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ABSTRACT 

The Raven River Member of the Cardium Formation 

(Turonian, Upper Cretaceous) in the Carrot Creek -- Cyn-Pem 

area of Central Alberta, contains two coarsening upward 

sequences of marine mudstones into sandstones, separated by 

a gritty siderite . The gritty siderite is believed to 

represent a pause in deposition in the basin. The 

sandstones of the upper sequence contain hummocky cross 

stratification suggesting deposition below fair weather wave 

base in a storm-dominated setting. The two sequences are 

scoured to a variable depth by a major erosion surface with 

a relative relief of about 20 m. 

Structure maps and 3-D mesh diagrams suggest that the 

erosion surface can be divided into four topographic areas: 

a relatively high, flat TERRACE, a BEVEL where underlying 

sediments are truncated, and an erosional remnant topography 

of BUMPS and HOLLOWS, which gradually fades basinwards into 

a relatively flat BASIN PLAIN. The erosion surface is 

covered by conglomerates with localized thicknesses of up to 

20 m. These conglomerates are assigned to the Carrot Creek 

Member of the Cardium Formation. The thick conglomerates 

occur in relatively elongate northwest-southeast trending 

pools. They are overlain by the transgressive marine 

mudstones of the Dismal Rat Member of the Cardium Formation . 

At first sight the coarsening upward sequence capped by 

conglomerates (Carrot Creek Member) appears to be similar to 
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other coarsening upward sequences encased in marine 

mudstones described from the Western Interior Seaway. These 

deposits have "traditionally" been interpreted as "offshore 

ridges", forming many tens of kilometres from the time 

equivalent shoreline. The Carrot Creek conglomerates, 

however, are separated from the Raven River Member 

coarsening upward sequence by an erosion surface, and thus 

are not genetically part of it. The erosion surface is 

believed to have formed during a rapid relative lowering of 

sea level. During maximum lowstand a new shoreface profile 

(the bevel) was es tablished in the basin. Also during this 

lowstand, gravel was supplied to the shoreface by incised 

rivers, and reworked along the shelf by marine processes. 

Both upper and lower shoreface deposits can be recognized in 

the conglomerate pools. Subsequent transgression reworked 

gravel southwestwards across the terrace, while storms 

transported gravel stringers northeastwards into the 

transgressive muds accumulating in the hollows. 

Similar erosion surfaces of this type have been 

described from Alberta at the Cardium, Viking, and Badheart 

horizons. The Gallup-Tocito Formation in New Mexico also 

invoke a similar erosion surface. The presence of these 

surfaces may be more widespread than presently documented. 

The results of this thesis suggest that sea level changes 

and shoreface incision should be considered as a possible 

alternative for other long, narrow, "offshore ridges", 

iii 



particularly when the offshore deposits are coarser than the 

proposed time equivalent shoreline deposits. 

iv 



REVISION OF CARDIUM STRATIGRAPHY 

The stratigraphy 

Plint et al. (1986). 

the upper markers 

used throughout the thesis is that of 

Recent detailed correlation of 

revealed inconsistencies in the 

identification of the E6/T6 and the E7/T7 horizons 

(A . G. Plint, pers. comm. Jan., 1987). The corrections do 

not affect any of the interpretations in the thesis, only 

the names given to the upper markers. For reference the old 

stratigraphy (Plint et al., 1986) is compared with the 

revised stratigraphy (Plint et al . , 1987) below for well 

3-14-52-14. The changes shown are consistent throughout the 

thesis . 
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CHAPTER 1 - - INTRODUCTION 

1.1 PURPOSE OF THIS CHAPTER 

This chapter is intended to review, in broad outline 

only, some of the major ideas and problems , with respect to 

shallow marine sedimentation, particularl y the interaction 

of depositional processes and environments with sea level 

fluctuations. The focus of the discussion will be on the 

storm dominated setting. It - is not int ended as a full 

review of the topics covered. For a more detailed review of 

the shallow marine environment, particu larly t h e shelf 

environment, the reader is referred to Tillman et 

al. (1985). Some readers may wi&h to proceed directly to 

page 38 (preview of the results of the t hesis); to page 43 

(Chapter 2, background information of the Cardium 

Formation); or to page 68 (beginning of t h e presentation of 

new results). 

1.2 PURPOSE OF THIS THESIS 

This thesis was begun in May, 1983. At that time, one 

of the major controversies in clastic sedimentology was the 

mechanism by which coarse sediment coul d be transported 

across a storm dominated shelf, to depositional sites many 

tens of kilometres from a contemporaneous shoreline. This 

coarse material was then believed to be reworked by shelf 

processes to form long, narrow, en echelon , linear, offshor-e 

" ridges" or "bars" (one of the best examples is the Shannon 
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Sandstone, Tillman and Martinsen, 1984). For brevity, these 

v'Ji 11 be 

thE?sis. 

'-' C" c;\ -=- 1'- i dg(::?s thr"Dl.lghout the 

These ridges were believed to coarsen 

Df the 

upward 

gl'-i..=tdat i oni:\ll y fir-om the und<-:'~I'" 1. yi ng bioturbated shelf 

depo~5i ts .. After deposition, these ridges were then overlain 

by marine mudstones. The interpretation of long narrow sand 

bodies as offshore ridges still poses two main prob l ems: 

1) How was the sand transported across a storm 

dominated shelf? 

2) What processes focussed this sand on the shelf into 

coarsening upward ridges gradationally 

rooted in shelf deposits? 

In an attempt to address the first problem answers were 

sought by workers in both the modern environment and the 

ancient rock record. Two different hypotheses of sediment 

across:, stor'ffi dominated shelves evolved. 

Reseal'-chelr-s pi" i mal'" i 1 Y 

that sediment was incrementally transported 

offshclI'"e dUI"ing storms by geostrophic flows (summary in 

Swift and Niedoroda, 1985). Controversy arose as to whether 

geostrophic flows could wholly account for those deposits 

observed in the ancient rock record which were believed to 

be 'for'med on a storm dominated shelf. Evi denee flrom 

deposits in (eg. , Jura:;;;si c 

Fernie-Kootenay transition, Hamblin .1.979) , 

coupled with data presented by Hayes (1967) on the aftermath 
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of hurricane Carla, led to the hypothesis that transport of 

sediment offshore was by storm generated turbidity currents 

(summary in Walker, 1985a). The deposits of these two 

processes (geostrophic flows and turbidity currents) are not 

easily separated in the shelf environment, as - both are 

characteristic of unidirectional waning flows that may have 

been subsequently reworked by storm wave processes or other 

fairweather processes operating on the shelf. These ideas 

will be discussed in detail below. 

The second problem of focussing sediment into long 

narrow ridges is independent of the mechanism of 

transporting sediment across the shelf . There is no 

convincing model of how this coarse material is subsequently 

reworked on the outer shelf into long, narrow, coarsening 

upward ridges, gradationally rooted in marine shales. There 

are no known modern places where this is occurring. 

The original problem addressed by the thesis was to , 

examine shelf deposits in an attempt to separate geostrophic 

flows from turbidity currents as the primary transporters of 

sediment across a storm dominated shelf, and to examine the 

geometry of the resulting sand and/or conglomerate 

bodies. For brevity, these sand and conglomerate bodies will 

be collectively referred to as sandbodies throughout the 

rest of the thesis. The separation of the deposits of these 

two processes in fine grained sandstones is difficult. In 

both cases the sand is transported in suspension across the 
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shelf by a waning unidirectional flow. The sands are then 

subject to subsequent reworking by storm waves. These 

two factors produce similar deposits by two completely 

different and unrelated driving mechanisms. Geostrophic 

flows are driven by pressure differences whereas turbidity 

currents are driven by gravity. The flow mechanisms within 

the moving fluid are probably similar, hence the deposits of 

the two flows are similar. In order to separate the two 

processes a coarser unit is required where some of the 

transport, particularly in the case of geostrophic flows, 

would be by bedload. A coarser sandbody was needed, encased 

in marine shales and apparently deposited many tens of 

kiLometres from the shoreline. From this, a detailed study 

of the preserved facies might more readily distinguish 

between the two processes (i.e. ,geostrophic flows or 

turbidity currents). For this reason, the Turonian Cardium 

Formation conglomerate deposits at Carrot Creek oil field, 

Alberta, were selected. These deposits were interpreted by 

Swagor et al. (1976) to have formed on the shelf, many tens 

of kilometres from the nearest shoreline, as a "terrace 

bar". They suggested that the sediment was transported 

offshore during storms. 

The Carrot Creek area was also chosen because the 

coarse grain size (1-2 cm long axis average diameter) made 

the problems of sediment transport across the shelf more 

acute. It was hoped that a detailed analysis of the 
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pr°E.'sel~ved conglomerate fabric(s) would separate the two 

hypotheses oof sediment tr-anspol~t across the shelf. The 

hypothesis to test was that if the preserved preferred 

I! c:\" a:-: i s p '::\1'- a]. I e I, " a II axis imbricate (Walker, 

197521), then the gravel was moving dispersed above the bed, 

probably as a result of clast collisions at thE' base o of a 

tud:li di ty c: UI'Ten t • hClhlevel'- , flail 

tl~C:-:lnSVel"° se, "b" thE' glo-°6.,vel 

bedload. This could be the result of either geostrophic 

flows or turbidity currents. A mi>:ed orientation of the 

clasts would suggest that the sediment had been transported 

dispersed above the bed ( 0 

,1 • e .. , tLll'-bi di ty cUI,Ot-ent s) and then 

moved a little further as:o berJloc;ld .. The reverse condition 

doe!:; not hoI d. 

Detailed anal ysi s. of the conglomerate fabric and 

yield information on the types of processes 

opel'-at i ng on the gt-avel (sopec if i call y) and on the shel f :i n 

A study of the conglomerates at Carrot Creek 

showed little in the way of pref el'Ted imbl~:icat:ion. In 

the pebbles were found to lie in thE) plane of 

regional bedding or else no discernable preferred pebble 

Th~~!5e initial resul ts; made it 

difficult to define the depositional environment of thE~ 

gl,oc\vf21 .. 

Initic:\l cOrl,oelation oof well logs and core in the 

Carrot Creek area supported the conclusion of Swagol'o et 
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,:'II. (1976) that the base of the conglomerate was clearly 

er-o~::;i ve, scour- i ng dOIo'Jn to and 1J.p..:t. 

gradationally rooted in the underlying shelf deposits. The 

0+ the ~,,;ug(]ested a channel 

than the ridge morphology suggested by 

SWc:\gor- et. ala (1.976). I interpreted these initial sections 

(Bergman 1.984 and supplement) as channels cut and filled by 

tur-bidity currents~ similar' to another Car-dium channel 

described by Walker ( 19B5b) at F:icinus. 

bet.ween the two channels was the conglomerat.ic nature of the 

fill in the Carrot Creek ar-ea. More detailed correlation of 

well logs and cores fr-om the field, reveal f.?d <3 

"one"··si ded" geom€?tr'y 0+ the congl ofiH?'J~ate bodi es, J"ather' thc\n 

a channel-like morphology. 

that the conglomerates are banked up against a mor-e steeply 

dipping erosion sur-face on one side and pass laterally into 

basinal muds on the other, ~~ ... :!;'hout. an er·o~5i onal 

m.:\r-gin. 

Instead of being tr-anspor-ted many tens of kilometr-es 

a c I'· o~; 5 t h 8 51"! elf, t t}g_._I,;. 0 n ru_ om~..r- at e._.JAg.!?. o~.;Lt ~'!.._~!=.§Ll..D.t. 81" R r- e j:: .. ~d_ 

j:.JJ ..... J.h .. :i-. s _j;JJJ~L~.~ 5_9..5 _ 5 t) 0 I'.:...~?_f.§!s; e .. _9.§.,R,9. s.i t, . ..2., ·f 0 r- mE~ d a ~:; a r- e sui t. 0 f 

a r-apid r-elative lower-ing of sea level (Ber-gman and Walker-, 

1986; and :i.n py"ess ). Th i"; i nter'pr-etat ion is based 

primar-ily on the conglomerate geometry, preser-ved facies 

sequences, morphology of the lower erosion surface , and the 

n;?(;}i onal str'ati gr·aphy a£;; ciE'scr-i bed by PI i nt (?t al. (1986). 
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The geometry of the deposits and their lower erosion surface 

has led to the environmental interpretation presented here. 

Consequently, the texture and fabric of the conglomerates 

will provide information on the variety of facies present in 

a gravelly shoreface, rather than defining the depositional 

environment of the conglomerates as was the original 

hypothesis of this thesis. 

The problems in this thesis are now no longer 

associated with the transport of coarse material out onto 

the shelf, and the 

Rather, the problems 

subsequent reworking into ridges. 

are concerned with the effects of 

rapid sea level variation and the nature of the deposits 

which are preserved as a result of varying sea level. 

1.3 SHELF PROCESSES 

The modern shallow marine environment « 200m) 

comprises about 5.3% of the earth's surface, and is one of 

the most complicated depositional environments. This is due 

to the number of processes interacting to transport and 

rework sediment, and the interaction of these processes with 

Coriolis force. The shallow marine environment may be . 

sub- divided into three major types based on the dominant 

process operating on the shelf: 

1) storm-dominated shelves which comprise 80% of the 

modern shelves 

Atlantic Shelf, 

(Swift et al., 1981), eg., North 

2) tide-dominated shelves which comprise 15% of the 
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modern shelves (McCave, 1971), eg., North Sea, and 

3) shelves dominated by intruding ocean currents which 

comprise 5% of the modern shelves (Flemming, 1980), 

eg., Southwest African Shelf. 

It is generally agreed that the Cardium was deposited 

on a storm dominated shelf (Swagor et al., 1976; Wright and 

Walker, 1981; Krause, 1983; Krause and Nelson, 1984; Duke, 

1985a; Walker, 1985c) . Only the dominant processes of 

sediment transport operating in this environment will be 

discussed in this thesis. In order to understand the 

distribution of facies preserved on this type of shelf, an 

understanding of the dominant processes operating on the 

shelf sediments is necessary. Most of the data for modern 

storm dominated shelves comes from the Atlantic Continental 

Shelf. A detailed discussion of storm circulation patterns 

is given by Swift and Niedoroda (1985). 

Tidal processes will not be discussed, but are reviewed 

by Swift and Niedoroda (1985). Good technical discussions 

of tidal current generation may be found in Fox (1983) and 

Howarth (1982). 

The following sections are very brief reviews designed 

only to direct the reader into the literature. 

A. GEOSTROPHIC FLOWS 

In its simplest form (Fig. 1.1) a geostrophic flow will 

develop as the result of an onshore wind piling water up on 

the shore causing a coastal set up~ and hence a seaward 



Figure 1.1. Coastal set-up (storm surge) creates a seaward 

pressure gradient. Bottom water flows seaward as a result, 

but is deflected to the right (northern hemisphere) by 

Coriolis force to evolve into a geostrophic flow parallel to 

the isobaths (from Walker, 1984a, after Swift and Niedoroda, 

1985). 
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pressure gradient. The rela:-;ation bottom current flows 

se.::\wal'··d dOv-Jn the pressure gradient, and is gy··aduall y 

deflected to the right (Northern Hemisphere) due to Coriolis 

force, evolving into a geostrophic flow moving parallel to 

the i sobaths. storm surge ebb flows, 

1967), are trivial when compared to the longshore discharge 

of a geostrophic flow of shelf width and depth, which may be 

prolonged ·fol'- !::;everal days and Niedoroda, 1985). 

~3wi ·f t: (pers. comm.) has suggested that 

discharge may be 2000 to 3000 times as great as the storm 

surge ebb di scharge for a two day storm. 

Geostrophic flows will disperse sediment sub-parallel 

to the ( i . e. along the 

palaeoslope). With each storm the sand will move 

incrementally across the shelf either as bedload or 

sl_lsp~2nded 1 Dad '; some combination of the two. !,,10st 

catastrophic storm flows have been documented from the Gulf 

of !VIe>: i co. 

stoY-m (SepL 

et 

. .,. t= 

....:I-.. ·W" 

al. (1977) monitored tropical 

1 C173) a drilling platform 

located 50 km offshore in about 

·f 1 O.\lS of 2 m sec •.... ,. were recorded, and seaward directed 

flows were between 50 to 75 cm sec.- 1 • 

and current velocities of Hurricane Camille 

(Aug. 16 - 18, 1969), 360 m offshore of the Florida coast in 

6.::::; m o·f lo\Iater .. 



11 

these storm events, suggests effective sand transport, and 

the creation of ripples, sinuous crested dunes and possibly 

upper plane bed (according to the stability fields given in 

Harms et al. 1982) during peak flow. These bedforms are 

subject to reworking by waning flows as t h e storm intensity 

decreases. The net result would be an increment of sand 

transport, but no preservation -of sedimentary structures 

other than ripple cross lamination (Walker, 1984a). 

B. STORM WAVES 

Wind blowing across the water surface generates storm 

waves which entrain deeper and deeper water layers until 

flow at the bed may be capable of moving sediment as 

bedload, in suspension, or both. 

A detailed discussion of wave properties and 

wave-formed structures was presented by Duke (1985a), and 

interested readers are referred to this reference. A brief 

discussion will be presented here outlining the basic ideas 

necessary in understanding facies distribution on the 

shelf. The wave orbital component of a storm flow is 

critical in sediment entrainment and transport (Fig. 1.2). 

Wave orbital diameter decreases exponentially with depth, 

until at a depth equal to 1/4 of the surface wavelength 

(Komar, 1976; Vincent et al., 1982), wave induced motion is. 

negligible. In water sufficiently shallow for wave motion 

to impinge on the bottom, the orbits become flatter as the 

bottom is approached, and just above the bottom, exist as 



Figure 1.2. Diagrammatic relationship between fluid motion 

characteristics under progressive surface waves and the 

interaction with the bed (after Komar, 1976; Vincent et al., 

1982). 
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a simple back and forth motion. The thin (on the order of 

several cm), transient boundary layer associated with the 

wave orbital current is more effective in entraining 

sediment compared with the mature, thick (on the order of 

1m) boundary layer associated with the mean flow (Komar, 

1976; Vincent et al., 1982). The vertical velocity 

gradient and hence the vertical shear stress gradient, is 

gentle in such a thick boundary layer. 

During a storm the wave orbital current velocity 

gradient, confined to a boundary layer several centimeters 

thick, is ver.y steep, hence the shear stresses associated 

with wave orbital currents are greater than those induced by 

the mean flow component. When a wave orbital current 

component and a mean flow component coexist near the bottom, 

they interact in a nonlinear fashion because of the nature 

of the turbulence generated by the combined flow. The 

resulting boundary shear stresses are greater than the sum 

of the stresses that would be developed by either the wave 

orbital component or the mean flow component (Grant and 

Madsen, 1979). The mean flow boundary layer experiences the 

thinner wave boundary layer as an additional degree of 

turbulence- generating bottom roughness. These highly 

turbulent bottom flows may be able to support a higher ratio 

of suspended load to bedload, and consequently sediment 

transport by combined wave orbital and storm wind driven 

flow components is therefore a highly efficient process. 
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The sedimentary structures produced from these storm 

waves have not been adequately documented from the modern 

environment, and only a limited amount of experimental work 

(Southard 1984) has been done. Duke (1985b) compiled a list 

of all known occurrences of hummocky cross stratification. 

from a variety of environments. Hummocky cross 

stratification has been recognized and described in more 

than 100 stratigraphic units. 

Harms (in Harms et al. 1975, p. 87-88) first proposed 

the term hummocky cross stratification and suggested that it 

was formed by" ... strong surges of varying direction that 

are generated by relatively 

interpretation is supported 

large storm waves.. . This 

in the geologic record by the 

facies found associated with hummocky 

sandstones. The bioturbated mudstones 

cross stratified 

found interbedded 

with the sharp based hummocky cross stratified beds suggest 

deposition in "quiet" environment. The sharp bases of the 

hummocky beds suggest rapid emplacement of the beds into 

this quiet environment. The absence of medium scale angle 

of repose cross bedding further suggests that deposition was 

below fairweather wave base. It is broadly agreed that 

hummocky cross stratification is formed by storm waves 

acting below fairweather wave base (Walker, 1984a , 1985a). 

Much controversy still exists however, as to the mechanism 

of emplacement of 

environment (i.e., 

the sand into an originally quiet 

geostrophic flow versus turbidity 
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Detailed descriptions of the geometry of hummocky 

cross stratification (Fig. 1.3) have been given by Hunter 

and Clifton (191:'32) 'J Dott and Bourgeois ( 1. 982) ~ Wal kel~ 

( 1982) , and Walker et al., ( 198::::;) • Gr-eenvJOod ( 19B4) 

described a similar fea ture from modern lake sediments. 

C. TURBIDITY CURRENTS 

Turbi di ty cur-I~ents have never-- been obsel~ved on a mQ_9.§,L_.!l 

but the geologic record seems to suggest that 

turbidity currents were operating on the shelf. Swift et 

.:-:\1. (1971) suggested that density currents operate on the 

shelf. The turbidity current is a special case of the 

density current, where the density difference between the 

flow and the surrounding seawater is due to suspended 

sediment. A number of mech anisms might be capable of 

generating turbidity currents in the shelf environment: 

1) major rivers supplying large amounts of sediment 

(Heezen et ala 1964; Shepard and Emery, 

Congo Ri ver-) . 

1973; for the 

2) slumping on delta slopes (Moore, 1961; Heezen 1956, 

i n Ko1la et a1.,1984; Lindsay et al., 1984; 

a I ., 1 9g.q-) • 

Df:ng I er et 

3 ) earthquakes (as in the Grand Banks~ Newfoundland, 

1929 earthquake; Uchupi and Austin, 1979). 

There are examples (Fernie-Kootenay Transition , Banff 

Tr-a-f fic Cil'-cle, Hamblin and Walker, 1979) in the geologic 

record where deposition appears to be by turbidity currents 



Figure 1.3. A) Diagrammatic representation of the i dealized 

hummocky cross stratified sequence proposed by Dott and 

Bourgeois (1982). B) Idealized hummocky cross 

stratification sequence proposed by Walker et al. (1983) . 

In this model it is suggested that the bedform can in places 

grow upward from a flat bed. This sequence contrasts with 

. the sequence proposed by Dott and Bourgeois (1982) model, 

where the hummocky and swaley laminae are shown to drape a 

previously scoured bed. 
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(preservation of Bouma BC sequences and the absence of wave 

formed features of any scale). These turbidites are 

directly overlain by interbedded muds and hummocky cross 

stratified and wave rippled sands. The orientation of tool 

marks on the bases of the hummocky cross stratified beds are 

consistent with the underlying turbidites, suggest ing that 

the hummocky cross stratified beds were emplaced down the 

same palaeoslope by turbidity currents, but deposition 

occurred above storm wave base. These beds~ deposited above 

storm wave base, are subject to reworking by storm waves to 

form hummocky cross stratification and wave ripples. This 

association of turbidites grading up into hummocky cross 

s tratified and wave rippled sand beds with consistent 

palaeoflow directions between both units, as seen at the 

Banf f Traffic Circle, suggests storm generation of turbidity 

currents. Hamblin and Walker (1979) initially proposed that 

the storm would suspend enough sediment at the shoreline to 

generate a turbidity current. Swift (pers. comm.) rejected 

this mechanism of generating turbidity currents, because he 

felt that storms could not suspend sufficient volumes of 

sediment at the shoreline~ to meet the autosuspension 

criteria (Pantin, 1979). Both Pantin (1979; 1983) and 

Parker (1982) in separate studies suggested that the 

autosuspension criteria was unlikely to be achieved in the 

shelf en vironment. 

Sterling and Strohbeck (1975) conc luded that cyclic 
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wave loading during major hurricanes, occurring about once 

in a hundred years, could cause sufficient bottom pressures 

to create instability, and subsequent failure of the 

substrate. Walker (1984a) extended this idea as a method of 

storm generation of turbidity currents on the shelf 

(Fig. 1. 4) . Cyclic wave loading of rapidly deposited fine 

sediment may cause liquefaction of the substrate. The 

downslope flow and combination of flow acceleration and 

expulsion of pore fluids could keep fine and very fine 

sediments in suspension and generate a turbidity current. 

Studies on modern shelves however, have revealed no 

evidence for the existence high velocity spasmodic turbidity 

currents. Hayes (1967) originally interpreted an inner 

shelf sand deposit on the east Texas shelf in the aftermath 

of hurricane Carla as a turbidite. More recent analysis by 

Morton (1981) suggests that the Carla bed was deposited by 

longshore geostrophic flows. 

As discussed in section 1.2, neither of these processes 

(geostrophic flows or turbidity currents) accounted for the 

accumulation of gravels in the Carrot Creek study area. 

Analysis of the conglomerate body geometry and the 

morphology of the erosion surface led to interpretation of 

these conglomerate bodies as shoreface deposits . 

. 1.4 SHOREFACE MORPHOLOGY 

The previous section has discussed fluid and sediment 

dynamics on storm dominated shelves. This section will 



Figure 1.4. Storm winds create coastal · set up, and cyclic 

wave loading of the substrate by storm waves may liquefy the 

substrate. The liquefied sediment may flow and accelerate 

basinward, transforming into a turbidity current with all of 

the sediment in suspension. Deposition from this flow below 

storm wave base would result in turbidites with Bouma 

sequences. Above storm wave base waves feeling the bottom 

would rework the turbidity current neposits into hummocky 

cross stratification (after Walker, 1984a, 1985a). 
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consider the morphology of storm dominated shorefaces. Flow 

in this inner shelf area is complex and highly structured. 

Barrell (1912) defined the shoreface as the relatively 

steeply dipping, innermost portion of the continental 

shelf. The break in slope where the shoreface merges with 

the inner shelf floor may take place in depths of 15 to 20 m 

(see review by Walker, 1985a, on the depth of the base of 

the shoreface) the depth being greater with increased rigour 

of the wave and current climate. On unconsolidated coasts 

exposed to marine processes, shorefaces are surfaces curved 

about an axis parallel to the shoreline, and exhibit little 

change in the alongshore direction (Fig. 1.5). On rocky 

coasts however, the time required for the profile to be 

incised into the substrate is long relative to the rate of 

sea-level change, hence rocky shorefaces are poorly 

developed. Local sand accumulations on rocky coasts develop 

well defined shorefaces, but these shoreface fragments are 

irregularly distributed in plan view (Swift and Niedoroda, 

1985). 

In general the slope of the shoreface increases with; 

a) increasing grain size (Langford-Smith and Thorn, 

1969; Wright and Coleman, 1972), 

b) decreasing sediment input (Wright and Coleman, 

1972), and 

c) decreasing fluid power (Wright and Coleman, 1972). 

The shoreface may be sub-divided into two major regimes, the 



Figure 1.5. The geomorphology of a straight two-dimensional 

shoreface formed on unconsolidated coasts exposed to marine 

processes (Swift and Niedoroda, 1985, after Barrell , 1912). 



21 



lower shoreface and 

shoreface is dominated 

Marine currents tend 

shoreface where they 

22 

the 

by 

upper shoreface. The upper 

shoaling and breaking waves. 

to be less intense over the upper 

are inhibited by greater bottom 

friction. The reverse is true of the lower shoreface. The 

boundary between these two zones is transitional and is a 

function of the wave intensity and the current climate. In 

terms of effect on the bottom, depths of 10 to 15 m seem to 

mark a valid generalized division between the upper and 

lower shoreface (Swift and Niedoroda, 1985). The problem is 

to relate the upper and lower shoreface regimes to each . 

other and to the larger scale coastal flow system. 

Some authors (eg., Clifton et al., 1971; Hunter et 

al., 1979; Dupre et al., 1980) have chosen to use dynamic 

zone terminology rather 

describing modern coastal 

Although their usage has 

than geomorphic 

processes and 

advantages in 

terminology in 

their deposits. 

that the term 

shoreface may suggest a narrow topographically restricted 

zone, shoreface type deposits in the geologic record will 

typically represent a mixture of several dynamic zones and 

processes and hence dynamic names may be misleading. Figure 

1.6 modified from Bourgeois and Leithold (1984) and Walker 

(1984a) shows diagrammatically the correlation of the 

dynamic and 

environment. 

geomorphic terminology for the nearshore 



, 
\ 

Figure 1.6. Cartoon 

used by researchers 

relating the geomorphic terminology 

in a.ncient sediments to the dynamic 

terminology of the shoreface used by researchers working in 

the modern environment (.after Bourgeois and Lei thold. 1984; 

Walker, 1984a). 
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1 . 5 LINEAR OFFSHORE RIDGES 

Many Cretaceous formations in the Western Interior 

Seaway, such as the Shannon, Frontier, Ferron, Gallup, 

Viking, and Cardium, are characterized by a series of linea,r 

sandstone and conglomerate bodies. These sandstone and 

conglomerate bodies have commonly been regarded as long, 

narrow, en echelon ridges, trending parallel to sub-parallel 

to the regional strandline.They were apparently deposited 

in an open marine setting, many tens of kilometres from the 

nearest contemporaneous shoreline. In general these -ridges 

are overlain and underlain by marine shales, and may pass 

laterally into marine siltstone,s and muddy sandstones. 

Internally, the ridges have been described as containing 

coarsening upward sequences, suggesting that the sandstones 

and/or conglomerates at the tops of the ridges are 

gradationally rooted in marine shales. . Tillman (19B5, 

p. 35). suggested that " . .. if a coars-ening upward sequ-enc'e 

can be identified as being on the outer shelf on the basis 

of palaeontology and regional geology, it will almost always 

be a sand ridge" 

The morphology of 

tabulated by Walker 

the long, narrow 

(1984a, p. 164) 

ridges 

and Slatt 

has been 

(1984, 

p. 1109). One of ' the best examples of presumed deposition 

in an offshore setting, some "70 to 100 mile·s [112 to 160km] 

east of the contemporaneous shoreline" (Tillman and 

Martinsen, 1984, p. 122) is the Lower Campanian Shannon . 



25 

Sandstone of Montana and Wyoming (Shurr, 1984; Tillman and 

Martinsen, 1984; Tye et al., 1986). 

Tillman and Martinsen (1984) developed. a summary block 

diagram for the Upper Cretaceous Shannon Sandstone, Wyoming, 

which implies geostrophic transport of sand. The summary 

(Fig. 1.7) consists of five main facies: 

A) Shelf facies -- bioturbated siltstones 

B) Interbar facies interbedded sharp based, wave 

rippled sands and .muds 

C) High Energy Bar Margin facies -- glauconitic, 

coarse grained, medium, scale trough cross bedded 

sands, with no mud, very few ripples and siderite 

clasts 

D) Low Energy Bar Margin facies -- fine grained 

interbedded trough cross bedded sand with wave ripples 

and muds 

E) Bar Crest facies 

bedded sands with no mud. 

fine grained trough cross 

These facies are complexly intertongued due to lateral 

shifting of the bar crest. Many shelf sandstones show a . 

coarsening upward 

grained than their 

sequence and " ... generally are coarser 

time equivalent shoreline deposits" 

(Tillman, 1985, p. 5). The Shannon sandstone has a very 

sharp upper contact with the overlying marine shales. This 

lateral shifting of facies results in sequences which are 

difficult to explain, especially when the Low energy Bar 



Figure 1.7. A) Relatively closely spaced sections on the 

southwest part of the Salt Creek Anticline , Shannon 

outcrop. Lateral changes from Central Bar Facies to lower 

energy facies and doubling of thickness of the upper Shannon 

sandstone between sections are shown. B) Model of facies 

deistribution of mid-shelf Shannon Sandstone shelf-ridge 

complex. The diagram has extreme vertical exaggeration, but 

the abrupt lateral changes indicated are substantiated by 

outcrop (after Tillman and Martinsen, 1984). 
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Margin facies rests directly on the High Energy Bar Margin 

facies (Tye et al., 1986; fig. 7), with no preservation of 

the thick (up to 10 m) Central Bar facies. This transition 

from high energy bar margin to low energy bar margin 

occurs in less than a metre. 

The 

however, 

primary objections to the 

are more fundamental than 

sand ridge model, 

lateral shifting of 

facies. The first problem concerns the mechanism by which. 

coarse material is transported from the shoreline to 

depositional sites many tens of kilometres offshore. 

Spearing (1976, p. 76) envisaged transport of the Shannon 

sandstone 100 km offshore by a " ... storm system, 

superimposed on oceanic or tidal currents." Seeling (1978) 

gave an equally illuminating interpretation of the Shannon 

sandstone. He suggested an " ... ancient hydraulic 

environment ... analogous in some important respects to those 

present day environments with prominent currents off the 

east coast of the United States and in the southern part of 

the North Sea". Similar interpretations were presented for 

the Sussex (Berg, 1975; Brenner, 1978). The study by Hobson 

et al. (1982) is one of the few to propose a transgressive 

origin for the sandbodies. From the interpretations 

presented by these authors, it is apparent that there is no 

clear consensus of how the sand was transported across the 

shelf. These interpretations do not even attempt to 

address the second problem of focussing the sediment into 
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long, narrow, coarsening upward ridges. 

In later studies of linear shelf ridges, storm. 

generated geostrophic flows have generally been invoked as 

the process by which sediment is transported offshore (Winn 

et al., 1983, Frontier Formation; Berven, 1966 , Cardium 

Formation at Crossfield; Swagor et al., 1976, Cardium 

Formation at Carrot Creek). There is also some suggestion 

that turbidity current transport of sediment offshore 

occurred; particularly in the geologic record (Hamblin and 

Walker, 1979; Walker, 1983 a, b, 1985 a, b). 

The second problem concerns the molding of this 

sediment on the shelf into long, narrow, en echelon, 

coarsening upward ridges. To date, no clear suggestion as 

to how this molding took place has been given. It is not 

clear from the interpretations presented by the various 

authors cited above why these ridges should preserve 

coarsening upward sequences, with coarse material (sand 

and/or gravel) preferentially transported to the tops of 

these ridges. The third problem concerns the observation 

that these shelf ridges are generally coarser than their 

apparent time equivalent shoreline deposits. 

Several ridges, at first sight similar to those 

discussed above, have been documented in the Cardium 

Formation. Their depositional environment has been regarded 

as "offshore", with storm-influenced deposition below 

fair weather wave base, but above storm wave base (Berven, 
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1966; Swagor et al., 1976; Almon, 1979; Walker, 1983a; 

Krause and Nelson, 1984; Keith, 1985). In the Cardium the 

conglomeratic nature of the ridges makes the problems of 

linear ridge development even more acute. The Carrot Creek 

Member (Plint et al., 1986) contains elongate en echelon 

conglomerate bodies up to 20 m thick with no connection to 

any known shoreline (Plint et al., 1986) . Swagor et 

al. (1976) suggested storm transport of thse conglomerates 

across the shelf, with deposition as "terrace bars" (after 

Campbell, 1971) in the lee of pre-existing topographic 

features. 

At Carrot Creek the 

sequences, the morphology 

their associated erosion 

sediment transport and 

nature of the coarsening upward 

of the conglomerate bodies and 

surfaces, and the problems of 

focussing, have forced a 

re-evaluation of the hypothesis 

kilometres from the shoreline. 

of deposition tens of 

In this thesis , I will 

demonstrate that the conglomerates are not genetically part 

to the coarsening upward sequence, but overlie an erosion 

surface with about 20 m of relief. The erosion surface 

appears to represent an incised shoreface (Bergman and 

Walker, 1986; in press), and the gravels may have been 

transported to this shoreface by longshore drift. during a 

low stand of sea level. The problems now appear to concern 

sea level fluctuations, rather than sediment transport and 

focussing in open marine settings. 
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1.4 SEA LEVEL CHANGES AND SEDIMENTATION 

The idea that sea level fluctuation can affect 

sedimentation is not new to sedimentology. Lyell (1832) 

first proposed tectonic control of sea level. Suess (1906) 

suggested that sea level fluctuations were eustatic. The 

relative roles played by eustatic movements of sea level and 

tectonic movements, in determing ancient transgressions and 

regressions within orogenic and cratonic basins, remain to 

be determined. 

Modern stratigraphic thinking has been influenced by 

the ideas of Vail et al. (1977 a, b) on global eustatic 

controls of unconformity bounded sequences (refer to Vail et 

al., 1977 a, b; Hancock and Kauffman, 1979; for historical 

discussion and modern concepts of sea level variation). 

There are at least four, possibly five, scales of sequence 

development in the stratigraphic record related to sea level 

fluctuations in the Phanerozoic. Vail et al . (1977b) 

defined the four cycles, in terms of their regional and 

inter~regional extent and the length their of duration 

(Fig. 1.8; Table 1.1). The first order cycles include two 

extended periods of maximum marine transgression, and 

a period of maximum marine regression. The second order 

cycles (supercycles) correspond roughly to the cratonic 

sequences defined by Sloss (1963), and range in length from 

10 Ma - 100 Ma. Third order cycles vary in length from less 

than 1 Ma to about 10 Ma. Fourth order cycles correspond to 



Figure 1.8. Chart showing the first and second order cycles 

during the Phanerozoic (Vail et al., 1977b) 
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Table 1.1. Stratigraphic cycles and their causes (after 

Vail et al., 1977b). 
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Other term s 

supercyc les (Vai l 
ct a i , 1977b) 

seq uen cc (S loss , 1963) 
synthem (Ramsbottom . 

1979) 
mcso lhcl11 (Ramsbollol11. 

1979) 

cyclol hem (W an lcss 
and W ell er , 1932) 

Duration 
Ma Pro bable cause 

200- 400 major c ustatic cyc les 
caused by fo rm ation 
a nd breakup of s uper­
continents 

10- 100 eus lal ic cyc lcs 
induccd by vo lume 
c ha ngcs in globa l 
mid-occanic s prcad­
ing ridge sys tcm 

1- 10 poss ibl y produced by 
ridgc changes a nd/ or 
cOIllinenlal icc 
growth a nd dccay 

0.2 - 0.5 I'apid eustati c nuc-
tuat io ns induced by 
growth and dccay 01' 
continental icc 
shec ts, growth a nd 
a bandonment of de lla s 
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the relatively very rapid changes of sea level. These 

cycles range in length from 104 to 106 years. A discussion 

of examples of third and fourth order cycles is given by 

Miall (1984). 

The broad conclusions of Vail and his coworkers have 

been widely accepted. There is a large body of evidence for 

continuous sea level changes throughout the Phanerozoic (see 

discussions Hallam, 1984; Miall 1984). The Phanerozoic 

cycles appear to be global in extent (Soares et al., 1978), 

and these cycles have been interpreted, for the Late 

Cretaceous and Cenozoic, as a response to volume changes of 

oceanic spreading centers (Hallam, 1963). Volume changes in 

oceanic spreading ridges are caused by variations in the sea 

floor spreading rate and probably account for second and 

possibly third order cycles. Changes in the volume of land 

ice can account for fourth order cycles and possibly third 

order cycles. The probable causes for global changes in sea 

level are presented in Table 1.1 (Vail et al., 1977b). 

Changes in sea level are due to a change in the total volume 

of sea water, or a change in the the total volume of the 

oceans basins, or some combination of the two. A discussion 

of controls on sea level fluctuations is given by Kauffman 

(1985). The major problems associated with eustacy are in 

determining a mechanism for the short term changes in 

sea level, when growth and decay of ice sheets ( eg., the 

Mesozoic) cannot account for the shifts in sea level (Miall, 
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1986). 

Jeletzky (1978) summarized the detailed 

biostratigraphic documentation for sea level changes in 5 

Cretaceous basins in Canada, and compared these changes to 

the Cretaceous sea level curves of Hancock and Kauffman 

(Fig. 1.9). He argued that the lack of interbasin 

correlation between periods of rising and falling events and 

the sea level curves does not support the eustatic control 

hypothesis. The lack of correlation ·in these diagrams is 

convincing, but certain events do seem to occur 

simultaneously in several basins (eg. , early Turonian 

transgression, late Santonian transgression, mid-Campanian 

regression, late Maastr-ichtian regression). As noted by 

Miall (1984), Jeletzky (1978) selected all of his basins 

from marginal to mobile belts where tectonic overprinting 

would be expected to mask the passive type of sea level 

change. 

The fundamental control on the accumulation and 

preservation of cratonic sediment is base level, the 

equilibrium surface separating erosional and depositional . 

regimes. In general base level approximates sea level 

(Sloss, 1984). Depositional base level is commonly defined 

by wave base. Sediments must be carried below base level by 

a rise in sea level or by subsidence of the depositional 

site. 

Vail, Mitchum and Thompson (1977b) illustrate typical 



Figure 1.9. Correlation of sea level changes in 5 

Cretaceous Basins in Canada, compared to the sea level 

curves of Hancock and Kauffman replotted to correspond to 

the equal stage time subdivisions. The lack of correlation 

between the basins and the sea level curve suggests that sea 

level control was tectonic rather than eustatic. Careful 

examination of the curves reveals some i nterbasin 

correspondance in the timing of some of the events (eg., 

early Turonian transgression, late Santonian transgression, 

mid- Campanian regression, late Maastrichtian regression). 

All 5 basins occur in marginal to mobile ·areas where 

tectonic overprinting of passive sea level change would be 

expected . . (after Jeletzky, 1978). 
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highstand and lowstand conditions and associated 

unconformities (Fig. 1.10). The highstand diagram 

represents a depositional system that might be observed in 

many coastal areas today or at times of highstand in the 

past. The four main components are: 

1) coastal plain 

2) shelf 

3) slope 

4) rise (deep water basin) 

The unconformity related to coastal onlap during the rise in 

sea level is shown. If sea level drops to the edge of the 

continental shelf (lowstand), sediment bypasses the shelf 

and is deposited in deep water. The entire shelf is exposed 

to sub-aerial erosion with streams incising into the shelf 

sediments due to the lowered base level. The depocentre 

shifts from deltaic in the highstand to marine subsea fans 

in the lowstand. Unconformities are present within the 

marine strata and the coastal plain deposits. The most 

easily recognized breaks commonly occur within shelf 

sequences. 

Sea level curves for the Cretaceous have been published 

by Hancock (1975), Kauffman (1977), Hancock and Kauffman 

(1979), and Weimer (1984). The ages of the stage boundaries 

are based on work done by Obradovich and Cobban (1975) for 

the Western Interior Cretaceous and modified by Lanphere and 

Jones (1978) and Fouch (1983). The positions of some 



Figure 1.10. Depositional pattern expected to be preserved 

during A) highstand and B) lowstand. A) This type of 

depositional system might be observed in modern coastal 

settings. The four main components are: coastal plain, 

shelf, slope, and rise (deep water basin). The unconformity 

shown is related to coastal onlap during the rise in sea 

level. 

B) During lowstand of sea level, sediment bypasses the shelf 

and is deposited in deep water. The entire shelf is exposed 

to sub-aerial erosion. The depocentre shifts from deltaic 

during highstand to marine subsea fans during lowstands. 

Unconformities are present in both the marine and coastal 

plain deposits (after Vail et al., 1977b) . 
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of the stage boundaries relative to the radiometric time 

scale are not in agreement with those published by others 

workers (Van Hinte, 1976; Kauffman, 1977). 

Changes in sea level have a direct influence on base 

level of erosion and deposition. The influence varies among 

the major environments, but the most noticable effects are 

in the non-marine and the shallow marine environment. 

McGookey (1972) found in the Western Interior that in 

general the amount of erosion of underlying strata 

associated with each break is less than 100 m. Kauffman 

(1984) noted that the smaller scale fluctuations, 

particularly those recorded for the Cretaceous Western 

Interior Seaway, profoundly affected the shape and size 

of epicontinental seas, because of their broad, shallow, 

relatively flat submarine topography, small changes in sea 

level, will produce widespread strandplain migrations, which 

stongly affect sedimentation patterns throughout the basin. 

1.7 SCIENTIFIC CONTRIBUTION OF THIS THESIS: PREVIEW OF 

RESULTS 

There are three major scientific contributions in this 

thesis. 

FIRST, a major erosion surface is documented. It is 

believed to have formed as a result of a rapid relative 

lowering of sea level. The details of the morphology of 

this surface were established from approximately 1000 well 

logs and 400 cores. A surface of this detail could not have 
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been documented in outcrop because there is no independent 

datum on which to hang the 

point control is limited. 

only other published map of 

McCubbin (1969). 

measured sections, and the data 

To the best of my knowledge the 

an erosion surface is that of 

The erosion surface at Carrot Creek can be divided into 

four well developed, areally distinct topographic features. 

The TERRACE is a broad undulating area preserved in the 

southwest corner of the study area. The BEVEL is a narrow 

belt located along the edge of the terrace and marks the 

final preserved position of the shoreface in the study 

area. The BUMPS and HOLLOWS are located basinwards of the 

bevel and represent erosional remnants marking earlier 

positions of the shoreface. The BASIN PLAIN is a broad 

relatively flat area basinwards of the 

When the pre-erosion sediments are 

bumps and hollows. 

restored to their 

original basinward sedimentary dip, the erosion surface 

appears to consist 

profiles, which are 

topography. 

of a series 

represented by 

of stepped shoreface 

the bump and hollow 

Many authors have suggested the existence of a series 

of stepped profiles from work on the Holocene transgression 

(eg., Swift et al., 1973), although they have never been 

able to document them. Other similar erosion surfaces from 

the ancient rock have been described by Weimer and Flexer 

(1985), Rosenthal and Walker (in press), Plint and Walker 
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(in press). 

SECOND, the conglomerates are interpreted in this thesis as 

shoreface deposits. 

is directly related 

The distribution of the conglomerates 

to the morphology of the underlying 

erosion surface. The conglomerates bodies are preserved as 

long narrow deposits completely encased in marine shales, 

and at first sight appear to have been deposited many tens 

of kilometers from a time-equivalent shoreline. They differ 

from other previously described offshore shelf ridges in two 

significant aspects, firstly they do not coarsen upward from 

the underlying shelf deposits. Rather, they are separated 

from these deposits by an erosional unconformity. Secondly 

they are overlain by transgressive mudstones associated with 

a relative sea level rise. 

Our understanding of coarse shoreface deposits is 

limited only 

conglomerates 

to a few 

preserved 

examples. 

at Carrot 

The 

Creek 

sequence of 

shares both 

similarities and marked differences with other previously 

described sections (eg., Sandstone of Floras Lake, Leithold 

and Bourgeois, 1984). The shoreface, particularly the high 

energy shoreface, is extremely difficult to study in the 

modern environment, hence well documented examples in the 

ancient rock record serve to increase our understanding of 

the dominant processes operating in the shoreface, and the 

range of variability present. 

THIRD, one of the questions proposed when this study began 
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concerned the transport of coarse material across the 

shelf. This study strongly suggests that perhaps we have 

been asking the wrong questions. The hypothesis that 

coarsening upward long, linear, en echelon ridges may have 

formed many tens of kilometres from the nearest 

contemporaneous shoreline needs to be re-evaluated, 

particularly in sequences where the correlative shelf 

deposits are coarser than the supposed time equivalent 

shoreline deposits. The 

suggest that all of 

results 

these 

of this 

deposits 

thesis strongly 

be re-examined 

considering the effects of rapid relative sea level change 

and how these changes in sea level would effect the position 

of the shoreface. 

1.6 ECONOMIC JUSTIFICATION 

Oil was discovered in the Cardium Formation in 1953. 

In the search for other Cardium reservoirs interest in the 

Cardium depositional history increased rapidly. Since then, 

there has been much controversy about the depositional 

environment of the Cardium. In order to locate more 

efficiently any future reservoirs, it is necessary to 

document the controls on gravel depositional localities. 

The conglomerates in the Carrot Creek study are recognizable 

on high resolution seismic if thicker than about 5 m, due to 

the high velocity differential between the conglomerates and 

the encasing shales. The anomaly formed by the presence of 

a conglomerate cannot be distinguished from sandstones on 
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seismic profiles. If, however,the structure map of the 

erosion surface is used in conjunction with seismic it 

should be possible to separate these two types of deposits 

more accurately. For example, if a good seismic anomaly is 

developed in an area where the . erosion surface shows the 

development of a topographic high, then the rocks are most 

likely sandstones below the unconformity. This distinction 

is important in this area, because the sandstones are 

tight. The documentation of the nature, morphology, and 

extent of an erosion surface, particularly where i t is the 

major control on sedimentation, is therefore, a powerful 

exploration tool. 



CHAPTER 2 -- REGIONAL SETTING 

2.1 STRATIGRAPHY 

The Upper Cretaceous (Turonian) Cardium Formation crops 

out along the fold and thrust belt of the Western Canadian 

Rockies, and continues eastward, in the subsurface, into the 

Central Plains of Alberta (Fig. 2.1). It is composed of 

mudstones, sandstones, and conglomerates. The Cardium 

Formation (Fig. 2.2) is encased in 750 m of marine shales of 

the Alberta Group (equivalent to the Colorado Group in the 

U.S . ); about 250 m of Blackstone Formation shales below and 

about 500 m of Wapiabi Formation shales above (Stott, 

1963). The Cardium is an approximate time equivalent of the 

Frontier, Ferron, and Gallup sandstones located in the south 

central portion of the Western Interior Seaway. 

A brief discussion of Cardium stratigraphy is presented 

below. More detailed discussions may be found in the 

references cited in the text. 

