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ABSTRACT 

The study interval. embracing the Dowling, Thistle. Hanson and Chungo 

Memben of the Upper Cretaceous Puskwaskau Formation of west-central Alberta. 

consists of 14 allomembers, which are grouped into three transgressive-regressive 

sequences. The sequences are identified based on the stacking patterns of strata. 

combined with sequence boundaries and maximum fiooding surfaces. 

The development of the three sequences was mainly controlled by episodic 

tectonic loading in the thnist belt to the southwest, as indicated by the reciprocal 

development of systems tracts between the foredeep and distal areas. and the migration of 

the maximum flooding surface in both depositional strike and dip directions . Dunng 

active loading, the foredeep area developed a transgressive systems tract. whereas the 

distal area was subtly elevated and drveloped a regressive systems tract that prograded 

towards the thnist belt. Subsequent to the active loading stage was the relative tectonic 

quiescence stage. This stage is characterised by the development of the regressive 

systems tract in the proximal region and the transgressive systems tract in the distal area. 

The three sequences show dramatic lateral shifts in their depocentres along the 

thmst belt. The depocentres of each component allomember within a sequence also shift 

laterally with respect to those above and below. Migration of depocentres on different 

length and tirne scales reflects along-strike variation in the locus of mavimum thmst 

activity at the corresponding scales. 

Vertical movement of the Peace River Arch in the north and episodic reactivation 

of basement faults was linked to the tectonic loading events in the t h s t  belt. The Peace 

River Arch was active only during formation of sequence III. Uplift of the Arch tilted the 

basin floor. causing the erosion of strata in the nonh. Three basement fault trends (NW- 

SE. NE-SW and E-W) are inferred. based on the isopach deflections. These faults 



controlled the preservation of strata. local development of depocentres in the distal area 

and development of the forebulge. Most of the basement faults were short-lived and were 

active on the allomember scale. although they may have been reactivated several times 

during the formation of the study interval. 
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1. Introduction 

1.f Purpose OfStudy 

The purpose of this thesis is twofold. The first is an attempt to understand the 

evolution of the Alberta Foreland Basin in tems of the interplay of tectonics, eustaq and 

sedirnentation: the three prirnary factors controlling the fil1 of sedimentary basins. 

Previous studies in the Western lnterior Basin at UWO (Noms. 1989: Hart. 1990: Plint. 

1988. 1990. 1991. 1995; Plint et al.. 1988, 1991. 1993) have emphasised sandstone 

intervals within the Upper Cretaceous Snioky Group. Much less attention has been paid 

to the volumetricaily most important part of the succession - the shale units (in fact. this 

is a widespread habit). This thesis is mainly devoted to the stratipphy and 

sedimentology of a shale unit: the Puskwaskau Formation. 

The second purpose of this thesis is to investigate sequence development in a 

foreland basin. Sequence stratigraphic rnodels. based on passive margin basins. have 

become popular templates against which to interpret stratigraphic successions. with 

particular attention k ing  given to the role of eustasy in controlling stratal geomeuy and 

facies pattern. The assumption of the dominance of eustasy in controlling the sequence 

development lead to an important application of sequence stratigaphy: the determination 

of the age of given stratigaphic successions through matching of the local stratigraphie 

cyclicity with the global chart of Haq et al. (1987: Posamentier and James. 1993). This 

project was designed to investigate the vaiidity of this assurnption with reference to the 

Alberta basin. 

Throligh examination of detailed stratal geornetry and facies distributions within 

3rd and 4' order depositional sequences. the following questions were addressed: 



What is the influence on stratal geomeny of differentiai subsidence in a 

foreland basin? Existing sequence stratigraphie rnodels are based on passive margin 

basins where subsidence increases distally, as opposed to foreland basins. where 

subsidence increases proxirnally . 

Can the influence of tectonic subsidence be differentiated fiom the effects of 

eustatic change? 

What is the detailed paleogeogmphy of the Chungo shoreline sandstone? 

Cornputer models are now yielding fairly sophisticated predictive models of 

stratal geometry in foreland bains. The Alberta foreland basin is one of the few basins 

where the database is suficiently detailed to enable these models to be tested and. 

perhaps, modified. 

1.2 Study lntewal and Area 

The study interval Uivolves the Upper Cretaceous (Santonian-earl y Campanian) 

Puskwaskau Formation (em bracing the Dowling. Thistle. Hanson and C hungo 

members). This unit is between 250-400 m thick within the s h d y  area and consists 

largely of shales with a major regressive sandstone unit (the Chungo Member) at the top 

(Fig. 1 - 1 ). Figure 1-2 shows the relationship of lithostratigraphy. allostratigraphy 

(Chapter 5), sequence stratigraphy (Chapter 6) and representative well log response of 

the study interval. 

The study area is located in west-central Alberta and adjacent British Columbia. 

It covers about 40.000 km2. fiom Township 35 nonh to Township 73 (Fig. 1-3). The 

western boundary is the Foothills outcrop zone of the Puskwaskau Formation. and the 

eastem limit varies from township to township. generally. parallel to the Foothills. There 

are two cross sections in townships 50 (labelled A in the insen map of Fig. 1-31 and 61 



BELLY RIVER Fm. 

Chango sandstone 

1st White Speckled Sbale 

W H Y B A N K  Fm. 
MUSKIEU Fm. 

KASKAPAU Fm. 

DUNVEGAN Fm. 

Figure 1-1 Upper Cretaceous litho-stratigraphy in west-central Alberta 



Litho-, Allo-, and Sequence-stratigraphy 

Figure 1-2 Relationship of three types of stratigraphp 



(B in the insert map) that extend much funher eastward (basinward) than the rest of the 

cross sections. 

7.3 Database 
The project is based on a large dataset. consisting of outcrop. subsurface data as 

well as geochemical analyses (Fig. 1-3. Table 1 - 1 ). 

7.4 Study methods 

1.4.1 Section measurement 

Twenty three outcrop sections were measured for this project. These sections 

include al1 the (more) complete sections within the study area measured by Ston (1963. 

1967). Of those, twenty are in the Foothills t hmt  Mt, from Mistanusk Creek. B.C. in 

the northwest, southeastward to the South Ram River, Alberta. Three sections are 

located on the Smoky River in the Peace River Plains of Alberta (Fies. 1-3. 1-4: Table 3- 

2). 

1.4.2 Core descriptions and well log caiibration 

Active oil and gas exploration in the Alberta basin provides excellent 

subsurface control. The sudy area is penetrated by more than 50.000 wells. Well logs 

and cores older than one year are available to the public. 1500 well logs were coliected 

for the study. from which 998 well logs were selected for constmcting isopach maps. 

There are only 14 wells that have cores of the study interval. 217 meten of 

core from the 14 wells were described (Fig. 1-3). These data are very valuable for 

calibrating well log signatures. 



1.13 Outcrop to su bsurface correlation 

AI1 outcrop sections were correlated to the nearest well logs. This permits 
calibration of wel1 logs. 

Table 1-1. Database 

Outcmp sections / 23 sections 

Photo mosaic 1 3 cross-sections and 8 

Well l o g  (R & G)* 1 998 wells 1 about 4 for each 6x6 mile' 

total 5547.3 rn 

470m (horizontal) 

Paleocurrent 

Cores 

1 Well log cross-sections 1 48 cross-sections 1 one per township I 

vertical sections 

67 measurements 

16 wells 

ripples. gutter casts. cross-bedding 

total 227m. al1 available 

lsopach maps 

Stable isotopic analysis 

* R: resistivity: G: gamma 

18 maps 
13 samples 

each allomember. each sequence 

from two concretions 



Figure 1-3 Study area and database map 



Alberta l 

Figure 1-4 Location of the measured outcrop sections 



1.4.4 Weil Iogs and well-log cross-sections 

About 1 500 pairs of well Iogs (gamma and resistivity) were selected and printed 

fiom Home Oil Company Ltd.. Calgary (Fig. 1.2. Table 1.1). With these dam 18 hi&- 

resolution well-log cross-sections were conmucted to form a correlation grid. One W-E 

cross-section was conmcted for each township; four NW-SE cross sections were 

constmcted, paralleling the Foothills zone (strike) to connect the west-east cross- 

sections. rtiree NE - SW cross sections were correlated to measured outcrop sections. 

1.4.5 Isopach map construction 

Isopach maps for each allomember and sequence, and for the entire study interval 

were constructed to illustrate patterns of subsidence at a variety of time scales. This was 

a particutarly valuable exercise as it showed that subsidence patterns on a timescale of 

1 o5 years were markedly different h m  that of 1 o6 years. 

1.5 Previous Work 

Before the 19803, geological investigation of the study interval was focused on 

litho-and bio-stratigraphie work. Stott (1963, 1967) did an excellent, outcrop-based. 

regional stratigraphie correlation of the Upper Cretaceous rocks in the Foothills region 

h m  the US-Canada boundary north to the Pace  River. His work. based on extensive 

observation of outcrop in the Fooihills and on the Smoky River, provided an excellent 

bais for this thesis. 

Ston (1963. 1967) defined five lithostratigraphic members in the Puskwaskau 

Formation. of which the lower four members. the Dowling. Thistle. Hanson and Chungo. 

form the subject of this thesis (Plate 3-1). He also noted that the rocks could be 

correlated on the basis of depositional cyclicity. and realised that some lithostratigraphic 

member boundaries crossed depositional cycle boundaries. 



Since the 1980s. the rise of gas prices has h u l a t e d  some sedimentologically- 

oriented studies in southem Alberta because the Milk River Formation in this region. 

equivalent to the Chungo/Hanson Members in the north contains about 300 billion rn3 of 

gas (Meyer. 1994). Most of these studies. however, were based mainiy or exclusively on 

outcrop studies (Meijer-Drees. et. al.. 1 98 1 : Ferguson, 1 984; McCrory and Waiker. 

1986; Rosenthal and Waiker., 1987: Cheei and Leckie. 1990; Meyer. 1994: O'Connell. 

et ai.. 1995). These studies showed that the Miik River Formation in southem Alberta 

was deposited mainly in a stom-dominated shoreface and CO-existing coastal plain. with 

some tidal influence (at the later stage). The shoreline in thk region was oriented W-E 

or WNW-ESE and prograded northward. O'Connell, et al. (1  995) interpreted the stratal 

relationships of the Milk River Fornation in sequence stratigraphie tenns. 

Within the study area. the origin of the Chungo sandstone has been attnbuted 

to a propding  banier system and/or a prograding shorelinelshelf (Stott. 1967: 

Rosenthal and Wdker, 1987; Leckie. 1989; Leckie. et. al.. 1992; Leckie, et. al.. 1994). 

However, save for the work of Rosenthal (Rosenthal and Walker, 1987). no recent 

sedimentological analysis of the Chungo Member has been undertaken north of the 

Little Berland River. More imporiantly. except for the preliminary and exclusively 

outcrop-based studies of Ferguson ( 1984), the sedimentology and physical stratigraphy 

of the shaly part of the Puskwaskau Formation has never been studied. 



2. The Development of Stratigraphy in Foreland Basins 

2.1 Introduction 

There is a general agreement that tectonics. ewtasy and sediment suppiy are 

three primary factors controlling the development of stratigraphic sequences in 

sedimentary basins (Christie-Blick. 199 1 ; Swift and Thome. 1 99 1 ; Thome and Swift. 

1991 ; Steckler et al.. 1993: Johnson and Beaumont. 1995, Miall. 1997: among others). 

However. the relative importance of the individual factors is dificult to detemine 

because of the diversity of tectonic settings of sedimentary basins (Busby and 

Ingersoll. 1995), and of the difficulty in discriminating the s ipa l s  of the three 

parameters (Sloss, 1963. 1988: Posamentier et al.. 1988: Posamentier et al.. 1993: 

Schlager, 1993; Steckler et al.. 1993: Christie-Blick et al., 1995). In Exxon's sequence 

stratigraphic models. established on passive margins, eustasy was believed to play the 

dominant role in sequence development (Jervey, 1988; Posarnentier et al.. 1988a: 

Posamentier and Vail. 1988b; Van Wagoner et al.. 1990). which lead to the proposa1 

of the global eustatic chart (Haq et al., 1987: 1988). Even though eustasy may be the 

dominant control on passive margins. where subsidence is relatively slow. tectonic 

and sediment supply variations are likely to ovenvhelm eustasy. especially in 

tectonicall y-active basins such as foreland basins (Ettensohn. 1 994: Jordan and 

Flemings. 1991). In fact. examples in which tectonics or sedirnent supply were the 

major controlling factor have been widely documented (Butler and Grasso. 1993: Cant 

and Stockmal. 1989; Coakley and Watts, 1991 : Covey. 1986: Jordan and Flemings. 

1991: Plint et ai.. 1993; Schlager. 1993; Sinclair et al., 1991). as also reviewed 

extensively by Mial1 (1 997). 

This chapter provides a brief review of the roles of the these controlling factors 

in the formation of sequences and sequence boundaries in foreland basins. and 

discusses some of the ways in which the three factors may combine. 
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2.2 Loading and Flexural Response of the Lithosphen 

Foreland basins form as a flexural response of the lithosphere to loading by 

uinist belts (Price. 1973; Beaumont, 198 1; Jordan. 1981) and have an asymmetric 

subsidence pattern, with subsidence increasing toward the thmst belt and the formation 

of a forebulge on the distal side (Fig. 2-1). Thnist belts are wslated cratonward with 

time. and accordingly, the aspmetrïc basin profile shifis in the sarne direction. 

causing any given point on the basin floor to experience an increased rate of 

subsidence through tirne (Dorobek, 1995). 

Foreland basin profiles are dynamic over time as a function of the rheology of 

the lithosphere (elastic vs. visc~elastic)~ and of loading styles (active loading vs. 

relatively quiescent). 

2.2.1 Rheology, loading styles, unconformiâies, stratigraphie architecture and 

facies distribution 

The behavior of the lithosphere under a load depends on its mechanical 

properties which can be considered as end-member categories: elastic and viscoelastic 

(Beaumont . 1982; Beaumont et al., 1993 ; Quinlan and Beaumont. 1 984; Jordan, 198 1. 

arnong others). The deflection of elastic lithospheric plates is dependent entirely on 

the magnitude of the load and will remain constant until the magnitude of force 

changes (Beaumont et al.. 1993; Jordan, 1995). On the other hand. viscoelastic plates 

are able to relax the bending stress, and thus permit the defornation to evolve through 

time. causing the flexural profile to become deeper and narrower (Beaumont et al.. 

1993: Jordan, 1995). 

Relaxation is a very slow process. especially where the upper pan of the 

lithosphere has become cool (Beaumont et al.. 1993: Quinlan and Beaumont. 1984). 

As a result. most foreland basins probably could be considered to develop on an elastic 

lithosphere since their history was relatively short compared to the time scales of 

relaxation of the lithosphere (Coakley and Watts. 199 1 ). 



Figure 2-1 Subsidence pattern in foreland basins: subsidence increasing toward the 
thnist belt (to the left): modified fiom the cover drawing of Dorobek and Ross ( 1  993). 
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Tectonic activity in the thrust belt is typically episodic. Foreland basin profiles 

form during the period of active loading and then are modified during the following 

period of quiescence (or relaxation). The modification of basin profiles is dependent 

on the rheology of the lithosphere which controls the timing of unconfomity 

formation. stratigraphie architecture. and facies distribution. These relationships are 

schematically summarize in Figure 2-2, and typical features are listed in Table 2- 1. 

In a foreland basin developing on an elastic plate (Fig. 2-2B). basin profiles 

depend entirely on the magnitude of the load. When the load is removed. the plate 

reverts to its pre-stressed position. Active loading causes rapid subsidence in the 

proximal basin and uplifi of the forebulge in the distal region. Uplift of the forebulge 

may result in an unconformity, particularly if the forebulg is subaerially exposed. 

Sediment eroded from the forebulge is transported towards the orogen. forming a thin. 

progradational wedge (Fig. 2-ZB). During times of rapid subsidence. the proximal 

side of the basin will trap most of the coarse grained sedimenf leaving only fine 

grained sedirnent in the central basin area. As a result, the basin center becornes 

relatively sediment-starved, and, in a marine basin, will accumulate a thick succession 

of shale. Rapid subsidence will also cause the development of an aggradational 

stacking pattern in the proximal area (Jordan and Flemings. 1 99 1 : Jordan. 1 992). As a 

whole. the strata formed during the active loading stage displays a wedge geometry 

(unit 1 of Fie. 2-2B) 

During tectonic quiescence, tectonically-driven loading and subsidence cease. 

Continued subsidence results only from the continued redistribution of sediment into 

the basin (Heller et al.. 1986: Jordan. 1995). As a result. water-filled space in the 

basin center may fil1 with sediment. permitting rapid progradation of shallow water 

deposits and forming strata characterized by coarser sediments wirh sheet geometry 

(unit II, of Fig. 2-28). in contrast to the wedge geometry of shales fomed at the stage 

of active loading. With progradation. the sediment load shifis in the same direction. 



A 
Viscodastic 

- - Distance from the thrust belt 
.B 

Elastic 

& Source from the thrust belt 

Source from the forebuldge - Distance from the thmst belt 
Unconfomities 

1 Active loading period 

Ils Relaxation period 

llb Quiescent period iw Sediments eroded 

Figure 2-2 Conceptual summary of unconformities. stratigraphie architecture and facies 
distribution in foreland basins as a response to rheology of the lithosphere and episodic 
loading. (Distinctive features of two end-member foreland basins are summarized in 
Table 2- 1 ). Both viscoelastic and elastic cases show litho- and time-stratigraphy. The 
initial response of both cases is elastic. Based on the ideas of (Covey. 1986: Heller et al.. 
1986: Jordan. 1995: Jordan and Flemings. 1991: Plint et al.. 1993: Quinlan and 
Beaumont, 1984b: Tankard. 1986) 



Table 2-1 Cornparison of stratal architecture and facies distribution: elastic vs. 
viscoelastic ~ i a t e  behavior. In the both cases. the initial remonse is elastic. 

i Periods 
Stratal geometry 
Lithology* 
Unconformity 
Stacking patterns 
(proximal) 
wedges 
(shed from forebulge) 

*: Lithology is overall lithology in a relative sense between the two phases in the same kind of basin. 

active 
wedge 
shaly 
dista1 

q uiescent 
sheet 
sandy 
proximal (local) 

active 1 relaxation 
wedge i wedge i 
sandy j shaly I 

distal : distal 1 

aggradational I progradationai 
t 

onlapping ont0 the lower unconformity, 
no erosion 

retrogradational 1 aggradational / 
1 I 

tmcated by the upper unconformity 1 
I I 



causing the forebulge to migrate away fiom the thrut belt. thus widening the basin. 

Tectonic quiescence combined with continuous erosion in the thnist belt may result in 

isostatic rebound in the proximal a r a  fonning a local unconformity (Fig. 2-ZB: 

Heller et al.. 1986; Beck et al., 1988; Blair and Bilodeau. 1988; Jordan and Fleming. 

1 99 1 ; Jordan, 1995). 

For a viscoelastic plate, basin profiles are controlled not only by the magnitude 

of load but also by the age of the load. Because of viscous stress relaxation. the 

flexural deformation is not recoverable if the load is removed Stress relaxation causes 

the orogen-ward migration and uplifi of the forebulge. and an increasing subsidence 

rate in the proximal basin as the load ages. As a result. strata in the proximal region 

initially develop retrogradational, foliowed by agpdational stacking patterns (Fig. 2- 

2A). in the distal area, the migration and uplifi of the forebulge at the onset of 

relaxation will result in uplift and the formation of unconformities that cut 

progressively deeper in a distal direction, resulting in the erosion of any earlier 

deposits shed fiom the forebulge (Fig. 2-2A). In addition, an increasing rate of 

subsidence and narrowing of the basin with time will lead to the formation of more 

wedge-shaped strata that are dominated by relatively fine grained sediments (unit II, of 

Fig. 2-2A : Tankard. 1986; Jordan and Flemings. 1990). 

23.2 Iahomogeneities of the lithosphere and the localization of forebulges 

As discussed in the previous section, the rheology of the lithosphere (elastic vs. 

viscoelastic) detennines how the forebulge behaves afier the initial loading. Modeling 

expenments predict that inhomogeneities in the lithosphere control the movement of 

the forebulge. Weak zones within the lithosphere may cause the localization of 

forebulges and modifv the basin geometry (Waschbusch and Royden. 1992 ). 

Figure 2-3 shows the simulated result of the effects of lithospheric 

inhomogeneities on basin geornetp. ln this case. there are two u-eak zones ni th in  the 



Oistonce Across Strike (km) 

Figure 2-3 Effects of weak lithospheric zones on basin gometry and localization of 
forebulges. The basin floor becomes steeper and forebulges are Iocalized when the 
forebulges coincide with a weak lithospheric zone (400-500 km and 800-900 km in 
distance). Evolution of the basin geometry is shown by profiles representing equal time 
increments. (from Waschbusch and Royden. 1993). 



lithosphere. located in the strike distance between 400 and 500 km. and 800 and 900 

km. respectively. Each profile in the diagram represents the basin pometry at equal 

time increments. When the forebulge reaches a weak zone. the basin floor dips steeply 

and the forebulge becomes higher because the weak region bends more easily 

(Waschbusch and Royden, 1992). As a result. higher subsidence rate within the basin 

and deeper erosion of the forebulge should be expected. It can also be seen that the 

migration rates of basin profiles in the weak segments are significantly reduced. 

resulting in the localization of the forebulges in the zones of weakness (Jordan. 1995. 

p.355). 

2.3 Eustasy 

23.1 Seafloor spnading and third-order sea Level changes 

There are at least five orders of sea level cycles, with duration of 10s ky to 

100s my. with the higher-order sea level cycles being supenmposed on the lower-order 

ones (Miall. 1990; Mitchum and Van Wagoner. 1991). Although the driving 

mechanisms for the low-order (1st- and 2nd-) and high-order (4th- and 5th.) sea level 

cycles seem to be widely accepted (Table 2-2). the causes of 3rd-order sea level cycles 

are controversial. as summarized by Miall (1  990) and Plint et al. ( 1  992). The 

irregularity in the duration of 3rd-order sea levei '~ycles" (1  - 1 O ma) itself probably 

implies multiple causes of the "cyclicity". 

One possible cause of 3" order cycles is variations in seafloor spreading rates 

(Miall. 1990). A tectonoeustatic mechanism was advanced by K a u h a n  ( 1  984) on the 

basis of chronostratigraphic reconstruction of strata in the Upper Cretaceous Western 

Interior Seaway. Kaufian recognized a synchrononeity between periods of sea level 

rise in major 3rd-order sea level cycles (transgressive-regressive cycles) and episodes 

of active thmsting and volcanism in the Cordillera. which were related to 

contemporaneous seafloor spreading in the Pacific Ocean (Kauffman and Caldwell. 



Table 2-2 Sea level cycles and possible causes 

Modified from Miall( 1990) and Plinr et al. ( 1992) 
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1993). In addition. most of his 3rd-order cycles in North Arnerica have been 

correlated with those of northwest Europe. irnplying a global extent (Hancock. 1975). 

It is likeiy that variations in the rates of seafioor spreading caused the episodic tectonic 

and volcanic activity and in him. the fluctuations of sea level within the Western 

Intenor Seaway, with additional contributions fiom the changing volumes of mid- 

ocean ndges (Miall. 1990: Kauffman and Caldwell. 1993). . 

23.2 Milankovitch cycles and 4th- and 5th-order sen level changes 

4th- and 5th-order sea level changes have a penodicity of 100s and 10s ky. 

respectively. They probably result fiom variations in the Eardi's orbital cycles 

(Milankovitch cycles) as follows: eccentricity (100 000 and 400 000 years). obliquity 

(41 000 years) and precession (19 000 - 23 000 years). Variations in the Earth's orbit 

change the arnount of solar radiation reaching the earth. in n~ causing global climate 

changes resulting in waxing and waning of glaciers. and causing sea ievel fluctuations 

(Fischer. 1986: 1993). 

In addition. possible thermal expansion and contraction of the oceans. and 

water storage in terrestrial reservoirs may affect eustatic sea level on a timescale of 

10'' - 10' years (Revelle. 1990: fiom Flint er al.. 1992). 

Hi&-frequency rh-ythmic global climate changes related to Milankovitch 

cycles also affect rates of weathering and sediment flux. which can have a profound 

influence on sedimentation. Milankovitch cycles have been interpreted to control 

hi&-frequency stratigraphic cycles in a wide range of sediments (aeolian to submarine 

fan: e.g. de Boer and Smith. 1994). 

2.4 Sediment supply 

Sedimenrs do no1 just passiveiy f i I l  the accommodation space within a 

sedimentap basin. With their load. they also modifi the space through isostatic 
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compensation of the lithosphere and through compaction of sediments. Variations in 

sediment supply can produce stratal geometries similar to those fomed by eustasy. and 

form supply-dominated sequences (Schlager. 1993). 

2.4.1 Creatioa of accommodation by sediment load 

Sediments can create accommodation through isostatic compensation and 

compaction. Because of the sediment load, the lithosphere may subside by up to 70% 

of the thickness of the sediment layer. Sediment compaction can produce an apparent 

subsidence of 50-60% of the thickness of the fieshly deposited sediment layer 

(Reynolds et al.. 1991) and may even locally control the development of sequences 

(Hunt et ai., 1996). 

During tectonic quiescence, rapid progradation shifis depocenters basinward. 

causing the location of maximum sediment load and basin floor deflection to move in 

the same direction (Coakley and Watts, 1 99 1 ). 

2.4.2 Sediment-supply-dominated sequences 

The stratigraphie expression of the same eustatic cycle may Vary fiom place to 

place, if there are significant variations in sediment supply (Leckie. 1994, 1995). 

Eustatic rise is not necessaily expressed as the formation of transgressive system 

tracts . For exarnples, progradational systems tracts have been built by the modem 

Rhone and Mississippi deltas where high sediment supply has ovemdden the last 4000 

years of eustatic rise (Posamentier et al.. 1992; Schlager. 1993). 

Schlager (1 993) documented many examples of supply-dominated sequences. 

ranging fiom non-marine to deep ocean settings. He concluded that the *-centus-old 

pnnciple" that sediment supply and sea level are equally important factors in the 

development of sequences still holds tme. Swift et al. ( 199 1 ) took a step farther and 

argued. based on observations of modem sediments and rnodeling results. that both the 

sediment supply to a sedimentary basin and the efficiency with which sediment is 



redistributed within a sedimentary basin were important in determining sequence 

types. 

2.5 Interaction of the fhme primary factors in foreland basin settings 

Figure 2-4 summarizes the influence in the formation of sequences and 

sequence boundaries of individual factors in foreland basin settings. The width of the 

triangles is schematically proportional to the magnitude of the individual factors. with 

the apex pointing to the direction of decrease of their magnitude. Higher subsidence 

rates favor the formation of type-:! sequences. On the other hand. greater sea level fa11 

(rates and magnitude) and higher sediment supply increase the tendency for type-1 

sequences to deveiop. 

Tectonics, eustasy and sediment supply, however, operate simultaneously in a 

sedimentary basin. The effect of the individual factors on the development of 

sequences is not just dependent on the magnitude of each individual factor. but rather 

on the relative cornpetence of those facton (Steckler et al.. 1993). Variations in the 

combination of these the facton will result in different types of sequences and stratal 

geornetries; and similar stratal architecture may result from different combinations of 

these factors. The following section summarizes some possible scenarios of the 

combination of the three primary factors in controlling sequence developrnent as well 

as facies distribution in foreland basins. 

2.5.1 Ramp basin floors and incised shoreface development 

Foreland basins have a ramp-type margin which is characterized by a gentle 

dope and no shelf-slope break (Plint and Noms. 1991: Posamentier and Allen. 

1993b). This basin physiography is a composite result of subsidence pattem and 

sediment supply. The pattern of increasing subsidence rate towards the thmst belt. in 

the same direction of increasing sediment input. enables the margin to trap most or al1 

the sediment in the marginal area. foming a ramp basin floor. This is in conirast with 



Type-l Sequences 

I Type-Il Sequences 

Figure 2-4 Factors idluencing the formation of Type I and Type II sequences. The 
width of the triangles is schematicaily proportional to the magnitude of the corresponding 
factor (sumarized fiom Reynolds et al.. 1991: Posamentier et al.. 1993: Steckler et al.. 
1993). 



the situation on passive margins where. due to decreasing subsidence rate towards to 

the basin margin, there is always an excess of sediment in the proximal area to be 

transported farther basinward to form a steep depositional slope. 

Ramp basin rnorphology in the foreland basin has a profound influence on the 

character of lowstand systems tracts. As in the Alberta basin. deep water turbidite 

deposits are not likely to occur in the ramp setting due to lack of siopes sufficient to 

trigger and sustain turbidity currents. Instead, when sea level stabilizes at lowstand. a 

new shoreface will fom with an erosional base in the landward portion of the 

shoreface sandstone (incised shoreface; pl in^ 1988. 1996: Plint and Noms. 199 1 : 

Walker and Plint. 1992; Posamentier et al.. 1992; Posarnentier and Allen, 1993a 

1993 b; Posamentier and James, 1993; Ainsworth and Pattison. 1 994). 

The incised shoreface could be attached to or detached fiom the previous 

highstand shoreface (Ainsworth and Pattison, 1994: Plint, 1996) . depending on the 

position of shorelines at the time of the most rapid fall of eustatic sea level with 

respect to tectonostratigraphic zones. as discussed in the next section. 

2.5.2 Tectono-stratigrnphic zonation and sequence types 

Study by Posarnentier and Allen (1993a) showed that during any given eustatic 

sea level cycle, the foreland basin margin can be divided into two tectono-stratipphic 

zones separated by the point where the rate of maximum sea level fa11 is equal to the 

rate of basin subsidence Relative sea level rises at any point in zone A (Fig.2-5A) 

because subsidence rate increases toward the thrust belt and is everywhere higher than 

the maximum rate of eustatic fall. If the shoreline is within zone A. unconfonnities 

would be unlikely to form. On the contrary. an. point in zone B experiences relative 

sea level fall and foms an unconformity when eustatic sea level fall exceeds 

su bsidence. 
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Figure 2-5 Tectono-stratigraphie zonation: foreland basins vs. passive margins. A and 
B: the basin subsidence rate is constant during a given eustatic cycle. The boundary 
between zone A and B corresponds to the equilibnum point where the rate o f  the 
maximum eustatic sea level fall is equal to the basin subsidence rate during a given 
eustatic cycle. C: the basin subsidence rate varies during a given eustatic cycle. resulting 
in the occurrence of a transitional zone between zone A and zone B. The orogen-ward 
boundary of the transitional zone is the equilibrium point when the whole basin has the 
lowest subsidence rate during a given sea level cycle. while the basin-ward boundary is 
the equilibrium point when the basin has the highest subsidence rate. ( A and B from 
Posarnentier and Allen. 1993 ). 



The above scenario is valid when basin subsidence rate is constant. If the basin 

subsidence rate varies during an eustatic cycle. a more complicated situation would 

occur where the equilibrium point varies across a transitional zone defined by two 

equilibrium points which are in tum defined by lowest and highest subsidence rates. 

The orogen-ward equilibrium point would reflect the lowest rate of subsidence. and 

the basinward one the highest rate of subsidence. Within the transitional zone. 

relative sea levels may fa11 or rise during a eustatic cycle and types 1 and II sequence 

boundaries may form if the shoreline is within the transition zone (Fig. 2-5C). as also 

discussed by Yoshida et al. ( 1996). 

It is interesting to note that zone A is landward of zone B in the foreland basin. 

in contrast to a passive margin (Fig.2-5B). The relative position of these two tectono- 

stratigraphie zones has important implication for the formation of sequence 

boundaries. To form a type-1 sequence boundary. sediment supply must be high 

enough to build the shoreline out to zone B (Posarnentier et al., 1993a). In this case. 

during the time of most rapid sea level fall, the shoreline will translate rapidly 

basinward. perhaps resulting in a detached lowstand shoreface sandstone (Fig. 2-6E: 

Walker and Plint. 1992; Posamentier and Allen., 1993a; Plint. 1996). If the sediment 

supply is relatively low, and the shoreline is within zone A. a type-? sequence 

boundary forms. The resulting lowstand systems tracts are characterized by attached. 

highly progradational shoreface sandstones. or falling stage systems tracts (Fig. 7- 6B. 

C. and D; Walker and Plint, 1992: Posarnentier and Allen. 1993a: Ainsworth and 

Pattison. 1994; Plint. 1996). 

2.5.3 Sen level and sedimentation on the forebulge 

Sedimentation on the forebulge depends mainly on eustatic sea level. and on 

the depree of flexural uplift controlled by the nature of the load and the rheology of the 

lithosphere (see discussions in sections 3.3.1 and 3.2.2). If sea level is below the crest 

of the forebulge. erosion takes place and unconfomities form. Sediments are eroded 

and transported toward the basinward side of the forebulge. and f o m  a clastic wedgr 



Figure 2-6 Formation of two types of lownand incised shoreface in foreland basins. B. 
C. and D: attached (the rate of maximum sea level fall is lower than the subsidence rate at 
shoreline) ; E: detached (the rate of maximum sea level fail is higher than the subsidence 
rate at shoreline). (from Plint. 1996). 



@ro-bulge wedge) propding towards the thnist belt (Tankard. 1986: Jordan and 

Fiemings. 199 1 : Plint et al.. 1993: Jordan. 1995:). When sea level is above the crest of 

the forebulge. a submarine erosion surface may develop. Alternately. clastic-starved 

sediments such as ooidal ironstone may form on the forebulge (Tankard. 1986: Plint et 

ai.. 1993; Donaldson, pers. corn . ) .  In addition. a shallow sediment- basin ('- back 

bulge basin 'O) develops on the cratonward side of the forebulg. If water depth over 

the forebulge is far greater than fair weather wave base. sedimentation on the 

forebulge probably will not show any recognizable sedimentoiogical difference from 

the surrounding area. 

