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Abstract 

Characterization of Scollard-Paskapoo fluvial deposits in Rocky View County, Alberta is 

a precursor for modeling and managing groundwater. Channel-fills at 33 outcrops reveal 

changes from meandering to braided fluvial styles through an estimated 568 m thick 

depositional sequence. Outcrop and borehole data placed into a stratigraphic framework 

show correspondence between braided deposits and high net:gross at two unconformities 

intervened by meandering deposits and low net:gross. This stratigraphic zonation relates 

to conceptual hydrogeologic models for patchy and linear-strip aquifers. Observed 

channel-fill complexes 14-23 m thick have exposed widths of up to ca. 500 m. Indicator 

mapping of drilling log maximum sandstone thickness greater than 14 m identified linear 

patterns interpreted as linear-strip channel-belt or paleo-valley aquifers expected to have 

high groundwater production potential. Estimation of groundwater yield for a ca. 13 m 

thick point bar deposit indicates patchy aquifer units can potentially meet sustainable 

domestic use requirements. 
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Preface 

Characterization of fluvial deposits in the Rocky View County area of Alberta was 

encouraged by early discussions with Masaki Hayashi, whose focus of research deals 

with surface water, groundwater interaction and recharge processes in the Canadian 

Prairies, and Larry Bentley, whose research deals with developing numerical methods 

and models for studying and quantifying these processes. The high proportion of aquitard 

materials in Alberta’s near surface geology and heterogeneity in fluvial deposits that form 

aquifers in the Rocky View County area, complicate modeling these processes. Data, 

methods, and conceptual models are required for developing a better understanding of the 

complex geology that exerts a strong influence on surface water, groundwater interaction 

and affects recharge processes. An understanding of the recharge processes and 

constraints imposed by the geology are required for developing sound water resources 

management plans that provide for stewardship of a vital resource. Characterization of 

the fluvial architecture is intended to contribute to this work and also explores methods 

for making use of readily available provincial groundwater data that can assist in the 

early stages of this work. 
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Chapter One: Introduction 

1.1 Modeling Fluvial Deposits 

The geologic component of a groundwater conceptual model, referred to by Anderson 

and Woessner (2002) as the physical framework of a numerical model, is critical for 

modelling groundwater flow. In heterogeneous geologic deposits, the physical framework 

must reflect the geometry and connectedness of aquifer units that reside in a background 

of aquitard deposits (Fogg et al., 1998; Salvany et al., 2004; Knudby et al., 2006). These 

aspects of the geology affect how pumping test and hydraulic head data must be 

interpreted, and determine how distribution of hydraulic conductivity (K) and storativity 

(S) parameters derived from pumping tests must be set in numerical models (Meier et al., 

1998; Anderson and Woessner 2002; Wu et al., 2005; Renard, 2005; Neuman et al., 

2007). Without a good understanding or representation of the physical framework, there 

is greater uncertainty in results produced by flow simulations. In post audits of numerical 

groundwater models that failed to predict future conditions, problems with the conceptual 

model are cited as a key contributing factor (Konikow and Bredehoeft, 1992; Anderson, 

1995; Anderson and Woessner 2002). 

 

Heterogeneous fluvial deposits of the Scollard-Paskapoo depositional sequence are the 

most significant source of groundwater in the Calgary to Cochrane area of Rocky View 

County, Alberta (Grasby et al., 2008) and present a significant challenge for developing a 

water resources management plan. Numerical modelling is a tool often used for the 

development of such plans, but models must be based on a sound representation of the 

physical framework.  
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Figure 1. Study area outcrops and borehole postings. Outcrops in the study area occur 
over a 29-32 km area within the presently mapped Paskapoo Formation limits. Strike and 
dip of the stratigraphic framework are included for reference, and postings of boreholes 
show the distribution of available subsurface data. 
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The Scollard-Paskapoo deposits have been described in previous work (Demchuk and 

Hills, 1991; Jerzykiewicz, 1997; Lerbekmo and Sweet, 2000; Hamblin 2004; Grasby et 

al., 2008) and the fluvial style of channel-fill remnants has been discussed (Jerzykiewicz, 

1997), but minimal attention has been given to identifying or recording two-dimensional 

geometries of sandstone bodies observed at outcrops in the Calgary to Cochrane area. An 

outcrop study was undertaken to measure geometries of sandstone bodies and to 

characterize the fluvial architecture. The two-dimensional outcrop data is also used to 

guide interpretation of one dimensional subsurface drilling log data available from the 

Groundwater Information Centre (GIC) dataset (Alberta Environment, 2004).  

 

Observations and measurements of sandstone bodies in 33 outcrops were taken at nine 

sites over an area that spans 29 km east to west and 32 km north to south (Fig. 1). Based 

on the work of Lerbekmo and Sweet (2000), a line of strike is placed on the line of 

regional dip where the mid-Paleocene 62.5 Ma unconformity is expected to intersect the 

present day topography at ca. 1100 m.a.s.l. The line of strike for the 60 Ma unconformity 

proposed by Jerzykiewicz (1997) is placed where it is expected to intersect the present 

day topography on the regional line of dip at ca. 1250 m.a.s.l. The extended lines of strike 

provide a general sense of how the depositional sequence is divided across the study area. 

Most of the GIC boreholes that fall in the Paskapoo Formation outcrop limits are posted 

on Quarter Section (ca. 800 m) spacing. The outcrops are projected onto the line of dip to 

construct the section for line A-A’ (Figure 2). Names of field sites and outcrops are 

provided in Table 1. 
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Table 1. Outcrop names and location details. Detailed data for the outcrops listed in this 
table and the channel-fill measurements are included in the accompanying Access® 
database (Appendix C). 
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Names assigned to some outcrops are similar to those assigned in previous work to allow 

for cross referencing (Table 1). Locations are set at the approximate centre point of the 

outcrop areas. Representative DEM elevations of outcrops are estimated by extracting 

CDED 1:50,000 DEM elevations for the GPS and GPS range finder point locations and 

calculating the midpoint using minimum and maximum elevations at each outcrop. 

Datum referenced elevations are calculated relative to the mid-Paleocene hiatus datum at 

1100 m.a.s.l. The area of a field site or outcrop is only included for sites or outcrops 

where exposures occur at multiple locations (Table 1). 

 

Field work is the first of two main components in the study and is focused on the 

characteristics and fluvial style of sandstone channel-fill remnants. The term channel-fill 

refers to bed load sediments deposited by a river whereas the term channel will refer to a 

river’s active channel which is characterized by hydraulic parameters such as wetted 

perimeter, bankfull width, bankfull depth, and the cross-sectional area of flow related to 

discharge. Recognizing the fluvial style of channel-fill remnants contributes to 

development of conceptual models that represent a system’s reservoir or, in this case, 

aquifer characteristics (Lorenz et al., 1985; Miall, 1996; Pranter et al., 2007; Pranter et 

al., 2008; Pranter et al., 2009). Although the quality of outcrop exposures is low at many 

field sites and a fluvial style is not readily apparent in all cases, a large number of 

channel-fills are exposed across the study area and interpretation of fluvial style provides 

a sense of how the fluvial architecture changed through the Scollard-Paskapoo 

depositional sequence. Fluvial styles are defined by planform morphology generally 

classified as meandering, anastomosing, or braiding patterns. The flow conditions that 
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produce these different types of planform morphology affect the longitudinal or along-

channel continuity of channel-fill and changing net sediment accumulation rates affect 

the lateral and vertical connectedness of the channel-fill remnants (Allen, 1978; Bridge 

and Mckey, 1993; Miall, 1996; Dalrymple, 2001; Makaske, 2001; Gibling, 2006; Taha 

and Anderson, 2008).  

 

The second component of this study involves analysis of outcrop channel-fill thickness 

and GIC drilling log maximum sandstone thickness data. Drilling log maximum 

sandstone thickness is defined as the single occurrence of a continuous sandstone interval 

that has greater thickness than all other sandstone intervals logged during the drilling of a 

borehole. Indicators, such as maximum sandstone thickness and sandstone net:gross 

ratios, both identified in drilling logs, can provide additional information for 

characterizing the fluvial architecture. Net:gross represents the sand fraction in a 

depositional sequence and is defined as the ratio of net sandstone volume to gross volume 

of bedrock.  

