south-west.

Landform development on the cuestas is immature in comparison to

the Gibson Plateau surface. This results from more extensive, and

v
perhaps more frequent, glacial erasure in the valley situation. The
geomorphology ‘of the cuéstas is dominated by shallow, principally

strike oriented, dry valleys and closed depressions.

A sedimentary terrace, the Pinch ’ ek Pelta, several km long
occurs along the south-east shore of Alice \ake, éown valley from
the cuestas., At the souther?,o;\ggva¥}ey ené the deposit exceeds
30m in depth and exhibits coarsening upwards from a silty-clay base
into coarse cobbly beds. About lkm to the north (down valley) the

terrace is composed of clays. The terrace is apparently a dsltaic e

deposit built by waters flowing downvalley. It rises uptg\?On above

g
the present lake surface and may result from late qlaciJL,sedimantation.
'chause the deposit is abowe the confluence with the major Marble

‘River Valley, sedimentation may have ocourred in an ice~dzmmed lake.

It is unknown whether the terrace is pro-glacial or-sub-glac{al in origin

it

. e e T R



of tho valloy. e ‘ ) .

but the water was probably de;ifved from stagqnant downwasting ice
. . .
marTose

There are t?u:ee categories of active strezm channels in the karst.
The fi;x.ést’ channels water, mainly from the Karmutgon Fm. contact, to stxeam
sinkholes close to the geologic contact. The second routes water down valley
sides into the Beénson River at local base lovel. Thesc streams have incised.
vertical walled go!qes up to 15m in depth (photo 4.1). FPactors which control
whether class one or two devalcpment occurs are examined in Chapter 5.1,
The p:incipal variable is not the size of the allogenic catchment area.

-

The third class comprise the Benscn River and its tributory, Raging River,

o

" flowing along the valley bottom. Up to 10km of the Benson channel in the

. L
study area occurs in gorge sections which attain 20m in de{\.‘-th. These
wqQuld appear to be of late or post—-glacial or’igin.‘ The orientation
of the second and third classes of channel is strongiy contyrolled

by joints, fractures and dykes in the limestene.

-~

. i .' : . ’/A
Dry valleys in the Benson Valley may be divided into two classes

-

_based on the apparent source of ergsive agent. Class one are those .

which occur Sownslope from active or fossil streamsinks and were

by stream waterx flowj.ng off adjacent non-karst strata. These dry

valloys are concen.!:ratad on the castem side of Bensm valley becauge
mst allogcnic stmcms which ﬂw onto the kaxst frc-: t:he Parson Bay
m. mmain o tha eurfaco (sen Chaptnr s.1)% A notablﬂ oxcapticn occurs

w*mrc tha t"at:y Widew crcok sinks on a fault. (Eiqure 4.1) on the west sico
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Class two dry valleys are believed to result from processes

not active iﬁ the present landscape - sub-glacial melt and possibly

"periglacial i{ncision. These features occur primarily on the cuestas in

L 4

positions unlikely to be fed by stream water in the postglacial land-

scape. They do not contain stream.sinkholes. The ,l'arge_st dry vaileys ‘

"occur upvalley of the Pinch Creek Delta near the Malook Creek cave

system (see figure 5.4). 'Complex forms occur where class one and class

’ two-typeé appaxently oc.cur‘in one dry valley system,

>

4.2,2 Mesoforms

;nu‘.s group is dominated by dolines - ie. clt)_sed depressions
which route sui'ficial water centripetally. Doline development is
controlled principally by five processe; {Quinlan 19l73) which results
in ; large range ‘of size and fom.' The morphogenetic processes
believed to control doiine developmentvixlx the Benson Valley are soluticn
and collapse. Solution dolipes are concentrated along active or dry |
valley thalwegs.. Downs lope runof £ apparently predominates over oentr'i-
peta'l‘ drainage on the s‘teep gradient ipterfiuVes. Collapse dolines occur

¢
above large cave passages which route allogenic stream water. . These

result from cave roof collapse and are found primarily in locations

where cave waters have risen up "Joint chimneys” (Ford 1968). Thus
they are less - abundant than th\e solution type fe_qture. Four cél'lapse
d;alines occur alo;ig less than lkm‘of the MaloOI'c_Creek cave systen |
(Chapter 5.;4‘). The largest collapsé doline in the region, the Devil's
Bath, measures approximately 80m x 60m in plan dimensions. It is ’scme

451 degp end rosults from.the removal of ovor 145x 10_5 n3 of rock.
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This vertically walled feature is similar in form to the cenotes of

thé Yucatan Peninsula, Mexico.

Limestone pavements are gener?llg believed_tb be karstiglacial
(Ford 1979) features, formed by glaéial scour of limestone surfaces
which are subgequently modified by sélution processes (Sweeting 1972).
They are poorly developed (or prese.rved) outside the limits of ice

cover of the last glaciation.

Extensive planar pévement surfaces, typical of the Burren, Ireland‘;
Yorkshire, England; or the European Alpihe karst do not occur in the
Ben;on karst. Tﬁis results §26;7;£e steg? st?atal dip. The form of
the scoured surfaces, eq. thg cyestas, are pgféllel series of small
mesoscale ridges or cuésfas, and troughg. The séeep stratal dip has
also preventt;_d development of the step ané terrace relief (Schich-
threppenkarst, Bogli 1964) typical of qe;r-hogigontal strata in upland

o

glaciated karsts.

The proéortion of the Benson Valley. karst develofed into 1’.’5.me-
sto'ne'pa\rement;. is small., This is because. the depth of the till.ove,r-
lying the ;j.mestv.:me surface has been ‘sufficient té:' absorb the post-
glacia%lsoluticn attack iﬁ most'locations. ‘At one wooded, frif draining

situation on carbonate tills a depth of less than 2m has been suff-

- icient’ to preserve glacial striae and channeis on the limestone surface

(Photo 4.2). Within l0m of this feature and elsewhere on the Quatsino
Fri. bedrock solution forms were observed beneath till cover now less

than Im in depth. A similar critical depth is reported on the Brice

[
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Peninsula (Coweli 1977). However, cgrit;ol of till carbenate leaching
and bedrock erosion rates by lc_)cal faétbrs, 'eg. _,soil'drainage condi tions
and velgetation, have been demonstrated by Trudgill (1976). Moreover,
deckenkarren develoment is possible beneath a carbonate cover if plant
roots occur at the base of the profile. The critical till depth range
over .

e Quatsino Fm.:-that is a consequence of these factors is

unde termined. ) :

4,2.3 Microforms : )
ﬂimestone surfaces are complex features when examined in detail.

They ust#‘ally contain a variety of small scale solution foxms collectively

|

known as karren or lapies. 'Ihe prime controls of k’arrpn morphology

are geolbgic structure, especially angle of dip and degree of jointmg,
11thology, past and present chemical and b:.ological processes; the
nature {or absence) of a vegetation pr soil cover; and climate (Sweeting
1972) \\Studié"s of karren are numerous but most are restricted to being
cc;ntributions towards complex typologies c%f form; onlyr a few have

increased understanding of the genetic processes involved (eg. Bogli

1@60, Glew and Ford 1980).

Much of- the reseai'ch-on karren deve]:0pment has. been carried out
by Bogli who wroté (1980) : "The multiplicity of possib?:e ‘katren forms
makes a _inorpholggical system ehdless, while a genetic one {allows a
meaningful collection... a diffei'e'ntiatio:; is made between karren

forms which are created by free, unhindered water flowing off over bare

)

'/
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limestone surfaces, ,those which are caused by a patchy covering of soil,
and those which develop beneath a closed covering of soil". Yet even
. this recent classification does not consider some of the above mentioned

controlling variables.

The purpose of this section is to describe the karren develop-
ment at two contrasting locations in the Benscn karst: (1) on steep,
bare, surfaces ,(2) in river gorges. The wide variety of pavemen;:
and karren fomms on the Bruce Peninsula described by Cowell (1977) o
were h;:;: observed in the Benson karst. This may result from!the greaterxr

uniformity of conditions, ie steep slope and uniform lithology, in the

latter region. o

Karren development on steep limestone surfaces: The most spectacular

karren development in the Benson ‘karst occurs on the bare small scale
cuesta surfaces. These surfaces ‘are‘ believed to have been soil-covered
until de.forest.at%on within the last 100 years since the ox;set of mining
and lumbering atJtivities in‘ the region. 'me‘ formgr depth ;af soil

was sufficient %o support‘lar;;e trees (Photo 4.3). The extent of gub-
éoil karren development prior to deforestation is unkm;{m; the present

forms are sharp Fmd rough to the touch, typical of subaerial development,

but may result f%'oi'n modi fication -of 'sub-soil forms.
|

. | .
The slope of the bare limestone surfaces examined range from
30° - 40° from th#;. horizontal. The down slbpe length of the surfaces '
range from about.EKa - 15m. A c¢ommon karren form are sharp faced, sub

parallel, run off chanhels which have a mean depth of Scm;, mean width

~ ’ . .
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of 6¢m and reach up to m in length (Phot6A4.4). Link;ge of ch;nnels
accurs in some locations where a channel segment is developed along

: aglant strike joints. The‘channeisaare similar to ﬁandkarren (Bogli
1980) and do not resemble rillenkarren or rinnenkarren, which are the
othér common sub-aerial channel tipes. Bogli ascribes wandkarren
deYelopment to subaeria;hiélution by water derived from upslope snow-
melt or soil patches. Snowmelt is unlikely to be important in the

Benson situation; however, deep soil pockets may have occurred in the

strike aligned troughs between the cuesta dip slopes.

v

On some surfaces aslant ;t:ike‘joints have been enlarged by
solution into éeep grikes or kluftkarren. In these locations wandkarren
development occurs only on the upslope side of the grikes. Wandkarren
development is inhibited where the frequency of solutionally enlarged
joints is high, On some surfaceé the gaximum downslope distance

ovexrwhich water flows to enter a joint is about 6cm (Photo 4.5).

Soil erosion is an almost immediate response to deforestation on
the steep surfaces; areas strip-logged and burnt exhibit bedrock
outcrops in as short a time period as one year. This contrasts with

defqrestation’dn 1low grad;ent surfaces (eg. the Burren, Ireland) where.

+

soil erosion is dependant on the develdprent of solutional sub-soil

transfer routes.