2.5.4 Overfilled vs. underfilled foretand basins 

A foreland basin may be overfilled or underfilied. dependent mainly on the 

balance between tectonic subsidence and sediment supply A foreland basin is 

considered to be overfilled if sediment suppl y exceeds the tectonic subsidence and 

deposits prograde beyond the forebulge. On the other hand. low sediment supply will 

lead to the formation of an underfilled foreland basin (Jordan. 1995). 

The degree to which the basin is filled. in combination with eustatic sea level. 

determines facies types. paieocurrent patterns. and basin architecture (Jordan. 1995). 

In overfilled basins. sediment fills the entire tectonic depression between the thnist 

belt and forebulge and builds out beyond the forebulge. As a result. the entire basin 

has a low-lying physiography: sediment is mainly deposited in non-marine settings 

with a marine condition in the early stages if sea level is high enough to inundate the 

basin. Dispenal patterns are largely perpendicular to the thnist belt (Jordan. 1995). 

There might be three dominant dispersal systems in underfilled foreland basins. 

with a topographic trough developing betu-een the thrust belt and forebulge. If the 

forebulge is exposed. sediment from the thmst belt and forebuige are transponed. at 

high angles to the trend of the thrust belt and forebulge. into the topographic trough 



but in an opposite direction; and a third system may develop parallel to the thmst belt 

(Jordan, 1995). The central discharge system may traverse the entire basin if no 

standing water is present, or it may just occupy marginal regions of the foreland basin 

if a sea or lake occupies the basin centre (e-g.. Leckie and Smith. 1992) . 

25.5 Tectonically-controlled clastic wedges 

Flexural models of foreland basins indicate that tectonics are the principal 

control on the history of a foreland basin. As discussed in section 2.1. the thnist belts 

that provide a load to depress the Iithosphere are characterized by episodic activity. 

This cyclicity of tectonic activity should ieave a signature in the stratigraphie record of 

a foreland basin. 

Jordan and Flemings. simulations (1991) predict that the stratipphy of 

foreland basins consists of a series of clastic wedges, each of which corresponds to a 

tectonic cycle. Two distinct stages of a tectonic cycle. active and quiescent. f o m  a 

distinct stratai architecture and facies (see section 2.2). Their prediction is consistent 

with observations in modem (Covey, 1986) and ancient foreland basins (Heller et al.. 

1986; Blair and Bilodeau. 1988). 

Plint et ai. (1993) compared their observations with Jordan and Flemings' 

simulated results. and interpreted the clastic wedges of the Upper Cretaceous strata in 

the Alberta foreland basin in terms of the mode1 of Jordan and Flemings (Fig. 2-7). 

They inferred that shaly intervals such as the Shaftesbury. Kaskapau. and Muskiki 

formations formed during active loading stages whereas sandy intervals such as the 

Dunvegan. Cardiurn. and Marshybank formations were deposited during tectonically 

quiescent penods. 

Based on the independent dating of allochthonous terrane accretion events in 

the Canadian Cordillera and of major clastic wedges of Late Jurassic to Tenian- age in 



Figure 2-7 Tectonic control on the development of the Upper Cretaceous strata in the 
Alberta foreland basin. Sandy intervals formed during active tectonic loading and shaly 
intervals during reduced loading. ( h m  Plint et al.. 1993). 



'1 3 2 
the Alberta foreland basin. Cant and Stockrnal (1989: Fig. 2-8) found a coincidence 

between terrane accretion events and the formation of clastic wedges. They concluded 

that terrane accretion was responsible for the formation of the clastic wedges. 

Fluctuations in eustatic sea Ievel were believed by them to influence the intemal 

stratigraphy of these tectonically-controlled wedges. This idea has been advocated 

aiso by Stockmai, Cant and Bell (1992) and Kauffman and Caldwell (1993). 

It is important to remember that the tectonic cycles related to the six terrane 

accretion events of Cant and Stockrnal (1989) are of much longer duration than 

tectonic events inferred to be responsible for the clastic wedges described in Plin1 et al 

(1993). It seems that tectonic processes in the Alberta foreland basin were operating 

in a hierarchy and on different time scales. with the beginning and termination of the 

foreland basin being on the lowest order and with the longest duration. The terrane 

accretion events were on the next higher order. within which occurred various even 

higher-fiequency tectonic events charactenzed by localized loading and unloading 

processes. 
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Figure 7-8 Timing relationship among the major clastic wedges. the allochthonous 
terrane accretion events (the Alberta foreland basin). and global eustatic cycles. Each of 
the six clastic wedges can be correlated in time to the six terrane accretion events. not to 
global eustatic sea level drops. with the exception of the drop between 140- 125 ma ( from 
Cant & Stockmal. 1989). 
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3. Facies Analysis of the Puskwaskau Formation 

The snidy interval is dominated by shallow marine shales with shoreface 

sandstone (the Chungo Member) on the top (Plates 3-1A. B). It includes al1 the 

lithostratigraphic members of the Puskwaskau Formation except the top Nomad 

Member (Plate 3-1B). The study interval is bounded above and below by 

unconfomity surfaces. 

Fifieen sedimentary facies were identified in the study interval. mainly based on 

the lithology. primary sedimentary structures. as well as fossil content. They were 

synthesised Eom 23 outcrop sections and 14 cores. This chapter provides the description 

of each individual facies followed by its interpretation. with a surnmary of facies 

successions at the end. 

Ferguson (1 984) and Rosenthai and Walker (1 987) identified 1 1 and 1 0 facies. 

respectively. fkom the same strata in the southem part of. and south of. the study area 

(Table 3-1) Most of the facies identified by these investigators were also seen in the 

present study area. in addition. two facies (Facies 9 and 12) and one subfacies (Fl Ob) 

were recognised in this study, as highlighted (shading) in Table 3-1. The three facies 

schemes are correlated in Table 3- 1. recognising that overlap exists between them. 

3.1 Wave- end stonn-dominated shomline and shelf system 

As discussed in detail later. the fifieen facies were forrned in a wave- and 

storm-dominated shoreline and shelf system (Walker and Plint. 1992). In this chapter. 

the facies zonation of the system is shown in Figure 3-1. which also shows important 

sedimentary structures and ichnofacies in each zone. In this zonation scheme. five 

energy-related boundaries are emphasized. including 1 )  high-tidr level: 3)  low-tide 

level; 3 )  fair weather wave base: 4) mean storrn wave base: and 5 )  maximum storm 

wave base. 



Plate 3-1 

A: Representative aenal view of most of the Upper Cretaceous Smoky Group exposed in 
Cutpick Hill. 21 km north of Grande Cache, Alberta (C = the Cardium Formation: M = 

the Manhybank Formation; D = Dowling Member; Th = Thistle Member; H = Hanson 
Member: Ch = the Chungo Member). The Puskwaskau Formation extends fiom the top of 
the Marshybank Formation up to the shaly interval above the Chungo Member (the 
Nomad Member). The red dash line denotes the study interval. 

B: A close-up view of the Chungo sandstone and adjacent units ( N = the Nomad 
Member. shallow marine shale: Ch = the Chungo Member consisting of HCS sandstone 
grading up into SCS sandstone; H = the Hanson Member, offshore bioturbated silty 
shale). The Chungo sandstone is sharply overlain by the Nomad marine shale with an 
unconformity. indicated by the black arrow. The white arrow points at a regional 
erosional surface marking the base of allomember M (discussed in Chapter 5 ) .  The strata 
between the two arrows are 35 m thick. Muskeg River. 
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Table 3-1. Correlation among three facies schemes for the Puskwaskau & Wapiabi 
Formations 
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Figure 3-1 Facies zonation in wave- and storm-dominated shoreline and shelf system. 
where five energy-related boundaries are emphasised: high tide level. low tide level. fair 
weather wave base, mean storm wave base, and maximum storm wave base. Surnmarised 
from Davis (1985). Plint (1987). Simpson (1990), and Walker and Flint (1992). SCS: 
swaley cross stratification; HC S : hurnrnocky cross stratification. 
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Wave- and storm-dominated shoreline and shel f systems have been widel y 

documented in other strata deposited in the Cretaceous Western Intenor Seaway of 

North America. part of which was the Alberta Foreland Basin (Leckie and Walker. 

1982; Leckie, 1988; Walker. 1983; Walker and Eyles. 1988; Walker and Wiseman. 

1995. Pemberton and Frey, 1984; Duke, 1985: Swift et al.. 1986: Swift and 

Nummedal. 1987: Plint and Walker, 1986, 1987; Plint, 1988. 1990. 199 1. 1993. 1996; 

Plint and Noms, 1991; Bergman and Walker, 1987; Rosenthal, 1988: Hadley and 

Elliott. 1993; Meyer, 1994: Hart and Plint, 1995. among many others). Most of the 

facies identified in the Puskwaskau Formation were dso recognized by these 

geologists. 

3.2 Data collection 

3.2.1 Outcro p 

J.2.l. I Section measurernent 

25 outcrop sections were measured for this project. Of these. 20 are scattered in 

the Foothills thnrst belt, from Mistanusk Creek. B.C. in the northwest. southeastward to 

the South Rarn River. Alberta Three sections are located on the Smoky River in the 

Peace River Plains of Alberta (Figs. 1-3, 1-4; Table 3-2). 

In the Foothills, outcrop sections occur in imbricated thrust slices. Eleven of the 

23 sections are complete without fault disturbance. In sections exposed along rivers and 

creeks. flowing water has locally polished the rock allowing detailed observation of 

primary lamination and trace fossils. 

Measurement of the outcrop sections is the most expensive part of the project 

because one third of the measured sections are only accessible by helicopter. The 

sections on the Smoky River were only accessible by boat. 
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For each outcrop section. colour. +gain size. sorting, sedimentary structures. 

paleocurrent. fossils (body and trace). concretions. bedding contact and thic kness were 

recorded. For shaly intervals. sand to shale ratios as well as their upward vends were 

also estimated visually and recorded. Subdivision of strata was determined on the basis 

of facies and depositional cycles. 

Black and white photographs and corresponding colour slides were taken in 

outcrops to record sedimentary structures, facies succession, stratal relationship. trace 

fossils, as well as other features. These records serve as a very good reminder during 

later lab analysis. 

3.2.1.2 Photomosaic 

Long cliff exposures of the Chungo Member in the George Creek area were 

photographed fiom a helicopter, h m  which photomosaics were constnicted (Fig. 3-4 in 

the back pocket). They pemitted analysis of the detailed intemal sedimentary features 

and georneûy of conglomerate bodies in the Chungo Member. 

3.2.1.3 Outcrop correlu tion 

Outcrop sections are very difficult to correlate directly because of their scattered 

locations. lateral variation in thickness and facies, and Iack of distinctive outcrop marker 

beds. It is much easier and more reliable to correlate outcrop sections with the assistance 

of a subsurface matal framework established by well log correlation (e-g.. Plint. 1990). 

AI1 outcrop sections were therefore correlated to the nearest well log first. and then 

correlated via the subsurface grid of cross sections. 

3.2.1.4 Paleocurren ts 

Sixty seven paleocurrent measurements were made in outcrop. consisting of 

wave rippk crests. foresets in combined flow ripples. gurter casts. and cross-bedding 



Table 3 - 2 Outcrop section information 
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Brazeau River 
Cardinal River 
Chungo Conglomerate-A 

Chungo Conglomerate-B 

Chungo Creek 

5-39 

4-2 7 

4-3 I 

4-8 

1 

83 C/9 1465297 

83C/l5 b04538 

3 79 p. H. T. 
3 50 komplete 

83 C/15 

83 C/7 

83 CD 

83 C!9 
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(Table 1-1: Fig. 3-2). Wave ripples and gutter casts were the most comrnon structures 

with paleoflow significance in interbedded siltstone and sandstone intervals. whereas 

cross-bedding was pneraily measured in the Chungo conglomerates. 

3.2.2 Core descriptions and well iog calibration 

The features noted in core description were essentially similar to that of outcrop 

measurement, but in more detail, especidly in shaly intemals. Photographs were taken 

of al1 descnbed cores. as well as close-up views of some good sedimentary structures. 

227 meten of core from 14 wells were described (see Fig. 1-3 for their location). These 

rare cores are very valuable data and are w d  to calibrate well log signatures. 

3.3 Facies analysis 

3.3.1 Facies 1: Bentonites 

This facies is composed of light grey. greenish-grey. and cream-colored 

bentonites (weathering to orange-brown where srained with limonite). Most bentonite 

beds are only a few mm to a few cm thick (Plate 3-2B). although some may reach a 

thickness of up to 15 cm. They usually are covered with weathered shale debris because 

of their low resistance to weathering. Nevertheless. their sticky nature and white colour 

make them readily recognisable in outcrop when they occur on a steep siope. Bentonite 

beds usually occur in offshore shale or siltstone of facies 2 and 3 (see below). 

Outcrop to subsurface correlation shows that bentonite beds in outcrop. 

especially those that are closely spaced (Plate 3-ZB) or thick. correspond to subsurface 

log markers with high gamma radiation and low resistivity. These log markers usually 

form marine flooding or maximum flooding surfaces. 



Plate 3-2 

A: Black shale of facies 2. The hammer is about 23cm long. The Thistle Member. 59 rn 
below the top of the Chungo Member. Muskeg River. 

B: four thin bentonite layers in facies 2, indicated by arrows. This bentonite-bearing zone 
is correlated to a log rnaker with high radiation and low resistivity in subsurface. which is 
interpreted as the First White Speckled Shale. a maximum flooding surface. The Thistle 
Member in the Muskeg River section. 87 rn below the top of the Chungo sandstone. 



Plate 3-2 



Inrerpretation 

Bentonite beds are very common in the Cretaceous sûata of the Western Interior 

Seaway of North Arnerica ïbey have been interpreted as altered volcanic ashes and are 

very good chronostratigraphic marken. Their association with facies 2 and 3 of 

offshore fine &ned sedirnents probabiy reflects their preferential preservation in the 

offshore are& since even though volcanic ashes might have k e n  deposited over a very 

large are* fiom nonmarine to marine. their preservation requires offshore low energy 

conditions under which facies 2 and 3 were deposited. 

The correspondence of bentonite beds to marine flooding or maximum flooding 

surfaces is consistent with Kauffman's (1984) finding that transgressions in the 

Cretaceous Seaway of North Amenca were accompanied by intense volcanic activity 

(Caldwell and Kauffman, 1993). In the Cretaceous. the volcanic activity and thrusting in 

the Cordillera were a consequence of the accretion of terranes to the western margin of 

the North American continent (Price, 1973) and thus took place simultaneously. Active 

thnisting in the Cordillera resulted in rapid subsidence in the Seaway. which in tum 

caused the relative sea level rise and transgression. 

3.3.2 Facies 2: Black laminated shales 

Facies 2 consists of black or dark grey mudstone (Plate 3-2A). which shows 

paper-like weathering due to their extremely thin lamination (millimetre-scale) (Plate 3- 

3A). In places, a few isolated siltstones may occur in this facies. in outcrop. facies 2 

may show 10 - 50 cm s a l e  alternation of clark grey and mty intervals (Plate 3-3B). 

Sideritic concretions are comrnon. which are usually distributed in bands. Most nodules 

have a diameter of 10-40 cm. Ammonites and thin bentonite beds are present in this 

facies. 

Interprelation 

This facies is interpreted to represent deposition fiom suspension on the outer 

shelf. ven. close to the maximum storm a a ï e  base (Fig. 3-1 ). Isolated thin siitstonc 



Plate 3-3 Facies 2. 

A: black laminated shale. The Thistle Member. 1573 m in 6-1 9-64-8W6. Scale bar is 5 
cm and at top. 

B: reddish black laminated shale with some diin siltstone beds. The Dowling Member in 
the Thistle Creek-B section (on the western side of the Thistle Creek syncline). 
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beds probably represent deposition during waning of large storms. Well-preserved 

lamination indicates that deposition took place in deep, quiet water, and the lack of 

bioturbation suggests a dysaerobic water column (Savrda, 1986; Jordan 1985). The 

rusty appearance is probably caused by the weathenng of pyrite. The altemation of dark 

grey and nisry intemais refl ects the fluctuation in the content of py-rite in rock. which 

probably records subtle changes in sea water chemistry. The nodules were the product of 

early diagenesis in organic-rich shale. forming in the suiphate reduction zone (Curtis and 

Coleman. 1986; see Chapter 4). 

3.3.3 Facies 3a: Laminated siltstones 

This facies consists of dark grey laminated siltstone with up to 15% thin. very 

fine-grained sandstone interbeds. Sandstone are about 0.5-2 cm thick and usually have 

a sharp base. Some sandstone may have starved ripples (Plate 3-4A). Sideritic 

nodules may be present. This facies forms units 0.5-2 metres thick. In a sandier- 

upward succession, it may form the bonom part (Plate 3-48). or be present as the 

transitional zone between facies 2 and facies 4a. 

In f erpretation 

Laminated siitstone is interpreted to form on an outer shelf. similar to facies 

2, but probably more l a n d w w  as indicated by its coarser grain size, higher sandlshale 
6 

ratio, and higher stratigraphic position when the two facies occur together. 

3.3.4 Facies 3 b: Blocky siltstones 

Facies 3b is mainly confined to the Hanson Member. This facies is 

charactenzed by thoroughly bioturbated dark grey siltstone or silty mudstone. 

Intensive bioturbation has destroyed almost a11 sediment- structures (Plates 3-SA. 

B). Rarelp-preserved bedding indicates that this facies probably originally resembled 

facies 3a (Plate 3-5B. white arrow). Phosphatic or sideriiic concretions are common. 

and occur as bands. in which nodules are more or less closely spaced. Phosphatic 

concretions are usually spherical and have a diameter of 2 to 4 cm. The). do no1 have 



PIate 3-4 Facies 3a. 

A: starved wave ripples in dark grey Iaminated siltstone. Thistle Member. 1588 m in 6- 
1 9-64-8 W6. 

B: dark grey laminated siltstone with thin fine m n e d  sandstone beds (facies 3a the lefi 
and nght thirds of the photo) are overlain by interbedded siltstone and sandstone (facies 
4a. the middle part of the photo) capped by a flooding surface at geologist's feet. The 
Thistle Member. 82 m below the top of the Chungo sandstone. Cutpick Hill section. The 
arrow points to top. The geologist is 1.74 rn tall. 



Plate 3-4 



Plate 3-5 Facies 3b. 

A: homogenised siltstone with abundant sidentized Thalassinoides burrows, indicated by 
arrows. Hanson Member at the Bighom River section, 22 m below the top of the Chungo 
sandstone. 

B: highly bioturbated siltstone with large number of millimetre-scaled Heiminthopsis 
burrows. The pale sandy lenses probably represent starved wave npples. which were seen 
in facies 3a. 1927.4 m in well 10- 1 7-60-5 W6. 
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well-defined margins but grade into the host sediment. Sidentic concretions can be up 

to 20 cm in diarneter and are ellipsoidal. In the centers of both kinds of concretions. 

wood debris and shell hgments may be present. In places, glauconite was seen to 

occur in sideritic concretions or disseminated in the blocky siltstone of facies 3b. 

Glauconite forrns less than 1 % of the rock volume. 

Blocky siltstone of facies 3b may gradationally overlie facies 2 larninated 

mudstone. and passes up gradationally into the blocky silty sandstone of facies 4b. 

displaying a depositional succession of facies 2 -> facies 3b-> facies 4b (Fig. 3-1 1 D 

and E). 

Interpreration: 

Blockp siltstone of facies 3b was probably deposited under environmental 

conditions that were very similar to those of larninated siltstone of facies 3a. Blocky 

siltstone of facies 3b, however, might record a much slower sedimentation rate than 

facies 3a as sugpsted by the occurrence of glauconite. and burrowing organisms were 

able to destroy almost al1 sedimentary structures. The occurrence of glauconite also 

indicates that the water column contained some level of oxygen. which in turn allowed 

more bioturbation (Jordan. 1985; Davis et al.. 1989). 

3.3.5 Facies 4a: Interbedded siltstone and sandstone 

Facies 4a is the dominant component of the Thinle Member. This facies is 

characterised by centimetre-scale interbeds of mudstone/siltstone and coarse-grained 

siltstone or very f ine-phed sandstone. It foms units up to a few tens of metres thick. 

Coarse-gained siltstone or very fine-Wned sandstone ma' make up 15 - 90 % of the 

facies thickness. and generally increases upsection (Plate M A ) .  Individual very fine- 

p i n e d  sandstone beds are 2-10 cm in thickness. This facies ma' grade up into 

hummocky cross stratified sandstone of facies 5 (Fig. 3-1 1A). or may be overlain b!, 

facies ? black shale (Fig. 3-1 IE). from which it is separated by a transgressive surface. 

Facies 4a pradationall! overlies facies 3a (Plate 3-6A: Fig. 3-1 1 EL 



Plate 3-6 Facies 4. Interbedded siltstone and fine grained sandstone. 

A: facies 4a overlies laminated siltstone of facies 3a and is overlain by hummocky cross 
stratified (HCS) sandstone of facies 5. The thick HCS beds show wavy geometry. 
Chungo Member at the Cutpick Hill section. 20 m below the top of the Chungo 
sandstone. 

B: facies 4a overlies highly-bioturbated sandy siltstone of facies 3b. The facies boundary 
was blurred due to bioturbation. Hanson Member at the Blackstone River section. 28-42 
m below the top of the Chungo sandstone. 
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The shaly beds are darker and show very few physical sedimentary stmctures 

because of intense bioturbation. In contras& the corner interbeds have a variety of 

sedimentary structures. Commonly, sandy beds have a sharp base. and more gradational 

top with wave npples (straightsrested or interference). Intemally, the lower parts of the 

coarser beds may be stnictureless. or have planar lamination which cornrnonly passes 

upward into npple cross-laminae which rnay be symrnetrical or show a preferred 

direction of migration (foresets of combined flow npples). Ripple crests have a 

dominant mean orientation of NW-SE (135" Fig. 3-2a). The NW-SE orientation is 

parallel to the eastem lirnit of hummocky cross stratified sandstone in the Chungo 

Member determined from subsurface mapping. which has an orientation of 130-310' 

(Fig. 3-3). Dip directions of foresets in combined flow npples vary from NE to SE 

(offshore to shore-parallel ). 

In places, gutter casts may be present in this facies. either at the base of sandstone 

beds or isolated in mudstone. The gutter wts at the base of sandstone are smaller. 

usually a few cm wide. The isolated ones may reach one metre in width (Plate 3-7). 

Scratch and groove casts can be seen on their walls (Plate 3-7B). Gutter casts are 

oriented NW-SE with a mean orientation of 134-3140 (Fig. 3-2b), parallel to the 

inferred shoreline of the Chungo sandstone. 

Mudstones and sandstone have different trace fossil assemblages. Bioturbation 

is usually intense in the muddy interbeds and identified traces include Chondrites. 

Plunolites. Rhizocorollium. Teichichnus. belonging to the Cruziana ichnofacies 

(Pem berton et al .. 1 992). Burrows in sandstone includes Ophiornorpho. Thalassinoides. 

RosseIlia. Skolithos. They are dwelling structures and belong to the Skolirhos 

ichnofacies (Pemberton. 1992). They usually are larger than the burrows in the siltstone 

but have lower diversi- and lower abundance. Broken Inoceramiis shells ma>- be 

concentrated in the siih interbeds in some horizons. Sideritic nodules are very rare to 

absent. 



Plate 3-7 Facies 4a. Gutter casts within interbedded siltstone and sandstone of facies 
4a. 

A: gutter casts have a convex-downward lenticular geometry. Their bases are sharp 
and erosive. The scale bar is 20 cm long. 

B: Longitudinal and cross sectional view of a gutter cast. Linear structures are visible 
on the wall of the gutter cast. The axes of the gutter casts in this section have an 
average orientation of 13 1 O. n e  scale bar is 20 cm long. Both photos fiom the Thistle 
Member. Bighom River, 159 m above the base of the Puskwaskau Formation. 
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Interpre f ation 

Interbedded siltstone and sandstone are interpreted to represent deposition on 

the proximal inner shelf, below. but very close to. mean storm wave base (Fig. 3-1). 

Silty intervals probably include sediment deposited between storms. and also fine- 

grained materials settling afier storms. During interstom penods. sediment-feeding 

organisms were active on the muddy substrate and produced the Cruziana ichnofacies. 

The sharp bases of most corne-grained siltstone and very fine-grained sandstone beds 

indicate the sudden emplacement of these sediments during storms. probably- by 

combined flows (Swift et al.. 1986: Swift. 1987; Walker and Plint 1992). Most of the 

wave ripples have a NW-SE crest orientation (Fig. 3-2). parallel to the inferred 

paieoshoreline (compare Figs. 3-2 and 5-22). suggesting that most storm waves 

approached the shoreline at high angles. The presence of intemal ripple foresets 

suggests the influence of geostrophic currents which Vary fiom offshore-directed (NE) 

to shelf-parallel (SE). This pattern of geostrophic currents was observed in an older 

stratigraphie formation (the Blackstone Formation) of the Alberta basin (Hart. 

Vantfoort, and Plint. 1990). On the modem North Atlantic shelf, geostrophic currents 

have been observed to flow offshore for some distance fiom the shoreline and then 

turn to flow shore-parallel (Swift et al., 1986: Vincent, 1986; Snedden et al.. 1988). 

Even though no data are available either on modem or ancient shelves. the distance at 

which the geostrophic flow srarts to tum shore-parallel probably depends mainly on 

the initial velocity of the downwelling currents controlled by the intensity of the storm 

(Simpson and Eriksson. 1990). The more intense the stom (presurnably producing 

more vigorous downwelling currents), the longer the offshore-directed flow is 

expected to persist. Thus. on any part of the shelf that experiences geostrophic flows 

with a wide range of intensities. storm-deposited sandstone should be expected to 

develop ripple foresets with paleoflow spread over at least 90". fiom offshore to shore- 

parallei. 



Figure 3-2 Paleocurrent map of the mudstone interval of the Puskwaskau Formation 
(mainly fiom the Thistle Member) showing the orientation of paleocurrent indicators. 
The rose diagrams along the eastem limit of deformation show the combined flow npple 
foresets, 

a: Wave npple crests have a mean orientation of 135'. which is parallel to the inferred 
paleoshoreline of the Chungo Sandstone. 

b: Gutter casts are oriented 133" parallel to the inferred paleoshoreline of the overlying 
Chungo sandstone (Figs. 3-3 and 5-22); 

c: Cross lamination in combined flow npples is directed between offshore (NE) and 
shore-parallel (SE). Rose diagrams along the deformed limit show the occurrence of 
combined flow @pie foresets. N in each rose diagram shows the number of 
rneasurement of the corresponding paleocurrent indicator 
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Planar-laminated sandstones were probably deposited under upper flow regime 

conditions either by oscillatory waves or unidirectional geostrophic currents. or by 

both. 

Sands deposited by storms provided a substrate suitabie for opportunistic 

species of the Skolithos ichnofacies. However. inter-storm deposition of mud resulted 

in these communities being shon-lived and were replaced by sediment-feeding species 

of the Cruziana ichnofacies (Pemberton and Frey, 1984). Storrns also increased 

energy and oxygen levels so that the burrow makers of the Skolithos ichnofacies could 

feed in this area for a certain period of time. These depositional conditions. however. 

were temporary. and only opportunistic trace makea could take advantage of them. 

Consequently. the burrows are characterized by low diversity and lower abundance 

(Pemberton and Frey. 1984). 

33.6 Facies 4b: Thoroughly-bioturbated siky sandstone 

Facies 4b consists of grey. thoroughly-bioturbated silty sandstone. This facies 

always overly facies 3b. and together forms a sandier-upward facies succession (Fig. 

3-1 ID). Intensive bioturbation has destroyed almost al1 s ed imenq  structures. 

although occasionally. poorly preserved bedding or remnant sandstone beds ma' be 

present (Plates 3-8. -9 and 10). In cores. burrows and their cross-cutting relationships 

are easily seen. In outcrop. lnoceramus shells up to 1.2 m long are seen (in the section 

on the eastern limb of the Thistle Creek syncline) and ammonites are cornmon. 

Disseminated glauconite is present in some horizons. Abundant phosphatic or sideritic 

concretions occur in bands (Plate 3-9 B). Phosphatic concretions have a more rounded 

shape and are smaller (2-3 cm in diameter) than the sidentic ones (up to 30 cm in 

diameter). with the latter being rusty-weathenng. 

Thoroughly bioturbated silty sandstone is a major component of the Hanson 

Mem ber. 



Plate 3-8 Thoroughly-bioturbated silty sandstone of facies 4b. Hanson Member in the 
Bighom River section. 

A: Three sandier-upward thoroughly-bioturbated silty sandstone successions. 
separated by phosphatic intraclasts as shown in the inset. 36- 44 m below the top of the 
Chungo sandstone. 

B: Close-up of the bottom sandier-upward cycle in A. The only structures visible were 
poorly-defined bedding planes. Primary sedimentary structures have been heavily 
obscured by bioturbation. The scaie is 20 cm long. 



Plate 3-8 



Plate 3-9 Facies 4b. 

A: a preserved sandstone bed in highly bioturbated silty sandstone. Cross bedding is well 
preserved (the black arrow). Some sandstone patches are also poorly visible below and 
above the sandstone bed (the white arrows). The scaie is 20 cm. Hanson Member in the 
Thistle Creek-A section, 58 m below the top of the Chungo sandstone. 

B: Concretion bands in highly bioturbated silty sandstone. Hanson Member in the 
Bighom River section. Ch: the Chungo sandstone. 0-50 m below the top of the Chungo 
sandstone. 
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Plate 3-10 Cores of facies 4b. 

A: A remnant sandstone bed preserved in thoroughly-bioturbated silty sandstone (label c). 
1559.19 to 1562.69 rn in well 6- 19-64-8W6. The core boxes are 0.6m long. The top right 
corner is the top. 

B: Close-up view of thoroughly-bioturbated silty sandstone (see A for location). C: 
Close-up of the remnant sandstone bed (see A for location). The scale is 5 cm long and 
on the top of the core. 



Plate 



The preserved sandstone beds (Plate 3-9A) suggest that the original lithology 

of this facies was probably interbedded sandstone and siltstone. similar to that of 

facies 4a.. Intense bioturbation. however. has destmyed almost al1 sedimentary 

stmctures and fomed a homogenized silty sandstone. This facies probably formed in 

an environment similar to that of facies 4 a  on a proximal inner shelf with good 

circulation. However. the intense bioturbation suggests a slower sedimentation rate 

than facies 4a where organisms had enough tirne to homogenize the sediments before 

there were buried. Slower sedimentation also favored the formation of glauconite. 

3.3.7 Facies 5: HCS Sandstone and interbedded siltstone 

Facies 5 is characterized by hummocky cross-stratified (HCS). very fine- 

p i n e d  sandstone interbedded with highly bioturbated siltstone (Plates 3- 1 1. 12. 1 3 

and 14). Some sandstone beds contain less than 1% glauconite. Facies 5 may 

gradationally overlie facies 4b blocky silty sandstone, or erosively overlie facies 3b 

blocky siltstone. It is gradationally overlain by facies 6 swaley cross-bedded 

sandstone. Facies 5 ranges in thickness from 2 to 20 metres. Individual HCS 

sandstone beds are 0.15 - 0.6 m thick and may amalgamate to form packages up to 2 m 

thick, usually with rnud intraclasts or pebbles on the amalgamation surfaces. HCS 

beds have sharp and erosive bases (Plate 3-12). but more gradational tops. In places. 

rnud clasts c m  be seen on the base (Plate 3-12B), and gutter-casts below it. HCS is 

characterized by considerable variation in the intemal lamination. both venically and 

laterally. The basal part may be massive or planar-larninated. The upper part shows 

Iow-angle cross stratification. in which. laterally. Iarninae curve up to form hummocks 

and then curve down to produce swales. with concurrent thickening and thiming of 

lamina sets (Plate 3-1 1 B). Commonly. HCS beds are covered by wave npples with an 

amplitude of 1-3 cm (Plate 3-14A). Wave npples rnay be straight-crested. or have a 

polygonal interference pattern. with a mean crest orientation of 148" (Fig. 3-52). 

Bioturbation is not common. although in cores. an inclined Ophiomorpha and vertical 

Skolithos were O bserved (Plate 3- 1 2C). In contrat. there were abundant burro~vs in 



Plate 3- 1 1 Facies 5: hurnrnocky cross stratified (HCS) sandstone. 

A: HCS sandstone beds interbed with bioturbated shales. The top is to the right. Chungo 
Member in the Blackstone River section. 

B: Curved lamination in hummocky cross stratification (arrow). Chungo Member in the 
Thistle Creek-C section, 5 1 m below the top of the Chungo sandstone. 
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Plate 3-1 1 



Plate 3-12 

A: Cores of (HCS) sandstone and interbedded siltstone. HCS sandstone beds have sharp 
and erosive bases. The top right corner is the top. 1630- 1636 m in well 16- 1 1-63-8 W6. 

B: Muddy rip-up clasts and sideritic concretions near the base of a HCS sandstone bed. 
Also evident are a variety of trace fossils in the siltstone interbed. including 
Helrninthopsis. Plunolites. and Teichichnus in the lower part (see A for location). 1634.4 
m of 16-1 1-63-8 W6. The scale is 5 cm long and on the top. 

C: Vertical Skoliihos in HCS bed (see A for location). The scale is 5 cm long and on the 
top. 1632.6111 of 16-1 1-63-8W6. 



Plate 3-1 2 



Plate 3- 1 3 Trace fossiIs in facies 5. 

A: ûphiomorpha and B: Thalassinoides on top of HCS sandstone bed. A. Chungo 
Mernber in the Thistle Creek-A section; 35 m below the top of the Chungo sandstone. 

B. Chungo Member in the Mistanusk Creek section. 35 rn below the top of the Chungo 
sandstone. 

C: High diversity and abundance of trace fossils in siltstone interbedded with HCS 
sandstone. Identified trace fossils include Arenicolites. ifelminthopsis. and Plandites, 
Teichichnus. 1633.32 m in well 16- 1 1-63-8 W6. 
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Plate 3-14 

A: Wave ripples on top of HCS sandstone. Chungo Member in the Mistanusk Creek 
section. 17 m below the top of the Chungo sandstone. 