 

It is postulated that given sufficient sampling, spatial distribution of maximum sandstone 

thickness should reflect the hierarchical structure of channel-fills deposited in a drainage 

basin network. Indicator mapping of maximum sandstone thickness is proposed as a new 

method for identifying linear patterns of thick channel-fill deposits that are consistent 

with the hierarchical structure of a drainage basin network. Such linear deposits of thick 

sandstones represent higher aquifer potential and the ability to locate these features can 

guide future data collection or site selection for numerical modelling.  
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Net:gross is potentially an indicator of temporal changes through the vertical component 

of a fluvial depositional sequence (Miall, 1996; Dalrymple, 2001; Embry, 2009) which 

can be used for identification of stratigraphic zones. Net:gross is also a key parameter for 

object-based facies modelling of heterogeneous fluvial systems (Dalrymple, 2001; 

Pranter et al. 2008; Burns et al., 2010). Results of the work indicate a degree of 

correlation between the outcrop and subsurface data, but positional discrepancies in the 

borehole data present a significant challenge for using the currently available subsurface 

data in object-based modeling. The high density of GIC boreholes in many localized 

areas, however, represents good potential for using this data source and the outcrop study 

provides additional information for establishing input parameters required to model the 

heterogeneous fluvial deposits. 

 

1.2 Geologic Setting  

Fluvial sandstones and overbank mudstones that dominate in the Calgary/Cochrane area 

were deposited in the Alberta Basin during the final stages of the Larimide Orogeny 

which ended around 55 Ma (Osborne et al., 2006). By that time the northwest limit of the 

Cannonball Seaway was in southwest Manitoba near the North Dakota border, 

approximately 800-1000 km southeast of the study area (Mclean and Jerzykiewicz, 1978; 

Catuneanu and Sweet, 1999; Catuneanu et al., 1999; Catuneanu et al., 2000). The 

Scollard-Paskapoo formations in the Calgary to Cochrane area are considered a package 

of continental sediments deposited in the proximal sector of the foreland basin 

(Jerzykiewicz, 1997). Previous work suggests this fluvial depositional sequence was 

more significantly affected by tectonically driven base-level changes rather than sea-level 
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changes in the Cannonball Seaway (Mclean and Jerzykiewicz, 1978; Jerzykiewicz, 1997; 

Catuneanu and Sweet, 1999; Catuneanu et al., 1999; Catuneanu et al., 2000). A more 

detailed account of the complex relationship between tectonics and base-level changes is 

provided by Catuneanu and Sweet (1999). 

 

Two unconformities have been identified in the fluvial depositional sequence by previous 

work (Fig. 2). The first unconformity was interpreted as a third-order sequence boundary 

by Jerzykiewicz (1997) and has been marked by Lerbekmo and Sweet (2000) as a 1 m.y. 

(63.5-62.5 Ma) gap in the geologic record referred to as the mid-Paleocene hiatus. This 

gap in the geologic record was identified using a combination of magneto- and 

biostratigraphic data (Lerbekmo and Sweet, 2000). The second unconformity is set at 60 

Ma and was identified by Jerzykiewicz (1997) using lithostratigraphic markers as far 

north as Hinton, where the base of the High Divide Ridge Conglomerate marks the 

unconformity. He correlates this with the base of thick sandstones that occur in the Red 

Deer Valley and in the Porcupine Hills region to the south. Although the unconformities 

have been referred to as sequence boundaries in previous work, the unconformities are 

not discussed in the context of sequence stratigraphy which is more closely tied to marine 

controlled depositional environments. However, the unconformities set at 62.5 and 60 Ma 

are considered significant markers associated with changing rates of net vertical sediment 

accumulation that affected the fluvial style of rivers active during the time of deposition. 

The adjustment for regional dip indicates the outcrops span 568 m of deposition which is 

intermittently exposed over a present day elevation range of ca. 233 m (Fig. 2b). 
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Figure 2. Stratigraphic framework and formation nomenclature. The mid-Paleocene 
unconformity separates the Porcupine Hills Fm and the Scollard Fm in the Calgary area 
and the 60 Ma unconformity occurs within the Paskapoo Fm (a).  The outcrop locations 
are projected onto the line of dip (Fig. 1) to show their position relative to the dip 
corrected depositional sequence (b). 

 

1.3 Stratigraphic Nomenclature 

The stratigraphic nomenclature proposed for the study area by Lerbekmo and Sweet 

(2000) is used for defining the stratigraphic framework and accompanying formation 

relationships (Fig. 2). This framework subdivides the currently mapped Paskapoo Fm 

(Hamilton et al., 2004) into three formations; the Scollard, Porcupine Hills, and Paskapoo 

formations, referred to here as the Scollard-Paskapoo depositional sequence. The 62.5 Ma 

unconformity is the boundary between the Scollard and Porcupine Hills formations in the 

Calgary area and is placed within the Porcupine Hills Fm to the south (Lerbekmo and 

Sweet, 2000).  

 

Sediments in the Calgary/Cochrane area that are above the unconformity have been 

designated part of the Porcupine Hills Fm and reflect dryer climate conditions whereas 

the overlying Paskapoo Fm deposits have been noted to reflect a more temperate climate 

(Lerbekmo and Sweet, 2000). The previous work postulates that facies which lack coal 

and contain caliche indicate dry climate conditions prevailed during deposition of the 

Porcupine Hills Fm whereas facies that contain thin coals indicate a change to increased 

moisture conditions during deposition of the Paskapoo Fm (Lerbekmo and Sweet 2000). 

Division between the Porcupine Hills and Paskapoo formations in the area is associated 

with the first occurrence of coal above the Porcupine Hills Fm and is marked at ca. 61.5 
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Ma (Lerbekmo and Sweet 2000). The second unconformity at 60 Ma occurs within the 

Paskapoo Fm in the Calgary area and in the Porcupine Hills Fm to the south.  

 

Lerbekmo and Sweet (2000) estimated a regional dip to the northwest which increases 

from 8 m/km in the southeast to 10 m/km toward the northwest (Fig. 1 and Fig. 2b). The 

regional dip is considered significant for determining the sequence of deposition. The 

62.5 Ma unconformity is used as a datum. The outcrop and subsurface data are referenced 

to this datum to place data from both sources into a common stratigraphic framework that 

allows for interpretation of changes through the depositional sequence. The line of 

regional strike is drawn where the 62.5 Ma unconformity is expected to crop out near the 

Bearspaw Sacred Cliffs exposure (Fig.1 and Fig. 2) and provides a relative spatial context 

for placement of this datum. The recent work by Lerbekmo and Sweet (2000) can 

potentially change placement of the Scollard, Porcupine Hills and Paskapoo formation 

contacts currently mapped by Hamilton et al. (2004), but it is important to recognize that 

this framework is only applicable within the designated study area (Fig. 1).  

 

1.4 Tectonically Controlled Depositional Sequence 

Since the end of deposition in the Early to Middle Eocene it is estimated that 2 km of 

accumulated sediment has been removed from the Calgary/Cochrane area (Osborn et al. 

2006). A net vertical accumulation rate of 100 m/m.y. is considered to be at the high end 

of sedimentation rates in fluvial environments (Butler, 1992). If this rate is used, and 

deposition above the mid-Paleocene hiatus started at ca. 62.5 Ma, the down-cutting that 

carved today’s landscape started ca. 42.5 Ma after 20 m.y. of net vertical accumulation. 
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This is close to one estimate reported for the end of the Larimide Orogeny by Osborn et 

al. (2006), but if deposition ended at the time of their final estimate, 55 Ma, the average 

accumulation rates would have been 267 m/m.y. On a shorter timeframe constrained by 

magneto- and biostratigraphy, a rate of 63 m/m.y. can be estimated for a 75 m portion of 

the depositional sequence above the mid-Paleocene unconformity (Figures 8a and 21 in: 

Lerbekmo and Sweet, 2000). These estimates roughly indicate a range for the deposition 

rates controlled by changes in base-level which affected the fluvial styles that are 

reflected in channel-fills observed at the outcrops. 

 

In the type of continental setting proposed for the Scollard-Paskapoo formations by 

Jerzykiewicz (1997) and Catuneanu and Sweet (1999), the frequency of large-scale base-

level change is considered to be driven by cyclic or episodic tectonic events that can 

affect large parts of the foreland basin. Base-level is an “abstract surface” (Embry, 2008) 

that controls changes in the equilibrium state of the fluvial system and is an important 

concept for understanding changes in a fluvial depositional sequence. A rise in base-level 

creates accommodation that allows for net vertical sediment accumulation whereas a 

lowering of base-level potentially allows for erosion and incision. Large-scale changes 

driven by tectonics are considered to occur in the order of 106-107 years (Miall, 1996) 

which is consistent for the time period between the two unconformities in the study area.  