N %
. « -

River Goreme .Karren Extensive karren assemblages occur along sections

i

of the Benson River and Raging River gorges. The 'dominant forms are

sw
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pits and potholes up to Im in depth. All forms appear to have developed

free of a soil or wegetatiion cover,

The gorge karyen have been divided into three types depending

.
y— -

on the main source 9f erosive water: karren formed by authigenic seepage

or drip water down the sides of the gorge, karren formed by river water,

and those of mixed 6rigin.

(1) Karren formed by authigenic water are either small pits
or kamenitza, t cally less than 20cm wide (Photo 4.6), or small
channels similaix]:o rinnenkarren. ‘The kamenitza frequently occur
beneath overhanging walls and are formed by drip waters. Both forms are

produced by soil water or bedrock seepage water. Thé effect of incident

precipitation is probably small.

£

(2) e principal karren form produced by styream water are

' potholes up tfo lm deep (Photo 4.7 A) Stream potholes in limestone
proliably res/{:lt from both corrasion and corrosion processes (Ford 1965).
(Most conta.{ned clastic sediments of upto cobble size (Photo 4.7B))
Those examj/ned were either fossil oxr seasonally inactive features.

Many of th,e high 1eve1 features have been bmached, probably.as a result
of stmam’r i'ncisi.on.

/r'

"4

(3) This class comprises former stream potholes modified by

N&|
80

/
solutiof; by anthigenie waters. This form only occurs at the gorge margins,

in .a fgw locations.
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4.3 Gibson Plateau

.

The most mature surface karst development on the Quatsino Fm.
J . ' .
limestone in the region occurs on the Gibson Plateau. This probably

A b —

L e

results from less j.nteﬁse and less frequent glacial erasure of features -
x . . R \‘
on the plateau because it is an isolated magsif which rises up to 900m

" above base level.

4.3.)1 Macroformsg

;rhe orientation of dry valleys on the ;iiblate"au is strongly
controlled by geologic structure; most are strike oriented. Allogenic
waters canpé‘c fl'ow onto the plateau surface ir; the pregsent landscape.
Many of the dry valle.ys are hypothesised to be subglacial, glacial
margin or periglacial features;. No flow was observed in the valleys
during the summer of 1980. However, scme of the valléys proﬁably

carry seasonal streams.

4.3.2 Mesoforms .

=

The most extensive doline develapment known in the Quatsino Fm.
occurs here. The dolines on the plateau are dominantly solutional in
origin, few are believed to result from collapse which is a cogmon
process in the B,enson‘Valley. This probably results frc.gm the steeply

dzscending nature of cave passages drainipg the plateau.

.
a

The plateau dolines are divided into two classes. The first

are hypotilesised to result from solution by centripetallf draining



sub-goil waters. Tne features occur on near-horizental sections of
, the plateau. They may be compound features, ie uvalas, several 100m

in léngth. Along the qorth-eas-t margin of the plateau the wall of

a-large uvala is breached by .a steep walled channel cut to the edge

of the plateau: This feature is hypothesised to be of mi?ced solutional

and glacial meltwater drigj.n.

¢

. The .second class occur along dry (valiey thalwegs., These are
steep walled features which reach upto 12m in depth. 1In one location
three larg:e dolines occur along same l00m of a dry valley. These
dolines are old streamsinks, which have probably drained bot}x glacial,
melt and interglacial runoff. The occurrencé of coarse unsorted J

, sedimentary deposits, apparently till,\' in several ¢'>f the features

suggests pre-Holocene development.

N

4.3.3 Microforms

Impressive karren developu;ent;, such as that in parts of the
B;nson Valley, does not occur on the pla;teau. Deforestation and 'soil
erosion are moré recent phenomena ‘on the plateau and sufficient time
has not yet elapsed for extensive subaerial davglogament. The subsgoil
. solutional attack prior to deforestation was probably diffuse ’and

expended in lowering the general surface rather than developing forms .

typical of concentrated.channel flow. '
' #

4,3.4 Discussion

The first phase of solution on the plateau is an ancient

AN
5
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phex}omenon which prec} tes surficial karst development. In several .
locaj:ionsfmet':amozphism of the limestone has occurred beside small )
intrusiye zones tndicated by plumes of green rock. Solution cavities
containing boxwork and mineralization of unknown composition occur

beside the plumes. The intriusions may date ‘to the Tertiary tectonieé

‘epigoda. . - ‘ )

The surficial geomorphology of the plateau observed i}\ a series
of quarries suggests th-a;: the plateau is a pre- last glaciation karst '
surface. In one quarry’ walJ.’ a compacted clay and oongiomerate fill
occurs in a solution doline about 12m in diameter., Elsewhere fragments
of olad so?.ution pipes and phreatic passages infilled with compact clay

sediments occur. ‘

)

The Gibson Plateau i@ypothesised to be a mult{pha.se karst
gsurface modified by periods of modirate glacial erasdre and channel
davelopment b_y melt waters. Speleothem with a Th/U age of 11.6 & 0.3ka
was found in one plateau s{inkhole caéf . The” ces saition of glacial melt

flow and the onset of the Holocene epoch probably occurred prior to
~ 7

«

this date on the plateau. ' .l

4.4 Summary ' . )

-~

The surficial geomorphology of the Quat8ino Fm. was examined

in two contrasting topographic situations. .In the Benson Valley the

form of {Lhee_ surface is ascribed primarily tQJ:acial and fluvial

~

erosioré Landforms of solutional origin domAinate at the micro and mesoscale



L

P

Karren develo;:mentﬁ is a comparatively recent pheriomenocn but impressive

L

§ubzerial forms have developed in this periocd. - . ‘

!

The Gibson Plateau is believ'e_d;ié be 'a mature karst surface.

-

-
Glacial processes have enlarged rather than erased the landforms

daveloped. The lérge sinkholes along the dry valleys are probably

of mixed origin. It épi:eazs that thé Holocene epoch commenCed on the

plateau prior to 11.6 ¥ 0.3 ka. B.P.
’ v
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CHAPTER 5

SUBSURFACE GEOMORPHOLOGY

5.1 Introduction

‘This chapter describ;as groundwater flow and speleogenesis in
the Quai’tsin‘o Ffm. The purpose of the study is t‘o determine the factors
which c;ontroi grm,@}a&;g{:' flow patterns apd hence the physic'al constraintg
on the distribution of solu ion;g and to describe cave form, reconstruct
sequences of passage development and relate these to factors external

to the cave.
Q

Groundwater flow can occur in any rock type once"basic physical
criteria are met: (1) an interconnecting or throughput routeway exists
whether composed of intergranular or secondary struct;aral pathways;
(2)'input sites allow fluid to flow along a pathway of decreasing
potential energy to the outlet (flow direction may be reversible,
eg. estavelles) and (3) the forces pushing fluid (hydraulic head,
fluid velocity, fluid density) exceed the f?ictional forces retarding

flow (fluid viscosity, channel roughness, geometry of pathways).

The c¢haracteristic features of gubsurface drainage in karst
regions are; (1) karst limestones _typical]:y have negligible primary
permeabilities so that gi:oundwater flow is dependent on the framework
of stmctgra.l. é]:ements which comprise the initia/( secondary permeability

of the rock mass. The relative impo/ﬂ:an\eé of different structural

.

| me——

i

[



elemenis in the transmission of water is a function of their permeability,
the extent of interlinkage with other elements, and generally the exient
to which pathwgys‘ composed gf one or more elghent; can route water

in the direction of the maximum hydr§ulic gradient. (2) Water flow
alters the gecm?try of the flow path by rock soluticn. Karst regions

are actively evolving both w.r.t. the form of the individual flow

paths or caves, and also the size of drainage basins and the bulk

permeability of theé mass. e

In the Quatsirio Fm. limestone the str;xcturdl framevork is
composed primarily of bedding planes which dip to the south west
at between 25 - 37°, joints oriented alon§ the stfike and joints
oriented normal to the strike (parallel to the dip). The joipts are
frequently restricted to single beds. In certain locations high angle

. >
faults of variable orientation control groundwater movement.

N
1
]

The different structural élements are not of equa% importance
in the transmission of water. Allogenic streams reach the limestone .
along both the east;and west sides of the Benson Valley, but the
pattern of sinking gtreéms is distinctly asymmetric (Table 5.1).
Streams flcwing onto thé limestoné on the eastern flank, where the
hydraulic gradient and stratal dip are roughly concordant,sink close
to the Karmutsen Fm. contact and reéurge at the base }evel sérings.
Streams flowing onto the limestone from the Parson Bay Fm. on the
weséern flank whexe the stratal dip is into éh;ihountainside and is

roughly normal to the maximum hydraulic gradient, remain at fhe surface

[y
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and incise gotgés. up to.20m in depth.

The factors which control the pattern of sinking and surficial
streams are unknown. However, for a given hydfaulilc gradient and‘;:hz;nge

in elevation between sink and spring positions, water sinking on the -

western flank would have to 'pass through a greater stratigraphic

depth of limestone (Table 5.2 and Figure 5.1) and a greater proportion of

»

the flow path would therefore be composed of joint elements, many of

which are regtricted to single beds. For the same reason waters in

-

the vadose zor}e ‘are primarily routed down the ‘spatially more extensive

bedding planes. On the wegtern side of 'the‘ valley vadose waters,

s . ‘ . -

are therefore routed away from potential spring poéitions. Thus on
a i:egional scale bedding planes are the most important groundwater

pathways. ’

Y

Groundwater flow in the Quatsino Fm. -is 'furthg.r controlled

_ by the occurrence of non limestone impermeable barriers in the limestone.

i
The most common. features are dykes oriented normal to the strike {down

dip) but barriers also occur oriented along the strike and between

96

beds. Most are composed of igneous material intruded during the Tertiary

’

tectonic episode, but some of the impermeable strata are sedimentary

in origfn, laid down during breaks in limestdne deposition.

The contxol exerted by the features on groundwater movement
in a given location is difficult to i)redict because of variable spatial
extent and the fact that they may be fractured and breached by pathways

of secondary permeability. However, groundwater flow is commonly
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confined between dykes, cbove, below or between impermeable beds,

or by a complex combination of these situations.

W

5.2 Cave Develqgmerit in the _Quatsino Fm, Limestone

Speleoéenesié in the Qnutsin? Fm. limestone has been divided
into authigenice and allogenic types, dependent on the orographic o
ralationship between the limestonc and the adjacent non-karst strata.
Variations in the relatianship bemeén structural geology, topography

and the position of base level streams have resultad in a variety

of different situationé for cave development (Figure 5.2) ) ’

a

5.2.1 Authiganic Rarst

Authigenic karst evolution occurs on the cusstas in the Benson
Valley and on the Gibson Plateau, a limestone massif located to the
nortk:-west of the Benson Valley. Karst development on these upstanding !
limpstone massifs is dependent con incident precipitation. Howover,

in onc location a small stresm from a valley bottom lake sinks at the

bage of a cuasta gcarp face.