A. CORRELATION OF OUTCROP AND SUBSURFACE 

In independent studies Plint et al. (1986) and Duke 

(1985a) established a stratigraphy for the subsurface and 

outcrop respectively based on the recognition and 

correlation of sharply bounded coaresening upward 

sequences. Correlation of the outcrop to the subsurface 

(Fig. 2.3) was recently attempted by W.L. Duke, A.G . Plint, 

and R.G. Walker (pers. comm.) based on the recognition and 

43 



Figure 2.1. Map of South 

location of subsurface Cardium. 

Central Alberta showing the 

Open dots indicate nearby 

outcrop exposure at Seebe and Clearwater River . Black dots 

give palinspastic reconstruction of these outcrop sections 

(Walker, 1986). 



I 

I 

I 

\ .\.. 
'I 

\ 

Alberta 

LIMIT OF 
PROGRADATION, 

KAKWA MEMBER 

KAKWA 
• 

PINE CREEK , 
McLEOD 

.j. 

EDSON" \ NITON 

z 
« 
o 
0::: 
W 
~ 

I 
r 
L[) 

Edmonton 

75 

, ." CARROT CREEK 

~ '. 

)~ 

B.C. 

'7 

\ 

< ALBERTA 
? t" \.. . 
~. """ 

r 
\ 

\ 
"\ 

\ 

I NW ...... WiH 

o KM 50 100 
Calgary 

15TH 

25 



Figure 2.2. Stratigraphy of the Alberta Group (Colorado 

Group) in the Alberta Foothills. Absolute ages (Palmer , 

1983) are given at left (after Walker, 1985c). 
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sharply bounded coarsening upward 

discussion of this correlation is 

1986). The bounding surfaces were 

and covered by conglomerate that 

to 20 m in thickness. The proposed 

stratigraphic nomenclature for outcrop and subsurface is 

outlined in Fig. 2.3. The corresponding terminology of 

Wright and Walker (1981) and Stott (1963) to the proposed 

stratigraphy by Duke (1985a) is shown for the outcrop. The 

corresponding terminology of industry to the proposed 

stratigraphy by Plint et al. (1986) is shown for the 

subsurface. 

In general (Fig. 2.3), Duke's non-marine Cutpick Member 

is equivalent to Stott's non-marine Moosehound Member. 

This non-marine tongue is correlative with, but not 

laterally continuous with the non-marine tongue in the 

subsurface (Musreau Member). The Seebe Member of Duke (Ram 

Member of Stott) is equivalent to but not l aterally 

continuous with the Kakwa Member in the subsurface. In both 

the outcrop and subsurface stratigraphies the sequence­

bounding conglomerates have been given member names and the 

proposed correlation is shown in Fig. 2.3. 

The top of the Cardium in the proposed correlation 

(Fig. 2.3) is taken as the top of the last sequence-bounding 

conglomerate (Mackenzie Creek Member in outcrop and Amundson 

Member in the subsurface). This ·differs from the definition 



Figure 2.3. Proposed outcrop nomenclature (Duke, 1985a) and 

subsurface nomenclature (Plint et al., 1986), with suggested 

correlations. The stratigraphy is based on the recognition 

and correlation of sharply bounded coarsening upward 

sequences. Previous stratigraphic nomenclature is shown in 

relative position to the proposed stratigraphy. In general 

the non-marine Cutpick Member in outcrop is correlative with 

the non-marine Musreau Member in the subsurface, and the 

Seebe Member in outcrop is correlative with the Kakwa Member 

in the subsurface. The suggested correlation of the 

sequence bounding conglomerates is also shown. 

Walker, 1986). 

(after 
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of the top of the Cardium as defined by Stott ( 1956) who 

placed the top of the Cardium at the base of the uppermost 

pebble beds. In outcrop the base of the Cardium was drawn 

at the base of the thick sands of the Seebe Member (Duke, 

1985a). Harding (1955) and Stott (1963) defined the base of 

the Cardium in the same way. The base of the Cardium in the 

subsurface as defined by Plint et al. (1986) correlates with 

the contact between the Haven and Opabin Members of the 

Blackstone Formation in outcrop (Fig. 2.3). The correlation 

of outcrop and subsurface presented by Walker ( 1986) is 

similar to that first proposed by Michaelis (1957). 

Michaelis (1957; Fig. 2.4 of this thesis) recognized and 

correlated 5 coarsening upward sequence s in the subsurface 

and outcrop. In this correlation the lower bounding 

surfaces of the seqences were overlain by conglomerates, as 

subsequently recognized by Duke (1985a) for the Cardium in 

outcrop. Michaelis (1957) correctly suggested that the main 

sand at Pembina (Raven River Member; "A" sand of industry) 

was correlative with the third coarsening upward sequence in 

outcrop (Sundre Member; Kiska- Cardinal Members of Stott). 

Both Stott (1963) and Swagor et al. (1976) tentatively 

correlatedthe Low Water Member ("Cardium Zone") with the 

MacKenzie Creek Member (Sturrock Member; Stott, 1963). This 

correlation is now believed to be incorrect (Walker, 1986). 



Figure 2.4. Original correlation of outcrop to subsurface 

proposed by Michaelis (1957). Note that the conglomerates 

are shown as separate from the underlying coarsening upward 

sequences. The position of the E5 surface (Plint et al., 

1986) in the subsurface is shown on the right hand side of 

the diagram (after Michaelis, 1957). 
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B. SRATIGRAPHY OF THE CARDIUM FORMATION IN OUTCROP 

In outcrop the Cardium Formation is approximately 100 m 

thick. Outcrop locations are given by Duke (1985a ) . Stott 

(1963) recognized and described six distinct 

the Cardium Formation. From oldest to 

are: the Ram, Moosehound, Kiska, Cardinal, 

members within 

youngest they 

Leyland, and 

Sturrock. Of these six members, five are marine; the 

Moosehound is a non-marine tongue. Stott (1963) interpreted 

a cyclic depositional environment for the Cardium Formation 

and suggested that these cycles were important for 

correlation within individual members. These cycles present 

within the members, were not named in Stott's stratigraphy. 

Subsequently, it was recognized that cycle boundaries 

crossed Stott's member boundaries, as discussed by Wright 

and Walker (1981) and Duke (1985a). Stott's terminology 

implies a "layer-cake stratigraphy", compared with the 

proposed "event" stratigraphy of Duke (1985a). 

Wright and Walker (1981) and Duke (1985a) emphasized a 

series of sharply bounded coarsening upward sequences. The 

sharp bounding surfaces are typically erosional or 

punctuated by conglomerate beds non-depositional, and are 

(Duke, 1985a). Duke (1985a) proposed that the old 

stratigraphy of Stott (1963) be abandoned and that a new 

member system be defined for the Cardium Formation in the 

Alberta Foothills, based upon these lithologically 

correlative Cardium seqences. Each coarsening upward 
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sequence was believed to represent deposition 

overall regressive event. 

in one 

Duke (1985a) proposed a six member stratigraphy similar 

to Stott's original stratigraphy but based on the 

recognition and correlation of .coarsening upward sequences, 

punctuated by non-marine tongues. 

they are: the Seebe, Cutpick, 

Obstruction. The stratigraphic 

From oldest to youngest 

Sundre, Willmore, and 

position of the Bay tree 

Member was not adressed by Duke (1985a). The Seebe, Sundre 

and Willmore Members are exclusively marine, whereas the 

Cutpick and Obstruction Members contain non-marine 

deposits. The 

Member was not 

depositional 

known. For 

environment of the Bay tree 

a detailed discussion of the 

members, their sequences and associated facies, the reader 

is referred to Duke (1985a). This proposed stratigraphy 

emphasizes the intertonguing nature of the sediments, rather 

than the "layer-cake" stratigraphy emphasized by Stott 

(1963) . 

In the stratigraphy proposed by Duke (1985a) the 

conglomerates overlie the lower bounding surface and are not 

part of the coarsening upward sequence. This is apparent in 

his member sub-division where none of the marine 

conglomerates is designated as having member status. Duke 

(1985a) does not emphasize the stratigraphic significance of 

the conglomerates which truncate the coarsening upward 

sequences. Recent terminology in the subsurface (Plint et 
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al., 1986) suggests that Duke's stratigraphy be slightly 

modified, so that the conglomerates resting at the top of 

coarsening upward sequences, even where there is only a thin 

veneer preserved, be given member status. 

C. STRATIGRAPHY OF THE CARDIUM FORMATION IN THE SUBSURFACE 

In the subsurface, the Cardium varies from about 50 to 

100 m in thickness and is composed of 6 coarsening upward 

sequences. Industry developed an informal terminology of 

"A" sand, "B" sand, and "Cardium Zone". This system is 

inadequate because the stratigraphy adopted may not be 

correlative from field to field . Walker (1983 b,c) proposed 

Member names for the Cardium Formation at Ricinus - Caroline­

Garrington; the names, with some modifications have been 

incorporated into the formal Cardium stratigraphy proposed 

by Plint et al. (1986). Krause and Nelson (1984) proposed 

two formal lithostratographic units for the Cardium 

Formation at Pembina oil field . These names were both found 

to be unsuitable according to the rules of the American 

Commission on Stratigraphic Nomenclature. A detailed 

discussion of the reasons for the rejection of the proposed 

nomenclature is given in Plint et al., (1986). 

The formal stratigraphy proposed by Plint et al. (1986) 

(Fig. 2.5) for the Cardium in subsurface is based on the 

recognition and correlation of a series of erosional 

surfaces E1 through E7. These surfaces truncate 

progressively coarsening upward sequences and are overlain 



Figure 2.5. Proposed event stratigraphy and Member 

terminology for the Cardium Formation in the subsurface. 

The stratigraphy is based on the recognition and correlation 

of erosional surfaces labelled El through E7. These 

surfaces truncate progressive coarsening upward sequences 

and are overlain by conglomerates varying in thickness from 

a thin veneer to about 20 m. The conglomerates are 

subsequently overlain by transgressive surfaces Tl through 

T7. Where the conglomerate is reduced to a thin veneer the 

E7/T7 surfaces are essentially coincident (after Plint et 

al., 1986). 
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by conglomerates, varying in thickness from a thin veneer to 

about 20 m in thickness. The conglomerates are subsequently 

overlain by transgressive surfaces numbered T1 through T7. 

Where the conglomerate is reduced to a thin veneer, the E 

and T surfaces are essentially coincident, and are referred 

to (for example) as E4/T4. The base of the Cardium is 

formally drawn at the E1/T1 surface and the top at the E7/T7 

surface (Plint et al., 1986). The members defined by these 

erosional and transgressive surfaces are shown in Figure 

2.5. 

Four members defined by these erosional and 

transgressive surfaces (Plint et al., 1986) have been cored 

in the Carrot Creek area. The Raven River Member (first 

defined by Walker, 1983 b, c) includes all of the coarsening 

upward sequence between the T4 and E5 surfaces. The Carrot 

Creek Member (named after the Carrot Creek Oil Field) 

includes the conglomerates deposited on the E5 surface. The 

Dismal Rat Member (named after the confluence of Dismal 

Creek and Rat Creek) includes the pebbly mudstones (facies 

3P, 4P, and 5P) and other mudstone facies that overlie T5, 

up to the log marker known to industry as the "Cardium 

Zone". The Low Water Member is the name now given to 

the conglomerate veneer at the E6/T6 horizon; it does not 

always have a sharp erosive base .. 

2.2 HISTORY OF IDEAS ON CARDIUM DEPOSITIONAL HISTORY 

Oil was discovered in the Cardium Formation at Pembina, 
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depositional environment of the Cardium. SinCE' t.his t.ime 

much cont.I'''oversy has arisen concerning the Cardium 

depositional environment, and the mechanisms of sediment 

transport in the s.hel ·f envi I~onment. l"ILtch of this 

'fl~'om unsatisfactory or 

Ilon-'e:< i stent strati (;)I~' apl-li c frameworks within which to 

develop depositional models. The r!:?cogn it ion and 

correlation of the sedimentologic sequences described above, 

serves to establish a regional framework from which a better 

underst:and:i ng of the II !:;and body II geomety .. y and bas.i n 

morphology may be developed. 

A comprehensive review of early (pn:?-"'1955 ) ideas 

concerning the Cardium depositional history was presented by 

Stott (1963, p. 3-9 and 53-81). A more recent (post-1955) 

of i. deas concerning Ccu~di um 

depo!3i t i onal envi I~'onln€:?nts, with emphasis on modern 

sedimentological problems, was presented by Walker (1983a) 

and Duke (1985a). discussion of the major ideas 

will be presented here; for details see Walker (1983al or 

Duke ( 1985a) • In this discussion I will be concerned 

pri.marily with the changes in ideas concerning the 

depositional environment, and process of sediment transport 

across the \.'Jhi ch have 1 ed to the ~wesent. 

Beach (1955) first proposed the idea that the pebbles 
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at the top of the main Cardium sandstones were deposited by 

turbidity currents. De Wiel (1956) disagreed strongly, on 

the grounds of the shallow water depth and the extremely low 

slope of the basin floor, and suggested that the low slope 

would prevent the generation of turbidity currents. The 

problem of flow generation has not yet been resolved. Some 

suggestions of generating mechanisms have been tsunamis 

(Beach, 1957), storms (Hamblin and Walker, 1979; Wright and 

Walker, 1981), cyclic wave loading (Walker, 1984a), and 

fluvial discharge (Walker, 1985b). As an alternative 

explanation, De Wiel (1956) suggested that the thick 

sandstones and conglomerates were regressive deposits 

associated with a prograding shoreline resulting f rom sea 

level fluctuations. This idea is developed in this thesis. 

Nielsen (1957) proposed that the Cardium at Pembina was 

a shallow marine offshore sandbody. Like De Wiel (1956), he 

argued against the turbidity current hypothesis, suggesting 

instead that the Cardium represented a regressive deposit 

"exposed to the erosive effects of normal marine currents " . 

The regressive units are then overlain by transgressive 

mudstones. Nielsen (1957) was the first to recognize the 

erosive nature of the conglomerate deposits. 

The ubiquitous coarsening upward sequences preserved in 

the Cardium were first interpreted as regressive shoreline 

deposits by Michaelis (1957). He believed that these 

coarsening upward sequences were separated vertically by 
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tlransgress:, i on .. I'h chael is ( 1957) 

interpreted the conglomerates in outcrop as being deposited 

during these erosional transgressions. This is evident from 

his correlation diagram, where the conglomerates overlie the 

lower bounding surface rather than forming an integral part 

of the coarsening upt-Jal"d sequence (F'icJ. 2.4). l'1i chael is 

( 19~57) with the shallow water origin proposed by 

( :1.957) and suggested different environments for 

correlative sequences in different 'parts of the basin. He 

interpreted the deposits at Pembina as a regressive offshore 

shoal sandstone capped with conglomeratic beach deposits. 

The next major contribution to our understanding of the 

Cardium Formation was the stratigraphic synthesis of the 

outcrop by Stott (1963). He tentatively suggested a beach 

environment for the thicker sand bodies and interpreted the 

Off (:1.963) and Michaelis and Dixon (1969) invoked tidal 

and 'st ol"m enhancement elf ti dal curn::mts 

in i nterpl'''etat ion of the Cardium 

The study of l'1i ehael is and Di:-:on (1969) is the 

first to invoke storm enhancement of processes occurring in 

the basin. The ti dal howevel'- , is 

incompatible with the preserved sedimentar y structures and 

lithologies and has largely been for-gotten. By- i dges (i n 

stl"ide, 19B2) 

of e)-; amp 1 es (3+ 

cited these studies on the Cardium in a table 

tidal ridges. More recent work in the 



Cardium has shown this interpretation to be unlikely. 

with ( 1966) , the ne>:t majol~ 

interpretation of the Cardium depositional setting was as 

o'ffshol~e bars. Berven ( 1966) was the first person to 

publish a correlation between Cardium fields. His ideas 

were supported by Sinha (1970) who interpreted the Cardium 

deposits in the Edson field as NW-SE trending offshore bars 

locally capped with conglomerate "deposited an the partly 

scoLwed and semi-consolidated uppel~' sur·f ace of the 

sandstorH?s" .. Sinha supported Neilson's (1957) observation 

that there was erosion at the bas:;e of the conglomerates. 

surface was further documented by Swagor et 

al. (1976), ~\Iho l~ecogni2ed that the conglomerates rested 

unconformably on th e underlying bioturbated mudstones in 

the Carrot Creek field .. in the absence of 

any evidence for emergence and development of subaerial 

topo(.:Jr- i~ph i c ,,-el i ef ~ that "the er'osi Dn s.w-·f ace beneath the 

conglomerate is submarine in origin, not subaerial" (p. 92), 

but gave no interpretation of its possible origin. 

al.. (1976) suggested that the congl omel~ates 

w(·?n:? tlr anspol~t.ed 

This mechanism of 

offshore, by storm-generat.ed bottom flows. 

Nel s,cm ( 1984) , 

the Pembina field. 

gravels accumulated 

break in slope as a 

was supported by Krause and 

( 19[·n, 1984·) for deposits in 

Swa<;:Jor et al. (1976) suggested that the 

in t.he lee of an original topographic 

(a term introduced by 
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Campbell, 1971). 

Walker (1986) has published a summary of all the 

Cardium research both completed and ongoing by the McMaster 

group. The first published study of the Cardium Formation 

by the McMaster group was that of Wright and Walker (1981) 

from outcrop exposures at Seebe and Horseshoe dams. Wright 

and Walker (1981) suggested that emplacement of gravels into 

the basin as bedload, by a single storm driven bottom flow, 

would require an unreasonably long period of time. In order 

to circumvent the perceived problem of time required to 

accumulate the thick gravel .deposits preserved in the 

Cardium, they suggested transport of the gravels by 

turbidity currents. The turbidity current hypothesis for 

sand transport was further developed in a series of 

publications by Walker (1983 a,b,c; 1985a, b) concerning 

deposition in the Ricinus-Caroline-Garrington Fields in the 

southeast, and by Bergman (1984, 1986) for the Carrot Creek 

area. In these studies, the problems of flow generation, 

and sand-body geometry and occurence of the linear en 

echelon deposits still existed. These papers served to 

re-establish the controversy concerning the Cardium 

depositional history, and mechanisms of transporting 

sediment across the shelf (i.e., geostrophic flows versus 

turbidity currents). 

The study of the Cardium Formation by the McMaster 

group has gained increased momentum over the last four 
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years. In the Winter of 1983, Dr. Walker suggested to me 

that an interesting thesis might be the examination of the 

preserved fabrics in the conglomerates at Carrot Creek. It 

was suggested that these conglomerates might be channelized 

turbidite deposits. Initial . compilation of the data 

(Bergman, Tech. Memo 84-1) alluded to the erosive nature of 

the conglomerates and the possibility that these 

conglomerates were associated with channels. In a search 

for higher markers on which to hang the Cardium, Plint 

(pers. comm., Sept. 1984; Plint 

demonstrated significant erosion on 

and Walker, in press) 

the Badheart Formation. 

The erosion surface did not suggest channelization, but cut 

down progressively to the northeast before becoming 

unrecognizable on well logs. The Badheart Formation is a 

sand body in the overlying Wapiabi shales, very similar in 

setting to the Cardium Formation. In December , 1984, 

Bergman (Supplement to Tech. Memo 84-1) documented 

conclusively the erosional nature of the base of the 

conglomerates and alluded to the presence of a remnant 

erosional topography (later termed Bumps and Hollows), and 

the absence of channels in the Carrot Creek area (see 

cross-section EE-EE', p.30 of the Supplement). 

In the early winter of 1984, Plint and Bergman 

recognized the one-sided geometry of the sand-bodies in the 

Cardium. Regional correlations were done to try to 

establish the correlative stratigraphy from field to field. 
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In April 1985, Bergman produced the first mesh diagram which 

illustrated the topography of the erosion in the Carrot 

Creek area. The surface illustrated for the first time the 

presence of distinct topographic features prior to the 

deposition of the gravels. 

Simultaneously, Duke (1985a) was finishing his 

Ph.D. thesis on the Cardium Formation in outcrop in Central 

Alberta . His regional study showed similar features to 

those observed in the subsurface. Duke viewed the 

conglomerates capping the underlying mudstones as lag 

deposits reworked from the underlying sandstones during a 

subsequent transgression. In outcrop however, there is 

never more than about 3 m of conglomerate preserved, which 

is a perhaps reasonable maximum thickness for lag deposits. 

Plint and Bergman, from regional work in 

viewed the conglomerate as forming during 

with new input of 

the subsurface, 

a rapid drop in 

gravel into the relative sea level, 

basin during lowstand. In the subsurface, the deposition of 

gravel entirely as transgressive lags is not a reasonable 

solution because in some areas gravel thickness is up to . 

about 20 m. 

In April 1985, Plint, Walker and 

formal stratigraphy for the Cardium 

Bulletin of Canadian Petroleum Geology. 

Bergman submitted a 

in subsurface to 

This stratigraphy 

was based on the recognition and correlation of regionally 

extensive erosion surfaces. Further study revealed that 
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this proposed stratigraphy was wrong and the article 

was withdrawn for modification. The corrected version was 

resubmitted for publication in December, 1985 and appeared 

for publication in the June, 1986 issue of Bulletin of 

Canandian Petroleum Geology (Plint et al., 1986). 

The details of the morphology of the erosion surfaces 

are illustrated for the Cardium (Carrot Creek area; Bergman 

and Walker 1986, in press) and the Badheart (Pl int and 

Walker, in press) Formations. Both of the erosion surfaces 

are documented with mesh diagrams. 

The major break through in our understanding of the 

Cardium depositional history has come with the recognition 

of the major Carrot Creek erosion surface. This led to the 

recognition and correlation of basin wide erosion surfaces, 

whose formation we believe to be the result of relat ive sea 

level changes. This concept 

Cardium Formation by Duke 

(1986), Plint et al. (1986), 

has been put forward for the 

(1985a), Rine (1986), Smith 

Bergman and Walker ( 1986, in 

press) and Walker (1986). The major difference in t h e ideas 

of the these workers is the definition of the major factors 

controlling the facies relationships. Duke (1985a), Rine 

(1986), and Smith (1986) recognize transgressions as being 

the major control on the facies variations. Duke ( 1985a), 

after an extensive study of the Cardium in outcrop concluded 

that coarsening upward sequences are best interpreted as 

partial or complete prograding shelf to shoreline 
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sequences ... non-marine deposits are inferred to have been 

removed by transgression ... the thick capping conglomerates 

represent eroded transgressive lag deposits .. , resedimented 

over the drowned shoreface " (p. 36-37). In his member 

classification none of the marine conglomerate deposits are 

recognized as having member status. In outcrop it would be 

virtually impossible to recognize these erosion surfaces, 

due to the lack of control between outcrops, and the lack of 

markers on which to hang the stratigraphy. Pl int et 

al. (1986), and Bergman and Walker (1986, in press), now 

suggest that the major controls on sedimentation in the 

Cardium are drops in relative sea level resulting in 

regionally extensive erosion surfaces . 

2.3 FORMER INTERPRETATIONS OF CARROT CREEK 

Studies of Carrot Creek include those of Swagor (1975), 

Swagor et al. (1976), and Bergman (1984, 1986). The study 

by Swagor (1975) and Swagor et al. (1976) was based on fewer 

than 20 wells, all of the available data at the time. 

Swagor (1975) and Swagor et al. (1976) recognized that 

although the conglomerates rested on marine mudstones, they 

were separated from them by an unconformity surface. They 

proposed that the conglomerate was deposited in the lee of 

an original shelf topographic feature, as a "terrace bar", 

with the pebbles driven dominantly by storms across a 

shallow shelf. They suggested that the erosion surface 

beneath the conglomerate was submarine in origin. 
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At the beginning of this study, I tentatively suggested 

(Bergman, 1984 and 1984 Supplement) that the conglomerates 

rested in channels. It was proposed that the channels were 

cut by turbidity currents and that the conglomerates were 

channel fill sediments deposited by turbidity currents. 

This idea was later rejected due primarily to the morphology 

of the erosion surface, which will be discussed later. 

2.4 STUDY AREA 

The thesis area is located in the Plains of South 

Central Alberta well east of the edge of the disturbed belt 

of the Canadian Cordillera. In the plains the strike of the 

Cardium Formation is in a general northwest direction with a 

southwest dip of 0.360 to 0.500. Jones ( 1980) suggested 

that numerous and widespread vertical faults (isostatic 

adjustment faults) characterized by a comparatively long 

straight strike have effectively controlled the position of 

a large number of stratigraphic, structural and diagenetic 

traps in the Alberta basin. The faults associated by Jones 

(1981), with the Viking and Cardium are believed to have 

formed after deposition 

presumably the result 

of 

of 

the producting sands, and are 

late Tertiary isostatic 

adjustment. The presence of these faults do not appear to 

be a significant feature controlling sedimentation or the 

geometry of the deposits in the area of study in this 

thesis. 

The study area includes townships 50 to 56, ranges 9 to 
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14 west of the Fifth Meridian (Fig. 2.1), and includes the 

oil and gas fields of Carrot Creek, Bigoray, Cyn-Pem, Niton, 

McLeod, and the north-eastern corner of Pembina . These 

fields all contain 

echelon, thick (up 

localized 

to 20 m) 

areas of long, linear, en 

conglomerate bodies. The 

reserves estimated by the Energy Resources Conservation 

Board (ERCB) of conventional crude oil as of December 31, 

1984 are presented in Table 2.1. The field land boundaries, 

for each of the fields present within the study area, are 

shown in Fig. 2 .6. 

The data base for this thesis consists of 963 wells of 

which full core was cut for 438 wells (refer to data list in 

Appendix 1). This comprises all of the publically available 

wells as of September, 1985. Of these cored wells, 378 were 

logged. Many of the other cores, particularly in the 

Pembina area (T50, R9-11) were not viewed, mostly because 

the cores are no longer available. Prior to 1962 it was not 

mandatory to save the cores, and hence many of the early 

cores were thrown out. 

This study is based on gamma ray and induction log 

signatures and core. The gamma ray mirrors the induction 

log signature and is of limited availability, hence only the 

induction log signatures are shown on the cross-sections . . 

Facies and facies sequences were measured in all 378 cores. 



Figure 2.6. Location map showing the land boundaries of the 

fields studied in this thesis. 
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Table 2.1. Estimated in place reserves of conventional 

crude oil, as of December 31, 1984. 



OIL FIELD DISCOVERY DISCOVERY ESTIMATED IN ENHANCED ENHANCED RECOVERY 
NAME YEAR WELL PLACE RESERVES RECO¥ERY ERCB POOLS 

X 10 3 M X 10 M 

CARROT CREEK 1963 PAN AM A-l CARROT CREEK 1124.4 322.0 CARDIUM A and F 
FIG. 2.5 A16-7-52-12W5 

BIGORAY 1975 HUBER-PEMBINA S-S 270.0 675.0 CARDIUM B 
FIG. 2.6 AS-S-51-9W5 

CYN-PEM 1962 CHAMPLIN ET AL. CYN PEM 1730.3 1470.0 CARDIUM A 
FIG. 2.7 A6-14-51-11W5 

NITON 1970 DUNCAN HB ZD NITON S.l 
FIG. 2. S A6-3-55-13W5 

McLEOD 1976 ATKINSON W NITON 32.0 
FIG. 2.9 Al0-7-54-13W5 

to-
(0 

PEMBINA 1953 SOCONY SEABOARD'S 130777 .3 10S000 . 0 
FIG. 2.10 PEMBINA NO. 1 

A4-16-4S-SW5 



PART A: MORPHOLOGY OF THE E5 SURFACE 

CHAPTER 3 -- FACIES DESCRIPTIONS AND FACIES RELATIONSHIPS 

3.1 INTRODUCTION 

The facies and facies sequences found in the Carrot 

Creek study area will be described in this chapter. An 

extended discussion of the concept implied by the term 

facies is given by both Middleton (1973) and Walker 

(1984b). The term facies, as used in this text, describes 

the complete assemblage of primary 

physical (lithology, texture, fabric) 

and trace fauna), of the rock. 

characteristics, both 

and biological (body 

The facies are not 

stratigraphically confined. In some cases the facies have 

been divided into sub-facies in order to preserve the 

affinity with the parent facies. 

The facies and overall facies sequence found in the 

Carrot Creek study area are shown in an idealized 

stratigraphic section (Fig. 3.1) 

same as those described by Walker 

Raven River "sequence" (Walker, 

and are essentially the 

(1983c, 1985c) for the 

1983c; now the Raven River 

Member of Plint et al., 1986) in the Caroline - Garrington 

area farther south. The Raven River "sequence" has now been 

divided into two members (Plint et al., 1986) -- the Raven 

River and Carrot Creek Members, and is transgressively 

overlain by the Dismal Rat Member. These members are based 

68 



Figure 3.1. Idealized vertical sequence showing facies 

relationships. The sequence is drawn roughly to scale, but 

absolute values will vary. Member names are shown on the 

left hand side, and facies numbers are shown on the right 

beside each facies. 
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on the recognition of erosion and transgressive surfaces. 

The facies found in the Carrot Creek area have been 

described and illustrated by Bergman and Walker (1986, in 

press). They presented both core box photos and detailed 

photos of individual facies from the Carrot Creek area. The 

major difference between Walker's (1983c, 1985c) study area 

and the Carrot Creek area is the thickness of conglomerate 

(Carrot Creek Member) preserved at Carrot Creek . 

Only brief descriptions of the various facies 

associated with the Raven River and the Dismal Rat Members 

(Plint et al., 1986) are presented, as descriptions and 

illustrations of these facies have been previously published 

(Walker, 1983c, 1985c; Bergman and Walker, 1986). With each 

description a brief interpretation of the environment of 

deposition will be given. For a more detailed description 

of these facies the reader is referred to the papers cited 

above. The textural variations of the conglomerates (facies 

8) of the Carrot Creek Member will be described in Chapter 

7. Only those facies in the Raven River and the Dismal Rat 

Members not discussed by Walker (1983c, 

described in detail below. 

3 . 2 FACIES DESCRIPTIONS 

Facies 1 - - Massive Dark Mudstone (Fig. 3.2) 

1985c) will be 

These are very black structureless muds, with less than 

5% silt. There are no recognizable burrow forms (Gordia may 

be present), but there is an overall "stirred aspect " to the 



Figure 3.2. Facies 1 -- Massive Dark Mudstones 

A) Photo is taken from well 16-7-52- 12 , 5512 ft. B) Photo 

is taken from well 9-1-52-12, 1630.5 m. C) Photo is taken 

from well 16-21-52-11, 4998 ft. D) Photo is taken from well 

4- 12-52-12, 5382 ft. Photos are taken from 3 in. drill 

core. 



71 



72 

mud. One or two very thin (less than 1 cm) sharp based 

silty laminae may be preserved. This facies was found in 

two particular associations by Walker (1 983c), first 

blanketing 

laminated 

the Burnstick 

blanket of 

Member and second, overlying the 

the Dismal Rat Member. These 

associations were also observed in the Carrot Creek area 

(Fig. 3.1). These mudstones are interpreted to have 

been deposited in a deep, quiet, shelf environment. 

Facies 2 -- Laminated Dark Mudstones (Fig. 3.3) 

This facies contains dark mudstones with preserved 

silty laminae up to 1 cm thick. These laminae commonly have 

sharp bases and bioturbated tops, may be parallel laminated, 

ripple cross laminated (usually starved ripples), and/or 

graded (fining upwards). There are no recognizable burrow 

forms, 

This 

although the facies has 

facies blankets the 

an overall "stirred aspect" . 

Carrot Creek Member and the 

pebbly facies in the Dismal Rat Member (Fig. 3.1), and is 

identical to the "laminated blanket" of Walker (1 983c, 

1985c,) in the Caroline- Garrington-Ricinus area. Facies 2 

is interpreted as a deep water shelf mudstone, although it 

may be shallower than facies 1 mudstones. 

Facies 3 - - Dark Bioturbated Muddy Siltstones (Fig. 3.4) 

There is an increase in the silt content from that in 

Facies 2. Bioturbation increases, so that preservation of 

silty laminae is rare; predominantly sand and mud are 

bioturbated together. Where preserved, the laminae are 1-2 



Figure 3.3. Facies 2 -- Laminated Dark Mudstones 

A) Photo is taken from well 15-7-52-11 , 1599 m. B) Photo 

is taken from well 16-21-52-11, 4989 ft. C) Photo is taken 

from well 9-1-52-12, 1632 m. D) Photo is taken from well 

4-17-52-12, 5388 ft. Photos are taken from 3 in. drill 

core. 
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Figure 3.4. Facies 3 - - Dark Bioturbated Muddy Siltstones 

A) Photo is taken from well 12 - 17-52- 12, 5405 ft. B) 

Photo is taken from 4-12 - 52-12, 5468 ft. C) Photo is taken 

from well 5-22 - 52-12, 5382 ft. D) Photo is taken from well 

15- 23 - 52-12, 5263 ft. Photos are taken from 3 in. drill 

core. 
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cm thick, sharp based, and may show parallel laminations, 

and/or wave ripple cross laminations and/or a colour grading 

(reflecting a fining upwards). Very few distinct 

identifiable burrow forms are present. These mudstones are 

interpreted to have been deposited in a deep, quiet shelf 

environment. They are similar to facies 1 and 2, but 

generally more bioturbated. 

Sub-Facies 3P (Fig. 3.5) 

This facies is similar to facies 3, but is 

characterised by a decrease in the amount of bioturbation 

and the presence of a few thin (1 to 2 cm thick ) sharp 

supported, chert pebble beds, and scattered 

within mudstone (hence the P designation in 

based, clast 

chert pebbles 

the facies number) . The chert grains range in size from 

coarse sand to a long axis diameter of about 1 cm. This 

facies is always capped by a pebbly mudstone (sub-facies 

8B, described in Chapter 6). It is only locally developed, 

but where present is always found underlying the laminated 

mudstones of facies 2 (Fig. 3.1) This facies was not 

recognized by Walker (1983c). These mudstones are 

interpreted to have been deposited on the shelf in an 

environment accessible to gravel input (will be discussed in 

detail later) during transgression. 

Facies 4 Pervasively Bioturbated Muddy Siltstones 

(Fig. 3.6) 

This facies comprisep sand and mud bioturbated 



Figure 3.5. Facies 3P -- Dark Bioturbated Muddy Siltstones 

with Pebbles 

A) Photo is taken from well 10 - 21-51-11, 

Photo is taken from well 10-22- 51-10, 1556 m. 

5357 ft. B) 

C) Photo is 

taken from well 6-1-53- 13, 5146 ft . Scale bar is 3 cm. 
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Figure 3 . 6. 

Siltstones 

A) Photo is 

Photo is taken 

Facies 4 Pervasively Bioturbated Muddy 

taken from well 12 - 17-52-12, 5396 ft. B) 

from well 4-12-52 - 12, 5461. Note the 

Zoophycos burrow located in the middle of the core photo . 

C) Photo is taken from well 16 - 21 - 52-11, 5023 ft. D) 

Photo is taken from well 3-14-52- 12, 1653 m. Photos are 

taken from 3 in. drill core. 
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together, with a number of identifiable burrow forms. These 

include Teichichnus, 

Planolites. Generally, 

sand upwards, and silty 

usually 1- 5 cm thick, 

Terebellina, 

this facies 

Rhizocorallium, and 

shows an increase in 

beds are preserved. The beds are 

sharp based and generally show 

parallel laminations, and/or wave ripple cross lamination, 

and/or grading. Both silt content and the degree of 

bioturbation have increased from that of facies 3. These 

siltstones are interpreted to have been deposited in the 

shelf environment. The presence of the thicker sharp based 

wave rippled and graded beds associated with bioturbated 

siltstones suggests sudden input of silt into quiet 

environment below fair weather wave base, but above storm 

wave base. 

Sub-Facies 4P (Fig. 3.7) 

This facies is similar to facies 4, but is 

characterized by a decrease in the amount of bioturbation 

and the presence of sharp based, clast supported chert 

pebble beds 1 to 2 cm thick and scattered chert pebbles 

within mudstones. The chert grains range in size from 

coarse sand to a long axis diameter of about 1 cm . The 

facies is always capped by a pebbly mudstone (sub-facies 8B 

described in Chapter 6). Sub-Facies 4P is only locally 

developed, but where present is always found underlying 

sub-facies 3P. This facies was not recognized by Walker 

(1983c). These siltstones are .interpreted as having been 



Figure 3.7. Facies 4P Pervasively Bioturbated Muddy 

Siltstones with Pebbles A) Photo is taken from well 

16-31-53- 11, 1388 m. B) Photo is taken from well 

10 - 22 - 51 - 10, 1563 m. C) Photo is _taken from same well as 

in A, in order to show the variety within the facies, 1387.5 

m. D) Photo is taken from well 10-21-51-1 1 , 5366 ft. 

Scale bar is 3 cm 
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deposited on the shelf close to a gravel source, as will be 

discussed in detail later. 

Facies 5 - - Bioturbated Sandstone (Fig. 3.8) 

This facies consists predominantly of sand, although 

mud is still present. Beds up to 7 cm thick are preserved, 

with sharp bases, parallel laminations, wave ripple cross 

laminations (sometimes climbing), grading (fining upwards) 

and shale rip up clasts. The sand and mud are generally 

bioturbated together. There is a marked increase in 

bioturbation, with many identifiable burrow forms, including 

Zoophycos, Rhizocorallium, Teichichnus, and Chondrites. 

Compared with facies 3 and 4, there is an increase in the 

abundance of the vertical burrow form Skolithos. These 

sandstones are interpreted as having been deposited in a 

shelf environment similar to facies 4, possibly slightly 

shallower. 

Sub - Facies 5P (Fig. 3.9) 

This facies is found occasionally throughout the study 

area. It is similar to facie s 5, but is characterised by a 

decrease in the amount of bioturbation and the presence of 

sharp based, 

thick, and 

clast supported, chert pebble beds (1 to 2 cm) 

scattered chert pebbles in mudstones and 

siltstones. The chert grains range in size from coarse sand 

to a long axis diameter of about 1 cm. The facies is always 

capped by about 10 cm of pebbly mudstone (sub-facies 8B, 

described in Chapter 6). Where present, this facies is 



Figure 3.8. Facies 5 - - Bioturbated Sandstones 

A) Photo is taken from well 5-22 - 52-12, 5369 ft. B) Photo 

is taken from well 15-23- 52-12, 5246 ft. C) Photo is taken 

from well 3-14-52 - 12, 1646.4 m. D) Photo is taken from 

well 2-21 - 51-11, 5437 ft. Scale bar is 3 cm. Note the 

abundance of Skolithos burrows present in C and D; this is a 

COlnmon association in this facies. Photos are taken from 3 

in . drill core. 
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Figure 3.9. 

Pebbles 

Facies 5P Bioturbated Sandstones with 

Both photos are taken from the same well, 16-31-53-11, in 

order to illustrate the variability within the facies. 

A) Preservation of a 5 cm thick wave rippled sand bed; no 

pebbles present in this photo, 1390 m. B) Thinner sand 

beds are preserved in this photo as well scattered chert 

pebbles immediately below the sand bed, 1395.5 m. Scale bar 

is 3 cm. 
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always found underlying sub-facies 4P, and overlying the 

Carrot Creek Member . These sandstone are interpreted to 

have been deposited in a shelf environmnent accessible to a 

gravel supply. 

Facies 6 -- Speckled Gritty Mudstone 

This facies was not found in the Carrot Creek area. In 

Walker's (1983c, 1985c) facies descriptions, it occurred 

"exclusively just below the sandstones and conglomerates of 

the Burnstick Member" (1983c, p. 220). In current 

terminology (Plint et al., 1986), it therefore occurs in the 

uppermost Hornbeck Member or (more likely) is the basal 

facies of the Burnstick Member. 

Facies 7 - - Non- Bioturbated Sandstone (Fig. 3.10) 

The sandstones associated with this facies consist of 

sharp based, very fine sands, showing a variety of 

sedimentary structures. These include massive sandstones, 

parallel stratification, low angle inclined stratification, 

and wave ripples. The tops of the sand beds may be either 

sharp or gradational. The sands often scour into each other 

and contain mud rip up clasts or sideritized mud clasts. 

The sand thickness varies from 10 cm to tens of cms. Very 

little bioturbation is associated with this facies. These 

are interpreted as shelf sands, located above storm wave 

base. The low angle inclined stratification is interpreted 

as hummocky cross stratification. This facies is 

interpreted as being shallower than facies 5. 



Figure 3.10. Facies 7 -- Non-Bioturbated Sandstones 

A) Photo is taken from well 2-29-52-13, 5483 ft. This 

photo shows a massive sand with a mud rip up clast in upper 

right corner. B) Photo is taken from well 2-29-52-13, 5482 

ft. This photo shows preserved climbing wave ripples. C) 

Photo is taken from well 4-9-52-12, 5550 ft. D) Photo is 

taken from well 7-34-52-13, 5315 ft. The last two photos 

show low angle inclined stratification, which is interpreted 

in this study as hummocky cross stratification. Photos are 

taken from 3 in. drill core. 



84 



85 

Sub-Facies 7A - - Interbedded Sand and Shale (Fig. 3.11 ) 

The sands making up this facies are very fine grained. 

The beds are generally 3-5 cm thick, sharp based , wave 

rippled, and graded . They are separated by thinner beds 

(1-2 cm thick) of very black non-bioturbated mudstones. The 

overall thickness of the facies is highly variable. This 

facies occurs as a transitional facies between the 

Bioturbated Sandstone of facies 5 and the Non-Bioturbated 

Sandstone of facies 7. It is always found associated with 

the non- bioturbated sandstones of facies 7. This facies was 

not recognized by Walker (1983c). It is interpreted as a 

shelf sandstone deposited above storm wave 

fairweather wave base. Facies 7A is 

intermediate between facies 5 and 7. 

Facies 8 -- Conglomerates (Fig. 3.12) 

base and below 

believed to be 

The conglomerates vary in thickness from a thin veneer 

to about 19 m, and rest unconformably on the underlying 

sandstones and siltstones of the Raven River Member. The 

Carrot Creek Member is composed primarily of clast supported 

conglomerates. The average long axis diameter of the 

pebbles is 1 to 2 cm. Stratification is rare, but many 

textural varieties occur and are defined by grain size, 

sorting, and the presence or absence of matrix. The lower 

portion of the conglomerate tends to be bedded while the 

upper portion is massive. A detailed discussion of the 

textural variations is presented in Chapter 6. 



Figure 3.11. Facies 7A -- Interbedded Sand and Shale 

A) Photo is taken from well 7-20-51-11, 1675.2 m. Note the 

Chondrites burrows preserved in the muds interbeds, 

particularly by the scale bar, and the wave rippling 

preserved in the sand beds. Scale bar is 3 cm. B) Photo 

is taken from well 4-12 - 52-12, 5426 ft. C) Photo is taken 

from well 10-1-53-14, 5407 ft. Note the layer of mud rip up 

clasts, and the wave rippling at the top of the sand bed. 

D) Photo is taken from well 2-29-52-13, 5471 ft. Note the 

low angle inclined stratification, which is interpreted as 

hummocky cross stratification, passing vertically upwards 

into wave ripples. Photos are taken from 3 in. drill core. 
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Fig. 3.12. Facies 8 -- Conglomerate 

A) Photo is taken from well 12-19-52-12, 1624 m. Core 

is 3 in. wide. B) Photo is taken from well 10-30-51-10, 

1550 m. Scale bar 

6-10-53-13, 1621 m. 

is 3 cm. C) Photo is taken from well 

Scale bar is 3 cm. D) Photo is taken 

from well 6-36-50-10, 4929 ft. A Conichnus burrow is 

preserved in the centre of the core. Scale bar is 3 cm . 



87 



88 

Sub-Facies 8 G.S. Gritty Siderite Facies (Fig. 3.13) 

The Gritty Siderite Facies is a new facies not 

recognized by Walker (1983c, 1985c) . It is found in the 

Raven River Member, where it is significant as a marker 

horizon (which will be discussed later). 

This sub-facies is composed of bioturbated silts and 

muds, associated with 

pervasively sideritized. 

coarser chert grains; it is 

The upper and lower contacts are 

both gradational over 1-2 em, and the overall facies 

thickness varies from 20-30 cm. 

The facies is characterized by an abrupt change in 

grain size from the underlying and overlying very fine 

grained bioturbated sandstones. The coarse grains range in 

size from medium sand to several mm in diameter. 

Stratification consists only of vague remnants of sandy 

beds . The facies is thoroughly bioturbated, and often the 

coarser chert grains are found within the burrow forms. The 

siderite is patchy and contains numerous sideriti zed 

Chondrites burrows. Other burrow forms commonly associated 

with this facies are Skolithos and Teichichnus. 

Concentrations of carbonaceous (primarily wood fragments) 

debris are associated with this faci es in some locations 

(eg . , 16-33-50-10W5). Mud rip up clasts are commonly found. 

The gritty siderite horizon makes an excellent core 

marker . Where present (i. e. , not eroded by overlying 

conglomerates) it always occurs at the top of the "b" 



Fig . 3.13. Facies 8 G.S. - - Gritty Siderite 

Photos A and B are both taken from well 6-11-53-13, 1593 m. 

Scale bar is 3 cm. A) This photo shows an overview of the 

entire facies in core. B) This photo is a detail picture of 

the photo shown in A. C) Photo is taken from well 

12-19-52-12, 1627 m. Scale bar is 

taken from well 10-20 - 51 - 11, 5490 ft. 

in cms. D) Photo is 

Scale bar is in cms. 
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sequence (Fig. 3.1). It is not very variable in aspect, and 

is of a relatively constant thickness. This ' facies is 

believed to represent a period of non-deposition, presumably 

due to a rapid relative rise of sea level or a stillstand. 

3.3 GENERAL FACIES SEQUENCE 

The overall facies sequence (Fig. 3.1) is one of 

progressive coarsening upwards . (Walker 1983c, 1985c; Plint 

et al., 1986). The Raven River Member consists of two 

The lower "b" sequence begins 

of facies 1 and coarsens 

coarsening upward sequences. 

with the massive dark mudstones 

upwards through facies 3 and 4 into the bioturbated 

sandstones of facies 5. These are overlain by the gritty 

siderite (facies 8 G.S.). The upper "a" sequence begins 

with facies 4 or 5 and coarsens upwards into the hummocky 

cross stratified (HCS) sandstones of facies 7. The "a" 

sequence has a maximum preserved thickness of 12 m (refer to 

wells 4-28-50 - 12 and 10-11 - 51-13 in APPENDIX 2). The 

thickness of the "b" sequence is about 26 m, of which about 

11 m has been cored (refer to well 13-5-51-11 on cross 

section B, Foldout 2). 

The conglomerates (facies 8) of the Carrot Creek Member 

rest unconformably, with a variable depth of scour, on 

different parts of the "a" and "b" sequences of the Raven 

River Member. The conglomerate contact may sharp or 

bioturbated. 
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Above the Carrot Creek Member facies 5P, 4P, and 3P of 

the Dismal Rat Member are locally developed. After 

deposition of all the pebbles (conglomerate and last pebble 

stringer), the "laminated blanket" (facies 2) spreads over 

the entire area. These mudstones in turn grade upward into 

the massive dark mudstones of facies 1. The two facies are 

separated by dispersed mm size chert grains. 

The above facies sequence may be divided into three 

types based on 1) the nature of the well log response; 2) 

the core sequence; and 3) the depth of scour. Core box 

photos, lithologs and geophysical logs of these various 

sequence types are presented. More examples of each facies 

sequence type may be found in APPENDIX 2 and the cross 

sections (Foldouts 1 through 4). 

TYPE I (Figs. 3.14 to 3.17): These facies sequences are 

characterized by a large 

gamma ray and induction log 

negative deflection in both the 

signatures. The Raven River 

Member coarsens upwards. The response is not blocky. The 

core shows the development of both the a and "b" facies 

sequences, separated by the gritty siderite horizon. 

Non-bioturbated sandstones (facies 7 and/or 7A) are always 

preserved. Depending on the depth of erosion into the 

sandstones, the Carrot Creek Member may be represented by a . 

thin gravel veneer (TYPE 1A; Figs. 3.14 and 3.15) or a 

thicker (generally 1 to 2 m) clast supported and matrix 

supported conglomerate (TYPE 1B; Figs. 3.16 and 3.17). 



Fig. 3.15. The core of well 10-16-51-11 is typical of the 

Type 1A sequence. The next four pages show core photographs 

of well 10 - 16- 51 - 11. The corresponding litholog and 

resistivity log is shown in Fig. 3.15. Core depths are 

given in feet; the bottom of the core is in the lower left 

and the top in the upper right. Coarsening upward sequence 

"b" begins below 5487 ft. and continues to the gritty 

siderite. Sequence "a" begins with facies 4 above the 

gritty siderite and coarsens upward into the hummocky cross 

stratified and wave rippled sandstones (facies 7A) . In this 

well two sand sequences separated by a bioturbated sandstone 

(facies 5) are preserved. The sandstones are abruptly 

overlain by conglomerate (facies 8). The conglomerates pass 

vertically upwards into the pebbly mudstones (facies 4P and 

3P). The tops of both of these facies are marked by 

pebbles. The bioturbated mudstones are overlain by the 

"laminated blanket" (facies 2). 
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Facies Sequence Type lA Type Well Fig. 3.14. 