 

A pause in sedimentation or period of erosional down-cutting can be marked by a hiatus 

or gap in the geologic record. In the proximal sector of a foreland basin, these conditions 

may develop during a period of tectonic quiescence in which unloading or uplift of the 
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orogenic belt takes place, allowing regional slope to increase (Catuneanu and Sweet, 

1999; Lerbekmo and Sweet, 2000). The uplift can be accompanied by increased erosion 

in the orogenic belt which increases sediment supply available for transport into the 

foreland basin. The accompanying increase in slope across the proximal sector of the 

foreland basin can cause sediment transport to bypass the proximal sector and allow for 

increased deposition in the distal sector of the foreland basin where the Cannonball 

Seaway was located. If a subsequent tectonic compression or loading event causes the 

subsidence required to produce a relative increase in base-level, accommodation space is 

created and net vertical sediment accumulation will dominate in the proximal sector once 

again. 

 

Changes in climate can affect discharge and subsequently the scale of active channels in a 

fluvial system (Sylvia and Galloway, 2006). Given sufficient sediment supply, larger 

channels will form larger channel-fill deposits. These factors coupled with varying rates 

of subsidence may have had a strong influence on the ratio of channel-fill to overbank 

deposits in the Paskapoo Fm (Mclean and Jerzykiewicz, 1978) and can affect the fluvial 

architecture (Taha and Anderson, 2008). It is possible that cyclic or episodic tectonic 

loading events punctuated by periods of quiescence affected the fluvial style of channel-

fills preserved in the study area. These temporal changes might be reflected by vertical 

changes in net:gross through the depositional sequence. Higher net:gross and channel-fill 

connectedness is expected in paleo-valleys associated with the unconformities. 

Characterizing the fluvial architecture in the study area is, in part, undertaken to 

determine if evidence of paleo-valleys or significant changes in deposition can be 
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identified to establish the type of stratigraphic zonation that Pranter et al. (2008) used to 

help guide object-based facies modelling of fluvial sandstones in the Piceance Basin in 

Colorado, USA. 

 

1.5 Depositional Environment 

Unlike the mountainous terrain of today, the physiographic setting that affected sediment 

supply and topography at the end of Larimide time is described as hilly terrain that was 

similar to or more subdued than the topography of the foothills along the margin of the 

present day Rocky Mountains (Osborn et al. 2006). The depositional environment has 

generally been described as low gradient alluvial plains (Jerzykiewicz, 1997), but it is 

possible that regional slope increased during periods of tectonic uplift that are marked by 

the unconformities. Dry climate conditions around the time of the mid-Paleocene hiatus, 

potentially steeper slopes, and lower rates of net vertical accumulations are contributing 

factors that can potentially affect the fluvial style and the characteristics of the channel-

fill remnants. 

 

In an extensive review of the literature that deals with the geometry of channel-fills and 

valley-fills, Gibling (2006) notes that channel-fill complexes with a braided fluvial style 

often occupy the lower portion of valley-fill (Fig. 3). This is also noted by Miall (1996) 

and Dalrymple (2001) who, in addition, suggest meandering systems may dominate in the 

later stages of valley-fill as a result of increasing rates of net vertical accumulation. In the 

geologic setting described for the study area, it is postulated that thick amalgamated 

channel-fill complexes form the initial fill in paleo-valleys associated with 
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unconformities. As sedimentation in the paleo-valleys proceeds, alluvial plains might 

develop. The surrounding floodplains would become wider to reach the valley sides, 

covering an increasingly larger area (Fig. 3). Under the right conditions the slope of 

channel reaches on the aggrading alluvial plain would generally decrease and the fluvial 

style could transition to meandering or anastomosing. 

 

If increasing moisture conditions allowed discharge and sediment supply to keep pace 

with increasing rates of subsidence, the frequency of avulsions may have increased and 

caused the location of active channels to become more dispersed across the alluvial plain. 

Channel-fill remnants preserved during periods of increased rates of net sediment 

accumulation can also become more dispersed in the vertical dimension. The result is a 

fluvial architecture dominated by poorly connected channel-fills (Fig 3). This type of 

fluvial architecture is often associated with a fining-up trend in which the channel-fill 

sandstone fraction decreases relative to the proportion of floodplain mudstone deposits. 

As previously indicated, this sand fraction relationship is referred to as the ratio of net 

sandstone volume to gross volume of bedrock, or net:gross ratio. In terms of large scale 

changes over intervals of time in the range of 106-107 years, more significant changes in 

the fluvial architecture or sand fraction are likely to be periodic and should allow for 

generalization that can be applied to stratigraphic zonation. 
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1.5.1 Drainage Basin Network 

In a fluvial depositional environment, the geomorphic structure of a drainage basin 

reflects regional hydrologic conditions that are controlled by climate and geology. These 

two factors affect the distribution of drainage that deposits channel-fill sandstone bodies. 

Headwater areas in a drainage basin, often referred to as upland areas, are drained by 

small tributary channels that supply sediment to increasingly larger channels which 

eventually flow into a main trunk channel. A trunk channel occupies the main valley that 

forms the longitudinal axis of the drainage basin. All channels in the network transport or 

rework the river’s coarse bed load fraction, feeding sediment into the main valley axis. 

They also supply muds and silts that can be carried in suspension and are deposited as 

overbank flood deposits. Coarse bed load sediments in the study area were predominantly 

very fine- to coarse-grained sands and are preserved as channel-fill remnants of variable 

character, width, thickness, and connectedness. Remnants of flood deposits are primarily 

mudstones and to a lesser extent siltstones, with evidence of paleosols observed at several 

outcrops. The siltstones are associated with abandoned channel fill, near channel deposits 

such as levees, and crevasse splay deposits. 

 

A drainage basin is considered a fundamental spatial unit that contains a hierarchical 

drainage network which has two seemingly deterministic characteristics reflected in 

Horton’s law of stream numbers and Schumm’s law of drainage area, (Knighton, 1998). 

The first law suggests a drainage network has a high number of low order tributary 

channels. These headwater tributaries are distributed over uplands that extend to the 

drainage divide and cover a large area of the drainage basin. Conversely there are fewer 
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high order streams that collect the flow and bed load sediment from upland tributaries. 

Increased cumulative discharge contributes to increasing trunk channel scale as the area 

of drainage increases. This is the basic premise for the law of drainage area. The first-

order “fingertip” (Knighton, 1998) tributaries in the uplands are more likely to be 

ephemeral streams that are typically erosional and a source of sediment supply. 

Preservation of channel-fill deposits in the fingertip tributaries and possibly even the 

second-order channels is not likely to occur, but as the channel order increases the 

likelihood of channel-fill preservation increases and the scale or size of channel-fill that 

is preserved should also increase.  

 

Conceptually, downstream increase in channel size (Leopold and Maddock, 1953) should 

occur even if the order of a channel does not increase. A fifth-order trunk channel in the 

Horton-Strahler method of stream ordering does not increase in order even though 

additional fourth-order tributaries add discharge at multiple points along the trunk 

channel. However, additional discharge from the fourth-order tributaries still contributes 

to a downstream increase in the trunk channel discharge, its width and depth, and 

subsequently, the scale of channel-fill that can be preserved. It is therefore expected that 

thick sandstone remnants are preserved where trunk channels occupied the main axes of 

drainage basins (Fig. 3). Pranter et al. (2008) recognized the effects of this concept in 

their object-based facies modeling of fluvial sandstones. Their analysis of the modeling 

results showed that a higher proportion of the sandstone fraction was accounted for in a 

small number of large sandstone bodies.  
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The conceptual framework for the type of fluvial architecture observed in the study area 

places a channel-fill complex of braided deposits near the base of a paleo-valley fill 

where a high concentration of sandstones is expected (Fig. 3). Individual channel-fills in 

the late stage paleo-valley fill are expected to take on a meandering character and will be 

more dispersed or poorly connected as the sandstone deposits are distributed over an 

increasingly wider alluvial plain. It is expected that channel-fill complexes will form in 

the late stage fill but these may not be as large as those deposited in the early stage fill. 

Modelling in area A must recognize the linear pattern of local high net:gross along a 

main channel where a channel-fill complex might occur and, in B, the dispersed low 

net:gross associated with individual channel-fills in upland tributary deposits (Fig. 3). 