The topography of tho cuestas is controlled by the structure
of the limestona. Stecp scarp faces occur on the ﬁorth-east flanks;
dip slopes of lower gradicnt extend to the south-west. Drainags in
the cuastas is strongly influenced by the framework of structural
clements in the limestone. Springs occur only at bagses of the

L

down dip or strike slopes. No active or inactive Spring sites wore
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dis¢overed at the bases of the scarp flanks. The pattern of discharge

sites indicates thatLth@«é'tmctural framework routes water away from 1

%

the steepest hydra{xlic gradieént in certain locations. For example,
the gradient \from a series of closed dfs;re/ssions near the scarp face
" of Kathleen Lake cuesta to the base of thé scarp is about 0.25.

The only known springs draining the cuesta occur at the base of the A
‘dip slo;_;e. The gradient from the clogsed depressions to these springs
is 0.05. The direction of flow on the most southerly cuesta is to

the north.% to Lac Truit,@ocated at the down dip end of

the strike flank . Lac Truit has -a surface area of 0.2km? and is
. ' I %
not fed by any surface streams. On the third cuesta no springs were
located; however, a bedding plane cave several metres wide has been
. . 1 - -

intercepted by a road cut dt an elevation 250m above the valley floor.

Mo caves of explorable dfmensions were found ;.n the authigenic
7 . /
karst in the Benfon Valley. Th n?ture of spaleogenesis in the cuesta

can only be interpreted w.r,.t. the geological structure, the spring

positions and the .intercepted bedding p},ane passage. Incident precip-/\

itation sinks directly dow;\ enlarged joints or moves as soil through-

-
flow to the base of closed depressions. Sinking waters apparently

»
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flow down bedding planes and use joints to rise upwards stratigraphically
- ¢

or along strike to their outlets. The cofiguration of the water table
in the cuesta is controlleﬂ by the positibn of springs and variability
:Ln the permgability oic'che rock mass, The gradient of the water\table
cmd its elevation above t},xe springs\gepends c'm thé permeability and

.

porosity of "the rock mass and the volume and regime of incident pre-

cipitatich.
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The best éeveloped authigenic karst in the Quatsino Fm. * v
lifiestone ocgurs on the Gibson Plateau wh%é? rises 900m above the

surrounding basﬁ level. The PlaiSzer~ ‘EgéaexCeétion amongst the

authigenic karst blocks in that it is an indé?endent mountain rather

than a blocﬁ upstanding in a greater ;alley. The massif reaches Tkm

in length along the strike and 3km hormal to the strike. The surface

~

/ .
a;?a Qf -the plateau is approximately 15km®. fTo the west and north

t is bounded by two fiords, Nereutsos Inlet and the Quatsino Narrows,
o the east by the Marble River lowlands and to the south by the
Nequitipaalis Creek valley. The plateau is a well developed karst

surface that contains systems of large closed depressions and inactive

river sinks.

Caves occur at the base of most of the depressions. However,
no system has been é*plored to a d;pth greater than -35m (Paul
Griffiths, pers. comm%), because of boulder colla?se or sediment
and lumber blockaée following deforestation. Despite the large surface
area only two small springs have been discover%d at the base of the
plateau. This suggests that most waters sinking on the plateau

discharge from submarine springs.

$.2.2 Dripstone Cave, Gibson Plateau

Dripstone Cave is a resurgence cave located some 40m above
Nequitipaalis Creek, at an elevation of 180m 0.D. The- dry season
discharge from the cave is less than 0.2m3 s™l. The cave has been

explored for 100m to a sump (Figure 5.3), Water rises from the

* Paul Griffiths - British Columbia Spelcological Federation
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sump pool located beside a dyke oriented along the dip and flows
aslant strike on a steeply dipping passage to the outlet. Ehe sump
pool chamber has developed from collapse beside the dyke. The cave
stream is perched on the dip side of a thin non-limestone barrier
oriented aslant strike. ﬁo other aslant strike non—liméstone bands
occur in the passage centre and up-dip wall of the passage. The stream
has breached the barrier where a joint parallel to the dip crosses ’
the passage.- In this location passage development is eroding down
dip.
’/_/‘\-
The temperature{ and chemistry of the cave stream suggest\éhat
e spring dischai‘;;s long resident percolation waters integrated into
an k of conduits chaining to the strike. The distance from the
cave entrance to the groun&wate? divide separating flow along strike
to the cave and flow down dip to submarine spring% is unknown. However,
the small discharge from the cave suggests that the distance is not

great and that the cave only drains the southern end of the Plateau.
A

The exsurgence is perched some 40m above the valley floor
although Quatsino Fm. limestone extends to the base of the valley.
This results from perching of flow above the impermeable barriers;
but may alsoc result from valley base level lowering during the last

glaciation if the cave is pre-last glaciation in age.

5.3 Allogenic Karst

Allogenic karst development in the Quatsino Fm. limestone

97
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primarily occurs along the flanks of the Benson Valley. However,

\

becanse of the asymmetric pattern of sinking streams, allogenic

-
o

cavern development is best developed on the east side of the valley.

River gorge development is the pricipal geomorphic response to allogenic

stream inputs on the westexrn flank. Allogenic karst development

also occurs along the valley bottom in two locations where water

in the Benson and Raging Rivers is pirated underground over distances

of 0.6km and l.3km repectively.

5.4 Malook

. 5.4.1 Malook Creek Ca\g System

The Malook Creek cave system is located on the east side of
the Benson Valley, south of Alice Lake. The area is bounded to the
north by the Pinch Creek delta sediments, and to the south by the
Kathleen Lake cuesta. The distance f{gm the Karmutsen Fm, lavas
to the Benson River is about 0.85km, with a drop in elevation of
75m. The area is aboq& 1.5km2. The p?ysiography is dominated by

-

a series of dry valleys.

»

Three streams flow off th} Karmutsen Fm. lavas and sink into
S ~

the limestone close to the geologic boundary. Two of them (Malcok
1 and 2) drain to Maloeok Spring, the largest spring in the area
located about 1.5km north west of the sinks. &he flow paths to the
spring, via three karst windows , were proven by two separate traces
with flourescein dye. The third stream (Malook 3) is believed,
from chemical data, to connect into the system between the bottom

karst window and the spring (see Section 3.8). The position of the

(-

]
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sinking streams, spring, karst windows and dry valleys are shown

oan Figure 5.4.

\

The stratal dip of the Quatsino Fm. limestone in the Maloak
sys;tem ranges 27-33°. Waters sinking near the lava contact rise
upwards in the stratigraphic sequence approximately 425m to resurge at

Malook Spring. ) =

r
The position of theka;st windows suggests that simple point
to point flow paths route water from the stream sinks to a single
spring at the base of the local karst massif. However, investigations
at the karst windQWS demonstrate that the sub surface flow pattern

is complex in detail and controlled by a suite of non-limestone

impermeable barriers.

Malook One A stream with a mean dry season diséharge of
less than 0.1m3$'\sinks in its bed 150m below the lava contact. During
periods of flood discharge stream flow crosses upto 400m of limestone

to larger swallet sinks.

Malook T™wo A stream with a mean dry season discharge of less

than O.J.m3 s"l sinks into a large swallet 80m from the geologic contact.

The sinkhole occurs in till 2.5m in depth and measures 12m in diameter. .

The depth of water in the sinkhole exceeds 4m. Flourescein dye added

!

to the stream was carried to the base of the down dip wall, the
. /

? t
apparent location of the outlet. The sinkhole water level fluctuated
/

'

by less than 0.5m during the(’two mon th field season, despite periodi_c

/ .

- 1
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&
\'kgaw precipitation. This suggests th

pheatic loop with an unconfingd Qutl

o

\
mﬂx/;eém_smks into a
, "

The'lack of an overflow channel

leading from the sinkhole indicates that it can engulf the stream
at all discharge and suggests that it is not a yofmg, postglacial

feature. hatd

Malosk Three A small stream sinks through coarse sediment
in its bed close to the lava boundary. During high discharge periods
the stream flows for a further 50m to a partially blocked swallet
in the base of a large depression. A karst window about 10m deep
is located }150m south-west of the sink, Ialong a straightline path
from the sink to Malook Spring. The base of the window is blockad
by lumber. The window probably results from roof cqllapsé in the cave

draining Malook 3.

Top Window The Top Window is the first karst window Llong
the cave system draining Malook 1 and 2. The window measures .about
17m by 10m' in pta:%; and dis 3.5m deep: The cave stream enters the window
from a passage hr& in diameter, flowing up dip. The stream sinks again
at the northern ;en_g of the window into limestone, about 8m strati-
graphically lower. The stream flows for 13m along a strike-a\kw\d
cave passage and turns down dip into a small unexplorable passage.

. . .

A fossil passfage, with small dip tubes on the up dip side occurs

above the stre passage. It is blocked by fine sediments (Figure 5.5).

f .
The direction of water. flow from Maloak 1 and 2 to the Top

Window is along strike. The flow path to the next window, the Eternal

B ,»‘.“' :
. N v ) ‘\/\ ’ . ’ t
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"‘untain, is alsant strike and rises upwards stratigraphically thro::th >
many metres of limestone. However, the cave stream rises up dip

into the ‘roi) Window and sinks at a stratigraphically lower-livel.