B and C: Low angle cross stratification of HCS and SCS seen in cores. HCS (B) 
contains higher ratio of silty material as dark larninae (curved arrows). whereas swaley 
cross stratified (SCS) sandstone of facies 6 is better sorted. 

B: 1946 m of 10-28-61-7W6. The scale is 5 cm long and on the top. 

C: I936Srn of 10-18-6 1 -7W6. The scale is 5 cm long and on the top. 
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Figure 3-3 Paleocurrent map of the Chungo sandstone showing the orientation of 
paleocurrent indicators as weli as the progradational Iimit of HCS sandstone. which was 
delineated by subsurface mapping. The progradational limit trends 1 30° - 3 10" . The 
paleoshoreline is inferred to be paralle1 to the lirnit (Fig. 5-22: see Chapter 5 for 
discussion). 

a: Metre-scaie cross stratification in conglomerate at the Conglomerate Ridge locality is 
landward-direc ted ( 2 X 0 ) ) .  

b: Decimetre-scale trough cross beds at the Conglomerate Ridge dip landward. seaward 
and shore-paraIlel. 

c: Wave ripple crests paralle1 to the eastem limit of HCS sandstone. N in each rose 
diagram shows the nurnber of measurement of the corresponding paleocurrent indicator. 
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the interbedded mudstones. including Arenicoliies. Helminthopsis. Ophiornorphu. 

Thalassinoides. Planolifes. Paheophycus, and Teichichnus (Plate 3- 1 3). 

HCS units gradationally overlie facies 4a (Plate 3-6A) or 4b (Plate 3-6B). 

manifest as a progressive increase in the nurnber and thickness of HCS beds. 

hterpretation 

On wave- and storm-dominated shallow marine sheives, HCS sandstone has 

been widely interpreted to have formed in the offshore transitional zone. above storm 

wave base and below fair weather wave base (Fig. 3-1) (Leckie and Walker. 1982: 

Walker. 1983; Duke, 1985; Plint and Noms, 1991 : Walker and Plint. 1992). even 

though considerable debate still exists as to whether HCS was formed by oscillatory or 

cornbined flows (Leckie and Walker. 1982; Duke, 1985; Greenwood and Sherman. 

1986; Leckie, 1988; Southard et al.. 1990). Combined flows transported sand onto the 

shelf where it was reworked by strong oscillatory storm waves to fom HCS. Waning 

s tom waves produced wave ripples on the top of the HCS beds. The storm-emplaced 

sandstone provided a sandy substrate where the Skulirhos ichnofacies organisms could 

iive for a short penod of time in an othewise offshore mud-dominated. lower energy 

environment (Pemberton and Frey, 1984). 

The gradational contact of HCS sandstone units with the underlying unit 

records a continuing. progressive deposition between these two stratal units. 

Mudstone interbedded with HCS sandstone represents post-storm rain-out. 

Abundant and diverse trace fossils indicate well-oxygenated bottom waters and 

nutrient-rich sediments (Pemberton and Frey. 1984). 

3.3.8 Facies 6: Swaley cross-stratified sandstone (SCS) 

Facies 6 is made up of ven  fine to fine-grained sandstonr with swale~. cross 

stratification (SCS). Ir usually gradationally overlies facies 5 (HCS). alrhough i t  ma'. 
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also sharply overlie offshore shale of facies 3. Facies 6 is 2 toi? m thick. Intemally. 

swaley cross stratification is characterized by 10 - 70 cm thick. very low angle 

mutually-erosive lamina sets filling scours 1-2 metres wide. Mud pebbles may lie on 

the erosion surfaces between sets of swaley laminae. Usually. SCS sandstones are a 

little coarser and better sorted than the underlying HCS sandstone (Plates 3-14B and 

C). In places. SCS sandstone may contains trough cross-bedded sandstone of facies 7 

(Plate 3- 1 SB). or conglornerate ienses. 

in most outcrop and core sections. SCS sandstone units are stacked vertically 

(Plate 3-1 5A). The surfaces between the adjacent n i t s  are sharp and erosive. with 

intraclasts on them. Between the adjacent stacked SCS sandstone beds. there may or 

may not be a mudstone. 

ln ferpretation 

Swaley cross-stratified sandstone is interpreted to be fonned by storm waves in 

the shoreface (Leckie and Walker. 1982; Plint and Noms. 1991 : Walker and Plint. 

1992). This interpretation is consistent with its stratipphic position above HCS. its 

coarser grain size. better soriing (Plate 3-14B and C). better developed scours and 

more flat lamination. On shorefaces. higher energ), conditions prevented the 

preservation of fair-weather mudstone interbeds. Poorly-sorted conglornerate lenses 

in this facies probably represent deposition fiom high-energy np currents (Hm and 

Plint, 1995). 

Each SCS sandstone unit probably represents a phase of shoreface 

progradation. High-fiequency relative nses and falls of sea level resulted in stacked 

SCS sandstone. as discussed in detail in Chapter 6. 



Plate 3-1 5 

A: Stacked swaley cross-stratified (SCS) sandstone. The photo shows three ( 1 .  2. and 3) 
of the five SCS sandstone units in this section. There is only 0.2 to 0.7 rn of wave-rippled 
mudstone between two adjacent SCS sandstone. Chungo Mernber in the Thistle Creek-C 
section. 

B: Sigmoidal cross bedding of facies 7 associated with swaley cross-stratification (SCS). 
The scale bar nght on the sigrnoidal cross bedding is 20 cm long. 13.5 m below the top of 
the Chungo sandstone. Chungo Member in the Thistle Creek section-A. 
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3.3.9 Facies 7: Trough cross-bedded sandstone 

Trough cross bedded fine grained sandstone is seen in only a few sections. It 

occurs as isolated dm-scale cross sets within the SCS sandstone of facies 6. Cross 

larninae have a sigrnoidal shape with tangential bottom sets (Plate 3-1 5B). 

Interpretation 

This facies occurs with facies 6 swajey cross stratified sandstone. and thus is 

also interpreted to have formed in the shoreface. It probably represents migratine 

dunes dnven by longshore currents (Clifion et al.. 197 1). 

3.3.10 Facies 8: Parallei-laminated sandstone or fine grained conglomerates 

Fine grained. parallel-larninated sandstone is well sorted. and weathers into 2-5 

cm thick slabs (Plate 3-16A). Some parallel-larninated sandstone passes upward 

through rooted sandstone into coal. Parallei-laminated conglomerates were seen only 

at the Chungo Conglomerate Ridge (Plate 3-168). They are clast-supported and 

consist of well soned and rounded chert pebbles. 8-10 mm in diarneter. Parallel 

larninated conglomerates overlie large scale cross stratified conglomerates of facies 9 

and are overlain by structureless carbonaceous sandstone of facies 10. Facies 9 

overlies SCS shoreface sandstone (the next section). 

ïnterpretation 

The facies succession and the sedimentaq structure support the conclusion that 

this facies has probably been deposited on a beach. Sandstone probably represents 

beaches distal to river mouths. whereas the conglomeratic facies was probably 

developed near a river mouth (cf. Plint & Walker. 1987: Han. 1990). 

3.3.1 1 Facies 9: Decimetre- to metre-scale cross-stratified conglomerates 

This facies was seen only in the Conglomerate Ridge area (Figs. 1 - 3. 1-4. and 

3-3 ). Facies 9 has a thickness of 12.3 - 15.3 metres and is dominated b). chen pebhle 



Plate 3- 1 6 Parallel lamination of facies 8. 

A: Sandstone. The sandstone overlies swaley cross stratified sandstone and is overlain by 
a coal seam (see Plate 3-21A). 12 m below the top of the Chungo sandstone. Chungo 
Member at the Thistle Creek section-A. The scale is 20 cm long. 

B: Conglomerates consisting of well sorted chert pebbles. The conglomerate overlies 
SCS sandstone. Its top is not exposed. About 1-2 m below the top of the Chungo 
sandstone. Chungo Member in the Chungo Conglornerate Ridge-A section. 
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Plate 3-16 
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conglornerates with subordinate pebbly sandstone. It overlies SCS shoreface 

sandstone (Fig. 3-4) and is overlain by parallel-laminated beach conglomerate of facies 

8. The most prominent features of this facies are metre-scale cross stratification. and 

rapid changes in lithology and sedimentaq structure. both laterally and vertical1 y. 

Because of its complexity and distinctiveness. this facies will be described in ternis of: 

a) lithology and sedimentary structures. b) georneuy. and c) associated facies. 

a) Lithology and sedimentary struciures 

Based on its lithology and sedimentary structures. most conglomemtes in this 

facies could be grouped into two subfacies: 9a: metre-scale cross-stratified 

conglomerates: and 9b: decimetre-scale trough cross-stratified conglomerates. Both 

subfacies are composed of well-sorted and well-rounded chert pebbles. 

Subfacies 9a: Metre-scale cross-stratified conglomerates are 1.5 to 1 1 m thick 

and are interbedded with subfacies 9b orland. more rarely. with swaley cross stratified 

sandstone (sections 7 and 8, Fig. 3-4B). The base of subfacies 9a is locally erosional. 

with a scoured surface marked by wood debris (Plate 3-18A) or tool marks (Plate 3- 

18B). However, the scoured surface may change into a transitional surface in the dip 

direction of the foresets in metre-scale cross beds (Plate 3- 1 7B). 

Pebbles are typically 5 to 10 mm in diameter, but up to 4 cm. Cross sets are 

1.5 to 5.6 metres thick and consist of 5 to 20 cm thick larninae which are normalIy 

graded (Plate 3-1 9 A). The dip direction of cross sets varies from 130 to 330". with a 

mean direction of 225' ( Fig.3-3a). Cross strata have concave-upward (section 6. Fig. 

M A )  or sigrnoidal shapes (section 6'. Fig. 3-4A: Plate 3-1 7A). Concave-upward 

foresets have tangential bottomsets (section 7. Fig. 34B). Within each outcrop facet. 

lithology displays a systematic change. The steeper part of the foreset consists of 

well-sorted and well-rounded chen pebbles with a diameter of 5 to 1 O mm ( maximum 

of 4 cm). and the conglomerate is open-framework (Plate 3-1 8 C )  IO clasi-supported. 

In the more gently inclined pan. pebble size decreases and the proportion of sand 



Figure 3-4 Airphoto mosaic of conglornerate overlying shoreface SCS sandstone. 
Conglomerate Ridge near George Creek. Alberta. 

A: This figure is in the back pocket. Thicker conglomerate beds with metre-scale cross 
stratification and thinner conglomerate beds with decimetre scale cross bedding 
overlap and interfinger each other. Correlation with a section 0.7 km northwestward 
suggested that about 5 m of the Chungo Member is covered here (Fig. 3-7). The rose 
diagrarn includes al1 paleocurrent measurements from both types of conglomerate. 
Figure 3-3 shows the rose diagram of each type of the conglomerates separately. The 
cliff is about 350 m long. 

B: Conglomerates pass laterally southward into pebbly sandstone and concurrently. the 
basal surface changes from an erosional to a gradational contact. The conglorneratic 
beds are also interbedded with swaley cross-stratified sandstone. The cliff is about 120 
m long. In the both diagams. numbers 1 through 8 and black bars denote the locations 
of measured sections. The relative orientation of the both cliffs is shown in the insert 
map on the lower right corner of A. 
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increases. either as manix or as lenses. In the downflow direction. conglomerates 

grade into interbedded pebbly sandstone and sandy conglomerates (Fip. W B .  sections 

8 and 7: Plate 3- 1 7B). 

Subfacies 96: Decimetre-scale trough cross-stratified conglomerate is of finer 

p i n  size than facies 9a and contains a higher percentage of sand. Pebbles are 3-6 mm 

in diameter and form trou@ cross strata with cross sets mainly 5 - 20 cm but up to 

50cm thick. Foresets dip towards the no& and south (or seaward and landward) (Fig. 

3 - 3b). 

In addition to thcse two subfacies. two distinctive types of conglomerates 

were also seen. One is sandy conglomerate, containing chert pebbles that dispiay a 

very high angle imbrication overlain by flat lamination (Plate 3-18D). The other is 

crudely stratified to massive conglomerate which is well-sorted and has an open 

frarnework. A unifonn grain sizes apparently prevents the recognition of any 

sedimentary structures (Plate 3- 1 9B). 

b) Geornetry 

The conglomerate body at Conglomerate Ridge is estimated to extend about 10 

km dong depositional strike (NW-SE: Figs. 3-3.5). The conglornerate body is absent 

17 km to the NW at George Creek, and grades southeastward into three thin sandy 

conglomerate beds (0.1 to 0.9 m thick) within swaley shoreface sandstone in the 

Bighom River section. These three sections are part of the sarne thrust slice (Figs. 1- 

3) and therefore the extent of the conglomerate reflects its original distribution. 

The geometry of subfacies 9a and 9b is very dificult to determine because the 

Chungo Conglornerate Ridge forms a cliff with only limited accessibility. 

Nevertheless. based on the interpretation of an aerial photomosaic and measured 

sections (Fig. M A ) .  it appears that subfacies 9a and 9b have a lenticular geometry and 

overlap laterally and interbed venically (Fig. 3-4). 



Plate 3- 1 7 Metre-scaie cross bedded conglomerates. 

A: Cross beds have concave-upward or sigrnoidal geometry. There are two meter-scale 
foresets here (the boundary is about 0.5 cm above the geologist's head on the photo). 
Foresets have erosionai base with wood debris or tool marks (Plate 3- l9A. B) on them. 

B: Blocky conglomerates change into pebbly sandstone to the lefi (in the dip direction of 
foresets). About 1-2 m below the top of the Chungo sandstone. Chungo Member at the 
Chungo Conglornerate-A section. 
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Plate 3-1 8 Sedimentary structures and textures in conglomerates. A, B and C are from 
the meter-scale cross bedded conglomerates. D is from thimer decimetre-scale 
conglomerates. 

A: Wood fragments at the base of a conglomeratic bed. 

B: Tool marks and plant debris at the base of a conglomeratic bed. 

C: Open framework and well sorted textures. The black arrow in the lower right corner 
points to the stratigraphie top. 

D: Steep to almost vertically inclined pebbles. The Chungo Member at the Chungo 
Conglomerate Ridge-A section. 
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Plate 3- 19 Sedimentary structures and textures in conglornerates. 

A: Nonnaily graded layer in a metre-scale cross bedding. The white arrows point to the 
bases of normally graded layers. The scale is 20 cm long. 

B: Blocky and well soned. Chungo Member in the Chungo Conglornerate Ridge-A 
section. The white arrow points to the base of a metre-scale cross bed. 
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Plate 3-19 
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c) Associared facies 

Facies 9 overlies facies 6 (SCS shoreface sandszone) and is overlain by facies 8 

(parailel-bedded beach conglomerate) (Plate 3- 1 7B). In the Chungo Conglomerate 

Ridge43 section, about 0.7 km from the exposure of Fie. 3-4. beach conglornerates 

pass up through rooted. structureless silty sandstone (facies 10) into a 0.4 m thick. 

cody shale (Fig. 3-7). 

The conglomerate of facies 9 apparently is laterally and vertically 

intergradational with SCS sandstone. The conglomerate body in the Chungo 

Conglomerate Ridge. which is dominated by facies 9a and 9b. also contains some 

swaley cross stratified shoreface sandstone (sections A and B. Fig.3-5). Six km 

southward from the Chungo Conglomerate Ridge. the conglomerate body grades into 

swaley-cross stratified shoreface sandstone (Bighom River; Fig. 3-5). 

Interpretation 

Facies 9 is interpreted to have been deposited in nearshore and beach 

environments in the vicinity of a river mouth. This interpretation is consistent with its 

stratigraphic position, localized distribution and pebbiy lithology. Facies 9 overlies 

SCS shoreface sandstone (facies 6) and is overlain by beach conglomerate (facies 8). 

There are dvee lines of evidence that suggest the three facies are intergradational and 

therefore represent laterally-intergradational environments. First. the conglomerate 

body dominated by facies 9 is interstratified with SCS sandstone which becomes 

progressively more abundant towards the south. as shown in Fig. 3-4B. Second. some 

thin conglomerate beds of facies 9 occur within SCS shoreface sandstone (facies 6) in 

the Bighom River section (Fig. 3-5). Third. the succession of shoreface sandstone- 

>transitional zone deposits-> beach -> coal or coaly shale fils the facies succession of 

progradational storrn- and wave-dominated strandplain (Han and Plint. 1995: Walker 

and Plint. 1992). 
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Figure 3-5 Geometry of the Chungo conglomerate in the Conglomerate 
Ridge area. The conglomerate body dies out northwestward at George 
Creek and changes southward into two thin beds encased in shoreface SCS 
sandstone at Bighom River. 
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The locaiized distribution of this pebbly facies suggests that it formed near a 

river mouth. High energy waves reworked sediments supplied by the river and 

selectively concentrated the coarse portion around the river mouth (Leckie. 1994). 

Within the above general depositional setting. interpretation of the detailed 

depositional environments of the conglomerate facies is difficult as modem analogues 

are scarce. as discussed by Hart and Plint (1995). Any interpretation must take 

account of: 

1)  dominant landward-directed paleocurrents indicated by both metre-scale 

and decimetre-scale cross bedding, with seaward-directed flow indicated by 

some decimetre-scale cross bedding; and 

2) at least 3-6 rn water depth for the formation of subfacies 9a. which was 

shallower than that for the formation of subfacies 9b. 

Based on a likely modem analogue, facies 9 is proposed to have formed as 

washover deposits on the landward side of a gravel spit/bar in a wave-dominated river 

mouth. 

A possible modem analogue cornes fiom the Canterbuiy Plains. New Zealand 

(Leckie. 1994). There, strong longshore currents and high wave energy concentrate 

pebbles to form emergent longshore gravel ridges. which force the nvers to flow 

shore-parallel for some distance before reaching the sea. It is possible that intense 

storms might form large-scaie cross-stratified. landward-directed washover fans in the 

channels behind the ridges (Fig. 3-6). 

The seaward side of the n d p s  ma) accumulate decimetre-scale cross-bedded 

grave1 and pebbly sandstone with landward- and seaward-directed cross beds. as is the 

case in many modem sandy and gravely shorelines (Clifion et al.. 1971 : Sunamura and 

Takeda- 1984: Greenwood and Mittler. 1985: Massari and Parea. 1988 ). Fluvial flow 



Figure 3-6 Inferred depositional environments of the cross-stratified conglomerate 
of facies 9 at Conglomerate Ridge. Strong longshore currents and high-energy 
waves are inferred to have concentrated pebbles to form an emergent longshore 
grave1 bar. Metre-scale cross-stratified conglomerate of facies 9a formed as a 
washover deposit behind the bar and display a landward-directed paleocment 
pattern. Facies 9b formed on the seaward side of the bar. developing a landward 
and seaward paleocurrent pattern. 
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in the back-barrier channel may also have formed cross bedding directed shore- 

parallel. The cross stratification produced in this back-barrier area may form a pattern 

consisting of seaward. landward. and longshore components. sirnilar to that observed 

in subfacies 9b (Fig. 3-3b). 

3.3.1 2 Facies 10: Structureless silty sandstone 

This facies is characterized by yellowish grey silty sandstone. which is poorly 

sorted, with grain sizes ranging fiom very fine to coarse sand. with some scattered 

gravel. It may contain wood fragments or other plant debns. Sandstone is 

predominantly stnictureless. Two subfacies can be recognized mainly based on the 

trace fossils. 

Subfacies 10a is homogeneous. and roots occur throughout. It overlies beach 

congIomerate and passes up into cod (Fig. 3-7). Subfacies 1 Ob overlies a coal seam 

with a sharp contact. ranges in thickness fiom 0.1 to 0.4 rn and is wavy-bedded (Fig. 3- 

8). It contains abundant plant debns and some U-shaped borrows 1-2 cm in diameter. 

Wavy sandstone beds thicken upwards fiom 1 - 2 cm. to 10 - 15 cm (Fig. 3-8). Most 

beds are stnictureless and poorly-sorted. although a few have poorly-developed ripples 

or deformation structures. Wavy sandstone beds are separated by 1-3 mm rnud 

partings. Some sandstone beds contain bal1 and pillow structures and are cemented by 

pyrite. In the section shown in Figure 3-7, subfacies lob grades up into a thin coal bed 

through a one metre thick carbonaceous mudstone (Fig. 3- 7: Plate 3-20). 

Interpremim 

Facies 10 is interpreted as a washover deposit. Subfacies 10a probably formed 

on dry land. as suggested by abundant roots (Fig.3-7). whereas subfacies 1 Ob probably 

represents the progradation of washover fans into a swamp with standing. reducing 

water. as indicated by the underlying coal and p)~ite in the sandstone of subfacies 1 Ob 

(Fig. 3-8). High energ!- washover currents breaking into a su-amp eroded pan of the 

peat Iqer or even the entire Iayer in the swamp. Eroded peat kvas redcposited with 
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Figure 3-7 Outcrop section of structureless sandstone and coal overlying 
beach conglomerate. The numbers on the left side are facies numbers. 
Chungo Member. Conglomerate Ridge-B section (measured by G. Plint and 
J. Wadsworth, pers. comm., 1994). 



Plate 3-20 Facies 10. 

A: sandstone with wavy bedding but no internai primary sedimentary structures overlie a 
30 cm thick coal bed (the white arrow), which in turn overlies parallei larninated beach 
sandstone (P; the beach sandstone is the sandstone s h o w  in Plate 3-1 7A). The sandstone 
is rich in wood fragments and also contains lots of burrows and load structures. The thin 
coal bed disappears laterally due to erosion. 

B: Detail of loading structures (L) and pyritized wood (white spots) in facies 10 
sandstone. Figure 3-6 shows the measured section of this sandstone bed. Chungo 
Member, Thistle Creek-A section. 
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Plate 3-20 



2 0 6  
detrital sediments later when the washover ctments decreased velocity. Progradation 

of the washover fan formed the coarsening-upward succession. 

33.13 Facies 11 : Coaly shale and coal 

Coaly shales and poor-quality coal seams are O.! - to 0.4 m thick and may be 

underlain by a rooted zone. Stratigraphically. they lie above beach sediments. with or 

without washover deposits (subfacies 1 Oa).These carbonaceous deposits are associated 

with beach sandstone. washover fan deposits. and grey shale with ostracods (Fig. 3-8). 

Interpretation 

Coal and coaly shale are interpreted to have been deposited in swamps on the 

strandplain. The presence of roots indicates that these deposits are in-situ. The local 

rate of clastic sediment influx and production of organic matter by plants controlled 

the carbon content of this facies 

33.14 Facies 12: Grey shales with ostracods 

This facies is characterized by grey mudstones with ostracods 2 - 4 mm long 

(Fig. 3-8). Mudstones may contain some thin beds of very fine M n e d  sandstone. 

They are stmctureless. In places. some burrows cm be seen. This facies is thin. about 

1 - 2 m, and usually. it overlies coal. 

Interprerarion: 

Association of this facies with coal suggest deposition in shallow freshwater 

lakes (Figs. 3-7 and 3-8). 

3.3.15 Facies 13: Matrix-supported congiomerates 

This facies forms erosive-based units up to 2.5 m thick. although in most cases. 

it is only centimetres to decimetres thick. The common texture of facies 13 is poorly- 
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Mudstone with wood and Icaf debris: top pan containing 
roots and rich organic maners 

Bed thickness 10 to 15 cm ihick 

erbedded with I to 3 mm 
no internai sedimentary structure 

Parallel bedded sandstone 

Lake. 
revasse delta 

Swamp and lake 

Nashover fan or 
Crevasse delta 

S wamp 

Figure 3-8 Outcrop section showing a variety of strandplain deposits 
overlying beach sandstone. The numbers on the left side are facies 
nurnbers. Chungo Member, Thistle Creek-A section. 
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soned and matrix-supported. with litholog). ranging frorn pebbly sandstone to pebbly 

mudstone. It may be bedded on a decirnetre scaie. but intemal primary sedimentan; 

structures are usually absent. Burrows. which are filled with pebbles. may extend 

downward from the base of this facies (section 7 of Fig. 3-9). 

Matrix-supported conglomerate is usually present at the top of the study 

interval (Le. at the top of the Chungo Member) with two exceptions. The conglomerate 

most commonly rests on shoreface sandstone (sections 1. 2. 3. 5 ,  6.  7. 8 and 9 of Fig. 

3-9; Plates 3-21 and 3-22C). although it may also overlie other sediments. fiom 

offshore silty sandstone (section 4 of Fig. 3-9: Plate 3-22A). to coaly shale (section 1 O 

of Fig.3-9). It is always overlain by marine shale. 

The two exceptions are within the Puskwaskau Formation. One is fiom the 

Hanson Member where pebble layers cap a sandier-upward succession (Plate 3-22B). 

Most pebble layers are only one or two pebbles thick (Plate 3-22 B). although a few 

reach 5-7 cm in thickness (Plate 3-22A). Pebbles are 0.5 to 4 cm in diameter. They 

may be chert. phosphate or siderite pebbles. Phosphatic and sideritic pebbles are 

similar to the concretions in the underling strata in terms of composition. sizes. shape 

and appearance. However, those in the underlying strata have a transitional contact 

with their host rocks. indicating that they are in-siru. whereas those overlying the 

sandier-upward succession have sharp margins. implying that they were eroded and 

redeposited. Chert pebbles usually have been cemented by siderite. 

The other special case involves chert pebble beds in the Dowling Member. 

seen only in the Blackstone River and Bighom River sections (Fig. 3-10). In the 

Blackstone section. two thin layers about 0.4 m apart. occur in the upper part of a 

sandier-upward succession (facies 4a). Wave ripples are present on top of the two thin 

layers (Fig. 3-1 OA). 



Figure 3-9 Measured sections of transgressive iag deposits. Most lag deposits are matrix- 
supported and stnictureless except where bedding surface is seen. Chungo Member. 1: 
1 1-5-63-7W6 (1661 m); 2: 16-1 1-63-8W6 (1619 m); 3: 10-28-61-7W6 (193 1 m); 4: 8-7- 
59-3W6 (2190 m): 5 :  10-30-58-4W6 (2328 m); 6: Muskeg River; 7: burrows penetrating 
down into SCS sandstone. filled with chert pebbles. Veronique Creek; 8: pebbies 
showing flat bedding. McLeod River-B section: 9: Poorly developed trough cross 
bedding. Thistle Creek-C section; 10: Conglomerate Ridge section-B. In sections 1 ,  2. 3. 
5. 6. 7, 8, and 9. conglomerates overlie shoreface sandstone. whereas conglomerates in 
sections 4 and 10 lie erosively on offshore facies and coal. respectively. 





Plate 3-2 1 Matrix-supported conglomerate of facies 13. 

A: A matrix-supported conglomerate (small arrow) overlies a swdey cross stratified 
(SCS) shoreface sandstone and is unconformably overlain by black marine shale of the 
Nomad Member. The large white arrow points to stratigraphie top. 

B: Close-up of the conglomerate in A. The small white arrows point to the base of the 
matrix-supported conglomerate bed. The large white arrow points to the top. Chungo 
Member in the Cutpick Hill section. 





Plate 3-22 Poorly-soned conglomerates of facies 13. 

A: Pebbly sandstone displaying poorly-developed coarse-mned ripples (solid white 
arrow). Scattered pebbles are also visible in the surrounding dark grey silty shale (open 
white arrow). Hanson Member in the Thistle Creek-B section. 56 rn below the top of the 
C hungo sandstone. 

B: A phosphatic pebble layer overlying a coarsening-upward cycle. The rïght side outline 
is a natural relief due to the differential resistance of rocks to weathering. 40 rn beiow the 
top of the Chungo sandstone. Hanson Member at the Bighom River section. 

C: Matrix-supported conglornerates in cores showing an erosional base and upward 
decrease in grain size. 16 1 9.3 m of 16- 1 1 -63-8 W6. The base of the conglomerate marks 
the unconformity above the Chungo Member. 

\ 

D: Close-up of matnx-supported conglomerates. The Chungo Member at the Muskeg 
River section. 
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Plate 3-22 



Plate 3-23 Sedimentary structures in facies 13. 

A: faint trough cross bedding with imbrication in foresets. The Chungo Member at 
section Thistle Creek-B. 

B: Ophiornorpha in the top of shoreface sandstone overlain by conglomerate. Some of the 
burrows were filled with chert pebbles, indicating the burrows were formed before the 
deposition of the overlying conglomerate. The Chungo Member at Muskeg River section. 
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Plate 3-23 



Figure 3- 10 Details of chert pebble conglomerates within shale successions. 

A: Two thin chen pebble layers occur at and near the top of a sandier-upward cycle. 
respectively. Dowling Member at the Blackstone River section. 23 m above the base of 
the Puskwaskau Formation. 

B: Pebble layers in thinly laminated offshore siltstone. Strata above and below the pebble 
layers have same lithology. sedimentary structures, and appearance. Dowling Member at 
the Bighom River section. 45 m above the base of the Puskwaskau Formation. 
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In the Bighom River section. pebbles with a diarneter of 2 to 6 mm form 

multiple beds up to 20 cm thick. enclosing plan silty shale with Inoceramus fragments 

(facies 3b: Fig. 3-9B). In outcrop. there is no discemable difference between the rocks 

below and above the conglomerate. 

Znterpretation 

Conglomerates that overlie nearshore deposits and are overlain by offshore 

marine shale are widely reported from modem and ancient sediments and have been 

interpreted as transgressive lags (Belknap and Jackson. 198 1 ; Plint and Walker. 1986. 

1987; Bergman and Walker. 1987: Numrnedal and Swift. 1987: Penland er al.. 1988: 

Simpson and Eriksson, 1990: Davies and Walker. 1993; Embry, 1993: Walker. 1995: 

Walker and Wiseman. 1995. among many others). The sarne interpretation is applied 

to facies 13. The high matrix content probably reflects infiltration of fine grained 

sedirnents between pebbles and mixing by organisms. particularly arthropods. Trough 

cross bedding records migration of dune bedforms on the surface of the iag deposit. 

Although it is easy to understand the concentration of chert pebbles as a result 

of transgressive wimowing of shoreface deposits of the Chungo Member. it is much 

more dificult to interpret the isolated pebble beds in offshore deposits of the Hanson 

and Dowling members. By what mechanism could extrabasinal chert pebbles be 

concentrated in an apparently offshore position? This problem was discussed by Plint 

(1991) and Plint & Noms (1991) with respect to pebble beds in the underlying 

Muskiki Formation. It seems most likeiy that chert pebbles were supplied to the shelf 

by fluvial pro'cesses as a shoreline moved basinward in response to a rapid relative sea 

level fall. 

However. where pebbles are of entirely intraformational origin (sideritic or 

phosphatic pebbles). then it is not necessary to infer subaerial esposure of ihe shelf: 

shallowing until fair weather wave base (FUTB'B) irnpinged on the shelf floor would 

have beén adequate to cause winnowing and concentration of concretions. 



3.4 Facies successions 

The 15 facies described above occur in predictable. recurrent facies 

successions. Five facies succession are recognized. as s h o w  in Figure 3-1 1. 

Succession A (Fig. 3-1 1) is a complete succession. Other successions are 

components of this succession. due to either incomplete development or erosion. 

Succession A begins with dista1 inner shelf facies (2-3-4). passes up. through 

transitional offshore facies (5) and shoreface to beach facies (6-7-8-9). into backshore 

facies (10-1 1-12). and is capped by transgressive lag facies (13). It represents a 

complete succession reflecting progradation of a wave- and storm- dominated 

shoreline (Plint. 1988: Walker and Plint. 1992; Hadley and Elliott. 1993). This type 

of facies succession was seen in only a few sections. such as Thistle Creek sections B 

and C, and McLeod River section-B. 

Successior! B is a modified version of succession A, in which facies 4 was 

partly or even entirely rnissing and facies 5 directly overlies facies 3. (Facies 8 to 12 

may also be missing in the succession). It has been called a "sharp- or erosive- based 

shoreface sequence" (Plint. 1988. 1991). The missing facies had either not been 

deposited or were subsequently eroded. This type of succession is very comrnon and 

was seen in most sections. including Bighom River. Cutpick Hill. Little Berland River. 

McLeod River-B. Muskeg River. Thistle Creek-A. B. C. Two Lakes. and Veronique 

Creek. The fornation of the sharp base involved relative sea level fall. as discussed 

first by Plint (1 988; 199 1 ). later by Posarnentier et aL(1992). Hadley and Elliott. 1993: 

Hart and Plint. 1993: Hart and Plint. 1995: Bergman. 1994: Walker and Wiseman. 

1995). and in Chapter 6. 

The shoreface-beach interval in successions A and B is commonly complicated 

by as many as seven repetitions of shoreface facies (6-7) to form succession C. 

Contacts berween stacked shoreface sandstone are sharp and erosive. commonly with 
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intraclaçts above the erosion surface. The overlying shoreface sandstone may lie 

directly on the underlying sandstone. or may be separated by a thin shaly interval. 

which may disappear landward. as s h o w  in the outcrop cross section (Appendix 8). 

Successions D and E record only incomplete deveioprnent of succession A. 

The intraclast lag on top of succession D suggests an episode of relative sea level fa11 

and erosion of the shelf. Succession E reflects coastal progradation: the occasional 

presence of gutter casts at the top of the succession E rnay also reflects an episode of 

relative sea level fa11 and storm-generated flows (Plint. 199 1 ). 

Successions D and E may be stacked to form larger-scale composite 

progradational or retrogradat ional successions thal are presurnabl y an offshore 

expression of hi&-order depositional cycles in the shoreline area. The overail sandier- 

or more shaly-upward successions are the most cornrnon ones in the Hanson. Thistle 

and Dowling members. 



Figure 3-1 1 Recurrent facies successions in the Puskwaskau Formation. 