Variability in the sandstone distribution between areas A and B must be accounted for in 

regional modelling of area C. These drainage basin concepts are explored using the 

net:gross and maximum sandstone thickness data. 

 

1.5.2 Fluvial Style 

Planform channel patterns are generally associated with three ‘end-member’ (Miall, 

1996) fluvial styles that develop as a response to changes in discharge, sediment supply, 

and slope (Miall, 1996; Martinius, 2000). One of the main differences between braided, 

anastomosing, and meandering fluvial styles that is significant for constructing the 

physical framework of a numerical model is the shape, continuity, and connectedness of 

channel-fills preserved in a depositional sequence. In a braided reach bed load sediments 

have been referred to as blanket sands (Coleman, 1969) that generally span the entire 

width of a channel or channel belt and are longitudinally continuous (Fig. 4b and Fig. 5). 
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4(a) Image location: 28° 14' 53.30" N, 95° 43' 0.16" E; ©2010 Google®. 

 
4(b) Image location: 27° 47' 46.82" N, 95° 42' 23.60" E; ©2010 Google®. 

 
4(c) Image location: 27° 51' 17.35" N, 95° 44' 6.62" E; ©2010 Google®. 
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4(d) Image location: 27° 20' 35.96" N, 95° 1' 54.07" E; ©2010 Google®. 

 
4(e) Image location: 27° 16' 39.11" N, 94° 41' 30.40" E; ©2010 Google®. 
 
Figure 4. Planform morphology of channels in the Brahmaputra alluvial plain, India. 
Orthophoto images show the different types of fluvial styles that can occur in a 
depositional setting at the same point in time. 

 

At low flow the braided channel belts have multiple active channels that are better 

referred to as multiple thalwegs (Fig. 4b). These multiple thalwegs continue to rework 

bed load sediments between flood events which overtop and rework the bed load 

sediments normally exposed during periods of low flow.  
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In an anastomosed reach multiple channel-fills are separated by ‘floodbasin’ (Makaske, 

2001) deposits that are dominated by overbank mud and silt deposits. Anastomosed bed 

load deposits also have continuity along the channel length and span the width of the 

channel bed. The floodbasin often contains sand deposits in the form of broad and thin 

fan-shaped crevasse splays or discontinuous splay channels (Fig. 6). It has been 

suggested that most of the discharge and bed load sediment is carried by the main 

channel (Makaske et al., 2009). Meandering reaches have a single sinuous thalweg. Bed 

load channel-fill in these reaches is accreted laterally onto the inner convex bank of 

alternating meander bends (Fig. 4d, Fig. 7, and Fig. 8), or as alternating side bars in less 

sinuous reaches (Fig. 8f).  

 

 

Figure 5. Planform morphology of the braided-within-meandering fluvial style in the 
South Saskatchewan River, Canada. The braided fluvial style documented by Cant and 
Walker (1978) is considered to be the result of increased sediment supply in a reach that 
has relatively deep perennial flow (Miall, 1996). Image location: 51° 25' 24.71" N, 107° 
3' 47.63" W; ©2010 Google®. 
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Figure 6. Planform morphology of an anastomosing reach in the Columbia River valley, 
Canada. The interconnected channels of the anastomosing reach in the upper Columbia 
River are separated by floodbasin deposits dominated by overbank fines which are often 
interbedded with crevasse splay deposits. Image location: 50° 57' 31.17" N, 116° 26' 
8.03" W; ©2010 Google®. 

 

Meandering channels can deposit more continuous sandstone bodies if they form a 

channel belt and rework pre-existing channel-fill by lateral migration. If this does not 

occur, only poorly connected sandstone bodies that are semicircular or crescent shaped 

may be preserved (Fig. 7). Crevasse splay deposits are common features in meandering 

systems (Taha and Anderson, 2008) and have also been observed along braided channel 

belts (Coleman, 1969; Sarma, 2005). 

 

The end-member classifications are generalizations that represent a continuum of fluvial 

styles as noted by variations of braiding in Figure 4. Miall (1996) has described eleven 

sand dominated fluvial styles that are differentiated by sinuosity, braiding parameter, 

sediment type, and characteristic macroform scale architectural elements. Although it is 

important to recognize this variability, two-dimensional outcrops only reveal sediment 
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type, bedforms, and characteristic fluvial architectural elements. Planform characteristics, 

such as sinuosity or braiding parameter, cannot be determined from two-dimensional 

outcrop exposures, but characteristics of ancient channel-fills can be compared with 

deposits in modern analogues where the depositional environment and planform 

morphology can be observed.  

 

 

Figure 7. Geometry of the classic point bar model. In planform, lateral accretion (LA) 
point bars will form either a crescent or semicircle shaped channel-fill with well defined 
geometric characteristics that can be estimated using empirical solutions. The key 
geometric parameters and relationships for point bars are based on dimensions defined 
by Leopold and Wolman (1960). If there is significant lateral migration, a multistory 
channel-fill with several point bars (designated 1 and 2) will be deposited. The two thirds 
relationship between WB and WLA indicated on the schematic is roughly approximated by 
the measurements in Figure 4d, and Fig. 8d. Profile A-A’ is based on Etheridge and 
Schumm (1978). 
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1.5.3 Modern Analogues 

The Brahmaputra River is a ca. 670 km braided trunk channel reach flowing through a 

relatively narrow, 40-100 km wide, alluvial plain that lies between the Himalayan 

Mountains and the Indo-Burma Ranges in the state of Assam, India (Garzanti et al., 2004; 

Sarma, 2005). The Brahmaputra is in the lower part of a much larger trans-boundary river 

system. The river changes names along a trunk channel that travels 2,880 km, 1,873 km 

of which is upstream of the Brahmaputra reach that flows through the Assam alluvial 

plain (Garzanti et al., 2004; Sarma, 2005). Another 337 km of the river is in Bangladesh 

(Sarma, 2005) where a 230 km reach above the confluence with the Ganges River is 

referred to as the Jamuna (Garzanti et al., 2004). The Brahmaputra is described as a high 

energy braided channel that flows though an alluvial plain dominated by contemporary 

and pre-existing meandering channels (Coleman, 1969; Sarma, 2005). The Jamuna reach, 

referred to by Coleman (1969) as the Brahmaputra, was previously cited as an analogue 

for parts of the Paskapoo Fm because channel-fill deposits observed in the Paskapoo Fm 

exhibited characteristics of both braided and meandering fluvial styles (McLean and 

Jerzykiewicz, 1978). 

 

The Brahmaputra and Jamuna reaches are here considered analogs for the type of fluvial 

style that can develop during a period of tectonic uplift as might have occurred during the 

mid-Paleocene hiatus. The unloading associated with tectonic uplift can increase the 

slope of channel reaches in sediment source areas and cause exhumation that increases 

sediment supply. 
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8(a) Image location: 33° 22' 30.18" N, 100° 18' 51.70" W; ©2010 Google®. 

 
8(b) Image location: 32° 39' 33.65" N, 98° 6' 38.48" W; ©2010 Google®. 

 
8(c) Image location: 33° 32' 2.85" N, 99° 42' 34.15" W; ©2010 Google®. 
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8(d) Image location: 30° 5' 20.14" N, 96° 9' 18.78" W; ©2010 Google®. 

 
8(e) Image location: 30° 5' 20.14" N, 96° 9' 18.78" W; ©2010 Google®. 

 
8(f) Image location: 30° 11' 53.88" N, 96° 9' 27.38" W; ©2010 Google®. 
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Figure 8. Planform morphology of channels in the Brazos River basin, USA. Fluvial 
styles in the Brazos drainage basin gradually change from braided in the headwater and 
upper sub-basins to meandering in the lower sub-basin. 

 

This process is well documented for the Brahmaputra (Seeber and Gornitz, 1983; 

Garzanti et al., 2004; Das and Saraf, 2007; Hren et al., 2007; Srivastava et al., 2009) and 

is considered one of the main factors influencing the high energy braided character of this 

river. The slope of channel reaches on the Assam alluvial plain ranges from 0.62 m/km in 

the area where braided style distributary fans provide additional bed load to the 

Brahmaputra trunk channel (Fig. 4a), to 0.079 m/km, where the Brahmaputra enters 

Bangladesh as the Jamuna (Sarma 2005). The low slope of the Jamuna continues to the 

drainage system outlet in the Bay of Bengal. Despite the decreasing slope, the same 

braided character of the Brahmaputra is translated downstream to the Jamuna reach due 

to seasonally high discharge and high sediment supply (Coleman, 1969; Sarma, 2005). In 

this case seasonal discharge provides the high energy conditions required to move large 

amounts of sediment through the channel belt.  