This flow path suggests the pr&fénce of a barrier to strike drainage

in the vicinity of Top Window, bypassed by stream flow at a lower

./\_ - .
stratigrapic level. The location of the barrier is uncertain but

Y

may be related to a non-limestone exposure located on the down dip e 3

side of the cave passage. The high level fos:sil strike passage may -
represent a paleo bypass developed prior to passage collapse and dev-"

elopment of the window, It is uncertain whether the dip tubes cgnnecfed

to the fossil pagsage functioned as lifting chimneys routing wai:er to
paleosprings, or routed waters from an overlying karst surface into

the cave. . B

Eternal Fountain The Eternal Fountain Cave occurs at the base
R ———

'y ¥

of a 4m waterfall developgd where a 30cm thick non-limestone bed,

wh‘if:h perches the cave stream, outcrops at the surface. The cave has
been explored for 110m to a sump (Figure 5.6). The passage is developed
principally along joints parallel to the dip, with short strike-aligned
gsections. However, the gradient of the cave is less than the stratal
dip and the passage rises up;vards in the stratigraphic sequence some

45m between the entrance and the sump. At two locations the cave
stream has punched upwards through ngn-limestone beds greater than
0.25m in thickness. The downstream sump occurs where the stream hasg

) 4
breached a strike-orientated dyke.



stream slip-~off down dip
perched on impermeable bed

FIGURE 5.6: téRNAL FOUNTAIN (based on survey by K, Bischoff
aAngd P. Graffiths, 1978) '
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'Ih‘e frequency of joints parallel to the dip in the Eternal
Fountain cave is high. In parts of the cave this has resulted in a
small scale distributary passage development. At the entrance the stream
‘divides betwee;x two passages for 10m (Section A Figure 5.6). ‘The
passg.g-e\to\the west is developed along a joint parallel to the dip
arfd has been incised to a lower level than the passage to the east,
which joins the former by flow along the strike. - easterly passage
is perched on a thin non—limest;%bed. The fomjlmeé\tion was
made by a flow directly along strike; however, the stream has progressively

eroded downdip and now joins the westerly passage at a lower level.

The flow direction from the Top Window to the Eternal Fountain
is aslant strike; however, the cave stream flows up the dip at the
cave entrance, perchet; on the non-limestone layer. Moreover, at the
waterfall the stream passes beneath‘the non-limestone layer, but
subsequently rises up tﬁ/rough the game bed further downstream (Figure 5.7).
This sugg;asts the presence of a barrier to flow down the dip above
the non-limestone layer which outcrops at the waterfall. The bar;'ier
is hypothesised to be a dyke oriented along strike, similar to that

at the downstream sump.

Steps Cave Steps Cave is located at the down dip end of a
karst window which measures about 30m by 1lom in plan. The stratal
dip of the limestone is 29° at 217°. ‘The cave passage is developed
along a dyke which is oriented aslant dip at ?350. The explored

length is less than 40m (Figure 5.8).

10 104 \
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Water flows to the Steps Ca've from the Eternal Fountain to
the South East, but enters the Steps Cave by breaching the dyke from
the north wegt. The stream flows along the eu’.sste:f:x':a sida of the dyke
to a sump whez@’tﬁe dyke is breached for a sccond time and the gtream
flows to the Va2st. This flow path iz difficult to intorprot, but

-
must regsult from a complex compartmantalization of flow by non-limegtone

baxricrs.

Fossiﬁl dip tubes in the passage roof and an inactive strike
passage a'; thv;"end of the cave indicate th paleoflow occurred down
dip a;xd was linked to the route through. the dyke by a strike passage.
The flow péth has been shortensd to a more efficient route along the side

of the dayke.

Watdr sinking against tha dyke in the Steps Cave resurgas
into a vadoge stroam passage, the Bottom Window cave. Water rises
several metres from th; base of the sump pool and flows parallel to
the dip in a vadose canyon to the entrance. Downstream from the‘ sump
the passage roof contains a 1.5m high fossil pheatic lifting tube
connactod to a high level dip tube, The lifting tube developed against
a thin non-limestone barrier orientod along strike. The passage
routed flow prior to breaching of the barri.gr at a lower level and the

davelopment of the vadose stroamway (Figure 5.9)

The ontrance of the Bottom Window cawve occurs in tha ouf:cr
wall of a bedrock meandar incised by a fozsil stresm. The high lavel

phreatic passago must predate the meander incision. Tho éyke oxposed

"
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in the Steps Cave and Bottom Window sump does not outcrop at the Bottom

Window cave entrance. This demonstrates its limited spatial extent.

Water resurging at the Bottom Window cave flows north west
to a sink in the .meander wall. 'The short cave passage turns down dip

into a sump. N

Malook Spring The Malock Creek Cave system resurgence occuis
at the base of a limestone hill about 60m to the south west oX& the

Botibm Window. The mean low season discharge of the system is

0.25 m3 s~1. The water then flows in a\iow gradient meande

. ‘\ —
to the Benson River 700m to the West. Water sinking at Mialock sink 3 r’——“f—‘\\‘

Cave and the Maloogk Spring.

Suprise Well The Suprise Well cave is located 175m north of

the Malook Spring at an elevation lOm above it. The cave occurs
beneath the southern margin of Pinch Creek delta sediments; greater {
than Sm of silts and clays overlie the entrance.

The cave is developed along a major joint oriented along dip

4

at o - 220° (Figure 5.10). ‘The joint extends stratigraphically

through grearer than 4m of limestone. At the entrance, a shaft 2.5m
in Adiameter ascends from a depth in excess of 3m. Water fills the
aft almost to the level of the entrance. Two metres above the pool
a high level passage 0.5m in diameter leads to a second water filled
shaft 15m from the entrance. The high level passage continues beyond

!
the second pool but is too small for exploration.
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‘))& The short section of the cave explored appears to be part of
a cave system composed of phreatic loops with an.overlying horizontal

high level passage. The high level passage probably developed as a

bypass route for the phreatic loop, prior to the formation of the present

entrance.

The cave is fed by percolation waters passing through the
deltaic sediments. The coefficient of variation of total hardness ;
of water in the entrance pool was 4.4%. The water level in the entrance .
was quasi-static during the field season and water did not discharge

from the entrance.

The source of the waters which developed the Suprise Well is
unknown. Small scallops in the shaft indicate that water was discharged
from the entrance at a considerable velocity. The cave may once have
routed a sinking stream from t{e Karmutsen Fm. lavas, 800m to the

north east. The cave apparently predates the delta and is pre-last

glaciation in ;;;?\\\\\

5.4.2 Discussion

The Malook Creek cave system is overlain by a major drxy valley
system (Figure 5.4). The Steps Cave and the Bottom Window occur
withip the dry valley system but apparently pre-date Qalley entrenchment
because‘they contain phreatic passages above the dry valley floor level.
The Eternal Fountain and Top Window occur outside the dry valley system.

Thus it appears that (1) the cave system predates the valley entrenchment

t

A, oo

and (2) the windows are the drained upper apices of a cave system
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containing phreatic loops, the location of which are controlled by

the framework of structural partings and impermeable barriers.

The dry valley system méy be sub-glacial in origin. While 2
of the features start at the Karmutsen Fm. contact, the largest dry

valleys start on the authigenic karst. This suggests that the dry

114 W12

valleys were activated subglacially, with possible post71acial modification

i
~

of those at the lava margin. If so, the cave system mugt be pre-

last glaciation in age. This model is supported by the form of the

Malock 2 sink and the Suprise Well.

5.5 Minigill
5.5.1 Minigill Cave System

The Minigill cave system occurs on the eastern side of the
strike-aligned Raging River valley in a limestone wedge with an area
of abodt 0.4km?. The limestone wedge has been uplifted onto the
Karmutsen Fm. lavas by faulting; the rest of the eastern side o{\the
valley is composed of lavas. The western side of the valley {is a’

L
limestone cuesta scarp. The valley is steep sided and local relief
exceeds 200m on the western side and 600m on the east. The limestone
wedge rises up to 120m above the river; the maximum distance down
slope from the top of the outcrop to éhe river is less than 450m.

A limestone unit with a stratigraphic thickness gpeater than 10m occurs
within the Karmutsen Fm. outcropping about 100m up slope from the

Quatsino Fm. limestone wedge.

Multiphase drainage down the stratal dip has been integrated

by a strike aligned ca@e system at the valley basaz to a spring at the

i
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north end of the outcrop (Fi?ure 5.11). The Raging River is pirated
wmderground through the strike oriented cave to the spring along a

flow path V::ith a straight line length of about 1l.3km. Water in the
interlava limestone drains to a spring in Karmutsen Fm. lavas to the

North of the limegstone wedge.

~Fre MInigill system comprises fragment;ad fossil caves developed
when the valley floor stood at higher elevations (i?apua Cave and Dip
Cave); active caves routing water down the mountainside in the inter-
lava limestone (Brutal Cave and pazat Cave) and the major valley bottom
system pirating water from the Raging River. This latter system was
explored in 4 sections (Window Cave, Minigill Cave, Deer Cave and Pitchford's
Resurgences because of sumps along the route. The caves are discussed

in the above order.

5.5.2 Papua Cave

Papua Cave is located in the wall of a small scarp about 90m
above the Raging River. The cave i fossil phreatic passage 50m
in length developed along aslant dip joints at 080-260 (Figure 5.12).
The passage near the éntrance is about 10m wide and 3.5m high. The
rear of the cave is blocked by colluvium which has entered the passage
through the thin overlying bedrock roof. Scallops with a mean long
axis leng;h of 9cm occur in the}passage wa;l near the entrance. 1In
this location the passage is about Sm wide and the cross-sectional
area about 15mZ. Employing the method of Curl (1973} a passage-
forming flow velocity of about 0.5ml sl ig indicated.l This velocity

v
'

_
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indicates a passage~forming discharge greater than m3 s, A 2m:
thick sediment section is exposed in the mid section of the cave,

T
norxmal to the passage wall., Fifty cm of sandy silt are overlain by

60cm of coarse gravels., The gravels are_sverlain by up to 90cm of

-(:'/

clays. A 50cm deep trench has been incised into the clays. The trench

is partially infilled with a soft, porous calcium carbonate deposit.

Papua Cave routed waters down the stratal dip from a higher
topographic level. The flow velocity and passage discharge determined
from the sc¢allop data suggests that th*e‘ cave routed a major sinking
stream rather than percolation water derived from precipitation on
the smalli area of limestone up slope from the cave. Two other possible
stream water gources are: ('1) glacial melt waters and (2) “Raging
River stream water diver;:ed \mdergréund when the valley floor stood
at a higher level. The second is thought to be possible because
significant valley lowering is apparent in the area; the topographic
gradient is'steeper than the stratal dip at Papua Cave and the cave passage
has been truncated. (It is unlikely that the stream was generated on
the Karmutsen Fm. lavas directly abowve the cave because of the large
cave discharge indicated.) The source of the coarse sediments is
uncertain., Howaver, the overlying clay deposit indicates low energy
flow conditions whic;x may result from ponding behinc_i an ice

body either in the valley or across the valley mouth.

Papua cave will be completely destroyed in a short period of

geological time. The entire rock mass above the passage floor appears

/ <
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to be sliding down dip towards the valley bottom; limestone blocks are
collapsing from the valley wall along strike joints at the entrange.

The cave is being infilled bu colluvium and calcite deposits.