10-16-51-11. See descriptions in text. Vertical scale on 

the litholog is in metres. The facies numbers are given on 

the right hand side of the litholog , and the positions of 

the E5/T5 surfaces are shown. Vertical scale on the 

resisti vi ty log is in .feet. The cored interval is sho·wn by 

solid black bar on the resisitivity 

the cored interval is given. The 

surfaces are shown on the right 

log, and the depth of 

positions of the E/T 

hand side of the 

resi~itivity log. G.S. indicates the position of the Gritty 

Siderite horizon on both logs. The position of the "A" and 

"B" sequences of the Raven River Member are shown on both 

the litholog and resistivity log. Core box photos of this 

sequence type are shown in Fig. 3.15. 
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Fig. 3.16. Facies Sequence Type 1B Type well 

12~16-51-11. See descriptions in text. Vertical scale on 

the litholog is in metres. The facies numbers are shown on 

the right hand side of the litholog. The position of the E5 

and T5 surfaces in the core are shown. The vertical scale 

on the resistivity log is in feet. The positons of the the 

cored interval is shown by a solid balck on the resistivity 

log, and the depth of the cored interval is given. The 

positions of the EfT surfaces on the log are shown on the 

right hand side of the resistivity log. G.S. indicates the 

position of the Gritty Siderite on both logs. The "A" and 

liB " sequences of the Raven River Member are shown on both 

the litholog and resistivity log. Core box photos of 

this sequence type are shown in Fig. 3.17. 



Fig. 3.17. The core of well 12-16-51-11 is representative 

of Type lB sequence. The next four pages show core 

photographs of well 12-16-51-11. The corresponding litholog 

and resistivity log are shown in Fig. 3.16. Core depths are 

all given in feet; the bottom of the core is in the lower 

left and the top in the upper right. Coarsening upward 

sequence "b" begins below 5494 ft. and continues to the 

gritty siderite. The sequence begins with facies 5 above 

the gritty siderite and coarsens upwards into hummocky cross 

stratified and wave rippled sandstones of facies 7A. This 

well differs from Fig. 3.15 in that only one sand is 

developed. The conglomerates (facies 8) rest abruptly on 

bioturbated sandstones (facies 5), separating the two sand 

(facies 7 and 7A) sequences. The conglomerates pass 

vertically upwards into facies 4P and 3P. Each of these 

facies is capped by pebbles. The bioturbated mudstones are 

overlain by the " laminated blanket" (facies 2). 
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TYPE 2 (Figs. 3.18 to 3.21): Facies sequences of this type 

are characterized by an abrupt truncation of the coarsening 

upward "a" and "b" sequences of the Raven River Member, by 

the erosion surface E5. The Carrot Creek Member in these 

wells has a characteristic blocky gamma ray and induction 

log signature. In core, these wells are characterized by 

thick (up to 19 m) clast supported conglomerates (facies 

8). Above these thick gravels, facies 3P, 4P, and 5P may be 

locally developed. These wells may be subdivided into two 

types reflecting the depth of erosion of the E5 surface. 

TYPE 2A (Figs. 3.18 and 3.19) represents a thick 

conglomerate (blocky log response) resting on bioturbated 

sandstones and siltstones (facies 4 or 5) of the "a" 

sequence. TYPE 2B (Figs. 3.20 and 3.21) represents a thick 

conglomerate accumulation resting on the bioturbated 

sandstones and siltstone (facies 3, 4, or 5) of the "b" 

sequence. 

TYPE 3 (Figs. 3.22 to 3.25): In these facies sequences, 

erosion surface E5 truncates the coarsening upward "a" and 

"b" sequences of the Raven River Member. These facies 

sequences differ from Type 2 facies sequences in the 

thickness of preservation of the Carrot Creek Member, which 

here is only a thin gravel veneer. The log response of the 

Carrot Creek Member is not blocky. Above this gravel 

veneer, facies 3P,4P, and 5P are locally developed 

depending on the depth of erosion. They show a fining 



Fig. 3.18. Facies Sequence Type 2A Type well 

6-31-53-13. See descriptions in text. Vertical scale on 

the litholog is in metres. The facies numbers are shown on 

the right hand side of the litholog. The positions of the 

E5 and T5 surfaces in the core are shown. The vertical 

scale on the resistivity log is in metres. The positon of 

the the cored interval is shown by a solid balck on the 

resistivity 

given. The 

shown on 

log, and the 

positions of 

the right hand 

depth 

the E/T 

side 

of the cored interval is 

surfaces on the log are 

of the resistivity log. 

G.S. indicates the 

resistivity log. 

position of the Gritty Siderite on the 

The "A" sequence of the Raven River 

Member is shown for the litholog. The "A" and "B " sequences 

of the Raven River Member are shown on the resistivity log. 
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Fig. 3.19. The core of well 6-31-53-13 is representative of 

the Type 2A sequence. The next four pages show core 

photographs of well 6-31-53-13. The corresponding litholog 

and resistivity log are shown in Fig. 3.18. Core depths are 

all given in metres.; bottom of the core is in the lower 

left and the top in the upper right. Coarsening upward 

sequence "b" was not cored in this well. Its presence and 

the presence of the gritty siderite were recognized on the 

well logs and are labelled in Fig. 3.18. Coarsening upward 

sequence "a" begins below 1562 m. The conglomerate (facies 

8) overlies facies 5 of the a sequence. There is no good 

development of facies 7 or 7A (hummocky cross stratified 

sandstones) in these sequence types. The conglomerate is 

about 7 m thick in this well and passes vertically upwards 

into bioturbated mudstones of facies 4P, capped by pebbles. 

The "laminated blanket" (facies 2) overlies the bioturbated 

mudstones. 
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Fi g. 3.20. Facies Sequence Type 28 Type well 

3---2::::;-",51-10. See descriptions in text. Vey··ti cal scale on 

the litholog The facies numbers are shown on 

the right hand side of the litholog. The positions of the 

and T5 in the core are shown. 

scale on the resistivity log is in metres. The position of 

the the corc;?ci i nter'val is shown by a solid black on the 

resistivity log, and the depth of the coY-ed interval is 

given. The positions of the EfT surfaces on 

shown on the right hand side of the resistivity log. The 

"8" sequence o·f the Raven F~i ver l'1embel'- is shol-'m for both 

logs. 
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Fig. 3.21. The core of well 3-23 - 51-10 is representative of 

the Type 2B sequence. The next three pages show core 

photographs of well 3-23- 51-10. The corresponding litholog 

and resistivity log are shown in Fig. 3.20. Core depths are 

all given in metres; the bottom of the core is in the lower 

left and the top in the upper right. Coarsening upward 

sequence begins below 1562 m with bioturbated dark mudstones 

of facies 3 and continues upward into the bioturbated 

sandstones of facies 5. The conglomerates (facies 8) rest 

abruptly on the bioturbated sandstones (facies 5) of the "b" 

sequence. There is no preservation of the gritty siderite 

and the overlying "a " sequence. The conglomerates in this 

well are about 10 m thick, and are overlain by the 

bioturbated mudstones of facies 4P and 3P. The "laminated 

blanket " (facies 2 ) was not cored in this well but is 

believed to overlie the bioturbated mudstones facies. 
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upward sequence from the bioturbated sandstones with pebbles 

(facies 5P) through to the dark bioturbated mudstone with 

pebbles (facies 3P). Each of these facies is capped by a 

pebbly mudstone (facies 8B, described in Chapter 6). TYPE 3 

facies sequences may be subdivided on the basis of the depth 

of erosion on the E5 surface. TYPE 3A (Figs. 3.22 and 3.23) 

wells represent sequences where the E5 surface is contained 

in the bioturbated sandstones and siltstones (facies 4 or 5) 

of the a sequence. TYPE 3B (Figs. 3.24 and 3.25) wells 

are those where the erosion surface rests on the bioturbated 

sandstones, siltstones, and mudstones (facies 3, 4, and 5) 

of the "b" sequence. 

3.4 CONGLOMERATE CONTACT 

The lower contact of the Carrot Creek Member with the 

underlying Raven River may be sharp or bioturbated. The 

nature of the contact depends on the depth of erosion into 

the underlying Raven River Member. In all three types of 

facies sequences, the conglomerate contact, in anyone well, 

does not necessarily suggest the presence of a major erosion 

surface. In many cases the contacts do not suggest erosion; 

they are often bioturbated. The erosion is determined from 

regional considerations, and the 

interpreted in this light, not vice 

illustrated in Chapter 4. 

contacts 

versa. 

have to be 

This will be 

When the conglomerates rest on the non- bioturbated 

sandstones (facies 7), as in TYPE 1 (Fig. 3.26 ) facies 



Fig. 3.22. 

14-10-53-13. 

Facies Sequence 

See descriptions in 

Type 3A Type well 

text. Vertical scale on 

the litholog is in metres. The facies numbers are shown on 

the right hand side of the litholog. The positions of the 

E5 and T5 surfaces in the core are shown. The vertical 

scale on the resistivity log is in metres. The positon of 

the the cored interval is shown by a solid balck on the 

resistivity log, and the depth of the cored interval is 

given. The positions of the E/T surfaces on the log are 

shown on the right hand side of the resistivity log. 

G.S. on the resistivity log shows the inferred position of 

the Gritty Siderite horizon. This horizon was not found in 

the core. The position of the "A" and "B" sequences of the 

Raven River Member are shown on both logs. 
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Fig~ 3.23. The core of well 14-10-53- 13 is representative 

of the sequence type 3A. The next four pages show core 

photographs of well 14-10-53- 13. The corresponding litholog 

and resistivity log are shown in Fig. 3.22. Core depths are 

all given in metres; the bottom of the core is in the lower 

left and the top in the upper right. Coarsening upward 

sequence "b" begins below 1604 m, and ends in facies 5. The 

gritty siderite horizon was not observed at the top of the 

"b" sequence in this well. The "a" coarsening upward 

sequence begins with facies 4 and continues up to facies 5. 

The bioturbated mudstones (facies 5) of the "a" sequence are 

abruptly overlain by conglomerate (facies 8). There is no 

good development of hummocky cross stratified and wave 

rippled sandstones (facies 7 and 7A). The thickness of the 

conglomerate is less than 1 m. The conglomerates pass 

vertically upwards into bioturbated mudstones of facies 4P 

and 3P, both facies are capped by pebbles. The "laminated 

blanket" (facie.s 2) overlies the bioturbated mudstones. 









Fig. 3.24. Facies Sequence Type 3B - - Type well 7-29-51-9. 

See descriptions in text. Vertical scale on the litholog is 

in metres. The facies numbers are shown on the right hand 

side of the litholog. The positions of the E5 and T5 

surfaces in the core are shown. The vertical scale on the 

resistivity log is in feet. The positon of the the cored 

interval is shown by a solid balck on the resistivity 

log, and the depth of the cored interval is given. The 

positions of the EfT surfaces on the log are shown on the 

right hand side of the resistivity log. The position of the 

"B" sequence of the Raven River Member is shown on both 

logs. 
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Fig. 3.25. The core of well 7-29 - 51-9 is representative of 

the sequence Type 3B. The 

photographs of well 7-29-51-9. 

next two pages show core 

The corresponding litholog 

and resistivity log are shown in Fig. 3.24. Core depths are 

all given in feet; the bottom of the core is in the lower 

left and thop in the upper right. Coarsening upward 

sequence "b" begins below 4738 ft and continues up through 

facies 4 and facies 5. The conglomerate (facies 8) is found 

on top df facies 5 of the "b" sequence. The conglomerate 

thickness in this well is a veneer overlain by the 

bioturbated mudstone facies 3P. The " laminated blanket" 

(facies 2) overlies the bioturbated mudstone facies. 



4738 
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sequences, the contact is generally sharp. I n some I-'Jell,; 

the contact is I oad~?d (eg. , 2--29-52--:1. 3) 

pipes between the loads. 

In TYPE 2 (Fig. :::;:.27> facies sequences, where the 

conglomerate rests on the bioturbated facies of the Raven 

I::;:i ver- th(:? contact is generally bioturbated. The 

contact appears to have been sharp initL..=dly, as in well 

:3--2~::'-··5 1-1 0 'I with the apparently diffuse n ature of the 

cont0ct being due to subsequent reworking of the pebbles 

downward by organisms. In many cases there are small chert 

grains found in the burrow forms. s. Vossler (M.Sc. thesis 

in progress, pers. comm.) suggested that the domin ant burrow 

form was T~alassinoide~, c:"md that such 

indicating a firm ground setting. This ichnofacies is 

indicative of burrowing in semiconsolidated but unlithified 

sediments, and 

envi ronm~~nts. 

is developed in marginal to opf::?n mar i ne 

along disconformities associated with erosion surfaces. 

In other wells pebbles interbedded with mudstones 

(sub ·--f ac i es 8f.) , 6) init.iate the 

conglomerate sequence, and some of the pebbles may be 

bioturbated int.o the mud associated with this facies (eg., 

well 6-31-53-:1.3). This would suggest that the E5 surface is 

below the first chert pebble, and that this is a mud on mud 

contact. If this were so, it makes picking the E5 surface 



Fig. 3.26. Conglomerate Contact Type 1. 

These photos show the nature of the conglomerate contact 

associated with Type 1 wells. A) Photo is taken from well 

2-29-52-13, 5416 ft. 

pipes associated with the 

is 3 cm. B) Photo is 

Notice the loading and dewatering 

conglomerate contact. Scale bar 

taken from well 10-21-52-13, 5396 

ft. Notice the sharp 

(facies 7A). Core is 

well 12-16-51-11, 5474 

contact with the underlying sands 

Photo is taken from 3 in. wide. C) 

ft. Notice the sharp contact 

of the conglomerate on the underlying bioturbated sandstone 

(facies 5). Scale bar is 3 cm. D) Photo is taken from 

well 13-5-51-11, 5644 ft. The conglomerate contact with the 

underlying sediments is sharp. Scale bar is in cm. 
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Fig. 3.27. Conglomerate Contact Type 2. 

These photos show the nature of the conglomerate contact 

associated with Type 2 wells. Scale bar is 3 cm. A) Photo 

is taken from well 

conglomerate with 

gradational in this 

4-13-51-11, 1638 m. 

6-31-53-13, 1561 m. The contact of the 

the underlying mudstones appears 

well. B) Photo is taken from well 

Notice the pebble filled burrows 

underneath the sharp conglomerate contact. C) Photo is 

taken from well 3-23-51-10, 1561 m. Notice the circular 

cluster (presumably bioturbated down) underneath the sharp 

directly below the conglomerate contact. The mudstones 

contact are sideritized. D) Photo is taken from well 

5- 3-51-9 , 1471 m. The conglomerate contact appears to be 

bioturbated in this well . Notice the pebble filled, 

diagonal burrow extending downwards from the conglomerate 

contact. 
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Fig. 3.28. Conglomerate Contact Type 3. 

These photos show the nature of the conglomerate contact 

associated with Type 3 wells. Scale bar is 3 cm. A) Photo 

is taken from well 14-10-53-13, 1601 m. In this well the 

conglomerate contact with the underlying shelf mudstones is 

sharp. B) Photo is taken from well 2-36-53-13 , 4915 ft. 

The conglomerate contact appears to be more gradational in 

appearance in this well. The Zoophycos burrow directly 

beneath the conglomerate is probably not responsible for the 

burrowing associated with the conglomerate contact, but was 

formed during previous deposition of the bioturbated 

sandstones. C) Photo is taken from well 7-29-51-9, 4729 

ft. The conglomerate contact appears to be more gradational 

in this well. D) Photo is taken from well 10-23-51-10, 

5011 ft. The conglomerate contact appears to be more 

gradational in this well. 
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difficult. Generally, 
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the mud associated with the 

conglomerates is very black and not as heavily bioturbated 

as the underlying bioturbated facies of the Raven River 

Member. In these cases the contact is picked at this 

change in mudstones associated with the incoming of the 

chert pebbles. 

TYPE 3 (Fig. 3.28) wells preserve only a thin veneer of 

gravel on the E5 surface. The contact is similar to that of 

TYPE 2 wells. Generally, the E5 surface is marked by the 

incoming of pebbles truncating the top of the progressive 

coarsening upward sequence, and the decrease in the amount 

of sand and bioturbation present in the mudstones associated 

with the conglomerates. 



CHAPTER 4 -- MORPHOLOGY OF THE E5 SURFACE 

4.1 INTRODUCTION 

The presence of a major erosion surface (E5 of Plint et 

al., 1986) will be established from cross sections, both log 

and core, in this chapter. The morphology of this surface 

will be illustrated using mesh diagrams generated from an 

isopach map of the E5 surface. It will be shown that the 

location and geometry of the conglomerate bodies are 

directly controlled by the morphology of the E5 surface. 

The morphology of the E5 surface has been discussed by 

Bergman and Walker (1986) for the Carrot Creek field 

(T. 51-53, R. 11-14). The presence of the major erosion 

surface (E5 of Plint et al., 1986) was demonstrated, 

resulting in the recognition of three areally distinct 

regions within the study area. The TERRACE, located in the 

western area, is a broad, undulating, expanse characterized 

by Type 1A wells. The BEVEL is a narrow belt located along 

the edge of the terrace, where hummocky cross stratified 

sandstones of facies 7 are truncated. It is characterized 

primarily by Type 1B wells, although wells of Type 2A may be 

present depending on the depth of erosion. The BUMPS 

and HOLLOWS located basinwards (northeastwards) of the bevel 

represent a remnant erosional topography. They are long and 

narrow, and trend slightly obliquely to the bevel. The well 

type varies according to the depth of erosion. The maximum 

126 
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erosional relief on the bumps and hollows is about 20 m. 

Expansion of the study area (Bergman, 1986; Bergman and 

Walker, in press) to include T.50 - 56, R.9 - 14, has revealed 

one more topographic area not recognized by Bergman and 

Walker (1986). Basinwards of the Bumps and Hollows the 

topography gradually fades away into a relatively "flat" 

surface, the BASIN PLAIN. 

4.2 CORRELATIONS 

Log and core cross-sections were constructed both 

parallel and normal to the trend of the conglomerate 

bodies. Four of these sections (located in Figs. 4.1, 4.6 

and . 4.10), incorporating as much core as possible, were 

chosen to illustrate the presence of a major erosion surface 

(E5), the two dimensional geomtry of the conglomerate 

bodies, and the vertical and lateral facies relationships. 

Log markers above and below the Carrot Creek Member 

were easily recognized and correlated, particularly the 

upper datum (E7/T7), and the lower markers E4/T4, E3/T3, and 

E1/T1 . The gritty siderite facies, recognized in core, 

gives the subtle log response labelled G.S. In some wells a 

prominent inflection point (IN) was recognized and 

correlated . The base of the conglomerate marks the erosion 

surface E5, and is represented on the cross sections as a 

jagged line. The E6/T6 surface ("Cardium Zone") which has 

traditionally been used as datum in Cardium studies was not 

used for two reasons; first it becomes a difficult marker to 



Figure 4.1. Map showing the location of the Carrot Creek -­

Cyn-Pem conglomerate pods. The location of the cross 

sections discussed in this Chapter are shown. 
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pick in the northeastern part of the basin and secondly, 

towards the northeast the surface can be shown to be 

erosional with about 10 m of relief (which will be discussed 

later) . 

The sections are all hung on a pair of induction peaks, 

the upper of which is the stratigraphic marker E7/T7, about 

32 m above the top of the Carrot Creek Member. The lower 

stratigraphic markers E4/T4, E3/T3, 

sub-parallel to the upper marker (E7/T7). 

and E1/Tl are 

The E1/T1 surface 

is separated from the E7/T7 surface by 92 to 107 mover 4200 

km2 , the entire area of study. The sand/conglomerate bodies 

are "boxed in" by these essentially flat and roughly 

parallel markers. The Cardium section thins northeastwards. 

The cored interval in each well is indicated by a solid 

black bar. The placement of the core with respect to the 

various well logs was done by comparing an obvious core and 

log marker (eg., the top of the conglomerate ) . In this way 

the core depth was adjusted to the log depth. The core 

sections are presented on an expanded vertical scale 

compared with the well logs, in order to highlight the 

geometry of the sand-body and 

facies relationships in the 

the lateral and vertical 

sections. Detailed core 

cross sections may be found for each line as Foldouts 1 

through 4 located in a pocket at the back of the thesis. In 

wells where core was not cut, but the well was essential to 

accurately reflect the erosional topography, the E5/T5 
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surfaces and gritty siderite (when present) were picked from 

the well logs. A hatched vertical line on the litholog 

indicates that the core was not cut for this part of the 

well and that the lithology was inferred from the well log 

signature. 

A cartoon core section, using an expanded vertical 

scale is shown below the respective log cross section in 

order to illustrate the relative positions of the E5/T5 

the position of the surfaces, the gritty siderite, 

laminated blanket (facies 2). 

and 

The cartoon is based on core 

data where available, and well logs. In wells which are not 

cored the markers are picked from the well logs. Both the 

full core sections, the cartoon core sections, and the 

log sections are hung on the same upper marker, the E7/T7 

datum. The horizontal separation between the log traces and 

core sections in the cross sections does not represent true 

distance between the wells. 

The downward curvature of the gritty siderite horizon 

under the thick conglomerate deposits (eg., 2-21 - 51-11, 

Cross Section B, Fig. 4.3) is believed to be the result of 

differential compaction. In some wells the top of the 

conglomerate (eg., 2-21-51-11) is higher than the projected 

top of the terrace and the preserved bumps. This is also 

believed to be the result of differential compaction of the 

mudstone facies relative to the thick gravel deposits. 
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Cross Section A: Fig. 4.2 

This is an extension of cross section A presented by 

Bergman and Walker (1986, in press). The base of the 

conglomerate is clearly erosive, cutting out the hummocky 

cross stratified sandstones of the terrace and part of the 

"a" sequence between wells 13-21-52-13 and 10 -35-52- 13 (a 

distance of about 4.9 km). It continues to cut downward, 

removing all of the "a" sequence, the gritty siderite, and 

part of the "b" sequence between 10-35-52-13 and 6-1-53-13 

(about 3 km). The bevel is well developed in this cross 

section (10-35-52-13 and 14-35-52-13) with thick 

conglomerate accumulating against it. 

Northeastwards of the bevel a topography of bumps and 

hollows is preserved. The difference in amplitude between 

bumps and hollows decreases gradually basinwards, until the 

surface i s essentially flat, characterising the basin 

plain. The topography (bumps and hollows) is believed to be 

erosional rather than depositional, because an almost 

identical facies sequence is preserved in both the terrace 

and bumps (compare facies sequences in 3- 14-52-1 4 and 

14-12-53-13 on Foldout 1). This is discussed in more detail 

in cross section B (Fig. 4.3 and Foldout 2). 

Thick (up to 15 m) accumulations of conglomerate occur 

banked up against the bevel (13-21-52-13 to 10-35-52-13) and 

in some of the hollows (8-33-53-11). The top of the 

conglomerate is essentially flat across the terrace and 



132 

bevel, but the conglomerate thins dramatically at the toe of 

the bevel. The conglomerate is only a thin veneer in core 

6-1-53-13. Basinwards thick conglomerates may accumulate in 

the hollows as in 8-33-53-11, but generally in the basin the 

erosion surface E5 is marked by a thin veneer of 

conglomerate. 

The thinner conglomerates and conglomerate veneers are 

overlain by bioturbated mudstones with pebble stringers of 

facies 5P, 4P and 3P, as in core 6-1-53-13. In well 

8-33-53-11 the thick conglomerate is overlain by mudstones 

with pebbly stringers of facies 3P and 4P. The Laminated 

Dark Mudstones of facies 2 (Laminated Blanket, labelled 

L.B. on the cross sections) then blanket the entire 

sequence, and are overlain in turn by Massive Dark Mudstones 

of facies 1. 

Cross Section~: Fig. 4.3 

This is an extension 

Bergman and Walker (1986, 

of cross section B presented by 

in press). The section was 

initially constructed to investigate the nature of the bumps 

and hollows, specifically, to examine whether the bumps 

represented a remnant erosional topography, or whether they 

represented new sand bodies that have been deposited on top 

the erosion surface E5. The section has been extended to 

determine how the bumps and hollows are related to the bevel 

and the terrace, and to examine what happens basinwards of 

the bumps and hollows. 



Figure 4 . 2. Cross section A as located in Fig. 4.1. The 

position of the wells, with respect to the topographic 

features present on the E5 surface, are given below the well 

log section. A cartoon core section is presented below the 

log section. 

in Foldout 1, 

thesis. Dark 

A detailed core cross section is presented 

located in a 

bars beside 

pocket at 

log section 

the back 

show the 

of the 

cored 

interval. The various E/T surfaces are shown. L.B. = 
Laminated Blanket, G.S. = Gritty Siderite, "A" and "B" refer 

to the two coarsening upward sequences preserved in the 

Raven River Member. Scale is in metres. 
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In this section the bevel is not as well developed as 

it is in cross section A and is not covered by thick 

The erosion surface cuts progressivel y 

downward through the hummocky cross stratified sands, with 

only a thin veneer of gravel marking the sur f ace. The toe 

of the bevel is in the area of well 13-5-51- 1 1 (see Foldout 

2). Basinwards of the bevel~ the bump and hollow topography 

is well developed between wells 4-16-51-11 and 5 - 22-52-10. 

The bump and hoI I O\.'J topography fades a\.'Jay into an 

essentially flat surface, the basin plain. 

Within the bumps (4-16-51-11/10-16-51-11, 2-28-51-1 1, 

8-3---52--11 , refer to Foldout 2), the stratigraphic section 

consists of the " b"sequence, the gritty siderite, and the 

II a" ~5f?quence, which may be capped by hummocky cross 

stratified sands. This vertical sequence is very similar to 

that underlying the terrace. It would be an extraordinar y 

coincidence if th i s sequence, including the gritty siderite , 

had developed independently of that of the terrace, and 

after the formation of the erosion surface. This suggests 

that the bumps represent a remnant erosional topography. 

In this section most of the hollows are filled with 

thick gravels banked up against the bumps (2--21, 9--:::;: to 

15---11, 11---1 f.J 'J and 5-22). The conglomerate thins into the 

toe of the hollow and is overlain by facies 5P, 

(refer- to 

Fol dout 2). 

wells 9-3-52-11, 11-2-52-11, 15---11-52----11 em 

In well 4-34-51-11 only facies 5 P , 4P, and 3F' 



are preserved, 

basinward of 

morphology of 

morphology of 

emplacement of 

135 

suggesting that this well is located just 

a thick conglomerate accumulation. The 

the hollows in this area is similar to the 

the bevel shown in cross section A. After 

all the pebbles, the "laminated blanket" 

(facies 2) was deposited over the entire area, and in turn 

was blanketed by massive dark mudstones of facies 1. 

Cross Section~: Fig. 4.4 

This section is outside the study area discussed by 

Bergman and Walker (1986, 

north of cross section 

in press). It is located to the 

A. The section shows a well 

developed terrace 

well developed 

and bevel. The bumps and hollows are not 

the surface is gently undulating with 

relief around 5 m. The undulations fade basinward l eaving 

an essentially flat erosion surface, the basin plain, marked 

by a thin pebble veneer. 

The erosion surface cuts progressively downwards 

through the hummocky cross stratified sands, 

sequence , and the gritty siderite. The bevel 

the a 

in this 

section has thick accumulations of conglomerates, as seen in 

wells 14-34-54- 13 and 11 -2-55-13 (Foldout 3). There are no 

thick conglomerate accumulations basinward of the bevel on 

this cross section (refer to Foldout 3). 

Cross Section~: Fig. 4 . 5 

This section is outside the study area discussed by 

Bergman and Walker (1986, in press). It is l ocated to the 



Figure 4.3. Cross section B as located in Fig. 4.1. The 

position of the wells, with respect to the topographic 

features present on the E5 surface, are given below the well 

log section. A cartoon core section is presented below the 

log section. A detailed core cross section is presented in 

Foldout 2, located in a pocket at the back of the thesis. 

Dark bars beside the log section show the cored interval. 

The various EfT surfaces are shown. L.B. = Laminated 

Blanket, G.S. = Gritty Siderite, "A" and "B" refer to the 

two coarsening upward sequences preserved in the Raven River 

Member. Scale is in metres. 
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Figure 4.4. Cross section C as located in Fig. 4.1. The 

position of the wells, with respect to the topographic 

features present on the E5 surface, are given below the well 

log section. A cartoon core section is presented below the 

log section. A detailed core cross section is presented in 

Foldout 3, located in a pocket at the back of the thesis. 

Dark bars beside the log section show the cored interval. 

The various EfT surfaces are shown. L.B. = Laminated 

Blanket, G.S . = Gritty Siderite, "A" and "Boo refer to the 

two coarsening upward sequences preserved in the Raven River 

Member. Scale is in metres. 



C 6- 21-53-14 6-35-53-14 

DATUM 

11-12-54-14 11-13-54-14 
I 

~ 
:I 

11-24-54-14 9-29-54-13 14-34-54-13 

) ) 

i 

11-2-55-13 15-2-55-13 10-7-55-12 10-8-55-12 11-15-55-12 6-23-55-12 11-24-55-12 11-30-55-11 9-32-55-11 6-11-56-11 11-12-56-11 6-29-56-10 14-36-56-10 C 

~ ~ ') § I 
~ ~ ~ § 

- -

~ 
E&lTS ~ 

III 

E7/T7 ~ 

"CARDIUM ) ZONE" 

~ 
§ l:::==:;-=== 

--~ ~ 1 ~ 
-~ (-

- - - -
-~ -~ -~ 

; 
'" 

~ 
!!! 

s 

E4/T4 ~ 
E3/T3 

E !1 t-= -J == _II E-IIT-~ 
~ ===-t= ==- I ~-§ 

EI/TI _---r-- ~. 

TERRACE lEVEL 

~ a: 
-' c( 
2: 
CIt -C 

CARROT L ITS .1k!#~a41 
CREEK r lE5 ~hI ~ 

~. 
: Ii.S. ( • 
: ... ~ I 
i ~ 
'" 

~::? >-::1 
• ~1 t 

-~ 
-:I 

--
-~ 

- --- ----~ 
- (--- ~--

~ ) 

(-

- --
~ ~ -

-

,~ 

1 -:il 
:! 

-§ 

BASil PLAIII 

L.B. 

~ES/T5 

20 M 



138 

south of cross section B. The section was drawn to t ry to 

establish the position of the bevel in the south, and to 

further examine the bump and hollow topography. As in cross 

section B, the bevel is not well developed and does not have 

thick conglomerates accumulating on it. Basinwards of the 

bevel is a well developed bump and hollow topography , with 

thick conglomerates occurring in some of the ho l lows. 

Basinwards of the bumps and hollows the erosion surface 

flattens out, (basin plain ) and is marked by a thin veneer 

of conglomerate (refer to Foldout 4). , y 

4.3 EROSION SURFACE 
.!7.",,~ 

The four cross sections (particularly the core sections 

Foldouts 1 through 4 ) document the presence of a major 

erosion surface . This surface is divided int o four areally 

distinct topographic features (terrace, bevel, bumps and 

hollows, and basin plain). The similarity of the facies 

preserved in the .Terrace and in the Bumps suggests that the 

Bumps represent a remnant erosional topography (refer to 

Fig. 4.3, and Foldout 2). The cross sect ions presented 

herein demonstrate that this surface extends throughout the 

study area , with a maximum erosional relief of about 20 m. 

The presence of this erosion surface E5 was establish ed by 

Bergman (1984) and published by Bergman and Walker ( 1986, i n 

press) in the Carrot Creek area. 

The interval from the datum (E7/T7) to t h e base of the 

conglomerate (E5 surface), has been isopached in order to 



Figure 4.5. Cross section D as located in Fig. 4.1. The 

position of the wells, with respect to the topographic 

features present on the E5 surface, are given below the well 

log section. A cartoon core section is presented below the 

log section. A detailed core section is presented in 

Foldout 4, located in a pocket at the back of the thesis. 

Dark bars beside the log section show the cored interval. 

The various E/T surfaces are shown. L.B. = Laminated 

Blanket, G.S. = Gritty Siderite, "A" and "B" refer to the 

two coarsenin upward sequences preserved in the Raven River 

Member. Scale is in metres. 
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determine the morphology of the E5 surface using well logs 

and core. In most cases it was possible to pick the base of 

the conglomerate from logs alone, particularly if there was 

nearby core control. A contour map of the this surface is 

shown in Figure 4.6 (a map including data values is given as 

Foldout 5), where the contour values represent distances 

below the E7/T7 marker: 

deeper the scour. 

the higher the contour value the 

The combination of cross sections and isopach map 

allows the recognition of four areas of distinct topography, 

based on the distance below the marker and the underlying 

facies preserved. These are the TERRACE is a broad 

undulating expanse, where the conglomerates rest on hummocky 

cross stratified sands, located in the south and 

southwestern parts of the map. The BEVEL is a narrow belt, 

crudely trending northwest-southeast, where the hummocky 

cross stratified sandstones (facies 7 and 7A) are 

truncated. The bevel is better developed in the 

northwestern portion of the map. South of Cyn-Pem the bevel 

trends almost east-west along the "drilling gap" in the 

Pembina oil field (McLaughlin, 1986). Bas i nwards 

(northeastwards) of the bevel, especially in the southern 

part of the map is the well developed BUMP and HOLLOW 

erosional remnant topography. This topography extends along 

the mortheastern edge of Pembina (McLaughlin, 1986 ) . The 

bump and hollow topography is not as well developed in the 



Figure 4.6. Isopach map of 

topographically distinct areas have 

the E5 surface. 

been recognized 

Four 

on the 

map. The broad undulating TERRACE, located in the southwest 

corner of the map, the narrow BEVEL trending roughly 

northwest-southeast, located immediately basinward of the 

terrace. Northeastwards of the bevel is remnant erosional 

topography of BUMPS and HOLLOWS trending roughly parallel to 

the bevel, which fades gradually basinwards in a relatively 

flat expanse, the BASIN PLAIN. The positions of the cross 

sections are shown. 
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northern part of the map. The BASIN PLAIN (not specifically 

named by Bergman and Walker, 1986) is an essentially flat 

area basinwards of the bumps and hollows. Apart from the 

surface documented by McCubbin (1969) for the Cretaceous 

strike-valley sandstone reservoirs in northwestern New 

Mexico, there is no similar published isopach map detailing 

the morphology of this type of erosion surface. 

The facies sequence type (described in Chapter 3) was 

plotted on a map (Fig. 4.7), in order to establish the areal 

distribution of each type. From this map it can be seen 

that facies sequences are associated with the various 

morphologic features recognized on the erosion surface. 

Type IA wells are characteristic of the sequences found on 

the terrace and in the bumps. The bevel is characterized 

primarily by wells of Type IB; sometimes wells of Type 2A 

are found in the bevel. Well Type 2A and 2B are 

characteristic of the landward side of hollows. Type 

3A and sometimes 3B are found on the basin side of the 

hollows basinwards of the Type 2 wells. The basin plain is 

characterized by wells of Type 3B. 

4.4 MESH DIAGRAMS OF THE E5 SURFACE 

In order to visualize the morphology of this surface a 

mesh diagram was constructed using the same data. The mesh 

diagrams were made using the commercially available software 

package published by ZYCOR Inc., of Austin Texas. The 

technical details are presented in more detail in Appendix 



Figure 4.7. Facies sequence map. This map shows the areal 

distribution of the facies sequence types described in 

Chapter 3. The position of the bevel, the 40 and 45 m 

contour lines are drawn on for reference to the morphology 

of the E5 surface (Fig. 4.6). 
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3. Briefly, a regular grid of points was set up, using a 

weighted least squares procedure to calculate grid point 

values from surrounding real data points. The data grid was 

then smoothed to produce the mesh diagram, and shading 

applied to emphasize the topography of the surface. 

Differences between the mesh diagram and the hand- contoured 

isopach map are due to the smoothing procedures involved in 

making the mesh surface. 

Two views of the mesh diagram are presented, one from 

the northeast (Fig. 4.8) and the other from the northwest 

(Fig. 4.9). The relief is highly exaggerated in the 

figures; the actual relief on the surface is about 20 m, and 

covers an area of 1512 mi2 (4200 km2 ). The cross sections, 

particularly the core sections, clearly demonstrate that the 

bumps are not gravel and sand ridges which have aggraded on 

top of an originally smooth surface. 

The two mesh diagrams (Figs . 4.8, 4.9) illustrate the 

four areally distinct areas recognized on the isopach map. 

The two views show the morphology of the individual features 

recognized, and their lateral variation. The gradual 

transition from the bumps and hollows to the basin plain is 

more evident on the mesh surface than the isopach map. The 

mesh surface also shows the change in the development of the 

bevel from the north the south and the association with the 

bumps and hollows more clearly than the isopach map. 

If the conglomerates were superimposed on this surface, 



Figure 4.8. Mesh Diagram of the E5 surface when viewed from 

the northeast corner of the study area. The topographic 

features described from the isopach map (Fig. 4.6) are 

shown. 
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Figure 4.9. Mesh Diagram of the E5 surface when viewed from 

the northwest corner of the study area. The bevel is 

evident as a prominent feature in this view. The 

topographic features are labelled. 
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they would be found associated with the deeper scours (refer 

to Fig. 4.3 and Foldout 2, wells 2-21-51-11, 11-2-52-11, 

11-16-52- 10, and 5-22-52-10). The thick conglomerates were 

found banked up against the bevel (Fig. 4.2 and Foldout 1, 

well 14-35-52- 13 and 10-35-52-13) and the bumps (Fig. 4.3 

and Foldout 2, refer to wells listed above). These thick 

conglomerates pass basinwards into mudstones with pebbly 

stringers and scattered chert pebbles (facies 3P, 4P, and 

5P) . 

4.5 RELATIONSHIP OF CONGLOMERATE TO THE E5 SURFACE 

The conglomerate thickness isopach map (Fig. 4.10) was 

constructed using both core and log data. A map including 

the thickness values of the conglomerates is given as 

Foldout 6. The cores were used to confirm the well log 

response. The thickness of the conglomerates was determined 

primarily from well logs. In many cases the core could not 

be used because more than a metre of conglomerate was 

missing from the core boxes. Conglomerate thickness was 

calculated from the induction log response and where 

possible compared with the thickness recorded by the gamma 

ray log signature. Thickness of the conglomerate was 

determined by measuring the thickness of the blocky log 

response at half the resistivity value (Fig. 4.11). 

A series of linear en echelon bodies, with up to 19 m 

of conglomerate, were found. Those bodies of gravel 

adjacent to the bevel surface are parallel to the bevel. 



Figure 4. 10. Conglomerate Isopach Map showing the 

distribution of the thick conglomerate pools on the E5 

surface. The positions of the cross sections are shown . 
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Figure 4.11. Resistivity log illustrating how the 

conglomerate thickness was calculated from the resistivity 

log. The measurement of conglomerate thickness was made at 

a position equal to approximately half the resistivity 

value. The diagram also shows the log signature of the 

various EfT surfaces, as well as the gritty siderite. Below 

the conglomerate is a coarsening upward sequence associated 

with the Raven River Member; G.S. indicates the log response 

of the gritty siderite, sub-facies 8 G.S. This coarsening 

upward sequence has been truncated by the E5 surface. Above 

the conglomerate (T5) is a fining upward sequence associated 

with transgressive mudstones of the .Dismal Rat Member. The 

black bar shows the position of the cored interval. Scale 

is in metres. 
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Basinwards of the bevel the pods trend slightly obliquely to 

the orientation of the bevel and are parallel to the 

hollows. Generally, the thickest gravels are found 

associated with the deepest hollows. Between the 

conglomerate bodies, a continuous veneer of conglomerate, 

usually less than a metre thick, is present in all wells. A 

more detailed discussion of the conglomerates is given in 

Chapter 7. 

4.B "CARDIUM ZONE" -- LOW WATER MEMBER 

The Low Water Member (more commonly 

. "zone") is contained between the EB/TB 

composed of pebbles in siderite 

known as Cardium 

surfaces . It is 

(eg. , 13-5-51-11; 

Fig. 4.12). This horizon has commonly been used as a 

regional datum in Cardium studies (Griffiths, 1981; Krause, 

and Nelson, 1984; Krause, 1983; Keith, 1985). In many 

areas, the EB surface can be demonstrated to be a reliable 

marker for correlation, trending parallel or sub-parallel to 

other regional markers. In other areas, however, there may 

be more than 20m of erosion on this surface (eg., in 

the area of Ricinus field; Plint, pers. comm.). 

The EB surface in the Carrot Creek area is mostly a 

"flat" horizon, trending parallel or sub-parallel to other 

regional markers. The major problem with using the EB/TB 

surface in this area is that the marker becomes difficult to 

pick basinwards. In the northeast corner of the study area, 

approximately 10 m of erosion can be documented on the EB/TB 



Figure 4.12. "Cardium Zone" -- Low Water Member. 

The Low Water Member is characterized by chert pebbles and 

granules dipersed in siderite. A) Photo is taken from 

well 6-31-49-10, 5450 ft. B) Photo is taken from well 

13-5-51-11, 5575 ft. Photos are taken from 3 in. drill 

core. 
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surface with respect to the upper datum (E7/T7), as seen on 

cross sections A and C (Figs. 4.2 and 4.4 respectively). 

The area of interest on these lines is shown in more detail 

on cross sections A' and C' (Figures 4.13 and 4.14 

respectively). These correlations are based entirely on 

well logs as there is no core available. 

Cross section~: Fig. 4.13 

On this section there is approximately 8m of erosional 

downcutting on the E6 (Low Water Member) surface between 

wells 7-31-53-10 and 7-3-54-10. This surface truncates 

underlying marker horizons. Above this surface, overlying 

markers can be shown to onlap onto this surface (compare 

wells 7-31 and 7-3). 

Cross Section~: Fig. 4.14 

On this section two stages of erosional downcutting are 

documented. The first downcutting occurs between wells 

9-29-54-13 and 14-34-54-13, and has approximately 5m of 

relief. The second downcutting occurs between wells 

10-8-55-12 and 11-15-55-12, and has approximately 5m of 

erosional relief. The surface truncates underlying markers, 

and overlying markers onlap onto this surface. 

The E6 surface in the Carrot Creek area shows similar 

features to those documented in detail for the E5 surface. 

The main differences are in the scale of erosion (a maximum 

of 10m on the E6 surface compared with approximately 20 m of 

erosional downcutting on E5), and the lack of thick 



Fig . 4.13. Detailed section of cross section A (Fig. 4.2 ) 

showing the morphology of the Low Wat er Member ( "Cardium 

Zone ") , E6/T6 surface. Scale in metres . 
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Fig. 4.14. Detailed section of cross section C (Fig. 4.4) 

showing the morphology of the Low Water Member ("Cardium 

Zone"), E6/T6 surface. Scale in metres. 
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conglomerate accumulation on the E6 surface. 

4.7 FORMATION OF THE E5 SURFACE 

The erosion surface preserved in the Carrot Creek 

Cyn-Pem area could have formed in one of three ways; 1) 

fully sub-aerial erosion (fluvial downcutting), 2) fully 

marine (erosion on the shelf), or 3) in an intermediate 

position (shoreface erosion). 

will be discussed individually 

These three possibilities 

in detail in Chapter 8 . A 

brief discussion is presented here, in order to interpret 

the morphology of the E5 surface so that the textures 

preserved in the conglomerates (Carrot Creek Member) 

overlying this surface may be discussed in terms of their 

depositional environment. 

The sediments preserved in the Raven River Member 

(bioturbated mudstones and sandstones passing vertically 

upwards into hummocky cross stratified sandstones) suggest 

deposition of an overall regressive sequence in an open 

shelf environment. The hummocky cross stratified sandstones 

indicate deposition below fairweather wave base and above 

storm wave base. The remnant topography of bumps and 

hollows and the continuous trend of the bevel (with about 

20 m of relief) suggests increased erosion of the bed. This 

erosional morphology implies a minimum sea level lowering to 

increase the ability of waves to scour the bed (fully 

submarine erosion) or a maximum lowering to allow fluvial 

downcutting (fully sub-aerial erosion). 
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A. FULLY SUB-AERIAL (Fluvial Downcutting) 

The morphology of the the E5 surface does not resemble 

one of incised fluvial 

not account for the 

preservation of the 

channels. 

presence 

basinward 

Fluvial 

of the 

topography 

downcutting does 

bevel or the 

of bumps and 

hol l ows, which also trend roughly parallel to regional 

strike. 

The other possibility is that the surface was cut 

sub-aerially and then reworked during a subsequent marine 

transgression. This is an added complication for which 

there is no real supporting evidence. There are no features 

preserved to suggest that rivers headed at the bevel. The 

hypothesis that the E5 surface formed as a result of fluvial 

downcutting and sub-aerial erosion with the gravels forming 

as fluvial bars, is rejected. 

B. FULLY MARINE (Submarine Erosion) 

Swagor et al. (1976) interpreted the erosion surface at 

the base of the conglomerates to have formed by submarine 

erosion on the open shelf. Although storm waves can scour 

the open shelf below fairweather wave base, the amount of 

relief (about 20 m) on the E5 surface, seems to make an 

open marine interpretation unlikely. Submarine erosion does 

not account for the continuous trend of the bevel. These 

features (amount of erosional relief and continuous trend of 

the bevel) suggest the presence of strongly localized 

erosion, rather than broad, open scouring on the shelf. The 
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hypothesis that the erosion surface formed by submarine 

scour on the bed is rejected. 

C. INTERMEDIATE (Shoreface Erosion) 

The formation of the E5 surface as a result of 

shoreface erosion implies a drop in relative sea level, 

which caused the shoreface to move many tens of kilometers 

into the basin. In order to develop the preserved 

morphology of the E5 surface, the initial position of the 

maximum lowstand shoreface must have been located at Bigoray 

(refer to Fig.4.1), the basinward extent of the the bumps 

and hollows. Initial lowering of sea level must have been 

rapid so that the original shoreline could move quickly 

basinward, causing sediment bypassing of the shelf. If sea 

level lowering had been slow, (i . e., sediment supply kept 

pace with the rate of sea level lowering), then a steadily 

prograding coarsening upward sequence of offshore muds 

passing up into shoreface and shoreline deposits (such as 

that observed at Kakwa, Plint and Walker, 1986) would be 

expected. Such a sequence is not known to exist above the 

E5 surface, based on the regional correlations of Plint et 

al. (1986). Wave scour of the bed presumably resulted in 

the erosion of a new shoreface profile at maximum lowstand. 

Bergman and Walker (1986, in press) interpreted the 

morphology of the E5 surface, 

topography of bumps and hollows, 

period of stillstand or slow 

particularly the remnant 

to have formed during a 

steady sea level rise 
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(Fig. 4.15). During this time, erosional shoreface retreat 

toward the southwest produced the remnant topography. This 

topography of bumps and hollows appears to be unusual. 

Kraft (1971) showed erosional "bumps" on the Pleistocene 

surface which are apparently associated with the Holocene 

transgression, but the relief on these bumps is only about 

4 m. The bumps were interpreted by Bergman and Walker 

(1986, in 

shoreface. 

suggested by 

press) as representing former positions of the 

The irregular morphology of the surface was 

Bergman and Walker (1986, in press) to be due 

to armouring of the surface by gravel; other possibilities 

will be discussed in Chapter 8 of the thesis. The bevel 

marked the final position of the shoreface before marine 

transgression occurred, blanketing the conglomerate deposits 

with marine mudstones. 

4.8 SUMMARY (Fig. 4.15) 

1) Sequence "b " (Fig. 3.1) represents a progressive 

shallowing upward sequence through facies 1, 3, 4, and 5 

(Fig. 4.15A). 

2) The gritty siderite separating the sequences "b" and "a" 

(Fig. 3.1) is the result of a pause in deposition, possibly 

the result of a minor rise in sea level or a stillstand. 

3) Sequence "a" (Fig. 3.1) represents another progressively 

shallowing upward sequence through bioturbated mudstones of 

facies 4 and 5, culminating in hummocky cross stratified 

sands suggesting deposition above storm wave base 



Figure 4.15. Summary diagram of the 

depositional history in the Carrot Creek 

area (after Bergman and Walker, in press). 

the diagrams are presented in the text. 

erosional and 

- - Cyn-Pem study 

The details of 
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(Fig.4.15A). 

4) A rapid drop in relative sea level resulted in a shift 

in the position of the shoreline basinwards (4.15B). The E5 

surface is believed to have been formed by wave scouring on 

the bed to re-establish a new shoreface profile. During 

stillstand (Fig. 4 .15C), this shoreface profile eroded back . \ ,. 

landwards leaving the bump and hollow topography, and the 

well established bevel where older sediments are truncated. 

Thus, the bumps are not newly formed offshore "ridges " 

rooted in the unconformable surface (data on cross section 

B, Fig. 4.3 and Foldout 2). 

5) Also during stillstand (Fig . 4.15D), thick clast-

supported conglomerate (up to 19m) was deposited against the 

landward side of the hollows. 