 

Tributaries of the Brahmaputra include braided style distributary fans (Fig. 4a), channel 

belt braided (Fig. 4b and Fig. 4e), channelized braided-within-meandering (Fig. 4c), and 

meandering (Fig. 4d and Fig. 4e) reaches. Remnants of the braided distributary fans 

include bed load sediments that form broad and thin, poorly channelized, sheet-like 

deposits (Srivistava et al., 2009). Characteristics of these deposits differ from channel-fill 

remnants of the braided deposits within the channel belt of the Brahmaputra trunk 

channel (Fig. 4e). The constrained or channelized braided tributaries (Fig. 4c) have the 
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braided-within-meandering style described for the South Saskatchewan River (Fig. 5) by 

Cant and Walker (1978). The type of sand bars that form in braided-within-meandering 

reaches are also observed in thalwegs of fully braided reaches (Fig. 4b) indicating similar 

flow conditions affect deposition of sediments in both of these fluvial styles. Point bar 

deposits associated with the classic meandering fluvial style are also deposited by 

tributaries in the adjoining alluvial plain (Fig. 4d). 

 

High sediment loads resulting from rapid uplift in the Himalayas (Garzanti et al., 2004; 

Hren et al., 2007) allow for the formation of distributary alluvial fans at the upper 

northeast extent of the Brahmaputra alluvial plain (Fig. 4a). High discharge combined 

with high availability of sediment also forms wide braided channel belt tributaries in this 

upper part of the alluvial plain (Fig. 4b) where ‘braided-within-meandering’ (Cant and 

Walker, 1978) channels also form due to high sediment supply (Fig. 4c). Approximately 

100 km downstream from this area, meandering tributaries of the braided Brahmaputra 

channel belt (Fig. 4e) deposit well defined point bars (Fig. 4d). The meander reach in 

Figure 4d shows incremental growth of meander bend deposits where new point bars add 

to a multistory character. Islands in the braided channel belts that contain multiple 

thalwegs (Fig. 4b and Fig. 4e) are semi-permanent islands primarily consisting of bed 

load, or large sand flats that are covered by seasonal vegetation during low flow periods 

(Coleman, 1969; Sarma, 2005). 
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Figure 9. Downstream increase in channel scale, Brazos River basin, USA. Only the 
primary channels of the seven main tributaries (t1-t7) that flow into the Brazos River 
trunk channel are indicated for the drainage network (a). The cumulative drainage area 
(b and c) upstream of the channel width measurements is calculated from GIS watershed 
data. Thickness of point bar channel-fills, D* in (c), is estimated from bankfull width to 
indicate the scale of channel-fill thickness that might be deposited by this modern 
analogue. The D* estimates are only valid for point bar deposits in meander bends where 
these widths are representative. Data sources: ESRI® Data & Maps, 2008; U.S. 
Geological Survey (USGS) National Hydrography Dataset (NHD) and Watershed 
Boundary Dataset (WBD), 2010; width measurements from Google Earth™ 2010. 

 

A ca. 110 km reach in the Columbia River (Fig. 6) provides an analogue for the 

anastomosing end-member cited as a fluvial style for deposits in the Paskapoo Fm (Burns 
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et al. 2010). The anastomosed part of the Columbia River flows through a low gradient 

floodbasin that is on the order of 1.5-2.0 km wide and is constrained laterally by 

mountain ranges in a confined valley setting of the Rocky Mountain Trench. Low energy 

flow conditions limit lateral migration of channels in this depositional setting and 

produce the main distinguishing characteristic of the anastomosing style; that is, multiple 

interconnected channels with laterally stable banks that experience limited lateral erosion 

(Makaske et al., 2009). As a result, bed load sediments are stored on the channel bed and 

little or no lateral accretion of bed load is expected along channel banks. In contrast to 

low-energy conditions associated with anastomosing (Makaske et al., 2009), increased 

energy conditions are associated with meandering style reaches (Miall, 1996; Makaske, 

2001). Steeper slopes associated with a braiding style imply even higher energy flow but 

these conditions might also be achieved by high discharge events such as those brought 

on by seasonal monsoon rains that affect the Brahmaputra (Garzanti et al., 2004).  

 

The Scollard-Paskapoo depositional sequence consists of fluvial deposits in which river 

channels resided in preexisting alluvial deposits. It has been noted that river systems in 

this type of setting are likely to form dendritic drainage networks (Knighton, 1998). The 

drainage basin of the Brazos River in the southern US states of Texas and New Mexico 

has a dendritic drainage network (Fig. 9) that covers approximately 111,000 km2 (Sylvia 

and Galloway, 2006). The Brazos River travels through hilly and rolling terrain in the 

upper part of the basin (Tyler, 1999). The slopes of channel reaches are slightly higher, 

on the order of 0.7 m/km, in the headwater sub-basin (Fig. 9) and gradually decrease 

down valley (Tyler, 1999). A braided fluvial style dominates in 50-85 m wide channels of 
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the upper basin (Fig. 8a, 8b) where relatively straight reaches can extend for distances of 

3-10 km. In local reaches of the upper basin the trunk channel meanders across down 

valley transects for distances of up to 5-7 km. Using measurements taken from Google 

Earth™, sinuosity in the range of ca. 1.8-2.4 was calculated for three reaches where point 

bar deposits are evident in some of the bends (Fig. 8c). 

 

Although the character of bed load deposits in the Brazos River drainage basin change 

from braided, in the headwater and upper basin areas (Fig. 8a and 8b), to meandering in 

the lower basin (Fig. 8d), the discharge generally flows through a constrained channel 

that has a downstream increases in width (Fig. 9). Meandering reaches occur in the upper 

basin (Fig. 8c) and less sinuous reaches with alternating side bars occur in the lower basin 

(Fig. 8f). Orthophotos from different points in time provide a good example of how 

bankfull discharge (Fig. 8e) compares to low flow in the channel thalweg (Fig. 8d). The 

low flow, roughly 60 m in width (Fig. 8d), cuts through the sand deposits at the meander 

inflection points (Fig. 4d and Fig. 7) and reduces continuity between point bar deposits. 

The relative difference between bankfull width (red line) and point bar width (black line) 

(Fig. 8d and 8e), also indicated for Figure 4d, is relatively close to a two thirds 

relationship. The bankfull width can be variable along any reach (Fig. 8d), but a width 

based on several measurements provides a representative estimate for given points along 

the drainage network, e.g. 155 m for three measurements of a channel reach (Fig. 8d). 

 

The lower basin of the Brazos extends 350 km inland from its coastal outlet (Fig. 9) 

where the slope of channel reaches is on the order of 0.2 m/km (Tyler, 1999). Here the 
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dominantly meandering trunk channel travels over a broad alluvial plain where classic 

point bar deposits are the norm (Miall, 1996) and a sinuosity of ca. 2.0 was calculated for 

a 6.2 km down valley transect (Fig. 8d). The Brazos trunk channel ranges in width from 

85 m near the start of the lower basin (Fig. 9) to 250 m at its outlet and travels through 

channel-belts that can be on the order of 8-12 km wide. The work of Sylvia and Galloway 

(2006) suggests meander scarps of these wide channel belts are lateral margins of what 

can be considered a paleo-valley. This valley was incised into alluvial Pleistocene 

deposits and has since filled with ca. 20 m of fluvial deposits. The basal paleo-valley fill 

is described as coarse sediments, gravels to sands, resting on the Pleistocene 

unconformity (Sylvia and Galloway, 2006). The basal unit is followed by an interval of 

medium- to coarse-grained sediment, primarily sands, which is topped by mud and silt 

dominated deposits that contain channel-fill sands of the Brazos meandering reaches 

(Sylvia and Galloway, 2006). 

 

Despite the broad low gradient alluvial plain, drainage in the Brazos geologic setting is 

focused into the paleo-valley axis of a drainage basin that has persisted for a significant 

period of time. The type of unconformity formed in the Brazos system, by erosion into 

existing alluvial deposits, will be more difficult to identify in the geologic record than the 

basal paleo-valley boundary of the Columbia River floodbasin which is likely bounded 

by the bedrock of surrounding mountain ranges. The bedrock bounded valley setting does 

not apply to the Scollard-Paskapoo depositional sequence. The depositional environment 

of these deposits is considered to be more closely related to the Brazos paleo-valley 
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setting where pre- and post-unconformity lithostratigraphy is comprised of similar fluvial 

deposits.  