Dip Cave Dip Cave occurs at a similar elevation to Papua Cave,
but is on a gentler slope and consequently in limestone at a lower
stratigraphic level. Stratal dip is greater than the topographic gradient

so that the cave passage can route water into the limestone mass.

The entrance occurs at the down dip end of a small depression
above a 4m climb down through boulders. The cave passage is developed
down the dip for 55m along a prominent joint oriented at 041-231°.

At the base of the dip tube the passage turns along strike for 25m

to the limit of exploration (Figure 5.13).

The passage is almost circular in cross section except where
intersected by three strike oriented joints. Water percolating down
the joints has both dissolved chambers and deposited speleothem. The
lower 30m of the dip tube and the strike tube axe partially infilled
by cobbles covered‘with brown flowstone. The flowstone has been partially
reeroded and leached of 23yranium (23%m/23% activity = 1.34).

o
Npqriod of calcium carbonate: deposjition is indicated by clean

white unt; ded calcite overl.yim; part of the old brown deposit. An

age of 12,4 ka was determined from the Th/U activity ratio of

a phase .2 stalactite. Coarse grawels in a finer grey carbonate matrix,

apparently till, occur in the roof of the highest level chamber near the

~

entrance.

-

/

N7



"y

120

e too tight
2

T bleckage

Dip Cave
s} 10 20

K

compass and tape M Daws
J Oldham 08 80

preliminary draft- P Griffiths 06 03 8]

oll mesasurements in metres
sL=92m

FIGURE 5,13

- g e 4y

i N




121 11e

/’

14

The cave was probably developed by stream waters flowing off the
Karmutsen Fm, lavas. The presence of till and leached, exodad speleothem
baneath postglacial speleothem suggests that the cave is pre-last
glaciation in age, albeit much younger than Papua Cave. Thus ice action
may have erased cave passages above the present entrance. The absence
of vegetation debris or erosion’ of the young floor speleothem suggests

that the stream has been inactive during much of the Holocene. -

5.5.3 Intexr Lava Cave Development

Brutal Cave rutal Cave occurs at the northern fault boundary
of the Minigill limestone wedga. The entrance is perched 6m above a
Stream channel incised in the fault. The cave is daveloped in a limestone band
within Karmutsen Fem.lavas which has a stratigraphic thickness of
sbout 10m. Passage development is mainly along joints oriented parallel
to the dip (037-227°), strike joints and aslant dip joints (0-180°).

Stratal dip is 37°0.

Tha cave has developed by the integration of two separate passage
systems (Figure 5.14). Brutal 1 is basically a series of closely spaced,
steeply inclined phreatic tubes, most of which are choked with sediment.
In one location three phreatic tubes up’'to 2m in diameter occur in a
single 10m section of a bedding plane. In the lower section of the

cave the passage form is a low bedding plane passage greater than 30m

in width along strike.

Brutal 2 is linked to Brutal 1 near the system entrance via
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sage developed by collapse. The cave ccnta:ins a major route 5m
in width daveloped aslant dip. In the lower section the passages is up
tjﬁ.s\km.ia/ The lower section of Brutal 2 is connected to Brutal 1
by two aslant strike passages. The bottom of both Brutal 1 and 2
are too small for exploration. A narrow vadose canyon at the up dip
end of Brutal 2 routes water into the cave during floods in the surface

stream (M, Davis pers. comm,)

. The high passage density in the Brutal cave system is typical
of cavern development in confined situations. The cave probably
developed by capturing water in the surface stream when the stxeam
channel was at a higher lewel., The passage form suggests that both .
series were formed mainly under phreatic conditions. Thus both series
are appar ently contemporaneous in age. 'me‘ ddrection of water flow

during the creation of the (strike) connecting passages is unknown.

Flood watexrs entering the cave duri/qz the fall of 1980 were
traced to Rainbow Spring located within Rarmutsen Fm. lavas to the
Noxrth of the limestone outcrop (M. Davis pers. comm !, see Figure 5.11).
This d;emonstratas that the overlying lz;vas prevent waters rising directly

upwards stratigraphically into the Quatsino Fm. limestona.

Peat Cave The second interlava cave occurs at the base of a
blind stream swallet grpatsr than lom in depth. Below the entrance
the passage is oriented aslant strike. Karmutsen Fm. lavas form both

the floor and roof alggg approximately 0.3 of the .passage. About

100m from the entrance the large passage is blocked by sediments which

*“iMartin Davis « Britigh Columlﬁ;a Spelecological Fadoration

i
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fill it to the roof. The base of the fill is composed of coarse clastic
sediments but, the upper few metres are dominantly fine organic material.
The passage apparently continues aslant dip but is inpenetrable. (figure 5-15).

{
A dyke orientated at 005-185° is exposed on the down dip side

of the passage besids the sediment choke. The dyke is breached by a
small stream which flows in a small passage alternating along strike
and down dip to a sump. The passage is less than 2m in diameter and

is partially infilled by cobbles.

Peat Cave has developed by capturing a stream generated on
thé Karmutsen Fm lavas. The initial passage development occurred
aslant strike perxrched above the dyke. Dyke breaching at a later date
resulted in passage desvelopment down the dip. ‘The large aslant strike
passage is probabfy pre-last glaciation in age. The smaller dip tube

- -»

is probably post-glacial in age and may have developed after the large
passage became blocked by sediment. The cave contained a small stream
during the summer low flow period but extensive flooding of the young

pdssage is evident.from organic material deposited in the roof.

5.5.4 Miniqgill Cave

’ Minig'ill Cave is developed parallel to the Raging River‘at the
base of the valley. The cave routes water from the Réging Piver along
a 1.3km flow path to Pitchford's Resurgence. Most of the downstream
800m of the system has been explored. The upstream 500m is unknown

exXcept for a 50m section below the stream sink. The gecmorphology of

. . 24 )2
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Minigill Cave is complex. Thg‘system ahs been divided into sections
for thelpurpose of degcription (Figure 5.16). Development of the system

as a whole is considered at the end of the section.

The Raging River stream sink is located at the downstream end :
of a small gorge. Water sinks into a strike aligned paraphreatic passage :
1.5m in diameter. Twenty metres from the entrance the passage turns down
the dip and the stream enters a sump after 15m. The direction of flow

from the sump to the next downstrq§m gsection of the cave system is

roughly against the stratal fdﬂip. Thus, the flow path must turn through
180°. Flourescein dye placed in the stream sink was carried through
the cave system to Pitchford's kesuxgence.l.3km to the North West

in less than 16 hours. This indicates a mean flow velocity of greater

than 80m'hrnl along the flow path gradient of about 0.015.

The longest segment of the cave streamway explored from one )
entrance exceeds 500m in length. The cave passage is developed along
the strike. Section 1 comprises 220m of the cave developed upstream
of the base of a 33m shaft. The shaft is developed along a fault
oriented parallel to the stratal dip and measures 15m by "m in plan.
Section 1 is camﬁosed of high level fossil passages and a para-phreatic
stieamway with at least six sumps along its length. The fossil passage
is perched about 5m above the active streamway. The fossil passage . ;
has a diameter of 3m but three chambers (First Chamber, Second Chamber
and the Terminsl Room) with a ceiling height of up to 12m occur along

its length. The chambers have developed primarily by collapse either
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side of dykes oriented parallel to the dip. Four/tfykes occur in the
’

Second Chamber. Wall and roof pocket's(‘ atbrrg/&e fossil pagssadge contain
the remains of an extensive infill phase of ¢oarse sediments in a grey
carbonate matrix. In a wall pocket in the Terminal Room the coarse

fill is overlain by a clay deposit. Calcitewith a Th/U age of 3.9 Y s5.7%a
overlies the clay deposit. South East of the Terminal Room the form

changes to a low, aslant strike 10m wide bedding pléne passage, which

drops about 5m in elevation to a sump.

The active stream passage in Section 1 of Minigill Cave ‘is
complex (Figure 5.17). Water passes through 6 sumps in a flow path
less than 100m in length. Flow in sump 1l is along strike to a window
in the bedding plane passage Sc;uth FEast of the Terminal Room. Flow
in sump 2 is aslant strike. Water emerges from the sump flowing along
strike perched on an inpemeable bed. Three dip tubes, developed above
the impermeable bed join the passage along its updip side. The vadose
stream turns downdip and enters sump 3. Flow through sump 3 {s aslant
strike; however, the stream emerges from the sump flowing up dip perched
on the impermeable bed. The vadose stream between sumps 3 and 4 has
incised through the impermeable bed and water ;anters sump 4 at a lower
stratigraphic level than the éxit from sump 3. The direction of flow
through sumps 4, 5 and 6 is aslant strike. The sumps are separated
by short pool chambers accessible through the floor of a high level
passage. Water entering sump 6 re-emerges about 90m to the Norg.!i West,

30m upstream of the entrance shaft.

R

e

vy b e

@ i,



- O

SUMP |

SUMP 2

T T T SSRITR

829
it
=11
jecc:
30 60 %0,
SUMP

FIGURE 5,17

MINIGILL CAVE (Section One)

129

active level

intermediate level

upper fossil level (with
indurated fill)

A‘.A-—.cs—--n‘lﬂ"J

b -~

PN AL kil

ke 1

et

e e,

b mT



-

The stream flow path in upper Minigill Cave is difficult to
interpret. The highest and apparently oldegt stream level was oriented
along the strike from sump 1 through the 3 large chambers to the base
of the 33m shaft, However, this stream path was probably turned from

a straight strike path by the dykes in the chambers. Logal passage

development parallel to the dip is indicated in these ldqcations by the
size of the collapse chambers. The collapse hag obliterate e original

passage bends leaving an almost straight, strike aligned fossil passage.

Present stream passage development is also controlled by the
non-limestone barriers. Flowbetween sumps 2 and 3 and in sump 3 is
perched on an impermeable bed. The flow path in‘sump 3 may be turned
updip by a dyke which also outcrops in the Terminal Room. An inter-
mediate level fossil passage occurs between the Second Chamber and Terminal
Room and the active sumps. It appears that the flow paths through
the active sumps were not developed at the same time and the intermediate
level functioned to route water around poorly developed passage, notably
bypassing sump 3. However, the sequence of development of all passage in
this section of the cave is uncertain. Flow paths produced by non-
limestone barriers such as those seen in the short cave sections of

the Malook Cave system are shown in Upper Minigill to be very complex

in detail.