6) During transgression, the gravel supply was cut off and 

the seaward sides of the hollows were filled with 

transgressive mudstones. During storms, gravel was reworked 

to form scattered pebbles and/or pebble stringers (facies 

3P, 4P, and 5P) in the mudstones seaward of the thick 

gravels (Fig. 4.15 E). The transgression also reworked 

gravel back across the terrace from the thick accumulations 

against the bevel. 

7) With continued transgression (Fig. 4.15 F) there is 

complete blanketing of the entire sequence by the laminated 

mudstones (facies 2). 

\~ e 6\,tu--

'\'J ~ ,.... ' 
I ;.. ~\'-\ 
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8) After deposition of the laminated mudstones, further 

blanketing by massive mudstones (facies 1) occurred. 



PART B: SEDIMENTOLOGY OF THE CARROT CREEK MEMBER 

CHAPTER 5: DISCUSSION OF GRAVEL ENVIRONMENTS 

5.1 INTRODUCTION 

The Carrot Creek Member is bounded by the E5 erosion 

surface and the T5 transgressive surface (Fig. 2.3). It is 

composed of a chert pebble conglomerate with some 

interbedding of sand and mud. The thickness of this member 

varies from a thin veneer to about 20 m. A detailed 

discussion of the facies found in the Carrot Creek Member is 

presented in Chapter 6. Lateral variations within the 

member, and the relationship of the conglomerate to the E5 

surface are discussed in Chapter 7. Detailed analysis of 

the cements (particularly the carbonate cements -- siderite 

and calcite) found within the conglomerates of the Carrot 

Creek and Burnstick Members of the Cardium Formation is 

being done by S. Zymela (Ph.D. in progress, pers. comm.) and 

hence will not be discussed herein. 

The original objective of this thesis was to examine 

the conglomerate textures, 

discussed in Chapter 1), 

particularly 

in order to 

the fabric 

investigate 

(as 

the 

mechanism of emplacement of gravel into the basin. This 

proved to be impossible, as the conglomerates of the Carrot 

Creek Member showed very little preferred imbrication of the 

162 
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pebbles. These results made it difficult to define the 

depositional processes and environments of the gravel based 

on the textures of the gravels alone. The geometry of the 

erosion surface (discussed in Chapter 4) has proved to be 

the key to determining the depositional environment of the 

gravels. The conglomerates of the Carrot Creek Member are 

interpreted in this thesis as storm-dominated marine 

shoreface gravels, deposited during a rapid relative 

lowering of sea level. This interpretation is based 

primarily on the geometry of the erosion surface on which 

the conglomerate bodies rest (Bergman and Walker, 1986; in 

press, and Chapter 4) and the regional stratigraphy proposed 

by Plint et al. (1986). Thus, the textures of the 

conglomerates could not be used to determine processes and 

environments. Rather, the environment is determined by the 

morphology of the erosion surface, and the textures of the 

conglomerates are presented to document what occurs in the 

shoreface environment. 

To the best of my knowledge no one has previously 

described an ancient shoreface sequence similar to the one 

preserved at Carrot Creek. The existing literature provides 

a fairly limited documentation of conglomerates that are 

thought to have originated in coastal or nearshore 

environments. Nemec and Steel (1984) and Bourgeois and 

Leithold (1984) give good summaries of features believed 

to be associated with coastal conglomerates. A brief 
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d i SCL.\s~,i on of this lit.el~(:\ture is presented here to enable 

the reader to understand the extent to \I~hich the Carrot 

Creek ""Iember- is both t.he similar and different from other 

previously described coastal sequences -- both shoreface and 

beach. Differences between shelf, fluvial, and deep marine 

conglomerates will also be highlighted. 

5.2 GRAVEL ENVIRONMENTS 

t~S notf:.~c:I by Twenhofel (1947; p. 119), " a 

conglomerate in itself has no environmental significance 

beyond the fact that the competency of a transporting agent 

was adequate to place its constituent.s where they are found 

II The problem then, is to determine the depositional 

envi Ir'oncllent of the conglomerate. Conglomerate descript.ors 

(summary in Harms et al., 1975, 1982) such as size, shape, 

Ir'oundn€:~ss , sorting fabric, grading, stratification, pebble 

<3UppOIr't 

fos!5ils 

(matri:-~ versus <::1 as,t~5) , the presence/absence of 

(bot.h body and trace), and preserved sediment.ary 

structures in the conglomerates and interbedded sediments 

may provide some clues to the depositional environment of 

gl'''c\vel s. These hOlfH?Ver, are 

environmentally specific, and no one criterion is diagnostic 

o f a dE~posi ti onal setting. The associations of 

conglomerates with c)t.her facies are perhaps t.he most 

reliable crit.eria for 

environments (Twenhofel, 

the determination of depositional 

1947), and where available, faunal 

evidence i~ often diagnostic o'f gravel depositional 
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environments (Bourgeois and Leithold, 1984). 

Gravels are found in a wide variety of environments in 

both the continental and marine settings. Distinguishing 

between marine 

difficult. The 

and non-marine conglomerates is often very 

three general environmental settings 

(non-marine, marine, 

briefly below. The 

and marginal marine) will be discussed 

separation of these three settings is 

based primarily on textural features preserved in the 

conglomerates, 

sediments. 

and the association with surrounding 

A. Non-marine Conglomerates 

Non- marine conglomerates comprise mainly braided stream 

and mass flow sequences. The stratigraphic context of the 

conglomerates, in particular the association with sandstone 

sequences showing evidence of sub-aerial flood or 

soil - forming processes (such as, roots, caliche, paleosols, 

or dessication cracks), or containing a non-marine fauna or 

ichnofauna, may be sufficient to define the depositional 

setting (Nemec and Steel, 1984). 

Braided river and braidplain conglomerates are the 

largest the group of non-marine conglomerates. They are 

characterized by gradual facies changes and decreasing grain 

size in a downstream direction. Braidplain deposits, 

although thinner than channel deposits, may have a lateral 

extent parallel to the paleoslope of as much as 500 km. For 

example, the Lower Cretaceous Cadomin Formation in the 
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'foothill~-:; o·f Alberta and Montana is sheet-like extending up 

to ~~OO km downslope from its SOUl~ C E~ (SChl_tl thei sand 

l'1ountjoy, 1978). 

Brai ded chc:mnel 

thinning sequences. 

deposits occur in laterally fining and 

Vertical sequences are fining upward~ 

2-3 m thick, and are dominantly structureless. In fluvial 

c:hannels the ~5malley- clasts may assume an "a" a;·:is pc\l~cdl('?l, 

"a" a:-: is i mbr i cate pat tern, hOlrJever, the coarser clasts ,:\I"e 

generally aligned in fluvial 

imbricate pattern. 

with an l1a ll 

deposits occur in laterally coarsening and 

thickening units with flat bas(·?s and conve;.:--up top 

suY"fac:es. Vey .. ·ti cal sequences vary depending on locations 

within the bar complex, and the type of Generally, 

s€:?quences are fining upward.) 1 .. ···2 m thick, 

horizontally stratified cross bedded units. PI anal~ 

cross stratification is mor-e common in fluvial 

bi:U-s. Hcwi zont.al str-atification consists of 

differ-ent clast si zes or- layers with alternating matr-ix 

filled and open work texture in fluvial conglomer-ates. 

Fluvial gravels ar-e mainly ungr-aded, with less common 

normal or- inver-sely gr-aded 

gr-avels 

beds. 

into 

assemblages. Generalized vertical 

Rust. (1978) clas~;ified 

pr"o:,: i mal and d:i stal 

sequences of differ-ent 

types of br" ai ded f 1 uvi 211 systems wer-e described by Miall 

( 1977, 1. 978) • 
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B. Deep Marine Conglomerates 

Hein (1984) compared deep sea gravels and fluvial 

gravels. The most useful criteria recognized in the 

distinction of fluvial 

grading types and 

from 

gravel 

deep sea conglomerates were 

fabric patterns. Deep-sea 

conglomerates are mainly normally graded, with less common 

ungraded conglomerates and rare inversely or complexly 

graded beds. Deep sea channel conglomerates commonly have 

an "a" parallel, "a" imbricate fabric. 

Deep sea channel deposits are composed of laterally 

fining and thinning deposits. 

commonly fining upward, with 

Vertical sequences are 

thickness of 5-10 m ( Hein, 

1982; Walker, 1984c). The main channel deposits are 

dominantly structureless. 

Braid bar deposits in deep sea sediments occur in 

laterally coarsening and thickening units with flat bases 

and convex-up top surfaces. Vertical sequences vary 

depending upon locations within the bar complex and the 

type of braid bar. Generally, vertical sequences are fining 

upward, 1-2 m thick, horizontally stratified or cross bedded 

units. Graded trough oross stratified beds, graded 

horizontal stratification and irregular inclined cross 

stratification are common in deep-sea bar deposits. These 

features were not recognized in the fluvial conglomerates. 

Horizontal stratification consists of layers with different 

clast sizes or layers with alternating clast-supported and 
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clast-dispersed texture. Open work texture was not observed 

in the deep-sea conglomerates. 

Walker (1975a, b; 1977) proposed some generalized 

Bouma-like models for deep-sea conglomerates. The models 

were based on descriptors such as grading, statification and 

fabric. These models were later related by Walker (1978) to 

positions on a submarine fan. The models have changed '1~~ 

little since they were proposed, but it should be noted that 

they are based on a limited amount of data. 

The non-marine and deep marine environments both 

deposit gravels 

The details of 

in channels with associated bar complexes. 

the morphology of the erosion surface 

preserved in the Carrot Creek -- Cyn-Pem study area does not 

support the presence of channels (Chapter 4). The textural 

sequences preserved in the conglomerates and the vertical 

and lateral relationships (described in Chapters 6 and 7) do 

not support either of these depositional settings. The only 

major depositional environment remaining is the coastal 

setting. Deposition of 

environment is supported by 

surface (refer to Chapter 

discussed in more detail. 

the conglomerates in this 

the morphology of the erosion 

4). This environment will be 

5.3 WAVE -DOMI NATED NEARSHORE GRAVELS 

Models for fluvial and deep sea deposition of gravels 

are relatively well established compared with models for the 
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depostion of gravels in the high energy, wave dominated near 

shore environment. Nearshore gravels can be sub-divided 

into two separate depositional environments; the beach and 

the shoreface. The majority of publications on beach 

gravels have been from modern beach conglomerates rather 

than from ancient beach conglomerates, while the opposite is 

true for shoreface deposits. Marine beach gravels are 

rarely preserved, in the geologic record compared with the 

shoreface deposits, because only a very rapid rise of sea 

level could bring beach gravels below the level where they 

could not be eroded or moved shoreward. Combined with this 

modern beach gravels are more easily observed than shoreface 

gravels. 

A. BEACH GRAVELS 

The focus of research on gravel beaches has been on; 

1) particle sorting on the beach as a function of 

size and shape (Bluck, 1967, 1969; Carr et al., 1970; 

Dobkins and Folk, 1970; Orford, 1975; Orford and 

Carter, 1982), 

2) longshore transport and sorting of pebbles (Carr, 

1969; 1971) , and 

3) Distinguishing beach gravels from fluvial gravels 

(Dobkins and Folk, 1970; Clifton 1973; Wescott and 

Ethridge, 1980; Ethridge and Wescott, 1981; Leckie and 

Walker, 1982; Maejima, 1982 and Bluck, 1982). 
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1) Particle sorting by size and shape. 

Bluck (1967) provided a detailed description of 

downbeach zonation of particle size and shape on the surface 

layers of several modern beaches in South Wales. He 

described four zones (Fig. 5.1); from the landward edge 

moving seaward they are, 1) a large disc zone, characterized 

by cobble sized discs, 2) the imbricate zone composed mainly 

of imbricate disc shape pebbles, 3) the infill zone where 

spherical and rod shaped pebbles infill a framework of 

spherical cobbles, and 4) the outer frame composed of a 

spherical cobble frame. This downbeach zonation of pebbles 

is broadly accepted by workers on modern beaches, the 

controversy revolves around the cause of this sorting. 

Bluck (1967) felt that particle shape differentiation on the 

beach was the result of sorting by beach processes. Orford 

(1975) tested Bluck's hypothesis, that the degree of 

downbeach shape zonations were dependent on the wave energy 

recieved by the beach. He found that pebble shape zonation 

appeared to be not only a function of wave energy expended 

on the beach, but also depended on the way in which the 

energy 

type . 

shape 

was expended in 

Dobkins and Folk 

zonation on the 

terms of wave phase and breaker 

(1970) supported the hypothesis of 

beach, however they suggested that 

marine abrasion rather than sorting was the chief cause for 

the abundance of discs on the beaches. Kirk ( 1980) 

concluded that both the source of the clasts and process 



Figure 5.1. Textural zonation of beach gravels at Sker 

Point, Wales (from Bluck, 1967). 
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acting on the beach were 

particle-shape distribution on 

important 

gravelly 

in determing 

beaches. The 

results of this detailed work on modern beaches (sorting by 

particle size and shape, and its correlation with wave 

energy and type , and abrasion) have yet to be applied to 

ancient beach conglomerates. 

2) Longshore transport and sorting of pebbles . 

Carr (1969; 1971) discussed aspects of size grading , 

sorting, and transport of pebbles alongshore at Chesil 

Beach, England. Carr (1969) suggested that the alongshore 

pebble grading observed at Chesil beach was so pronounced 

because of the interaction of a number of features; firstly, 

the whole of the seaward face of the beach is sub j ect to 

movement by breaking waves; secondly, the pebbles on the 

beach are subject to transport by longshore drift; thirdly, 

there is little addition new material pebble size and 

larger; and fourthly, most of the pebbles and cobbles 

are of flint and chert and have a similar specific gravity. 

Carr (1970) calculated rates of movement of 343 m per day 

for longshore transport of quartz granulites, but after 165 

days the farthest distance travelled was only 3952 m from 

the origin. The lateral movement of individual pebbl es was 

not believed to be necessarily greater under storm 

conditions . Carr (1970) found a linear correlation between 

pebble size (measured as long axis) and longshore movement 

over a short period of time. When the pebbles were spread 
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over a greater distance, after a period of consistent 

wave approach in one direction, the pebbles were found to be 

distributed in an exponential relationship (Carr, 1970) with 

increasing size relative to distance moved. These papers 

considered only the processes on the exposed part of Chesil 

beach. 

3) Distinguishing beach gravels from fluvial gravels. 

Distinguishing features of beach and fluvial gravels 

were summarized by Ethridge and Wescott (1984, p. 221; Table 

5.1) . Gravel texture is probably the single most obvious 

feature used to distinguish beach and fluvial gravels. 

Pebbly beaches described from the Fahler Member of the 

Spirit River Formation, Central Alberta (Cant, 1984) are 

composed of well sorted, granular cherts, which may lack a 

matrix because of winnowing. 

Beaches may be classified as depositional or erosional 

(Wescott and Etheridge, 1980), on the basis of their 

morphology and textural characteristics. Erosional beaches 

by definition cannot be considered as areas of deposition; 

they are zones in which pre-existing deposits are modified 

by marine processes. 

Depositional beaches are broad (15 to 50 m wide) and 

sandy with relatively gentle foreshore gradients (0.05 to 

0.15). Grain size generally increases from the berm to the 

plunge point and decreases from the berm to the backshore. 

The sediments of depositional beaches include: 1) seaward 



Table 5.1. Criteria for distinguishing beach gravels and 

fluvial channel gravels (data taken from Dobkins and Folk, 

1970, and Clifton, 1973; after Etheridge and Wescott, 1981). 



"1. 
· 2. 
• 3. 
• 4 . 
• 5. 
• 6. 
• 7. 
" 8. 

9. 
10. 

• 11. 

Beach Gravels 

Well sorted 
Well segregated beds 
Continuous beds 
Gravels interbedded with gravelly sandstone - rare 
Erosional basal contacts - rare 
Repeated small-scale fining-up sequences - rare 
Maximum clast size smaller than in adjacent channels 
Clayey or coaly laminae - rare 
Imbrication - seaward dipping 
Sphericity - low 
Roundness - high 
Horizontal beds of different size gravels or swash laminations 

denotes criteria that can be identified in core 

Fluvial Gravels 

Poorly sorted 
Poorly segregated beds 
Lenticular beds 
Gravels interbedded wit h gravelly sandstone - common 
Erosional basal contacts - common 
Repeated small-scale fining-up sequences - common to rare 
Maximum clast size larger than in adjacent beach 
Clayey or coaly laminae - common to rare 
Imbrication - landward dipping 
Sphericity - High 
Roundness - low 
Horizontal beds or high angle trough cross-beds 

I-' 
-.J 
~ 
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dipping, low angle thinly bedded units of sand in the 

foreshore zone; 2) horizontally bedded sand units in the 

berm and on the flat backshore zones; 3) landward dipping, 

low angle thinly bedded units of sand in the backshore zone; 

and 4) horizontally bedded gravel units with imbricated 

pebbles interbedded with sand units in all three beach 

zones. These gravel units are particularly common in 

storm- berm and lower foreshore deposits. 

Erosional beaches are narrow (10 to 18 m wide) and 

are composed of very coarse sand to boulder sized clasts, 

with comparatively steep foreshore gradients (0.12 to 

0 . 19). Sediments comprising erosional beaches are lag or 

talus deposits resulting from the erosion of fluvial 

deposits along beach scarps and the winnowing of finer grain 

sizes by wave action . The deposits are clast supported and 

the pores are filled with poorly sorted sand size matrix. 

B. SHOREFACE GRAVELS 

The shoreface has been defined in the modern 

environment (Barrell, 1912) as the relatively steeply 

dipping, innermost portion of the continental shelf. The 

base of the shoreface is taken at the break in slope where 

the more steeply dipping shoreface merges with the 

relatively flat inner shelf. This break 

occurs in water depths of about 15 

varies with the rigour of waves and 

in slope generally 

to 20 m, the depth 

currents. In the 

ancient rock record the base of the shoreface is taken as 

,I 
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the point where sands pass 

(1985a) suggested that this 

fairweather wave base, which 

seaward into mJds. Walker 

transition was controlled by 

is normally shallower than 20 

of a number of ancient sandstone 

shoreface deposits (discussed in 

to 13 m. The depth values from both 

m. The average thickness 

deposits interpreted as 

Walker, 1985a) was 11 

the modern environment and the ancient record suggest that 

the depth of the shoreface is about 10 to 20 m, and varies 

with the wave and current climate. 

The shoreface may be sub-divided into two broad areas, 

based on the processes operating in these two areas. The 

lower shoreface is dominated by marine currents . Wave 

orbital currents are important in agitating the bottom, but 

generally will not result in net sediment transport . The 

upper shoreface is dominated by shoaling and breaking waves 

and less by marine currents. The boundary between these to 

areas is transitional, and is related to the intensity of 

waves and marine currents. In terms of effect on the bottom 

however, the transition generally occurs in depths of 10 to 

15 m. 

Conglomeratic deposits in the shoreface wou l d be 

expected to reflect dominantly onshore-directed transport on 

the lower shoreface, with the increasing importance of 

longshore and offshore transport on the upper shoreface 

(Bourgeois and Leithold, 1984). Conglomerates of the lower 

shoreface tend to be associated with hummocky cross 
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stratification (Nemec and Steel, 1984), and may include 

cross bedded conglomerate and pebbly sandstones. Upper 

shoreface deposits may reflect onshore, offshore or 

longshore processes. Deposits of the upper shoreface ( Nemec 

and Steel, 1984) are generally clast supported conglomerate 

sheets, and are often normally graded. Trough cross bedded 

pebbly sandstones and high angle scours are often found in 

upper shoreface deposits. 

Nearshore conglomeratic sequences with features 

suggestive of deposition on the shoreface have been 

described by several workers. Kumar and Sanders (1976) 

described crudely graded gravel layers in cores of shoreface 

sediments off Long Island, New York and interpreted these 

gravels as lag deposits formed during storm time. These 

beds were compared to similar features in the Quaternary and 

Tertiary sequences in New York, 

Dupre et al. (1980) described 

Virginia, and California. 

outer surf zone (lower 

shoreface) deposits in Pleistocene terraces of the Santa 

Cruz region, California, characterized by sand and fine 

gravel with landward and seaward dipping cross strata. 

Inner surf zone (upper shoreface) deposits in the same 

sequence were characterized by parallel laminated and cross 

bedded pebbly sand and by structureless gravel beds. 

Clifton (1981) interpreted rippled pebbly sandstone in 

Miocene strata of the Caliente Range, California to have 

been deposited in depths of about 8 m. He suggested that 
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trough cross bedded pebbly sandstones and thin, laterally 

extensive gravel beds in these rocks were deposited in the 

surf zone of a high energy, nearshore system. 

and Leckie and Walker ( 1.982) df.?sc:r- i bed "offshor"e gr··avel 

!::Jar"s II (faci ~?S 8c of Lf?ck ie, 19!:"r::. ) from the Cretaceous 

Lower Gates Formation of Alberta. These 

features were diagramatically suggested to have formed in 

depths ranging from 20 to 100 m. It was later sugges.ted by 

Bourgeois and Leithold (1984) that these bars described by 

Leckie and Walker ( 1982) repres;ent shoreface deposits. 

Leithold and Bourgeois (1984) described in detail shoreface 

gravels with examples from the Miocene of sDuth··-west 

Oregon. These examples are summarized by Bourgeois and 

Leithold (1984). 

The marine shoreline environment allows the transport 

and deposition of gravel through the interaction of wave and 

mal~ i nE? current processes. This i s I~ef I ected in the 

diversity of the preserved facies and the variability in the 

ver·tical sequence. The interaction of the shoreline 

processes is particularly true in the lower shoreface 

deposits where stratification tends to be better developed. 

The upper· shoreface deposits are often massive to crudely 

stratified due to constant r·elt-IOI~ king of the clasts 

particularly during storm time. Th(;? ne:-: t t.wo chaptel"·s 

(chapters 6 and 7) will describe the conglomerate facies and 

facies sequences preserved in the Carrot Creek -- Cyn-Pem 
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study area, and a discussion of how these facies and 

facies sequences are related to the processes operating on 

them. The areal distribution and lateral facies changes in 

the conglomerates will be discussed in terms of the 

relationship with the E5/T5 surfaces. 



CHAPTER 6: FACIES DESCRIPTIONS AND FACIES SEQUENCES 

IN THE CARROT CREEK MEMBER 

6.1 INTRODUCTION 

One major purpose of this thesis is to examine the 

nature of 

area in 

the conglomerates 

terms of their 

preserved in the Carrot Creek 

geometry and aspect. A detailed 

description of the textures recognized in this facies, using 

both macroscopic features preserved in the core and 

petrographic descriptions, is presented in this chapter. 

Cardium conglomerates have been previously divided int.o 

three sub-facies by Walker (1983c), and Bergman and Walker 

(1986, in press), and into 8 sub-facies by Bergman (1984) . 

These were preliminary classifications, based solely on 

core descriptions, therefore I suggest that in order to 

avoid confusion these earlier classifications be abandoned. 

The present scheme (Bergman, 1986, and this thesis) 

incorporates these previously recognized sub-facies. 

The conglomerates have now been divided into 11 

sub-facies, based on textures, pebble size, sorting, 

stratification , open work versus closed work, clast support 

versus matrix support, and the abundance of matrix. The 

Carrot Creek Member is composed of ten of these sub-facies; 

the gritty siderite (sub-facies 8 G.S.), described in 

Chapter 3, is not found in the Carrot Creek Member and will 

not be discussed in this chapter. Some of the sub-facies 

180 
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have been further subdivided into smaller/ units to 

distinguish more subtle features. These have not been 

designated as new sub- facies in order to preserve the 

affinity of the unit with the parent sub-facies. 

An interpretation of the individual textural varieties 

described herein will not be given, unless well defined 

sedimentary structures are preserved . These structures will 

be identified in the description of the sub-facies. The 

preserved textures form as the result of the interaction of 

a variety of processes operating in the shoreface 

environment (section 4.8 of this thesis). The conglomerate 

sequences will be sub-divided into three types, based on 

the textural varieties preserved in the conglomerate 

sequence. The conglomerates textures preserved in these 

sequence 

position 

profile. 

the areal 

types will be interpreted with respect to their 

in the prograding and transgressive shoreface 

In Chapter 7 the lateral facies relationships and 

distribution of the conglomerates will be 

discussed in terms of the position in the shoreface and the 

relationship to the erosion surface. 

6.2 DESCRIPTIONS 

A summary table (Table 6.1) of the textural varieties 

preserved in the conglomerate is presented from both 

petrographic and core data. The percent porosity and 

matrix (Table 6.1) were also determined from thin section. 

These were determined as the intercept length. Three 



Table 6.1. Summary table of the characteristics of the 

conglomerate textures observed in thin section. 



TABLE 6.1: SUMMARY OF PETROGRAPHIC DESCRIPTIONS 

SUB-FACIES GRAIN SIZE SORTING CLAST/MATRIX MATRIX Yo MATR IX Yo POROSITY ROUNDNESS STRATI FICATION (0 UNITS) SUPPORTED COMPOSITION 

BCI 
X = -0.66 6 = 0. 195 CLAST VFU QUARTZ 3.6 13.5 well rounded none observed (2 .32 to -4 .26) moderate-poor to rounded 

8C2 
X = -1.12 6=0.1 55 CLAST VFU QUARTZ 3.B 10.7 well rounded none observed (0.74 to -3 .54) "Iodera te to rounded 

BC] X = -0.30 6 = 0.069 CLAST VFU QUARTZ 0.5 11. 3 rounded to none observed (2.32 to -3.5B ) we 11 sorted SUb-i'ounded 

80 X = -0.96 6 = 0.151 CLAST VFU QUARTZ 12.9 0.0 rounded to none observed (2.32 to -3.89 ) moderate sub-rounded 
..... 

X = -1. 09 6 = 0. 165 IJlell rounded (XI 8E CLAST VFU QUARTZ 25 .0 0.8 none observed [\.) (2.32 to -3.83 ) moderate to sub-rounded 

8F X = - 1. 70 6= 0.245 MATR IX VFU ~UARTZ t!0.0 0.0 well rounded crude to good 
(0 .74 to -3 .26) poor ly sorted to sub-r'ounded inclined 

BG 1C X = -0 .46 6= 0.122 CLAST VFU QUARTZ 1. 95 11. 9 we 11 rounded oood incl ined (2 .32 to -3 .58) good to sub-rounded -

8G1F X = -0 . 12 o = 0.073 CLAST VFU QUARTZ 10.0 6.0 sub-rounded (2.32 to -3.70) well sorted 

BG.,C X = -1. 02 6 = 0. 143 MATRIX VFU QUARTZ 37 .9 0.0 we 11 i'ounded crude 
'- (2.32 to -2. 77) good-rrloderate to sub-roun ded inclined 

BG2F X = -0.25 6 = 0.060 MATRIX VFU QUARTZ 57. 0 0.0 sub-rounded none observed (1.32 to -1.6B ) well sorted 

BI(L X = -0.59 b = 0. 163 CLAST VFU QUARTZ 6.B 8.9 well rounde d massive (:2. 32 to -3 .61) moderate to sub-rounded 

81(U X = -0.14 6 = 0.156 CLAST VFU QUARTZ 2.9 4.9 we 11 rounded massive (2.32 to -3.98 ) moderate to sub-rounded 
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traverses were made per thin section. The average of the 

three values was used as the percent porosity and matrix. 

The grain size distribution curves for each sub-facies 

analyzed is shown in Figure 6.1. 

done from thin section on each 

Grain size analysis was 

sub-facies for purely 

descriptive puposes. Grain size distribution was determined 

from large thin sections, one from each facies where 

possible. These sections are shown along with core photos 

of each of the conglomerate textures. The thin sections 

were used as a negative to make an enlarged (5 times) 

print. The long axis of every grain longer than 1 mm on the 

print (or 0.2 mm in the thin section) was measured directly 

from the photo. 

The measurements were entered and stored in a grain 

size program written 

written to 

in Turbo Pascal. The program was 

1, store the data in a database, 

2, convert the measured values into real values (i.e., 

divide the data set by 5), 

3, calculate the mean and standard deviation (sorting), 

and 

4 , plot the cu~mulative distribution curve as a 

histogram. 

The grain size (0 units) wa s plotted against the percent 

number frequency (Fig. 6.1). 

No attempt will be made to interpret the size analyses 



Figure 6.1. Graph of the grain size (~ units) versus the 

number percent frequencey for each of conglomerate 

sub-facies analysed in thin section. The median grain size 

is given for each curve when known. All curves are 

truncated at 1 ~ unit. A scale is given for the grain size 

under the first curve. C = coarser bed, F = finer bed, U = 
upper part of the sub-facies, L = lower part of the 

sub-facies. 
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hydrodynamically. The sample size used in the determination 

of the grain size distribution was too small (limited to one 

large thin section per sub-facies) to be considered valid 

for hydrodynamic interpretations. 

coarse clastics is limited, and 

Expe~imental work on 

is most.l .- r devoted to 

unidirectional flow situations. There is some e_"oerimental 

work on the initiation of motion of gravels in osc_ l latory 

flow conditions (Komar and Miller, 1973)" A good summa. 'v of 

hydrodynamics and sediment transport 

Middleton and Southard, (1985). 

is presented b y 

Sub-Facies 8A Interbedded Pebbles, Sand, and Mud 

This facies is generally found at the base of the 

conglomerate sequence. It can be divided into 3 units 

based on the type of material with whi ch the conglomerate 

layers are interbedded 

mud). The textural variety 

varies from bed to bed, 

(i. e. , sand 

preserved 

and mud, sand, and 

in the conglomerates 

Unit 8Al -- Interbedded Pebbles, Sand, and Mud 

(Fig. 6.2) 

This is the most complexly interbedded of the three 

units. It is composed of 5 types of layers: 

1) mud with sandy beds 

2) mud with sandy beds and pebbles 

3) sand beds 

4) sand beds with floating pebbles 

5) conglomerate beds. 



Figure 6.2. Sub-facies 8Al -- Interbedded Pebbles, Sand and 

Mud 

A) Photo is taken from well 6-31-53-13, 1559 m. Scale bar 

is 3 cm. B) Photo is taken from well 2-29-52-13, 5456 ft. 

Core is 3 in. wide. C) Photo is taken from well 

13-30-51-10, 1569 m. Scale bar is 3 cm. D) Photo is taken 

from well 13-30-51-10, 1568 m. Core is 3 in. wide. 
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These five types of layers are variably interbedded. The 

interbedding is visible due to the alternation of coarse and 

fine beds. Abundant carbonaceous material (commonly wood 

fragments) and coalified wood fragments are often associated 

with this unit. The unit generally initiates the 

conglomerate sequence. 

Bed thickness is on the scale of cm (3 -4 cm maximum; 

generally only 1-2 cm thick). Stratification may be flat 

lying to low angle (to an observed maximum of about 170 ) 

inclined. The thicker beds have sharp bases and grade 

upwards into the muddier beds. Some of the conglomerate 

beds are not graded, but are sharply draped with mud. 

The chert grains range from sub-rounded coarse sand to 

well rounded pebbles with a long axis diameter of about 2.0 

cm. The conglomerate beds are poorly sorted. No preserved 

orientation of the grains was observed. The matrix is very 

fine quartz sand. The sand also forms beds within the 

mudstone. 

The muddy layers separating the coarser layers may 

contain sandy lenses (less than 1 mm thick), or a few 

scattered chert grains. In some instances the muds are 

black, with very little scattered coarse material, and 

appear to be composed of mud rip up clasts. Bioturbation is 

present. 

Unit 8A2 -- Interbedded Pebbles and Sand (F' 6 3) 19. . 

This unit is similar to unit 8Al, except that there are 



Figure 6.3. Sub-facies 8A2 -- Interbedded Pebbles and Sand 

A) Photo is taken from well 6-31 - 53 - 13, 1557 m. Scale ba~e 

is 3 cm. B) Photo is taken from well 12-29- 50-9, 1548 m. 

Scale bar is 3 cm. C) Photo is take n from well 13-30 - 51-10, 

1568 m. Core is 3 in. wide. D) Photo is taken from well 

6 - 29-52 - 13, 5458 ft. Core is 3 in. wide. 
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no muddy layers preserved. There may be a few shale 

partings and mud rip up clasts. The unit is composed of 

sharp based clast supported conglomerate beds grading into 

sandstone beds, or sandstone beds with a few chert pebbles. 

The beds may be flat lying to low angle inclined. Often 

carbonaceous debris (primarily wood) and coalified fragments 

are found in this unit. 

The bed thickness of the conglomerates increases 

upwards from 2 to 5 cm at the base to 15 cm at the top. No 

discernable preserved fabric was observed. The conglomerate 

is poorly sorted with round to well rounded chert pebbles 

ranging in size from a long axis diameter of less than 1.0 

cm to 3.5 cm. 

The sandier facies are composed of very fine quartz 

sand, and may have well rounded floating chert pebbles (1-2 

cm). The pebbles lie in the plane of the stratification 

where present. Bed thickness varies from 2 to 5 cm. 

This unit generally overlies unit 8Al, or alternates 

with it. 

Unit 8A3 -- Interbedded Pebbles and Mud (Fig. 6.4) 

This unit differs from unit 8Al by having less than 5% 

sand. It is composed of clast supported conglomerate beds 

interbedded with black mud. The conglomerate beds are 

poorly sorted, and are composed of well rounded chert 

pebbles with a mean long axis diameter of 1 to 2 cm. No 

preferred orientation of the grains was observed. 



Figure 6.4. Sub - facies 8A3 -- Interbedded Pebbles and Mud 

A) Photo is taken from well 14 - 34-50 - 10, 4966 ft. B) Photo 

is taken from well 10 - 16 - 51 - 11, 5456 ft. Both photos are 

taken from 3 in. drill core. 
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Both the conglomerate and mudstone bed thicknesses are 

in the 1 to 2 cm range. In many cases the beds have been 

reworked or the pebbles have sunk into the underlying muds, 

leaving only remnant conglomerate beds. The presence of 

this remnant bedding is the primary distinguishing feature 

between this unit and facies 8B. 

Sub-Facies 8B -- Pebbly Mudstone (Fig. 6.5) 

This facies is characterized by pebbles "floating" in 

mud, with no hint of an original stratification. The upper 

and lower contacts are gradational . The thickness of this 

facies varies considerably, but is generally within the 

range of 20 to 30 cm. This facies is poorly sorted, 

containing rounded to well rounded chert pebbles varying in 

size from a long axis diameter of 0.5 to 6.0 cm . In general 

the pebbles tend to be large compared with those of other 

facies . No discernable preferred fabric was observed, with 

pebble orientation ranging from horizontal to vertical. 

Sub-angular, medium to coarse chert grains are found in 

varying amounts. There is less than 5% silt. 

This facies is found at the top of the thick 

conglomerate sequence, and at the top of each of the 

overlying bioturbated mudstone facies (Facies 3P, 4P, and 

5P). This facies does exhibit some variability in 

thickness, particularly in the overlying bioturbated facies 

(i.e., Facies 3P, 4P, and 5P), but no regional trends were 

observed. In some cases there is no thick clast supported 



Figure 6 . 5. Sub-facies 8B -- Pebbly Mudstone 

A) Photo is taken from well 16-33-50-10, 5052 ft . B) Photo 

is taken from well 4-9-52-12, 5534 ft. C) Photo is taken 

from well 12-36-50-10, 4929 ft. Above three photos were all 

taken from 3 in . drill core. D) Photo is taken from well 

14-34-50-10, 4965 ft. Scale bar is 3 cm. 
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conglomerate; here the pebbly mudstone is the only record of 

coarse deposition. Technically this facies should be 

included in the Dismal Rat Member as the base of this 

sub-facies is the T5 surface. 

Sub-Facies SC Open Work 

This facies has the highest porosity (13.5 %) of all 

those obs erved. It consists of clast supported conglomerate 

containing chert grains, with less than 5% very fine quartz 

sand matrix. The facies has been divided into 3 units, 

separated on the basis of grain size and sorting. 

Unit SCl -- Coarse Grained, Open Work (Fig . 6 . 6 ) 

This is the coarsest of the three units. Chert pebbles 

measured from core have a long axis diameter of 1 to 2 cms, 

are well rounded and ellipsoidal in shape. This unit may 

have larger pebbles floating in the framework, but in 

general is 

chert sand 

pebbles. 

moderately sorted . Sub-rounded, very coarse 

is found in the pore spaces between the larger 

Bed thickness is variable, but is generally 2 to 5 cm. 

Beds are sharp based with tops that grade into sub-facies 

SC2, SC3, or SE. No preferred fabric was recognized, with 

pebbles horizontal to vertical. 

There is no mud associated with this unit. Sutured 

contacts may develop between chert grains, but are rare. 

Unit SC2 -- Mixed Grained, Open Work (Fig. 6.7) 

This unit is intermediate between unit 8Cl and unit 



Figure 6.6. Sub-facies 8Cl 

A) Photomicrograph is taken 

Slide is 6.3 cm wide. 

-- Coarse Grained Open Work 

from well 16-30-53-13, 1558 m. 

B) Photo is taken from well 

9-3-52-11, 1579 m. Core is 3 in. wide. C) Photo is taken 

from well 16-30-53-13, 1558 m. Scale bar is 3 cm. 
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Figure 6.7. Sub-facies 8C2 -- Mixed Grained Open Work 

A) Photomicrograph is taken from well 13- 30-51-10, 1563 m. 

Slide is 3.9 cm wide. B) Photo is taken from well 

9-3-52-11, 1571 m. C) Photo is taken from well 13-30-51-10, 

1563 m. Both photos are taken from 3 in. drill core. 
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8C3, and has a more variable aspect. Chert pebbles measured 

from core have a long axis diameter of 1 to 2 cms, are well 

rounded and ellipsoidal in shape. Some larger pebbles may 

be found floating in the unit. Sub-rounded, very coarse 

chert sand is found in the pore spaces between the larger 

pebbles. It is moderately sorted. 

Bed thickness is variable, but generally ranges from 2 

to 5 cm. The lower contact mayor may not be sharp, 

depending on the nature of the underlying facies. No 

preferred fabric was observed, with clasts horizontal to 

inclined. This unit is often found associated with facies 

8E. 

Unit 8C3 -- Fine Grained, Open Work (Fig. 6.8) 

This is the finest grained of the three units, composed 

of sub-rounded to sub-angular, very coarse chert sand. Some 

larger (0.5 to 1 to 2 cm) rounded to well rounded chert 

pebbles are often found floating in the unit. Rounded to 

sub-rounded chert granules have a long axis diameter of 0.1 

cm. The unit is very well sorted. 

Bed thickness is variable from 2 cm to greater than 14 

cm. The unit is generally sharp based, and may show grading 

(normal or inverse). There was no preferred orientation of 

the grains observed. Mud is not associated with this unit. 

This unit is found associated with facies 8E, or gradational 

from 8Cl through 8Cz. 



Figure 6.8. Sub-facies 8C3 -- Fine Grained Open Work 

A) Photomicrograph is taken from well 13-30-51-10, 1564 m. 

Slide is 6.1 cm wide. B) Photo is taken from well 

9-3-52-11, 1578 m. C) Photo is taken from well 13-30-51-10, 

1564 m. Both photos are taken from 3 in. drill core. 
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Sub-Facies BD -- Closed Work (Fig. 6.9) 

This is a clast supported facies. The upper and lower 

contacts are sharp. Bed thickness varies from 4 to 5 cm. 

This unit was not common in the study area. 

The rounded to well-rounded chert pebbles measured in 

core range in size from less than 1.0 to approximately 2.0 

cm. This facies is moderately sorted. The cherts show 

abundant grain to grain contacts; concave and 

microstylolitic contacts are common in this facies. Many of 

the chert pebble margins are corroded. There was no 

preferred orientation of the pebbles observed. 

A very fine grained sand matrix of sub-angular quartz 

packs the interstices between the chert pebbles. There is 

no primary porosity preserved. Some clay minerals are 

present, accounting for the insoluble residue remaining on 

the microstylolitic contacts, and the corrosion of the chert 

pebble boundaries. 

Generally, the unit is found in the lower interbedded 

part of the conglomerate sequence. 

Sub-Facies BE -- Closed Work, Matrix (Fig. 6.10) 

This facies is similar to BD but has greater percentage 

of sand matrix. The lower contact is generally gradational, 

while the upper contact is . sharp or may grade into 

sub-facies BF. Bed thickness is highly variable, ranging 

from cms to tens of cms. The sand content, the sedimentary 

structures preserved, grading and fabric are extremely 



Figure 6 . 9. Sub-facies 8D -- Closed Work 

A) Photomicrograph is taken from well 2-29-52-13, 5459 ft. 

Note the abundance of microstylolitic grain contacts 

associated with this facies. Slide is 3.4 cm wide. B) 

Photo is taken from well 2-29 - 52-13, 5459 ft. Scale bar is 

3 cm. C) Photo is taken from well 2- 29-52-13, 5460 ft. 

Core is 3 in . wide. 
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Figure 6.10. Sub- facies 8E -- Closed Work , Matrix 

A) Photomicrograph is taken from well 16-30 - 53-13, 1560 m. 

Slide is 5.9 cm wide. B) Photo is taken from 2-29-52-13, 

5455 ft. C) Photo is taken from well 9-3-52-11 , 1573 m. 

Both photos are taken from 3 in. drill core. 



200 



201 

variable. 

Sub-facies BE is a clast supported, chert pebble 

conglomerate, with well-rounded ellipsoidal chert pebbles 

ranging in size from 0.4 to 3 . 5 cm. It is moderately 

sorted. The orientation of the pebbles was highly 

variable. In places no preferred orientation was observed, 

while in other areas the pebble fabric varied from flat 

lying to inclined. Pebbles with well developed imbrication 

may have angles as much as 500. These pebbles have been 

observed to preserve both the "a" parallel - "a" imbricate 

(a( p), a( i ») and the "a" transverse - "b" imbricate (a( t) , 

b(i») fabric of Walker (1975). Size grading of the pebbles 

was not observed. 

The matrix is composed of sub-angular very fine quartz 

grains. Very little mud is found in this facies, although 

some mud rip up clasts are present, as well as siderite 

nodules. Porosity is low (O.B%) and is sometimes occluded 

by microstylitization of the chert pebbles . This facies is 

associated with the openwork facies and is generally found 

overlying it or interbedded with the open work facies. 

Sub-Facies BF -- Pebbly Sandstone (Fig. 6.11) 

This facies consists of pebbles "floating" in sand. 

The lower contact is sharp; the upper contact may be sharp 

or gradational. The thickness of this facies varies from 

1.0 to B.O cms. 

The pebbles consist of rounded to well-rounded, 



Figure 6.11. Sub-facies 8F -- Pebbly Sandstone 

A) Photomicrograph is taken from well 2-29-52-13, 5457 ft. 

Slide is 3.6 cm wide. B) Photo is taken from well 

12-19-52-12, 1629 m. Core is 3 in. wide. C) Photo is taken 

from well 6-31 - 53-13, 1559 m. Scale bar is 3 cm. 
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ellipsoidal cherts which vary from less than 1 cm to about 3 

cm in diameter. The pebbles may be isolated or occur in a 

string along the stratification. The long axis lies in the 

plane of stratification of the sands. Sub-rounded coarse to 

very coarse chert grains may be present in this facies; 

their abundance is highly variable. 

The sand is very fine quartz, and the grains are 

sub-angular to angular. The sands are generally parallel 

laminated, have low angle inclined stratification, or are 

wave rippled. The sands often have layers of carbonaceous 

and/or micaceous material concentrated on the bedding 

planes. Mud clasts are rarely present. 

The pebbly sandstones (sub-facies 8F) generally occur 

lower in the conglomerate sequence, associated with the 

interbedded conglomerates. The low angle inclined 

stratification is interpreted as hummocky cross 

stratification and the pebbles are interpreted as lags at 

the base of these hummocky beds (see description in Dott and 

Bourgeois, 1982). 

Sub-Facies 8G -- Interbedded Pebbles and Grits 

This facies has been divided into two units, based on 

the amount of very fine quartz sand matrix. This facies 

shows a moderate to well developed stratification, marked by 

changes not only in pebble size, but also by changes in the 

percentage of matrix, and sorting. 



Unit 8Gl 

(Fig. 6 . 12) 
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Interbedded Pebbles and Coarse Sand 

This unit is characterized by an interbedding of 

coarser grained and finer grained chert pebbles. Boundaries 

between beds are crude, but inclined stratification at about 

170 is well developed. The pebbles lie in the plane of the 

stratification. Coarser beds appear to thin down dip across 

the width of the core (i.e., 2.5 to 1.5 cm and 2.6 to 0.6 

cm), while the finer beds thicken down dip (0.4 to 1.4 cm). 

The angle of dip tends to become shallower upwards. This 

inclined stratification is interpreted as trough cross 

bedding. The minimum thickness of this sub-facies is 0.5 m, 

but the upper and lower contacts were commonly missing; much 

of the core now consists of cut plugs . 

The well rounded chert pebbles have an average long 

axis diameter of 1.0 to 2.5 cm, measured from core. The 

coarse beds are moderately sorted. Bed thickness is 

relatively constant 

gradational tops. 

at 2.5 cm, with sharp bases and 

The finer beds are composed of 

sub-rounded, medium to coarse chert sand. 

sub-angular 

These beds 

to 

are 

well sorted . The upper and lower contacts are sharp. The 

thickness varies from 0.5 to 1.0 cm upwards. There is an 

increase in the amount of matrix from the coarse layer and a 

decrease in the porosity. 



Figure 6.12. 

Coarse Sand 

Sub-facies 8Gl Interbedded Pebbles and 

A) Photomicrograph 

Slide is 3.9 cm 

13-30-51-10, 1559 

7-13-5 1-13, 1796 m. 

is taken from well 13-30-51-10, 1559 m. 

wide. B) Photo is taken from well 

m. C) Photo is taken from well 

Scale bar is 3 cm. 
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Unit 8G2 Interbedded Pebbles and Grits in a Sand 

Matrix (Fig. 6.13) 

This is a matrix supported unit. The facies is crudely 

stratified. The stratification is flat lying to inclined at 

about 200 • The stratification is marked not only by changes 

in the pebble size, but also by changes in the percentage of 

matrix. The maximum preserv ed thickness of the unit is 0.5 

m (cut plugs) and the upper and lower contacts are missing. 

The coarse layers are composed of well rounded, 

ellipsoidal pebbles up to 4 cm measured from core, and very 

coarse to coarse grained, sub-rounded chert sand. The 

matrix is composed of very fine quartz sand, and comprises 

approximately 38% of the coarse layer. 

Bed thickness varies from 1 to 7 cm, with gradational 

upper and lower contacts. The pebbles lie in the plane of 

the stratification. 

The finer layers are composed of medium to very coarse 

sub-rounded chert sand. The percentage of matrix (vfU 

quartz sand ) increases from 38% in the coarse layers to 

57% in the finer layers. 

Bed thickness in the fine layers varies from 0.3 to 5.0 

cm, with gradational upper and lower contacts. 

Sub-Facies 8K -- Coarse and Poorly Sorted (Fig. 6.14) 

This facies is characterized by the absence of 

stratification. It is generally very thick (on the order of 

6.0 m) and tends to occur toward the top of the conglomerate 



Figure 6.13. Sub- facies 8G2 -- Interbedded Pebbles and Grit 

in a Sand Matrix 

A) Photomicrograph 

Slide is 2 . 2 cm 

is taken from well 6-29-52-13, 5446 ft. 

wide. B) Photo is taken from well 

2-29-52-13, 5455 ft. Core is 3 in. wide . 
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Figure 6.14. Sub-facies 8K -- Coarse and Poorly Sor ted 

A) Photomicrograph is taken from wel l 13-30 - 51-10 , 1555 m. 

Slide is 3.6 cm wide. B) Photo is taken from well 

13-30-51-10, 1555 m. Scale bar is 3 cm. C) Photo is taken 

from well 10 - 30-51-10, 1548 m. Core is 3 in. wide. 
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sequence. The upper and lower contacts are generally 

sharp. There are no obvious bedding planes and hence no 

obvious depositional breaks within this facies. There is a 

hint of a crude stratification in the lower third of this 

facies, but this is not well defined and boundaries are 

extremely diffuse. 

Sub-facies 8K is clast supported. The chert pebbles 

are well rounded, varying in size from a long axis diameter 

measured in core from 1-2 cm at the base to 3-4 cm at the 

top of the facies. It is moderately sorted. Sphericity is 

greater than in other facies. No discernable fabric was 

observed, with pebbles ranging from horizontal to vertical. 

The pore spaces, may be filled with sub-rounded coarse 

chert sand and by sub-angular fine quartz sand matrix. 

There is no mud associated with this facies, either in 

the form of clasts or mud breaks. 

Sub-Facies 8L - - Interbedded Open Work and Closed Work 

(Fig. 6.15) 

This is a common facies in the thick clast supported 

conglomerates and forms the bulk of the conglomerate 

sequence. It is commonly 3-5 m thick. It is characterized 

by the interbedding of open work and closed 

supported chert pebble conglomerates. 