A: a complete succession of wave- and storm-dominated shoreline and shelf. Other 
successions are modified versions of section A. due to either incomplete development 
or erosion. Section A consists of offshore facies 2. 3, 4 and 5 p d i n g  up into 
shoreface. beach facies (6 to 9). and deltaic plain (10 to 12). The succession is 
terminated by a trangressive lag ( 13). 

B: facies 5 erosively overlies offshore facies. 

C: stacked shoreface sandstone. The contact between two adjacent shoreface 
sandstones is erosive. 

D and E: sandier-upward cycles consisting of only offshore facies (2. 3 and 4). 
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4. Concretions: Geochernical Record of Porewater Evolution 

and Relative Sea Level Change 

4.1 INTRODUCTION 

As discwed in Chapter 3, the thoroughly bioturbated sandy siltstone (facies 3b) 

and silty sandstone (facies 4b) in the Hanson Member are charactensed by numerous 

concretions. These concretions may be 'phosphatic. sideritic. or phosphatic-sideritic. 

They occur either in-situ or as inMomational clasts concentrated on top of a 

coarsening-upward depositional cycle (Fig. 3-1 ID). 

Siderite concretions have k e n  widely used to study pore water evolution and the 

degradation of organic material because of the chernical stability of sidente (Coleman 

and Raiswell, 198 1; Gautier, 1982; Curtis et al., 1986: Curtis and Coleman. 1986: 

McKay et al.. 1995 ). Published resdts indicated that almost ail carbonate concretions in 

marine sediments started to f o m  when a pore system trapped depositional (marine) 

water and continued to grow while the pores were flushed by meteonc water (Modey et 

al.. 1992). The invasion of meteonc water is reflected in the systematic decrease of 6180 

from centre to edge of a concretion. 

Based on petrographic and stable isotopic composition analysis (C and 0) of one 

in-situ, sideritic concretion fiom the Mistanusk Creek section (sample MC1 5 )  and one 

phosphatic-sidentic innaclast fiom Two Lakes (sample TL). this chapter will discuss the 

diagenetic stages and changing pore fluid conditions under which these two concretions 

might have formed. and what implications these findings may have for relative sea level 
I8 changes. Results suggest that the two concretions apparently started to form from O- 

depleted porewater. which probably resulted from the incursion of meteoric water i n t ~  

the pore system in the offshore marine siltstones during a relative sea level fall. 
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A slice about 1 cm thick was cut h m  the centre of each concretion in an 

orientation normal to bedding (Plate 4-1). Systematic sampling was made from centre to 

edge for isotopic composition analysis çFig.4-1). This method has been widely used in 

concretion snidy by other investigaton (Coleman and Raiswell. 198 1 : C u i s  et al.. 

1986). since it can best show the growth h i s t o ~  of a concretion. Each sample was 

ground into powder by hand for the detemination of minerdogy by XRD. and for 

carbon and oxygen stable isotopic andysis. From the opposite side of the slice. thin 

sections were cut and polished for back-scatter electron imaging and microprobe analysis 

of chernical compositions. Every spot analysed on the microprobe was selected in 

advance uing an optical microscope. 

Sidente powden were reacted with 100% phosphoric acid in vacuum ovemight 

at 2 5 ' ~  following the procedures modified fiom the methods of McCrea (1950). and 

Epstein et al (1964). This reaction should destroy d l  the calcite in the sample. if present. 

and produces CO2. The CO2 gas was extracted and discarded. The residual mixture of 

the calcite-free siderite and the acid (still in excess) was then kept atl SO'C in an oven to 

react in vacuum for 2 hours. The COz gas produced during this reaction was extracted 

and then treated with SPT to remove S02 .  The treated CO2 went to VG Sira 9 or 602 C 

mass spectrometers for isotopic analysis of carbon and oxygen. 

The procedures were different for the removal of calcite in carbonate apatite 

(hcol i te )  sarnples since the carbonate structure in h c o i i t e  also reacts with 

phosphoric acid. Al1 carbonate apatite samples fiom the core of concretion TL were f i s t  

treated with 0.5 M ûiarnmonium citrate (T.A.C.) at 3 0 ' ~  for 50 hours. This treatrnent 

was to remove calcite impurities but not to change sipificantly the isotopic 

compositions of structural carbonate in fi-ancolite (Kolodny and Kaplan. 1970). as 

demonstrated through two sets of test expenments conducted in this study. The first set 

of tests used fi-ancolite powder with a calcite impurity to react with 0.5 M T.A.C. at 3 0 ' ~  

for lengths of time: 16. 24. 39. 48 and 63 hours. In the 48-hour sample. calcite c m  no 



Figure 4-1 

A: ïhe sampling scheme and mineral distribution in concretion TL.. The concretion has 
a phosphatic core and a siderite nm. 1. Pure calcite: 2. pyrite and calcite: 3. borings 
filled with quartz and clay minerais: 4. hco l i t e ;  5. siderite: 6. calcite; 7. growth nng. 

B: the sampling scheme for concretion MC 15. 



Concretion TL 

Concretion MC 15 
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longer be detected in XRD (Fig.4-2). The other set consists of two natural. calcite-fiee 

fiancolite samples, one of which was treated with 0.5 M T.A.C. at 3 0 ' ~  for 50 hours. 

Isotope-composition variation between the treated and untreated h c o i i t e  is 0.3 1 %O 

(PDB) for C and 0.63 %O (SMOW) for 0. and is close to the rneasurement precision of 

the rnass spectrometers. 

Treated fiancolite samples were washed three times in distilled water and then 

dried. Dned sarnples were reacted with 100% phosphoric acid in vacuum for 72 hours at 

3 0 ' ~  (Kolody and Kaplan. 1970). The methods for purifjmg CO2 gas and anal ysing 

isotopic compositions were the sarne as those for the COz gas fiom siderite. 

Results are expressed as 6180 and 6I3c %O relative to PDB for carbon. and PDB 

and SMOW for oxygen. Andfical errors were 0.03 Oho for carbon and 0.04 %O for 

oxygen. One dupiicate analysis shows a difference of 0.05 %O PDB for carbon. and of 

0.03 %O SMOW for oxygen (Table 4-1 ). 

4.3 RESULTS AND DISCUSSION 

4.3.1 Petrography and Paragenetic Sequences 

Two concretions, labelled TL (fiom the Two Lakes section) and MC 15 (fiom the 

Mistanusk Creek section), were collected fiom the Hanson Member. The Hanson 

Member. 10 to 40 rn ttiick. is characterised by thoroughly bioturbated silty sandstone 

(facies 4b), and sandy siltstone (facies 3b). with concretion bands or isolated nodules. 

Sample TL is a bored intraclast that was collected just above the sharp contact between 

the Hanson Member silty sandstone and the overlying Chungo Member HCS sandstone 

(the base of allomember M: see Chapter 5). Subsurface correlation demonstrated that this 

surface was a regional submarine erosional surface due to uplifi of the Peace River Arch 

in the northem part of the study area with greater erosion towards the north (.4ppendis 

2) .  Concretion TL is sideritic with a phosphatic core. Concretion MC1 5 was an in siru 

concretion. collected fiom the Hanson Member siih sandstone. about 5 rnetres below the 



Figure 4-2 The XRD patterns of calcite associated with francolite after treatment with 
0.5 M triammonium citrate for various lengths of reaction time. as denoted by the 
number (hours) on the top of each XRD trace. On the 48-hour reaction trace. calcite 
peaks disappear. Ody the region on the traces showing the major calcite peaks are 
included for each XRD pattern. 
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sharp contact between the Hanson Member and the overlying Chungo Member HCS 

sandstone. The whole concretion is sidentic. 

Table 4-1 Isotopic compositions of concretions TL and MC15 

1 I 

1 S5 (treated hcol i te)  1 -11.84 1 13.98 1 -16.42 

1 TL 1 S6 (treated francolite) 1 - 1 1.67 / 14.34 / -16.07 
I 
I 

l 

i TL 1 S 13 (siderite) 1 -1.10 1 23.27 1 -6.40 ! 

I TL 1 S I3A(weathered siderite) 1 -0.70 1 24.78 [ -5.90 
1 ! 

1 TL 1 S9 (siderite) 

1 TL / 532 (hacture-filling calcite) 1 - 12.66 ( 8.14 ) -32.08 ! 
I ! 

TL 

-1.60 / 23.75 i -6.90 
l 

I 

I TL / S39 (fracture-fihg calcite) 1 -12.71 i 7.96 ! , -77 --.- 36 I 

S 12 (siderite) - 1 .50 23.85 i -6.80 ! 

1 TEST 1 unaeated pure francolite 

TEST 1 ueated pure francolite 

1 MC15 1 MC 15- l (duplicate analysis) 1 -7.84 j 72.69 1 -7.97 
8 

-8 -3 6 1 21.72 i -8.91 ! 
1 

-8.67 1 2 1 .O9 j -9.52 1 

j 1 
i MC15 1 MC15-1 (siderite) 

! MC15 i MC 15-6 (siderite) / -5.66 ! 28.27 i -2.56 l 
I 

l 1 1 

MC15 ' MC 15-20 (siderite) 1 -5.62 ' 28.4 -2.43 
l ! 

1 1 
1 

-7.89 i 2 - 6 6  1 -8.00 
i 

i , 



Figure 4-3 The XRD patterns of sidente in the weathered (13A) and fiesh (9) 
subsamples fiom concretion TL. The XRD pattern of the weathered subçample indicates 
that siderite structure is well preserved. The subsample location cm be seen in Fig. 4- 
1 A. 





Detrital minerals in these two concretions include quartz and clay minerals. 

4.3.1 .l Concretion TL 

Concretion TL is ellipsoidal, 7cm x l 5  cm. Around the concretion are some 

shallow borings, implying that the concretion had been eroded from its host rock and 

exposed as a clast on the sea bed for a period of time before k i n g  buried. Its outer part 

has k e n  weathered. in samples fiom the thin weathered Mn, pyrite peaks disappear on 

XRD traces (Fig.4-3). Inside the concretion, septarian hctures are present (Fig. 4-la). 

implying a very early diagenetic origin (Raiswell. 1971 : Gautier and Claypool. 1984: 

Scotchman, 1 99 1 ). 

The concretion consisted of a phosphatic intenor and a sideritic exterior. The 

phosphatic interior had a concentric structure (Fig.4-1 a), implying progressive growth of 

the concretion. Phosphate is composed of fme @ned fiancolite (McClellan. 1980). with 

a Fluorine content of 2.55 to 4.88 weight % and the ratio of CaO/P205 about 1.47. 

Francolite crystals aggregated to fil1 the pore system (Plate 4- 1 A). 

Siderite in the exterior of sample TL occurred rnainly as pore-filling crystals 

(Sid. P, Plate 44B, C). ne remainder ( Sid. M ) might line septarian fractures (Plate 4- 

lC), fil1 the fractures within detrital quartz grains. or even replace detrital quartz (Plate 4- 

ID). Only the pore-filling siderite samples provide enough material for isotopic analysis. 

There was a sharp boundary separating the interior fiom the extenor (Plate 4-2A). which 

probably reflects a pause in the growth of the concretion. 

Concretion TL has septarian fractures filled by pure calcite. or by a mixture of 

calcite and pyrite (Fig. 4-1). Calcite is rhombic. Euhedral pyrite replaces siderite and 

vein-filling calcite (Plate 4-28). Some euhedral pyrite is also disseminated through the 

concretion. some of which replaces detrita1 pains. No framboidal pyrite was observed. 



Plate 4- 1 

A: Micropphs of pore-filling fiancolite and pyrite (white) replacing detn'tal quartz 
grains. 430X. Concretion TL. 

B: Micrographs of pore-filling siderite and p*te replacing siderite and deû-ital quartz 
grains. Concretion TL. 450X. Note the decrease in the width of pores. compared to that 
on micrograph A. 

C: Micrographs of two generations of fracture-Iining sidente and later vein-filling 
calcite. The second generation siderite has darker colour and grows around the fint 
generation siderite. Concretion TL. 450X. 

D: Micropphs of siderite replacing detrital quartz grain. Two generations are visible. 
Concretion TL. 700X. 



Plate 4-1 



Plate 4-2 

A: The sharp boundary between the phosphate interior zone and the siderite exterior 
zone in concretion TL. About 80X. crossed polars. 

B: The vein-filiing pyrite (black) replacing vein-filling calcite (grey) in concretion TL. 
10OX. crossed polars. 
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The paragenetic sequence of this concretion seerns to be f~ancolite -> Sid. P -> 

Sid. M -> Calcite -> Pyrite 

Porosity has been estimated by counting points on a microphotopph (350 to 

450 points per photograph): it decreases with concretion growth. from 66.5% in the 

intenor to 55.4 % in the exterior. Based on these estimates. the corresponding burial 

depths of the hon sediments have k e n  cdculated by using the equation of Curtis et al. 

( 1986): 5.8m for the phosphatic intenor zone and 35.7rn for the sidentic exterior zone. 

The history of the concretion TL c m  be summarised as follows: The phosphatic 

core formed near the sediment-water interface (about 5.8 m burial depth). With 

increasing burial depth (to about 35m). the pore water had chanpd to favour the 

precipitation of sidente and formed the sideritic rim. The concretion was later eroded 

fiom its hon sediments and left on the sea bed. where it served as a hardground for 

boring organisms before it was buried by progradation of the Chungo HHCS sandstone. 

Concretion MC1 5 

Collected fiorn the Hanson Member at the Mistanusk Creek. B.C., concretion 

MC15 is an NI-situ sideritic concretion without septarian fractures. Sidente fills the pore 

space (Plate 4-3A B). XRD patterns indicate that there is only one siderite phase in the 

central part (Sid.1. d(104) = 2.79 A ; Plate 4-3A) but two phases are present in the outer 

part (d(104)=2.79 A for Sid. 1 and 2.82 A for Sid. II: Plate 4-3B). This distribution 

pattern of the siderite phases probably suggests that Sid. Il in the outer part precipitated 

in the pore space lefi unfilled by Sid. 1. 

There are some ammonite shells within the concretion that have not been 

deformed by compaction (Fig. 4-1 b). The early-precipitated siderite that filled the pore 

space probably prevented compaction. The charnbers of the ammonites are filled with 

calcite. which is composed of early isopachous calcite and later calcite spar. 



Plate 4-3 

A: Micrographs of pore-filling siderite and h b o i d a l  pyrite in the centre of concretion 
MC15 The XRD trace indicates that there is only one phase of siderite present 
(d(104)=2.79). One small calcite-filled vein are also shown on the microphotopphy 
on the nght. 950X. 

B: Micrographs of  pore-filling sidente in the outer part of concretion MC15. Two 
siderite phases are present, as shown on the XRD pattern(d(104)=2.79 and 2.82). The 
porosity on this plate can be seen to be lower than that on plate A. 1000X. 



Plate 4- 
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Pyrite in the MC15 concretion includes early framboidal and later euhedral 

phases. 

The paragenetic sequence for concretion MC 15 appears CO be framboidal pyrite - 
> Sid.1-> Sid-II -> euhedral pyrite -> isopachous calcite -> s p a q  calcite 

4.3.2 Isotopic Composition of Oxygen and Carbon 

Oxygen and carbon isotopic compositions from these wo concretions are shown 

in Table 4-1 and Figs. 4-4, 5. 6. These resdts shows that the two concretions record an 

enrichment in both 180 and h m  centre to edge. In sample TL.. the 6180 values 

increase from + 14.45 to + 24.8 %O SMOW, and the 6I3c fiom -1 1.62 to -0.7 %O PDB 

(Figs .a, 4-6). in sample MC15 6180 increases fkom + 22.27 to + 28.0 %O SMOW . 
and the S ' ~ C  fiom -7.89 to -5.62 %O PDB (Fig.4-5,6). 

It is interesting to note that both 6180 and 6% of sarnple 13A fiom the 

weathered rim of concretion TL are on the enrichment trend (Figs. 4-1 and 4). Sidente 

seems to be chemically very stable: therefor. its isotopic compositions should be 

preserved very well, even though the host rocks have expenenced weathenng (no pyrite 

in sample 13A detected on XRD; Fig. 4-38]. 

4.3.3 Pore Water Evolution During the Formation of the Concretions 

in an equilibnm system. the 6180 of a diagenetic mineral depends on the 6180 

of the pore water from which the mineral precipitates, and the formation temperature. If 

one of these two factors c m  be detennined or estimated. the other factor c m  be 

calculated. Furthemore. since a concretion grows with time, the change in the 6180 of a 

mineral from centre to edge of a concretion should reflect the evolution of compositions 

or temperature of pore waters. or both. if 180 has not expenenced any reequilibrium 

since the formation of the concretion. 



Plate 4-4 Concretion TL after cutting a slice from its centre. The concretion was 
penetrated by many borings filled with silt-size quartz and clay minerais (arrow). It 
was collected just above the sharp base of hummocky cross stratified sandstone 
(Chungo Mernber) overlying a sandy siltstone with nurnerous sidentic concretions 
(Hanson Member; Plate 5-2B). Subsurface correlation demonstrates that this sharp 
contact was a region erosional surface due to the uplifl of the Peace River Arc in the 
north of the study area (Chapters 5 and 6). The concretion was probably eroded fiorn 
the underlying Hanson Member and then exposed on the sea floor before being 
incorporated in the Chungo sandstone. 



Plate 4-4 



Figure 4-4 Oxygen and carbon isotopic compositions in concretion TL. ijt80 and 6I3c 
values are lower in the core and increase towards the edge. Sampie nurnbers are shown 
on the Y axis (see Fig. 4- 1 A for their locations). 
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Figure 4-5 Oxygen and carbon isotopic compositions in concretion MC 15. 6180 and 
6I3c values are lower in the core and increase towards the edge. Sample numbes are 
shown on the Y mis (see Fig. 4-1 B for their locations). 





Figure 4-6 Plot of oxygen qainst carbon isotopic compositions for concretions TL. 
MC 15 as well as vein-filling calcite. Both concretions show increasing values of 6"0  
and 613c fiom centre to edge. 



Si*rite rirn 

Siderite core 

Francolite core 

Vein-filling calcite 

I f l m  

Siderite rim 

cl3 %O (PDB) 



The carbon isotopic composition of a diagenetic minerai mainly depends on the 

stages of organic dep&tion, which are depthdependent (Irwin et al.. 1977). In the 

bacterial sulphate reduction zone within the top few metres of a sediment column. the 

biogeenically-produced bicarbonate might have a 6I3c as low as -25 %O PDB. If a 

mineral precipitated in the bacterial fermentation zone. around 10 to 1000 meters of 

buriai depth. its 6I3c rnight reach +15 %O PDB. Bicarbonate fiom the abiotic reaction 

zone with burial depth greater than 1000 metres will f o m  a mined with low 6"~: -10 

to -25 %O PDB (Lrwin et aI.. 1977). 

Figure 4-7 shows the relationships among the 6180 of three carbonate diagenetic 

minerals. the 6180 and temperatures of pore waters for concretion TL (the modem 

meteoric water and the mean surface temperature in Edmonton. Alberta. are also shown 

in the figure). in Figure 4-8. two phases of siderite are s h o w  for concretion MC 15. The 

curves in the two figures have k e n  calculated by using the functions of Friedman and 

OWeil (1977) for calcite and structural carbonate in fiancolite, and of Carothers et al. 

( 1 988) for siderite. 

4.3.3.1 Meteoric origin of initial pore waters 

Concretion TL probably naried to fom fiom meteoric pore water: concretion 

MC 15 from a pore water of a mixture of marine and meteoric waters. 

The very low 6180 (+ 14.34 % SMOW) in the central part of concretion TL 

suggests that the francolite had precipitated fiom meteonc pore water. During the Late 

Cretaceous. the waters that occupied the Western htenor Seaway have been estimated to 

have been -7 to - 1 1 %O SMOW (Kauffman. 1984). If the fiancolite had precipitated from 

the trapped depositional water. a formation temperature of 65.1 - 40.3 OC would have 

been required to precipitate the h c o l i t e  uith the 6180 of + 11.34 OhLl SMOW. These 

iemperatures are too high for the early diagenesis at the bunal depth of a few metres. To 



Figure 4-7 The porewater evolution with the growth of concretion ï l  (dash line). The 
concretion apparently started to form fiom a porewater with very low 6180 values (close 
to meteoric water) and continued to gow with increasing 6180 values in the porewater. 
The vein-filling calcite probably precipitated from a meteoric porewater afier the 
formation of the concretion. X axis: formation temperature (OC); Y mis: the 6180 
values of pore waters. The curves for different kinds of minerals were calculated with 
the equation of: Friedman and ONeil (1977) for calcite and structural carbonate in 
fiancolite; and Carothers et al. (1  988) for siderite. The vertical bar indicates the modem 
meteoric water in Edmonton, Alberta which was believed to be close to that of Alberta 
in the Late Cretaceous in terms of the 6180 value and temperature (OC). 
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achieve these temperatures. the sediments would have to be buried to depths of 1300 to 

3200 m, if the sediments experienced the highest geothemal gradient of 30 ' c h  of the 

Alberta foreland basin (Hitchon, 1984; Ayalon and L o n g d e .  1987). Therefore the 

h c o l i t e  m u t  have been precipitated fiom a much more '80-dep1eted porewater. 

Assurning that the francolite precipitated from a pore water of -1 6 % SMOW. a 

formation temperature of 15 OC can be calculated (Fig. 4-7). This temperature is 

consistent with the carbon isotopic composition of -1 1.62 % PDB and with the burial 

depth. Bicarbonate with isotopic composition of -1 1.62 o/, PDB was probably produced 

in the bacterial sulphate reduction zone, which is typically widiin 10 m of the sediment- 

water interface (Irwin et al.. 1977). From its porosity, concretion TL was estimated to 

have started to form around a burial depth of 5.8m, which is within the depth range of 

the bacterial sulphate reduction. The sulphate reduction zone has a temperature close to 

that of the water-sediment interface. with a difference of about 0.3 OC (Invin et al.. 1977: 

Gautier and Claypool. 1984). The estimated mean surface temperature in the study area 

during the Late Cretaceous was 16 OC (Piel, 1971. fiom Ayalon and Longstaffe. 1987); 

thus the bacterial sulphate reduction zone at that tirne might have k e n  about 16 %O r 0.3 

OC. This range is consistent with the required formation temperame of 15 OC for 

francotite. 

A composition of -16 Yt SMOW probably represents the 6180 of the meteoric 

water in the Late Cretaceous. In Edmonton. Present fieshwater at 5 OC surface 

temperature has a 6180 of -20 O/oo SMOW (Longstaffe. 1984). Considenng that the 

surface temperatures during the Late Cretaceous were higher than today (16 OC vs. 5 

OC). the higher d80 of the Late Cretaceous meteoric waters is expected. 

The fact that the curve for h c o t i t e  intersects that of modem meteonc water 

(Fig. 4-7) seems to suppon the conclusion that structural carbonates in francolite have 

reequilibrated with the modem surface water. since they are susceptible to meteoric 

water alteration (Bar-Mtthews et al.. 1990: Shemesh et al.. 1983: McArthur et al.. 1980: 
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Donaldson pers. comrn.. 1996). Two lines of evidence. however. conflict with this 

conclusion (Coleman et al.. 1981). First, there is a zonation of the 6180 and 6I3c within 

the fiancolite interior zone (Fig. 44) .  Second and more irnportantly. there is a great 

difference in the 6180 between the stmcniral carbonate and the vein-filling calcite 

(+14.45 v.s '7.96 %O SMOW). The meteoric alteration should result in homogeneous 

6180 values of the calcite and francolite throughout the concretion (Coleman et al.. 

1988 1 ). 

In concretion MC15. the higher 6180 values (+22.27 % SMOW) in its core 

probably imply that the first phase of siderite staned to precipitate from mixing pore 

waters with higher 6180 than the porewater from which francolite had precipitated. 

and'or higher temperatures (Fig. 4-8). Lower porosity in MC1 5 (comparing Plate 4-1 A 

with Plate 4-3A: note the different magnification) implies deeper burial depth: the 

presence of framboidal pyrite also suggests that sulphate reduction had taken place when 

the siderite precipitated (sidente after fknboidal pyrite in the paragenetic sequence): the 

siderite with the 613c of -7.89 to -5.62 Y00 PDB aiso mggests that they had formed in 

the lower bacterial fermentation zone where bicarbonate h m  the bacterial fermentation 

zone was rnixed with that fiom the abiotic reaction zone. 

4.3.3.2 Invasion of marine water during concretion growth 

The increase in 6180 fkom centre to edge in both concretions (from + 14.45 to + 

24.8 % SMOW in TL. and from + 22.27 to + 28.0 % SMOW in MCIS) reflects an 

enrichment in the ''0 of the pore water while the concretions grew. in concretion TL. 

pore waters of about -9 SMOW would have k e n  required to form the siderite rim 

with the 6180 of 124.8 9/00 SMOW if the siderite had formed at the same temperarure as 

the francolite in the central part (Fig. 4-7). If the siderite nm formed at higher 

temperanws. pore waters of higher 6180 values would have been required (Fig. 4-7). 

This would be very probable. since the porosity in the siderite rim had decreased to 

55.4°h fiom 6 6 O / b  in the centre. which implied that the sideritr nm had formed at a 



Figure 4-8 The pore water evolution during the formation of concretion MC 15 (dash 
line). The concretion apparently started to form fiom a 18~-depleted porewater and 
continued to grow with increashg 6180 values in the porewater. X mis: formation 
temperature (OC); Y mis: the ~ ' ~ 0  d u e s  of pore water. The curves for siderite were 
calculated by using the equation of Carothers et ai. ( 1988). 
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greater burial depth (thus at higher temperature). Much higher 6 " ~  (fiom -1 1.6 in the 

centre to -0.7 % PDB in the edge) probably indicated tiat the carbonate had corne fiom 

the bacterial fermentation zone. which occurs at depths greater than the sulphate 

reduction zone (Curtis et al.. 1986; Gautier et al.. 1 984). Thus the increase in the 6180 of 

minerals from centre to edge records the enrichment in 180 of the pore waters. 

Two factors might have caused the enrichment in the 180 of the pore waters: 

water-rock interaction or marine water invasion into the pore space. In some Cretaceous 

sandstones in the Alberta basin. the enrichment was due to water - rock interaction. such 

as alteration of rock h p e n t s  and feldspar. or transformation of smectite into mixed 

illite and smectite (Longstaffe. 1984: L o n g M e  et al.. 1991). Because there are few to 

no rock hgrnents or feldspar grains present in siltstone, burial depth was shallow (5.8 

to 35.7 m). and temperature was low. it seems unlikely that water-rock interactions were 

the important facton enriching the 180 of the pore water. 

Altematively, the increased &'*O of the pore water might have been due to 

invasion of marine water into the pore system. That the increase in 6 ' j ~  from - 1 1.6 to - 
0.7 O/w PDB also suggests that there might have k e n  an input of marine carbonate. 

During the formation of the concretions. because of hi& porosity in the sediments (still 

as high as 55.4% in the sidente exterior zone), sea waters could have easily moved 

through the sediments if there was a suitable hydradic head. 

n i e  calcite filling the vein probably precipitated fiom meteonc water because of 

its very low #'O value (+ 7.96 to + 8.14 SMOW. average + 8.05). Assurning the 

pore water had a 6"0  value of -16 to -18 %O SMOW. temperatures of 37.0 to 48.4 OC 

can be calculated (Fig. 4-7). 

The enrichment of 180 in MC 15 could be explained in the sarne way. 



1 5 s  
4.3.4 Relative Sea Level Changes Controlling Pore Water Evolution 

Both concretions showed a similar histoy in ternis of porewater evolution from 

which the carbonate had precipitated. The concretions started to fom from "0-depleted 

porewater. either meteoric water for sample TL or a mixture of meteoric and marine 

water for sample MC 15. and they continued to grow fiom water enriched in 180. Given 

that both concretions began to forrn in the early stages of diagenensis in offshore marine 

siltstone. one is led to ask what caused meteonc water to enter the pore space and what 

caused the later e ~ c h m e n t  of 180 in the porewater? 

Pore fluid migration may have k e n  controlled by relative sea level fluctuations. 

The same mechanism has k e n  inferred or even observed in other rock units. Meteoric 

water can flush the pore system in marine sediments during a relative sea level fall. either 

h o u &  subaerial exposure of marine sediments. or through subsurface water 

movement. 

Based on a midy of concretions from slightly older rocks in the same area 

McKay ( 1 992) concluded that meteoric waters entered marine sediments due to subaerial 

exposure accompanying a relative sea level fall. Cornparhg the isotopic compositions of 

siderite below an unconformity to those above it, she found the former recorded the 

influx of rneteonc water. In the Atlantic coast area lenses of meteonc water have k e n  

found in sediments below the modem sea floor. Freshwater with only a few tens of 

metres of hydraulic head discharges as far as 120 km off Florida (Manheim. 1967). and 

fluctuations in sea level have caused the landward or seaward movement of the 

saltwater-freshwater transition zone (Meisler et al.. 1 988 ). In the southwest coast of the 

Arabian Gulf. the meteonc diagenetic zone of marine carbonate extends at least 9 km 

offshore (Chafetz et al.. 1988). There. although the top 5 m of the aragonite-cemented 

cmst in the carbonate sequence is impermeable enough to impede vertical movement of 

the underlying fieshwater. the fieshwater can gush up when the cmst is broken (Shim. 

1983). 
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Even though no evidence has k e n  found in the midy area that the Hanson 

Member had been subaerially exposed the pervasive depositional cyclicity within it 

indicated that relative sea level probably expenenced kquent fluctuations. 

Concretionary lags on top of some depositional cycles suggest submarine erosion and lag 

formation during a relative sea level fdl. Glauconite in the finer-@ned sediments of 

the lower part of each cycle suggests lower sedimentation rates afier the following 

transgression. 

An abrupt shifi in both oxygen and carbon isotopic compositions. and the sharp 

boundaq between the phosphatic interior zone and the sideritic exterior zone in 

concretion TL imply an interruption in the foxmation of the concretion which in tum 

reflects a drarnatic change in pore water composition which was probably related to 

relative sea level change. 

Subaerial exposure accompanying a relative sea level fdl might be expected to 

have occurred somewhere north of the snidy area (in the Peace River Arch). The Peace 

River Arch was upwarped during deposition of allomember L in which the two 

concretions were collected, as suggested by its progressive northward thinning 

(Appendixes 1 and 2: Chapter 5) .  The meteoric lens might have extended into the study 

area Repeated nse and fa11 of relative sea level might have caused the eastem limit of 

the lens to move back and fonh due to the change in the hydraulic head. 

Figure 4-9 schematicaily shows the possible relationships between pore water 

evolution and relative sea level changes. During a relative lowstand. the fieshwater 

hydraulic head increased. causing the meteonc water lens to extend seaward (Fip. 1-9a). 

Mien relative sea level rises to highstand. the meteoric water lens might shifi landward 

as a result of die decreased hydraulic head (Fi p. 1-9b). 

In view of this mechanism. the initial isotopic composition of the pore water 

from which diagenetic minerals precipitate will depend on the position of a concretion 



Lowstand 

Figure 4-9 The fluctuations of relative sea level as a possible control on pore water 
evolution. 
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relative to the meteoric lens. At position A. within the lem. the pore water wdl be 

meteoric. This probably was the case while h c o l i t e  in concretion TL precipitated. At 

position B. near the lem. porewaters will reflect the rnixing of meteoric and marine 

waters. The initial pore water of concretion MC15 probably was an exarnple of this 

situation. A concretion far seaward of the lem would form from exclusively marine pore 

water. 

Movement patterns of the meteonc water lens relative to the location of growing 

concretions will determine the trend of isotopic composition during concretion growth. 

The landward shift of the rneteoric lem may cause the 180 e ~ c h r n e n t  fiom centre to 

edge. An increasing '*O depletion with concretion growth may occur when the meteoric 

lens moves towards to the concretion. 

This mode1 of pore water evolution may be changed by diagenesis. Water-rock 

interaction may cause a corresponding depletion or enrichment in ' '0. which depends 

on the budget of the 180 in the pore waters. Compaction and cementation will decrease 

the porosity and permeability of sediments and even make movement of the meteoric 

lens impossible in the later stage of concretion formation. As a result. water-rock 

interaction cm become an important factor influencing the evolution of pore water. The 

domhance of water-rock interaction in the control of porewater evolution was probably 

a major reason why only one trend of porewater evolution has usually k e n  obsenred in 

concretions. even though the fluctuations of sea level had occurred penodically. 

4.4 CONCLUSION 

Based on the previous discussion. the following conclusions can be reached. 

1 ) The oxygen and carbon isotopic compositions in sidente are good indicators 

of pore water compositions. Since sidente is resistant to weathering. its isotopic 

compositions can be presewed as long as its structure esists. 
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2 ) Meteoric water could enter sediments at very shailow burial depths (early 

diagenesis). Meteoric water probably had entered the pore system as a result of the 

seaward movement of a sub-seafloor meteonc water lem during a relative sea level fall. 

The enrichment in the 180 of the pore waters with concretion growth was probably due 

to a landward shift of a meteoric water lem as a result of a relative sea ieveI rise. 

3) Concretion TL smed to form fiom meteonc porewater. whereas sampie 

MC15 began to grow from a porewater which was a mixture of meteonc and marine 

water. Both concretions continued to grow fiom a porewater with increasing "0. which 

resulted fiom the landward movement of the meteoric lens due to the following 

transgression. 
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5. Chronostratigraphic Framework Of The Puskwaskau 

Formation: 15 Allomem bers 

5.1.1 Recognition of allornernbers 

A chronostratigraphic framework for the Puskwaskau Formation has been 

established based on subsurface correlation, because markers in shaly strata are much 

easier to recognise and correlate on well l o g  than in outcrop sections. In fact. without 

the aid of subsurface control. detailed correlation between widely-spaced outcrop 

sections is unreliable or impossible. 