Section 2, located on the downstream side of the entrance shaft

P . ~
is a simple strike oriented streamway passage 40m in length,

_m—nw



Downstream from Section 2 the passage form is changed by the
occurrence of major dip tubes aloné the up dip side of the passage,
and multiple development of overlying strike tubes. The cave system
has breached a strike oriented dyke on its down dip side and flows
in a young phreatic strike tube. The cross-~sectional shape of the
tubes indicates most formation under phreatic conditions. Scallops

between the top two strike passages indicate some passage formation

by upward flowing water.

Waters flowing down the dip in di fferent bedding planes flowed
into the st#ike galleries. The scallops indicate that the water may
once have risen upwards through the strike series at the south-east
end to discharge from the highest passage. B}eachinq of a dip dyke
at the north-west end of the section may have drained the series leaving
the stream in the léwest presently fossil level. More recently,
breaching of the strike aligned dyke initiated the present phreatic

L n

stream passage. "

Section 4, comprising the downstream section of Minigill Cave
“x
is a single level stream passage with a diameter greater than Sm.
In the downstream 30m the streamway turns aslant dip and divides into

2 passages leading to sumps.

. Haphazard Cave, carrying a small vadose stream joins Minigill
Cave along the up dip side of Section 4. The cave entrance occurs
in the base of a stream swallet about 120m up dip from the Minigill

™~

streamway. Part of the passage is flooded on a non-limestone bed,

.- ——
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perhaps Karmutsen Fm. lavas. However, the passage gradient is less

than the stratal dip in the lower section and the passage rises above the
lower surface. About 100m from the entrance, the down dip passage turns

on strike for l10m forming a narrow vadose canyon developed above a l0Om

pit. At the base of the pit the passage is floored on the lavas again

as far as the streamway. . Phreatic development in the Haphazard Cave

passage is resticteg\gp a tube approximately 0.5m in diameter. In the
strike aligned passage above the lOm pitch, large slow flow phreatic
scallops ;n the phreatic tube overlie small fast flow scallops in the vadose
canyon. Haphazard Cave developed by routing a stream from ‘the lavas

into the cave drainage system at the base of the valley.

Deexr Cave ~Deer Cave (Section 5, Figure 5.16) is the downstream
continuation of the valley bottom strike aligned cave gystem. The entrance
shaft occurs on the south east (upstream) side of a dyke oriented
parallel to the dip. The 20m shaft ig developed above a fossil strike

passage.

The cave {8 composed of two passage series. A large, fossil,
dip tube explored for 80m to a sediment blockage (Eric Voxrkampff pers.
comm.) is connected to the fossil strike tube. The 20m strike tube is
connected to the base of the shaft, The active stream passage routing
water from Minigill Cave underlies the fossil strike passage. The
stream flows’along the strike via a window in ‘the floor of the fossil
passage, through two dykes before turning parallel to the dip, for 20m

into a laxge sump.
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Formerli, water was routed down thé dip from the mountainside
in the fossil phreé/tic tuwbe along the striketpassage and rose up the

shaft. At present the cave routes Raqinq}kvex—vater towaxds Pitchford's

Resurgence Cave.

Pitchford's Resurgence Cave Pitchford's Resurgence Cave

discharges waters draining along the strike in the Minigill system

into the Raging River channel. Water flows along strike from an upstream
sump, before being tumed aslant dip by a dyke oriented at 075-255°.

The stream has breached the dyke in a‘j\mction chamber and drains along
strike towards three excurgence passages develdped along fractures
parallel to t;g’dip (see Figure 4.16). The outlet furthest from the
b:eached dyke is totally fossil. The intermediate spring discharges
water in a vadose streax;\. * The spring closest to the breached_ dyke

occurs z;t the lowest topographic level and is fully phreatic. The outlet
series demonstrates route evolution towards the shortest flow path

from the dyke to the river channel., The initial development was along
the longest strike path but shortest path parallel to the dip. This

demonstrates that cave development in this location is limited by the

rate of development of the segments parallel. to the dip.

5.5.5 Discussion ’ \

A complex system of multiphase cave development exists in the
limestone wedge at Minigill. Papua Cave, Dip Cave and Peat Cave/
Brutal Cave indicatge cave development when the valley floor stood at

three different but higher elevations (Fi@:m 5.18). This suggests

cave davelopment interupted by at least two glacial advances.
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The valley bottom cave, at present, serves primarily to route

» waters from the Raging River. Most of the drainage Sown the mountain

-

slope is routed through the inter lava limestone to the Rainbow Spring

outsida the karst. However, the valley bottom cave has apparently

daveloped from three separate down dip cave systems (Section 1, Skction
<

3 and Deer Cave). These routed waters down the mountainside and along

the strike between dykes to discharge sites daveloped at the top of !

lifting shafts. The large entrance shaft in Minigill Cawve probably
discharged Raging River water, sinking at a higher level, prior to
the downstream breaching of the dykes, the generation of Sections 2
and 4, and the lowering of the water table. The Raging River water
was probably pirated underground into a pre-existing cave system by

local down dip drainage.

Cave developmept, egpecially in Section 1, is still strongly
contxrolled by the non-limestone imparmeable barriers within the Quatsino
Fm. The complex gecmorphology of the valley bottom warrants further
analysis to explain, in greater detail, the effects of compartmentalization
between impermeable barriers, and the changing base lavels. The nature
of the problem has been summarised by Ford (pers. comm.): |

"(1) locally the cave has a very high frequency of dip tubes
= gtate 4 type system but, the cave is highly ‘compartmented by

) dykes and impermeable beds.

(2) further, the cave exhibits multiphase development, with a
{\ major filling phase, indhrated so that water has had to clear
/\.') or get round the indurated fill,
kf' (3) the logic of cave building is headwards but because of 1

and 2 very complex patterns of developmant, not immediately
ammenable to a hgadwards analysis a la Ewers / Ford, exist.”
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The indurated fill in the high levels of Minigill Cave may be
glacial in origin, indicating that the cave is pre-laat glactation
in age. This is supported by the height of the entyance shaft which,

if it functioned to discharge river water, indicates that the valley

fldor stood above 33m above the present level during shaft development.

The dapth of post-glacial incision is probably similar to the depth

of the Raging River gorge (10-15m). .

+

The absolute age of cave development at Minigill is uncertain.
Howaver, if Miniqgill and Dip Cave, both c':f which remain beneath the z
general karst surface, are pre-last glaciation in age it can be suggested
that Papua Cave, which is perched in a scarp wall some 90m above the

Raging River, is a wvery ancient featurs.
-

S;.G Devil's Bath
S.6.1 The Devils Bath Cave System

The Devils Bath system is located in the western part of the
Banson Valley. Bansca River flows in a south westerly direction from
Kathleen Lake, basically parallel to the dip, to the western side of
the valley where it tumms sharply NW to strike to flow to Alice Lake.

In the dip section the river flows in a gorge up to 20m in depth.

A large, sub-vertically w®lled, conote-~like dapreasion, the
Devilt Bath, occurs less than 100m from the Benson River, near the
turn to strike. The Devil's Bath measures approximately 80m by 60m

in plan. It is occupied by 'a permanent pond whose water lewvel is

rbout 20m balow the rim of the donpression. The Bath is the largest

single surface karat feature in the region occupying a void spacs

150 by 10° m3. Stratal dip at tho Bath is 29°.

—
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The Devils Bath is hydraulically connected to the Benson River.

During July and August 1980 all flow in the Benson River was abstracted

' .
from the gorge and routsd along an undorground flow path to the Bath.

Scuba divers repo;tl the presence of a discrete input shaft, rising
from an unknawn depth, at the bage of the Devil's Bath 25m below the
water surface (Paul Griffiths pers. comm.). Watar entering the sinks
in the gorge rises up through aboué €0 stratigraphic m of limestone
to reach the present water surface in the Bath, although the heiqht

of any particular lifting chimney fé unknaown,

- Prainage from the Devilk- Bath is along the strike to the Devils
N

Springs, 400m to the north west, where waters debouch aleng a m&jét

strike-alfgne‘d fissure. The geomorphology of the area was studied

in an a:ttempt to determine (1) the genesis of the Devils Bath and, (2)

the relationship bet;reen the Bath and t‘he adjacant Benson gorge. The

situation is outlined on Figure 5.19.

About 400m upstream of the Devi 15 Bath the Benson River i:urns
on strike and flows to the south east for about 50m. The river then

turns through 180° gnd flows to the north west for 50m bafore flowing

au

in a direction parallel to the dip once again (see Figure 5.19). ‘The

.

turn is controlled by a dyke oriented along the strike located in the

river channel. A cave is porched on the up dip side of the dyke about

2m above the present stream level. Two short dip tubes are connected

to a strike oricnt'ag:ed tube about 3m in diameter. The cave shows no

evidonce of any davelopment under vadeése conditions,

137.
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Benson River Cave A 120m long strike orientated cave is located

up dip of the De\;ils Bath. The south easterly 60m of the cave consists
,of a large 10m wide passage containing a lake of unknown depth which
sumpg at either end (Figure 5.20). Small scallops occur along the
length of the passage. The north westerly 60m of the cave is a phreatic
.tube 3m wide perched 2m above the lake. This passage has several dip
tubes aligne.& along both its up and down dip side. The lake xemained
‘”throughout the summer of 1980 despite “the dry river channel outside the

cave.,

Bath Cave The Bath Cave is located at the down dip end of
the Devils Bath. The roof of the cave, perched 12m above the water
surface, is a solutionally modified bedding plane sturface up to lOm wide.
molmajor joints about ldm apart, orientated parallel to the dip,
_ traverse the Devils Bath. The Bath Cave has developed by solution
and bedrock collépse between the twq joints. Water flows from the Devils

Bath to sump in the Bath ‘Cave less than 10m to the south west.

-

Gorge Cave The Gorge Cave is located on the down dip side
of Benson River gorge below the principal turm to the strike. The
cave has three entrances along a 33m section ;)f cliff (Figure 5.21).
Entrances 1 and 2 are perc.hed above the river level, but the bottom |
of entrance 3 is below it. The three entrances are connected to a strike

oriented passage by short passages parallel to the dip. The strike

tube between the first and second entrances is about 1,5m in diameter
g .
and is perched 3m above the river level. Between the second and third

entrance a vadogse trench has been cut into the floor of the tube and the

)
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passage is greater than 4m high. A strike oriented dyke is exposed‘
on the down dip side of the passage‘. This is bgeztched by a passage
orientated parallel to the dip which leads to a S‘éﬂp pool .' Scallops
developed on passage walls in the cave indicate that water from the

sump flowed towards the river via the three entrances.