 

Drainage networks that transport sediment in the modern analogues described here have 

different characteristics, but in each case discharge and sediment is focused into a trunk 

channel, regardless of fluvial style. The scale of the trunk channel is generally governed 

by the laws of stream numbers and drainage area. The scale of the main channel in the 

Columbia River floodbasin (Fig. 6) and the Brazos drainage basin (Fig. 9) are 

significantly smaller than the braided trunk channel of the Brahmaputra (Fig. 4e) which is 

the largest of the three rivers and resides in the largest drainage basin, estimated to cover 

an area of 580,000 km2 (Sarma, 2005) to 630,000 km2 (Garzanti et al., 2004). Depending 

on the purpose for invoking a modern analogue, the concept of scale must be kept in 

mind when the channel-fills observed at outcrop are related back to an analogue. At this 

point the analogues are used to demonstrate the character and variability of fluvial styles 

that can occur adjacent to one another as in the case of the Brahmaputra, in different parts 

of a drainage network as in the case of the Brazos, and in different geologic settings as 

indicated for the three rivers including the Columbia. 

 

1.6 Fluvial Deposits 

Fluvial deposits include 1) overbank fines, 2) overbank fines interbedded with bed load in 

levees (Allen, 1965b; Ferguson and Brierley, 1999), 3) bed load that has escaped though 

avulsions to form crevasse splay fans or channels, and 4) bed load channel-fills. The 

character and arrangement of these deposits make up the fluvial architecture, but a full 
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picture of this architecture is not always well exposed at outcrops. Due to their erosion 

resistant nature, remnants of channel-fill deposits are often preferentially exposed and 

have distinctive features that can be used to identify characteristics of the fluvial 

architecture.  Lithofacies of the channel-fills on their own are not diagnostic (Miall 1996; 

Gibling, 2006) but the arrangement of the lithofacies, the occurrence of macroform 

elements (Miall 1996), and the overall shape of a channel-fill can help distinguish the 

fluvial style of the channels that deposited the remnant channel-fills.  

 

Macroform elements are intermediate scale features with planform dimensions in the 

range of 10’s to 100’s of metres (Miall, 1996). They can be composed of multiple 

lithofacies that are characterized by different bedforms and primary internal structures. A 

lithofacies is a unit of deposition that has a high degree of internal consistency in those 

bedforms and internal structures that are affected by variations in flow velocity, flow 

depth, and sediment grain size (Miall, 1996). Flow velocity is related to stream power or 

the energy in the current transporting the sediments. Flow depth is dependent on changes 

in river stage and/or cross-sectional channel bed morphology. There are four common 

types of bedforms associated with the sand dominated bed load that forms the sandstone 

bodies in the study area: ripples, dunes, upper-regime plane beds, and antidunes. 

Convolute lamination as described by Allen (1982) was also observed and may be related 

to turbulent high energy flow (Coleman, 1969).  

 

Bedforms reflect a continuum of increasing energy conditions in which ripples are 

associated with low energy currents. Dunes, upper-phase, and antidune bedforms are 
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associated with progressively higher energy currents (Coleman, 1969). Recognizing the 

association between bedforms and energy conditions provides some diagnostic 

information for characterizing remnants of fluvial styles that are also associated with 

changing flow conditions. Anastomsing is associated with low energy conditions whereas 

meandering and braided styles are associated with progressively higher energy conditions 

(Makaske, 2001).  

 

Full size digital JPEG images of outcrops referred to in this section can be found in 

digital Appendix A, see documentation in Appendix A: Outcrop Images, for details. 

Individual channel-fills are referred to using a designated identifier, e.g. ‘cf001’, as 

described for and recorded in the accompanying Appendix C database, see Appendix C: 

Field Data – Access® Database Description.  

 

1.6.1 Bedforms, Facies, and Bounding Surfaces 

Sands transported as ripples in low to intermediate velocity currents generally produce 

beds that are less than 5 cm in thickness as described by Miall (1996) for his ripple 

dominated sand facies (Sr). A common primary structure in this type of facies is ripple 

cross-lamination (Fig. 10a). Ripple bedforms can form 1) larger dune scale bedforms 

(Fig. 10b), 2) thick units of thinly bedded fine-grained sands (Fig. 10c), or 3) parallel 

laminated bedding (Fig. 10d and 10e) as described by Coleman (1969) and Srivastava et 

al. (2009).  
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Figure 10. Ripple bedforms in the Calgary to Cochrane area channel-fills. (a) Primary 
internal structure of ripple cross-lamination in facies Sr at Silver Springs. (b) Dune and 
ripple bedforms of facies Sr and St at Silver Springs. (c) Three-dimensional ripple 
bedforms of facies Sr at Silver Springs. (d) Parallel laminated ripple bedding of facies Sr 
at Silver Springs, cf001. (e) Detail of Sr facies bedding in (d). 
 

Dunes form in intermediate to high velocity currents often at greater flow depths and 

generally have beds that are greater than 5 cm in thickness (Miall, 1996). Remnants of 

transverse two-dimensional dunes are typically preserved as the planar tabular dominated 

sand facies (Sp) described by Miall (1996) (Fig. 11a). Three-dimensional dunes (Fig. 

11b) have sinuous crest lines that produce lens shaped bedding and trough cross-bedded 

primary structure (Fig. 11c) in the dune dominated sand facies (St) described by Miall 

(1996).  
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Figure 11. Dune bedforms in the Calgary to Cochrane area channel-fills. (a) Planar 
tabular bedding of facies Sp at Bearspaw Two Owl Coulee, cfc001. (b) Three-
dimensional form of dunes, and trough cross-bedding in facies St at Silver Springs, cf004. 
(c) Primary internal structure of trough cross-bedding in facies St at Simons Valley 
Springs, cf012. 

 

Small scale ripple cross-lamination of facies Sr (Fig. 10a) is often the primary bedding 

structure within dune bedforms of facies St (Fig. 10b). In these cases the dunes build up 

as a result of ripples migrating over larger scale forms (Allen, 1982; Miall, 1996). Thick 

sets of three dimensional centimeter scale ripple bedforms (Fig. 10c) may indicate 

waning flow prior to channel abandonment or deposition near channel-fill margins where 

shallow low energy flow conditions occur. The parallel lamination in facies Sr (Fig. 10e) 

is also associated with shallow low energy conditions and was noted to occur in the 

convex margin of what is interpreted as a point bar deposit (Fig. 10d). 



 42 

 

The dipping foreset bedding in (Fig. 11a) is interpreted as planar tabular bedding of 

facies Sp which results from downstream migration of transverse two dimensional dunes 

that often form the upper portion of macroform scale sand bars in braided systems 

(Coleman, 1969; Collinson, 1970; Cant and Walker, 1978). Three-dimensional character 

of dune bedforms in facies St is indicated by the trough shaped topography in (Fig. 11b). 

These trough shapes have a similar character to trough cross-bedding (Fig. 11c) which is 

the primary internal structure in facies St. The larger scale structures of dune bedforms 

are associated with increased flow depth (Leclair and Bridge 2001; Leclair, 2002) often 

in higher energy conditions (Coleman, 1969). 

 

Upper-regime plane beds have horizontal, low angle, and wave drape (Cheel, 1990) 

bedding deposited in high velocity currents. Upper-regime bedforms include the 

horizontal bedded sand facies (Sh) and the low angle sand facies (Sl) described by Miall 

(1996) (Fig. 12a). Undulating wave-like structures deposited in upper-regime conditions 

have been referred to as ‘inphase wave drape laminae’ (Cheel, 1990) structures (Fig. 

12b). Anti-dunes only take shape in turbulent high velocity upper-regime currents (Fig. 

12c and 12d). This type of bedform is described in detail by Alexander et al. (2001) and 

is likely to occur within or adjacent to the Sh or Sl facies which are often recognized by 

parting lineation (Fig. 12e) as described by Allen (1982) and Miall (1996). 
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Figure 12. Upper-regime bedforms and convolute lamination in the Calgary to Cochrane 
area channel-fills. (a) Upper-regime plane bedding structures of facies Sh and Sl at 
Bearspaw Sacred Cliffs, cf004. (b) Undulating wave drape lamination in facies Sh at 
Beddington Upper, cf009. (c), (d), and (e) Upper-regime plane bedding at Silver Springs, 
cf001. (f) Convolute lamination at Simons Valley Springs, cf009. (g) Convolute 
lamination at Cochrane Big Hill, cf001.  