The chronostratigraphic framework was established usine an allostratipphic 

approach in which units were defined by mapping bounding discontinuities. The most 

easily recognisable bounding discontinuities are marine flooding surfaces. A marine 

flooding surface is defined as a surface across which there is an abrupt increase in 

water depth (Van Wagoner et al., 1988, 1990). On the gamma and resistivity well logs 

through marine strata. marine flooding surfaces are expressed as a sharp deflection 

toward each other (higher intensity of gamma-ray radiation and lower resistivity). 

Facies above marine flooding surfaces could be facies 2 or 3. with or without facies 1 

in it. If a maine flooding surface could be correlated over most of the snidy area. it 

was defined as the boundary of an allomember. Founeen allornembers were defined in 

the study interval which lithostratigraphically lies between the base of the Dowling 

Member and the top of the Chungo Member of Stott (1 963, 1967). labelled A through 

N fiom bottom to top (Appendixes 2, 3,4. 5.6. and 7). An additional allomember (O) 

Iying immediately above the study interval is also discussed in this chapter. 

It is important to note that allomernber boundaries ma>- change their character 

laterally. Thus the boundary of an allomember is not necessarily always a marine 

flooding surface over the whole region. For example. the upper surface of 
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allomernber A is a marine flooding surface in the northem area. However it changes 

into a condensed section in the south (south of Township 58 in Appendix 2). A 

condensed section marks the boundary between a fining-upward succession below and 

an upward-coarsening succession above. Thus. condensed sections. correlative to 

marine flooding surfaces locally serve as allomember boundaries. although theu 

probably do not represent such ~~~~~~~~~~~~~~~~~~~~precise surfaces as do marine 

flooding surfaces. For example. in Appendix 2, the top boundary of allomember C in 

the south (south of 5-36-60-5W6) is a marine flooding surface. which changes 

northward into a condensed section (north of 5-36-60-5 W6). 

5.1.2 Subsurface correlation 

The subsurface correlation grid was based on 46 high-resolution well log cross 

sections (Fig. 1-3). One cross section was constructed in each township within the 

study area, and 4 were oriented parallel to the eastem limit of the deformed belt in the 

Foothills. Correlations were iooped through the g-rid of sections to ensure the 

consistency of markers being correlated in the entire area. Appendixes 2 through 6 

were selected fiom the 46 hi&-resolution cross sections. These cross sections have 

been significantly shortened in order to be included in the thesis. Their locations are 

s h o w  in Figure 5- 1. 

5.1.2.1 Pattern Matching 

Well log correlation involves recognition and correlation of log patterns between 

wells. and between cross-sections. It was found that correlation using a group of log 

patterns is a much more effective approach than using a single deflection. 

5.1.2.2 Type cross-section construction 

The cross-section in Township 66 was constructed as a type cross-section 

because the most western well in this township (6-27-66-13W6) is only II km away 



LOCATION OF CROSS SECTIONS 

Figure 5-1 Location of the cross sections included in the thesis (Appendix 8 is an 
outcrop cross section) 



- 1 6 7  - 
fiom a complete. undisturbed outcrop section on Mistanusk Creek. and log responses 

fkom ihis well match the measured outcrop section very well. 

The type cross-section was interpreted and correlated in great detail: one to two 

metre intervals being interpreted and correlated. Based on the termination (onlap. 

downlap. etc.) of surfaces (tirne lines) as well as lithological trends within units. major 

surfaces were recognised, and the geometry of the Strata between the bounding surfaces 

was detexmined. n i e  intemal geometry and the major surfaces acted as a guide for 

correlation of other cross-sections. The major surfaces become allomember boundaries 

when their regional nature was conf1rmed through extensive correlation. 

5.1.2.3 Correlating within the grid: Looping lines 

A cross-section for each township was constructed. Eac h cross-section was 

interpreted independently at ht. then correlated to the type cross-section or its 

neighbouring cross-sections. Correlations might be modified in order to "tie the loops" 

through the entire grid of cross sections. 

5.1.2.4 SW-NE (dip) cross-sections 

Three dip cross-sections perpendicular to the defornation front. were constructed 

to illustrate the typical stratal patterns in different part of the study area. They were 

selected based on their location in the study area. and their nearby outcrop control. 

5.1 -3  Construction of isopach maps 

From 1500 wells. 998 wells were selected to construct isopach maps for al1 

allomembers using Surfer 5 by Golden Software. Inc.. Golden. Colorado (Fig. 5 - 2 ) .  

The isopach maps were later refined using Surfer 6. 



Figure 5-7 Distribution of 998 wells used for constructing isopach maps. The wells 
were seIected from about 1500 wells. 
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Surfer converts irregularly-distributed into regularly-disuibuted data using 

various gridding methods. including Kriging, Inverse Distance. and Minimum 

Curvature before caiculating contours. The Kriging method was used in this study. 

This method uses a linear va r iopm technique to produce data grid. It is the defauit 

method. Expenments shows that contours produced with the Kriging method are 

smoother. 

The isopach maps produced with Surfer are distorted to some degrees since the 

software uses linear relationships both for longitude and latitude. It also treats 

longitude and latitude with the same linear relationship. The distonion in the fint case 

can not be corrected. For the second case. the X and Y axes were adjusted by using 

the ratio of the longitude distance to the latitude distance across the centre of the map 

to rescale the maps. 

In the following sections. each allomember will be described in terms of 1 )  

bounding surfaces, 2 )  isopach patterns. 3) lithology and cyclicity, and 4 )  course 

sediment distribution. followed by 5 )  interpretarion. 

5.2 Allomember A 

Isopach patterns & depocen~re: Allomember A is 5 to 50 metres thick with a 

depocentre located in the southeast. south of Tp 46 (Township 46) (Fip 5-3; Appendix 

2. a summarised version of Appendix 2 is included in Figure 5-3 and in other isopach 

maps s h o w  later). Within this depocentre. there are two subdepocentres located in Tp 

36 and Tp 42. In the vicinity of the subdepocentres. the isopachs are oriented 

approximately NW-SE. 

Strata of allomember A onlap the basal unconformity which was cut on the top 

of the Marshybank Formation in the West and the Bad Hean Formation in the east. 

Two prominent onlapping steps are identified. defined roughl). b ~ .  the 40-50 m 



lsopach map of Allomernber A 

Figure 5-3 Isopach maps of  allomember A. 

1: main active loading centre: 2: minor active loading subcentre within the 
main loading centre: 3: C = distribution of  relatively coarser scdiments. 
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Lithology and Cycliciy: In the south. allomember A consists largely of thinly- 

Iaminated shale of facies 2 (Appendix 1: all the sections south of the Brazeau River 

section except the Bighom River section) and in weli log sections shows an overall 

fining-upward succession (Appendix 2. south of 10- 16-58-2 W6). This overail 

upward-fining succession consists of 3 - 4 small. very subtle upward-coanening 

successions (Appendix 2. south of 1 0- 16-58-2 W6). Northward. allomember -4 

comprises only one upward-coanening succession (Appendixes 1 & 2). It also 

becomes corner-pined. with interbedded siltstone/sandstone of facies 3a. 

A pebble bed is seen in the basal part of allomernber A in the Mcleod River-B. 

Blackstone River. and Bighom River sections (Fig. 3-10). The pebble bed in the 

Mcleod River-B section is 5 cm thick, consisting of phosphatic concretions and shells. 

At Blackstone River and Bighom River. chen pebbles are scatted through a decimetre 

thick siltstone interval (Fig. 3-1 0). 

Coarser sediment disfribution: coarser sediments are concentrated in the area 

north of Tp 64 (in cross section of Fig. 5-3. a simplified version of Appendix 2 (NS - 
NS'): see Fig. 5-1 for the location of NS - NS'. This applies to al1 allomembers. 

Appendix 2 runs roughiy 2-5 mm to the right of F 1 on al1 isopach maps ). 

Bounding surfaces: The base of allomember A. which coincides with the basal 

unconformity of the Puskwaskau Formation. is marked by a thin layer of chen pebbles 

or occasionally. reworked phosphatic concretions (the Blackstone and Bighom River 

sections of Appendix 1). Locally. the chen pebble layer may be over one metre thick 

(Plint & Norris. 1991). The surface has a topography of erosional steps. first 

recognised by Plint and Walker ( 1  987). and illustrated by Plint ( 1990). Flint. Norris 

and Donaldson (1990) and Plint & Noms (1991). The top of allomember A is a 

marine flooding surface in the nonh (nonh of Tp 60 in Appendis 2)  and changes into a 

condensed section in the south (south of Tp 60 in Appendix 2). 
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Interpretation: The fact that the coarse sediment distribution does not coincide 

with the depocentre sugpsts that isopach patterns were controlled by differential 

subsidence, rather than by localised points of sediment supply. This conclusion is also 

supported by the onlapping geometry observed in the lower part of the allornember 

(Appendix 2. most prominent between Tp 66 and Tp 50). 

Two structural elements are proposed to have controlled the isopach patterns: 

1) active loading centres. and 2) reactivated basement faults which consist of NW-SE. 

and E-W trending faults. Two orders of active loading centre controlled the locations 

of the main depocentre (labelled D in Fig. 5-3) and of the three subdepocentres 

(labelled dl.&. and d3 in Fig. 5-3). Movement on NW-SE trending basement fault 

(FI ) was responsible for the deflection of the isopachs toward NW-SE. whereas the E- 

W trending basement faults resulted in the two prominent zones of onlap (one between 

Tp 63 and Tp 62 ; the other between Tp 56 and Tp 55 on cross section in Fig. 5-3). 

The following sections will show that the NW-SE trending basement fault (FI)  was 

rernobilised many times duxing deposition of the Puskwaskau Formation and 

controlled the isopach pattern of several dlomembers. and that the E-W trending fault 

between Tp 56 6 d  Tp 55 was also very active during deposition of allomember 1. 

resulting in significant changes in thickness across the fault (Figs. 5-3 and 11: 

Appendix 2). 

Subsidence rates also controlled whether an upward-fining or upward- 

comening facies succession developed. Subsidence took place in the south first and 

then over the whole area. resulting in the formation of a northward-onlapping 

geometry. In the south. subsidence seerns to have accelerated with time. and 

sediments introduced into the southem region became finer with tirne. resulting in the 

formation of an overall upward-fining succession (south of Tp 58 in Appendix 2).  On 

the other hand. lower subsidence rates in the north promoted coastal progradaiion and 
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the basinward introduction of coarser sediments. resulting in an upward-coanening 

succession in the north (no& of Tp 63. Appendix 2). 

There were probably high order relative sea level fluctuations during 

deposition of allomember A. as indicated by the pebble layers tens of metres above the 

base of the allomember. It is difficult. however. to determine whether the fluctuations 

were controlled by tectonism or eustasy. or both. because of the difficulty in 

correlating these pebble beds and hence in determining their distribution. 

Isopach patterns and depocenire: Allomember B is 12 to 40 metres thick with 

a depositional centre in the north (D: north of Tp 59 in Appendix 7: cross section in 

Fig. 5-4). Generally, stratal thickness increases towards the thmst belt. It can also be 

seen that most isopachs near the ths t  belt are oriented NW-SE. as shown by the 25 m 

isopach in the northern region. and by 17 and 21 m isopachs in the southem area. In 

the east. two regions (between Tp 60 and Tp 62. and between Tp 54 and Tp 57 in Fig. 

5-4) have E-W trending isopach patterns. 

Bounding surfaces and lithology: Allomember B is bounded above by a 

condensed section in the north (north of Tp 60 in Appendix) and a marine flooding 

surface in the south (south of Tp 60 in Appendix 2). The change in the nature of the 

upper bounding surface is accompanied by a change in the underlying facies 

succession. In the north. an upward-fining succession develops. whereas an upward- 

coarsening succession is seen in the south (Appendix 3). The fining-upward facies 

succession in the north is accompanied by thicker strata (depocentre: D. Fig. 5-41. I t  is 

important to note that facies successions in the north and south have reversed grain 

size trends relative to those of allomember A. 

Coarse sedirnenr disrrihurion: During deposition of the lower pan of 

allomember B. coarser sediment (Cl  in Fig. 5-1) was concentrated north of Tp 66 



Isopach map of allomemer B 

Figure 5 4  Isopach map OF allomember B. See Figure 5-3 for legend and 
Figure 5- 1 for the location of the cross section. 



(Appendix 2). whereas during deposition of the upper part. coarser sediment (CZ in 

Fig. 5-4) was deposited between Tp 57 and Tp 50 (Appendix 2: cross section in Fie. 5- 

4). Neither of these two relatively sand-nch areas coincide with the depocentre (Fig. 

5-4: Appendix 2). 

Interpretation: During deposition of allornember B. the active loading centre 

was in the north. Subsidence rates seem to have reached the maximum near the end of 

allomember B time. which resulted in coastal transgression and deposition of an 

upward-fining facies succession in the north. In the south. subsidence was slower 

during allomember B time. and sedimentation exceeded subsidence. forming an 

upward-coarsening succession (cross section in Fig.5-4). 

As in allomember A. the NW-SE trending fauit (F1 ) was active. controlling the 

NW-SE orientation of the isopachs in the West. The local E-W orientation of isopachs 

in the east is inferred to have been controlled by movement on some E-W trending 

basement faults. Three of these E-W trending basement faults (F2. F3. and F4) were 

active during the deposition of  at least one other allomember. although f l  was active 

only during the deposition of allomember B. Faults F3 and F4 seern to have controlled 

the depocentre in the east (D2 in Fig. 5-4). The E-W orientation of isopachs is not 

seen in the West probably due to overpnnting by rapid thnist-related subsidence. 

Isopach patterns and depocenters: Allomernber C has a thickness of 2 to 30 

metres. Two orders of depocenters are seen. The lower order one is located in the 

area between Tp 40 and Tp 64 (D. Fig. 5-5) .  Within this main depocentre. two higher- 

order depocenters are present (dl and d2). Isopachs -adjacent to the t h s t  belt are 

semicircular around the main depocentre and subdepocentres. The east-west trending 

isopachs seen in the east around 64 ( F 4  are in the sarne location as those in 

al lomember B. 
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Figure 5-5 Isopach map of allornember C. See Figure 5-3 for legend and 
Figure 5-1 for the location of the cross section. 



Cyclicity and litho Io=: Allomember C has two upward-coarsening successions 

in the north (north of Tp 59 in Appendix 2; Fig. 5-5), whereas only one overall 

coarsening-upward succession is recognisable in the south due to shaling-out of the 

lower succession (south of Tp 59, cross section in Fig. 5-5). AIlomember C in the 

north (north of the Muskeg River, Appendix 1) consists of interbedded siltstone and 

very fine grained sandstone of facies 3 a  and shale of facies 2 . In the south. it is 

mainly made up of fine @ned siltstone and shale of facies 3 (south of the Muskeg 

River. Appendix 1 ). 

Course sediment distribution: In the lower succession. coarser sediment (C 1 in 

Fig. 5-5 )  was restricted to north of Tp 59 where an upward-coarsening succession is 

developed. In the upper succession, coarser sediments ( C 2 )  was more widely 

distributed. and concentmted in the region between Tp 69 and 50 (Appendix 2: cross 

section in Fig.5-5). 

Bounding surfaces: Allomember C is bounded above by a marine flooding 

surface except in the northernmost area (north of Tp 70) where the upper boundary is a 

condensed section (Appendix 2; cross section in Fig. 5-5).  

Interpretation: The semiconcentric isopach patterns in the West indicate that 

loading in the thnist belt was the dominant factor controlling subsidence in this area. 

The occurrence of two orders of depocenter implies two corresponding scales of 

loading process. as shown in Fig.5-5. Besides the loading to the southwest. the E-W 

fault (F4) was also active. controlling the isopach orientation in the east. 

During deposition of the lower succession. progradation seems to have been 

mainly controlled by subsidence rates. Coarser sediments prograded in the nonh 

where allomember C is thinner and hence had lower subsidence rates. whereas the 

depocentre received finer-grained sediment (cross section in Fig. 5-5 ). 
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Sediment supply probably played a more important role in controlling 

deposition of the upper succession. The locus of coarser sediment deposition shifted 

southward into the isopach depocentre (cross section in Fig. 5-5). suggesting that 

sediment supply was sufficient to overcome the higher subsidence rate there. resuiting 

in progradation (cross section in Fig.5-5). In conmt .  in the far northwest and 

southeast. subsidence rates were lower. but low sediment supply caused local 

transgression. resulting in the formation of an upward-fining succession in the upper 

succession and in the formation of a condensed section (cross section in Fig. 5-5: south 

of Tp 42 in Appendix 2) .  

5.5 AIIomember D 

Isopach patterns and depocenters: Allomember D is 3 to 35 metres thick. 

Three main depocenters are identified (Dl. DZ and D3: Fig. 5-6). The northem 

depocentre (D 1 ). located adjacent to the thrust belt, contains three subdepocentres (d 1. 

d2. and d3: Fig. 5-6). lsopachs display two patterns: semiconcentric with NW-SE 

modification around depocenters (Dl and D3) in the West and E-W-oriented around 

an isolated depocentre (D2) in the east. centred on Tp 64 Rg20W5. 

Cyclicip and litholog).: Three subcycles are seen in allomember D (cross 

section in Fig. 5-6; Appendix 2). Overall. the three subcycles prograded 

northeastward. as indicated by northeastward toplap against the upper bounding 

surface (lefi of 8-23-69-8W6 in Appendix 4: Fig. 5-7). and downlap ont0 the basal 

surface (right of 14- 12-70-7W6 in Appendix 4: right of 1-33-47-1 5W5 in Appendix 

6). They also seem to progressively shifi their depocenters southeastward (cross 

section in Fig. 5-6: Appendix 2). 

The three subcycles f o m  an overall upward-coarsening succession in the nonh 

(nonh of 5-36-60-5 W6 in Appendix 2 )  and an overall coarsening-then fining-upward 

succession in the south (south of 5-36-60-5W6 in -4ppendis 2). 



Figure 5-6 Isopach map of allomember D. See Figure 5-3 for legend and 
Figure 5-1 for the location of the cross section. 



SUBCROP OF ALLOMEMBER D 
AGAINST THE ALLOMEMBER TOP 

Tp72 

TP69 CROSSSECTION 

Figure 5-7 Subcrop map oiallomember D against its top and a cross section on 
Towship 69. showing that subcycles of allomember D (d. d: d , )  progressively toplap 
nonheastwatd. 
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Allomember D consists of cm-scale beds of very fine-pined sandstone and 

siltstone of facies 3a and 4a. It is the coarsest and thickest allomember in sequence I 

of the Puskwaskau Formation. It has a very sharp contact with the overlying strata of 

allomember E (Plate 5-1 A), which is characterised by a thinly laminated shale (facies 

2). The sharp contact and abrupt lithological change across the contact make 

allornember D readily recognisable, both in outcrop and well Iogs. In fact. al1 the 

working well log cross sections were hung on the top of allomember D. 

Coarser sediment distribution: Coarse sediment distribution (C in Fig. 5-6) 

was restricted to the area north of Tp 48 (cross section in Fig. 5-6). 

Bounding surfaces: Allomember D is bounded above by a marine flooding 

surface in the north (north of Tp 58 in Appendix 2: cross section in Fig. 5-6). 

Southward. the boundary is a condensed section. The marine flooding surface in the 

north is very sharp (Plate 5-1 A). The strata below the surface consist of interbedded 

siltstone and very fine-grained sandstone. Symmetrical wave npples and mollusc 

shells are present in coarser interbeds. In places. cm-scale gutter casts were also seen. 

The strata above the top of allomember D comprise thinly laminated shale. No 

pebbies were observed along the surface. 

Interpretation: The upper bounding surface of allomember D is inferred to 

have formed as a subrnarine bypass surface. The observed toplap geometry might 

have formed in either of two ways: postdepositional erosion or bypassing of sediment 

(Fig. 5-8). A sediment bypass surface may develop on land or under the sea (Fig. 5-8). 

Postdepositional erosion seems to be unlikely since this mechanism would require 

removal of a significant thickness of strata of allomember D. indicated b!. the fact that 

allomember D consists entirely of offshore sediment with symmetncal wave ripples. 

In addition. the fact that no form of lag deposit is preseni on the top of allomember D 

makes this interpretation difficult to accept. Terrestrial sediment bypassing is ruled 



Plate 5-1 

A: Sharp contact of allomember D with the overlying allomember E (black arrow). 
Allomember D consists of interbedded siltstone and very fine grained sandstone of 
facies 3a and 4a. The overlying allomember E is charactensed by a thinly larninated 
shale of facies 2. The sharp contact is the b o u n d q  between sequence 1 and 
sequence II of the Puskwaskau Formation. Thistle member. Mistanusk Creek. 

B: Lumpy erosional surface on top of a stacked shoreface sandstone (white arrows). 
SCS. swaly cross stratified sandstone; S. silty shale. Chungo Member. Thistle 
Creek-B section. 
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Plate 5-1 



Toplap due to erosion 

Toplap due to sediment by-passing 
- - 

Su baenal by-passing 

Figure 5-8 Possible options for the formation at the toplap geometry of the top of 
ailomember D: postdepositional erosion. subaerial bypassing or submarine passing. 
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out by the inferred depositional environment of allomember D. Therefore a submarine 

bypass origin is favoured. The submarine bypass was an offshore expression of a 

small scale relative sea level fall. This interpretation is consistent with the iithology of 

allomember D. which is characterised by interbedded siltstone and sandstone with 

wave ripples and Inoceramus shells of facies 3a or 4a. These two facies are 

interpreted as the deposits on an offshore shelf (Chapter 3). 

Bypass of sediment (toplap gometry) suggested that there was no increase in 

accommodation in the West of the snidy area during deposition. The stratal 

distribution probably reflects the space lefi after deposition of allomember C. 

supplemented by subsidence on basement faults during the deposition of allomember 

D. The NW-SE (FI) and in particular, E-W trending basement faults (f7. f5) may 

have been active. resulting in the modification of the isopach orientation in the West 

and development of the isolated depocentre (d5) in the east. 

5.6 Allomember E 

Isopach patierns and depocenters: Allomember E is O to 20 metres thick. Its 

major depocentre is in the northwest (D in Fig. 5-9). Isopachs show semiconcentnc 

patterns around the depocentre. Allomember E pinches out to the south and northeast. 

Log signatures indicate that lithology gets progressively finer as the strata thin 

southward. in the northeast where allomember E pinches out. the overlying srrata 

(allomember G in Appendixes 4; allomembers F and G in Appendix 5) rest on top of 

allomember D with a sharp contact. as indicated by a sharp deflection on the gamma 

log (6-7-75-2W6 in Appendixes 4 and 5-36-68-20W5 in Appendix 5). Well log cross 

section shows that sediments becomes finer (fiom outcrop to 14-13-70-7W6 in 

Appendix 4) and then coarser (6-22-71 -5W6 in Appendix 4) toward the northeast 

(Appendix 4). In the central region. the strata extend rnuch further eastward. 

C)d i c i~ -  and litholog*: Allornember E displays an overall upuard-coarsening 

succession in the entire study area ( Appendis 2 ). Outcrop mrasurement indicates that 



Isopach map of allornember E 

Figure 5-9 Isopach map of allomember E. See Figure 5-3 for legend and 
Figure 5- I for the location of the cross section. 
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at least three subcycles are stacked to f o m  the upward-coarsening succession 

(Appendix 1). The basal part of allomernber E consists of laminated shale (facies 2). 

Ln the Cutpick Hill section. four thin bentonite beds (3 to 5 mm thick) are seen 

(Appendix 1). The upper part is charactensed by a thinly interbedded siltstone and 

shale (facies 3a). 

Coarse sedimenr distribu~ion: Coarser sediments (C in Fig. 5-9) occur in the 

no* (north of Tp 64 in Appendix 2). and coincide with the depocentre (cross section 

in Fig. 5-9). Sediments becomes finer towards the south. 

Bounding surfaces: The upper boundary is a marine flooding surface over the 

entire region (Appendix 2). 

Interprelation: Thrust loading was the dominant factor controlling the stratal 

distribution of allomember E. It c m  be seen that the locus of active loading changed 

dramatically relative to allomember D. with activity concentrated in the NW. The 

shifi seems to herald a new pattern of basin subsidence. since the succeeding three 

allomembers (F. G. and H) also had their depocenters in the north. Chapter 6 will 

show that this dramatic shifi of the locus of active loading coincides with the 

beginning of sequence 11 that consists of ailomember E. F. G and H. 

The lateral trend of northeastward-fining and then coarsening. s h o w  in 

Appendix 4 and other cross sections suggests a sediment source in the northeast in 

addition to the main source fiom the thnist belt. 

There seems to have been a basement fault (F3 in Fig. 5-9) controlling the 

distribution of strata in the central region. This fault was also active during the 

deposition of allomembers B and H. 
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lsupach patterns and depocentres: Allomernber F has a thickness of O to 25 m. 

with a depocentre in the north (D in Fig. 5-10). There appears to be another 

depocenter in the far northwest. as indicated by the deflection of isopachs and 

thickness increase. Allomember F pinches out to the northeast (Fig.5-1 O). 

Isopachs thicken toward the thrust belt. They also display two prominent 

orientations: NW-SE in the West and roughly E-& in the dista1 region around Tp 64. 

Cycliciy und litholog?.: There are two subcycles in allomember F. The lower 

one is better developed in the north and pinches out towards the south (north of Tp 67 

in Appendix 2). The upper subcycle has a greater thickness in the central area 

(between Tp 56 and 60 in Appendix 2). Both subcycles together form an overall 

upward-fining succession in the north (north of Tp 65 in Appendix 2). whereas they 

fonn an overall upward-coarsening succession in the central and southem areas 

(Appendix 2). Allomernber F is characterised by thinly interbedded siitstone and shale 

of facies 3 a  and laminated shale of facies 2. 

Coarse sediment disrribution: Coarser sediments (C  in Fig. 5-1 0) in 

allomember F are concentrated in the northem region (north of Tp 56 in Appendix 2: 

cross section in Fig. 5-1 0). 

Bounding surfuces: The upper boundary of allomember F is a marine flooding 

surface. characterised by high gamma-ray counts and low resistivity (Appendix 3). 

This surface is conelated to an approximately 2 m thick shaiy interval with some 

bentonite beds in outcrop on the Smoky River (see Appendix 4). Together with 

allomember E. allomember F displays a ioplap geometry in the northeast (Fig. 6-7: 

Appendixes 4 and 6). 
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Figure 5- 10 Isopach map of allomember F. See Figure 5-3 for legend and 
Figure 5- 1 for the location of the cross section. 
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Inrerpretation: Five tectonic elements are proposed to have controlled 

deposition of allomember F. Two active loading centres were responsible for the two 

depocentres. The third element was the NW-SE trending basement fault (FI). which 

controlled the NW-SE orientation of isopachs in the West. The E-W trending 

basement fault f6. only seen in allomember F. constitutes the fourth element. which 

influenced the isopach pattern in the east around Tp 64. The fifth element involved 

the uplifi of the entire northeastem area which resulted in the thinning and apparent 

tmcation of allomember F in that area (Fig. 5-i0). The uplifi in the northeast 

reduced the depositional area of ailomember F relative to allomember E (comparing 

Figs. 5- 10 and 5-9). 

5.8 Allomember G 

Isopach patterns and depocenrres: Allomember G has a thickness of O to 40 

metres. with its depocentre in the north, between Tp 52 and Tp 58 (D in Fig.5-11). 

Isopachs display a semiconcentric pattern around the depocentre. In addition. a 

roughly E-W orientation is seen in isopachs in the east. between Tp 63 and Tp 67 (f6). 

In the area between by F5 and F6. some isopachs in the east aiso have a northeast- 

southwest orientation. Allomember G dies out to the southeast (Fig. 5-1 1 ). 

Cycliciry and lirhologv: There are two subcycles in ailomember G. The lower 

subcycle has a greater thickness and coarser lithology in the centrai area (between Tp 

58 and Tp 70 (cross section in Fip. 5-1 1). whereas the upper one has its depocentre and 

coarser lithology in the area north of Tp 59 (cross section in Fig.5-11). The two 

subcycles f om an upward-coanening succession in the north and a finine-upward 

succession in the south (Appendix 7). 

Allomember G is characterised by interbedded siltstone and shale of facies 3a. 

with the basal part consisting of laminated shale of facies 2 .  The basal shale ma!. 

contain finely-disseminated pyrite (the Misranusli Creek section. Appendix 1 ). 
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Figure 5-1 1 Isopach map of allomember G. See Figure 5-3 for legend and 
Figure 5-1 for the location of the cross section. 



Course sediment disrribution: In the lower subcycle. coarser sediment (CI in 

Fig. 5- 1 1 ) coincides with the depocentre (cross section in Fig. 5- 1 1). The upper 

subcycle has coarser sediment (C2 in Fig. 5-1 1 )  concentrated north of Tp 59. partially 

coinciding with the depocentre. Sediments become finer in grain size southward 

where the allomernber dies out (Fig. 5-1 1 ; Appendixes 1 and 2). 

Bounding surfaces: Toward the NE the two subcycles downiap ont0 the basal 

marine flooding surface (Appendixes 4 and 5) .  The upper boundary is a marine 

flooding surface in the northem area (north of Tp 59). It changes into a condensed 

section in the area south of Tp 59 (Appendix 2: cross section in Fig. 5- 1 1 ). 

Interpretation: Even though the coarser sediment of the lower subcycle is 

concentrated in the depocentre. the distribution of corner sediment in the upper 

subcycle (which is the major component of allomember G in terms of thickness) is 

offset toward the northwest side of the depocentre. This suggests that differential 

subsidence rather than localised sediment influx was probably the dominant factor 

controlling the isopach patterns. Active loading is interpreted to have been to the 

southwest of the area between Tp 50 and Tp 65 (Fig. 5-1 1). as suggested by the 

semiconcentric isopach pattern. In addition. the E-W onented basement fault around 

Tp 66 (f6) was probably also active. resulting in the E-W orientation of isopachs in 

this area. The northeast-oriented modification of the isopachs in the area defined by 

F5 and F6 probably result fiom the activity of faults F5 and F6. These two faults were 

particularly active after deposition of allomember H. controlling postdepositional 

erosion of allomember H (see the next section). 

During the deposition of the lower subcycle. sediment suppl! exceeded 

subsidence. forming an upward-coarsening succession over the entire region. The 

upper subcycle developed an upward-coarsening succession only in the northem 
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region where coarser sediment was deposited. while in the south. a fining-upward 

succession formed in response to a lower sediment supply. 

5.9 Allomember H 

isopach pouernr and depocenrres: Allomember H has a thickness of O to 26 

metres. The thïckest strata are located in the north (R in Fig. 5- 12) and adjacent to the 

thmst belt. From this area isopachs extend northeastward in the area defined by F5 

and F6. The allomember dies out to southeast (Fig. 5-12). 

Subsurface correlation shows that the upper part of allomember H is restricted 

to the tnangular area between F5 and F6 (Appendix 2: cross section in Fig. 5-12). The 

thickness of the upper part decreases to the northeast (Fig. 5-1 3). The distribution of 

the upper part. however, does not extend northeastward as far as the area defined by 

the 16 m isopach on the Fig. 5-12, implying that the subdepocentre (D) in Fig. 5-1 2 

was related to the lower part of allomember H. 

Cyclicify and lithology: There are two subcycles observed in allomember H. 

The upper subcycle is only present in the mangular area between F5 and F6 (Fig. 5 - 1 2  

between Tp 62 and Tp 66 in Appendix 2; cross section in Fig. 5-12). which is oriented 

NE-SW. The upper subcycle is eroded beyond this area (cross section in Fig.5-12: 

Appendix 2). It displays an upward-coarsening succession. In the lower subcycle. log 

patterns gradudly change lateraily. showing an upward-coarsening succession in the 

north (no& of Tp 58 in Appendix 2) and a fining-upward succession in the south 

(south of Tp 58 in Appendix 2). 

Allornember H consists of bioturbated sandstone and siltstone of facies 3b and 

4b in the Mistanusk Creek-Two Lakes area. Southward. it changes into interbedded 

siltstone and very fine grained sandstone of facies 3a (Appendis 1 ). Some gutter casts 

were seen in the Two Lakes section ( Appendis I ). 
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Figure 5- 12 Isopach map of allomember H. See Figure 5-3 for Iegend and 
Figure 5-  1 for the location of the cross section 



Figure 5-13 lsopach map of the erosional remnant of the upper part of allomember H. 
The erosional remnant is defined approxirnately by the 19 rn isopach on Fig. 5-1 2 (R). 



Coarse sediment disnibution: Coarser sediments were deposited nonh of Tp 

59 for the lower subcycle (cross section in Fig. 5-12: Appendix 2). It is impossible to 

determine the distribution of coarser sediments in the upper subcycle. since only an 

erosional remnant is preserved. 

Bounding surfaces: Allomember H is bounded above by an erosional surface. 

At least 13 metres of strata have been eroded beyond the triangular area of the rernnant 

of the upper subcycle (Appendix 2: cross section in Fig. 5-1 2). 

Interpretation: The upper part of allomember H is an erosional rernnant. 

Preservation of the erosional remnant was probably controlled by two basement faults 

(F5 and F6. Fig. 3-12), which also controlled the isopach patterns of allomember G. It 

seems likely that. after deposition of allomember H. the sediments of the upper 

subcycle were preserved fiom erosion as a result of localised subsidence on NE-SW 

trending basement faults. 

Whether the erosion took place subaqueously or subaenally is dificult to 

determine. although Iimited evidence favours submarine erosion. The evidence 

includes 1 )  both strata below and above the upper erosional surface were deposited in 

an offshore environrnent; 2) in outcrop. no evidence of subaerial conditions are present 

in the strata below the surface; and 3) no extra- or intra-formational clasts are seen on 

the erosional surface. The areas NW of F6 and SE of F5 probably had been lified up 

to the fair weather wave base by F5 and F6 and experienced submanne erosion by 

wave scour. 

Sediment supply seems to have been the main control on facies successions. ln 

the north. where coarser sediments were deposited. a higher rate of sediment supply 

could overcome subsidence to form an upward-coarsening succession. whereas in the 

central area where tiner-grained sediment was deposited. an upuard-fining succession 
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formed. The upward-fining succession implies that sedimentation could not keep up 

with the creation of accommodation. 