Abo{xt 250m north west of the Gorge Cave water discharges along
a major strike aligned fracture at the four Devil's Springs. The dry

season discharge of the springs is greater than 1.5m2 sl,

5.6.2 Discussion

The Devils Bath is a large ’karst depression not readily explained
by development under the pnev.a.:iling hydraulic conditions. Extrapolation
of the solutionally modified bedding plane roof of the Bath Cave to
a position above the input shaft at the base of the Devil's Bath ‘igdicate;z
that water may have risen 40m above the present water surface };ere,
ie. 20m above the dspression river, in a j‘oint chimney (Figqure 5.22).

The watex was probably forced to rise upwards by a strike orientated
dyke, obsérved in the river gorge adjacent to the Devils Bath. The
DeviYs Bath appar ently developed by collapse around the joint chimney,

primarily along ;:he twé major joints oriented parallel to the dip.

The maximum elevation above the water surface of a paleogink is about
0m and thus the gite of the sink which prov;;.ded the hydraulic head

for waters ascending the chimney is unknown. However, many metres of
bedrock have probably been removed from this valley bc;i:tom position

by the ﬁleisto-oene glaciations. Conseqtently a high level sink may

have been erased.
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The Bengson River Cave routed waters along the strike in front
of the dyke in a manner similar to the fossil cave 400m upstream from
the Devil's Bath, However, the cave is developed a.t the same level
as the present water table in the Devil§ Bath and is 'perched at least
25m above the base of the input shaft. Thug,the exact relationship

between the cave and the development of the Devil§ Bath is uncertain.

Waters rou‘ted thrbugh the Devils Bath cave gsystem formerly
discharged from the Gorge Cave. At present most of the water is
discharged from the Devil's Springs. The outlet of the Gorge Cave
pr.obably developed at an earlier date as a result of the steeper
hydraulic gradient to this site from the Devils Bath, although ultimately
all waters will d'ischarge from the Devils §prings because the latter

are located at a lower elevation,

The narrow gorge that channels the Benson River, in the vicinity
of the Devils Bath is probably younger in age than the cave system,
It has developed by routing waters more efficiently along a steeper

potential energy loss gradient than the cave system with the large

phreatic loop. This development is similar to the tendency for multiphase

cave development towards a water table type with time degcribed by
Ford and Ewers (1978) :
* {Cave systems) may be subject to gradational

modifications which change their character towards
that of a higher state (eg. ideal water table caves)."

“
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5.7 The Vanishing River - Jfeappmearing River Cave System

The function of the ishing River - Reappearing River system
is unigue in the Benson karst. The system routes water from Parson Bay
Fm, rocks in the upper reaches of the Benson Valley against the dip,
through a major topographic divide, to the Raging' River valley. 1In
the Malook, Minigill and Devils Bath systems waters discharge from
stratigraphically higher positions than the stream sinks, however, waters
enter this gystem at the top of the limestone and discharge close
to the stratigraphic base. This situation results from groundwater

flow along a fault zone.

Vanishing River Cave The stream sink is located in the Quatsino

Fm. close to the Parson'Bay Fm. contact. Water cascades down a 15m
deep pothole to the base of a large chamber over 30m in diameter.

The chamber has developed by collapse along a major fracture tilted
about 45° from the vertical; most of the chamber floor is composed of
large limestone blocks. The gtream flow;e-, through the breakdown into a
net;vork of narrow passages developed along fractures parallel to the
dip, to sumps. Many of the fractures are infilled with calcite which
indicates an ancient fault zone. Over 300m of vadose passage exist

beyond the sumps but thése were not examined during this gtudy.

Lost Richard Cave ILost Richard Cave is located south of

Reappeariﬂé River Cave in the Raging River valley. The cave is believed
to be part of the system from Vanishing River. The cave entrance is
perched about 40m abova the level of the modern system resurgence.

The cave passage is predominantly developed in a single bedding plane

145
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along a series of joints orientated parallel to or aslant the dip.

Below the entrance the passage is an opened bedding plane up to 20m

wide but less than lm high (Figure 5.23). Below this 'slot' passage

the cave is a series of strike oriented passages connected by short
dip connections. The lower strike passage is over 60m long. East

of the Junction this intercepts 3 passages developed along prominent

dip joints. The two easterly down dip passages continue on the lower

side of the strike passage to a sump and sediment choke, respectively.

West of the Junction the strike passage is connected to the

hydrologically active part of the cave, the Foman Baths. The Roman
Baths are a paraphreatic network of passages containing a pool between two

sumps. Water flows along the strike to the north west towards Reappearing

River resurgence.

Lost Richard Cave is hydrologically inactive except for the

south easterly sump and the Roman Baths. The cave is part of the system

.connecting Vanishing River with the Reappearing River resurgence. The

cavé may once have functioned as a stream sink pirating water from the

Raging River when the valley was higher. However, the slot-shaped

passages here may be more typical of resurgence caves where waters are
forced upwards to springs. If Lost Richard developed as a resurgence

cave, the water most probably entered the cave from the south-easterly

sump and rose up dip in the slot passage. As the downstream resurgence

at Reappearing River developed the route through the Roman Baths was

developed. Thus the slot may be part of the oldest phase in the cave.

>3
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With time, shorter and more efficignt routes developed at progressively ]

lower levels. At present the partially phreatic streamway is developed

along strike at the base of the cave.

Reappearing River Cave 'mu?cave ig’ entered at the base of
a scarp in the western side of the Raging river valley. The flow path

from Vanigshing River cave wag proven with a dye trace using Amino-G aciad

and raw cotton detectors. Water moves in a northerly direction along

the flow path; in the 300+ m of passage examined in the Ressurgence

cave water flow was either along the strike or against the dip (Figure

5.24).

The upstream 30m of the streamway is a young partially phreatic
passage developed along a dyke. A fossil passage containing an old
phreatic loop which routed water down a joint and up a bedd:f.ng plane

bypasses the young streamway. Sump 3 occurs where the streamway is

confined beneath an impermeable bed. The sump is bypassed by a narrow,

high level passage developed above the impermeable bed along a jéint

parallel to the dip.

»

-

From the Junction to the entrance the cave is developed along
S

‘strike. A straight, high level passage occurs above the actual

streamway. The streamway is locally turned along dip into sumps by
dykes. A series of fossil, sediment choked, dip tubes occur along the

up dip side of the high level gtrike pagssage. A small fossil passage,

-

developed aslant strike, occurs above sump 3. This has been explored

to an elevation of 15m above the streamvay, to a sediment choke capped
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by a thin flowstone layer with a Th/U age of 39.9 ¥ %g ka. B.P

S

Two contrasting hypotheses are presented to explain the genesis
of Reappearing River cave. (1) The cave developed initially to route
waters sinking into the overlying limestone at a higher level. The |
water source may have been the Raging River when the valley base leval
was higher. Waters routed down the dip tubes were integrated into a
single, dominantly strike-aligned passage to the outlet., This passage
gsystem later became the target for waters from the Vanishing River sink
which developed the present streamway, leaving the local drainage system
perched in the roof. (2) The fossil, high level bedding plane passages
at the junction routed wate;ts from Vanisixing River upwaxds‘tq springs
prior to the breaching 9f the downstream dykes and the development of
the strike outlet. The flowstonc date indicates that the high level

routes were inactive by the latter part of the Mid-Wisconsin interstadial.

5.8 Scorch Cave

Scorch Cave is located on the limastone block to the south of
the Vanishing River— Reappearing River system, betWween the headwaters
of the Benson and Raging Rivers. The cave is a classic example of the
dérawdown vadose type (Ford and Ewers 1978) typical of the Burren, Eire

or Yorkshire, England. Its form is almost unique in tho Benson karst,

The cave entrance occurs at the base of a 6m dsep blind swallet.

The surface stream has cut throwgh-greater than 2m of till., The cave

drains two streams flowing off Xarmutgsen Ffm. lavas. One sinks in the

i
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the valley upstrecem from the blin'd wall; the location of the second
sink is unknown but the stream enters the cave at the top of a 10m aven.
The 50m cave passage ig/mainly a tightly meandering vadose canyon
daveloped upstream of A 10m, 2 stage, pitch (Figure 5.25). The pitch
occurs wherc the passage intersects a strike oriented dyke. The stream

enters a sump at the base of the dyke.

The Scorch Cave passage is mainly the resulg of vadose stream

incision; phreatic development was limited to a

rogf tube about 0,.5m in diwgeter. This form is unusual ig the region
where most passages were doveloped dominantly under phrehtic conditioms

\
upstream of dykes or lifting chimneys. The dyke in Scorkh Cave did not
’

prevent free drainage development and was probably breached at an early.

stage in the cave's development., Similar conditions prevailed abowve

the pitch in Haphazard Ca'fe (S(%ction 5.5)..

/ §
1 —_

5.9 Caves of the Quatsix;o Narrows

The Quatsino Narrows are a S5km gection of fiord at the northerm

ond of the Gibson Plateau.

5.9.1 Imaginary Cave

Inmaginary Cave. occurs on tha‘ north sida of the Quatsino Narrows.
It is accesaible only at lowtide. The main passage is scme 40m long
‘nd oriented alongdip (Figuxe's.26). A saries of narrow rift passages,
davaloped on joints oriented alg)ng strike join the main passage. Two

straezms enter the cave at the top of 15m and 18m avens. Sea water

-
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pools occur inside the i:ave~ ﬁntrance even at .loi: tide. Below the
mean high tide mark the limestone passage walls are fretted. Flowstone
sampled at the entrance above the high tide mark had a Th/U age of 41 ka.
Imaginary Cave. developed when relative sea level in the Quatsino
Narrows was lower.than at present. The cave may have developed as
late as the Early Wisconsin glac-iation; prior to the pLariod of speleothem
deposition during the Mid Wisconsin interstadial. However, it could be
much ‘i)laer.‘ Imaginary Cave provides what is thought to be the first

evidence of a pre~Frazer glaciation lower relative sea level stand on

western Vancouver Is land:

5.9.2 Burial Cave

Bu'rial Cave is perched about 20m above sea level in the north
wall of the Narrows. The cave is a fossii_, strike oriented phreatic
passage over 8m wide at t;he entrant':e (Figure 5.27). The back of the
cave is' bl?cked by sediment overlain by a 'niagsive, weathered calcite fill.
Abundant weathered and eroded stalactite deposits occur along the
passage roof. .