45 

 

 

Low angle bedding of facies Sl downlapping on horizontal bedding of facies Sh (Fig. 

12a) has been noted as an indicator of upper-regime flow conditions (Miall, 1996). 

Undulating laminated bedding (Fig. 12b) interpreted as ‘inphase wave drape laminae’ 

(Cheel, 1990) is included in the Sh facies because the gently undulating from is generally 

horizontal and is deposited by high energy upper-regime flow. The wave drape bedding is 

considered to indicate a state of transition just prior to formation of antidune bedforms 

(Fig. 12c and 12d) that take shape under conditions of increasing flow strength (Cheel, 

1990). Convolute lamination may be an indication of turbulence in upper-regime flow 

(Fig. 12d) or rapid sedimentation if it is associated with scours (Fig. 12f and 12g). In both 

cases the convolute lamination is here interpreted as an indication of high energy flow 

conditions. 

 

Turbulence associated with upper-regime flow velocities may also result in convolute 

lamination as discussed by Coleman (1969) who observed these structures in both the 

Brahmaputra River braided deposits and Mississippi River meandering point bar 

deposits. The convolute lamination observed in the study area sandstones was associated 

with both upper-regime bedforms (Fig. 12d) and scours (Fig. 12f and 12g). 

 

Bounding surfaces mark pauses in deposition or changes in flow conditions during the 

incremental growth of a macroform or successive emplacement of macroforms. 

Macroforms include sand bars such as lateral accretion (LA) point bars or downstream 

accretion (DA) cross-channel bars and sand flats as described by Cant and Walker 
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(1978). Bounding surfaces that delineate macroforms are equivalent to the minor erosion 

surfaces described by Bridge and Diemer (1983), the second-order surfaces described by 

Allen (1983), and the fourth-order surfaces described by Miall (1996). Although Miall’s 

(1996) hierarchy of bounding surfaces is intended as a generic classification scheme, it is 

more complex and not as easily applied as Allen’s (1983) scheme which is used for 

further discussion. The second- and third-order bounding surfaces of Allen’s (1983) 

scheme are relevant for identifying macroforms and channel-fills respectively. 

 

Macroforms within a channel-fill are delineated by second-order bounding surfaces (Fig. 

13a) and are likely to have an erosional base that contains mud-chip rip-up clasts (Fig. 

13b) similar to the erosional base of a channel-fill that is marked by a third-order 

bounding surface (Fig. 13c). A single macroform element, such as a point bar, has been 

referred to as a story within a channel-fill (Bridge and Diemer, 1983; Miall, 1996). If 

there is more than one such macroform deposited during the incremental deposition of a 

sandstone body, the sandstone body is referred to as a multistory channel-fill. In a point 

bar deposit, this multistory character may indicate more extensive lateral migration of a 

meander bend (Fig. 4d and Fig. 7). A third-order bounding surface associated with the 

base of a channel-fill within a sandstone body is more likely to be accompanied by a 

layer of overbank fines sometimes mixed with poorly sorted sands (Fig. 13d) and may be 

an indicator of a multilateral or stacked character in the sandstone body. 
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Figure 13. Bounding surfaces in the Calgary to Cochrane area channel-fills. (a) 
Multistory point bars at Glenmore Calgary GC, cf001. (b) Second-order bounding 
surface at Bearspaw Sacred Cliffs, cf005. (c) Third-order bounding surface of a channel-
fill base at Glenmore Calgary GC, cf001. (d) Third-order bounding surface at Simons 
Valley Springs, cf011. 

 

The second-order bounding surfaces indicated by arrows in Figure 13a delineate what are 

interpreted as point bars in a multistory channel-fill. If exposed, these second-order 

surfaces show signs of mud-chips that are often deposited at these minor erosional 

boundaries (Fig. 13b). Similar characteristics are noted at third-order bounding surfaces 

(Fig. 13c) but these boundaries are often in contact with the recessive overbank deposits 

below a channel-fill, or a layer of poorly sorted sands and overbank fines within a 

sandstone body (Fig. 13d). The preservation of erosion resistant channel-fill that extends 

out over recessive overbank deposits (Fig. 13c) is used as an indicator of a channel-fill 

base for less accessible or poorly exposed channel-fills. 
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1.6.2 Sandstone Bodies 

A sandstone body in a fluvial depositional environment can refer to a crevasse splay fan, 

a crevasse splay channel, a chute channel, a channel-fill, or a channel-fill complex. A 

channel-fill complex is composed of multiple channel-fills that intersect laterally and/or 

vertically. The lateral intersection is referred to as the multilateral character of the 

channel-fill complex and the vertical intersection is referred to as a stacking character 

(Fig. 14). The uniformity or connectedness of a sandstone body formed by multiple 

channel-fills is dependent on the degree of lateral or vertical intersection between the 

channel-fills. The identification of third-order bounding surfaces is important for the 

classification of a sandstone body in which there is a high degree of intersection between 

individual channel-fills (Fig. 13d). The identification of second-order bounding surfaces 

is important for classifying a multistory channel-fill (Fig. 13a). A simple channel-fill is 

composed of a single story that only contains first-order bounding surfaces.  

 

Multistory and simple channel-fills can both form what has been referred to as ribbon 

sandstone bodies that undergo minimal lateral migration (Gibling and Rust, 1990; 

González-Bonorino et al., 2010) but multistory channel-fills associated with a 

meandering channel can form laterally extensive sandstone bodies. These multilateral 

sandstone bodies are deposited when the active channel carrying bed load sediments 

remains fixed in its vertical position for an extended period of time and is free to migrate 

across a channel belt. 
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The active channel can cut through previously deposited sediments removing fines and 

depositing bed load if there is minimal aggradation or down-cutting of the main channel 

bed. This vertical state of stability is referred to as a state of equilibrium. Braided 

channels can also form laterally extensive sandstone bodies when an influx of sediment 

causes widening of a channel belt as described for the Brahmaputra (Coleman, 1969) 

where the widths of contiguous channel-fill sands can be upwards of 10 km (Fig. 4e).  

 

Stacking of channel-fills can form a channel-fill complex in which the channel-fills are 

connected by vertical intersection. Active channels must either stay relatively fixed in a 

given location or successive channels must return to a previous channel location. The 

work of Coleman (1969) documents eight channel switches for the Old Brahmaputra, 

possibly over a period of 280 years. The main channel now flows as the Jamuna, ca. 100 

km west of the earliest identified channel. A stacked channel-fill complex is less likely to 

occur in a depositional sequence if 1) the lateral position of channels changes 

significantly due to avulsion or stream capture brought on by tectonic events, as 

suggested for the Old Brahmaputra, or 2) net vertical accumulation allows a significant 

thickness of overbank fines to be deposited before a channel can return to intersect a 

previous channel-fill. Conceptually a stacked channel-fill complex is more likely to form 

during periods when rates of net vertical sediment accumulation are moderate and the 

active channels persist in a given location over an extended period of time. 
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Classification of fluvial deposits and sandstone bodies has received significant attention 

with little success in establishing a universally accepted scheme (Jackson, 1975; Friend et 

al. 1979; Bridge, 1993; Miall, 1996; Gibling, 2006). In the study area only two general 

types of sandstone bodies are discussed in detail: 1) a channel-fill – defined here as a 

uniform sandstone body that was deposited by a single active channel or braided channel 

belt (Fig. 4b and 4e) and can be characterized by a dominant macroform or architectural 

element; 2) a channel-fill complex – which forms when multiple channel-fills intersect 

laterally or vertically to form a sandstone body that has a multilateral or stacked 

character. Although splay and overbank deposits are important for a comprehensive 

characterization of fluvial architecture, this study will focus on channel-fill deposits and 

architectural elements or macroforms that help distinguish a fluvial style. 

 

1.7 Architectural Elements and Macroforms 

Five architectural elements in Miall’s (1996) classification scheme are used to 

characterize channel-fill deposits observed in the study area. These include 1) the lateral 

accretion (LA) point bar macroform, 2) downstream accretion (DA) sand bar 

macroforms, 3) the sandy bedform (SB) element, 4) the laminated sand sheet (LS) 

element, and 5) the hollows (HO) element. The following descriptions of characteristics 

associated with these five elements are based on observations made at outcrops in the 

study area. The descriptions also take into consideration the work of Hamblin (2007) 

which records grain size and bedforms for measured sections of several exposures (Table 

1).  It is recognized that characteristics of the same element type vary between channel-
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fills and elements associated with different fluvial styles may occur alongside each other 

in a single channel-fill (Miall, 1996). It is the general impression of which elements 

dominate, and in some instances the shape of a channel-fill, that is considered when 

interpreting a fluvial style. The shape characteristics of the elements and channel-fills are 

of particular importance for determining the widths of channel-fills which must be 

measured perpendicular to paleocurrent orientation. Site descriptions for the outcrops in 

the study area and accompanying interpretation of the fluvial styles are covered in 

Chapter 2. 