Isopach patterns und depocentres: Allomember 1 is O to 80 metres thick. with 

the greatest thickness in the south (south of Tp 56 in Appendix 2: D in Fig. 5- 14). 

There are three subdepocentres wirhin the main depocentre (dl. dl. and d3 in Fie. 5-  

14). Allomember 1 is absent in the northwest. and in the northeast between Tp 57 and 

Tp 66. 

Four isopach patterns are identified: 1 )  a basinward decrease in thickness. 2) a 

NW-SE orientation adjacent to the thnist front (the 46, 50 m isopachs in the south: 10. 

14 and 18 m isopachs in the north); 3) an E-W trend in the east between Tp 57 and Tp 

66. and 4) the E-W rotation of isopachs in the east south of Tp 57. It is important to 

note that the northeastern margins of the three subdepocentres are relatively steep. as 

indicated by the closely-spaced isopachs. and that the margins are oriented along a 

NW-SE line (Fig. 5- 14). This line coincides with the NW-SE oriented basement fault 

(FI) inferred to have controlled deposition of allomembers A. B. D. and F (Figs. 5-3. 

5 - 4 5 - 6  and 5- 1 0). 

Cyciicity und lithologi.: Although allomember 1 does not have well-developed 

higher-order cyclicity due to its overall fine-@ned lithology. it  does display an 

overall upward-fining succession over most of the study area. This overall upward- 

fining succession is complicated by some locally-developed. higher-order upward- 

coarsening successions. as seen south of Tp 45 (Appendix 2). 

In the south. allomember 1 is characterised by interbedded coarse and fine- 

grained siltstone passing upward into larninated shale and siltstone (Appendis 1 ) 

(facies 2 and ja). Northward. in the Muskeg River - Cutpick Hill-Two Lakes- - 
Mistanusk Creek area. allomember 1 consists of bioturbated sandy siltstone ( facies 4b i 
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Figure 5-1 4 Isopach map ofallomember 1. See Figure 5-3 for legend and 
Figure 5-1 for the location of the cross section. 
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passing upward into bioturbated silty shale (facies 3 b). with abundant sideritic 

concretions. 

A few bentonite beds are seen in the middle part of allomember I in the 

Chungo Creek Bighom River. and Cripple Creek sections. and in the north 

(Mistanusk Creek-Two Lakes-Cutpick Hill area). 4 bentonite beds (3 to 5 mm thick) 

occur in the basal part of the allomember (Appendix 1 ). 

Course sediment distribution: Coarser sediments occur in two area. One (C2 

in Fig. 5-14) is in the north (between Tp 66 and Tp 60 in Appendix 2: cross section in 

Fig. 5- 14). which is away fiom the main depocentre (D). The other (C 1 ) occurs in the 

southern area (south of Tp 47 in Appendix 2; cross section in Fig. 5-14). This 

depocentre is within the main depocentre (D) but outside of the three subdepocentres 

where allomember 1 reaches its greatest thickness (Fig. 5- 14). 

Bounding surfaces: The basal boundary of allomember 1 is an erosional 

surface. ont0 which the allomember progressively onlaps northward. Allomember 1 is 

bounded above by a condensed section in aimost the entire region except in the 

northwestem corner where it is mincated by the basal erosional surface of allomember 

M (Appendixes 1 and 2). Correlation far to the east (Appendixes 3 and 6) indicates 

that this condensed section is developed on a much more regional scale than those on 

top of allomembers F and A in the south, or allomember B in the north. and is the 

horizon with the highest gamma ray log response in the whole Puskwaskau Formation. 

Interprerarion: The fact that the distribution of coarser sediment does not 

coincide with the isopach depocentre (in the north) or subdepocentres (in the south) 

again suggests that subsidence rather than localised sedimentation controlled stratal 

thickness. Three tectonic features are proposed to have affected subsidence: 1 ) active 

loading centres in the south. 2) the NW-SE trending basernent fault (FI ) and 3 )  the E- 

W trending fault zone. 
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Loading in the southem part of the t h s t  belt caused tilt of the basin floor to 

the southwest. There was significant differential subsidence between the south and 

north during the deposition of the lower part of allomember 1. which onlaps 

northward. This was caused by differential loading between these two regions. as well 

as by faulting (F2: cross section in Fig. 5-14). The effect of faulting becomes more 

pronounced in the east (Fig. 5-14). where the effect of flexural subsidence becomes 

less important. The differential subsidence in the SE seems to have become less 

pronounced during deposition of the upper part of allornember 1. as indicated by its 

more uniform stratal thickness over the entire region (Appendix 2). 

Three higher-order loading centres cm be inferred within the main loading 

centre. each of which is inferred to have generated a higher-order subdepocentre. 

The NW-SE trending basement fault (FI ) was again active. causing the NW- 

SE orientation of isopachs in the north and alignment of the eastem margins of the 

three subdepocentres. 

The disappearance of allomember I in the far northwest was due to erosion on 

the basal surface of allornember M. as indicated by the relatively uniform thichess of 

allomember 1 in the area between the eroded zone and Tp 56 (Appendix 2: cross 

section in Fig. 5-14). As s h o w  in the following three sections. the basal surface of 

allomember M cuts out allomernbers J. K and L in the north. The absence of 

allomember 1 in the east was probably caused by the subtle uplift of horst blocks 

between the E-W trending basement faults F2. F4. and f7 ( Fig. 5-14). 

The much more regional occurrence and extremely high gamma radiation of 

the top part of allomember 1 suggests that it is probably equivalent to the Firsr White 

Speckled Shale in the Plains area and represents the transgressive peak in the Western 

Interior Seaway dunng the Late Cretaceous (the Niobrara Cycle. Kauffman and 
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Caldwell: 1993: Leckie et al. 1994). The transgression is inferred to have raised 

sea level to 275 - 300m above present sea stand. resulting in the occurrence of long- 

time oxygen-depleted sea waters and accumulation of organic-nch. highly-radioactive 

shale (Kauffinan and Caldwell. 1993). 

5.11 Ailomember J 

Isopach patterns and depocennes: Allomember J ranges from O to 16 rn thick. 

and is of relativeiy uniform thickness over much of the study area in contrast to 

allomember I in which great thickness variation occurs. Two depocentres are present. 

The main one (Dl) is adjacent to the t h s t  belt between Tp 39 and Tp 53. A smaller 

depocentre (D2) is in the east between Tp 55 and Tp 60. However. strata in the 

depocentres are only a few rnetres thicker than in the surroundhg area (Fig. 5-1 5). 

There are two isopach patterns. The isopachs close to the northern limit and in 

the east between Tp 55 and Tp 65 show an E-W orientation. In the southwest. 

isopachs thicken toward the thnist belt. 

North of Tp 66. allomember J has been erosionally truncated at the base of 

allomember M (Figs. 5- 15: Appendix 2). 

C'clicity and lirhology: Allomember J consists of only one upward-coarsening 

succession. in the north (Two Lakes-Cutpick Hill area). the succession consists of 

larninated shale of facies 2 passing up into bioturbated sandy siltstone of facies 3b. 

South of Muskeg River. the allomember is characterised by laminated siltstone and 

shale of facies 2 (Appendix 1 ). In the Plains (core from 6- 19-64-8 W6. Appendix 8). 

allomember J consists rnainly of thinly larninated sbale of facies 2. 

Coarser sedintenr disrriburion: The area between Tp 63 and Tp 59 received 

coarser sediments. but lies to the NW of the main depocentre. ( F i .  5-1 5: Appendis 

2 r .  
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Figure 5-15 Isopach map of allomember J. See Figure 5-3 for legend and 
Figure 5- 1 for the location of the cross section. 
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Bouding surfaces: Allomember J is bounded above by a marine flooding 

surface (Appendix 2) and downlaps ont0 the maximum flooding surface on top of 

allomember I (Appendix 3). 

inlerpretufion: Although the loading centres were in the central region. the 

relatively "uniform" thickness of the allomember over the entire region indicates that 

differential loading in the thnist belt was not very significant during deposition of 

allomember J. East-west trending faults were active probably in the east (F? and f4). 

causing the formation of the subsidiaiy depocentre and E-W orientation of isopachs 

between Tp 55 and Tp 60. The absence of allomember J in the far northwest was 

caused by erosion at the basal surface of allomember M (Fig. 5-21). The next two 

sections will demonstrate that the erosion took place during deposition of allomembers 

L and M as a result of uplifi of the Peach River Arch (PRA). The northem part of the 

study area lies on the southem Bank of the PRA. 

5.12 Allomember K 

Isopach patlerns and depocenrres: Allomember K is I O to 50 metres thick with 

three depocentres in the snidy area Two of the depocentres (Dl, D2) lie adjacent to 

the thnist belt (Fig. 5-16). The third one (D3) in the central part of the study area 

(between Tp 50 and 55). trends E-W, away from the thmst belt. Allomember K is 

erosionally tnincated in the north (approximately north of Tp 63). Isopachs thicken 

towards the thnist belt around depocentres Dl and D?. whereas the isopachs have a 

roughly E-W orientation in depocentre D3. 

Cyclicic and lithologr-: Allomember K forms an overall upward-coarsening 

succession. Higher order subcycles are locally developed. in some outcrop sections 

(e.g.. Cutpick Hill. Appendis 1). However. these subcycles are very difficult to 

identie aqd correlate on well logs due to the ovenll fine-grained litholog'. of 

allomember K (.4ppendis 7 ) .  .4llomembcr K consists rnainly of bioturbated siltstone 
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Figure 5- 16 Isopac h map of allomember K. See Figure 5-3 for legend and 
Figure 5- 1 for the location of the cross section. 
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of facies 3b. with some bioturbated silty sandstone of facies 4b. and contains abundant 

sideritic concretions (Appendix 1 ). 

Coarser sediment distribution: Coarser sediments are mainly concentrated in 

two areas C 1 and C2 in Fig. 5- 16. They are between Tp 59 and Tp 57. and between 

Tp 55 and Tp 47 in Appendix 2, respectively (cross section in Fig. 5-16). They 

partially overlie depocentres D 1 and D3 (Fig. 5- 16). 

Bounding surfaces: Allomember K onlaps northwestward ont0 the basal 

flooding surface from depocentre Dl (Appendix 3) and is bounded above by a marine 

flooding surface except north of Tp 58. where allomember K is tnincated by the basal 

erosional surface of allomember M (Appendixes 2 and 3: cross section in Fig. 5-1 6). 

inrerpreiation: The poor correspondence between coarser sediment distribution 

and isopach depocentres suggests that differential subsidence rather than points of 

sediment input controlled location of depocentres. Two active loading centres in the 

h s t  belt were responsible for depocentres Dl  and D2 in the West. Depocentre D3 

was probably controlled by E-W trending basement faults (f0 and fl).  

Appendix 2 shows that the thickness of allomember K does not change ver). 

much in the area where the basal surface of allomember M is non-erosional (south of 

Tp 59). This suggests that differential tilting and erosion at the base of allomember M 

took place after the deposition of allomember K. 

5.13 Allomember L 

Isopach patterns and depocenires: Allomember L has a thickness of O to 56 

metres and onlaps northward ont0 the top of allornember K. Only one depocentre is 

present. in the southeastem corner of the study area (D). Thickness progressivel>. 

decreases from this depocentre nonhward. in the same direction as onlap (-4ppendis 2: 
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Figure 5- 1 7 Isopach map of allomember L. See Figure 5-3 
for legend and Figure 5-1 for the location of the cross section. 
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cross section in Fig. 5- 17). In most areas. isopachs are roughly parallel to the northem 

limit of the allomember (Fig. 5-1 7). 

Cyclicity and lithology: Allomember L comprises a fining-upward succession 

in the lower part passing upward into an upward-coarsening succession in the upper 

part (Appendix 2). Outcrop observations shows that this overall succession consists of 

up to seven higher-frequency subcycles (South Ram River. Appendix 1). some of 

which may have intraformational lags resting on the bounding surfaces (e.g.. South 

Rarn River. Appendix 1 ). 

Allomember L is characterised by bioturbated silty sandstone and sandy 

siltstone of facies 3b or 4b. Sideritic concretions are very cornmon. Others are 

phosphatic. or phosphatic with a sideritic nm (Concretion TL. Chapter 4). 

In the south (Cripple Creek and South Ram River). a few isolated HCS beds 

are seen (Appendix 1). In the McLeod River-B section. a 35 cm thick siderite- 

cernented bed of silty shale contains about 5% glauconite (Appendix 1 ). 

Coarser sediment distribution: Coarser sediments are concentrated to the north 

of the main depocentre area (C in Fig. 5-1 7: between Tp 53 and Tp 44 in Appendix 2: 

cross section in Fig. 5-1 7). 

Bounding surfaces: The upper boundary of allornember L is a marine flooding 

surface in the area south of Tp 56 (Appendix 2). Further north. allomember L is 

progressively cut out by erosion at the base of allomember M. The marine flooding 

surface at the top of allomember L is covered by a transgressive lag in man? places. 

The lag consists of chen pebbles at Cutpick Hill. or phosphatic intraclasts at 

Veronique Creek. Thistle Creek-B. Blackstone River. Wapiabi Creek. and South Ram 

River (Appendix 1 ). 
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lnrerpretation: The northward thinning of the strata and the parallelism of 

isopachs to the northem limit of allomember L. even those isopachs in the area without 

erosion (south of Tp 55-Tp 57), suggest that uplift of the Peace River Arch was the 

dominant factor controlling stratal thickness (Fig. 5-1 7). The absence of allomember 

L in the north was due both to syndepositional thinning. and to postdepositional 

erosion at the base of allomember M (Appendix 2). 

Allomember M is O to 55 metres thick. It is bounded above by a ravinement 

surface in the SW and by its correlative surface in the east. The basal surface is a 

submarine erosion surface (Appendix 1). Ailomember M is the only unit in the study 

interval that contains shoreface sandstone. and it corresponds approximateiy to the 

Chungo Member of Stott's (1963. 1967) lithostratigraphic subdivision. Because of its 

distinctiveness and complexity. this allomember is discussed in greater detail than 

other ailomembers. 

Isopach patterns and depocenrres: Allomember M is O to 55 metres thick with 

the greatest thickness in the area around Thistle Creek (Tp 44. Fig. 5- 18: labelled D). 

North of Tp 55. the 24 to 34 m isopachs form a zone of steep gradient that runs NW- 

SE. The southeasteni extension of this zone is defined by the 22 & 26 m isopachs. 

Subsurface mapping and outcrop measurement suggests that there is a NE-facing 

erosional step along this zone (Figs. 5-22. 5-23: Appendixes 3. 4. 5. 6.  7 and 8). 

About 20 to 25 metres of strata were eroded northeast of the step. This erosional step 

is in the sarne location as the NW-SE trending basement fault (F l )  inferred to have 

controlled isopach patterns in allomembers A. B. D. F. and 1. South of Tp 54. the 30. 

34 and 38 m isopachs (around f7 in Fig. 5-18) changed their NW-SE orientation and 

bend more southward. These three isopachs also fom a closely-spaced zone. The 

erosional step seen in outcrop cross section (Appendix 2 )  is in this zone (Fig. 5-22: 

Appendis 8). 



Figure 5 - 1  8 Isopach map of allornember M. See Figure 5-3 for legend 
and Figure 5-1 for the location of the cross section. 



2 1 0  
Lithoiogy: In the West, the lower part of allomember M consists of blocky 

bioturbated sandy siltstone and si lg sandstone. The upper part is characterised by 

HCS and SCS sandstone (Appendixes 1.7. and 8). which locally passes up into beach 

sandstone or conglomerate (e.g.. Chungo Conglomerate Ridge. Fig. 33).  or into 

coastal plain deposits (e-g.. Conglomerate Ridge. Thistle Creek. Figs.3-6. 7). In the 

east. the entire allomernber is composed of bioturbated sandy siltstone and silty 

sandstone (Facies 3b and 4b). which are equivalent to HCS and SCS sandstone in the 

more proximal region. This lateral facies change can be observed in closely-spaced 

outcrop ( Appendix 8) and core cross-sections (Appendix 7). Similar lateral facies 

change was also observed in the equivalent interval in southem Alberta by Rosenthal 

and Walker (1 987) 

Cyclicity: Three orders of cyclicity cm be observed in allomember M 

(informaily labelled 1. II. and III in Fig. 5-19). The allomember as a whole forms a 

regionally-mappable upward-coanening succession (Appendix 2: order 1 in Fig. 5-1 9). 

This package in ttm consists of two upward-coarsening successions. These two 

successions (II in Fig. 5-19) are easily recognised and correlated on well logs 

throughout most of the study area (Appendixes 1 through 8: order II in Fig. 5-19). 

They were also recognised by earlier researchers (Rosenthal and Walker. 1987: Leckie. 

1993). A higher-order cyclicity is recognised here. expressed as stacked HCS and SCS 

sandstones with or without interbedded siltstone (Fig. 3-1 1 c: order III in Fig. 5-1 9). It 

should be emphasised that. except the lowest sandbody. al1 the sandstones have a sharp 

base. 

Outcrop measurernent indicates that the number of stacked sandstones varies 

along the Foothills. In the Thistle Creek area where allomember M has the greatest 

thickness. eight prograda:ional sandstone tongues have been identified (Appendis 8). 

Northward. with progressive thinning of the allomember. fewer cycles are seen. ln 
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Three Orders of Cyclicity within allomember M 

Figure 5-19 Three orders of cyclicity in allomember M. informaliy labelled 1. II. and 
III. Order III consists of HCS or SCS sandstone tongues. which are bounded above and 
below sharp, erosion surfaces. Between tongues there may or may not be preserved 
offshore siltstone. Thistle Creek-C section. 
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the Mistanusk Creek-Two Lakes-Cutpick Hill area only two to three sandstone 

tongues c m  be reliably recopised (Appendix 1 ). 

Individual sandstone tongues usually are 2 to 5 metres thick. although a few 

may reach 1 O rnetres. Packages of SCS sandstone have a very sharp base. They may 

rest on thin siltstone. or directly on another SCS package. Their upper bounding 

surface usually is an erosional surface. which is rnarked by an eroded. lithified lumpy 

surface (Plate 5-1B) and/or chert pebbles (Plate 5-2A: Appendixes 1 and 8). 

Individual SCS packages are dmost impossible to correlate between widely- 

spaced outcrop sections dong strike, due to lack of distinctive marker surfaces. 

Swaley sandstone packages are also difficult to correlate on well logs. unless core is 

availabie ( Appendix 7). S waley sandstone packages can. however. confident1 y be 

correlated between closely spaced sections oriented in a dip direction. as s h o w  in 

Appendix 8. In the Thistie Creek-Cardinal River area. eight sandstone packages are 

grouped into two larger progradational cycles comprising tongues of 1-2 and 3-10. 

Towards the no& the lower cycle dies out (Appendixes 1 and 2). 

The following description is based mainly on the closely-spaced outcrop dip 

section (Appendix 8). 

Tongue 1 consists of a variety of lithofacies. In section A (Appendix 8). the 

lower part is bioturbated HCS. passing up into glauconitic SCS sandstone overlain by 

2.5 rn of trough-cross stratified sandstone and rooted mudstone. The trough-cross 

bedded sandstone has an erosive base. with wood debris and mud clasts on it. The 

trough cross-stratified sandstone is interpreted as channel sandstone on the strandplain. 

There is a thin Iayer of glauconitic siltstone between the HCS and the overlying SCS 

sandstone. 
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in section B. both the basal siltstone between the HCS and SCS sandstone. and 

the top coastai plain deposits seen in section A disappear. The SCS sandstone is 

overlain by 0.1 to 0.2 m thick matrix-supported chert pebble bed. forming a 

transpessive lag. Most of the pebbles are 7 to 5 mm in diameter. with a maximum of 

1 O mm. 

The basal HCS sandstone in section C is an amalgamated HCS bed with a 

sharp contact with the underlying bioturbated siltstone. 

Tonpue 1 changes its lithology into HCS sandstone in the Brazeau River 

section and biocky bioturbated silty sandstone in the Cardinal River section. 

Tongue 2 starts with amalgamateci HCS in sections A and B. and HCS 

interbedded with a wave rippled siltstone in section C. The lower HCS sandstone 

passes up into SCS sandstone in sections A and B. and amalgamated HCS sandstone 

in sections C and Brazeau River. Between tongue 1 and 2 there is thin bed of siltstone. 

Tongue 3 is 8 to 12 m thick and characterised by SCS sandstone in sections A. 

B and C. by HCS sandstone at Brazeau River. and by thoroughly bioturbated silty 

sandstone with poorly preserved HCS at Cardinal River. There is a veq thin layer of 

siltstone between tongue 3 and the underlying tongue 4 in section A. In sections B and 

C. tongue 4 erosively overlies the tongue 3 sandstone. The top of tongue 3 is a lump).. 

erosive surface (Plate 5-1B). On Cardinal River. this surface is covered by some 

sideritic intraclasts up to 5 cm in diameter. The surface is penetrated by sand-filled 

burrows. In section A. chert pebbles cover the surface. 

Tongues 4. 5.6. 7 and 8 are al1 characterised by sharp-based SCS sandstone in 

sections B and C and are eroded at Brazeau River. Westward. in section A. the strata 

equivalent to these fwe tongues consist of four thin coal beds and yellowish mudsione 

with ostracods (Figs. 3-6 and 3-7). They are interpreted as backbeach marsh and 
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lagoon deposits that agpraded in response to high-frequency transgressions. At 

Cardinal River. these tongues change into bioturbated silty sandstone. 

Appendix 7 shows the cyclicity of allomember M in cores. These wells are 

175 to 245 km away fiom the outcrop sections in Appendix 8; individual tongues 

(order III subcycles) here are very dificult to correlate with those recognised in the 

outcrop. However. two upward-coarsening successions (order II) cm be identified 

with confidence through the well log correlation network (Appendix 2) .  The lower 

succession is very thin in the cored region and is cored only at 6-19-64-8W6. It 

consists of bioturbated silty sandstone. The strata in the upper upward-coarsening 

succession consist of SCS and HCS sandstones. which are cored in most of the wells. 

Based on correlation of these cores and well logs. five SCS or HCS sandstone 

tongues are identified. It can be seen that al1 of the tongues are bounded above and 

below by a sharp and erosive surface. as sumrnarised in Fig. 5-20. 

Bounding surfacs: South of Tp 58. the basal surface is a marine flooding 

surface covered with a transgressive lag (Appendixes 1 and 2). North of Tp 58. the 

basal erosion surface propessively cuts down through older strata of allomembers L. 

K. J. and 1 (Fig. 5-21; Appendixes 2.3.4. 5). 

A variety of clasts are observed on the basal erosion surface. In the Mistanusk 

Creek and Two Lakes area HCS sandstone of allomember M rests sharply and 

erosively on blocky sidentic sandy siltstone (Plate 5-2B). At Two Lakes. large sidente 

intraclasts rest on the erosion surface and are penetrated by bivalve bonngs (Plate 4-1 ). 

Further south at Cutpick Hill and Muskeg River. the erosion surface occurs in 

bioturbated. sandy siltstone and is marked by large siderite intraclasts (up to 3 cm in 

diameter. Muskeg River: Plate 5-38]. Some of the concretions are penetrated b>* 

bivalve borings. At Veronique Creek. Blackstone River. and Wapiabi Creek. 0.4 - 3 

cm diameter chen pebbles and/or phosphatic intraclasts occur on the surface 





Figure 5-2 1 Subcrop of allomembers H - L against the base ofallomember M. Based 
on 1 - or 2-m contour of the corresponding allomember isopach maps. 



Plate 5-2 

A: Erosional surface on top of a shoreface sandstone is covered with chert pebbles. 
The Chungo Member, Thistle Creek-B section. 

B: Sharp and erosive contact (pointed by white arrow) of HCS sandstone of 
allomember M (= Chungo Member here) with the underlying allomember L blocky 
bionirbated sandy siltstone (= Hanson Member here). 15 x 9 cm2 concretion intraclast 
was seen on the surface (Plate 4-1). The concretion was penetrated by borings. 
indicating that the concretion was removed from its host sediment and lefi on the sea 
floor for some tirne before it was burîed. Isotopic analysis indicates that the concretion 
started to form from meteonc porewater (Chapter 4). The blue arrows show three 
upward-coarsening cycles. Ch: Chungo Member; H: Hanson Member. Two Lakes. 
Alberta, 
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Plate 5-2 



Plate 5-3 

A: the sharp contact (red dash line) of allomember M (Ch + the upper H) with the 
underlying allomember J (= the interval between the red dash a ~ d  blue dash Iines). Ch. 
Chungo Member (hummocky cross stratified sandstone); H. Hanson Member (sandy 
siltstonej. Two allomemben (K and L) are missing below the erosion surface. The 
blue dash line marks the top of allomember 1. which is a maximum flooding surface 
and correlated to the First White Specked Shale. Mistanusk Creek. 

B: A siderite concretion on the erosion surface at the base of allomember M (about 5 
cm in diameter). The concretion was collected in the Hanson Member. 20 m beIow 
the top of the Chungo sandstone. Cutpick Hill 
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Plate 5-3 
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(Appendixes 1 and 8). Further southward in the South Rarn River section. the erosion 

surface is penetrated by burrows filled with poorly-sorted medium sand grains 

( Appendix 1 ) . 

Only one well (6-19-64-8W6) has core that penetrates the base of allomember 

M. Across the basal surface there is an abrupt change in lithology. from laminated 

shale below to thoroughly-bioturbated. blocky silty sandstone above (Appendix 7). 

The upper bounding surface of allomember M is marked by an erosion surface 

that cuts into a variety of lithologies. In the Foothills north of Tp 43. the upper surface 

is cut into shoreface sandstone of the Chungo Member (Two Lakes. Cutpick Hill. 

Muskeg River. Veronique Creek, Little Berland River. McLeod River-A and -B. and 

Thistle Creek-B; Appendix 1). In very proximal sections (Chungo Conglomerate 

Ridge and Thistle Creek-A), the upper surface is cut into nonmarine sediments. and in 

more seaward sections (Mistanusk Creek and Brazeau River). it truncates HCS 

sandstone of the offshore transitional zone. or offshore blocky silty sandstone 

(Cardinal River). South of T43, the erosion surface usually overlies offshore 

sandstone. except sections on George Creek. Chungo Conglomerate Ridge and 

Bighom River where shoreface or beach sandstone/conglomete underlies the surface. 

The upper erosion surface is generally mantled with a poorly-soned 

conglomerate. which is in turn overlain by dark marine shale of the Nomad Member. 

The conglomerate ranges fiom one pebble to 2.5 metres thick (Chapter 3). In places. 

chert pebbles fil1 burrows that penetrate the underlying sediments (section 7 in Fig. 3- 

9). Core to well-log conelation indicates that poorly-sorted conglomerates are mainly 

distributed West of the erosional step that marks the NE limit of the Chungo shoreface 

sandstone (O m isopach in Fig. 5-22B: Fig. 5-23: Appendix 7). 

The N W S E  trending. NE-facing erosional step changes into two steps in the 

south. One follows the trend of FI: the other follows f7 (Figs. 5-22. 23). In 



Figure 5-22 Composite map showing the erosional relief on the upper surfae of  
allomember M. Area A: the distribution of the area where allomember M was 
totally eroded: Area B: isopach map of erosional remnant of the upper part of the 
allomember M. Cross sections in Tp65 and Tp55 are shown in Fig. 5-23. 



Figure 5-23 Cross section through Townships 65 and 55 showing the geometry of the 
erosional remnant. The erosion steps seems to have been controlled by basement 
faults. as shown in the interpreted cross below each weI1 log cross section. The 
interpreted cross sections are drawn to a tme horizontal scale. with the same vertical 
scale as the corresponding well log cross section . The basement faults also controiled 
the isopach patterns (Fig. 5-1 8). See Figure 5-22 for the location of the cross sections 
and the distribution of faults FI. f7 and f8. 
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Township 55. one step is between 1 1 -23-55-26W5 and 10-8-55-21W5 and the other is 

between 10-8-55-24W5 and l 1 -9-55-23W5 in Fig. 5-23), with a spacing of about 15 

km. The erosional step along f7 is also seen in outcrop (between the Thistle Creek-C 

and Brazeau River sections in Appendix 8; see Fig. 5-22 for location). 

Limited evidence shows that there might be a corresponding. SW-facing 

erosional step about 45 km SW of Fl (f8 in Fig. 5-22A). Well log cross sections show 

that the uppermost part of allomember M was eroded in the extreme West of the study 

area (TP 65 cross section in Figs. 5-22B. 5-23). The uppermost svata of allomember 

M are confïned to the area approximately defined by F1. f7 and f8 (Fig. 5-22B). 

In the far NW. allomember M is entirely removed by the upper erosion surface 

(Fig. 5-22. area A; 1 1 -32-66-9W6 in Appendix 4). 

5.14.1 lnterpretation 

5.14.1.1 Shoreline orientation of the Chungo Sandstone 
It is impossible to map the maximum progradational limit of the Chungo 

paleoshoreline because shoreface sandstones (SCS) have been eroded east of the NE- 

facing erosion step defined approximately by FI and f7 (Fig. 5-22. area B). Instead. 

the eastern limit of HCS sandstones has been mapped. and is assurned to 

approximately parailel the conternporaneous shoreline. The Chungo paleoshoreline is 

then inferred by extrapolation. placing the paleoshoreline half way between the 

seaward limit of preserved SCS shoreface sandstone and the seaward limit of the HCS 

sandstone. as shown in Fig. 5-22. The seaward limit of HCS (and the inferred 

shoreline) bends along fl toward the t h s t  belt in the area south of Tp 50. 

5.1 4.1.2 lsopach patterns 

lsopach patterns of allornember M reflect mainly the thichess of presened 

remnants of the unit. About 20 m of strata were eroded in the NE before deposition of 



Figure 5-24 Formation of the erosional remnant of allomember M as a result of 
movement on the basement faults F1 and f8. 

A: Allomember M during its deposition. 

B: Transgressive lag was restncted to the down-faulted area defined by faults tB and 

C: During deposition of allomember N. FI is inferred to have reversed its direction of 
movement. forming a NE-facing topographie step against which shales of allomember 
N onlap. 





Figure 5-25 The movement of the Peace River Arch in the northern part of  the study 
area controlling the geometry of allomembers L and M. and the formation of  the basal 
erosion surface of allomember M. During deposition of allomember L. uplift of the 
Peace River Arch resulted in the northward thinning of allomember L. Continued 
uplift of the Arch during deposition of the lower part of allomember M raised the sea 
floor above mean storm wave base in the north. resulting in erosion of allomembers 1. 
J. K. and L and formation of a regional erosion surface at the base of allomember M 
(Plates 5-2B; PIate 5-3.4- 1) 
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allomernber N. In the northwestem corner of the study area (Fig. 5-12. area A). the 

erosional removal of allornember M was probably controlled by basement faults. as 

indicated by the linear margin of the erosional remnant (area B in Fig. 5-22). The 

basement faults were probably blind. since the erosional remnant has the greatest 

thickness in its central area (Figs. 5-23. 25). 

5.14.1.3 Formation of the basal erosional surface 

The formation of the basal surface of allomember M seems to have been 

controlled by upwarp of the Peace River Arch in the northem pan of the studp area. 

coupled with a more regional relative sea level fall. Since the Precambnan. the Peace 

River Arch has changed its orientation between E-W and SW-NE. and has expenenced 

both uplifi and subsidence (Slind et. al.. 1993). Dunng the Santonian. upwarping took 

place mainly during deposition of allomember L and of the lower coarseninpupward 

cycle of allomember M. as indicated by the progressive. northward thiming of those 

strata (Appendix 2; Fie. 5-25). U p w q  was most pronounced during deposition of 

allomember L. resmcting its deposition to the area south of Tp 52 (Fig. 5-17: 

Appendix 2) and resulting in the E-W orientation of  isopachs. Uplift raised the sea 

floor above mean storm wave base. resuiting in the progressive erosion of 

allomembers L. K. and J. Only sidentic or phosphatic nodules remained as a lag on 

the sea floor. providing a hard substrate for a Typanites ichnofauna. Finer-grained 

sediments were distributed hrther offshore. 

11 should be emphasised that during deposition of allomember M. uplift of the 

Peace River Arch was more active dunng deposition of the lower subcycle. which 

thins northward. whereas the upper cycle of allomember M has a more uniform 

thickness suggesting cessation of movement (Appendis 3: Fig. 5-25).  
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5.14.1.4 Formation of the upper bounding surface 

The upper erosion surface of allomember M involved a relative sea level rise as 

well as movement on NW-SE trending basement faults. 

Deposition of the shoreface sandstone of allomember M was terminated by a 

transgression caused by relative sea level nse. as indicated by a transgressive Iag and 

overlying dark offshore shale. Chen pebbles forming the transgressive lag were 

probably wimowed from the underlying Chungo shoreface sandstone. Dunng 

transgression. retreat of the shoreface may, depending on the rate of the transgression. 

erode older sediment to a thickness equivdent to the depth of the shoreface (Swift. 

1975; Demarest and Kraft. 1987; Walker and Wiseman, 1 995). 

Erosion during transgression was complicated by basement faults. The NE- 

and SW-facing erosional steps were controlled by NW-SE basement fault systems (FI. 

f7. and fû: Figs. 5-23. 5-34). These faults were probably blind faults (Figs. 5-24. 5- 

24). since more strata are preserved in the central area of the erosional remnant (Figs. 

5-228.5-23.5-24). 

Similar erosional steps have been reported in older stratigraphie units of the 

Alberta basin and attributed to a rapid rise in relative sea level following a pause in 

transgression (e-g. Piint and Waiker. 1987; Bergman and Walker. 1987. 1988: Waiker 

and Eyles. 1991; Plint et al.. 1993; Walker. 1995). However. the SW-facing erosional 

step (f8: Figs. 5-22. 5-23) documented in this study dips in the opposite direction to 

transgression and therefore was unlikely to have formed by this process. 