The bedding contacts may be crude, or 

work beds grading 

work clast 

commonly a 

to closed sequence of sharp based open 

work beds is observed. The contacts may be inclined at 



Figure 6.15. Sub-facies 8L Interbedded Open Work and 

Closed Work 

A) Photo is taken from well 12-19-52-12, 1620 m. Core is 3 

in. wide. B) Photo is taken from well 16-30-53-13, 1562 m. 

Scale bar is 3 cm. C) Photo is taken from well 7-20-51-11, 

1678 m. Scale bar is 3 cm. D) Photo is taken from well 

6-10-53-13, 1621 m. Core is 3 in . wide. 
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about 200 or scoured. Bed thicknesses of both the closed 

and open work layers are variable, but are usually on the 

scale of 4-6 cm. 

In general, the open work beds are finer grained and 

better sorted. The closed work beds tend to have larger 

pebbles, and are not as well sorted. The contact between 

the two facies is marked by a change in the pebble size and 

sorting, and the presence or absence of matrix. The open 

work beds are similar to sub-facies 8e and the closed work 

beds are similar to sub-facies 8E. 

Sub-Facies 8M -- Pebbles in Bioturbated Sandstone 

(Fig. 6.16) 

This is not a particularly commmon facies in this area, 

but occurs more frequently in fields to the west of this 

study area (Plint and Walker, 1986). The facies is 

characterized by the occurrence of chert pebbles in 

completely bioturbated sandstones. There is no preservation 

of bedding within this sub - facies. The lower contact with 

the underlying facies is gradational . The upper contact is 

variable depending on the overlying unit. The thickness of 

this facies is highly variable, but in this area is of the 

order of 50 cm. 

This facies is moderately sorted, containing rounded to 

well - rounded elliptical chert pebbles averaging 0.246 cm in 

size. Sub-angular fine grained quartz sand forms the 

matrix. No discernable fabric was observed, with chert 



Figure 6.16. 

Sandstone 

Sub-facies 8M Pebbles in Bioturbated 

A) Photo is taken from well 10-16-51 - 11, 5453 ft. B) Photo 

is taken from well 12-16- 51-11, 5464 ft. C) Photo is taken 

from well 14-14-51-11, 5355 ft. 

in. drill core. 

Photos are taken from 3 
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pebbles ranging from horizontal to vertical. Associated 

with this facies are abundant carbonaceous and micaceous 

material, and mud rip up clasts. 

The overall aspect of this facies is thoroughly 

bioturbated. There are some hints of an original 

stratification but it is mostly sand, mud, and pebbles 

bioturbated together. Many of the burrows are pebble 

filled. Common burrow forms include, Terebellina, 

Chondrites, Rhizocorallium and Zoophycos. 

6.3 CONGLOMERATE SEQUENCE 

The previous section described the textural variety 

preserved in the Carrot Creek Member. No attempt was made 

to interpret the depositional environment of the individual 

textural varieties, although hummocky cross stratification 

was recognized in sub-facies SF and trough cross bedding was 

preserved in sub-facies SG1. In this section the textural 

varieties will be grouped into three textural sequence 

types. These textural sequence types will be used to 

separate the depositional environments preserved in the 

shoreface. In Chapter 7 the textural sequence types will be 

used to document the lateral variability of the thick 

shoreface conglomerate deposits. The conglomerate deposits 

of the Carrot Creek Member are interpreted as shoreface 

deposits (section 4.S of this thesis). The shoreface 

environment was discussed in detail in Chapter 5. 

In general, the thick (20 m) conglomerates, which 
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preserve the full sequence (Type B, discussed later) coarsen 

upwards (Fig. 6.17), and this sequence is interpreted to 

represent a prograding conglomeratic shoreface. The mean 

grain size (em), measured from core as long axis of the 

chert pebbles is plotted against the distance (m ) of the 

pebbles above the erosion surface E5. 

squares regression line is shown. 

The best fit least 

The graph shows a 

progressive linear increase in grain size with increasing 

distance above the erosion surface E5. 

This coarsening upward sequence has been sub-divided 

into two parts. The lower one-third of the conglomerate 

sequence shows well 

interpreted to have formed 

upper two-thirds of the 

developed stratification and is 

on the lower shoreface. The 

conglomerate sequence is massive 

to crudely stratified and is interpreted to have formed on 

the upper shoreface. The contact between the upper and 

lower shoreface deposits is transitional. The boundary 

between the upper and lower shoreface is related to the 

intensity of the waves, but in terms of effect on the 

bottom, depths of 10 to 15 m seem to mark a generalized 

division between the lower and upper shoreface (Swift and 

Niedoroda, 1985). 

A. Lower Shoreface Deposits 

The conglomerate textural sequence of the lower 

shoreface deposits of the Carrot Creek Member begins with 

sub-facies 8A. Sub- facies 8F is often associated with this 



Figure 6.17. 

(m) above the 

Graph of grain size (cm) versus the distance 

E5 surface. The best fit least squares 

regression line is shown. 
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sub-facies and forms an intergral part of sub-facies 8A 2 • 

This sub-facies (8F) 

with pebble lags at 

is often hummocky cross stratified 

the base of these hummocky beds (see 

description in Dott and Bourgeois, 1982). Beds of 

sub-facies 8e, 80, and 8E commonly develop in the lower 

third of the conglomerates, but there is no systematic 

development of these facies. In general the bed thickness 

of these facies tends to increase upwards. In some cores, 

well developed trough cross bedded sub-facies 88 1 occurs. 

In wells closer to the bevel (eg., 6-29-52-13) sub-facies 

is preserved. The preserved thickness of this lower 

bedded conglomerate is about 5m. 

All of these sub-facies are interpreted as part of the 

Lower Shoreface, because of the preservation of 

developed stratification, and the position of 

well 

these 

stratified beds at the base of the thick conglomerate 

sequence. The preserved thickness is in agreement with 

those described for lower shoreface deposits from both 

modern and ancient environments. 

In the lower shoreface sediment transport is dominated 

by marine currents and less dominated by shoaling and 

breaking waves. Wave orbital currents are important in 

not produce agitating the bottom, but generally will 

sediment transport (Swift and Niedoroda, 1985). The 

deposits preserved in the lower shoreface tend to be better 

stratified and appear to suggest eposodic deposition of 
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gravel possibly at storm time. 

B. Upper Shoreface Deposits 

The top two-thirds of the conglomerate of the Carrot 

Creek Member is massive (sub-facies 8K) to crudely 

stratified (sub-facies 8L). The textures preserved in this 

facies are interpreted to be due to constant reworking, 

presumably by continuous wave agitation. Preserved 

thicknesses are on the order of 10 to 15 m. 

These two facies are believed to form the upper 

shoreface deposits, because of the lack of well developed 

stratification, and the position of these sub-facies in the 

upper part of the conglomerate sequence. The thickness of 

these deposits corresponds with those documented for both 

modern and ancient upper shoreface deposits. 

The upper shoreface is dominated by shoaling and 

breaking waves, while marine currents tend to be less 

intense over the upper shoreface. The upper shoreface 

deposits are often massive to crudely stratified due to 

constant reworking of the clasts particularly during storm 

time. 

C. Sequence Types Preserved in the Carrot Creek Member 

The above described textural variety preserved in the 

shoreface conglomerates in the Carrot Creek -- Cyn-Pem study 

area are divided into three sequences. These sequences are 

based on core data only as they cannot be distinguished 

accurately on well logs. 
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TYPE A (Fig. 6.18): These are the veneer conglomerates 

which cover much of the E5 erosion surface. They are 

generally less than 1 m thick and are composed of sub-facies 

8B, although sub- facies 8E may be preserved, particularly in 

the area of the terrace. This facies sequence is similar to 

facies 8D of Leckie (1983) and facies 5CV of Duke (1985), 

and like these authors, I interpret these conglomerates as a 

transgressive lag deposit. Core box photos of the 

conglomerate sequence type typical of wells found on the 

terrace and bumps are shown in Figures 3.15 and 3.17. Core 

box photos of the conglomerate sequence type found in 

basin plain are shown in Figures 3.23 and 3.25. 

TYPE B (Fig. 6.19): This sequence preserves both the 

Upper and Lower Shoreface deposits. The lower part of 

the sequence (up to about a maximum of 5 m) consists of 

stratified deposits, with dips (presumably seaward) of up to 

170. The sands preserved in these deposits are often 

hummocky cross stratified or wave rippled, with coarse lags 

at the base of the cross beds. 

The lower contact (E5) often has pebbles bioturbated 

into the underlying shelf mudstones. The conglomerate 

sequence is intiated by interbedded conglomerates and sand 

with marine mudstones (sub-facies 8Al), and becomes sandier 

upwards. These interbedded deposits are usually associated 

with abundant carbonaceous debris, primarily wood fragments 

and coalified wood. 

.. 
• • ..l.Jj). , P'- r 

".~,. 



Figure 6.18. Conglomerate Facies 

Well 8-30-50-13. See description 

Sequence Type A -- Type 

in text. Vertical scale 

is in metres. The facies numbers are given on the right 

hand side of the litholog, and the position of the E5/T5 

surface is shown. Core box photos of this sequence type are 

shown in Figs. 3.15, 3.17, 3.23,and 3.25. The conglomerate 

deposits in these wells are interpreted as transgressive 

lags. 
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Figure 6.19. Conglomerate Facies Sequence Type B -- Type 

Well 13-30-51-10. See description in text. Vertical scale 

is in metres. The facies numbers are given on the right 

hand side of the litholog. The textural variety preserved 

in the conglomerates (facies 8) has been colour coded, 

according to the legend. The positions of the E5 and T5 

surfaces are shown. Core box photos of this sequence type 

are shown in Fig. 3.19. The conglomerate deposits in this 

well have been separated into Upper Shoreface and Lower 

Shoreface; the boundary between the two is transitional. 
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The upper portion of the sequence (about 10 - 15 m 

thick) is composed of crudely stratified (sub-facies 8L) to 

massive (sub-facies 8K) conglomerate. These deposits are 

interpreted as representing a high energy (presumably storm 

dominated) upper shoreface. 

The contact between the upper and lower shoreface 

deposits is transitional with the conglomerate bed thickness 

increasing upwards until the stratification is difficult to 

discern . Where preserved the transition is often marked by 

sub- facies (8Gl). 

These sequences are typically found in the landward 

side of the hollows adjacent to the bumps or banked up 

against the bevel. Sequences of this type are generally 

associated with the thickest gravel deposits. Core box 

photos of this conglomerate sequence type are shown in 

Figure 3 . 19. 

TYPE C (Fig. 6.20): This sequence preserves only the 

massive (sub-facies 8K) 

conglomerates (sub- facies 

Upper Shoreface deposits. 

bioturbated, with pebbles 

or the crudely stratified 

8L). These are interpreted as 

The lower contact (E5) is often 

bioturbated down into the 

underlying shelf mudstones, or the contact is sharp. These 

sequences are greater than a metre in thickness and tend to 

occur on the terrace or the back of bumps. Core box photos 

of this conglomerate sequence type are shown in Figure 3.21. 

The conglomerates of the Carrot Creek Member are capped 



Figure 6.20. Conglomerate Facies Sequence Type C - - Type 

Well 8-7-51-10. See description in text. Vertical scale is 

in metres. The facies numbers are given on the right hand 

side of the litholog. The textural variety preserved in the 

conglomerates (facies 8) 

legend given in Fig. 6.19. 

surfaces are shown. Core 

are shown in Fig. 3.21. 

has been colour coded; refer to 

The positions of the E5 and T5 

box photos of this sequence type 

The conglomerate textures in this 

well have been interpreted as representing deposits of the 

upper shoreface. 
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by pebbly mudstones (sub-facies 8B). This facies is also 

present in the overlying mudstones of sub-facies 3P , 4P, and 

5P, and at the transition between these facies. These 

mudstones are all believed to have formed during the 

subsequent transgression (Part A), and are the result of 

reworking of the thick conglomerates associated with the 

bevel and the hollows. 

These sequences describe 

variability of the conglomerate 

of these vertical sequences 

the vertical textural 

deposits. The relationship 

to each other and the 

relationship to the E5 surface will be discussed in the 

following chapter. 



CHAPTER 7 - - LATERAL VARIATION WITHIN 

THE CARROT CREEK MEMBER 

7.1 INTRODUCTION 

The previous chapter described the textural varieties 

and the variation in the vertical sequences preserved in the 

conglomerates of the Carrot Creek Member. As discussed in 

Chapter 4 (Fig. 4.10 ) , the conglomerate thickness varies 

from a thin veneer covering the entire study area to 

localized pools of conglomerate up to 19 m thick. The term 

pool is used herein to describe the localized patches of 

thick conglomerates. It has no connection with oil pools 

described by the E.R.C.B. The purpose of this Chapter is 

examine the details of the lateral variation present in the 

conglomerates, and the relationship to the E5 surface. 

7.2 AREAL DISTRIBUTION OF THE CONGLOMERATE 

The thick conglomerates are patchi l y distributed in 

ellipsoidal pools over an approximately 20 km wide band from 

the bevel to the basinward edge of the bumps and hollows. 

The size of these pools averages 5.0 (2.5 - 8.5 ) km X 1.2 

(0.6 2.0) km. The pools trend northeast-southwest , 

parallel or sub-parallel to the trend of the bevel. The 

conglomerates in these pools were interpreted as shoreface 

deposits, based primarily on the geometry of the E5 surface 

(Chapter 4), the interbedding of the conglomerate with 

marine mudstones (Chapter 6, sub - facies 8Al) , and the 

224 
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vertical textural sequence in the conglomerates (Chapter 

6). The conglomerate pools appear to occur in three linear 

trends (Fig. 7.1). There is no progressive thinning or 

thickening of the conglomerates along this trend. The 

conglomerates rest in one sided scours banked against the 

landward side of the hollows, and thin basinwards. 

The lateral relationships of the conglomerate sequences 

and the relationship of the conglomerates to the erosional 

surface were examined in a series of cross sections drawn 

both normal to the strike, and parallel to the strike of 

individual pools. 

linear trend), 

distribution of 

Three pools were chosen (one from each 

based primarily on 

preserved core present in 

the amount 

each pool. 

and 

The 

cross-sections are located in Figure 7.1. The sections are 

hung on the E7/T7 Datum (Chapter 4). The depth indicated on 

either side of the cross sections is the depth below the 

E7/T7 surface. Where there is conglomerate missing in the 

core boxes, unless otherwise shown, the missing section is 

always taken at the top of the conglomerate. This is done 

to be consistent, as there is no way of determining from the 

core where the missing sections are. The textural varieties 

are colour coded (Fig. 7.2) on the cross sections. 

7.3 CROSS SECTIONS THROUGH POOL A NORMAL TO THE BEVEL 

(Fig. 7.3) 

This pool is located in the area of the bevel 

(Fig. 7.1), and marks the third position of the linear 



Figure 7.1 . Conglomerate isopach map showing the 

distribution of the conglomerate pools. The location of 

the bevel is shown by a dashed line. Contour interval is 

5 m. The positions of the three linear trends of the pools 

is shown (labelled 1, 2, or 3) and the pool studied for each 

trend is labelled A, B, or C. The location of each of the 

cross sections examined in the pools is shown. 
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Figure 7.2. Colour key to the conglomerate textures 

preserved in the cores used in the cross sections shown in 

Figs. 7.3 to 7.6, and located in Fig. 7.1. 
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trend, of the conglomerate pools preserved in the Carrot 

Creek study area . This is the only area where the matrix 

supported conglomerate, sub-facies 8G2, occurs. 

The conglomerate sequence type preserved is controlled 

by the morphology of the erosion surface. The deeper scours 

preserve the full sequence (Type B) as in well 6-29-52-13. 

Here, the preserved thickness of the lower shoreface deposit 

is 2.3 m. and the upper shoreface deposit is 5.6 m. Wells 

4-14 - 52-14 and 12-27-52-13 are Type A wells with 

conglomerate veneers. The thick conglomerates (well 

6-29 - 52-13) are banked up against the landward side of 

the bevel and thin basinwards. The fining upward 

transgressive pebbly mudstones (well 12-27-52-13 ) of the 

Dismal Rat Member onlap the thick conglomerates of the 

Carrot Creek Member. All of the facies described above are 

overlain by the "laminated blanket" (Laminated Dark 

Mudstones, facies 2). 

7.4 CROSS SECTIONS THROUGH POOL B 

This pool is representative of those located on the 

second linear trend, and it lies basinwards of pool A and 

the bevel (Fig. 7.1). The conglomerates in this area 

develop good cross-bedding (sub-facies 8G1 ) in the area of 

transition from lower shoreface to upper shoreface 

deposits. The transitional portion of the shoreface is much 

better preserved in this area than in the pools adjacent to 

the bevel. Sections both normal and parallel to the 



Figure 

bevel as 

7.3. Cross section 

located in Fig. 7.1. 

through Pool A, normal to the 

Vertical scale is in metres. 

There is no implied horizontal scale. The facies numbers 

are shown on the right hand side of the litholog. The 

positions of the E5 and T5 surfaces are shown. The deposits 

of the Raven River Member are interpreted as representing 

aggrading shelf deposits . The conglomerates are shown to be 

separated from these deposits by the E5 surface. The 

conglomerates are divided into lower and upper shoreface 

deposits, and the boundary between these two deposits is 

transitional. The transgressive mudstones, well 12-27, 

onlap the thick conglomerates preserved in well 6-29. The 

entire sequence is buried by the "laminated blanket" (facies 

2). "A" refers to the upper coarsening upward sequence 

preserved in the Raven River Member. 
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regional trend of the bevel (located in Fig. 7.1) are 

presented. 

A) POOL B, NORMAL TO THE BEVEL (Fig. 7.4) 

The depth of erosion on the E5 surface determines the 

type of conglomerate sequence preserved. The full sequence 

(Type B) is preserved in well 2-21. The thickness of the 

lower shoreface preserved in this well is 2.2 m. The lower 

shoreface deposits thin shoreward into the erosion suface 

(well 12-16). The conglomerates thin basinwards and the 

E5 and T5 surfaces become coincident. The fining upward 

transgressive pebbly mudstones of the Dismal Rat onlap the 

the thick conglomerates of the Carrot Creek Member. 

The preserved maximum thickness of the upper shoreface 

in this area is 9.3 m in well 2-21. The thick deposits of 

the upper shoreface are predominantly crudely stratified 

conglomerates of sub-facies 8L. 

work conglomerates of sub-facies 

The thickness of the open-

8C and the closed work 

conglomerates of sub-facies 8E is more variable in the lower 

section of the upper shoreface. Landward the shoreface 

passes laterally into 0.4 m of closed work conglomerate of 

sub-facies 8E. Basinwards the upper shoreface passes 

laterally into fining upward transgressive pebbly mudstones 

(10-21). 

The shoreface deposits in this pool are more complex 

than those preserved in pool A. As shown in well 12-16 the 

upper shoreface deposits are overlain by what is interpreted 
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in the present classification scheme as lower shoreface 

deposits. The deposits then pass vertically into fining 

upward transgressive pebbly mudstones of the Dismal Rat 

Member (Chapters 3 and 4). The lower shoreface sequence and 

transgressive pebbly mudstones are interpreted to have been 

deposited from a more landward pool. The entire sequence 

is then buried by the "laminated blanket" (Laminated Dark 

Mudstones of facies 2). 

B) POOL B, PARALLEL TO BEVEL (Fig. 7.5) 

This section demonstrates that along the strike of the 

pool the thick conglmerates do not thin laterally into 

transgressive mudstones, but are banked up against the 

of bumps. The deepest scour preserves the full sequence 

(Type B) of lower to upper shoreface (wells 2-21, 4-21, and 

7-20). The apparent topography seen on the gritty siderite 

horizon between wells 12-20 and 7-20 is believed to be the 

result of compaction from the overlying conglomerates. The 

amount of erosion on the E5 surface between these wells is 

only 8 m; the preserved thickness of the "a" sequence is 

about 12 m ( well 4-28-50-12, Appendix 2) 

7.5 CROSS SECTIONS THROUGH POOL C NORMAL TO THE BEVEL 

(Fig. 7.6) 

This pool marks the most basinward position of the 

linear trends of the conglomerate pools shown in 

Figure 7.1. In this area the E5 surfaces scours deepest 

into the underlying Raven River Member. The a sequence 



Figure 7.4. Cross section through Pool B, normal to the 

bevel as located in Fig. 7.1. Vertical scale is i n metres. 

There is no implied horizontal scale. The facies numbers 

are shown on the right hand side of the litholog. The 

positions of the E5 and T5 surfaces are shown. The deposits 

of the Raven River Member are interpreted as representing 

aggrading shelf deposits. The conglomerates are shown to be 

separated from these deposits by the E5 surface. The 

conglomerates are divided into lower and upper shoreface 

deposits, and the boundary between these two deposits is 

transitional. The transgressive mudstones, well 10-21, 

onlap the thick conglomerates preserved in well 2-21. The 

lower shoreface deposits and transgressive mudstones 

preserved in well 12-16 represent deposition from a more 

landward pool. The entire sequence is buried by the 

"laminated blanket" (facies 2). G.S. = Gritty Siderite, "A" 

and "B" refer to the two coarsening upward sequences 

preserved in the Raven River Member. 
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Figure 7.5. Cross section through Pool B, parallel to the 

bevel as located in Fig. 7.1. Vertical scale is in metres. 

There is no implied horizontal scale. The facies numbers 

are shown on the right hand side of the litholog. The 

positions of the E5 and T5 surfaces are shown. The deposits 

of the Raven River Member are interpreted as representing 

aggrading shelf deposits. The conglomerates are shown to be 

separated from these deposits by the E5 surface. The 

conglomerates are divided into lower and upper shoreface 

deposits, and the boundary between these two deposits is 

transitional. The conglomerates do not thin along strike 

into transgressive mudstones, but are banked up against the 

bumps. The transgressive mudstones overlie the the 

conglomerates and the entire sequence is buried by the 

"laminated blanket" (facies 2). The relief on the gritty 

siderite horizon (G.S.) is believed to be the result of 

differential compaction. "A" and "B" refer to the two 

coarsening upward sequences preserved in the Raven River 

Member. 
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and the gritty siderite horizon have been removed, and E5 

lies in the lower "b" sequence of the Raven River Member 

(Chapter 3). This section best demonstrates the one sided 

nature of the hollows. The sequence type preserved in the 

conglomerates is controlled by the depth of erosion on the 

E5 surface. 

The full sequence (Type 

Unfortunately, much of 

B) is 

the 

conglomerate was lost during 

junction between the lower and 

cannot be determined. The minimum 

preserved in well 11-8. 

section containing the 

drilling, therefore the 

upper shoreface deposits 

preserved thickness of 

the lower shoreface is 2 m, and is composed entirely of 

sub-facies 8Al. The lower shoreface dies into the erosion 

surface both landward and seaward of well 11 - 8. The upper 

shoreface deposits are preserved in wells 11-8, 10-8, and 

9-8. The deposits of the upper shoreface are crudely 

stratified (sub-facies 8L), with a maximum preserved 

thickness in well 11-8 of 10.5 m. 

The E5/T5 surfaces are essentially coincident in well 

1- 11 (Type A) basinward of the conglomeratic shoreface 

deposits. In this well a thick (11.4 m) sequence of fining 

upward transgressive pebbly mudstones of the Dismal Rat 

Member (Chapters 3 and 4) is developed. The shoreface 

deposits in wells 9-8, and 10-8 are overlain by 6.6 m (10-8) 

of transgressive pebbly mudstones. Landward (westwards) of 

11-8 the thin (0.2 m) conglomerate deposits found in well 
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9 - 7 (Type A) are overlain by a thick (7.7 m) sequence of 

transgressive pebbly mudstones. These mudstones are 

believed to be younger than the pebbly mudstones shown in 

well 1-11, 9-S, and 10-S, and appear to represent the onlap 

deposits of the next more landward pool. The whole sequence 

is then covered by "laminated blanket" (Laminated Dark 

Mudstones of facies 2). 

7.6 SUMMARY OF THE SHOREFACE CONGLOMERATE DEPOSITS 

The sequence of conglomerate deposits preserved in the 

three pools, from each of the three linear trends shown 

in Figure 7.1, are similar. A map showing the distribution 

of sequence type is shown in Figure 7.7. From this map and 

the cross sections presented above, it can be seen that the 

type of sequence preserved is a response to the depth of 

scour on the erosion surface. The full sequence (Type B) is 

preserved in the deepest scours , which is coincident with 

the axis of the gravel pools. A cartoon normal to the bevel 

showing the fill of the pools is given in Figure 7.S. This 

diagram is not intended 

It is only intended 

sections through the 

as an interpretation of the pools. 

as a simplification of the cross 

pools described earlier. Wells are 

superimposed on the cartoon to illustrate the sequence type 

expected depending on where the well was drilled with 

respect to the erosion surface. 

Generally, the sequence begins with sub-facies SAl, 

suggesting depostion at the boundary between the inner shelf 



Figure 7.S. Cross section through Pool C, normal to the 

bevel as located in Fig. 7.1. Vertical scale is in metres. 

There is no implied horizontal scale. The facies numbers 

are shown on the right hand side of the litholog. The 

postions of the E5 and T5 surfaces are shown. The deposits 

of the Raven River Member are interpreted as representing 

aggrading shelf deposits. The conglomerates are shown to be 

separated from these deposits by the E5 surface. The 

conglomerates are divided into lower and upper shoreface 

depostis, and the boundary between these two deposits is 

transitional. The transgessive mudstones of wells 1-11, 

9-8, 10-8 are shown to onlap the thick conglomerates 

preserved in wells 9-S, 10-8, 11-S. The transgressive 

mudstones preserved in well 9-7 are believed to represent 

deposition from a more landward pool. The entire sequence 

is buried by the "laminated blanket" (facies 2). "B" refers 

to the lower coarsening upward sequence preserved in the 

Raven River. 
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Figure 7.7. Conglomerate Facies Sequence Map. This map 

shows the areal distribution of the conglomerate facies 

sequence types described in Chapter 6. The 5 m contour line 

of the conglomerate thickness is drawn f o r refence to the 

location of the pools. The map is based entirely on core 

descriptions . 
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Figure 7.8. Schematic cross section of the sequences 

preserved in a conglomerate pool. This is not intended as 

an interpretive diagram, only as a simplification of the 

vertical relationships 

preserved in the pools. 

of the conglomerate textures 
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and the toe of the shoreface. The thickness of the lower 

shoreface deposits in the Carrot Creek Member varies from 

less than a metre to about 5 m. As the conglomerate 

progrades the thickness of the conglomerate beds increases 

and the amount of mud and bioturbation decreases. Interbeds 

are sandy rather than muddy. The upper portion of the lower 

shoreface and base of the upper shoreface is marked by 

trough cross bedded gravels (sub-facies 8Gl) and is 

interpreted as marking the transition zone from the lower to 

upper shoreface. 

The preserved thickness of the upper shoreface deposits 

in the Carrot Creek Member varies from 6 to 12 m. The 

deposits of the upper shoreface are crudely stratified 

(sub-facies 8L) to massive (sub-facies 8K), with no 

recognizable sedimentary structures 

probably the result of the dominance 

observed. This is 

of wave processes, 

continually reworking the gravels on the shoreface. The 

most variability in these deposits occurs at the base of 

the deposit where the facies are transitional from the upper 

to lower shoreface. 

The deposits preserved in the most basinward pools are 

believed to be more complex due to deposition from more 

landward pools. This is best displayed in Fig. 7.4, well . 

12-16, where upper shoreface deposits are believed to be 

overlain by lower shoreface deposits and transgressive 

pebbly mudstones, in the present sequence interpretation. 
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A detailed discussion of this idea will be presented in 

Chapter 8. During continued transgression the entire 

sequence is overlain by the laminated blanket (facies 2; 

Chapter 3). 

In the concluding chapter the morphology of the erosion 

surface described in Chapter 4 (Part A) and the description 

of the conglomerate deposits (Part B) overlying this surface 

will be intergrated. The synthesis of these two separate 

lines of evidence will be used to develop the overall 

depositional environment of the Carrot Creek Member. 



CHAPTER 8 -- DISCUSSION OF THE CARDIUM 

DEPOSITIONAL HISTORY AT CARROT CREEK 

8.1 INTRODUCTION 

The purpose of this chapter is to discuss the 

depositional history of the Carrot Creek Member of the 

Cardium Formation in the Carrot Creek Cyn-Pem study area 

(T . 50-56, R. 9-14, W5). The discussion will focus on the 

formation and resulting morphology of the E5 surface , 

particularly the bumps and hollows and how the E5 surface 

compares with the pre-Holocene erosional surface and other 

ancient examples. The relationship of the conglomerates to 

the E5 surface will be considered. In conclusion a 

comparison of the Cardium conglomerates to other coarsening 

upward deposits in the Western Interior Seaway will be 

given. Those deposits interpreted as having formed many 

tens of kilometres f rom a contemporaneous shoreline, and 

which are coarser than the supposed time equivalent 

shoreline deposits are of particular interest. 

The depositional environment of the Carrot Creek Member 

is inferred from the formation and resulting morphology of 

the E5 surface (Chapter 4). A brief discussion of the 

depositional h istory of the Carrot Creek Member was 

presented by Bergman and Walker (1986; in press, fig. 13). 

A synopsis of the results of this thesis follows 

immediately, and the rest of the chapter is devoted to the 

241 
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details. 

SYNOPSIS OF THE INTERPRETATION 

The deposits of the Raven River Member are interpreted 

as representing aggrading shelf sediments. These deposits 

are truncated by an erosion surface (E5), which is believed 

to have formed during a rapid fall in relative sea level, 

causing the shoreline to move into the basin. The maximum 

basinward position of the shoreface is at Bigoray 

(Fig. 4.1). 

established 

blanketed by 

Member). A 

During stillstand a new shoreface profile was 

in the basin at Bigoray and this profile was 

prograding gravel deposits (Carrot Creek 

series of rapid rises of relative sea level 

occurred, separated by periods of stillstand during which 

time new shoreface profiles were established landwards 

(southwestwards) of Bigoray. Thus, the bump and hollow 

topography represents more basinward positions of the 

shoreface. The final preserved position of the shoreface in 

the Carrot Creek area is marked by the long continuous 

bevel. Each of the shoreface profiles was blanketed by 

gravel deposits (Carrot Creek Member). The transgressive 

rises are marked by the onlap of the transgressive pebbly 

mudstones of the Dismal Rat Member. Westwards of Carrot 

Creek the transgression appears to be slow and continuous. 

8.2 FORMATION OF THE E5 SURFACE 

The palaeotopography of the E5 surface (Chapter 4) as 

defined from cross sections (Figs. 4.2 to 4.5; Foldouts 1 to 
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4), an isopach map (Fig. 4.6; Foldout 5) and mesh diagrams 

(Figs. 4.8 and 4.9), consists of a broad terrace located in 

the southwest corner of the study area, bounded basinwards 

by a northwest-southeast trending bevel. A remnant 

topography of bumps and hollows is preserved basinwards of 

the bevel, and the topography gradually flattens into a 

broad, relatively flat expanse, the basin plain. The relief 

on this surface relative to a horizontal upper datum 

(E7/T7) is about 20 m. 

The deposits of the Raven River Member below the E5 

surface, particularly the preservation of hummocky cross 

stratified sandstones, suggest deposition in an open marine 

setting on a broad storm dominated shelf below fairweather 

wave base and above storm wave base (Krause, 1983; Krause 

and Nelson, 1984; Keith, 1985; Walker, 1983 b,c ) . The 

formation of the erosional topography of the E5 surface 

requires increased erosion of the bed rather than the 

deposition of very fine sand. A marked change in the wave 

climate from that suggested by the deposits of the Raven 

River Member is therefore necessary to form the erosion 

surface. At minimum, lowering of relative sea level results 

in enhanced wave erosion of the bed (fully submarine); at 

maximum, lowering of relative sea level results in l owered 

base level, sub-aerial exposure of the former sea floor, and 

fluvial downcutting (fully sub-aerial) into shelf mudstones 

to produce the observed erosional topography. 
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Thus the E5 surface could have formed in one of three 

situations: 

1. fully marine (submarine erosion of the shelf) 

2. fully sub-aerial (fluvial downcutting) 

3. intermediate (shoreface erosion) . 

Each of these three possibilites is discussed in detail 

below, with respect to the preserved morphology of the E5 

surface and the overlying deposits. 

1. Submarine Erosion 

Storm waves can scour the open shelf below fairweather 

wave base . Storm events are recognized in the geologic 

record as deposits which are "unusual" compared with the 

overall lithologic sequence (eg., a sharp-based graded bed 

with a basal shell coquina surrounded by metres of 

bioturbated shelf mudstones). Storm deposits are preserved 

below fairweather wave base in depths where daily reworking 

is minimal or absent. The literature suggests four types of 

evidence that may be used to identify storm deposits on the 

shelf . These are discussed briefly below. 

A. In situ winnowing of the sea floor, marked by 

the formation of shell lags. 

Kreisa (1981) and Brenner and Davies (1973) describe 

shells parallel to bedding and convex up. The shells 

are commonly unbroken and not abraded suggesting in 

situ winnowing without transport. The fauna comprising 

the shell beds are similar to the surrounding 
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interbedded shells. Kreisa (1981) also noted that the 

shells are mud-coated or mud-filled and this mud is 

identical to that of the underlying shale. Brenner and 

Davies (1973) and Kreisa (1981) suggest bed thicknesses 

on the order of cms to a few tens of cms. 

B. Transported shell accumulations commonly with the 

shells in sharp based graded calcarenite beds. 

These type of deposits have been described by Kelling 

and Mullin (1975), Cant (1980), Brenner and Davies 

(1973), and Aigner (1982a). The bed thickness ranges 

from a few cms to several tens of cms. The bases of 

the beds are sharp and commonly erosive with both tool 

and scour marks. Scours up to several metres wide and 

several tens of cms deep are common. Kelling and 

Mullin (1975) and Aigner (1982a) describe a sequence of 

internal structures for storm deposits similar to the 

internal sequence described for turbidites (Bouma, 

1962). The storm layers are interbedded with shelf 

mudstones. 

C. Storm scouring leading to the formation of 

hardgrounds and condensed horizons. 

Aigner (1982b) suggested 

softer substrate down to 

lithified levels may 

that storm scouring of the 

well-compacted or semi-

contribute to hardground 

formation. Condensed horizons with many zonal faunas 

present within an unusually thin sedimentary sequence 
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have been attributed to storm scouring of a soft 

substrate (Hagdorn, 1982; Gebhard, 1982 ) . 

D. Sharp based hummocky cross stratified beds commonly 

interbedded with bioturbated mudstones (Wright and 

Walker, 1981). This is typical of the deposits of the 

Raven River Member found underlying the E5 surface. 

In general, storm erosion on the shelf produces broad open 

scours up to several metres wide and several tens of cms 

deep. Storm beds range from a few cms to several tens of 

cms thick and are commonly interbedded with the background 

sediments. 

Swagor et al. (1976) suggested that the erosion surface 

beneath the Carrot Creek conglomerates (here termed E5) 

formed by submarine erosion on the shelf. Submarine erosion 

of the open shelf does not account for the continuous strike 

of the bevel. The bevel indicates the presence of strongly 

localized continuous erosion, rather than broad open 

scouring on the shelf. 

Submarine erosion might account for the remnant 

topography of bumps and hollows basinwards of the bevel. 

The amount of relief (about 20 m) on this surface however, 

seems to make an open marine interpretation unlikely. The 

third objection to forming the E5 surface by submarine 

erosion is geometric. The area of maximum sediment removal 

occurs out in the basin plain, while the area of least 

sediment removal occurs on the terrace (in what would 
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presumably be shallower water depths where wave energy 

should be greater). If the surface were formed by submarine 

erosion on the shelf, then in the area of the basin plain, 

the storm waves must remove the entire a sequence, 

the gritty siderite, and part of the "b" sequence. This is 

a minimum of 12 m of sediment. The argument could be raised 

that the "a" sequence dies out in the basin. In the area of 

the bumps and hollows however, the 

in the bumps. This suggests that 

least as far as the edge of 

"a" sequence is preserved 

the sequence extended at 

the bumps and hollows. 

Landwards, the amount of erosion decreases significantly. 

On the terrace the topographic relief is generally less than 

a metre. Thus the maximum amounts of erosion would occur in 

the deepest part of the basin. The amount of erosion 

required and the morphology of the surface is not compatable 

with the descriptions of storm features recognized on the 

shelf. 

Swagor et al. (1976), Smith (1986), and Hayes and Smith 

(1987) have suggested that gravels were transported from the 

shoreline across the shelf by storm enhanced process, such 

as rip currents. The thick conglomerate deposits (Carrot 

Creek Member) are not typical of deposits described as 

transported storm deposits. The conglomerate does not 

represent in situ winnowing. There is no evidence of 

pebbles ever having been present in the mudstones and 

sandstones of the Raven River Member. The thickness of the 
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deposits are an order of magnitude larger than those 

typically described from the literature for storm deposits. 

The style of bedding found in the storm layers (i.e., 

interbedded with the background sediments) is not typical of 

the thick conglomerate sequences. For these reasons the E5 

surface is believed not to be the result of submarine 

erosion, and the conglomerates (Carrot Creek Member) are not 

the result of storm transport across the shelf. 

2. Fluvial Downcutting 

The idea that the E5 surface at Carrot Creek was formed 

by fluvial downcutting was rejected by Swagor et al. ( 1976) 

due to the absence of evidence (eg., roots, coals, soils) to 

support sub-aerial exposure and erosion. The morphology of 

the erosion surface documented in this thesis supports the 

rejection of fluvial downcutting as the erosional 

mechanism. If the E5 surface had formed as a result of 

fluvial incision, some suggestion of channelling would be 

expected, particularly on the terrace. The terrace is a 

relatively flat surface, with no evidence of a fluvial 

system preserved on it, and there is also no evidence of 

incision into or through the bevel. A dendritic flow 

pattern of fluvial drainage could be superimposed around the 

bump and hollow topography with either a southeast or 

northeast flow direction. There is no indication of where 

these rivers would head or where they would terminate on the 

relatively flat basin plain. 
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The literature provides very little information about 

the formation and morphology of erosion surfaces produced by 

sea level variation. In the few published cases where these 

erosion surfaces have been documented (Nelson and Bray, 

1970; Kraft, 1971; and Suter and Berryhill, 1985 for the 

pre-Holocene erosion surface; 

and Flexer, 1985 for the 

topography is believed to 

and McCubbin 1969; and Weimer 

Cretaceous) the resulting 

be the result of fluvial 

downcutting during lowstand. I will briefly present the 

evidence provided by these authors supporting the fluvial 

interpretation, firstly for the pre-Holocene surface, and 

secondly for the Cretaceous. I will then attempt to relate 

this information to the E5 surface. 

Nelson and Bray (1970) considered that the three most 

important factors controlling the distribution of the 

Holocene sediments were topography, variations in the rate 

of rise of the sea, and currents. Of these three factors I 

am presently concerned only with the topography of the 

surface. The Pleistocene-Holocene contact in the 

Sabine-High Island area of the Gulf of Mexico was described 

by Nelson and Bray (1970) as very flat. The unconfomrity 

surface dips gently seaward with approximately the same 

degree of slope as that of the present-day sea floor. The 

most prominent feature on this otherwise flat erosion 

surface is the buried channel of the Sabine River. The 

topography of this channel is not reflected on the present 



250 

day sea floor·. The channel was interpreted by Nelson and 

Bray (1970 ) as a former river valley that ranged from 4 to 8 

miles (6.4 to 12.9 km) in width and had several tributaries, 

some as much as 9 miles (14.4 km) long within this area. 

The location of the late Wisconsinan fluvial systems in this 

alrea were mapp~?d i n d€~tai I by Suter- and Bel~ryhi 11 (1985) and 

the positions of these ancient streams across the 

cont i nental shelf are shown in their figure 1. The depths 

of the large fluvial feeder channels recorded by Suter and 

( 1971 ) described a similar pr·e-Holocene 

topography on the Atlantic shelf off the coast of Delaware. 

like Nelson and Bray (1970) , ~:::raft ( 1971 ) suggested that 

the thickness and areal extent of the Holocene sedimentary 

deposits were to a large extent controlled b y the morphology 

of the Pleistocene unconformity surface. The Pleistocene 

surface in this area is irregular, indicating cross sections 

Deeply incised river valleys with local relief 

of up to 140 ft (43 m) are common on the shelf in this area, 

and can be projected into the emergent surface to form a 

continuation o f the trellis-dendritic drainage pattern 

believed to of the pre-Holocene surface. 

Another examp l e of pre-Holocene fluvial downcutting into 

shelf sediments during lowstand is the Laurentian Channel on 

the Nova Scotian shelf (Slatt, 19 84; Uchupi, 1968). 

In all of these cases the Holocene sediments attain 
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their greatest thickness in the buried channels. The 

initial fill of the incised channels on the shelf is 

believed to be fluvial. Nelson and Bray (1970) recorded a 

basal quartz sand, of 

buried Sabine River 

unknown 

Channel. 

thickness, confined to the 

Overlying this basal quartz 

peat up to 5 ft (1.5 m) sand was a patchy distribution of 

thick . Overlying this sequence 

sediments. Kraft (1971) records 

were the Holocene marine 

shallow marine-estuarine 

sediments associated with the fluvial channels. 

There is even less documentation in the literature of 

the formation and morphology of ancient unconformity 

surfaces than in the modern. The most detailed analysis of 

the formation and morphology of an erosion surface is the 

ancient is that of McCubbin (1969). The only other public 

study to illustrate the nature of the erosion surface is 

that of Weimer and Flexer (1985). 

McCubbin (1969) illustrated 

isopach maps the palaeotopography 

with 

of 

cross sections and 

the pre-Niobrara 

erosion surface in northwest New Mexico. He suggested that 

the surface was formed by fluvial downcutting in a 

strike- valley setting. This surface consists of cuesta like 

ridges separated by intervening valleys, with the steeper 

slopes (about 20 ) facing northeastwards (basinwards). The 

erosional relief on this surface was greater than 100 ft (30 

m). The valleys are deepest in the middle and become 

shallower along trend. 
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Weimer and Flexer (1985) suggest that the erosion 

surface at the base of the Turner sandstone in the Eastern 

Powder River Basin, Wyoming, developed during a mid-Turonian 

sea level lowstand. The morphology of the erosion surface 

is shown only on cross sections. Weimer and Flexer (1985) 

suggest that northeast trending valleys were cut into the 

deeper water marine deposits during the lowstand and were 

subsequently filled during sea level rise. Without maps 

detailing of the nature of the erosion surface, it is 

difficult to compare their surface with that at Carrot 

Creek. 

In both studies the sediments overlying these ancient 

erosion surfaces are coarser grained shallow marine 

sandstones. Weimer and Flexer (1985) suggest that the lower 

Turner Member is brackish to marine (tidal flat to estuary) 

in-filling valleys cut into the underlying marine 

sediments. 

Both of the erosion surfaces described in the ancient 

are significantly different in morphology and overlying fill 

from the pre-Holocene ersosion surface. The pre-Niobrara 

erosion surface consists of cuesta-like ridges separated by 

intervening valleys. The basal Niobrara sandstone is a 

wedge of sediment bounded by a cuesta-like ridge on the 

pre- Niobrabra erosion surface along the southwest (landward 

side), thinning gradually basinwards passing into basin 

mudstones. Compare this surface with the pre- Holocene 
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incised channels on the Gulf of Mexico shelf, or off the 

coast of Delaware. The fill of the pre-Holocene channels is 

fluvial, while the overlying sediments of the Cretaceous 

erosion surfaces are interpreted as shallow marine. The 

differences in the morphology of the ancient surfaces 

compared with the pre-Holocene erosion surface, suggest that 

the ancient examples may not necessarily be the result of 

sub-aerial erosion and fluvial downcutting. 

The morphology of the E5 surface does not resemble one 

of incised fluvial channels as described for the 

pre-Holocene surface. Fluvial downcutting does not account 

for the "one-sided" geometry of the bevel or the basinward 

topography of bumps and hollows trending roughly parallel to 

the strike of the bevel. The term "one-sided geometry" is 

used here to describe a more steeply dipping erosion surface 

on one side (the bevel on the southwestern side) passing 

laterally basinwards into shelf muds on the other side, 

without a more steeply dipping erosional margin 

(northeastern side) as would be expected in a channellized 

system with palaeoflow to the southeast. 

Cross sections through the conglomerate pools parallel 

to the trend of the bevel (Fig. 7.5) might suggest a channel 

morphology, with drainage to the northeast. These channels 

however cannot be traced into the basin plain or onto the 

terrace. There is no preserved evidence in the Carrot Creek 

area of where these rivers would head on the terrace or 
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where they would terminate on the basin plain. 

The sediments overlying this erosion surface (E5) are 

interpreted as shallow marine. The gravels in the lower 

part of the conglomerate sequence are interbedded with 

marine mudstones and sandstones containing wave formed 

structures (eg., wave ripples). The conglomerate deposits 

are found in discrete pools, not as long continuous ribbon 

sands like the strike-valley deposits described by Exum and 

Harms (1968). Rather the conglomerates form a wedge of 

sediment bounded by a more steeply dipping erosion surface 

on the southwest side. 

For the above reasons I suggest that the morphology on 

the E5 surface is not the result of sub-aerial exposure and 

fluvial downcutting. I also suggest that the surfaces 

described by McCubbin (1969) and Weimer and Flexer (1985) 

may be the result of processes other than sub-aerial 

exposure and fluvial downcutting . 

McCubbin (1969) suggested that " ... the pre-Niobrara 

topography was unlike topography formed by marine erosion 

(p. 2135). I believe this statement to mean that the 

topography was not the result of storm erosion on the 

shelf. The interpretation preferred by McCubbin (1969) was 

that " ... the topography was formed largely by subaerial 

erosion, and was later modified by marine processes during 

the early Niobrara transgression " (p. 2135), 

McCubbin suggested that major topographic features were 
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clearly present at the time of deposition of the basal 

Niobrara sandstone bodies and played a major role in 

determining sandstone distribution. 

Like the pre-Niobrara erosion surface, the possibility 

exists that the Carrot Creek erosion surface (E5) was cut 

sub-aerially (fluvial downcutting) during lowstand and then 

modified by the subsequent marine transgression. This is an 

added complication, however, for which there is no 

supporting evidence preserved on E5 surface. If this 

evidence existed, it has been removed by the subsequent 

transgression. There is no preserved evidence to suggest 

that rivers head at the bevel and continue westwards or 

southwestwards across the Cardium shelf. The hypothesis 

that the E5 surface formed as a result of sub-aerial 

exposure is not supported by the data presented in this 

thesis. 

3. Shoreface Erosion 

The deposits of the Raven River Member directly 

underlying the E5 surface are believed by most workers to 

have been deposited in an open marine setting on a 

storm- dominated shelf (Krause, 1983; Krause and Nelson, 

1984; Keith, 1985; Walker, 1983a, b, c). The formation of 

the E5 surface as a result of shoreface erosion implies a 

drop of relative sea level, causing the shoreface to move 

many tens of kilometres into the basin. In order to develop 

the preserved morphology of the E5 surface, the position of 
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the shoreface at maximum lowstand must have been located at 

the basinward edge of the bumps and hollows (Bigoray, 

Fig. 4.1). Initial lowering of relative sea level must have 

been greater than sediment supply, causing the shoreline to 

move quickly basinwards resulting in sediment bypassing of 

the shelf. If sea lowering had been less than or equal to 

sediment supply, then a steadily prograding coarsening 

upward sequence of offshore muds passing up into shoreface 

and beach and lagoonal deposits would have been expected 

(eg., Kakwa and Musreau Members of the Cardium Formation, 

Plint and Walker, 1986). This type of sequence has not been 

observed in regional correlations (Plint et al., 1986) of 

the Raven River Member or the Carrot Creek Member of the 

Cardium Formation. Wave scour of the bed presumably 

resulted in the erosion of a new shoreface profile at 

maximum lowstand. 

The formation of the E5 surface by shoreface erosion is 

consistent with the 

surface. The maximum 

morphology 

amount of 

and geometry of 

sediment removal 

this 

by a 

retreating shoreface would be expected to be seaward of the 

last preserved position of the shoreface (bevel). The basin 

sediments are removed by erosion as the shoreface retreats 

and these eroded sediments are transported basinwards. The 

formation of the remant topography of bumps and hollows by 

simple erosional retreat of the shoreface is difficult to 

explain. Two problems arise from this interpretation. 
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Firstly, how did the bump and hollow topography form, and 

secondly, why are the bumps and hollows not continuous along 

stl'-:i ke. A discussion of the bumps and hollows is given 

The continuous strike of the beve l indicates the 

pr-esence of strongly localized erosion, and is consistent 

with erosion at the shoreface. The relatively flat terrace 

the bevel is formed by erosional translation of 

the shoreface during Sf?a level ,ro i se. The main problem 

arising from this interpretation concerns the formation and 

preservation of the bumps and hollows as a result of simple 

erosional retreat of the shoreface. 