- .
Burial Cave is a segment of a major drainage system developed

prior to the incision of the Quatsino Narxows. Speleothem sanmples

suitable for Th/U age determination were not found. However, the cave

must pre-date the. development of Imaginary Cave and is probably of

considefab lé antiquity.
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5.10 Discussion and Conclusions

Flow patterns in the steeply dipping Quatsino Fm. limestone
are conﬁro;.led by the framework of structural pathways available to
route water and the distribution of non-limestone barriers. The structural
framework is composed pfimarily of bedding planes and joints oriented
parallel to the dip and along strike. In certain locations faults
control groundwater movement. The flo;v barriers are mainly intrusive
igneous features developed in the same planes as the structural pathways.
Most frequent are dykes parallel to the dip. In Minigill Cave 11 dykes
have been breache‘d by the ‘cave stream along a 500m section., Elsewhere
drainage is observed to be compartmentalized between, or forceci to

rise against,the barriers. Thus, the influence of the intrusions is

difficult to predict} but it decreases with time.

Recharge by sinking streamg is concentrated along the eastern
side of the valley where the stratal dip is roughly concordant with
the hydraulic gradient. In all recharge zones groundwater flow is
hypothesised to be largely in bedding planes, forming‘dip tubes.

Near base levél or in the vicinity of impermeable barriers water moves

along strike or rises upwards towards springs.

Speleological studies in the allogenic karst concentrated on
four systems. Exploration of much of each system was prevented as
passages became phreatic or are barred f)\y sumps. This is a consequence
of the dykes or lifting chimneys and does n;Jt result from a marked
downs;tream reduction in streamwater solvent ;_;otential. Speleological’

interpretations are thu:; baged on small sar'nples of system conduits only.
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Drainage in the Malook system is aslant strike yet rises up'

‘through 450 stratigraphic m of limestone. While the direction of flow

in the system is basically along the steepest hydraulic gradient the
windows indicate that, locally, very complex routing patterns have
. ¢

developed because of the impermeable barriers. The dry valley syétem

is hypothesised to post~date, and be independent of, the cave system.

The complex flow patterns in the Quatsino Fm. limestone indicated,
in the Malook windows are shown to be very complex in detail at Minigill, f
The Minigill system exhibits multiphase developmént of down-dip drainage
in response to multiple stages of valley floor lowering. The Vailey
bottém cave developed by gouting the down dip drainage along strike to
a series of lifting chimneys between dykes. More recent (post g];apial?)
breaching of the dykes lowered the water table and permitted the routing

of pirated river water along the length of the valley bottom system,

The Devils Bath system occupies a position within the karst
and not at the allogenic margin like Malook or Minigill. The system
almost certainly originated before the last glaciation, rou’tinq stréam
water sinking into the karst at a higher level than the present‘streém

sink. | The Bath is the largest surface karst landform in the region

~directly attributed to solution (occupying a void space gre‘ater than

1.5 x 10° md). It is a major collapse feature at the location of a

1i fting chimney against a dyke. The adjacent goxge is apparently younger

~in age; it developed by routing water along a more efficien't path in

the present landscape.

i~ barmpe ¢ o T n



The Vanishing River - Reappearing River system is unusual in

=

the context of the Benson karst in that it routes waters eastwards

from the stratigraphic top of the limestone in the Benson River Valley
towards the stratigraphic base in the Raging River Valley. The system
occurs in a 2km fault zone which passes t!?rough a n‘\ajor topographic
divide. It is uncertain whether the Raging River Valley sections of
the system (Lost Richard and Reappearing River) were developed initially
by waters sinking into the overlying-karst and became the target for
drainage from the Benson Valiey or, the whole system was developed

by water from the latter source, If the former hypothesis is‘. true

then the capturing of the Vanishing River stream may be a post glacial

development, if not the system is pre Mid Wisconsin in age.

|
T

Scorch Cave is a classic drawdown vadose type cave, unusual in
the Benson karst where most passage development occurs tmde.n_.pl{reatic
1

conditions upstream of dykes or lifting chimneys.

The complexity of flow patterns (frequency of radical change
of direction of conduits and local ix{creasgs in multiphase development)
in the Benson karst iMparalled in the experience of D. C. Ford

(pers. comm.,) or the author. The complexity is attributed primarily

to the high frequency of interbedded and strike and dip oriented

impermeable barriers present, Indeed, the coni:r_ast betweén the Benson

situation and Castleguard Céve in the Canadian Rockies (where individual

passage elements may be guided by a single structural feature and maintain

the same orientation,  form and dimensions for 2km) is extreme.
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It is difficult to evaluate cave systeyuilding models, ég\.
Th

those of Ewers and Ford, in the Benson karst. ese can only be

developed by detailed reconstruction of passage genetic sequences,
The difficulty arises from the above mentioned passage canpléxity and
the small aggregate of total stream conduit length explored, which

| :

together frequently prevent the presentation of a single hypothesis

of development. Moreover, certain hypotheses, eg. "the majority of

systems integrate from the spring in a progression of headward steps"

(Ford and Ewers 1978) cannot be accepted as a general rule of gpeleo-

gene;is in the Benson karst.



160

‘ , 152

CHARIER 6

SUMMARY AND CONCLUSTIONS

-

6,1 Summary

This study investigatés karst daveloped on the Upper Triassic
Quatsino Fm. limestone on northern Vancouver Island. The outcrop
comprises a 30km long section along the bage of the Benson Valley and
the adjacent Gibson Plateau which rises to 900m and has an area
greate‘r than 15km2. Characteristic features of the limestone are
the consistent stratal dip to west-gouthwest at about 30° and the '
‘high frequency of intrusive igneous dykes and sills in the unit.

.The region has been glaciated exténsively; evidence is preserved in~
till, meltwater channels on the cuestas and plateau and the Pinch Creek

deltaic sediments.

Two aspects of the solution process were sttudied as these were
thought té provide insights of geomorphic significance. Landform studies
concentrated on (four) cave systems in attempts to ‘determine ‘the
nature of factors which contyol-groundwater flow and speleoganesis,
and to interpret evidence of the dewvelopment of the landscape preserved
there.’ ‘ . i

»

6.2 .Conclusions .
The principal conclusions of the study are:

1. Pooé in the top 30cm of the soil profile does not determine the

potential of soil recharge waters to dLSSOIQe limgéstone. Max;mﬁm.-’
‘ . .
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PCO2 probably occurs in the soil profile base or fissures in the
vadose "groundair" zone, at the level where plant root surface area
is greatest. Measurement for the purpose of defining soil PCO,

maximum should be made at different depths in the soil profile.
¢ L4

2. Groundwater PCO, and hence the potential equilibrium concentration
of calcite in solution is apparently destermined by the climatic variable,
mean annual temperature. This rest’xlts from the temperatu're control
of biogenic 005 production. The chemical character of gromxdwatei'
in the Benson Valley is close to that predicted by Harmon et al (1975)
and Drake and Wigley (1975)', and is thus supportive of the hypothesis .
that a process-response sysi:em has been clearly defined™in ka;rst terrains.

thential,

The influence of other factors in setting the solution

ie. trace metals, could not be determined from availab!{/e data.

3. While climate appears to set limits to erosion in the karst
because of geochemical constraints,the fact that most water is routed
through the karst in discrete channels and remains distinctly under-
saturated.w.r.t. calaite results in erosion rates being determined

primarily by the solvent availability factor.

4. Six hydrogeologic environments were hypothesised to exist in the
kars?:{) Linear discriminant function analysis of hydrochemical data
generally supporté the a priori classification. No significant reduction

in the ability to discriminate resulted from the introduction of only

the calculated variables SI.. SIp and log PCO, into the analysis.

This method was chosen because the variables are functionally independent

1+
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and between them define the potential and constraints oyﬁxe golution

process in a relatively easily understood mannex.

/:ow patterns and hence cave development in the limestone are ‘

dapendent on the framework of structural pathways available to Fout?.
water (bedding planes, joints and faults) and_.' the distribufion 'and
orientation of intrusive barriers. The importance of individual structural
elements is a function of éxeir permeability, degree of interlinkages

. with othex structuril elements and generally the extent to which path-

ways composed of one or more structural elements can route @ater along

the maximum hydraulic gradient.

6. Sinking allogenic streams are concentrated on the eastexn flank

of the Benson Valley where the stratal dip is roughly toncordant with
the hydraulic gradient. The factors ‘which 'cause allogenic streams !
from the west to remain on the surface of the karst are unknown.
However, it may msuit from the greater stratigraphic depth tii’rq;ugh
whiéh waters would have to flow along a given hydraulié gradient on

this side of the valley and thus a greater dependence on ‘joint elements}
or ‘the increasing clastic contoent towards the top of the lit;estonq and

thus the increasaed likelihood of the occurrence of obstructive detrital

material in bedding planes. - : .

7. Water sinking into the karst is hypothesised to flow mainly in
bedding planecs, forming dip tubes. The stratal dip is greater than
. the hydraulid gradient in most locations and waters have to rise upwards

or downwards in the strai:igraphic sequence or flow along strike to

b
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reach springs. The lower sections of cave systems are mainly phreatic

with sumps perched upstream of dykes or lifting chimneys.
z

8. Extensive Multiphase cave deVeIOpmo;nt occurs in threec of the four
pricipal cave systems studied, This is attributed to factors within
the caves (eg. breaching of dykes, shortening of flow paths),and external
factors (eqg. lowering of base levels and altered surface stream positions)

that are primarily a consequencs of glaciation.

9. Uranium series dating of speleothem supports the geomorphic

daduction that much of the cave passage studied is pre-last glaciation

in age. Dates obtained support the hypothesis of a mid-Wisconsin

interstadial on Vancouver Island (Gascoyne, 1980, and others), indicate .
the onset of the Holocene before 11.6 ¥ 0.3 ka B.P. on the Gibson

lflateau and suggest the occurrence of a lower relative sea level stand

on north-western Vancouver Igsland during the Early Wisconsin,

10. The Gibson Plateau is the most mature karsted surface in the region.
The effect of glaciation on the plateau has probably been 'enhancement
of surface form by melt water irncision. This contrasts with extensive
surface lam;fom eragsure by ice in the low-lying Benson Valley karst.

\ ,
11. Large scale lumbering operations have deforested a significant portion -

of the Bonson Valley karst { 60%?) and the Gibson Plateau ( 75%?)
surfaces. Soil erosion is a widespread response to these practises.
Extensive sub-zerial karren daovelopment has occurred on many of the

steep limestone surfaces exposed.
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