5.15 Allomember N 

Isopach patterns and depocenrres: Allomember N is O to 75 metres thick. Its 

stratal distribution patterns are very disiinciive in that its stratal thickness decreases 

toward the thrust belt and increases basinward (Fig. 5-26). 



lsopach rnap of allomember N 
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Figure 5-26 Isopach rnap of allomember N. Allomernber N is mainly 
restricted to the area east of F 1. See Figure 5-3 for legend and Figure 5- 1 
for the location of the cross section. 
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Isopachs display a generai NW-SE orientation. The S W limit of allomember N 

coincides with the NE-facing erosional step in allornember M dong FI (Fig. 5-22. 5 -  

26). 

Cycliciîy and lithology: South of Tp 58. allomember N consists of a single 

upward-fining succession (Appendix 6). In the north where the unit is relatively thin. 

an upward-coarsening succession is developed (Appendix 4). Between these two 

areas. allomember N is characterised by an upward-fining. followed by an upward- 

coarsening succession (Appendixes 3 and 5). 

The lithology can only be interpreted fiom log signatures. since allomember N 

is not cored, and dies out before reaching the Foothills outcrop belt. Cornparison of 

its log response with other allomembers suggsts that it consists mainly of siltstone 

and shale. 

Coarser sediment distribution: Coarser sediments are distributed mainly to the 

north ofTp 61. 

Bounding surfaces: The basal surface of allomember N is the erosional surface 

on top of allomember M. Allomember N onlaps southwestward ont0 this surface 

(Appendix 3). ï h e  upper surface is a marine flooding surface in the northem and 

central areas. This surface changes into a condensed section in the south (Appendix 

6 ) .  

Interpretation: The NW-SE trending basement fault (FI ) seems to have been 

the major factor controlling the distribution of allomember N. This conclusions is 

supported by the NW-SE orientation of isopachs in the West and the coincidence of' 

the S W  limit of allomember N with the erosional step on top of allomember M. The 

fault seems to have had two phases of actkiry. During the transgression afiér 



formation of allomember M (and probably deposition of the bottom part of 

allomember N). the block southwest of F1 seems to have moved downward (Fig. 5- 

24B). Coupled with f8. the movement prevented the upper part of allomember M 

from erosion (Fig. 5-24B). resulting in the formation of the erosional remnant (area B 

in Fig. 5-22). During deposition of the upper part of allomember N, the movement 

directions on F1 seems to have reversed, with the northeastern side of FI 

downthrowing. This reversed movement on F1 restncted deposition of allomember N 

to east of F 1 (Figs. 5-26.5-24C). 

Loading in the thrust belt appears to have ceased during allomember N tirne. 

since the strata do not display any thickening toward the thrust belt. 

Allomember N was deposited during the transgression that terminated 

deposition of allomember M. Progressive deepening produced an upward-fining 

succession over most of the area. Only in the northemmost region. where subsidence 

rates were lower. did an upward-coarsening succession develop. 

5.16 AIIomember O 

Allomember O is not formally included in the original study interval. 

However. its distinctive stratal distribution pattern make its inclusion ver). necessary. 

Isopoch patterns and depocennes: Allomember O is O to 50 metres thick. It is 

resticted to the NW region and has a depocentre in the NW corner of the study area 

(D in Fig. 5-27). Isopachs are oriented NNW-SSE and thin rapidly eastward (Fip. 5- 

27). This northward thickening pattern contrasts with those of the underiying units. 

especially allomemben 1. L and M 

Cyclicity and iithologi-: Allomember O consists of a single upward-coarsening 

succession over the entire region (Appendix 2 ) .  The allomember is charac~erised by 
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Figure 5-27 Isopach map ofallomember O. See Figure 5-3 for legend and 
Figure 5-1 for the location of the cross section. Allomember O was 
deposited only in the northwestem corner of the study area. 
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dark shale (Appendix 1) or bioturbated siltstone (1 1-5-63-7W6. Appendix 7) passing 

up into probable silty sandstone or sandstone (no core; only based on log signature). 

Coarser sediment distribution: Coarser sediments (C in Fig. 5-27) are 

distributed in the northwestem corner. coinciding with the depocentre. 

Bounding surfaces: Allomember O has very sharp contact with the underlying 

allomember N. Its lithology is also much coarser than that of allomember N 

(Appendixes 3.4 and 5). Its upper boundary is a marine flooding surface. 

Interpretation: It appears that, following deposition of allomember N. there 

was a tectonic reorganisation in the thrust belt. resulting in resumption of active 

tectonic loading. accompanied by a dramatic northward shifi of the active loading 

centre, relative to the underlying allomembers (Fig. 5-27). The NW-SE oriented 

basement fault F1 was apparently inactive. 

There appears to have k e n  a very bnef, regional marine flooding before the 

progradation of allomember O. This regional marine flooding is indicated by the sharp 

deflection of the gamma-ray and resistivity logs at the base of allomember O 

(Appendix 2). 

The sharp base of allomember O (e.g. most wells in Appendix 4) suggests the 

abrupt emplacement of sediment over allomember N (and allomember M in the West). 

This localised distribution of allomember O reflects tectonisrn. not eustasy. as 

indicated by the dramatic northward shifi of the depocentre and restriction of 

sediments to the northwestem corner of the study area. 

5.17 Summaty 

It can be seen that the lateral displacement of relatively coarser sediments. 

which presumably corresponded to the major sediment sources. from depocenrres. was 

the n o m  for the majority of allomembers. This kind of relarionship has two 
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implications: one is that depocentres were controlled by differential tectonic 

subsidence, which in turn was a result of tectonic loading. The second implication is 

that major river mouths were not located in areas having the highest rates of tectonic 

subsidence. or areas that were close to loading centres. 

The relationship between tectonism and deposition of coarser sediment cm be 

viewed in terrns of two models: syntectonic or antitectonic. as reviewed by Blair and 

Bilodeau (1988) and Miall (1997). The syntectonic model dictates that coarse-pined 

deposition takes place when tectonism is active. and therefore coarse sediments are 

used as an indicator of active tectonism (Burbank et al.. 1988: Ryer. 1993: Beaumont 

et al.. 1993; Ston. 1993). In the antitectonic model. coarse sediments are interpreted to 

have be deposited during relative tectonic quiescence (Covey, 1986: Heller et al.. 

1986; Heller et al.. 1 988: Jordan and Flemings. 199 1 : Jordan. 1 995). 

The results documented in this study suggests that the relationship between 

thmsting activity and coarse-grained sedimentation can not be weli explained wirh 

these two models. Thmsting on the allomember scale apparently also caused the 

redistribution of dispersa1 systerns fkom the dvust belt. not just increased or decreased 

sediment supply. 

The fifteen allomembers were established by correlation of discontinuity 

surfaces. In most cases. discontinuity surfaces used for regional correlation 

correspond to marine flooding surfaces. with some being maximum-flooding surfaces. 

These fifteen units. for practical purpose. could be treated as synchronous surfaces. 

The study interval spanned about 3 million years: therefore each allomember had 

duration of about 200.000 years. 

These allomembers are charactensed by an overall up\vard-coarsening 

(allomembers C. E. J. L. M and 0) or upward-fining succession (allomember 1). or b?, 
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an overall upward-coarsening succession in one area and an upward-fining succession 

in another area (allomembers A, B. D, G, H and N). 

The lateral variation in the bounding surfaces (flooding or maximum flooding) 

and in facies successions suggests a complicated interaction between the three p r i m q  

controlling factors fiorn place to place. 

In addition to active loading centres, basement faults apparently controlled the 

isopach patterns in al1 allomembers. Al1 the inferred basement faults can be grouped 

into two types. based on their activity (Fig. 5-28). The first group. identified by a 

capital F. were reactivated at least mice  during deposition of the study interval. The 

second group (identified with a lower case f) were active during deposition of only one 

allomember. 

The nature of these faults is not very clear. It is noted that some faults. 

especially FI. F2 and F4, occur at different locations in different allomembers. In 

addition. E-W trending faults have not been reported in the literature. although 

geological features with the sarne orientation have been identified. For exarnple. E-W 

trending. Pre-Devonian erosional edge (Slind et al. 1993), E-W trending topopphic 

elements in the Viking Formation (Walker. 1995). and E-W oriented isopach patterns 

in the Dunvegan Formation Plint@ers. comm.. 1997). 

There are four major erosion surfaces within the study interval. One marks the 

unconfonnable base of the study interval. Another marks the unconformable top of 

allomember M, which is characterised by shoreface sandstone. The other two erosion 

surfaces are at the top of allomembers D and H. These two interna1 erosional surfaces 

divide the study interval into three packages. designated as sequences 1. 11 and III in 

Appendixes I through 6. It is important to note that each sequence dramatically 

shified its depocentre and had distinctive stratal geometry. as summarixd in Fig. 5 -  

29B. also shown in Figs. 6-4. 6-6. and 6-9 in chapter 6. These dramatic shifis refleci 



Figure 5-28 Distribution of al1 inferred basernent faults. F1. FZ. F3. F4. F5. F6 
were active during deposition of at least two allomembers: whereas fl to fû were 
active only once. The location of F1 shifted from allomember to allomember in the 
zone confined by the two parallel lines. 



Figure 5-29 

A: Isopach map of the entire snidy interval (allomembers A through N). The entire 
study interval displays a simple isopach pattern. thickening toward SW (the h s t  
belt). reflecting the dominant control on deposition of the tectonic ioading to the 
southwest: 

B: Along-stnke stratal geometry in line SNI (insert map) of three erosionally- 
bounded packages (sequences). which reflects the shift of loading centres on an 
approximate 1 ma tirnescale. 

C: Along-stnke stratal geometry in line SN2 of the three sequences m e r  
basinward than in line SN 1. showing that along-strike differential subsidence is 
significant at sequence scale but onlap at allomember scale is much less prominent. 
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tectonic reorganisation involving lateral movement of the centre of active thmst 

loading . combined with more subtle rnovement of the Peace River Arch. The 

formation of the four erosion surfaces was therefore probably controlied mainly by 

tectonism. and the three sequences are primarily of tectonic origin. as discussed further 

in chapter 6. 
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6. Sequence Stratigraphie Analysis: Puskwaskau Formation 

6.1 introduction 

In chapter 5. fifieen allomembers were established. The lower thirteen 

allomembers were grouped into three packages. each of which are bounded above and 

below by erosion surfaces. The stratal geometry and depocentres of each allomember 

differed markedly from the adjacent package. This chapter will discuss how these 

thirteen allomembers can be interpreted in ternis of sequence stratigraphy. what 

controlled the development of the sequences. and how it might be possible to 

distinguish tectonic from eustatic sipals. 

The fifteen allomembers (with inferred average duration of about 200 ky) forrn 

a high-resolution chronostratigraphic framework. The chronostratigraphic framework 

is essential to evaluate the dominance of eustasy and tectonism in the formation of 

sequences (Miall, 1997), since these two factors are operating on different spatial 

scales and have different consequences. Thus eustasy operates globally and 

eustatically-controlled sequences should form sirnultaneously on the global scale. 

whereas tectonic activity tends to be regional and results in the formation of regional 

sequences. 

Discontinuity-bounded stratal packages (allostratigraphic units) can be 

interpreted in tems of three. somewhat different. interpretative schemes. These are 1 ) 

depositional sequence stratipphy (Vail. 1987: Posamentier er al.. 1988a: Posamentier 

and Vail. 1988b): 2) genetic sequence stratigraphy (Galloway. 1989a-b). and 3) 

transgressive-regressive (T-R) sequence stratigraphy (Embry. 1 993). Before an). 

fùrther discussion of the organisation of the thirteen allomembers. it must be fint 

deterrnined which scheme is the most practical and will best facilitate interpretation. 
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6.2 Three Types of Sequence 

Each of the three fundamental types of sequences noted above has distinctively 

different bounding surfaces. which are unconformities. maximum flooding surfaces. 

and tmnsgressive (flooding) surfaces. as shown in Figure 6- 1. 

6.2.1 Depositional sequences 

A depositional sequence is bounded above and below by unconformities (Fig. 

6-1 ). An unconformity is "a surface separating younger from older strata. dong which 

there is evidence of subaerial mincation ... or subaerial exposure. with significant 

hiatus indicated " (Posamentier et al., 1988a; Van Wagoner et al.. 1990). In EXXON 

sequence models. an unconfornit). surface is interpreted to form at the point in time 

when the rate of eustatic sea level fa11 reaches a maximum. This interpretation is 

based on the assumption that eustasy is the dominant controlling factor in the 

deveiopment of sequences. The assumption also leads to the inference that sequences 

and their boundaries are synchronous on a global scale. 

Unconformities are natural breaks in the rock record and thus are good 

boundaries with which to define sequences. However, nvo inherent weaknesses limit 

the application of depositional sequence models. First, dthough eustasy may be the 

dominant control on the formation of sequences in some cases. it is certainly not the 

only factor. and cornrnonly not the dominant control on sequence development. Other 

factors such as tectonics and sediment supply cm also be major controlling factors 

(Price. 1973: Kamer. 1986: Coakley and Watts. 1 99 1 ; Sinclair et al.. 1 99 1 : Butler and 

Grasso. 1 993: SchIager. 1 993: Jordan. 1995: Catuneanu. 1996: Catuneanu. et. al.. 

1997). It is more realistic to interpret unconformities to be the result of a combination 

of the three pnmary controlling factors: tectonics. eustasy and sedimentation. In fact. 

unconformities form not only uhen relative sea level falls (type 1 sequence boundanes 

and some type 2 sequence boundanes in the Exxon terminoloa): the) ma). also fomi 



C: Genetic sequences 
D: Depositional sequencc 
T-H: Transgrcssive - Rcgressive sequences 

11: k~nconformity surfaces 
MFS: Maximum flooding surfaces 
Tr: Transgressive surfaces 

Figure 6- 1 'fhrcc types of scquences and correspmding houndriries 
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even when relative sea level is not changing. It has been pointed out that an offlap 

geometq (type II unconfomity) can be formed through changes in sediment supply 

without a relative sea level fdl (Christie-Blick, 1991). Since the formation of 

unconformities is not always related to eustatic change. it is therefore not possible to 

infer that sequence bound. formation is synchronous in different areas (e.g. Miall. 

199 1 ). Diachronous sequences and sequence boundaries due to reciprocal response of 

foredeep and forebulge regions to tectonic loading have been documented in the Upper 

Cretaceous Bearpaw Formation in the Alberta foreland basin (Catuneanu. 1996: 

Catuneanu, et. al.. 1 997). and will be M e r  demonstrated later in this chapter. 

The second weakness is the difficulty or even impossibility in defining the 

sequence boundary in some cases. especially when relative sea level fa11 was stepwise 

( Posamentier and Chamberlain. 1993; Plint and Nummedal. 1997; Fig. 6-2). or if only 

offshore sedirnents are under investigation. 

6.2.2 Genetic sequences 

The genetic sequence model (Galloway. 1989ab) uses maximum flooding 

surfaces as sequence boundaries. A maximum flooding surface is one that represents 

the time of maximum transgression. It was argued (Galloway, 1989a) that maximum 

flooding surfaces are much easier to identify than unconformities (Posarnentier and 

James, 1993). In fact, even in Exxon-style depositional sequence stratigraphie 

analysis. identification of the maximum flooding surfaces is recommended as the 

starting point in a new working area (Mitchum et al.. 199 1 : Posamentier and James. 

1993). The genetic sequence model does not assume any cause for the development of 

sequences. However. inclusion of an unconformity iviihin a sequence has been 

strongly criticised (Posamentier and James. 1993 ). 



Time 

. . _ -. . _ Highstand 

Figure 6-2 Stratal formation dt.uing stepwise relative sea level fall. 
showing the dificulty in positioning the boundaries of depositional 
sequences. A new term Falling Stage Systems Tract was created to solve 
the problem. A: Eustatic cycles showing superimposition of two orders of 
eustatic cycles. Three higher-fiequency cycles occur on the falling limb 
of the lower-frequency cycle. Tl. T2 and T3 denote the time when 
eustatic sea level falls of three higher-frequency cycles occurs. B: Stratal 
records of the eustatic sea level fluctuations corresponding to A. SB(T1). 
SB(T2) and SB(T3) are sequence boundaries formed at Tl. TZ and T3. 
respectively 
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Surfaces of maximum regression are used as the bounding surfaces of 

transgressive-regressive (T-R) sequences. They are expressed as an unconformity 

landward of the most repessive shoreline. Seaward of the most regressive shoreline. a 

surface of maximum regression corresponds to a transgressive surface (Embry, 1993). 

A surface of maximum regression fonns up to the time when the rate of sediment 

supply is equal to or larger than the rate of addition of accommodation. After that 

point. transgression begins. 

In successions of marine strata. a surface of maximum regression lies at the 

transition between an upward-shallowing succession below and an upward-deepening 

succession above. It c m  be objectively identified, regardless of whether the strata are 

sandy nearshore or muddy offshore sediments (Catuneanu. 1996: Catuneanu. et. al.. 

1 997). 

The fact that depositional packages can be objectively recognised and that there 

is no assumption of the mechanism that caused the foxmation of the sequence 

boundaries makes the T-R model widely applicable. The model is especidly useful in 

the study of offshore marine shale, in which only the correlative surfaces of 

unconfomities are present. However, subdivision of a sequence into only two systems 

tracts may be an overly-simplified view. As pointed out by Miall (1997). if it is 

possible to determine a more detailed relative sea level history. there is no reason why 

one should not do so! 

6.3 Combination of allostratigraphy and 1-R sequence sfratigraphy 

In this study. a practical approach combining allostratigraphy and T-R 

sequence stratigraphy was employed. Allomembers were established through rnapping 

and correlation of regionally-rnappabie marine flooding surfaces and their correlative 
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surfaces (e.p. Plint 1996: Chapter 5). The resulting allomernbers c m  be treated as 

chronostratigraphic n i t s  which have a significantly higher relative-age resolution than 

do biostratigraphically-defined units. These chronostratigraphic units were then 

grouped into T-R sequences. The objective approach of T-R sequence stratigraphy 

was found to be very useful in the study of the Puskwaskau Formation. Two internai 

erosion sdaces  in the study interval, with relief of up to 25 m. can not confidentiy be 

identified as unconformities (in the Exxon sense). because the sediments above and 

below consist of offshore shale and there is no evidence of subaenal exposure 

observed dong these surfaces in outcrop. These two surfaces. however. can be easily 

recognised as T-R sequence boundaries since both surfaces separate a package below 

that displays a forestepping stacking pattern fiom a package above that shows a 

backstepping pattern. 

6.4 T - R Sequences of the Puskwaskau Fornation 

T-R sequences are bounded above and beIow by surfaces of maximum 

regression. T-R sequences consist of transgressive and regressive systems tracts 

divided by a maximum marine flooding surface (Embry. 1993). Systems tracts are 

identified on the ba i s  of objectively recognisable stacking patterns. Transgressive 

systems tracts display a backstepping stacking pattern. whereas regressive systems 

tracts show a forestepping stacking pattern. 

Three T-R sequences (labelled 1. II. and III) were identified in the western part 

of the snidy area. They may be bounded above and below by unconformities or 

transgressive surfaces. and consist of transgressive and regressive systems tracts 

separated by a maximum flooding surface. Figure 6-3 is a composite succession 

(based on l o g  d-75-A-93-P-8 and 3-16-63-8W6) of the Puskwaskau Formation in the 

western part of the study area. shomlng ideaiised development of key surfaces 

(sequence boundanes and maximum flooding surfaces). stacking pattems. and 

systems tracts in each sequence. The phrase in the iwsrern par1 of thp stt<& urea 



m m 7 - <  Systerns tracts 
T-R 

Sequences 

Unconformity - 
Sequence III 

Submarinc 
crosioo surface 

Sequence II 

Sequence I 

- Unconformity - 

Figure 6-3 A composite succession through the study interval in the western 
region. showing three T-R sequences. Well logs above allomember F are from 3-16- 
63-8W6 and the lower part is from d-75-A-93-P-8. 
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should be emphasised here. since, as discussed later. the age-equivalent rocks of each 

sequence in the eastem part display a variation on this idealised succession. implying 

complicated interaction between the three primary controlling factors. even within the 

study area. 

The following section will discuss the three T-R sequences and systems tracts 

recognised in the western part of the study area and then show their iatsral variations. 

especially in the east (presumably over the forebdge), with an interpretation of each 

sequence. The next section will attempt to synthesise sequence development in 

foreland basins. and to propose a general stratal architecture for foreland basins. 

6.4.1 Sequence I 

Isopach patterns, depocen~res and overall litholog).: Sequence 1 consists of 

allomembers A. B. C. and D (Appendixes 1. 2, 3. 4. 5 and 6). It is 20 to 150 metres 

thick. with its depocentre adjacent to the thmst belt south of T45 (D in Fig. 6-41, 

Strata thicken toward the thnist belt and concentncally around the depocentre. 

Sequence 1 consists mainly of offshore shale and siltstone. with minor vev fine 

p i n e d  sandstone. Its overall lithology is coarser in the area north of 145. and this 

area partially overlaps the depocentre (Appendix 2: Fig. 6-4). 

Basal bounding surface: The lower surface of sequence 1 corresponds to the 

basal surface of allornember A. This surface is an unconformity related to a relative 

sea level fa11 (section 5.2. Chapter 5). The lower unconformity was cut into shoreface 

and shelf sediments of the Marshybank Formation in the west and into oolitic 

sandstone and siltstone of the Bad Heart Formation in the more basinward area. The 

basal part of Sequence I (Allomember A) onlaps nonhward and westward ont0 the 

basal unconformity surface (section 5.2. Chapter 5). 



Figure 6-4 Isopach rnap of sequence 1 and summary cross section 
from Appedndix 2. 



Upper boundkg surface: The upper surface of sequence I corresponds to the 

upper surface of allomember D. In the area close to the thrust belt (west of 9-34-61 - 
26W5 on Appendix 3: section 5.5, Chapter 5) .  this surface is probably composite. 

resulting fiom submarine by-pass during regression. and subtIe erosion during 

subsequent transgression. Subsurface correlation suggests that allomember D offlaps 

northeastward (Appendixes 2.3.4. 5. and 6: Fig. 5-7). In the east. the upper surface of 

sequence 1 passes into a maximum flooding surface (east of 14-9-6 1-3 W5 in Appendix 

3 1. 

Mmimum flooding surface: The maximum flooding "surface" within 

sequence 1 separates transgressive fiom regressive systems tracts. but in fact crosses an 

interval of strata. Its stratigraphic position varies dramatically. either frorn south to 

nonh or fiom West to e s t .  The maximum flooding surface occurred earlier in the 

south than in the north. South of Tp 59 (Appendix 2; Fig. 6-5). the most shaly 

horizon seems to lie on top of allomember A (ail the wells south of 10-1 6-58-2W6 in 

Appendix 2). The correlative surface of this most shaly horizon, however. is a 

transgressive surface in the nonh. North of T59, the maximum flooding surface within 

sequence 1 has shified to the top of allomember B (Appendix 2: Fig. 6-5). It is 

important to note that during deposition of allomember A, subsidence was fmter in the 

south than in the nonh, whereas during deposition of ailomember B. the pattern was 

reveeed (cross sections in Figs. 5-3,5-4). 

The maximum flooding surface in sequence 1 crosses a thicker stratigraphic 

interval from east to West (Appendix 3). It appears to lie at the base of allomember A 

in the east (basinward of 14-12-61-7W5. Appendix 3: Fig. 6-5). but moves to 

progressively higher stratigraphic positions within allomember A towards the west. 

From the top of allomember A. the MFS migrates upaard and eastward through 

allomembers B. C and D (Fip. 6-5). It is important to note that the well-log cross- 



Figure 6-5 Block diagrarn of sequence 1. showing the shift of the stratigraphie 
position of the maximum flooding surface within the sequence. The vertical scales are 
consistent through the entire diagram but note horizontal scales differ to make the 
drawing easier to fit on the page. The diagrarn shows: 

Sequence 1 consists only of offshore shale. siltstone. and sorne very fine 
grained sandstone. No HCS sandstone is present. Coarser sedirnents 
adjacent to the thmst belt shale out eastward. 

In the West the transgressive systems tract (allomember A in the south. and 
allomembers A and B in the north) is dominated by siltstone and shaie, 
whereas the regressive systems tract is coarser. containing a higher 
proportion of coarse grained siltstone. Coarser sediments are mainly 
concentrated in the north. 

The maximum flooding surface developed earlier in the south. where the 
subsidence rates were higher during deposition of allomember -4. The 
maximum flooding surface developed later in the north (at the top of 
allomember B), where the depocentre of allomember B is located. 

Between the West and east. revened systems tracts developed in age- 
equivalent strata. as indicated by the stacking patterns in the corresponding 
strata (cross sections Tp 61 and Tp 50; Appendixes 3 and 6). 

The presence of a reversed systems tract in the east (more basinward) 
causes the MFS to split eastward. Thus. the maximum Booding "surface" 
initially climbs stratigraphically westward to the top of allomember A in 
the south (Tp 50) or of allomember B in the north (Tp 61). and then climbs 
eastward in response to progradation from the west. 

The maximum flooding surface in the west. which separates the 
transgressive systems tract below from the regressive systems tract above. 
passes into a transgressive surface in the east that separates the regressive 
systems tract below fiom the transgressive systems tract of sequence 11 
above. By definition. this transgressive surface is a T-R sequence 
boundary. Thus. the rnmimumjZooding surface in the West changes into a 
T-R sequence boundary in the east. and vice versa (cross sections Tp 61 
and TD 50: see ais0 h ~ e n d i x e s  3 and 61. 
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sections in Tp 50 and Tp 61. used to draw Fig. 6-5. extend far basinward of the main 

study area (Fig. 1-3). 

Systems tracts in sequence 1: A T-R sequence consists of a lower transgressive 

systems tract followed by an upper regressive systems tract. with a maximum flooding 

surface between. Due to the shifi of the position of the maximum flooding surface. 

both the regressive and transgressive systems tracts may consist of different 

chronostratigraphic units (allomembers) fiom place to place. The difference between 

the western and eastem parts of the study area is remarkable. 

Sysiems tracts NI the west: In the western pan of the study area (closer to the 

thnist belt). systems tracts in the north and south consist of different allomembers 

because of the diachronous character of the maximum flooding surface between these 

two areas. Thus in the north. the transgressive systems tract is made up of 

allornembers A and B ananged in a backstepping pattern (north of 8-7-59-3W6 on 

Appendix 2). In the soudi. however. the transgressive systems tract consists only of 

allomember A (south of 8-7-59-3W6 on Appendix 2). The regressive systems tract. 

which developed a good forestepping pattern in the entire region. also consists of 

different allostratigraphic units between the north and south as a result of the 

diachroneity of the maximum flooding surface. The regressive systems tract consists 

of allomember C and D in the north, whereas in the south the regressive systems tract 

includes allomembers B. C and D (Fig. 6-5; Appendix 2). 

Svsiems tracts in the eost: Generally. on the systems tract scale. age-equivalent 

strata in the east are arranged in a stacking pattern opposite to that in the west. 

indicating the reversed development of systems tracts between the West and the east. 

As s h o w  in Appendix 3. which extends far basinward of the study area allomembers 

A and B in the east show a forestepping stacking pattern. progressively prograding 

toward the thmst belt (east of 7-27-61 -1 8 W S  on Appendis 3 ) .  This progressive 
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westward progradation (regressive systems tract) is accompanied by a westward shifi 

of the stratigraphie position of the most shaly interval (Appendix 3). On the other 

hand. allornembers C and D in the east show a backstepping pattern. forming a 

transgressive systems tract (Appendix 3; Fig. 6-5). 

Figure 6-5 summarises the stratal geometry. stacking patterns. and position of 

the maximum flooding surface observed in sequence 1. based on two regional cross 

sections in Townships 61 (Appendix 3) and 50 (Appendix 6). and one cross section 

oriented NW-SE (Appendix 2). The cross section in Township 60 is about 510 km 

long, extending from the Two Lakes outcrop section. Alberta to 1 0- 1 2-6 1 - 1 5 W4. The 

cross section in Township 50 is about 370 km long. tying the Thistle Creek-Brazeau- 

Cardinal outcrop sections eastward to 14B-23-50-10W4. The NW-SE cross section 

runs parallel to the thnist belt. linking al1 the cross sections together. It is more than 

400 km long, extending fiom d-75-A-93-P-8, B.C. to lO-14-35-7WS. Alberta. The 

stratigraphy and evolution of sequence I is explained in the extended caption to Figure 

6-5. 

Inrerprerotion: The fact that corner sediments grade laterally into finer-grained 

sediments towards the east suggests that these sediments were sourced from the thrust 

belt to the West. The diachroneity of the maximum flooding surface dong 

depositional strike implies that the development of the maximum flooding surface was 

not primady controlled by eustasy. The relationship between the depocentres (or 

subsidence centres: Chapter 5) of allomemben A and B and the development of the 

maximum flooding surface suggests that the timing of the development of the 

maximum flooding surface was controlled dominantly by subsidence rates. 

Specifically. during deposition of the lower part of sequence 1 (allomember A). the 

southern region had higher subsidence rates and therefore the maximum flooding 

surface developed earlier in this region. In the nonh. the highest subsidence rates did 
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not occur until deposition of allomember B. As a result. the maximum flooding 

surface occurred at the top of allomember B. 

The occurrence of the reciprocal (a term of Catuneanu 1996) systerns tracts in 

the eastem part of the study area was also controlled mainly by subsidence. not by 

eustasy or sediment supply. The development of systems tracts are 180° out of phase 

between the east and West. The following two sections will show that this relationship 

is also observed in sequences II and III. The reversed development of systems tracts 

between the West and east is related to reversed subsidence patterns between the 

proximal and distal (forebulge) regions in foreland basins (see discussion of 

lithospheric response to loading in Chapter 2). This style of systems tract development 

between the proximal and distal (forebulge) regions was first documented in younger 

strata (Bearpaw Formation) of the Alberta foreland basin (Catuneanu. 1996: 

Catuneanu. et. al.. 1997). 

6.4.2 Sequence Il 

Isopach patterns. depocentres and overoll lirholog~: Sequence II consists of 

allomembers E. F. G. and H. It has a thickness of 10 to 85 metres. Like sequence 1. 

sequence II is thickest adjacent to the thrust belt. but the depocentre is located north of 

Tp 55 (D in Fip. 6-6; Appendix 2). Locally, up to 13 rn of strata have been eroded 

fiom the top of sequence II. This, however. is just a small portion of the total 

thickness of sequence II. and therefore. the area with the greatest thickness probably 

still accurately represents the location of the depocentre (D in Fig. 6-6). lsopachs 

thicken toward the thnist belt and into the depocentre. 

Sequence II is composed of offshore shale. siltstone and v e p  fine-grained 

sandstone. Overall. the litholog!. is coarser in the area north of Tp 60 ( Appendis 2 ). 

roughl!. coinciding with the depocentre (cross section in Fig. 6-6) .  



Figure 6-6 Isopach map of sequence II and surnmary cross section 
from Appendix 7. 



B m l  bounding surface: The basal boundw of sequence II coincides with the 

top of allomember D in sequence 1. It is a transgressive surface superimposed on a 

surface of submarine bypass (section 5.4? Chapter 5). Allomember E pinches out 

south of Tp 47. beyond which allomember F rests directly on sequence 1 (Appendix 2 ) .  

Upper bounding surface: In the nonh, the upper bounding surface of sequence 

II coincides with the top of allomember H. In the south (south of Tp 5 0  on Appendix 

2). allomember H pinches out. the upper boundary of sequence II lies at the top of 

allomember G, and finally on allomember F (Appendix 2; cross section in Fig. 6-6). 

The upper boundary is an erosional surface at least north of Tp 66 (Appendix 2 ) .  At 

leas 13 rn of smta at the top of sequence II were eroded outside the erosion remnant 

shown in Fig. 5-13 (north of Tp 66 and south of Tp 60 on Appendix 2; cross section in 

Fig. 6-6; see the discussion in section 5.8). 

Mmrimum jlooding surface: In the West. the maximum flooding surface of 

sequence II is at the top of allomember F north of Tp 59 and passes into a transgressive 

surface toward the south (south of Tp 59 on Appendix 2: cross section in Fig. 6-6). 

Svstems tracts: Systems tracts Vary greatly due to variations in stacking 

patterns. both dong depositional strike and dip. The following discussion is based on 

three dip cross sections (A-A'. B-B'. and D-D': see Fig. 5-1 for their locations. These 

three cross sections are included in the thesis as Appendixes 4.5 and 6). 

i )  $stems tracts in ihe norrh (line t l -A  *: Appendix 4): In the West (southwest of 8-73- 

69-8W6). allomembers E and F shows a backstepping stacking pattern. 

fonning a trampressive systems tract. uhereas allornembers G and H display a 

forestepping srackinp pattern. constitutine a regressive systerns tract. In the 



Figure 6-7 Summary diagram for sequence II From the Township 70 cross section. 

A: Weil log cross sections. 

B: Interpretation of the well log cross section in A. The horizontal distance is to 
scale. Allomembers E and F in the east form top lap geometry. 

C: Formation of the toplap geometry. Over the forebulge. waves impinged on the sea 
floor and prevented deposition. 
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east. allomernber E terminates against the top of sequence Î (between 16-25- 

72-4W6 and 6-7-75-2W6). Basinward of the temination of allomember E, the 

boundary between sequences 1 and U is very sharp. as indicated by the sharp 

log deflection across the boundary (e-g.. 6-7-75-2 W6). Allomember F does not 

extend as far eastward as allomerriber E (west o f  W4). Allornemben E and F 

together show toplap toward the west. This geometry is clearly shown in Fig. 