Bergman and Walker 

morphology of r'°O::° c:. ..... 1 

( 1986; in press) interpreted the 

p.:lI~°ti cuI ar I y the r-emnant. 

topogr-aphy of bumps and hollows as having formed during a 

period of stillstand or sea level I"~ i se" this time, 

ero!si onal shoreface retreat toward the southwest produced 

the remnant topography. however- , no known 

topograpl01Y of bumps and hollows of this scale 

associated with the Holocene The 

pre-Holocene erosional surface described by Nelson and Bray 

(1970) and I<raoft (1971) is relatively flat . The i r-regul ar 

topography preserved on the pre-Holocene surface is believed 

to be the result of fluvial incision during lowstand. 

(1971) illustrates a remnant topography associated with the 

Holocene transgression, but the relief on this surface is 

only about 4 m. 
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The bumps preserved on the E5 surface were interpreted 

by Bergman and Walker (1986; in press) as representing 

former positions of the shoreface. They suggested that the 

irregular morphology 

gravel armouring of 

of 

the 

the surface was due to partial 

bed, leaving erosional remnants 

during erosional shoreface retreat. The bevel marks the 

final position of the shoreface before marine transgression 

occurred, blanketing the entire sequence (Raven River Member 

and Carrot Creek Member) with marine mudstones of the Dismal 

Rat Member. 

The morphology of the E5 surface is consistent with the 

hypothesis that it was formed by erosional retreat of the 

shoreface. Two problems arise from this interpretation of 

the E5 surface, firstly, the formation of the bump and 

hollow topography and secondly, the lack of continuity 

of the bumps along strike. The morphology of the E5 surface 

will be examined in more detail in the following sections, 

particularly the bump and hollow topography, in order to 

better understand how this topography might have formed. 

8.3 FORMATION OF THE BUMP AND HOLLOW TOPOGRAPHY 

The E5 surface is interpreted above as having formed by 

shoreface erosion. It was suggested (Bergman and Walker, 

1986; in press) that the topography preserved on the surface 

was the result of lowering of relative sea level, shoreface 

erosion , and gravel armouring of the bed. 

problems both regionally and locally. 

This poses 
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On a regional scale (Fig. 8.1), with respect to an 

upper horizontal datum (E7/T7), the top of the Raven River 

Member appears to be a planar surface which has been 

dissected by the E5 surface (Fig. 8.1) . The erosion 

associated with the E5 surface cuts into the same 

stratigraphic level of the Raven River Member across the 

basin. Each of these erosional cuts is interpreted as 

representing a shoreface profile. It does not seem 

reasonable to suggest that sea level dropped to erode a 

shoreface profile at Carrot Creek and rose to leave Pembina 

as a high and then dropped to erode a shoreface profile at 

Willesden Green and rose to preserve the sands in Willesden 

Green. Sea level would have to drop again in order erode 

another shoreface profile at the edge of Ferrier and then 

rise again. This interpretation would leave Pembina exposed 

as an island, while a shoreface profile was being 

established at Willesden Green. An island at Pembina would 

decrease the ability of the waves to scour at Willesden 

Green. If waves were capable of establishing a shoreface 

profile at Willesden Green, why was Pembina not eroded? The 

probability of preserving Pembina as an island while a 

shoreface profile was established at Willesden Green would 

be very low. The bump and hollow topography preserved in 

Carrot Creek poses similar problems to those described above 

but on a smaller scale. 



Figure 8.1. Schematic cross section showing the morphology 

of the E5 surface across the basin with respect to an upper 

horizontal planar datum. 
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COULD TH I S F<EPf:::E!3ENT (~I\I 01:::: I G I NALL_ Y TILTED "STEPPED II EF<OS ION 

SURFACE? 

I f thc::~ E5 surf ace t.<Jere "stepped", then sea 1 evel woul d 

not. have to fluctuate up and down. Instead, t.he surface 

could be produced by an initial 1 ower- in g , f 011 oWE~d IJY 

subsequent sea level rises separated by stillstands. If the-? 

E5 surface is stepped, this implies that the deposits of the 

Raven River Member must have had an original basinward dip, 

on the E5 surface occurs at the same 

I f?vel thl--oughout the basin. The erosional 

cuts are believed to be formed by wave scour in the 

In this interpretation, the tangent to the backs 

o-f the field~5 would I~epres;ent the initial hor-izontal "bite" 

"bi.tc-?" refers to the scouring of a new shoreface 

profile in the underlying Raven River sediments) and the 

di ~:;tance betwe~:m the tangents would indicate the amount of 

seC":\ 1 evel r- i se. The possibility that the E5 surface was 

steppf~d 

hollow~_~ .. 

l",as e:-: ami. neej in detail locally for the bumps and 

The morphology of the E5 surface in the Carrot Creek 

above), is based on an assumed horizontal 

upper dat.um (E7/T7) • Th e m,,:\r k F.~r- <;:- (and presumably the 

sedimentary facies) are roughly parallel to this datum. The 

E5 surface was shown in Chapter 4 to scour down to variable 

depths into the underlying st.ratigraphy of the Raven River 

Member .. This resulted in the apparent irregular topography 
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of bumps and hollows (refer to cross section B, Fig. 4.3~ 

Foldout 2) preserved in the Carrot Creek -- Cyn-Pem study 

arei:". 

The present disc ussion will now assume that the gritty 

siderite horizon (sub-facies 8 G.S., Fig. 3 . 13) is a planar 

which has become dissected by the E5 erosion 

sLw'f ace. This assumption appears to be reasonable because , 

the sub-facies is regionally extensive (except where removed 

b y eros i on) capping the top of 

sequence, is of relatively constant thickness (about 20 cm) 

and is interpreted as r epresenting a period of non-

deposition in the basin during a rapid rise of relative 

se,", 1 eV0?1 • Within the study area there is no evi d ence o f 

erosion at this horizon. The gritt y siderite is a l ways 

found gl~adationally ovet-Iying f aci f:!s !:5 o·f the lib" sequence. 

The dissection of the lib" gl'-itty sider'ite , 

and IJal1 sequence, resulting in the irregular topography of 

bumps and hollows presents problems. How is this topography 

related to relati v e sea level change and shoreface erosion? 

Three possibilities of f orming the bump and hollow 

topography as a result of stepping were considered; 

Simple rotation of the backs o f the bumps to 

the hor i. z ontal ~ using the average dip of the bac ks of 

the bumps as the implied original d i p o ·f the F,aven 

2) Ca lcu l ating a regional dip of the underlying Raven 
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River Member from the basin plain and fitting the bumps 

and hollows into this regional dip; 

3) Initial upward tilting of the underlying Raven 

River (which from now on will be referred to as "the 

surface") coupled with an episodic downward rotation. 

Each of these possibilities will be discussed in detail 

below. 

1) Simple Rotation 

A portion of cross section B (Fig. 4.3, Foldout 2) was 

replotted (Fig. 8.2A) taking lateral spacing of the wells 

into consideration. The gritty siderite horizon was chosen 

as datum and the E5 surface was then replotted with respect 

to it . Plotting the surface this way revealed a similar 

topography of bumps and hollows to that resulting from 

plotting relative to the E7/T7 surface. From the plot of E5 

relative to the gritty siderite, it was apparent that the 

slopes of the tangents to the backs of the bumps were 

essentially parallel (Fig. 8.2A). The slope of the tangents 

was calculated, giving an average slope of 0.024 (1.340). 

If the tangents to the back of the bumps are rotated through 

1.340 , making them horizontal (Fig. 8.2B), there is an 

implied original regional basinward dip of 1 . 340 of the 

gritty siderite and presumably the "a" and "b" sequences 

of the Raven River Member. The vertical exaggeration in 

both sketches (Fig. 8.2 A and B) is large as a surface 

dipping at 1.340 would be difficult to draft and study at 



Figure 8 . 2. A) The E5 surface, from a portion of cross 

section B (Fig. 4.3) was replotted with the gritty siderite 

layer taken as horizontal, and the distance between wells 

scaled. The slope of the tangents on the backs of the bumps 

was calculated . The average slope was 1.340. B) The 

tangents to the bumps were rotated to the horizontal 

(through 1.340 ) giving an implied original dip of the gritty 

siderite of 1.340 basinwards. This results in a stepped 

profile for the E5 surface, very similar to that predicted 

by Swift et al. (1973) for the Holocene transgression. In 

both sections the vertical exaggeration is large. G.S. = 
Gritty Siderite, "A" and "B" refer to the coarsening upward 

sequences in the Raven River Member. 
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true scale. Plotting the E5 surface with respect to an 

originally dipping seaward stratigraphy changes the 

topography of the surface from one of bumps and hollows to 

what appears to be a series of incised stepped shoreface 

profiles (Fig. 8.2). 

Two main problems arise from interpreting the E5 

surface in this manner. Firstly, the implied original 

regional dip of 1.340 basinwards of the gritty siderite and 

the Raven River Member is steep. If projected to an assumed 

highstand shoreline position at the edge of the deformed 

belt (show in Fig. 2.1) about 100 km to the west, then the 

Raven River sediments preserved in the Carrot Creek area 

would have been originally deposited in about 2,050 m of 

water. The edge of the deformed belt is the closest place 

to Carrot Creek where a highstand position of the shoreline 

could have been located. Basinwards of the deformed belt 

the Raven River sediments are marine. 

regional 

Member, 

similarity 

and the 

of the deposits of 

preservation of 

Considering the 

the Raven River 

hummocky cross 

stratification and wave ripples in the sandstones (facies 7 

and 7A), water depths of 2050 m in the Carrot Creek --

Cyn-Pem area seem extremely unlikely. 

Secondly, the shoreface "steps" preserved in the Carrot 

Creek area are relatively large (for example, 46 m over the 

relatively short distance of 2.24 km; refer to wells 2-28, 

4-34 and 8-3 in Figure 8.2). The size of this step implies 
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that sea level rose 46 m, assuming a constant regional dip, 

before the next shoreface profile was established. This is 

a very large rise. 

The base of the shoreface is defined in modern studies 

as the break in slope where the more steeply dipping (2.860 ) 

shoreface profile merges with the comparatively flat 

(0.02860 ) inner shelf (definition and average slopes from 

Swift and Niedoroda, 1985). The possibility was examined 

that perhaps the dip values calculated from the tangents to 

the backs of the bumps were landward of this break in slope, 

and that the values were taken from the the more steeply 

dipping shoreface profile, not the flatter open marine 

profile. In this way the value of 1.340 does not represent 

the original slope of the gritty siderite and the dip of the 

Raven River deposits. The amount of sea level rise 

associated with the steps would then be an apparent rise, 

not the actual rise. 

The result of this hypothesis is shown by geometric 

reconstruction and trigonometric analysis (Fig. 8.3). The 

tops of the bumps are labelled C and D. The angle measured 

on the backs of the bumps (~ is taken as a dip somewhere 

in the shoreface (line GF is a tangent to the curved profile 

CD in Case 1), relative to an originally dipping 

stratigraphy. The regional dip of the original stratigraphy 

is given as 0< . The angle (0) is the intersection of the 

tangent to the shoreface profile with the originally dipping 



Figure 8.3. Geometric reconstruction of the bump and hollow 

topography. Case 1, the tangent to the back of the bumps is 

rotated 1.340 to the horizontal, giving an implied regional 

basinward dip of the gritty siderite and Raven River Member 

of 1 . 340. The height of the bite (CA) is the amount of 

sea level rise. Case 2, the tangent to the back of the 

bump (GF) represents a dip on the more steeply dipping 

shoreface rather than regional dip (EF). The bite height 

(GE) represents only an apparent rise in sea level. If the 

regional dip (~ ) is smaller than the calculated dip ( ~ ), 

then the apparent bite (GE) is smaller than the real bite 

(CA) . 
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CASE I - DIP ON BACK OF BUMP GIVES REGIONAL DIP 

C WHERE 

AB - ORIGINAL HORIZONTAL 
STILLSTAND BITE 

CD - HORIZONTAL DISTANCE 
BETWEEN THE TOPS OF 
THE BUMPS 

CA - HEIGHT OF THE BITE 

0< - REGIONAL DIP 

AND 
CA= CD· SIN 0( 

CASE 2- DIP ON BACK OF BUMP GIVES SHOREFACE DIP 

REAL 
BITE 

WHERE 

CA - HEIGHT OF THE BITE 

GE - APPARENT HEIGHT OF 
THE BITE 

co( - REGIONAL DIP 

fJ - SHOREFACE DIP 
'"1C - INTERSECTION OF SHOREFACE 
U AND REGIONAL BEDDING 

THUS, IF '/l >1)( 
THEN CA )GE 

REAL BITE> APPARENT BITE 

AND 
CA = GE . SIN fJ 

SIN '6 
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stratigraphy. Point E is the intersection of the tangent to 

the next shoreface with the originally dipping 

stratigraphy . Line GE is the vertical separation between 

the two shoreface tangents and represents the size of the 

apparent bite. From this reconstruction, if {3 >0< , then 

the size of the real step will be larger than the apparent 

step . Thus the limiting position for the size of the step 

occurs when the back of the bump is rotated to the 

horizontal. From this analysis if the amount of rise 

calculated from the data is only an apparent rise, then the 

actual rise would be much larger. 

For the above reasons this mechanism seemed unlikely 

for the formation of the bumps and hollows. 

2) Shallow Regional Dip 

The original basinward dip of the Raven River Member 

was determined from a portion of cross section A (Fig. 4.2) 

across the relatively flat basin plain located in the 

northeast corner of the study area. The dip calculated from 

this section was 0.040 (refer to wells 9-29-54-9 and 

16-27-54-9 on cross section A, Fig. 4.2). This is believed 

to be a more realistic regional dip. Swift and Niedoroda 

(1985) record a dip of 0.02860 or lower for the shelf. If 

the shoreline is again taken at the edge of the deformed 

belt (Fig . 2.1), a distance of about 100 km, the use of 

0 . 040 as the value of regional dip for the deposits of the 

Raven River Member implies that the depth of water in the 
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Carrot Creek area during Raven River time was about 60 m. 

This depth value is consistent with the formation and 

preservation of hummocky cross stratification observed at 

the top of the Raven River Member. The calculation of the 

the original dip of the Raven 

considered in more detail 

River stratigraphy 

by S.M. Leggitt 

progress, pers. comm. , 1987) and D.J. McLean 

progress, pers. comm., 1987). 

is being 

(M.Sc. in 

(M.Sc. in 

The problem arising from plotting the E5 surface 

with respect to an assumed originally dipping stratigraphy 

of 0.040 is that the topography of bumps and hollows is 

similar to that preserved when there is no implied basinward 

dip. Rotating the E5 surface through 0.040 does not solve 

anything. For this reason, this method does not seem a 

reasonable mechanism 

topography. 

for forming the bump and hollow 

3) Tilting and Subsidence 

the 

This is the mechanism suggested to 

formation and preservation of the 

be responsible for 

bump and hollow 

topography. In both of the previous methods, a dip was 

calculated from the cross sections and then applied as a 

static value to the entire basin. In this mechanism, an 

original regional dip ( ~ ) was calculated for the Raven 

River Member. By uplift in the rising Cordillera to the 

west, this dip ( ~ ) was then increased to a maximum value 

(# + ~ ), causing a fall of relative sea level. The newly . 
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emergent surface (top of the Raven River) subsequently 

rotates downwards until the initial regional dip is 

restored. This downward rotation is episodic, giving rise 

to periods of relative sea level rise during downward 

rotation of the surface, separated by periods of stillstand 

when little or no rotation is taking place. Throughout the 

rest of this discussion the assumption is made that depth is 

constant with respect to a "hinge" basinward of Cardium 

subcrop, and hence fairweather wave base is fixed with 

respect to the hinge. The following discussion of the 

formation of the bumps and hollows will consider; 

A) how the erosional envelope is formed, 

B) how this mechanism leads to the formation of the 

bump and hollow topography, and 

C) both the positive aspects and the problems of 

forming the bumps and hollows in this way . 

A) Formation of the erosional envelope 

The method of forming and preserving the bump and 

hollow topography is shown diagrammatically in Figure 8.4. 

The depositional dip of the basin is increased 

where d- is the regional dip 

p is the amount of tilting 

to J3 + <:>( 

This initial upward tilting results in a relative sea level 

fall, and movement of the shoreface into the basin. The dip 

is held constant for a period of time (relative stillstand) 

in order to establish a initial horizontal shoreface bite 



Figure 8.4. Summary diagram of the formation of an 

erosional envelope. The details of the diagram are 

presented in the text. The jagged line is used to represent 

missing section. The position of the hinge is further out 

in the basin. 
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(Fig. 8.4A). The size of this initial cut will be a 

function of the depth of fairweather wave base and the 

length of stillstand. The surface begins to rotate 

downwards (subside) after the initial tilting, causing a 

rise in relative sea level. As the surface rotates 

downwards the initial horizontal bite is rotated downwards 

as well (Fig. 8 . 4A). The asterisks mark the positions of 

the initial horizontal bite. These are shown i n their 

rotated position as the surface subsides. The initial 

horizontal cut rotates downwards with the surface and 

becomes what is now the back of a bump. 

Intermediate positions of the shoreface are established 

during the downward rotation (Fig. 8.4A). Translation of 

the shoreface continues until there is a pause in subsidence 

(stillstand) and another horizontal bite occurs (shoreface 

position 2). These intermediate positions of the shoreface 

combine to form the preserved erosional envelope 

(Fig. 8.4B). The size of the erosional envelope is a 

function of time, and the rate of subsidence (thus 

proportional to a relative sea level rise ) , 

measure of the depth of fairweather wave base. 

B) Formation of the Bump and Hollow Topography 

it is not a 

The formation and preservation of the bump and hollow 

topography is summarized in Figure 8.5 , and will be 

described below . The angles calculated in Fig. 8.2 will be 

used in this discussion. The initial regional dip ( ~ ) of 



Figure 8.5. 

the Carrot 

formationa 

Summary diagram of the erosional history in 

Creek Cyn-Pem study area, resulting in the 

and preservation of the bump and hollow 

topography. The details of the diagrams are presented in 

the text. 
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the Raven River Member will be taken as 0.040 . The absolute 

value of 0< is not crucial to this discussion. The details 

of the formation of the erosional envelope were shown in 

Figure 8.4. In this sequence of diagrams (Fig. 8.5) only 

the initial cut and the resulting erosional envelope are 

shown. 

The deposits of the Raven River Member represent 

aggrading shelf sediments, deposited under open marine 

conditions below fairweather wave base and above storm wave 

base (preservation of hummocky cross stratified sands, 

facies 7, at the top of the Raven River Member). If the 

shoreline position at Raven River time is taken at the edge 

of the deformed belt, about 100 km to the west (Fig. 2.1), 

then hummocky cross stratified sandstones of the Raven River 

Member at Carrot Creek would have been deposited in about 

60 m of water (Fig. 8.5A) . A fixed hinge position is 

assumed to be present basinwards of Bigoray. Depth is 

constant with respect to this hinge and hence fairweather 

wave base is fixed with respect to the hinge. 

Upwarping of the basin sediments increased the regional 

dip by 1.450 (Fig. 8.5A). This results in a drop of 

relative sea level and a shift in the shoreline basinwards 

to Bigoray. The depth with respect to the hinge remains 

constant. The relative drop is the result of a change in 

the intersection point between the land surface and the sea. 

After tilting the sediments, an initial horizontal 
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stillstand bite was established at Bigoray (Fig. 8.5B) . The 

surface then rotated downwards, resulting in a rise of 

relative sea level and erosional southwestward translation 

of the shoreface. 

with the surface 

The erosional envelope 

(Fig. 8.5C). There 

rotated downwards 

was a 

downward rotation when the dip of the surface 

pause in the 

had dropped 

to 1.320 . 

established 

Another horizontal stillstand bite was 

at shoreface position 2 (Fig. 7. 1) . Slow 

subsidence began again, resulting in a relative sea level 

rise and shoreface translation. 

The downward 

horizontal bite 

(Fig. 7.1). The 

rotated downwards 

rotation paused again at 1.260 and a 

is carved at shoreface position 3 

two previously formed erosional envelopes 

again with the surface (Fig . 8.5D). 

Subsidence resumed and appears to have been more continuous 

from this time. 

The terrace formed during the slow continuous 

subsidence of the surface. Erosional shoreface translation 

removed any evidence of sub-aerial exposure (Fig . 8.5E). 

With continued subsidence the erosional envelopes continued 

to rotate downwards with the surface until regional basin 

dip is restored, producing the observed topography of bumps 

and hollows. 

C) Advantages and Complications associated with this 

Interpretation 

The formation of the bump and hollow topography by 
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initial upward tilting and episodic subsidence solves a 

number of problems associated with the formation and 

preservation of this topography. Unfortunately, a few 

questions also arise. I will consider first the advantages 

of the above mechanism of generating and preserving this 

topography, and then present some of the problems associated 

with this interpretation in the Carrot Creek area. 

ADVANTAGES 

1. Forming the topography in this way allows for an initial 

regional dip of the Raven River Member independent of the 

dips associated with the bump and hollow topography. 

2. Upward tilting of the sediments results in a relative 

sea level drop and basinward migration of the shoreline. 

Episodic subsidence allows the establishment of the initial 

shoreface profiles during stillstand, and continuous 

subsidence allows erosional shoreface translation during 

relative sea level rise . 

3. The size of the erosional envelope between the 

horizontal stillstand bites is not an indication of the 

depth of fairweather wave base, rather the size of the step 

is related to time and the rate of subsidence. The amount 

of shoreface translation is related to time, the rate of 

shoreface erosion, and the rate of subsidence (rate of 

relative sea level rise). 

4. The episodic downward rotation is consistent with the 

formation and preservation of the bumps and hollows. As the 
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surface rotates downwards (Fig. 8.6), the initial horizontal 

bite rotates downwards with the surface and forms what is 

now preserved as the 

tangents to the backs 

southwestwards both 

back of 

of the 

locally 

a bump. The dips of the 

S.M. Leggitt (pers. comm. , 

bumps decrease progressively 

(Fig. 8.2) and regionally. 

1987) has recorded dips on the 

of 0.970 , 0.820, and 0.140. back of bumps across Pembina 

The dips are progressively 

direction. 

COMPLICATIONS 

decreasing in a southward 

The hypothesis discussed above for the formation of the 

E5 surface is based on only one cross section (Fig. 8.2) 

through the bumps and hollows. It assumes that the top of 

the Raven River Member is a shallow seaward dipping planar 

surface. Two complications arise when this hypothesis is 

expanded to cover the entire area of study. Firstly, the 

bumps and hollows are not continuous along strike. 

Secondly, the dip values on the backs of the bumps decrease 

along strike on either side of cross section B. 

The along strike discontinuity of the bumps and hollows 

poses problems. In a shoreface interpretation it would be 

expected that the positions of the shoreface would be marked 

by a long continuous scarp, such as the bevel, rather than a 

series of discontinuous bumps and hollo·ws. On the 

conglomerate isopach map, the thick conglomerate pools line 

up on three linear trends (Fig. 7.1) which were interpreted 



Figure 8.6. Summary diagram of the mechanism of formation 

of the bumps and hollows. The dips shown to the backs of 

the bumps are those calculated in Figure 8.2. The relative 

positions of 

shown. Depth 

the terrace, bevel, 

is constant with 

and bumps and hollows are 

respect to the hinge. 

Relative sea level rise is the result of the subsidence. 

The backs of the bumps represent the initial horizontal 

bites at stillstand, and the hollows (erosional envelope) 

form as a result of shoreface translation during relative 

sea level rise. 
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as representing positions of the shoreface in the basin. 

These trends however, are difficult to discern on the 

contour map of the erosion surface. The dip values and the 

wells from which they were calculated are shown in Fig. 8.7, 

with the relative position of the shoreline shown as a 

double line. The locations of the shorefaces determined 

from the map of the erosion surface differ slightly in 

position from those determined from the conglomerate pools, 

but the trends are similar. 

The discontinuity of the 

result of the data available. 

are probably more continuous 

bumps and hollows may be a 

patterns. 

Some of the 

than shown 

isolated hollows 

by the contour 

The angles of the backs of the bumps were calculated 

with respect to the gritty siderite for cross sections A and 

D (Figs. 4.2 and 4.4 respectively). The dip values 

calculated for the three sections decrease landwards as 

predicted by the hypothesis. The complication arises from 

the along strike variation in dips. 

The values calculated from cross section Dare 

consistent with values recorded by S.M. Leggitt 

(pers. comm., 1987) for Pembina. There appears to be a 

gradual decrease in the dip values southeastwards, 

suggesting a tilting of the surface to the southeast. 

The dip values calculated from cross section A to the 

north of cross section B give markedly different results 
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fr'om both CI'''OSS· secti on Band 0 (Fig. 8.7). The change in 

values northwards appears to be abrupt rather than gradual 

as shown in the south. The morphology of the surface 

changes abruptly to the north as; well. The well defined 

bump and hollow topography recorded in the south is a more 

gently undulating surface to the north. These differences 

somf''::' sort of decoupling of the surface has 

occurred across the field. of possibilities were 

considered to explain the along strike variation; 

1) st.l~ike slip 'faulting, 

2) thrust faulting, and 

3) differential compaction over a pre-existing 

topogl'-aphy. 

Each of these possibilities will be discussed below. 

1) Stxik€::~ Slip Fault 

The possibility of a sini~5tral strike slip fault 

separating the northern and southern areas of the field was 

consi der-ed. The argument for this fault was the apparent 

offset of the conglomerate pools along strike (Fig. 7. 1 , and 

Fig .. 13.7). FI"'om this; map, the horizontal offset on the 

fault would have been about 10 km. The problem with this 

interpretation is that the fault cannot be traced basinwards 

The projection of this fault westwards would 

cut the Kakwa shoreface. There is no offset of the Kakwa 

shoreface in the area pro._iected for the_ t-~ce f tl f It ' ,;;\ o· "1e au. . 

Consi dE~r i ng the afilount o·f displacement that would be 



Figure 8.7. The dips on the backs of the bumps with respect 

to the gritty siderite are shown for cross sections A, B, 

and C are shown, along with the implied position of the 

shoreface (double line). Note the along strike variation of 

the dip values and the lack of continuity of the bumps. 

Northwards of cross section B (blocked line) the dips are 

very low and the topography of bumps and hollows is becoming 

less pronounced. 
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necessary to give the preserved morphology, the lack of 

mapability poses serious problems. For this reason, the 

hypothesis that the observed along strike variation in 

topography and dip was the result of a strike slip fault in 

the Carrot Creek area was rejected. 

2) Thrust Faulting 

Another mechanism considered for decoupling the 

northern part of the field from the southern part was the 

possibility of post- Cardium thrust faulting. The thrust 

slice would have to have slid across the top of the Kakwa 

shoreface (no offset of the Kakwa shoreface) in the west and 

continue basinwards into the Carrot Creek area. At Carrot 

Creek the thrust fault breaks into two separating the field 

into two sections. The southern thrust slice moved farther 

into the basin than the northern thrust slice. Again 

regional correlations show no evidence for this thrust. 

Thrust faulting does not account for the along strike 

variation in depositional dip, or the along strike variation 

of the bumps and hollows. 

that thrust faulting was 

For these reasons, the hypothesis 

responsible for the along strike 

variation in topography and dip was rejected. 

3) Differential Compaction 

In the present discussion, the assumption is made that 

the top of the Raven River is a seaward dipping planar 

surface. However, if the top of the Raven River is not 

planar, than variations in along strike dips would be 
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expected. 

Pembina oil field is situated on top of a group of 

Devonian Nisku pinnacle reefs (Nielson and Porter, 1984; 

Exploration Staff, Chevron Standard Limited, 1979). The 

location of these pinnacle reefs is shown in Figure 8.8. 

The present study area is outlined and the position of the 

northwestern edge of the bumps and hollows is shown. Note 

that northeast of the edge of the bumps and hollows 

(Fig. 8.7) there are no pinnacle reefs preserved in the 

Winterburn Basin (Fig. 8.8), and that the best development 

of bumps and hollows coincides with the area of pinnacle 

reefs (Figs. 8.7 and 8.8). 

Sediments draping the reefs will reflect the topography 

of the reefs through differential compaction. With time, 

the topography is flattened out as sediments accumulate in 

the basin. By Raven River time differential compaction over 

the reefs results in a broad gently undulating surface, 

such that the area over the reefs is a relative high while 

northwards the surface is a relative low (Fig. 8 . 9). 

The original basin dips also vary across this break in 

slope. The slope on the northwestern side of the edge of 

the bumps and hollows is rotated downwards compared with the 

southeastern side (Fig. 8.9). This topography is also 

presumably the result of differential compaction over a 

pre-existing topography (presumably following a Devonian 

reef trend). The change in dip of the two surfaces is less 



Figure 8.8. Location map showing the position of Devonian 

Nisku reefs in the study area . Note that the northward edge 

of the bumps and hollows (dashed line) is coincident with 

the edge of the pinnacle reefs developing on the Nisku 

shelf, and the edge of the Winterburn carbonate shale 

basin. (map taken from Exploration Staff, Chevron Standard 

Ltd., 1979). 
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Figure 8.9. Cartoon showing the inferred depositional 

morphology of the top of the Raven River due to differential 

compaction over the underlying Devonian reef complexes, 

prior to erosion by the E5 surface. The relative positions 

of the shorefaces drawn on. The more steeply dipping 

portions of the surface the erosional envelopes will 

translate predominantly upwards, while on the more gently 

dipping surface to the north, shoreface translation is 

predominantly horizontal . 



285 



286 

than 10. Hence, the values obtained for the amount of 

upward tilting of the surface vary along strike. That is, 

the more steeply dipping seaward part of the surface 

(southeastern side) will record steeper dips, while the less 

steeply basinward dipping part of the surface (northwestern 

side) will record shallower dips (Fig. 8.9). 

The morphology of shoreface profiles cut into the 

undulating Raven River Member would also vary along strike. 

In areas where the dips are steep the shoreface profile will 

translate upwards during subsidence, forming narrow, deep 

erosional envelopes. However, where the dip of the surface 

is shallow the shoreface will translate horizontally during 

subsidence, resulting in broad, shallow erosional 

envelopes. The positions of the shoreface will appear to be 

offset due to wrapping around of the shoreline profile on 

the variably dipping topography (Fig. 8.9). 

This hypothesis requires further study of the 

underlying sediments to assess the validity of the argument. 

8.4 Relationship of the Carrot Creek Member to the E5 

Surface 

The conglomerates of the Carrot Creek Member are 

interpreted in this thesis as shoreface deposits. The 

conglomerates were presumably deposited during the formation 

of the initial horizontal shoreface bite (Fig. 8.4 ), and 

during the subsequent translation of the shoreface whilst 
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relative sea level rose. The transgressive pebbly mudstones 

(Dismal Rat Member) now blanket the conglomerates that were 

preserved in earlier erosional envelopes when later 

shoreface profiles are forming. This interpretation is 

based primarily on 1), the morphology and the interpretation 

of the formation of the E5 surface directly underlying the 

conglomerates; 2), the interbedding of the conglomerates 

with marine mudstones, and to a lesser extent 3), on the 

regional stratigraphy (Plint et al., 1986). This discussion 

will consider three aspects of the conglomerates; 

1) the areal distribution of the thick conglomerate 

pools, 

2) the deposits preserved in a "typical " pool, and 

3) the relationship of the pools to the E5 surface. 

1) Areal Distribution 

The E5 surface is covered by pebbles of the Carrot 

Creek Member. The conglomerates vary in thickness from a 

thin veneer to thick (up to 20 m) localized elongate pools 

trending northwest-southeast. The pools are associated with 

the deepest scours on the the E5 surface. The average size 

of the pools is 5.0 km long by 1.2 km wide. Each of these 

pools is interpreted 

based primarily on the 

deposits. 

as representing a shoreface deposit, 

"one-sided geometry " of the gravel 

The map of the areal distribution of the conglomerates 

(Fig. 7.1) shows that the individual gravel pools occur on 
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one of three linear trends, labelled 1, 2, or 3 on the map. 

Each of these trends is interpreted as marking a former 

position of the shoreface in the Carrot Creek area. The 

position of these three linear trends do not coincide 

exactly with the position of the trends predicted from the 

structure contour map (Fig. 8.7). However, the trends are 

similar. Position 1, at the seaward edge of the bumps and 

hollows, is believed to mark the position of the maximum 

lowstand shoreface, while position 3, the bevel, marks the 

final position of the shoreface. 

2) Deposits of a "Typical" Pool 

The conglomerate sequences preserved in each of the 

pools are similar, regardless of which position of the 

shoreface the pool is taken from (refer to cross sections in 

Chapter 7, Figs. 7.3 to 7.7). The conglomerate sequence is 

sub-divided into upper and lower shoreface deposits, based 

on 

1) the textural variation, particularly the development 

of stratification; 

2) the position of these textures in the overall 

conglomerate sequence; and 

3) the thickness of the deposits (described in 

Chapter 6). 

The boundary between the upper and lower shoreface deposits 

is transitional. Overall the conglomerate sequence coarsens 

upwards (Fig. 6.17). 
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The lower shoreface deposits are generally less than 5 

m thick and are characterized by well developed low angle 

inclined stratification. These deposits are generally found 

at the base of the sequence, directly overlying the E5 

surface. The deposits of the upper shoreface are about 10 m 

thick -and are characterized by crudely stratified to massive 

conglomerates, and comprise the upper part of the 

conglomerate sequence. 

There is no record of a beach preserved in the Carrot 

Creek area. If a beach has been preserved, it was not 

recognized. It is more likely, however, that the beach was 

eroded and/or reworked during relative sea level rise. 

There is no evidence of sub-aerial exposure (eg., roots, 

coals, soils) preserved in the Carrot Creek area. These 

features are believed to have been removed by erosional 

shoreface translation during sea level rise (Fig. 8.5E). 

Gravel is continuously supplied to the shoreface, 

however, the thickness of the conglomerates preserved in the 

hollows however is not a function of the depth of 

fairweather wave base or the size of the erosional step. In 

this interpretation as the surface subsides, erosional 

shoreface translation occurs. The lower shoreface deposits 

of the initial horizontal cut sink below fairweather wave 

base as the surface rotates downwards. The conglomerates 

of the upper shoreface of the initial horizontal cut are 

reworked during shoreface translation, as the surface 
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rotates downwards, resulting in a relative sea level rise, 

and hence a relative rise in fairweather wave base. Thus, 

the textural sequences preserved in the hollows are a 

function of reworking in a translating shoreface 

(Fig. 8.10). The lower shoreface deposits are preserved 

only in the deepest parts of the hollows, where the deposits 

have sunk below fairweather wave base, as the the surface 

rotated downwards, and hence were not subject to wave 

reworking in the translating shoreface . 

3) Relationship of the Conglomerate pools to the E5 surface 

Gravel is deposited in the initial horizontal shoreface 

bite and is reworked as the shoreface translates during 

subsidence and relative sea level rise. A pause in 

At this time, subsidence results in a relative stillstand. 

upper shoreface gravels deposited during the final stages of 

subsidence would be reworked landwards as a transgressive 

lag (Fig. 8 . 10) , as the new initial horizontal stillstand 

bite is 

shoreface 

cut. The 

deposits 

lag deposits are overlain by lower 

(Fig. 8.10) from the newly forming 

erosional envelope. With resumed subsidence the lower 

shoreface deposits sink below fairweather wave base and pass 

vertically upwards into the transgressive pebbly mudstones 

of the Dismal Rat Member (Fig. 8.10). 

This is demonstrated most effectively in well 12-16 

(Fig. 7.4), located at shoreface position 2, where deposits 

interpreted as upper shoreface (based on the preserved 



Figure 8.10. Conglomerate fill of an erosional envelope. 

The thickness of the conglomerates preserveved in an 

erosional envelope is not a function of fairweather wave 

base. During subsidence there is a relative sea level rise 

and shoreface translation reworking the gravels in the 

shoreface. It is this constant reworking in the translating 

shoreface that gives the preserve textural relationships of 

the conglomerates in the hollows. 
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conglomerate textures) are overlain by deposits interpreted 

as lower shoreface (with the interpretation based on the 

conglomerate textures). The lower shoreface deposits pass 

vertically upwards into transgressive pebbly mudstones. The 

upper shoreface deposits were deposited when the shoreface 

was at position 2, and reworked landwards as the initial cut 

of shoreface 3 was being established. The lower shoreface 

deposits and the transgressive mudstones were deposited from 

a more landward position of the shoreface. The same 

situation occurs at Bigoray (shoreface position 1) where the 

landward conglomerate is covered by a thick sequence of 

transgressive pebbly mudstones, and passes laterally 

basinwards into a thick conglomerate (Figure 7.6, wells 9-7 

and 11-8). The thick conglomerates preserved in well 11-8 

when the shoreface was at position 1 were deposited 

(Bigoray), while the thick sequence of transgressive pebbly 

mudstones preserved in well 9-7 were deposited from a more 

landward shoreface position. 

8.5 SOURCE OF THE GRAVEL 

The problem of how the gravel is supplied to the 

shoreface has not been specifically adressed in this 

thesis. Regional correlation of the Cardium (Plint et al., 

1986; Duke, 1985a), however, leaves two options for 

supplying gravel to the Carrot Creek shoreface. The gravels 

may be transported from the northwest by longshore drift, or 

the gravels may be transported directly from the west by 
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incised fluvial channels during lowstand. These two 

possibilities will be considered individually below. 

1) Longshore Drift 

The idea of longshore drift from the northwest was 

suggested by A.G. Plint (pers. comm., 1986). In the Peace 

River area of Northern Alberta there is an outcrop of thick 

conglomerate (Bay tree Member of Stott, 1963) believed by 

Plint to be stratigraphically equivalent to the Carrot Creek 

Member. This conglomerate is interpreted as fluvial and 

gives consistent flow directions the southwest. 

Basinwards, the Bay tree conglomerates appear to become 

dominated by marine wave processes. 

A.G. Plint (pers. comm. 1986) suggested that the 

Bay tree River was the source of the Carrot Creek 

conglomerate, and that the conglomerates were transported 

approximately 400 km from Bay tree southeastwards to Carrot 

Creek by longshore drift. However, there is no evidence of 

gravel shoreface deposits between Carrot Creek and Baytres. 

Modern gravel transport by longshore drift in the shoreFace 

occurs over relatively small distances. Using the transport 

rates determined by Carr (1971) for Chesil beach, transport 

of the gravel from Bay tree to Carrot Creek could take 

anywhere from 3.2 to 45 years. These figures apply only to 

the movement of one pebble. Transport 

to the Carrot Creek shoreface by 

Bay tree (approximately 400 km) during 

of the conglomerates 

longshore drift from 

lowstand, implies a 
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time lag between the formation of the shoreface profile and 

the arrival of gravel. This hypothesis does not fit well 

with the method suggested above of forming the bump and 

hollow topography. 

2) Fluvial Supply 

A drop in relative sea level by increased seaward 

tilting of the basin sediments would result in a drop of 

base level, and hence an increased gradient that would allow 

the transport of gravel directly to the shoreline. If 

fluvial supply directly from the west is the source of the 

Carrot Creek conglomerates, based on regional correlation 

(Plint et al., 1986), all evidence of this fluvial system 

and sub-aerial exposure has been removed by erosional 

shoreface translation during a relative sea level rise 

(Fig. 8. 5E) . 

If the highstand shoreface position is again assumed to 

be at the edge of the deformed belt (Fig. 2.1), then the 

conglomerates would only have to be transported about 100 km 

to the depositional site at Carrot Creek. The gradient 

decreases with each successive landward position of the 

shoreface. This has two effects on the conglomerates. 

Firstly, the thickness of the gravel deposits would also 

decrease landwards from Bigoray southwestwards across 

Pembina (Fig. 2.1), as the gradient decreases. Secondly, 

there appears to be a slight decrease landwards in the 

average size of the largest pebbles (apparent long axis) 
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observed in core, from the seaward edge of the bump and 

hollows (2.5 cm) to the edge of the bevel (2.1 cm; 

Fig. 8.11). 

Nemec and Steel (1984) suggested that thick sequences 

of conglomerate in shallow marine settings are likely to be 

the product of a pronounced fluvial flooding. In systems 

of fluvial wave interaction, gravels may accumulate 

laterally from the channel mouth. These accumulations may 

be represented in the Carrot Creek area by the thick 

localized conglomerate pools. The pools tend to line up not 

only along strike, but also down dip (Fig. 7.1) , and may 

mark the relative positions of fluvial discharge into the 

system. Conglomerates of this origin will have 

characteristics suggesting a wave-dominated settings ( Nemec 

and Steel, 1984). 

8.6 COMPARISON WITH THE PRE-HOLOCENE EROSION SURFACE 

The topography of bumps and hollows associated with the 

E5 surface forms in response to tectonic uplift in the 

Cordillera and relative sea level variation in a foreland 

basin. This type of surface would not be expected t o form 

on a pre-Holocene erosion surface on a passive continental 

margin. The formation of the individual shoreface profiles 

on the E5 surface are believed to form by similar erosional 

processes as described for the pre-Holocene erosion surface 

(Swift et al., 1972; Swift et al., 1973; Rampino and 

Sanders, 1980) . The preserved topographies of these 



Figure 8 . 11 . Map showing the average of the ten largest 

grains (measured as long axis from core) for each of the 

three preserved positions of the conglomerate shown on 

Figure 7.1. 
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shoreface profiles in a foreland basin and on the passive 

continental shelf are very different. 

TOPOGRAPHY ON THE PRE-HOLOCENE EROSION SURFACE 

Veatch and Smith ( 1939) and 1"1c:Cl ennan and I"Id1aster 

( 197:l ) suggested that. the shelf surface was not a simple 

seaward inclined surface; instead it consist.ed of nearly 

hOI'''i ;,~ontal "t.errace!:;" separated by more steeply dipping 

inclined sLu-f aces (Fig. 8.12) .. S\.'li ft 2t al. (J. 9
0

72) and 

Swift et e\l • fig. ,..." 
"::0 ) , however, i ntE?rpreted the 

terraces as " .... reflecting periods of transgression when the 

equilibrium shoreface profile translated shoreward. DUI~ i ng 

pf?r i ods of near s;t ill !5tand shoreface translation waS", 

dominantly upwards. As transgression resumed, shoreface 

tr-ansl ati on r-etur-ned to hOI'"°i zontal mode" (p. 229). This is 

contrary to t.he interpretation present.ed above for the 

bumps and helllo~"ls whe,~e the "teI'"TaC~?S" (backs of bumps) ar-e 

:io nt£0rproo etec:l as by shelreface erosion during 

st iII stand, ,and the "steps" (el~osi anal envelope) 

dur-ing eY-osi anal tr-anslation oof the shor-eface dur-ing 

relative sea level ri sea In belth methods of continuous 

shoreface ret.r-eat any evidence elf bf.?ach, 

subo-aeri al depos i ts would be by sh()l~ef acE.' 

translation. 

Sander-s and Kumar (1975) and Rampino and Sanders (1980) 

suggested that rather than continuous erosional retlo-eat of 

thE' shDref i,,\Ce as suggeS:oted by !3wi ft et al. (1972) and 51/0li f t 



Figure 8.12. Generation of a shelf scarp by depositional 

stillstand and upward profile translation during a period of 

gerneral transgression and landward profile translation 

(from Swift et al., 1973). The relative positions of 

transgressions and stillstands for the bumps and hollows are 

shown below. 
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et al. (1973), shoreface erosion occurred as a series of 

successive leaps. Rampino and Sanders (1980) termed this 

type of shoreface movement "stepwise retreat". The surf 

zone jumps landwards during a rapid rise of sea level 

resulting in the "in-place" drowning of barrier islands and 

allowing the preservation of beach and lagoonal deposits, by 

landward overstepping of the surf zone. 

There is no evidence (i.e., no preservation of beach or 

sub-aerial deposits) in the Carrot Creek area to suggest 

stepwise shoreface retreat in the sense of Rampino and 

Sanders (1980). In light of the method of forming the bumps 

and hollows, this type of erosional retreat would not be 

expected, as sea level rise is the result of gradual 

subsidence. 

The studies of the formation of the pre-Holocene 

erosion surface on the modern Atlantic Shelf (Kraft, 1971; 

Swift et al., 1972; Swift et al., 

Sanders, 1980) differ from the Carrot 

two fundamental aspects: 

1973; and Rampino and 

Creek study area in 

1) primary control of sea level variation, and 

2) the tectonic setting. 

These are discussed below. 

1) Eustatic versus Tectonic Control 

The Holocene rise of sea level is a eustatic 

pheneomenon resulting from glacial melting after the last 

glaciation. Subsidence of the crust occurs in the basin and 
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has little effect on the position of sea level at the 

shoreface. Subsidence in this setting serves to increase 

the water depth in the basin. The mechanism of forming the 

bumps and hollows 

primary control of 

outlined above, invokes tectonics as the 

sea level . Sea level remains constant 

with respect to a fixed point in the basin, with the 

observed regressions and transgressions forming as the 

result of initial upwarping and subsidence. Although 

eustatic sea level changes have been proposed for the 

Turonian (Vail et 

1979), the tectonic 

al. , in press; Hancock and Kauffman, 

overprinting would mask the passive 

eustatic effects (Jeletzky, 1978). The contribution of 

eustatic sea level rise in the formation of the E5 surface 

was not examined. 

2) Passive Margin versus Foreland Basin 

Modern continental shelves on passive margins differ 

markedly from foreland basins with respect to the position 

of the hinge and the area of maximum subsidence. Passive 

margins (eg., North Atlantic Shelf) that have rifted and are 

thermally subsiding are hinged at their landward side 

marging (Pitman, 1978) and the maximum subsidence, 

controlled by the cooling thermal boundary layer, is beneath 

the seaward margin. Foreland basins are hinged on the 

seaward side of the sediment pile and subsidence is induced 

by loading of the continental craton by successive thrust 

slices (Jordan, 1981), and is greatest on the landward 
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discussion of the Western Interior 

Foreland Basin is presented below in order to establish the 

tE?ctoni c for the deposition of the Cardium 

Formation in the Alberta Basin. 

FOF~EU~I\lD BAS I NS 

Foreland basins are elongate subsiding troughs flanking 

side of orogenic belts, and 

characteristic of mountain belts worldwide. 

the fo reland basin reflect the history of uplift and 

erosion, and hence, dE.~f ormat ion of the adjacent orogenic 

'Zone. Two end-members of foreland basins are r ecogni zed 

(D:i. c k i n!:5on '! 1974) , in distinctly different 

tectonic settings. f~.~.tn::lS!r:..f_ basi liS ·fonn on the cratoni c 

side of foreland thrust belts that are adjacent to magmatic 

sedimentary basin ·forming on the east side of 

the sub-·· Andean of the f-mdes). 

basins form beside foreland thrust belts that are adjacent 

to suture 'Zones (eg., modern Indo-Gangetic basin south of 

the Himalayas) .. Retroarc basins develop during normal 

subduction of oceanic crust beneath a continent, whereas 

peripheral basins form during continental collision. 

The Cretaceous western interior basin was an elongated, 

asymmetrical trough which lay to the east of the Cordilleran 

On::lgenic Belt. 

(r-etlr·oarc basi n) 

1979, 1981) . 

The seaway occupied a modified Andean type 

f orE?l and basi n (Jordan, 1 ("-])81; BeaurTlon t , 

The main tectonic elements in the Alberta 
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Basin show that the area is fundamentally two-dimensional, 

with the structural trend following a northwest-southeast 

direction. The model of foreland basin formation and the 

effects on sedimentation will be described below. 

A) Flexural Model of Foreland Basin Formation 

Price (1973) suggested that foreland basins formed as a 

consequence of downwarp driven by tectonic thickening of the 

crust in the thrust belt. 

has been subsequently 

The hypothesis of crustal flexure 

modelled quantitatively (eg., 

Beaumont, 1979, 1981; Jordan, 1981; Quinlan and Beaumont, 

1984) for a variety of sedimentary basins, and a brief 

summary of the model is presented below. 

To a first order approximation the lithosphere behaves 

like a uniform elastic plate at time scales greater than 104 

years (Walcott, 1976; Jordan, 1981). Beaumont (1979, 1981) 

inferred that the lithospere behaved viscoelastically, with 

the effective clastic thickness of the plate being a 

function of its thermal state, therefore the thickness of 

the plate varies with time. The results of both models 

suggest that the flexural rigidity of the crust is on the 

order of 1023 Nm (Jordan, 1981) and 1025 Nm (Beaumont , 

1981). These values correspond to an elastic lithosphere 

about 22 to 48 km thick (Jordan, 1981). The relaxation time 

constant T was given as 27.5 MA (Beaumont, 1981). It is 

difficult to separate the variables relevant to 

elastic-viscoelastic debate (eg . , age and elastic 
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thickness) from other variables (eg . , thermal history, 

initial lithospheric thickness, plate motions), and the 

results obtained by both models are similar, hence no 

further distinction is made between the two. 

Of greater significance is the basic explanation of 

subsidence and uplift within the basin . The flexural model 

demonstrates that erosion of the fold thrust belt unloads 

the lithosphere causing uplift and concomitant erosion in 

the basin (Beaumont, 1979, 1981; Jordan 1981). Regional 

isostatic compensation is the principal driving force of the 

subsidence as the lithosphere accomodates loading by flexure 

(Jordan, 1981). 