6-7. a summaiy well log cross section in Township 70. This cross section also 

shows that both allomembers E and F get coarser both toward the West and 

east. with a shaly central section. Allomembers G and H also change their 

stacking patterns fiom forestepping in the West  to backstepping in the east 

(starting at 9-28-67-1 1 W6 in Appendix 4; Fig. 6-7). It is very important to 

note that sequence II has its depocentre in the north (Fig. 6-6) and Line A-A' 

(Appendix 4) nins through the depocentre. 

ii) Systems zms in the central region (Line B-B ', Appendix 5): Allomembers E and 

F have a forestepping stacking pattern in the entire cross section, and form a 

regressive systems tract. whereas allomemben G and H display a backstepping 

stacking pattern. forming a transgressive systems tract. 

iii) Systems tracts in the southern region (Line C-C ', AppendU. 6): In the south. 

sequence II gets very thin. The basal allomember (E) and the top allomember 

(H) disappear. Allornember F itself forms a regressive systems tract. whereas 

allomember G forms a transgressive systems tract (Appendix 2). 

Sequence II can be surnmarised as the follouing: 

1 )  Sequence II is strongly asymmetnc in a NW-SE transect. with the greatest 

thickness in the northwest (Fig. 6-6). 
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2) Sequence II consists mainly of offshore shale and siltstone. with minor very 

fine-grained sandstone. Sequence II as a whole has coarser sediments 

concentrated in the northwestem corner, coinciding with the depocentre (Fig. 

6-6) 

3)  A reversed systems tract can be observed only in the northeast. adjacent to the 

depocenw (Figs. 6-6, 6-7). In the southeast. away fkom the depocentre. 

revened systems tracts did not develop. 

4) Stacking patrems vary along strike (NW-SE). Allomembers E and F in the 

north are arranged in a backstepping pattern. but in a forestepping pattern in the 

south. The upper part of sequence II (allomembers G and H) displays a 

forestepping pattern in the north. but a backstepping pattern in the south 

(Appendix 2). Allomernbers E. F. G. and H are grouped as a T-R sequence 

mainly on the basis of the bounding surface. the stacking patterns and systems 

tracts observed in the north. These ailomembers. however. have reversed 

stacking patterns in the south. 

Inferpretation: The fact that the basal unit of sequence II (aliomember E) is 

more closely confined to the West than is sequence 1 (comparing Fip. 5-9 with Figs. 5- 

4, 5-5. 5-6 and 5-7) suggests that the basin floor was tilted toward the west when 

sequence 11 formed. The tilt probably resulted fiom renewed tectonic loading in the 

thnist belt. since the depocentre of sequence II (in the north) drarnatically shifted fiom 

that of sequence I (in the south: comparing Fig. 6-6 with Fig. 6-4). The drarnatic 

change in the location of the depocentre suggests that the locus of crustal loading 

shifted to the northwest (Jordan and Flemings. 1 99 1 : Jordan. 1995). 
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In the northem part of the study area the development of reciprocal systems 

tracts between the West and east (Fig. 6-7) can be explained in ternis of reversed 

subsidence patterns between the foreland basin and forebulge, as in sequence 1. 

It is interesting to note that the reciprocal systems tracts occur only in the north. 

adjacent to the sequence II depocentre. One possible explanation is that other areas in 

the east which were not adjacent to the depocentre were not sipificantly uplified 

because the forebulge is directly related to active lithospheric loading ( e g .  Sinclair et. 

al.. 1991). Water depth over those areas that did not experience forebulge uplifi were 

so deep that wave processes had no oppominity to concentrate sand and silt. Another 

possible explanation is the influence of syndepositional fault rnovement. An E-W 

trending basement fault c m  be inferred fiom the prominent E-W orientation of 

isopachs south of Tp 65 in allomemben E and F (Fig. 6-8). Downthrow on the 

southern side of the fault may have overprinted the forebulge movement. The fault 

may also have acted as a barrier to transmission of the bending force. resulting in 

enhancement of forebulge rnovement on the northem side of the fault close to the 

depocentre. and suppression of forebulge movement on the south side. 

That allomembers E and F in the south developed a forestepping stacking 

pattern seems to be related to higher sedirnent supply during deposition of allomember 

F. As s h o w  in the cross section in Fig. 5-10. there were coarser sediments supplied to 

the area north of Tp 56. 

6.4.3 Sequence Ill 

Isopoch patterns. depocentre and overall 1irhologi.c Sequence III consists of 

allomernbers 1. J. K. L and M (Fig. 6-10: Appendix 2). It is 30 to 188 metres thick. 

The thickest strata are located adjacent to the thmst belt south of Tp 45 (Fie. 6-91. 

Isopachs thicken toward the t h s t  belt. They are oriented roughly parallel to the thrust 

belt in the south. but deflect progressively more toward an E-Li' trend in the nonh. 



Figure 6-8 Depocentre and basement fault as possible controls on the development of 
reversed systems tract in the east. In the northeast. adjacent to the depocentre. reversed 
systems tracts developed. whereas south of the inferred E-W basement fault in Tp63 
(see map in Fig. 5-28). the reversed systems tract did not develop in the east. This is 
postulated to be because the mechanical bending stress was relieved by movement on 
FZ. 
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Since a significant portion of dlomember M was eroded prior to deposition of 

allomember N (section 5.13). an isopach map (Fig. 6-1 0) was constnicted to include 

only allomembers I. J. K. and L. It can be seen that, except near the depocentre of 

sequence III in the south. isopachs are oriented aimost E-W. 

Except for allomember M. al1 the other allomembers in sequence III consist of 

offshore shde and siltstone (Appendix 1). with a very small portion of very fine- 

grained sandstone. The top part of the-sequence (allomember M) is characterised by 

HCS and SCS sandstone of the Chungo Member (Fig. 6-9). 

Basa2 bounding surfice: The basal bounding surface of sequence III coincides 

with the basal surface of allomember 1. which is probably a submarine erosion surface 

(section 5.9. Chapter 5). The basal strata of sequence III (allomember 1) progressively 

onlap northward ont0 the top of sequence II (Fig. 6-9; Appendix 2). 

Upper bounding surface: The upper bounding surface of sequence III coïncides 

with the top of allomember M. which is a ravinement surface or its correlative 

transgressive surface (Chapter 5. section 5.13: Fig. 6-9). A practical approach to 

regional well-log correlations and isopach-mapping places the top of sequence III at 

the sharp deflection to much lower resistivity and rnuch higher natural gamma-ray 

intensity. which represents the contact between the underlying sandstone of the 

Chungo Member and the overlying black marine shale of the Nornad Member. This 

treatment may include û-ansgressive lags within sequence III. instead of above it. 

Since such lags are commonly only centimetres to decimetres thick. the? would have a 

negligible effect on isopach patterns. 

Maximum flooding surface: The maximum marine flooding surface in 

sequence III coincides with the upper boundary of allomembsr 1. Cnlike the other two 



Figure 6-9 Isopach map of sequence III and summary cross section 
from Appedndix 2. See Figure 5-1 for the location of the cross section. 



Fig . 

Figure 6- 1 O Modified isopach map of sequence III, in which only allomembers 
1, J, K, and L are included. 
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maximum flooding surfaces in sequences I and II. this one maintains its character over 

aimoa the entire region. It follows the sarne stratipphic surface and corresponds to 

an extremely high gamma-ray spike (Appendixes 3 and 6). This maximum flooding 

surface is laterally-persistent and has the stronpst gamma radiation in the study 

interval (for exarnple. east of 1 1 -30-6 1 - 13 W5 in Appendix 3). The strata below this 

surface (allomember 1) are arranged in a backstepping pattern. and allomembers (J. K. 

L and M) above it have a forestepping pattem (Appendixes 2. 3.4.5. and 6). 

Systems tracts in the north (Line A-A ', Appendix 4): In the northwest. the 

transgressive systems tract (allornember 1) displays a backstepping pattem in the West 

(southwest of 9-28-67-1 1 W6). This backstepping pattern. however. is replaced by a 

forestepping stacking pattern in the east (northeast of 16-25-72-4W6). The maximum 

flooding surface within sequence III (the depositional top of allomember 1) is not 

present in the this cross section due to downcutting at the base of allomember M. This 

phase of erosion also cut out allomembers J, K. and L in this cross section. such that 

the regressive system tract consists only of allomember M. 

A forestepping pattern is seen in the regressive systems tract (allomember M) 

West of 13-12-70-7W6 (Appendix 4) . but eastward it progressively shified to a 

backstepping pattern (6-7-75-2W6, Appendix 4). The regressive systems tract 

(allomember M) is truncated by the upper boundary of sequence III. and locally. the 

entire regressive systems tract is eroded (Appendix 4). The area from which 

allomember M has been entirely eroded is elongate and oriented in NW-SE (Fig. 5-22. 

area A). The top erosion surface has two erosional steps. both of which are oriented 

NW-SE (Fig. 5-22). 

Systems tracrs in the central region (Line B-B': .4ppendis 5):  In this cross 

section the maximum flooding surface is well developed. In the West. the 

transgressive system tract (allomember 1) below the maximum flooding surface display 
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a backstepping pattern (west of 14-1 8-62-2W6). This backstepping stacking pattern. 

however. is replaced by a forestepping stacking pattern in the east (east of 6-27-66- 

23W5. Appendix 5). Allomemben J. K. L. and M are arranged in a forestepping 

pattern over the entire cross section. They constitute the regressive systems tract of 

sequence III. There is an internal erosion surface within the regressive systems tract at 

the base of allomember M. The internal erosion surface has eroded the entire 

allomember L and probably the upper part of Allomember K in this cross section. 

Sysrems tracts in the south (Fig- 6-11): The well log cross section shown in 

Figure 6-1 1 trends at a high angle to isopachs from the depocentre of sequence III 

northeastward to where allornember I dies out (see Figs. 6-1 0. 6-12 for location). This 

cross section shows that allomember 1. constituting the transgressive systems tract in 

the proximal area, is wedge-shaped. In contrast. the overlying allomembers (J. K. L 

and M) that form the regressive systems tract. have a more tabular geornetry. The 

cross section dso shows that. like the basal part of sequence II. the transgressive 

systems tract (allomember 1) has a much more restricted distribution than the 

regressive systems tract. 

In this cross section (Fig. 6-1 1). reversed stacking patterns are clearly seen in 

the transgressive systems tract between the proximal and distal regions. In the 

proximal region. a backstepping stacking pattern is seen (southwest of 16-1-50- 

19W5). whereas in the distal area a progradational succession developed (northeast of 

3-15-56- 16 W5). 

In almost the entire cross section (Fig. 6-1 1 ). the regressive systems tract 

(allomembers J. K. L and M) display an overall forestepping stacking pattern. Only 

1 1 -30-6 1 - 13 W5 has an aggradational stacking pattern: 



Figure 6-1 1 Cross section of sequence III extending fiom its depocentre 
northeastward. Reversed stacking patterns are seen in the transgressive systems tract 
(allomember 1) between the proximal and distal areas. The regressive systems tract. 
especially allomember M. dso  displays a reversed stacking pattern between the 
proximal and distal area. See Figs. 6- 10 and 6- 12 for location of the cross section. The 
thick dash line denotes the maximum flooding surface. 





Sequence III can be summarised as follows: 2 7 5  

1) Like sequence 1. sequence III has its depocentre in the south (Figs. 6-9 and 

6-10). On NW-SE cross sections. allomembers 1, L and M display wedge- 

shaped geometry. thinning northward. whereas allomembers J and K have 

more uniform thickness (Appendix 2; cross section in Fig. 6-9). 

2) Sequence III consists mainly of offshore shale and siltstone of facies 2 and 

3 (allomembers 1. J. K, and L). Only the top part of sequence III 

(allomember M) is characterised by HCS and SCS sandstone of the 

offshore transition zone and shoreface. respectively. 

3) Allomember I has a backstepping pattern in the west. However. this 

stacking pattern is progressiveiy replaced by a forestepping pattern in the 

east adjacent to the depocentre of allornember 1 (Fig. 6-1 1)  and south of the 

basement fault (F2) on Tp 57. 

4) The regressive systems tract (allomembers J. K, L and M) has a regressive 

stacking pattern both in the West and east. 

Interpretation: The E- W trend of isopachs and northward thinning (Fig. 6- 10) 

were the combined result of erosion and depositional thinning due to uplifi of the 

Peace River Arch in the nonhem part of the study area (Chapter 5 ) .  nie absence of 

sequence 111 in a small. elongate. NW-oriented areain the northwestem corner of the 

study area (A in Fig. 5-8) was due to fault-controlled postdepositional uplifi and 

erosion (section 5.13). 
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Sequence III started to develop in response to a shifi in the locus of active 

loading to south of Tp 50 (allomember 1; Fig. 6-12). This episode of active loading 

was accompanied by reactivation of NW-SE and E-W trending basernent faults (FI 

and F2 in Fig. 5-14). There was considerable downthrow on the south side of FI. 

which profoundly modified the orientation of isopachs (Fig. 5- 1 4) and controlled the 

development of the regressive systems tracts in the east (Fig. 6-1 2). 

The renewed active loading initiated the development of the transgressive 

systems tract in the West. and presumably the development of a reciprocal regressive 

systems tract in the e s t .  The repessive systems tract in the east. however. only 

developed on the south side of F2 (Fig. 6-12), not on the north side. Two factors may 

have contributed to the localised development of the regressive systems tract. One is 

the presence of the basement fault (F2). This inferred basement fault may have 

absorbed the bending force resulting fiom lithosphenc flexure south of the Tp 58 fault. 

enhancing the forebulge on the south side and suppressing the forebulge on the nonh 

side (e.g., Waschbusch and Royden, 1992). The other factor is that the south side was 

adjacent to the depocentre and therefore probably experienced significant uplifi. 

In the upper part of sequence III (allomemben I. K. L. and M). the reciprocal 

systems tracts between the West and east are not well deveIoped. This may be due to 

the influence of the Peace River Arch which resulted in uplift of the nonhem part of 

the study area. Isopach patterns for these allomembers suggest that the uplifi of the 

Arch played at least as important a role in controlling deposition as did flexural 

subsidence in the southwest (Chapter 5). 

The widespread occurrence of the maximum flooding surface on top of 

allomernber 1 and deposition of the most radioactive shales on this surface suggesl 

that this surface marks the peak of the Lare Cretaceous transgression in the Western 

Interior Seaway (Caldwell and Kauffman. 1993: Jen-ey. 1993 ). It is interesting to note 



Figure 6-12 Inferred interdependence of the development of a distal regressive 
systems tract in the lower part of allornember 1 and flexure resulting from loading 
adjacent to the depocentre. Fault F2 absorbed bending stress propagating fiom the 
south and inhibited uplift and development of a regressive systems tract to the north. 
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that this transgressive peak coincides with the most active loading episode in sequence 

III (allomember 1). Rates of thrusting in the Cordillera were linked to rates of plate 

convergence and ridge spreading (Kauhan .  1984: K a u h a n  and Caldwell. 1993). 

The regional transgression at the top of allomember 1 plus development of organic rich 

shales may therefore imply control by a tectono-eustatic mechanism. 

6.4.4 Allomember N 

The three sequences described in the previous sections (6.4.1. 6.4.2. and 6.4.3) 

include allomembers A though M within the study interval. Allomember N is not 

included in sequence III because there is a ravinement surface between allomember N 

and the underlying sequence III. The ravinement surface coincides with the top of 

allomember M (Chapter 5). ont0 which allomember N onlaps. As discussed in 

Chapter 5 (section 5.15). allomember N was deposited during the transgression 

terminating the progradation of the shoreface of allomember M. and is equivalent to 

the healing phase of Posamentier and Allen ( 1993b). 

It is interesting to note that there was no active loading in the thnist belt to the 

southwest during the allornember N transgression, since the isopachs of allomember N 

do not display westward thickening (section 5.15). The transgression may have been 

due to a hi&-fiequency eustatic sea level nse. 

6.5 Discussion: Sequence developmen t 

6.5.1 Stratal architecture in the foreland basin 

A general stratal architecture can be synthesised from the forgoing description 

(Fig. 6-1 3B). This stratal architecture is also consistent with computer simulation of 

elastic lithosphenc models (Jordan. 198 1 : Jordan and Flemings. 1 99 1 ) and the 

obsen~ation of other researchers (Plint et al.. 1 993: Catuneanu. 1996: Catuneanu, et. 
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al.. 1997). The stratal architecture is the result of the reversed patterns of subsidence 

between the proximal and distal (forebulge) areas (Fig. 6-13A). reflecting the 

dominant control exerted by tectonics on the formation of sequences in foreland 

bains. 

6.5.1.1 Synchronous development of reciprocal systems tracts 

This study shows that systems tracts are 180° out of phase between the 

proximal foredeep and forebulge. The transgressive systems tract in the foredeep is 

synchronous with the regressive systems tract on the flank of the forebulge. Similarly. 

regression in the foredeep coincides with transgression on the forebulge (Fig. 6-13). 

This reversed development of systems tracts results fiom the reversed subsidence 

patterns between these two areas (Fig. 6-13A). During active loading. the foredeep 

experiences rapid subsidence. resulting in the formation of a transgressive systems 

tract. whereas the forebulge area is uplified as the result of elastic flexure. developing 

a regressive systems nact (solid arrow in Fig. 6-1 3A; Fig. 6-1 3B). During the 

quiescent stage. tectonic loading in the thmst belt ceases. and the rate of subsidence in 

the foredeep correspondingly diminishes. Erosion in the thnist belt. however. does not 

stop. Continued erosion reduces the load in the thmst belt. which is redisvibuted 

across the proximal foreland basin through sediment transport. The combined effect 

of these processes is the slower subsidence and shdlowing in the foredeep area and 

increased subsidence over the forebulge (empty arrow in Fig. 6-1 )A). resulting in the 

deveiopment of the regressive systems tract in the foredeep area and transgressive 

systems tracts in the distal area (Catuneanu et al.. 1997; Fig. 6-13B). 

6.5.1.2 Synchronous development of unconformity and maximum 

flooding surfaces 

Because of the reciprocal subsidence patterns between the foredeep area and 

forebulge (Fig. 6-GA). unconfomities and maximum flooding surfaces deveiop ai the 

same time in these two areas. When the foredeep reaches the maximum subsidence 



Figure 6- 13 Stratal architecture of foreland basins. 

A: Revened subsidence patterns between the proximal foredeep and the distal 
forebulge. 

B: 180' out of phase development of T-R sequences between the foredeep and 
forebulge. The presence of the reversed systems tracts over the forebulge splits the 
maximum flooding surface toward the forebulge. A unconfomity and a maximum 
flooding surface CO-exist. with conformity between. 

C: Chronostratigraphy of B. 
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depth during the active loading stage. the forebulge aïea is at maximum uplifi. This 

situation is revened during quiescence. As a result. the unconformity surface in the 

foredeep is correiated with the maximum marine flooding surface in the forebulge. 

wih a conformable surface between (Fig. 6- 13B and C). 

6.5.1.3 Migration of the maximum flooding surface 

On passive margins. the maximum flooding surface becomes more condensed 

seaward where water depths are greater and clastic supply is less. The surface is 

expressed as a single surface across the basin. However. in foreland basins. the 

maximum flooding surface displays a "Y' shape with the two amis pointing basinward 

(Fig. 6-13B and C). This occurs because the maximum flooding surface is a surface 

that connects the points of minimum clastic input as they migate between the 

foredeep and forebulge during each tectonic loading cycle (Fig. 6-1 3B. C). 

6.5.1.4 Passive margin versus foreland basin sequence architecture 

As observed in this snidy. the stratal architecture in a foreland basin is 

quite different from that on a passive margin in two main aspects. The first is the 

overall geometry of a sequence. A foreland basin sequence becomes thicker landward. 

whereas sequences on passive margins thin landward. The distinctive overall 

geometry between these two basins have been long recognised (Midl. 1990: Sloss. 

1993). The second is the presence of a T-R sequence over the forebulge. which splits 

the maximum marine flooding surface toward the forebulge. Relatively few examples 

of the second aspect have been documented (Plint et al.. 1993: Catuneanu et al.. 1997). 

although foreland basin formation mechanisrn and computer simulation have predicted 

the possibility of its occurrence (Pnce. 1973: Coakley et at.. 1991: Jordan and 

Flemings. 199 1 ; Sinclair et al.. 199 1 ). 

The two distinctive subsidence patterns explain the differences in the sequence 

architecture in these two types of sedimentac- hasin. In passive margins. subsidence 
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rates increase seaward. Accordingly. the overall geometry of sequences is wedge- 

shaped. thickening seaward (Fig. 6-1 4B). On the other hand. tectonic loading controls 

the history of foreland basins. resulting in asymnietric subsidence that increases 

toward the load (Fig. 6-14A). The asymnetric subsidence results in sequences that 

thicken toward the thrust belt (or thin seaward). 

The development of T-R sequences in the distal region of foreland basins is 

controlled by episodic loading. Loading causes increasing subsidence rates in the 

foredeep and uplifi in the distal region. Unloading reverses the subsidence directions 

resulting in uplift of the foredeep and subsidence in the distal area. Episodic loading 

(and unloading) causes vertical movements in the distal region which may cause 

shallowing or emergence. followed by deepening over the forebulge. The magnitude 

of vertical motion depends on the magnitude of the load. distance of the load from 

forebulge. and position of eustatic sea level (Jordan. 1995). If uplift caused emergence 

of the forebulge, a sequence boundary is expected to form. If warer depth is only 

shallow enough for waves to wimow the sediment only a submarine erosion surface 

can form. Below the submarine surface is a shallowing-upward succession. and above 

it a deepening-upward succession develops. If water depths over forebulge are greater 

than mean storm wave base. T-R sequences are not expected to develop. 

6.5.2 Tectonic signals in the stratigraphy of foreland basins 

Many researchen (e.g., Burton et al.. 1978 ) have emphasised the di fi cul^^. 
even impossibility, of estimating the relative influence of tectonics and eustas+ on the 

development of a sequence. since both factors may produce similar geological results. 

In consequence, sequence development is commonly discussed in terms of relative sea 

level change (Posamentier et. al.. 1988a. b). Nevertheiess. eustas) is still commonly 

assumed to be a dominant control on the formation of sequences (Vail. 1987: 

Posarnentier et .al.. 1988a. b). even in tectonically active basins such as foreland 

basins (Mitchum et al.. 1991 ; Filer. 1994). 



A: Foreland Basin 
B: Passive Margin 

Figure 6-1 4 Subsidence patterns and overail stratal geometries in foreland basins and 
passive margins. In passive margins (B). subsidence rates increase seaward. resulting 
in a wedge-shape geornetry. thickening seaward. On the other hand. subsidence rates 
in foreiand basins increase toward the t h s t  beit (A). and resulted in thickening 
toward the source area. 
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The stratal geometries documented in section 6.4 and by others (eg.. Price. 

1973: Blair and Bilodeau. 1988; Plint et al.. 1993: Catuneanu, 1996: Catuneanu. et. al.. 

1997) demonstrate that tectonics may exert the major control in sequence development 

in foreland bains. This is manifest by wedge-shaped bodies of sediment that reflect 

asymrnetrical subsidence. In addition. the development of a reciprocal T-R sequence 

in the foredeep and distal area c m  only reflect tectonic defornation, not eustasy alone. 

It also indicates that the forebulge was not deeply submerged. 

6.5.3 Influence of basement structure on the forebulge 

The reciprocal developrnent of systems tracts and T-R sequences between the 

foredeep and the forebulge is not equally manifest in the three sequences. It is best 

expressed in sequence 1. In sequences II and III. reciprocal development of systems 

tracts is observed only in the area adjacent to the depocentre. 

The relationship between isopach patterns. the locations of the inferred major 

E-W basement faults. and reciprocal development of systems tracts suggests that major 

basement faults seem to control the expression of the forebulge. especially during the 

active loading stage ( when the transgressive systems tract developed in the foredeep). 

As s h o w  in Figures. 6-8 and 6-12. the regressive systems tracts in the distal area 

developed only on that side of the major basement fault that was adjacent to the 

depocentre. It seems that the major basement faults absorb the bending force. which 

prevents the uplifi of the opposite side of the fault. 

6.5.4 Tectonic control on allomember deposition 

Sequences 1. II. and III clearly reflect a pnmary tectonic control. related to 

lateral shifts in the locus of active tectonism and subsidence. lsopach maps of 

individual allornembers also shows rapid and dramatic shifts in the location of 

depocentres. especially between allomembers belonging to different sequences (Fig. 6- 

15 ). This suggests even shoner timescale episodes of tectonic activit>.. 



Figure 6-15 Location of the depocentres of al1 allomemben. The depocentres of 
allomembers in the same sequence are more closely clustered. Two colour sheets. 







6.5.5 The Chungo Sandstone 

6.5.5.1 High-frequency sequences 

The Chungo Sandstone consists of up to 8 sandstone tongues (Chapter 5: 

Appendixes 7 and 8). Except tongue 1 which displays a normal progradational 

succession. as indicated by its transitional contact with the underlying strata tongues 2 

through 8 were probably were the product of forced regression (Plint. 1991: 

Posamentier et al.. 1992). since the basal contacts of the SCS sandstones are sharp and 

erosive (Chapter 5 ) .  Their formation is sumrnarised in Fig. 6- 16. 

Afier deposition of tongue 1 (Fig. 6-16A). there was a relative sea level rise. 

pushing the shoreiine landward. The transgression eroded the upper part of tongue 1. 

forming an erosional. ravinement surface (Fig. 6-16B). The thickness of sediment 

eroded could be as much as the depth of the shoreface, but becomes less as the rate of 

relative sea level rise increases (Walker, 1995). Due to low gradients on the coastal 

plain. transgression was probably rapid. The fiat. offshore shelf provided little 

accommodation for transgressive and highstand deposits. represented by the thin 

mudstones over tongue 1 (Fig. 6-16B). The onset of relative sea level fa11 caused rapid 

progradation of shoreline (forced regression, Plint 199 1 ; Posamentier et al.. 1 997). 

forming an erosive-based sandstone tongue (tongue II of Fig. 6-1 5C). Regressive 

erosion commonly removed some or dl of the earlier transgressive and highstand 

deposits. resulting in stacked SCS sandstones separated only by erosion surfaces that 

represent a combined ravinement surface. and surface of regressive marine erosion 

(Fig. 6- 16D). 

Repetition of this sequence of events would result in the formation of the 8 

sandstone tongues (sequences) in the Chungo sandstone. It should be noted that 

tongue 2 prograded much more basinward. resulting in the formation of the louer 



Figure 6-16 Formation of sandstone tongues (high-fiequency sequences) with the 
sharp base and top. 

A: Shoreline propdated to form sandstone tongue 1. 

B: After deposition of sandstone tongue 1. relative sea level rise pushed shoreline 
landward. The retreat of shoreface eroded the top part of sandstone tongue 1 and 
formed a ravinement surface. A thin offshore sediments of highstand covered the 
ravinement surface, 

C: Starting with B. following slow and low amplitude fa11 of relative sea level resulted 
in the formation of sharp-based shoreface sandstone tongue (II), with the highstand 
fine-grained sedirnents preserved. 

D: Starting with B. fast and high amplitude fa11 of relative sea level resulted in the 
formation of a sharp-based sandstone tongue (II) stacked on earlier-deposited 
sandstone tongue (1). The highstand fine-grained sediments were eroded due to the 
down-cutting of the basal surface of tongue II. 
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coarsening-upward succession. The ensuing relative sea level rise seems to have 

pushed the shoreline far landward. marking the beginning of the upper upward- 

coarsening succession. 

6.5.5.2 Mechanism of high-frequency relative sea level change 

Except for sandstone tongue 1 (Tl in Fie. 5-1 9) whose base is transitional to 

the underlying mudstone. suggesting a normal progradation. the succeeding seven SCS 

sandstone tongues of the Chungo Member record forced regession. What mechanism 

was responsible for the relative sea level fa11 in each case? Although there is no 

definitive evidence to support either a tectonic or eustatic mechanism. eustasy as the 

dominant control is favoured for the following reasons. 

The tectonic activity in the thrust belt is inferred to have been weak during the 

deposition of the sandstone tongues. The sandstone tongues of allomernber M occur 

near the top of the regressive systems tract of sequence III which is interpreted to have 

formed during a phase of relative tectonic quiescence when subsidence rates were low 

(Jordan and Flemings. 1990; Jordan. 1995; Jordan and Flemings. 1991 ; Plint er al.. 

1993). A relatively low tectonic subsidence rate during deposition of the regressive 

systems tract of sequence III is indicated by the isopach patterns of the allomembers 

forming the regressive systems tract. The isopach map of allomember 1 (transgressive 

systems tract of sequence III) is strongly wedge-shaped in the dip direction (Fig. 6- 1 1 ) 

and developed a depocentre close to the thmst belt (Figs. 5-1 4, 6-1 1 ). indicating 

pronounced differential subsidence between the proximal and distal areas. In contrat. 

allomembers J, K. L. and M, forming the regressive systems tract. have a much more 

rabular dip geornetry (Fig. 6- 1 1 ). In addition. a depocentre away fiom the thmst belt 

is identified in allomembers J and K (Figs. 5-1 5. 5-16). and prominent W-E trending 

isopach patterns developed in allomembers K and L (Figs. 5- 16.171. These three 

features indicate that differential subsidence induced by loading in the thnist belt taas 

much less pronounced. This allowed other. more subtle mechanisms to leave a 

recognisable record. 



Under these conditions of low tectonic subsidence rate. high-frequency 

(usually with low magnitude) eustasy becomes the dominant factor controlling 

sequence development (Hart and Plint. 1993). High-fiequency eustatic oscillations are 

inferred to have caused the shoreline to move back and forth. superimposed on slow 

and approximately uniform tectonic subsidence. resulting in the eight stacked 

sandstone tongues of the Chungo Member. 

6.5.6 Hingeline or hingezone 

A previous sequence stratigraphie study in the Bearpaw Formation in the 

Alberta basin showed that the reciprocal systems tracts of several sequences could be 

separated dong a well-defined line (hingeline: Catuneanu. 1996: Catuneanu et al.. 

1997). The high-resolution well log cross sections constructed with more closely- 

spaced well logs in this study show that the boundary m i p t e d  laterally over a long 

distance (see the boundary of age-equivalent transgressive and regressive systems 

tracts in Figs. 6-5. 6-7 and 6-11). The boundary therefore occupied a zone 

(hingezone). rather than a line. 



7. Conclusions 

The stratigraphy and sedimentology of the Upper Cretaceous Puskwaskau 

Formation was studied using a comprehensive database. including outcrop. core and 

geophysical well log data. Stratal packages were defined and interpreted on the basis 

of combined allostratigraphic with sequence-stratigraphie methodology. Based on the 

foregoing discussion. the following conclusions can be reached: 

Fifieen lithofacies were identified. fiom distal shelf. through shoreface and beach. 

to coastal plain. Although most of these facies have been recognised previously in 

the equivalent strata south of the study area two are seen only in the study area. 

They include decimene- to rn-scale cross straîif;ed, well-sorîed conglomeraie facies 

9) and upword-coarsening snuctureless sanahone vacies I Ob). Facies 9 contains 

distinctive. landward directed cross bedding and is interpreted to fom on the 

landward side of swash bars in a gravelly river mouth. Facies lob represents the 

progradation of washover fans into a swarnp with standing water. 

The study interval was deposited in wave- and storm-dominated shallow marine 

system. as indicated by the hummocky and swaley cross stratified sandstones. and 

shoreline parallel combined flow npples. Most p d e d  mm-cm scale sand-silt 

couplets that dominate the shaly succession are storm beds. 

Fourteen allornemben were established in the study interval. labelled A through N 

from base to top. Allomember O imrnediately above the study interval was ais0 

included in order to better understand the history of the study interval. The 

correlation of allomembers is based on tracinp discontinuitp surfaces. in most 

cases. marine flooding surfaces. Allomembers approsimate chronostratigraphic 

units with age resolution rnuch higher than biostratigraph~.. 
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Depocentres for each allomember are always offset fiom the preceding unit. The 

migration is interpreted to reflect short timescale lateral movement of the locus of 

active thrusting. 

In most allornembers. the distribution of coarser sedirnents does not coincide with 

the location of the depocentre. which strongly suggests that tectonic subsidence 

rather than localised sediment input was the main control on isopach pattems. 

Four main isopach patterns are present on the allomember scale. 1 )  NW-SE 

trending. 2) E-W trending. 3) northward thinning and mincation. and 4) 

southwestward thickening. These four patterns are related to the four tectonic 

elements: the NW-SE oriented basement faults. E-W basement faults. the Peace 

River Arch. and h s t  loading to the southwest. 

Thirteen ailomembers (A through M) are grouped into three Transgressive- 

Regressive sequences, based on stacking patterns. maximum flooding surfaces. 

and the surfaces of maximum regression. Each sequence consists of a lower 

transgressive systems tract and an upper regressive systems tract. with a maximum 

flooding surface between. 

In each of the three sequences. the development of systems tracts was 180' out of 

phase between the foredeep and the distal area. A surface of maximum regression 

that bounds a sequence in the foredeep is correlative with a maximum flooding 

surface in the distai area. Sequence boundaries were not developed 

simultaneously. reflecting the dominant control of tectonics on the development of 

sequences. 

A maximum flooding surface may change its stratigraphie position along strike. 

providing additional evidence that tectonic control dominaied the development of 

sequences in the foreland basin. 
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10. Each sequence of the three major sequences has distinctive stratal geometry. The 

depocentre of each sequence shows major along-strike offset relative to the 

undedying sequence. reflecting up to 100 km of migration of the locus of active 

loading. 

1 1. A summary architecture for foreland basins is proposed. It is different from that of 

a passive margin in two main aspects: overall geometry and presence of a T-R 

sequence in the distal regions that splits the maximum flooding surface seaward. 

12. Dramatic change in stratai thickness along the thmst belt requires caution in 

correlating widely-separated outcrop sections. Without good subswface control. 

outcrop-to-outcrop correlation is likely to be wrong. 

13. The study area is Iocated in west-central Alberta. Earlier outcrop study of the 

strata equivalent to the study interval in southern Alberta showed that different 

facies were developed in those strata. Further subsurface correlation between the 

study area and southem Alberta will facilitate better understanding of interaction 

of tectonics. eustasy and sedimentation during the formation of the study interval 

and its equivalent in the south. 
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