The topographic profiles generated immediately after 

thrust events (Jordan, 1981; fig. 14) using the elastic/ 

viscoelastic flexure models include 1), a high mountain 

range overlying the thrust faults, 2) a gently sloping 

region of sedimentation (less than 1.50 dipping basinwards) 

corresponding to alluvial and coastal plain deposits, and 

3), a flat region corresponding to an ancient sea floor. 

The model correlates well with the subdivision of foreland 

basin into 6 broad areas (Kauffman, 1985, fig. 2), based on 

marine water depths, sedimentation and subsidence rates, and 

tectonic stability. 

east: 

These are listed below from west to 

1) Cordilleran thrust belt providing immense amounts of 

terrigenous clastic sediments. 
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2) Rapidly subsiding foreland basin formed by crustal 

loading from the advancing thrust slices. 

3) Eastern edge of the foreland basin forms an incipient 

forebulge zone which first divides the transgressing seaway, 

and the marine depositional basin into western (foreland) 

and eastern troughs. 

4) The west central trough along the basin axis where 

fine-grained clastic marine sediments develop. This centre 

of subsidence lies outboard of the predicted basinal models 

described above. Some sort of mechanism for mid-basin 

subsidence is required. 

5) A broad migrating, east-central tectonic hinge zone, 

where subsidence is moderate and episodic west of the hinge 

zone, and occurred sporadically at very low levels on the 

eastern platform. The hinge is a region of tectonic 

adjustment to the pulses of subsidence and loading in the 

basins to the west. 

6) The tectonically stable platform occupying the eastern 

part of the seaway. Subsidence is low and episodic. 

B) Effects on Sedimentation 

Active tectonism in the Cordilleran orogenic belt 

characterized the entire Cretaceous Period, and had a strong 

effect on s edimentation and subsidence in the basin 

(Kauffman, 

during the 

1984, 1985). 

Cretaceous 

Several major periods occurred 

resulting in massive eastward 

incursions of coarse clastics into fluvial lowlands, 
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mal'-ine, and shallow water marine environments in 

the Westenl Basin. During periods of relative 

tectonic "qui E~sence" , 

deposi b.:'"?d (I<auffman, 

thi nne,,--

1985) . 

fine-grained clastics were 

The phases and 

underlying molasse phases were interpreted in the flexural 

models in terms of a combination of basement downwarping, 

clastic influ:.: and eustatic sea level (Beaumont, 

1981) . Tectonically active intervals are associated with 

relative sea level while tectonically passive 

intervals are associated with r<~'"?l at:i. Vf2 sea 1 eVf?1 fall 

(K;:~uffman, 1985). 

Shoreli ne positions varied complexly in the Cretaceous 

(l"IcGookey, 1972) and the positions of the shol'-el i nes 

be correlated with major thrusting events in the 

The positions of the shorelines are shown on 

the topographic profiles for the Meade and Absoraka thrusts 

(Jordan, 1.981, fig. 15b,c). This diagram shows that the 

predicted topographic breaks clearly correspond to predicted 

paleoshoreline positions in the basin. In genelr-al, the 

surface slope and local relief diminish to the east. 

High resolution event stratigraphy can be used to 

measure subsidence events, in both the foreland and axial 

basi ns. Tectonic rebound (uplift of structural highs and 

adjacent basins) in both the incipient 

f at-ebul gt..~ zone, and in the structural hinge zone of the 

eastern basin can be recognized by event stratigraphy. 
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IMPLICATIONS OF THE PROPOSED MODEL 

SETTING 

A direct comparison of the proposed 

IN A FORELAND BASIN 

tectonic evolution 

of the bumps and hollows in the Carrot Creek area with 

other existing models of foreland basins (eg., Jordan, 1981; 

Be':lumcmt, 1981) is extremely difficult. Existing models of 

foreland basins describe the whole basin, and hence are on a 

scale than the area described in this thesis. 

To the best of my knowledge, no one else has proposed such a 

di reel coupling between tectonic control of 

relative sea level, the formation and resulting morphology 

of the erosion surface, and the effects on sedimentation in 

thE.~ bas,i n • Although the data presented in the thesis, and 

in other Cardium studies (L.eggi tt, pers. comm.; McLean, 

pel"·s" comm.) some:;) 

problems arise when this interpretation is considered on a 

regional scale. These problems go beyond the scope of the 

thesis, and open up 

brief description 

below. 

of 

L increase in 

intriguing new areas of research. A 

some of the problems is presented 

the dipping surface to 1.45° is very 

steep. If this dipping surface was projected back 100 km 

westward to the present edge of the deformed belt, it would 

result in a mountain chain with average heights of about 

2500 m .. The problem is compounded because the dip of the 

surface would be expected to increa se landwards (westwards). 

2. Increasing the dip of the Raven River Member to 1.45° 



305 B 

would increase the gradients of the rivers to about 25 m per 

km. This gradient is equivalent to that found on the mid-

P ClI-- t i on of alluvi.al fans .. River gradients this steep would 

be capable of transporting boulders out to Carrot Creek, not 

just 1 to 2 cm pebbles. 

3. The third problem concerns the length of time available 

to form the E5 surface. The total time available to deposit 

the Cardium Formation is about 1 i'1yr. Within the Cardium 

Formation there are 7 regionally extensive erosion surfaces 

<PI i nt et a I ., :L 986) • The length of time available for the 

formation of the six Cardium sequences between the seven 

erosion surfaces (given equ,:al t:i. me ·for each) is about 

167~OOO Yf?ars. This i mpJ. i es a lot of vertical crustal 

movement in a very short period of time (i.e., construction 

and erosion of a 2500 m high mountain chain) . Two points 

should be made clear. Fi I~·~:;t I y? I do ClOt. propose that all o·f 

the Cardium erosion surfaces formed by this mechanism, and 

s(;:!condl y, thE' effects o·f eustatic variation of sea level 

have nq1. be~:m taken int.o account. As stated earlier in the 

thesis, there is an overall eustatic lowering of sea level 

during the Turonian (Kauffman, 1977; Weimer, 1984). 

The problems described above are valid criticisms of 

t.he proposed mechanism of creating t.he E5 surface. They mc\y 

not necessarily suggest that the proposed tectonic evolution 

i<:.~ invalid (and therefore be abandoned); 

problems may reflect our lack underst.anding of smaller scale 



flexures within foreland basins. Further studies similar to 

th ismay f2ventuall y SE-?r"ve t.o II f i ne·_·t.unE-?" our underst.anding 

of the controls of crustal movements in foreland basins. 

Finally, the reader is reminded of the basic problem. If 

shoreface erosion occurred without tilting (Fig. 8.1), then 

numerous rises and falls of sea level would be required to 

fonn the To overcome this problem, the 

possibility of making a stepped surface was considered 

(Fig. 13.2), ~"i th an implied basinward tilting of the 

mal~ kel'"s. The erosional morphology of the E5 surface, both 

locally and regionally, suggests that some sort of tilting 

was necessary to form this surface. 
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8.7 COMPARISON WITH OTHER DEPOSITS IN THE WESTERN INTERIOR 

SEAWAY 

Publically available structure maps are available for 

only three other surfaces. The surfaces are from the Bad 

Heart Formation, Alberta (Plint and Walker, in press), the 

Viking Formation, Alberta (Raddysh, 1986), and the Gallup 

Sandstone, New Mexico (McCubbin, 1969; Tillman, 1985). A 

similar surface has been suggested to be associated with the 

Holocene transgression (Kraft, 1971; Swift et al., 1972; 

Swift et al., 1973). 

The (Upper Cretaceous) Bad Heart Formation is about 100 

m stratigraphically above the Cardium Formation. The relief 

on the Bad Heart erosional surface is about 40 m. Plint and 

Walker (in press) demonstrated a topography on this surface 

similar to that preserved on the E5 surface at Carrot Creek 

and divided the surface into a terrace, bevel, and bumps and 

hollows. It differs from the Carrot Creek surface (E5) in 

that there does not appear to be a thick concentration of 

coarse material above the erosion surface. The amount of 

relief on the surface suggests that at least part of it was 

cut sub-aerially. 

The (Lower Cretaceous) Viking Formation in the Gilby A 

and B fields was shown by Raddysh (1986) to have an erosion 

surface similar to that preserved at Carrot Creek (E5). 

This surface has a relief of about 11 m, and using the 

terminology described herein can be divided into a terrace, 
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bevel and basin plain. Coarse, pebbly sandstones are 

stacked up against the bevel, forming a long narrow sand 

body toatlly encased in marine mudstones. The bevel was 

interpreted by Raddysh (1986) as a shoreface cut during a 

lowstand of sea level, with the coarse material worked along 

the shoreface by waves . Subsequent transgression resulted 

in burial of the 

field, immediately 

sand body by marine mudstones. Joffre 

along trend from Gilby toward the 

southeast, is underlain by two erosion surfaces, but 

these have only been documented in cross section, rather 

than isopach maps (Downing, 1986). 

The overall sequence preserved in the Cardium Formation 

is one of basinal aggradation, sea level lowering, erosion 

(E5), and transgression (T5). The thick conglomerate 

deposits of the Carrot Creek Member preserved in this area 

are not gradationally rooted in the underlying coarsening 

upward sequence of bioturbated mudtones and sandstones, and 

hummocky cross stratified sands. Gradational rooting of the 

coarse material has been suggested for many of the 

Cretaceous coarsening upward shelf sandbodies in the Western 

Interior Seaway, for example, Shannon (Spearing, 1976; 

Tillman and Martinsen, 1984; Seeling, 1978; Shurr, 1984; 

Hobson et al., 1982), Viking (Beaumont, 1984), Duffy 

Mountain (Boyles and Scott, 1982), Frontier (Tillman and 

Almon, 1979; Barlow and Haun, 1966), 

1966; Krause and Nelson, 1984). 

and Cardium (Berven, 
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In the Carrot Creek -- Cyn-Pem study, the conglomerates 

are separated from the underlying coarsening upward sequence 

by a major erosion surface, formed as a result of initial 

upward tilting of the surface and gradual subsidence to 

preserve the bump and hollow topography. This 

interpretation makes comparison with the other Western 

Interior deposits difficult. Whether this interpretation 

applies to other deposits i 11 the Western Interior Seaway 

cannot be assessed without knowing firstly, if these 

deposits are gradationally rooted in the underlying shales, 

and secondly, if there is an unconformity present at the 

base of the coarse deposits. Detailed maps of the 

morphology of the erosion surface are needed. The ideas 

presented in this thesis should be considered as a 

possibility for forming coarse deposits surrounded by marine 

shales particularly, when the basin deposits are coarser 

than the implied time-equivalent shoreline deposits (eg., 

Frontier Formation). 



CHAPTER 9 -- SUMMARY OF CARROT CREEK DEPOSITIONAL 

HISTORY AND OTHER CONCLUSIONS 

9.1 INTRODUCTION 

This chapter is presented to highlight the major points 

of this thesis. 

determine the 

The first objective 

depositional history 

of this 

of the 

thesis was to 

Carrot Creek 

Member, of the Cardium Formation in the Carrot Creek Oil 

Field. This is given below. Other conclusions derived from 

the specific study of the sediments at Carrot Creek are 

listed in section 9.3. 

9.2 SUMMARY OF THE DEPOSITIONAL HISTORY AT CARROT CREEK 

1. Sequences "b" and "a" of the Raven River Member 

(Fig. 8.5A) document progressive shallowing upwards under 

open shallow marine conditions. Sequence "b" coarsens 

upward from facies 1 through facies 3, 4, and 5. Sequence 

"a" coarsens upwards through bioturbated mudstones of facies 

4 and 5, culminating in hummocky cross stratified sands 

suggesting deposition above storm wave base. 

2. The "a" and "b " sequences of the Raven River Member are 

separated by a gritty siderite horizon (sub - facies 8G.S.) 

(Fig. 8.5A). The gritty siderite is interpreted as 

representing a pause in deposition due presumably to a minor 

rise in relative sea level or a stillstand. 

3. Sequence "b", the gritty siderite, and sequence a, 

make up a package believed to have an original basinward dip 

( eX of 0.040 basinwards (Fig. 8.5A ) . This implies 

309 
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deposition of the Raven River Member in depths of water on 

the order of 60 m, if the highstand shoreline position is 

taken at its closest possible position, at least 100 km to 

the west at the edge of the deformed belt (Fig. 2.1). The 

top of the Raven River Member 

to be gently undulating 

compaction reflecting the 

prior to erosion is believed 

as a result of differential 

topography of the underlying 

Devonian Nisku reefs. Absolute sea level remains constant 

with respect to a hinge basinwards of Carrot Creek. 

4. With uplift in the Cordillera, the regional dip was 

increased to f3 + 0< 

sea level causing the 

This resulted in a drop of relative 

shoreface to move basinwards to the 

seaward edge of the bumps and hollows (Bigoray). An initial 

horizontal shoreface bite formed during stillstand. Gravel 

is supplied to the basin shoreface as a result of the 

increased gradient. 

5. Gradual subsidence resulted in a rise of relative sea 

level and erosional translation of the shoreface. The 

initial horizontal cut rotated downwards as the surface (top 

of the Raven River Member) subsided. The initial shoreface 

profile and the translating profiles were preserved as an 

erosional envelope. 

sea level rose. 

Gravel was reworked in the shoreface as 

6. There was a pause in subsidence and another initial 

horizontal bite occurred at shoreface position 2. 

Subsidence began again, resulting in shoreface translation 
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and downward rotation of the erosional envelope. The gravel 

deposits in erosional envelope 1 were overlain by the 

transgressive pebbly mudstones (Dismal Rat Member) while the 

shoreface was forming at position 2. 

7. There was a pause in subsidence and another initial 

horizontal bite occurred at shoreface position 3 (bevel). 

Subsidence began again, resulting in shoreface translation 

and downward rotation of erosional envelopes 1 and 2. 

The transgressive pebbly mudstones blanketed the 

conglomerates in erosional envelopes 2 and 3 . 

8. There was a pause in subsidence and another initial 

horizontal bite occurred. Continuous subsidence resulted in 

erosional shoreface translation which gave rise to the 

relatively flat terrace. Any evidence of sub-aerial 

exposure and fluvial downcutting was removed by erosional 

retreat of the shoreface. The erosional envelopes rotated 

downwards as subsidence continued until regional basin dip 

was restored. 

sequence was 

During 

blanketed 

continued subsidence the entire 

by the "laminated blanket" (facies 

2), as open marine conditions return to the basin. 

9 . 3 OTHER CONCLUSIONS 

1 . The conglomerates (Carrot Creek Member) in the Carrot 

Creek Oil Field were originally interpreted as an offshore 

"terrace bar" with transport of the gravels accross the 

shelf during storms (Swagor et al., 1976). Superficially, 

the coarsening upward deposits at Carrot Creek are similar 



:Sl2 

to other such ridges described from the western interior 

sea\!"lay. The deposits at Carrot Creek, however, differ from 

other- ~si mi 1 al~ deposits in the Western Interior Seaway in 

under-I yi ng shel f sediments; rather, they are separated from 

these shelf deposits by a major el'··osi on sur-·f ace (E5) • The 

pl'-(":?~5enCE' Ol~ absE~nce of such unconformities at the base of 

other such ridges must be investigated when considering the 

the depositional h:i.stOlr.y of linear- "o·ffshor-·e ridges". 

2. BINagor et al. ( 1976) first suggested that the 

conglomerates were separated from the underlying shel·f 

sediments by an erosion surface (E~i) • They suggested a 

submarine origin of this erosion surface. The geometl~y o·f 

the E5 surface does not appear to be the result of storm 

scouring on the shelf; rather, it appears to be consistent 

with shoreface erosion. The E5 surface was interpreted 

her-ei n for-ming dLtr"ing of relative sea level 

as a result of tf:"?ctoni c upl i ft in the Cordillera and 

relative sea level rise during subsidence. 

3. There is not enough time to form all seven EfT surfaces 

in the Cardium eustatically. Eustatic sea level variation 

does not account for the formation of the bump and hollow 

topogr-·c.~.phy " Tectonic control of sea level seems to be the 

best mechanism of forming the topography on the E5 surface. 

4. The morphology of bumps and hollows appears to be the 

of 1 i thosphel'-:i. c: f 1 e:-: un",' .. (::;n initial 
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basinward tilt of the sediments caused a relative lowering 

of sea level and the establishment of a shoreface profile in 

the basin. The hollows formed by shoreface translation 

during subsidence and relative sea level rise. 

A modern analogue of the erosional bump and hollow 

topography will not be f ound on passive margin cont inental 

shelves (eg., Atlantic Shelf), because of the differences in 

the tectonic setting. The formation of the bumps and 

hollows was by initial upward tilting and slow subsidence in 

a foreland basin setting. In the passive margin setting the 

hinge is landward of sediment deposition, hence subsidence 

results in a deepening of the basin, but has little effect 

on the position of the shoreline. In foreland basins 

however, the hinge is seaward of sediment deposition, hence 

subsidence results in movement of the shoreline, while the 

depth in the basin, with respect to the hinge, remains 

constant. 
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APPENDIX 1 -- WELL LOCATIONS 

The well locations are sorted according to township and 

range. The facies sequence type preserved in each well is 

given under the well type. The resistivity log picks for 

the E7/T7 (datum) surface and the E5 surface are given where 

possible. The cored interval is listed in feet or metres as 

given for the well. In some wells the log picks are given 

in metres and the cored interval in feet . This occurs when 

an offset well has been drilled at a later date, but a 

second core was not cut. The most recent well logs were 

used to pick the surfaces . All wells are located west of 

the fifth meridian . An asterisk beside the well location 

indicates good conglomerate development. This list 

compr i ses all of the publically available core as of 

December, 1985, for townships 50 to 56, ranges 9 to 14W5. 

WELL LOCATION WELL TYPE E7/T7 E5 CORED INTERVAL 

02-01-50-09 1A 4805 - 4858 FT 
04 - 01 - 50-09 1A 
06 - 01 - 50 - 09 1A 4692 4812 FT 
08-01-50-09 1A 4652 4778 FT 
14 - 01 - 50 - 09 3A 
16 - 01 - 50-09 3A 4658 4780 4767 - 4801 FT 
02-02 - 50 - 09 1A 
04 - 02 - 50-09 1A 
06 - 02-50-09 1A 4789 4900 4891 - 4941 FT 
08-02-50 - 09 1A 
14-02-50-09 3A 4781 4908 4863 - 4939 FT 
16 - 02 - 50-09 3A 1438 1477 M 
06 - 03 - 50-09 1A 4897 5004 FT 
08-03-50-09 1A 4811 4930 FT 
14 - 03 - 50-09 3B 4809 4940 FT 
06-04-50-09 1A 4938 5046 FT 
08-04 - 50 - 09 1A 4960 5070 FT 
14-04-50-09 1A 
16-04-50 - 09 1A 4892 5002 FT 
06-05-50-09 3B 5107 5222 FT 
08-05 - 50-09 1A 4999 5110 FT 
10-05-50-09 1A 
14-05-50 - 09 3A 4991 5103 FT 
02-06 - 50-09 3A 5224 5338 FT 
14-06- 50-09 1A 5127 5243 FT 
16-06-50-09 3A 5074 5193 FT 
06 - 07 - 50-09 3A 5096 5212 5200 - 5260 FT 
06-08-50-09 3A 4950 5070 FT 

346 
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06-09-50-09 3A 4865 4990 4950 - 5010 FT 
16-10-50-09 3A 1450 1486 M 
06-11-50-09 3A 4777 4900 FT 
08-11-50-09 3A 4717 4836 FT 
14-11-50-09 1A 4836 - 4886 FT 
16-11-50-09 1A 4692 4811 4770 - 4805 FT 
06-12-50-09 1A 4668 4789 4754 - 4824 FT 
08-12-50-09 1A 4690 4820 FT 
14-12-50-09 1A 4663 4782 FT 
16-12-50-09 1A 4644 4763 FT 
06-13-50-09 3A 4689 4820 4789 4834 FT 
08-13-50-09 3A 4642 4767 FT 
14-13-50-09 3A 4788 - 4848 FT 
16-13-50-09 3A 4650 4772 FT 
06-14-50-09 3A 4720 4844 4823 - 4865 FT 
08-14-50-09 3A 4794 - 4846 FT 
14-14-50-09 1A 4722 4840 FT 
06-15-50-09 3A 1447 1487 1476 - 1494 M 
10-15-50-09* 1A 1443 1479 M 
12-15-50-09* 1A 1447 1487 M 
16-15-50-09 3A 4730 4870 FT 
12-16-50-09 3A 4791 4924 FT 
14-16-50-09 3A 4756 4891 4878 - 4898 FT 
16-16-50-09 3A 4748 4880 FT 
08-19-50-09 3A 4800 4928 4900 - 4955 FT 
14-19-50-09 3A 1470 1509 M 
08-20-50-09 3A 
09-20-50-09 1A 5147 5292 FT 
14-20-50-09 1A 
06-21-50-09* 1B 4760 4890 FT 
08-21-50-09* 2A 4766 4894 FT 
16-21-50-09* 2A 
06-22-50-09* 2A 4740 4878 4840 - 4848 FT 
08-22-50-09* 2A 4714 4840 FT 
10-22-50-09 3A 1443 1481 1470 - 1479 M 
14-22-50-09 3A 4759 4887 FT 
06-23-50-09 1A 5254 5390 FT 
08-23 -50-09 3A 4693 4824 4810 - 4870 FT 
06-25 - 50-09 3A 1428 1470 M 
06-26-50-09 3A 4707 4840 4752 - 4812 FT 
05-29-50-09 1A 5333 5473 FT 
06-29-50-09* 2A 4825 - 4885 FT 
08-29-50-09* 2B 4762 4915 FT 
10-29-50-09* 2B 1449 1495 1477 - 1493 M 
12-29-50-09* 2B 1520 - 1557 M 
14-29-50-09 3A 
06 -30-50-09 3A 
10-30 - 50-09 3A 4732 4860 FT 
14-30-50-09* 1A 5220 5345 FT 
16-30-50-09* 2B 4717 4870 FT 
04-31-50--09* 2A 4757 4884 4845 - 4911 FT 
06-31 -5 0--09 3A 4744 4875 4835 - 4895 FT 
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03-32-50-09 3B 1473 1514 M 
10-34-50-09 3A 1422 1464 1452 - 1470 M 
13-34- 50-09 3A 1424 1464 1455 - 1473 M 
09-35-50-09 3A 4670 4800 FT 
12-35-50-09 3A 4660 4791 FT 
11-36-50-09 3A 4654 4784 FT 
03-01-50-10 1A 1597 1631 M 
06-01-50-10 1A 5260 5373 5365 - 5415 FT 
08-01-50-10 1A 5270 5383 FT 
16-01-50-10 1A 5197 5312 FT 
06-02-50-10 1A 5349 5447 FT 
08-02-50-10 1A 5304 5404 FT 
10-02-50-10 1A 
14-02-50-10 1A 5359 5456 FT 
16-02- 50-10 1A 5352 5462 FT 
06-03 - 50-10 1A 
08-03 - 50-10 1A 
14-03-50-10 1A 
06-04-50-10 1A 
08-04-50-10 1A 5270 5380 FT 
14-04-50-10 1A 
16-04-50-10 1A 
06-05-50-10 1A 5283 5399 FT 
08-05-50-10 1A 5382 - 5417 FT 
14-05-50-10 1A 
16-05-50-10 1A 
06-06 - 50 - 10 3A 5360 5459 FT 
08-06-50-10 1A 5315 5425 FT 
06 - 07 -50-10 1A 5361 5463 5450 - 5480 FT 
08-07 - 50-10 1A 5404 - 5445 FT 
16-07- 50-10 1A 
06-08-50-10* 2A 5320 5443 FT 
08-08-50-10 2A 
14-08- 50-10 2A 
16-08- 50-10 2A 
06-09 - 50-10* 1B 5248 5370 FT 
14-09-50-10 1B 5328 - 5388 FT 
02-10-50-10 3A 1621 1655 M 
06-10-50-10 1A 5405 - 5422 FT 
07-10-50-10 3A 5312 5423 FT 
06-11-50-10 1A 5273 5384 5372 - 5417 FT 
08-11-50-10 1A 5195 5310 FT 
14-11-50-10 1A 5239 5359 FT 
04-12-50-10 1A 1595 1630 M 
06-12-50-10 1A 5192 5310 5282 - 5332 FT 
08-12-50-10 1A 5152 5269 FT 
10-12-50-10 3A 1573 1610 M 
06-13-50-10 3A 5082 5203 5181 - 5231 FT 
06-14-50-10 3A 5179 5298 5285 - 5341 FT 
04-17 - 50-10 1A 1638 1673 M 
09-17-50-10 3A 1605 1643 M 
06-18-50-10 1A 5432 5532 FT 
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14-18-50-10 3A 5593 - 5643 FT 
16 - 18-50 - 10 3A 5342 5461 5440 - 5491 FT 
06-19-50 - 10 1A 5436 5542 5530 - 5580 FT 
14-19-50-10 1A 5356 5469 5452 - 5493 FT 
02-20 - 50-10 3A 5270 5390 FT 
06-20 - 50-10 3A 5283 5400 FT 
12-20-50 - 10 1A 5290 5401 5390 - 5458 FT 
16-20 - 50-10 1A 53 16 5431 5412 - 5462 FT 
16-21 - 50-10 3A 5350 - 5402 FT 
09-22 - 50-10 3A 1590 1628 1621 - 1625 M 
10-23- 50-10 3B 4854 5007 FT 
04-25-50-10 3B 1492 1531 M 
06 - 25 - 50 - 10 3B 4878 5010 4962 - 5022 FT 
11-25- 50-10 3B 1475 1515 M 
14-25- 50 - 10 1A 4810 4931 4912 - 4946 FT 
16 - 25 - 50-10 1A 4780 4900 4882 - 4918 FT 
06 - 26 -50-10 3B 5030 5170 5135 - 5185 FT 
08-26-50 - 10 3B 1505 1545 M 
09 - 26 - 50-10 3B 1496 1636 M 
14-26- 50-10 3B 5003 - 5054 FT 
16- 26 - 50-10 3B 4950 - 4976 FT 
14 - 28-50-10 3A 1563 1599 M 
15-28- 50-10 3A 1571 1609 M 
14-29- 50-10 3A 1607 1642 M 
08 - 30 - 50 - 10 3A 5283 5408 5385 - 5445 FT 
01 - 32 - 50-10 3A 5110 5230 5204 - 5264 FT 
14 - 32 - 50-10 3A 5260 - 5320 FT 
05-33 - 50-10 3A 5082 5202 FT 
14 - 33 - 50 - 10 3A 5058 - 5118 FT 
16-33- 50-10 1B 5020 - 5095 FT 
06-34 - 50 - 10 1A 1511 1544 M 
08-34 - 50-10 1A 4876 4988 FT 
14-34- 50-10* 2B 4947 - 5018 FT 
16-34- 50 - 10* 2B 4920 - 4991 FT 
01-35-50-10 1A 4830 4942 4915 - 4965 FT 
06-35-50 - 10* 1B 4831 4958 FT 
10-35-50 - 10* 2A 4899 - 4949 FT 
14-35- 50-10 1A 
16-35- 50-10 3B 4780 4919 4916 - 4931 FT 
06 - 36 - 50-10* 2A 4786 4930 4864 - 4940 FT 
08 - 36 - 50-10* 2A 4773 4908 4869 - 4920 FT 
12-36- 50-10 3A 4915 - 4949 FT 
16-36- 50 - 10 3A 4845 - 4895 FT 
06 - 01 - 50-11 1A 
14 - 01 - 50 - 11 1A 5467 - 5527 FT 
16-01 - 50-11 1A 
06 - 0 2-50-11 1A 5474 5594 5570 - 5620 FT 
08-02-50-11 1A 5506 - 5557 FT 
14-02- 50 - 11 1A 5543 - 5592 FT 
16-02- 50-11 1A 5491 - 5543 FT 
06-03 - 50 - 11 1B 1709 1744 5693 - 5744 FT 
08-03-50-11 1B 5625 - 5701 FT 
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11-03-50-11 1A 1697 1731 M 
14-03-50-11 1A 5611 - 5661 FT 
16-03-50-11 1B 5572 - 5622 FT 
06-04-50-11 1A 5654 5768 5760 - 5810 FT 
08-04-50-11 1A 5734 - 5794 FT 
14-04-50-11 1A 
16-04-50-11 1A 5673 - 5720 FT 
06-05-50-11 1A 5661 5774 5767 - 5819 FT 
08-05 - 50-11 1A 5668 5781 FT 
14-05- 50-11 1A 5792 - 5791 FT 
16 - 05-50-11 1A 5646 5760 5746 - 5771 FT 
02-06-50-11 1A 5741 - 5791 FT 
04-06-50-11 1A 5687 5798 5787 - 5837 FT 
08 -06-50-11 1A 
09-06-50-11 1A 5672 5785 5773 - 5833 FT 
10-06-50-11 1A 
12-06-50-11 1A 5750 - 5800 FT 
15-06-50-11 1A 1726 1761 M 
16-06-50-11 1A 5672 5785 FT 
02-07-50-11 1A 5794 - 5844 FT 
04-07 - 50-11 1A 5650 5761 5750 - 5800 FT 
10-07-50-11 1A 5704 5815 5808 - 5858 FT 
12-07-50-11 1A 
06-08-50-11 1A 5659 5758 5753 - 5812 FT 
08-08-50-11 1A 5640 5745 5721 - 5781 FT 
14-08- 50-11 1A 5639 5756 5732 - 5802 FT 
15-08-50-11 1A 1717 1751 
16-08-50-11 1A 1710 1747 1744 - 1762 M 
06-09-50-11 1A 5578 5690 5671 - 5695 FT 
08-09-50-11 1A 5617 - 5667 FT 
16-09-50-11 1A 5513 5616 FT 
06-10-50-11 1A 5493 5600 FT 
08-10-50-11 1A 5532 - 5582 FT 
14-10-50-11 1B 5571 - 5621 FT 
16-10-50-11 1A 5517 - 5580 FT 
06-11-50-11 1A 5410 5520 5506 - 5558 FT 
08-11-50-11 1A 
09-11-50-11 1A 1649 1682 M 
14-11-50-11 1A 5491 - 5551 FT 
16-11-50-11 1A 
06-12-50-11 1A 5390 5500 5480 - 5530 FT 
07-12-50-11 1A 1649 1682 M 
08-12-50-11 1B 5500 - 5571 FT 
10-12-50-11 1A 
12-12-50-11 1A 1651 1686 M 
14-12-50-11 1A 5500 - 5560 FT 
16-12-50-11 1A 5523 - 5595 FT 
06-13-50-11* 2A 5461 5580 5550 - 5567 FT 
08-13 -5 0 - 11 1B 5511 - 5525 FT 
14-13- 50-11 1A 5610 - 5662 FT 
16-13-50-11* 1B 1657 1691 M 
06-14-50-11 1A 5417 5520 5500 - 5547 FT 
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08-14-50-11 1A 5540 - 5590 FT 
14-14- 50 - 11 1A 5530 - 5570 FT 
16 - 14 - 50-11 1A 5562 - 5612 FT 
06-15-50 - 11 1A 5464 5572 5561 - 5611 FT 
08-15 - 50-11 1A 1652 1689 5517 - 5567 FT 
16 - 15-50 - 11 1A 1649 1681 5516 - 5566 FT 
06-16 - 50-11 1A 5600 5690 5673 - 5723 FT 
06-17 - 50 - 11 1A 5617 5729 5705 - 5755 FT 
13-17-50-11 1A 1719 1750 M 
02 - 18-50-11 1A 5793 - 5843 FT 
04-18 - 50-11 1A 5784 - 5825 FT 
10-18-50-11 1A 1733 1767 1760 - 1779 M 
12-18- 50 - 11 1A 5792 - 5842 FT 
04-19-50 - 11 1A 5688 5789 5775 - 5835 FT 
02-21 - 50 - 11 1A 5539 5649 5610 - 5689 FT 
02 - 22 - 50-11 1A 1651 1684 M 
06-22 - 50 - 11 1A 5437 5540 5537 - 5587 FT 
14-22- 50 - 11 1A 5552 - 5602 FT 
06-23 - 50-11 1A 5452 5558 5546 - 5600 FT 
08-23 - 50-11 1A 5613 - 5665 FT 
14 - 23 - 50 - 11 1A 5525 5635 5620 - 5668 FT 
16-23- 50-11 1A 5662 - 5686 FT 
06-24 - 50-11 1A 5499 5610 5598 - 5630 FT 
08-24 - 50-11 1A 5613 - 5645 FT 
14-24- 50 - 11 1B 5618 - 5659 FT 
16-24-50-11 1A 5536 - 5585 FT 
06-25-50-11 1A 5446 5555 5550 - 5600 FT 
08 - 25 - 50-11 1A 5383 5503 5465 - 5515 FT 
14-25-50-11 1B 5515 - 5565 FT 
08-26-50-11 1A 5550 5666 5662 - 5712 FT 
14-26-50-11 1B 5640 - 5700 FT 
16-26- 50-11* 2A 5600 - 5685 FT 
08-27 - 50-11 3A 5434 5563 FT 
10 - 29 -50-11 1A 5490 5610 5572 - 5622 FT 
06-30-50 - 11 1A 1710 1745 M 
10-31-50-11 1A 5543 5654 FT 
10-32-50 - 11 1A 
10 - 33 - 50 - 11* 3A 5444 5571 5545 - 5604 FT 
02-34-50-11 3A 5576 - 5635 FT 
06-34 - 50-11 3A 1670 1709 1699 - 1717 M 
10-34-50-11 3A 5549 - 5609 FT 
06-35-50-11 1A 5448 5558 5537 - 5597 FT 
14-35- 50 - 11 1A 5511 5634 5601 - 5660 FT 
04-36 - 50-11 1A 5422 5527 5518 - 5578 FT 
10-01 - 50 - 12 1A 5756 - 5806 FT 
16 - 04 - 50 - 12 1A 1743 1780 M 
12 - 06 - 50 - 12 1A 5970 6090 6063 - 6185 FT 
10-07- 50 - 12 1A 1777 1812 M 
10-11 - 50 - 12 1A 1755 1789 M 
02-12 - 50 - 12 1A 5761 - 5811 FT 
04-12 - 50 - 12 1A 575 3 586 5 FT 
12 - 13- 50 - 12 1A 5855 - 5892 FT 
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02 - 14-50 - 12 1A 
10-14-50 - 12 1A 5822 - 5892 FT 
01-15 - 50 - 12 1A 5710 5823 FT 
16 - 15- 50-12 1A 
14 - 20 - 50 - 12 1A 5770 5875 FT 
08 - 21 - 50 - 12 1A 1750 1786 M 
10 - 21-50-12 1A 5825 - 5872 FT 
07-23 - 50 -1 2 1A 1740 1775 M 
04 - 25 - 50 - 12 1A 5710 5816 5794 - 5907 FT 
08 - 26 - 50 - 12 1A 5696 5800 5786 - 5837 FT 
04 - 28-50 - 12 1A 5900 - 6000 FT 
12-30 - 50 - 12 1A 5890 5998 FT 
03 - 31 - 50 - 12 1A 1808 1842 1830 - 1848 M 
03 - 34 - 50 - 12 1A 1726 1759 1752 - 1771 M 
08 - 36- 50 - 12 1A 5590 5700 5686 - 5762 FT 
08-15-50 - 13 1A 1838 1874 M 
08 - 30 - 50-13 1A 1835 1868 1860 - 1878 M 
16-33-50-13 1A 5937 6045 6023 - 6083 FT 
07 - 06-50-14 1A 6657 6767 FT 
02 - 25-50 - 14 1A 6085 6204 FT 
09 - 35 - 50 - 14 1A 1837 1872 1870 - 1888 M 
02 - 01 - 51-09 3A 4678 4808 4750 - 4855 FT 
02 - 03 - 51 - 09* 2A 1421 1460 M 
05 - 03 - 51 - 09* 2A 1423 1466 1455 - 1473 M 
12 - 03 - 51 - 09 3B 1424 1465 M 
06 - 04 - 51 - 09 3B 4852 4980 FT 
08 - 04-51 - 09* 2A 1424 1465 1450 - 1462 M 
10-04-51 - 09* 2B 4665 4812 FT 
11-04-51-09* 2B 1420 1462 M 
13-04-51-09* 2B 1420 1465 1450 - 1476 M 
15- 04 - 51 - 09* 2B 1426 1471 1467 - 1477 M 
09-07-51-09 3B 1445 1487 1470 - 1494 M 
06-08 - 51 - 09 3A 1431 1470 1454 - 1472 M 
08-08-51-09* 2B 1424 1471 1454 - 1470 M 
09 - 08 - 51-09* 2B 1427 1472 1464 - 1482 M 
10 - 08 - 51 - 09* 2B 1426 1471 1455 - 1479 M 
11 - 08-51-09* 2B 1429 1477 1463 - 1474 M 
02 - 09 - 51 - 09 3B 1424 1467 1458 - 1476 M 
05 - 09 - 51 - 09* 2B 1430 1475 M 
01-11 - 51 - 09 3B 4810 4967 4910 - 4970 FT 
06 - 14 - 51 - 09 3B 4560 4691 FT 
02 - 17 - 51 - 09 3B 4732 4860 FT 
01 - 18 - 51 - 09 3B 1446 1487 1477 - 1495 M 
13 - 18 - 51-09 3B 1451 1488 1476 - 1494 M 
10 - 21 - 51 - 09 3B 4551 4676 4662 - 4711 FT 
14-26-51 - 09 3B 1355 1394 M 
07 - 29 - 51 - 09 3B 4605 4730 4700 - 4740 FT 
16-30-51-09 3B 4634 4765 FT 
02-31-51-09 3B 4664 4789 FT 
10-31-51-09 3B 1394 1432 M 
11 - 31 - 51 - 09 3B 1411 1449 M 
07-34-51-09 3B 4468 4594 FT 
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15-36-51-09 3B 1384 1424 M 
04-02-51-10 1B 4850 4970 FT 
14-02-51-10 3A 1465 1507 M 
10-03- 51-10 3B 5082 - 5132 FT 
12-03-51-10* 2B 
03-04-51-10 3A 1539 1576 M 
05-04-51-10 3A 1554 1591 M 
06-04 - 51-10* 2A 5000 5130 5094 - 5154 FT 
08-04-51-10* 2A 5066 - 5140 FT 
14-04-51-10* 2A 5013 5164 5103 - 5178 FT 
16-04 - 51-10* 2A 5080 - 5131 FT 
08-05 - 51 - 10 3A 5120 5240 5213 - 5330 FT 
14-05-51-10* 2A 5235 - 5303 FT 
16-05- 51-10* 2B 5074 5225 5177 - 5242 FT 
06-07 - 51-10 3B 5190 5338 5290 - 5339 FT 
08-07 - 51-10* 2B 5154 5290 5267 - 5320 FT 
14-07-51-10* 2B 5254 - 5313 FT 
16-07-51-10 3A 5130 5256 5228 - 5283 FT 
06-08-51-10* 2B 5105 5262 FT 
08-08 - 51-10* 2B 
10-08 - 51-10* 2B 
12 - 08 - 51-10* 2B 5218 - 5278 FT 
02-09-51-10 3B 5138 - 5162 FT 
06-09-51 - 10 3B 5074 5223 5182 - 5232 FT 
12-09- 51-10* 2B 5185 - 5245 FT 
08-10 - 51-10 3A 1494 1531 M 
02-11-51 - 10 3A 4840 4965 FT 
06-11-51-10 3A 1466 1506 M 
04-14-51-10 3A 1482 1523 M 
13-14-51-10 3B 1498 1541 M 
15-14-51-10 3B 1521 1565 M 
16-14 - 51-10 3A 1516 1556 M 
16-15-51-10 3A 1519 1560 M 
02-17 - 51-10 3B 5120 5259 5184 - 5312 FT 
04-18 - 51-10 3B 5184 5327 5294 - 5354 FT 
06-19 - 51-10 3A 5101 5232 FT 
16-19-51-10 3A 1520 1555 M 
07-20 - 51 - 10 3A 1540 1580 M 
14-20-51-10* 2A 1510 1554 M 
16-20 - 51-10* 2A 1503 1545 M 
06-21-51-10 3A 1518 1559 M 
08-21-51-10* 2A 1524 1563 M 
14-21-51-10* 2A 1523 1563 M 
06-22-51-10* 2B 1520 1568 M 
10-22-51-10* 2B 1523 1569 1553 - 1567 M 
11-22-51-10* 2B 1525 1573 M 
13-22-51-10 3B 1526 1565 1550 - 1580 M 
02-23-51-10* 2B 1513 1557 M 
03-23 - 51 - 10* 2B 1518 1564 1550 - 1568 M 
04-23-51-10* 2B 1515 1561 1544 - 1553 M 
10-23- 51 - 10 3A 4854 5005 4970 - 5030 FT 
07-26-51 - 10 3B 1465 1510 1497 - 1515 M 
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02-29-51-10 3A 1501 1544 M 
06-29-51-10* 2A 1502 1545 1531 - 1547 M 
06-30-51-10* 2A 1516 1562 M 
07-30-51-10* 2A 1512 1560 M 
10-30-51-10* 2B 1507 1558 1534 - 1552 M 
13-30-51-10* 2B 1518 1569 1546 - 1570 M 
02-31-51-10 3A 1505 1545 M 
04-31-51-10* 2B 1510 1560 1545 - 1548 M 
13 - 31 -51-10 3B 1496 1544 1528 - 1546 M 
06-33-51-10 3A 1493 1529 M 
14-34-51-10* 2A 1472 1518 1505 - 1533 M 
04-03 -51-11 1A 5452 5575 5550 - 5610 FT 
10-03-51-11 1A 1681 1722 M 
06-05-51-11 1B 5535 5662 FT 
13-05- 51 - 11 1B 5517 5640 5531 - 5704 FT 
07-07-51-11 1B 5487 5607 FT 
13-08-51-11 1A 1653 1692 M 
06-09 - 51-11 1A 5423 5546 FT 
12-09-51-11 1A 5413 5531 FT 
14-11-51-11* 1B 5269 5389 5370 - 5420 FT 
16-11-51-11* 2A 5247 5392 FT 
06 -12-51-11* 2B 5266 5410 5356 - 5405 FT 
08 -12-51-11 3B 5240 5380 5350 - 5402 FT 
14-12-51-11* 2B 5223 5375 FT 
16-12-51-11* 2B 5193 5343 5309 - 5354 FT 
04 -13-51-11* 2B 1595 1640 1632 - 1647 M 
06 - 14-51 - 11* 2B 5237 5400 FT 
08 -14-51-11* 2B 5231 5381 5337 - 5387 FT 
12-14-51-11* 2B 1600 1645 1625 - 1657 M 
14-14-51-11 3B 5210 5354 5315 - 5365 FT 
02 -15-5 1 -11 * 2A 5316 5444 5413 - 5463 FT 
10-15-51-11* 2A 5264 5420 5362 - 5470 FT 
04 -16-51-11 * 1B 5390 5510 5490 - 5538 FT 
10-16- 51-11 1A 5342 5453 5437 - 5487 FT 
12-16- 51 - 11* 1B 5345 5470 5444 - 5494 FT 
10-17-51-11 1A 1633 1671 M 
07 -18-5 1-11 1A 5457 5573 FT 
10 - 19- 51-11 1A 1671 1710 M 
07-20-51 -1 1* 1B 1632 1674 1655 - 1684 M 
10-20-51-11* 1B 5345 5475 5446 - 5496 FT 
12-20-51 - 11 1A 5438 5560 5549 - 5599 FT 
02 -21-51-11* 1B 5290 5430 5390 - 5440 FT 
04 - 21-51-11* 1B 5300 5432 5400 - 5450 FT 
10-21-51-11 3B 5240 5385 5330 - 5400 FT 
02-22 -51-11 * 2A 5236 5370 5332 - 5382 FT 
04 -22-51-11* 1B 5276 5400 5369 - 5419 FT 
08-25-51-11* 1B 1532 1574 M 
14-25-51-11 3A 1547 1585 M 
16-25- 51 - 11* 2B 1531 1576 M 
03-26-51 -11 3A 1570 1609 M 
04-26-51-11 3A 5155 5287 FT 
02-28-51-11 1A 1596 1631 1629 - 1648 M 
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04-28-51-11 1A 5293 5408 5375 - 5430 FT 
06-28-51-11* 1B 1599 1635 M 
12-28-51-11* 2A 1597 1646 M 
02-29 - 51-11* 1A 5363 5482 5473 - 5523 FT 
04-29-51-11 3A 5416 5545 5467 - 5535 FT 
10-29- 51-11* 1B 5277 5408 FT 
12-29-51-11 1A 5349 5472 5455 - 5485 FT 
04-30 - 51-11 1A 5488 5612 FT 
10-30-51-11 1A 5422 5500 5537 - 5587 FT 
12-31-51 - 11 3B 5345 5483 FT 
02-32-51-11 3A 1657 - 1675 M 
04-32-51-11 3A 5328 5465 5435 - 5465 FT 
04-33-51-11 1A 1618 1656 M 
04-34-51-11 3B 1605 1655 M 
02-36 - 51-11* 2B 1530 1574 1569 - 1571 M 
06-36-51-11 3A 1538 1573 M 
09-36-51-11* 2A 1551 - 1569 M 
14-36-51-11 3A 1529 1564 1555 - 1574 M 
11-06 - 51-12* 1B 1763 1798 M 
04-08-51-12 1A 5733 5835 5822 - 5872 FT 
10-12-51-12 1A 5548 5658 FT 
07-13-51-12 1A 5610 5722 FT 
02 -14-51-12 1A 1717 1752 M 
15-20 - 51-12 3A 1730 1770 M 
10-21 - 51-12 . 3A 5650 5770 FT 
10-22- 51-12 1A 1728 1765 5762 - 5813 FT 
07-25-51-12 1A 1682 1720 M 
06-26-51-12 3A 1730 1769 M 
16-26-51-12 3B 5562 5693 FT 
06 -28-51-12 3B 1723 1763 M 
10-33-51-12 3A 5700 5833 5787 - 5846 FT 
16-34-51-12 3A 5628 5760 FT 
16-35-51-12 3A 1681 1721 M 
06-36-51-12 3A 1658 1700 M 
12-36-51-12 3A 5497 5628 5582 - 5654 FT 
07-01-51-13 lB 1804 1840 1811 - 1829 M 
06-04-51-13 1A 1800 1836 M 
10-11 -51-13 1A 5884 5990 5970 - 6025 FT 
07-13 -51-13* 1B 1761 1798 1782 - 1800 M 
11-13-51-13* 1B 1769 1813 M 
02-20 -51-1 3 1A 1830 1863 M 
02-22-51-13 1A 1795 1829 M 
12-23-51-13* 1B 1796 1835 M 
10-24-51-13 3A 5850 5980 FT 
08-35-51-13* 1B 1789 1827 1810 - 1827 M 
09-35-51-13 3A 1763 1807 1794 - 1808 M 
11-35-51-13* 1B 1749 1794 M 
16-11-51 -14 1A 1813 1848 M 
15-13-51-14 1A 6010 6113 6070 - 6130 FT 
10-23-51-14* 1A 6050 6157 FT 
13-01-52-09 3B 1387 1428 M 
15-01-52-09 3B 1377 1418 M 
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06 - 03-52-09 3B 1365 1405 M 
10-04- 52-09 3B 4491 4620 FT 
10-05- 52-09 3B 4515 4638 FT 
01-08-52 - 09 3B 1372 1410 M 
06-10 - 52-09 3B 4480 4609 FT 
14-11 - 52-09 3B 4480 4613 FT 
06-12 - 52-09 3B 1374 1414 M 
07-12-52 - 09 3B 1370 1411 M 
07 - 13-52- 09 3B 1346 1387 M 
06-14 - 52 - 09 3B 4483 4618 FT 
10-19- 52 - 09 3B 4442 4570 FT 
10-21-52-09 3B 4415 4547 FT 
07 - 24-52 - 09 3B 4333 4470 FT 
06-29 - 52-09 3B 4401 4534 FT 
07 - 35-52- 09 3B 4357 4495 FT 
04-36 - 52 - 09 3B 4350 4488 FT 
15-02- 52 - 10 3B 4628 4750 4730 - 4822 FT 
14-05-52-10 3B 1475 1515 M 
10-06-52-10 3B 4834 4978 4920 - 4980 FT 
06-09-52-10* 2A 1450 1496 M 
07-10-52 - 10 3B 4666 4788 FT 
04-11-52-10* 2B 1410 1460 M 
11-16-52-10* 2B 1412 1461 1451 - 1468 M 
11-17-52-10 3B 1420 1457 M 
09 - 19- 52 - 10 3B 1414 1451 M 
05-22-52-10* 2B 1390 1442 1426 - 1444 M 
11-24- 52 - 10 3B 4489 4618 FT 
06 - 02 - 52 - 11* lB 1538 1575 M 
11 - 02-52-11* 2B 1520 1571 1552 - 1569 M 
08-03-52-11 lA 1545 1577 1570 - 1588 M 
09-03 - 52-11* 2A 1534 1577 1565 - 1583 M 
12 - 03 - 52-11 3A 5108 5231 5167 - 5287 FT 
13-04- 52-11 3A 5131 5248 5250 - 5349 FT 
05-06 - 52 - 11 3B 5265 5394 5371 - 5427 FT 
09-06-52 - 11 3B 5222 5348 5321 - 5401 FT 
13-07 - 52 - 11* 2A 1577 1616 1607 - 1625 M 
15-07-52- 11* 2A 1568 1608 1595 - 1609 M 
09-08-52 - 11 3B 1550 1590 M 
11-08- 52 - 11 3B 1559 1599 M 
07-10 - 52 - 11 3B 4987 5124 FT 
15-11-52-11* 2B 4850 5010 4982 - 5054 FT 
16-12-52- 11 3B 4787 4905 FT 
06-17 - 52 - 11 3B 1550 1593 M 
02-18 - 52-11* 2B 1559 1603 1597 - 1615 M 
11-18-52-11* 2A 1560 1600 1590 - 1603 M 
03-19-52-11 3A 1555 1591 M 
10-19- 52 - 11 3B 5067 5195 FT 
03-20-52-11 3A 1523 1558 M 
13-20-52-11 3A 5008 5138 5050 - 5160 FT 
10-21 - 52 - 11 3A 1490 1528 1510 - 1538 M 
16-21 - 52 - 11 3B 4874 5003 4974 - 5034 FT 
13-25-52- 11* 2B 1425 1469 1471 - 1480 M 
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14-28-52-11 3B 4883 5010 4945 - 5095 M 
03-29-52-11 3B 1515 1553 M 
06-30-52-11 3B 1527 1565 M 
11-30-52-11 3A 1516 1552 M 
06-31-52-11 3A 1501 1537 M 
10-32-52- 11 3B 1477 1517 M 
07-34-52-11 3B 4773 4898 FT 
06-01-52-12 3A 5339 5470 FT 
09-01-52-12 lA 1605 1641 1630 - 1648 M 
07-02-52-12 3A 1653 1691 M 
10-03-52-12 1A 5594 - 5654 FT 
07 - 04-52-12 1A 1707 1743 M 
16-07-52-12* lB 5310 5450 5400 - 5516 FT 
02 - 08 -5 2-12* 1B 5428 5545 5480 - 5600 FT 
10-08-52-12* 2A 5381 5500 5466 - 5517 FT 
12-08-52-12* 2B 1629 1676 M 
04-09-52-12 lA 5438 5544 5522 - 5562 FT 
07-11-52-12 1A 
02-12-52-12* 2B 1598 1645 1627 - 1646 M 
04-12-52-12 lA 5300 5420 5380 - 5481 FT 
06 -12-52-12* 2A 1604 1646 M 
15-12-52-12 lA 5300 5416 FT 
04-13-52-12 3B 1587 1629 M 
01-14 - 52-12* 2A 1592 1632 1624 - 1632 M 
03-14 - 52-12* 2A 1604 1643 1644 - 1661 M 
10-14-52 - 12 3A 1583 1618 M 
12 - 14-52-12 3A 1590 1625 M 
09-15-52-12* 2A 1605 1641 M 
11-15- 52-12* 1B 1605 1640 M 
16 - 16-52-12* 2A 1611 1645 M 
04-17 - 52-12* 2B 5290 5437 5374 - 5440 FT 
10-17- 52-12 3B 1596 1635 M 
12-17-52-12 3B 5262 5390 5334 - 5418 FT 
02-18-52 - 12* lB 5384 - 5466 FT 
10 - 18-52-12* 2A 5237 5355 5355 - 5401 FT 
02-19-52-12 3A 1587 1620 M 
04-19-52-12 1B 5360 - 5394 FT 
06 -1 9-52-12 lB 1591 1628 M 
12-19-52- 12* 2A 1575 1621 1614 - 1632 M 
06-20 - 52-12 lA 1580 1613 M 
08-20 - 52-12* 2A 1580 1621 M 
13-20-52-12 3A 5151 5275 FT 
16 - 20 - 52-12 1A 1571 1606 M 
02-21-52-12* 2B 1595 1638 M 
06-21 - 52 - 12* 2A 1588 1628 M 
10 - 21 - 52-12* 2A 5189 5312 5292 - 5347 FT 
05 -22-52-12 3B 5230 5360 5329 - 5392 FT 
11 -22-52-12 3B 1583 1622 M 
08-23-52-12 3B 1576 1613 M 
15-23-52-12 3B 5116 5247 5215 - 5275 FT 
16-23-52-12 3A 1564 1600 M 
03 - 24-52-12 3A 1563 1599 1588 - 1606 M 
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09-24 - 52 - 12 3B 1551 1593 M 
12 - 24 - 52-12* 2A 1558 1600 1595 - 1616 M 
07-25-52-12 3B 1531 1569 M 
02-26-52 - 12 3A 1541 1580 M 
10-26-52-12 3A 1525 1562 M 
11 - 26-52 - 12 3A 1527 1567 M 
07 - 27-52-12 3A 1546 1584 M 
03-28 - 52-12 3B 5140 5270 5235 - 5295 FT 
06-28-52-12 3A 1566 1607 M 
16-29- 52 - 12 3B 1551 1595 M 
11-32-52- 12 3A 1537 1577 M 
01-34-52-12* 2A 1522 1564 M 
04-35-52 - 12 3B 1518 1564 M 
05 - 36 - 52-12 3B 1512 1558 M 
04 - 02 - 52 - 13* 2A 1716 1765 1727 - 1745 M 
02 - 03 - 52 - 13 1A 1736 1765 1761 - 1777 M 
10-03-52-13* 2A 1705 1744 1726 - 1740 M 
11 - 03 - 52 - 13* 1B 1715 1754 1738 - 1760 M 
04-08 - 52 - 13 1A 5592 5700 FT 
16 - 08 - 52 - 13* 1A 1681 1716 M 
08-09-52-13* 1B 1695 1731 M 
09 - 09 - 52 - 13* 1B 1674 1712 M 
05 - 10-52-13* 2A 1694 1735 M 
12-10 - 52-13* 2A 1673 1715 M 
10 - 13 - 52 - 13 1A 5297 5408 5375 - 5420 FT 
14-14-52- 13 1A 1617 1649 1642 - 1660 M 
06-16 - 52-13 1A 1648 1680 1670 - 1688 M 
10-21-52-13 1B 5382 - 5442 FT 
13-21-52- 13* 1B 5334 5450 5425 - 5480 FT 
14-24-52- 13* 1B 5182 5307 FT 
16 - 24 - 52 - 13* 2A 1576 1618 1607 - 1613 M 
01-25-52 - 13* 1B 1565 1602 M 
06-25-52-13 3A 5140 5269 5220 - 5269 FT 
14-25- 52 - 13* 1B 5087 5210 5174 - 5224 FT 
16-25-52-13 3A 1545 1582 M 
16-26- 52 - 13 lA 1560 1595 M 
12-27-52-13 3A 5250 5370 5349 - 5399 FT 
02 - 29 - 52 - 13* 1B 5342 5462 5430 - 5473 FT 
06 - 29 - 52 - 13* 1B 5333 5460 5421 - 5462 FT 
07 - 34 - 52 - 13* lA 5188 5306 5293 - 5352 FT 
01 - 35-52-13* 1B 1556 1592 M 
06-35-52 - 13* 1B 1563 1598 M 
10 - 35 - 52 - 13* 2A 5095 5240 5195 - 5267 FT 
14-35- 52 - 13* 2A 1559 1601 1587 - 1605 M 
03 - 14-52- 14 1A 1693 1723 1717 - 1735 M 
08 - 18 - 52 - 14 3A 1764 1801 1799 - 1818 M 
07-22 - 52 - 14 1A 1711 1745 M 
06 - 32 - 52-14 1A 5560 5675 5650 - 5686 FT 
10-36-52-14 1A 5371 5473 5455 - 5515 FT 
10-08-53-09 3B 4292 4430 FT 
06-11-53-09 3B 4310 4446 FT 
02 - 21-53 - 09 3B 1273 1316 M 
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10-22-53-09 3B 4116 4252 FT 
14-23- 53-09 3B 1257 1298 M 
06-29 - 53 - 09 3B 4082 4214 FT 
15-35-53-09 3B 1213 1254 M 
14-36- 53-09 3B 1202 1244 M 
16-07 - 53 - 10 3B 4550 4685 FT 
01 - 08 - 53-10 3B 1376 1415 M 
05-13 - 53 - 10 3B 4276 4408 FT 
08 - 15 - 53 - 10 3B 1337 1377 M 
06-16-53-10 3B 4417 4550 FT 
06 - 17 - 53 - 10 3B 1352 1393 M 
10-18-53-10 3B 4514 4650 FT 
10 - 21-53-10 3B 4343 4477 FT 
10-23-53-10 3B 1283 1324 M 
06-24-53 - 10 3B 1272 1314 M 
08-25-53-10 3B 4100 4239 FT 
06-26-53 - 10 3B 1273 1317 M 
11-26-53-10 3B 4168 4307 FT 
06 - 27-53-10 3B 1298 1339 M 
10-27- 53-10 3B 4236 4372 FT 
04-29 - 53-10 3B 4320 4456 FT 
10-29-53-10 3B 4252 4390 FT 
07 - 31 - 53-10 3B 4240 4380 FT 
07-35-53-10 3B 4130 4283 FT 
02-05 - 53 - 11 3B 4805 4949 4912 - 4944 FT 
10-05-53-11 3B 4772 4923 FT 
07-07-53-11 3B 4791 4915 FT 
10-09- 53-11 3B 4632 4762 FT 
06-17 - 53-11 3B 1415 1453 M 
11 - 22 - 53-11 3B 4551 4690 FT 
11 - 25 - 53 - 11 3B 4339 4490 FT 
16-31 - 53 - 11 3B 1382 - 1400 M 
06 - 33 - 53 - 11 3B 1358 1403 M 
08-33-53-11* 2B 1395 - 1409 M 
07 - 01 - 53 - 12 3B 4866 5018 FT 
12-01-53-12 3B 4856 4985 4958 - 5013 FT 
08 - 08 - 53 - 12 3B 1519 1561 M 
05-09 - 53 - 12 3B 4942 5078 5060 - 5156 FT 
07 - 09 - 53-12 3B 1495 1535 M 
01 - 11 - 53-12* 2B 4824 4962 4926 - 4999 FT 
05-11-53-12 3B 1484 1522 M 
10-15-53-12 3B 4767 4920 FT 
10-16- 53-12 3B 4800 4943 4903 - 4967 FT 
11 - 16 - 53-12* 2B 4825 4969 FT 
12-16- 53-12 3A 4850 4990 4958 - 5010 FT 
10-20-53-12 3A 4787 4925 4870 - 4990 FT 
12 - 20-53-12 3B 4795 4936 4887 - 4947 FT 
04-22 - 53-12 3B 4739 4881 4820 - 4880 FT 
06-23-53-12 3B 4745 4895 FT 
10-25- 53-12 3B 4583 4732 FT 
06-33-53-12 3B 4620 4760 4695 - 4795 FT 
10-35-53-12 3B 1384 1430 M 
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06-01-53-13 3B 5033 5170 5136 - 5197 FT 
10-02-53-13* 2B 5090 5234 FT 
01-03-53-13 3A 1571 1610 1602 - 1619 M 
06 -04-53-13 1A 1602 1637 1632 - 1650 M 
08-04-53-13 1A 1592 1628 M 
16-05-53-13 1A 1588 1620 1617 - 1633 M 
06-06-53-13 1B 5230 5347 5305 - 5356 FT 
10-07-53-13* 1B 1572 1608 M 
07-08-53-13 3A 5262 5380 5365 - 5430 FT 
10-09-53-13 1A 5240 5347 5355 - 5394 FT 
06-10-53-13* 2A 1579 1622 1613 - 1624 M 
14-10-53-13 3A 1562 1600 1590 - 1608 M 
06-11-53-13 3A 1548 1590 1577 - 1595 M 
14-12-53-13 3A 1515 1551 M 
10-13-53-13 1A 5392 5510 FT 
10-14-53-13 3B 4950 5083 5044 - 5105 FT 
06-15-53-13* 2A 1552 1594 1581 - 1601 M 
10-15- 53-13 3A 5060 5185 5194 - 5249 FT 
10-16-53-13 1A 1572 1605 M 
05-17-53-13* 1B 1566 1605 1597 - 1615 M 
10-17-53-13 1A 1576 1610 1601 - 1624 M 
05-18-53-13 1B 1579 1615 1612 - 1630 M 
11-18-53-13* 1B 1581 1615 5270 - 5330 M 
10-19-53-13 3A 1536 1573 M 
10-20-53-13 3B 5067 5200 5180 - 5240 FT 
06-21-53-13 3B 1555 1596 M 
11-21-53-13 1A 5068 5170 5155 - 5215 FT 
08 -29-53-13 3A 1526 1565 M 
07-30-53-13 3A 5051 5170 FT 
16-30-53-13* 2A 1526 1567 1556 - 1564 M 
06-31-53-13* 2A 1519 1557 1549 - 1566 M 
12-32-53-13 3B 4943 5070 5042 - 5092 FT 
03-33-53-13 3B 1497 1540 M 
02-36-53-13 3B 4765 4917 4885 - 4944 FT 
10-01-53-14 1A 5292 5395 5378 - 5438 FT 
03-02-53-14 1A 1627 1658 1645 - 1663 M 
10-11-53-14 1A 5332 5438 FT 
10-19-53-14 1A 5264 5371 FT 
06-21 -53 -14 1A 5198 5310 5296 - 5340 FT 
06-23-53-14 1A 5261 5375 5385 - 5406 FT 
10-24-53-14 1A 5170 5281 5243 - 5316 FT 
08-26-53-14 1A 1550 1581 1572 - 1586 M 
10-30-53-14 1A 5210 5310 5309 - 5369 FT 
11-34-53-14 1A 5093 5210 FT 
06-35-53-14 1B 1529 1565 M 
07 -36-53-14 1A 1541 1575 M 
06-02-54-09 3B 1204 1247 M 
06-03 - 54-09 3B 4001 4140 FT 
15-03-54-09 3B 1208 1250 M 
10-09-54-09 3B 3994 4133 FT 
10-10-54-09 3B 3965 4105 FT 
06 -11-54-09 3B 1198 1241 M 
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10-13 - 54-09 3B 3843 3984 FT 
11-14-54-09 3B 1186 1228 M 
07-15-54-09 3B 3957 4095 FT 
10-17-54-09 3B 3984 4120 FT 
11-18-54 - 09 3B 1210 1251 M 
03-22-54-09 3B 1224 1265 M 
10-22- 54-09 3B 3923 4059 FT 
16-27-54-09 3B 1178 1223 M 
09-29 - 54 - 09 3B 1230 1271 M 
08-32-54 - 09 3B 1240 1284 M 
10 - 35 - 54 - 09 3B 3810 3950 FT 
07-03-54-10 3B 1250 1292 M 
03-25-54 - 10 3B 1228 1269 M 
16-32- 54-10 3B 1218 1259 M 
10-34- 54 - 10 3B 4167 4300 FT 
07-05-54 - 11 3B 4421 4546 FT 
06-06-54-11 3B 1340 1378 1372 - 1389 M 
10-07-54-11 3B 1319 1360 M 
05-10-54-11 3B 4249 4384 FT 
10-11-54-11 3B 4229 4380 FT 
04-13 - 54 - 11 3B 1292 1332 M 
11-15-54 - 11 3B 1311 1350 M 
06-17 - 54 - 11 3B 4270 4418 FT 
06-19-54-11 3B 1306 1353 M 
11-20- 54 - 11 3B 1299 1345 M 
10-26-54-11 3B 1265 1310 M 
07 - 29 - 54-11 3B 1306 1345 M 
14-29 - 54-11 3B 1300 1338 M 
06-30-54-11 3B 1307 1346 M 
16-31 - 54 - 11 3B 1309 1349 M 
10-34- 54-11 3B 1250 1290 M 
14-01-54-12 3B 1345 1383 1370 - 1389 M 
08 - 02 - 54 - 12 3B 1364 1405 1398 - 1416 M 
16-02-54-12* 2B 1357 1400 1389 - 1405 M 
12 - 03-54-12* 2B 4550 4683 FT 
06 - 04 - 54 - 12 3B 4602 4739 FT 
04-08-54 - 12 3B 4628 4771 FT 
14-08-54- 12 3A 4587 4700 FT 
02-09 - 54-12 3A 1384 1422 M 
05-11-54-12 3A 1358 1395 M 
06-12 - 54-12 3A 1335 1371 M 
05-13-54-12 3B 4344 4474 FT 
06 - 13 - 54 - 12 3B 1322 1361 M 
10-13-54-12 3B 4320 4467 FT 
06 - 14-54- 12 3A 1334 1375 M 
06-15 - 54-12 3A 4449 4569 FT 
12-17- 54-12 3A 4555 4678 FT 
02-18 - 54 - 12 3A 4602 4720 FT 
04-18 - 54-12 3A 4618 4732 FT 
10-18-54 - 12 3A 4578 4690 FT 
13 - 18 - 54-12 3A 1403 1440 M 
02-19 - 54-12 3A 4559 4680 FT 
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04-19-54 - 12 3B 4575 4710 FT 
10-19-54-12 3A 4540 4670 FT 
04 - 20 - 54-12 3A 4535 4668 FT 
11-25- 54-12 3B 1310 1349 M 
07 - 27 - 54-12 3B 4390 4540 FT 
06-28-54 - 12 3B 1352 1399 M 
11-29- 54-12 3B 1365 1410 M 
04-30 - 54 - 12 3A 4540 4664 FT 
11-30 - 54-12 3A 4530 4654 FT 
10 - 31 - 54 - 12 3A 4531 4650 FT 
06 - 32 - 54-12* 2A 1363 1405 M 
12 - 32-54 - 12 3A 1375 1415 M 
16 - 36 - 54 - 12 3B 1300 1340 M 
04 - 01 - 54 - 13 3A 4746 4867 FT 
11-02 - 54 - 13 3A 4744 4877 4832 - 4892 FT 
16 - 02-54 - 13 3A 1441 1483 M 
07 - 04 - 54 - 13 3A 4850 4974 FT 
06-05-54- 13 3A 4873 4997 4960 - 5020 FT 
06-06 - 54-13 3A 1494 1529 M 
06-07 - 54 - 13 3A 1474 1509 M 
10-07- 54 - 13* 2A 4807 4932 FT 
06 - 09 -5 4 - 13 3A 1467 1506 M 
09-13-54 - 13 3A 1405 1442 M 
10-14 - 54 - 13 3A 4660 4772 4788 - 4828 FT 
08-18 - 54 - 13* 2A 1467 1503 M 
10-21-54- 1.3 3B 1430 1470 M 
08 - 24 - 54 - 13 3A 4580 4700 FT 
10-24-54 - 13 3A 4573 4692 FT 
12-24- 54-13 3A 4594 4716 FT 
14-24- 54-13 3A 4583 4706 FT 
16-24-54- 13 3A 1391 1428 M 
02 - 25 - 54 - 13 3B 1392 1432 M 
06-25-54 - 13 3B 1393 1435 M 
10 - 25-54 - 13 3A 1387 1424 M 
12-25- 54-13 3B 4572 4709 FT 
16 - 25-54 - 13 3A 1387 1426 M 
08 - 26 - 54-13 3B 4594 4727 FT 
16 - 26 - 54 - 13 3B 4577 4713 FT 
16 - 27 - 54-13 3B 1410 1450 M 
09 - 29-54 - 13 3B 4683 4818 FT 
03 - 32-54 - 13 3B 1424 1465 M 
16-33-54 - 13 3B 4590 4720 FT 
14 - 34-54-13 3B 4600 4736 4694 - 4754 FT 
16 - 34-54 - 13 3B 4588 4718 FT 
02 - 35 - 54-13 3B 1400 1441 M 
06 - 35 - 54 - 13 3B 1404 1447 M 
07 - 35 - 54-13 3A 4563 4683 FT 
10 - 35 - 54 - 13 3B 1390 1430 M 
12 - 35 - 54 - 13 3B 1399 1442 M 
04-36-54 - 13 3A 1382 1418 M 
10 - 36 - 54 - 13 3A 1383 1421 M 
11-06-54-14 3A 5162 5274 FT 
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04-07-54-14 3A 1568 1598 M 
11-12-54-14 3A 4911 5030 4965 - 5045 FT 
11-13-54-14 3A 4818 4921 4850 - 4947 FT 
06-18-54-14 3A 1534 1568 M 
10-19-54-14 3A 4951 5062 FT 
11-24-5 4 - 14* 2A 4781 4894 4863 - 4888 FT 
10-28-54-14 3A 4871 4981 FT 
11-29-54-14 3A 4889 5000 FT 
06-31 -54-14 3A 4775 4880 FT 
07-34-54-14* 2A 4724 4862 FT 
10-35-54-14 3B 4721 4858 4830 - 4885 FT 
01-06-55-09 3B 4132 4270 FT 
16-05-55-09 3B 3970 4110 FT 
04-09-55-09 3B 1176 1219 M 
05-09-55·-09 3B 3843 3986 FT 
10-10 - 55-09 3B 3861 4010 FT 
06-14-55-09 3B 1152 1198 M 
08-14-55-09 3B 1152 1198 M 
08-15-55-09 3B 1156 1201 M 
06-16-55-09 3B 3814 3951 FT 
14-19-55-09 3B 1194 1234 M 
10-23-55-09 3B 3753 3904 FT 
10-32-55-09 3B 3774 3920 FT 
10-36-55-09 3B 1102 1148 M 
10-08-55-10 3B 4110 4246 FT 
06-21-55-10 3B 1281 1322 M 
06-26-55-10 3B 4094 4227 FT 
07 -30-55-10 3B 4228 4361 FT 
07-05-55-11 3B 1292 1330 M 
14-06- 55-11 3B 1296 1335 M 
03-08-55-11 3B 1286 1325 M 
10-11-55-11 3B 1269 1310 M 
07-13-55-11 3B 4243 4367 FT 
11-16-55-11 3B 4146 4274 FT 
10-18-55-11 3B 4222 4340 FT 
13-21 -5 5-11 3B 1312 1350 M 
04-22-55-11 3B 4157 4280 FT 
06-22-55-11 3B 4233 4361 FT 
10-23-55-11 3B 4085 4218 FT 
10-24-55-11 3B 4216 4350 FT 
07-25-55-11 3B 4167 4300 FT 
10-26-55-11 3B 1267 1308 M 
13-27-55-11 3B 1323 1362 M 
11-30-55-11 3B 1355 1394 M 
09-32-55-11 3B 1409 1452 M 
04-34-55-11 3B 1325 1365 M 
11-02-55-12 3B 4366 4490 FT 
11-04-55-12 3B 4458 4580 FT 
06-05-55-12 3B 4513 4634 FT 
07-06-55-12* 2B 4520 4660 FT 
10-07-55-12 3B 4462 4606 FT 
10-08-55-12 3B 4423 4570 FT 
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06-09 - 55 - 12 3B 4424 4576 FT 
06-10-55-12 3B 4384 4531 FT 
07-12-55 - 12 3B 1302 1345 M 
13-13-55-12 3B 1298 1344 M 
11-15-55-12 3B 1320 1367 M 
10-17- 55-12 3B 4409 4554 FT 
10 - 18- 55-12 3B 1 347 1390 M 
06 - 20-55-12 3B 4389 4540 FT 
10 - 22 - 55 - 12 3B 1338 1381 M 
06 - 23 - 55 - 12 3B 1321 1365 M 
11-24-55-12 3B 1321 1365 M 
08-29-55-12 3B 1341 1382 M 
07-30 - 55 - 12 3B 4376 4513 FT 
08-33 - 55 - 12 3B 4370 4508 FT 
01-35 - 55-12* 2B 1338 1384 M 
09 - 36 - 55-12 3B 1391 1434 M 
04 - 01 - 55-13 3B 1394 1435 M 
07-01 - 55 - 13 3B 4538 4674 FT 
02-02-55-13 3B 4570 4703 FT 
04 - 02 - 55-13 3B 4585 4720 FT 
11-02- 55-13* 2B 1397 1442 M 
13-02- 55 - 13 3A 4578 4703 FT 
15-02-55-13 3B 1393 1435 M 
06-03 - 55 - 13* 2A 4564 4700 FT 
09 - 03 - 55 - 13 3B 4574 4712 FT 
11-03- 55 - 13 3B 4550 4680 FT 
08-04 - 55-13 3B 4582 4714 FT 
06-08 - 55-13 3B 4544 4688 FT 
01-09-55 - 13 3B 4539 4674 FT 
01-10-55 - 13 3B 4564 4710 FT 
11-10 - 55-13 3B 4544 4687 FT 
12-11 - 55 - 13 3B 4536 4680 FT 
07 - 12 - 55-13 3B 4501 4649 FT 
06-13-55 - 13 3B 4458 4593 FT 
12-15- 55-13 3B 4489 4617 FT 
10 - 16 - 55 - 13 3B 4474 4601 FT 
11-20 - 55 - 13 3B 4417 4547 FT 
10 - 21 - 55-13 3B 4449 4580 FT 
06-23-55 - 13 3A 4435 4580 FT 
06-24 - 55-13 3B 
08 - 26-55-13 3B 1365 1410 M 
07-27-55-13 3B 1379 1422 M 
12-29-55- 13 3B 4415 4550 FT 
12-33-55-13 3B 4512 4640 FT 
08-34 - 55 - 13 3B 1375 1415 M 
11-36-55-13 3A 4417 4552 FT 
06-05-55-14 3A 4730 4860 FT 
06-06-55-14 1A 492 5 5033 FT 
10-08-5 5- 14* 1A 4870 4976 FT 
02-09 - 55-14* 2A 4859 4984 FT 
06 - 09 - 55 - 14* 2A 1475 1511 M 
01 - 10-55-14 3B 1450 1494 M 
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13-14-55 - 14 3A 1432 1469 M 
11 - 15-55 - 14 3A 1446 1487 1478 - 1496 M 
10-16-55-14* 2B 1450 1493 M 
16-17-55-14* 2A 1466 1506 M 
11-19-55- 14 3A 4944 5056 FT 
15 - 19 - 55 - 14 3A 1491 1524 M 
16-19-55-14 3A 1491 1524 M 
10-21-55-14 3A 1475 1513 M 
13-24-55-14 3B 1445 1482 M 
05-26-55 - 14 3B 1457 1497 M 
06-27-55-14 3B 1470 1510 M 
16- 30 - 55 - 14 3A 1486 1523 M 
06-16-56 - 09 3B 3493 3640 FT 
06 - 22 - 56 - 09 3B 3390 3540 FT 
02-24-56-09 3B 3333 3480 FT 
10-24- 56-09 3B 3308 3452 FT 
02-25-56-09 3B 3282 3435 FT 
10-25 - 56 - 09 3B 3270 3416 FT 
06-28-56-09 3B 1025 1070 M 
11 - 29 - 56 - 09 3B 3466 3612 FT 
13-31-56-09 3B 1056 1101 M 
10-35- 56 - 09 3B 3314 3460 FT 
02-36-56-09 3B 3247 3393 FT 
06 - 07-56-10 3B 3919 4051 FT 
06-15 - 56-10 3B 3764 3910 FT 
10-18-56-10 3B 3885 4024 FT 
08-22-56-10 3B 1114 1157 M 
06-29 - 56-10 3B 3715 3861 FT 
06 - 33-56-10 3B 3639 3781 FT 
14-36-56-10 3B 1061 1107 M 
07-02-56-11 3B 1294 1335 M 
06-03 - 56-11 3B 1338 1380 M 
07-05-56-11 3B 1420 1461 M 
07-08-56-11 3B 4543 4678 FT 
12-08-56-11 3B 1353 1393 M 
11-10-56- 11 3B 4360 4495 FT 
06-11 - 56 - 11 3B 4108 4244 FT 
11-12-5 6- 11 3B 3998 4132 FT 
06-14-56-11 3B 4040 4174 FT 
10 - 15-56-11 3B 4149 4280 FT 
08 - 19 - 56-11 3B 1340 1379 M 
10 - 19-56- 11 3B 4385 4516 FT 
08-20 - 56-11 3B 1314 1353 M 
11 - 20 - 56-11 3B 1321 1360 M 
11-21-56-11 3B 4167 4300 FT 
07-23-56 - 11 3B 4084 4221 FT 
10-29-56- 11 3B 4163 4300 FT 
06-32 - 56-11 3B 4150 4298 FT 
07-33-56-11 3B 4110 4257 FT 
06-03-56-12 3B 4459 4584 FT 
07 - 05-56-12* 2B 4421 4562 FT 
11-06-56- 12 3B 4430 4550 FT 
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06 - 13 - 56-12 3B 1393 1435 M 
06-14 - 56-12 3B 4477 4628 FT 
07 - 17 - 56 - 12 3B 4455 4590 FT 
10 - 29 - 56 - 12 3B 4340 4468 FT 
04-32 - 56-12 3B 1293 1332 FT 
10-36-56-12 3B 4235 4364 FT 
10 - 04-56 - 13 3B 4380 4516 FT 
02-06 - 56 - 13 3B 4370 4499 FT 
10-06- 56 - 13* 2B 4311 4455 FT 
14-06- 56-13 3B 1308 1348 M 
02-07 - 56 - 13 3B 4350 4477 FT 
06-12 - 56-13 3B 1327 1368 M 
10-16- 56 - 13 3B 4287 4410 FT 
12-26- 56-13 3A 4140 4267 FT 
11 - 32 - 56-13 3B 4319 4439 FT 
11-33-56-13 3B 4178 4300 FT 
06-03-56 - 14 3B 4663 4788 FT 
02-05 - 56-14 3B 1522 1559 M 
10-08- 56 - 14 3B 5037 5156 FT 
04-13 - 56-14 3B 4511 4640 FT 
02 - 15 - 56-14 3B 4561 4684 FT 
07 - 15-56-14 3B 1386 1423 M 
16-16- 56-14 3B 4558 4687 FT 
02 - 19 - 56 - 14 3B 4572 4690 FT 
06-23 - 56-14 3B 4498 4630 FT 
16-23-56 - 14 3B 4520 4650 FT 
11-24- 56 - 14 3B 4419 4548 FT 
07 - 34 - 56-14 3B 4460 4597 FT 



APPENDIX 2 -- FACIES SEQUENCES 

2.1 General Facies Sequence 

The facies sequences preserved in the Carrot Creek -­

Cyn-Pem study were subdivided into 3 main types (Chapter 

3). Type 1 facies sequences are composed of non- bioturbated 

sandstone (facies 7 and 7A), Type 2 facies sequences were 

composed of thick (> 1 m) conglomerate (facies 8), and Type 

3 facies sequences were composed of bioturbated mudstones 

(facies 1 through 5). These sequence were further 

sub - divided with respect to the depth of erosion on the E5 

surface (Chapter 3). In Type 1A sequences there are two 

sand (facies 7 and 7A) sequences developed separated by 

bioturbated sandstone (facies 5). In Type 1B sequences the 

upper sand is removed and E5 rests on the lower sand 

development. The A and B designation in Types 2 and 3 

sequences refers to the "a" and "b" sequences described in 

Chapter 3. In other words, in Type A sequences the E5 rests 

in the upper "a" sequence, while in Type B sequences the E5 

surface removes the "a" sequence and res ts in the lower "b" 

sequence . 

The purpose of this appendix is to illustrate these 

facies sequence types with examples . For each sequence type 

six wells were selected and the 

with their corresponding well 

chosen for two reasons: 

lithologs are shown below 

log. The wells shown were 

A. they do not appear anywhere else in the thesis, 

367 
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B. the cored interval contains the distinguishing 

criteria of the facies sequence scheme. 

Other examples of these facies sequence types may be found 

on the cross sections shown in Chapter 4. The size of the 

data base precludes illustrating all of the core examined. 

All of the lithologs and well logs examined for the study 

area are stored with Dr. R . G. Walker, Geology Department, 

McMaster University. 

The litholog scales are all in metres. Facies number 

designation is shown on the right hand side, as well as the 

position of the E5/T5 surface, the "a " and "b" sequences, 

and the core depths. The "+" symbol at the top and bottom 

of some cores indicates that the core continues in this 

facies for another x m. 

The well logs used are generally resistivity logs. 

Where these were not available, other logs, usually gamma 

ray, and sometimes sonic logs were subsituted. The 

positions of the E/T 

shown as well as 

surfaces and the gritty siderite are 

the positions of the "a" and "b" 

sequences. The cored interval is shown as a solid black bar 

with the core depths indicated above and below the black 

bar. 
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2.2 Conglomerate Facies Sequences 

The detailed conglomerate facies sequences are shown in 

type wells in Chapter 6 and on the cross sections through 

the gravel pools in Chapter 7. The remaining detail 

lithologs of the conglomerate sequences are stored with 

Dr. R.G. Walker, Geology Department, McMaster University. 
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APPENDIX 3 -- ZYCOR 

Zycor is the interactive graphics software package used 

in creating the 3-D mesh diagrams shown in Chapter 4, 

Figures 4 . 8 and 4 . 9 . This appendix is a summary of Zycor 

Technical Note ZTNOll which describes some of the technical 

details used by the Z-MAP Gridding Module. 

Z-MAP is a grid based system, hence all surface data 

must be converted to a grid. The concept of the grid, with 

the objective of producing a contour map, is illustrated in 

Figure A3 . 1 . The top of Figure A3 . 1 shows a grid overlying 

the data area . It has 5 horizontal and 7 vertical grid 

lines, 24 grid cells, and 35 grid nodes. The relationship 

between the data and the computed grid values is shown in 

the middle of Figure A3 . 1. The surface is shaped to fit 

each of the contro l points. The bottom of Figure A3.1 shows 

the contours that were threaded through the grid. The 

gridding procedure knows how the contours are produced, 

therefore g r id values are computed so the contours will 

honour the data . 

Point Gridding is the term used to describe gridding 

from irregularly spaced (x,y,z) data, and is performed in 

three phases. In the first phase the u s er selects a set of 

data and enters the control parameters. During the second 

phase, called pre- gridding, each grid value is computed from 

the surroundi ng control points . The post-gridding phase is 
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Figure A3.1. How a grid is used to contour a surface . 
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used to improve the aesthetic quality and accuracy of the 

surface. These phases will be discussed individually below. 

1. PARAMETER AND DATA SET-UP 

During this phase of the gridding operation, the 

GRIDD ING task communicates with the user to determine which 

set of data to grid, whether to use faults or control grids, 

the gridding area and procedures, and appropriate control 

parameters. 

A) Control Point Data Format 

Control point data for point gridding are of the 

general form 

where 

(x, y, Zl, Z2, ... , s 1, S2, ... ) 

(x,y) is the horizontal location of the control point, 

Zi'S are numeric quantities that can be gridded such 

as elevation, thickness, time, and 

Si'S are other types of non-griddable information such 

as seismic line or shotpoint numbers, well symbol 

numbers, drillhole identification. 

Although these data quantities are ordered in this 

description, there are no built-in ordering restrictions. 

During the set- up phase, it is possible to input and 

stack-up all controls required to grid up to 20 Z - fields 

in a single execution of the task. Each Z - field can be 
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gridded exactly like all the others or with a unique set of 

controls . 

B) Description and Specification of Gridding Area 

The gridding area is a rectangular area that is bounded 

by the four control parameters 

Minimum Easting (x) coordinate (left edge) 

Maximum Easting (x) coordinate (right edge) 

Minimum Northing (y) coordinate (bottom edge) 

Maximum Northing (y) coordinate (top edge) 

This area covers the entire set or a subset of the data that 

are to be gridded. 

These limits are automatically defaulted so they 

completely enclose the data . The maximum coordinates of the 

data are rounded up slightly and the minimum coordinates 

are rounded down to ensure that none of the data are outside 

the default data area. Only those data points that have 

valid Z - values are used to compute the default gridding 

areas if several Z - values in the same set of data are 

gridded at the same time. 

C) Description and Specification of Gridding Intervals 

Grid intervals are controlled by the two parameters 

Easting (x) gridding interval 

Northing (y) gridding interval 

These are two of the most important parameters in gridding 

since they determine how much detail can be retained by the 

grid values or equivalently, how well the data are 
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honoured. The relationship between gridding intervals, 

detail, and processing time are as follows: As the gridding 

intervals decrease, detail increases to a limit and 

processing time increases. 

Detail means the ability to bend or flex to preserve 

variations in the surface being gridded. Grid detail can 

only increase up to a limit set by the detail that is 

inherent in the data. Widely spaced data hold little detail 

while clustered data can hold more. Similarly, a coarse 

grid holds less detail than a fine grid. Contours of a 

coarse grid are necessarily smooth while contours of a fine 

grid can "snake" around data to illustrate rapid surface 

changes. It is not possible to induce detail by using a 

fine grid on widely spaced data . 

processing time. 

This will simply increase 

The default gridding interval is computed so that on 

the average, every data point is within its own square 

cell . This works well for uniformly spaced data . However, 

if there are clusters of data then there will probably be 

cells that contain more than one point. This is not 

necessarily undesirable unless there are major variations in 

the surface between two or more points inside the same 

cell. Although all of the points in each cell are used, 

major variations may tend to average out. 

In order to select a more reliable gridding interval, 

determine the dimensions of the smallest feature that must 



393 

be preserved by the gri d. Then use a gri dding interval that 

is one-half the distance across the feature. 

D) Description and Specification of Maximum and Minimum Grid 

Values 

The range of grid values are absolutely constrained to 

fit between the two control parameters 

Minimum allowed computed Z - value 

Maximum allowed computed Z - value 

Defaults for these values are computed by taking the range 

of Z - values from the source data, adding one-tenth of the 

range to the maximum data Z value to get the upper limit 

and by subtracting one-tenth of the range from the minimum 

data Z - value to get the lower limit. This allows for a 

small amount of smooth extension beyond the data values. 

It may be necessary to increase these limits if the 

data are extrapolated beyond the data perimeter. 

Extrapolation can continue the trend e s tablished by the data 

and that trend could have reasonable values above or below 

the data limits. If these limits are not expanded then the 

trend will be flattened at the limits. 

The maximum and minimum limits act as clipping limits 

in pre-gridding . 

is set back to 

That is, a computed 

the limit . This 

value beyond a limit 

can result in sharp 

transitions from computed Z values into clipped values 

that resemble a plateau . In post-gridding, the surface and 

plateau are smoothly blended together. 
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2. PRE-GRIDDING PHASE 

Pre-gridding is just a step in gridding a set of data. 

The algorithims are, however, designed so they can be 

accessed separately 

pre-gridding algorithm 

the grid. 

and their results saved. Each 

contributes its unique character to 

There are three pre-gridding algorithms provided. 

They are: 

WA Weighted Averages 

LS Least Squares 

PS Projected Slopes 

Pre-gridding algorithms are uncoupled. That is, the steps 

performed to compute a grid value are repeated at each grid 

node. The results from one set of computations are not 

used in computing any subsequent grid values. The reason 

adjacent nodes have similar values is they are computed 

using largely the same data. 

A) Processing Steps and Data Collection Control Parameters 

All three pre-gridding algorithms follow basically the 

same steps to compute grid values. The differ only in the 

equations used to compute the grid value once the steps are 

complete. These steps are : 

1 At each grid node a circular area of radius REACHll 

is constructed. This is then divided into 8 pie shaped 

sectors (Fig. A3.2). 

2 The closest data (x,y,z) points in each sector 



Figure A3.2 . The concept of a data collection circle. 
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to the grid node are extracted to compute the grid 

value. The default is at NPS (Number of Points per 

Sector) = 3. This means that 24 points will be used if 

all sectors have 3 or more data points. However, fewer 

NPS points in each sector does not prevent a grid value 

from being computed. 

3. The distribution of the extracted data around the 

node is analyzed . There are three tests. If the first 

test or the second and third tests fail, then the grid 

node is set to the null value ZNON for the data Z -

field. 

a) There must be a minimum number of points per 

computed grid value (default is 1), otherwise the 

value is ZNON and step 4 is omitted. 

b) There must be at least one data point in one of 

the sectors. This is the default setting. If 

less than the defined number of sectors contain 

data, then the next test is performed before 

setting the node to ZNON. 

c) If the distance from the node to the closest 

data point (x,y,z) is less than distance to 

extrapolate beyond 

will be computed 

the data, then the grid value 

using the extracted data, 

otherwise the value is set to ZNON and step 4 is 

omitted. 

4. If the distribution tests pass then the extracted 



397 

(x,y,z) data are sent 

where the grid value 

to the WA, LS, or PS algorithm 

is computed. These algorithms 

will be described later. 

5. The value is stored in the grid array at the node 

location. 

6. A symbol code indicating how the above tests came 

out is put in a dot matrix that is printed during 

gridding (Fig. A3 . 2). The symbols and meanings are: 

o - the null value (ZNON) was inserted at this 

grid node 

/ - the grid node was blanked due to faulting 

+ - the collected data were used to compute a grid 

value using the selected algorithm 

* - the collected data were used to 

grid value, furthermore, one ot 

compute the 

the data 

points was within a fraction of the grid 

interval from the node 

x the grid value came from the input control 

grid 

The matrix is printed across the screen (or page) such 

that it must be rotated 900 counter-clockwise to 

properly orient it with the x-y grid nodes. 

Steps 1 through 6 are repeated for all grid nodes. 

B Important Factors in Selecting Data Collection Control 

Parameters 

The default radius of the circular data collection area 



398 

around each grid node is one-half the length of the diagonal 

for t he gridding area rectangle . The radius of the data 

collection circle may vary according to the spacing of the 

data . In generating the mesh diagrams shown in Chapter 4, 

the radius of the circular data collecti on area around each 

grid node was set to one-quarter the length of the diagonal 

for the gridding area rectangle. 

C The Weighted Averages (WA) Method 

The Z - value at each grid node is 

weighted average of the Z - values from 

computed as the 

the (x,y,z) data 

selected from those around the node . The weight functions 

used by this method and the following two are described 

later. 

The WA method produces a surface tha t peaks up or down 

at the data locations and tends toward the regional average 

(a flat plane) in the void areas between or beyond the 

data. It is well suited for gridding noisy or statistical 

data, particularly when the second weighting function is 

employed. All grid values will be between the maximum and 

minimum data values and peaks or valleys occur only at data 

locations. The WA method should pre-grid for the harmonic 

flexing post gridding method described later. 

D The Least Squares (LS) Method 

This was the method used in generating the grid for the 

3-D mesh diagrams shown in Chapter 4 . At each grid node a 

simple planar surface is fitted through the selected (x,y,z) 
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data using weighted least squares. The Z - value for the 

node is then computed as the "height" of the plane at the 

node's location. 

The LS method is recommended for most gridding 

applications, particularly when coupled with biharmonic or 

combination flexing. Specifically, well and seismic data 

should be gridded using LS. 

The LS pre-grid surface is fairly smooth from point-to­

point. It will continue a linear trend established by the 

closest data into void areas or beyond the data. It can 

produce local highs or lows beyond the data range which do 

not necessarily coincide with data locations. The extent to 

which the global high or low exceed the data range can be 

controlled by the maximum and minimum allowed grid values 

described above. 

E The Projected Slope (PS) Method 

At each (x,y,z) data point selected from those in the 

area around the grid node, a planar surface is constructed. 

This surface is positioned at the Z value of the data 

point and given slopes (strike and dip) which are based on 

field data or computed using other data which surround the 

data point . By construction, this surface passes precisely 

through the (x,y,z) data point and it is tangential to the 

surface being gridded . Each one of these planar surfaces, 

thus constructed, are projected over to each grid location 

and their heights are computed . These heights are weighted 



400 

then averaged to obtain the Z - value for the grid node. 

The PS method is recommended only for slowly varying 

surfaces such as some types of isopachs, as minor errors in 

the slopes can yield erroneous projected values in void 

areas or beyond the data. The projected values can easily 

exceed the data values. When used with post-gridding, it 

should be followed by biharmonic flexing. 

F Weighting or Similarity Functions 

Weighting functions are used in the WA, LS, and PS 

algorithms to compensate for decreasing similarity with 

distance. A weighting function is a mathematical formula 

that tries to estimate the extent of similarity as it varies 

with distance. Two types of weights are available. 

The first type of weight is called "sharp" weighting in 

that it applies very large weights to close data and rapidly 

decreasing weights to farther data. This is typically used 

when the grid is supposed to tie to the data. 

The second type of weight is called "smooth" weighting 

since the weght does not change dramatically with increasing 

distance. The weight at the closest point is unity while 

points half way between the closest and farthest have a 

weight of 0.5. The smooth weight tends to produce a 

smoother pre-grid surface, however, it probably will not fit 

the data as well. 

Both of these weighting or similarity functions are 

independent of direction. That is, they assume that 
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similarity will decrease with distance at the same rate in 

all directions. The rate however, does depend on the 

density of the available data so in one area of a map it 

might decrease faster than in another area . 

3. POST GRIDDING PHASE 

Generally post gridding immediately follows the pre-

gridding step. The post gridding alogorithms are: 

Biharmonic Flexing 

Laplacian Flexing 

Combination Flexing 

Grid Refinement 

The first three are used to simultaneously adjust and smooth 

the grid values to smoothly fit the data. The fourth 

algorithm is used to cut the gridding interval in half and 

interpolate all intermediate grid values. 

will not be discussed further here. 

A Biharmonic Flexing 

This algorithm 

The biharmonic flexing algorithm in Z-MAP produces a 

highly contoured grid to represent the data. That is, every 

grid value is mathematically coupled to every other grid 

value and to all the data points . In theory, this coupling 

yields points on a surface wich resembles a semi-rigid thin 

plate, that is flexed to fit through every data point and 

which has no other external forces distorting the sheet. 

Thus the sheet varies smoothly from one point to another and 

beyond the perimeter of the data it will smoothly continue 
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the trend imposed by the data. 

A large system of equations, one for each grid value, 

is used to mathematically describe the thin plate and its 

coupling to the data. These are solved iteratively in order 

to produce a smooth surface. Biharmonic flexing should be 

initialized with the LS pre-gridding method. 

The biharmonic flexing process starts with the pre-grid 

estimate and iteratively changes it to more closely resemble 

the ideal thin plate surface. The process monitors a 

normalized rate of change in the overall surface smoothness 

where 1 means substantial improvement and 0 means no 

improvement. When the rate of change falls below a 

threshold (default value is 0.25), the process terminates. 

This usually means that no significant change can be 

achieved by continuing the process. 

Some data types cannot be represented very well by a 

thin plate. This means that the system of equations which 

link each grid node to all others and to the data are 

difficult if not impossible to solve as formulated. 

Therefore, the process could iterate forever and not arrive 

at a solution. This is evident when the normalized rate of 

change in overall smoothness reaches some level above the 

cutoff threshold and then tends to "bounce up and down" 

around that level. 

unchecked, there 

To prevent the process from running on 

is a cutoff on the maximum number of 

iterations (default number is 10). 
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B Laplacian (Harmonic) Flexing 

The Laplacian, also called harmonic, flexing algorithm 

in Z-MAP is similar in function to the biharmonic flexing 

algorithm . 

resembles 

plate. It 

It is different in that the physical analog 

a flexible membrane rather than a semi-rigid 

produces a surface that tends to be peaked at 

each data point, varies linearily between data, and flattens 

out to the average value of the data in voids or beyond the 

data perimeter . Furthermore, it cannot produce any local 

highs or lows that do not coincide with data locations or 

which exceed the data, either inside or outside the data 

perimeter . 

A Laplacian grid is not as 

grid. The differences between 

significant; however, at data 

surface tends to be flatter 

Laplacian surface tends to be 

biharmonic surface are usually 

large arcs and fewer closures. 

smooth as the biharmonic 

data locations may not be 

locations the biharmonic 

across the data while a 

pointed . Contours of a 

long flowing curves with 

Contours of a Laplacian 

surface frequently enclose data points. 

Laplacian flexing should be initialized by the WA 

pre-grid method. The grid is then iteratively flexed into 

membrane shape. The controls are used by Laplacian flexing 

are the same as those used by biharmonic flexing. 

C Combination Flexing 

This was the alogorithm used in generating the 3-D mesh 



404 

diagrams shown in Chapter 4. Biharmonic flexing produces a 

very smooth surface which passes through the data while 

Laplacian flexing produces a peaked surface. The biharmonic 

surface can overshoot the data. The models are combined to 

produce a surface which is more like a sheet of plastic 

rather than a semi-rigid plate or a membrane. It does not 

overshoot as much nor does it exhibit sharp peaking around 

the data. 

This process should be initialized by the LS 

pre-gridding method. It has the same types of controls 

described for biharmonic flexing . 

The above discussion describes the technical features 

in Z-MAP Gridding Module used to generate the mesh diagrams 

shown in Chapter 4 . It is presented to give the reader some 

insight into the method and controls used to generate the 

3-D surface, and some idea of the variety of algorithms 

available in Z-MAP to generate these surfaces. 
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