 

1.7.1 Lateral Accretion (LA) 

Lateral accretion macroforms identified in the study area are wedge-shaped features 

delineated by inclined second-order bounding surfaces (Fig. 14). These surfaces can be 

traced across a significant portion of a channel-fill if the exposure is cut perpendicular to 

the inferred paleocurrent orientation. Mud-chip rip-up clasts were observed at the base of 

these macroforms (Fig. 13b), especially in those at the base of a channel-fill (Fig. 13c). In 

some cases inclined bounding surfaces are not as distinctive but delineate relatively 

uniform beds upwards of 4 m thick. These thick beds are interpreted as LA point bars 

when they pinch out across the width of a channel-fill.  

 

Trough cross-bedding of facies St was observed near the base of these generally wedge-

shaped macroforms (Fig. 13c). In some cases trough cross-bedding transitions upward to 

facies Sr, noted as ripple cross lamination within the macroform (Fig. 10d). In the 

tapering part of a wedge-shaped channel-fill, parallel lamination of very-fine-grained to 
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silty sandstone in successive LA macroforms indicates a general fining-up that 

accompanies a transition to facies Sr (Fig. 14 and Fig. 10d). In the thickening part of the 

often wedge-shaped channel-fills, trough cross-bedded facies St is sometimes truncated 

by overlying upper-regime plane bedding (Fig. 14 and Fig. 12e). This is noted as an 

abrupt change to Sh facies in which parting lineation was recognized as linear streaking 

on the surface of a bedding plane at one channel-fill (Fig. 12e). Thick portions of the 

macroforms also contain scours that are sometimes filled with convolute bedding (Fig. 

12f and 12g). Sharp crested convolute lamination was observed in association with facies 

Sh and Sl where undulating wave-like upper-regime bedding was also noted (Fig. 12c 

and 12d). The undulating bedding is interpreted as ‘inphase wave drape laminae’ that 

transition to antidune structures if turbulent conditions occur in high velocity flow 

(Cheel, 1990). 

 

Fining-up and pinching out of macroforms, with increasingly thinner Sr facies bedding 

toward the tapering part of a wedge-shaped channel-fill, is consistent with deposition in 

the convex margin of a meander bend where flow depth decreases as does flow velocity. 

Larger scale trough cross-bedding in facies St, near the base of the LA macroforms, is 

consistent with deposition in deeper, higher energy flow that can occur near the erosional 

base of a channel when a new channel-fill or macroform element starts to form.  Lateral 

transition to coarser grained sediments and thicker bedding with upper-regime plane 

bedding in the thick part of a wedge-shaped macroform or channel-fill (Fig. 14) is 

consistent with increasing flow energy and turbulence that can occur in the thalweg (Fig. 

7) near the concave margin of a point bar deposit (Coleman 1969, Allen, 1970a; Allen, 
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1970b; Bridge, 1978; Allen, 1982, Fig. 2-23; Bridge and Diemer, 1983; Miall, 1996). 

Scours filled with convolute bedding are interpreted as evidence of turbulence in higher 

energy flow that might occur in meandering reaches as discussed by Coleman (1969) 

who observed these types of bedforms in deposits of the Mississippi River. In general 

channel-fills dominated by LA macroforms are interpreted as remnants of point bars 

deposited in meandering reaches of a river system. 

 

1.7.1.1 Empirical Equations 

Geometric properties of point bars and related planform geometric relationships such as 

sinuosity and channel belt width have been studied in detail (Schumm, 1972; Etheridge 

and Schumm, 1978; Leeder, 1973). Results of this work have produced empirical 

equations that estimate paleo-hydraulic parameters, such as bankfull width (Fig. 4d, Fig. 

8d, and Fig. 8e) and depth (Fig. 7). These can also be used to estimate the geometry of 

channel-fill remnants (Schumm, 1972; Etheridge and Schumm, 1978; Leeder, 1973).  It is 

important to recognize that the equations are based on measurements taken from modern 

rivers and are dependent on the associated characteristics of these rivers including their 

sinuosity. 

 

The thickness of a point bar deposit relates to the bankfull depth according to: 

 

DB = D* x 0.585/0.9     (1)  
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(Etheridge and Schumm, 1978) where D* is an approximation of channel-fill thickness 

(T) at the apex of a meander bend (Fig. 7). The bankfull width (WB) for these channels 

can be estimated using another empirically based equation: 

 

WB = 6.8 DB 
1.54     (2) 

 

(Etheridge and Schumm, 1978). It was shown that this equation is only valid for channels 

that have a sinuosity greater than 1.7 (Leeder, 1973). The multistory character of some 

LA channel-fills in the study area suggests this higher sinuosity is not an unreasonable 

assumption. 

 

The bankfull width (WB) from eq. (2) has been related to the average width of the point 

bars (WLA) in a channel-fill by: 

 

WB = 1.5 WLA     (3) 

 

(Etheridge and Schumm, 1978). Measurements taken at meander bends observed in 

Google Earth™ closely approximate this relationship (Fig. 4d, Fig. 8d, and Fig. 8e). 

Since the thickness measurements are more reliable for providing an estimate of WB 

using eq. (2), it is possible to solve for WLA as: 

 

 WLA = 6.8 DB 
1.54 / 1.5     (4) 

 



 58 

which is used as a comparative estimate to check the measured widths of several better 

exposed channel-fills. 

 

The radius (rm) of a meander bend can be used to estimate the planform length of a point 

bar deposit, and when combined with the meander wavelength (λm), can estimate the 

downstream separation at the inflection point between bends (Fig. 7). The sinuosity (P) 

and the width of a channel-belt, related to the meander amplitude, provide estimates for 

determining the lateral extents over which the channel-fill occurs. The hydraulic 

parameters of the channel bankfull width (WB), bankfull depth (DB), and the associated 

WB:DB ratio, are all that is required. Leopold and Wolman (1960) found that the meander 

wavelength is related to the bankfull width by: 

 

λm = 10.9 WB 
1.01     (5) 

 

and this is used to estimate the meander radius as: 

 

rm = 0.98√(λm / 4.7)     (6). 

 

Lorenz et al. (1985) estimated the channel belt width using only the WB: 

 

WCB = 7.44 WB
-1.01     (7) 

 

and Schumm (1972) estimates the sinuosity as: 
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P = 3.5 (WB:DB) -0.27     (8). 

 

To estimate a channel-fill thickness the empirical equation for WB (eq. 2) is first 

rearranged as: 

  

DB = 1.54√( WB/6.8)     (9) 

 

to get the bankfull depth from the bankfull width. The equation for DB (eq. 1) is then 

rearranged as: 

 

D* = DB (0.9/0.585)     (10)  

 

to estimate the thickness of a point bar channel-fill near the apex of a meander bend. 

These equations can be used to determine if the scale of channel-fill deposited in a 

modern analogue is at an appropriate scale for comparison to the channel-fill remnants 

observed at outcrops. 

 

1.7.2 Downstream Accretion (DA) and Sandy Bedforms (SB) 

Macroform elements deposited by downstream accretion are delineated by bounding 

surfaces that often define a concave-up base (Fig. 15a) or a convex-up top (Fig. 15b). At 

times the bounding surfaces form lens-shaped macroforms that are 0.5-1 m thick but can 

be upwards of 2 m thick (Fig. 15d and Fig. 16a). The lens-shaped features are on the 
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order of meters to 10’s of meters wide when cut perpendicular to paleocurrent flow and 

can extend for 10’s of meters along paleocurrent flow (Fig. 15c). They often contain 

facies Sr, St, Sh or Sl, but at times appear to have limited evidence of internal structure. 

Bedding sets comprised of facies St and facies Sr that are delineated by undulating 

second-order bounding surfaces can make up significant parts of a DA channel-fill. In 

some cases these sets form lens-shaped macroforms or gently undulating beds that extend 

horizontally across significant portions of a channel-fill (Fig. 16a). 
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Figure 15. Downstream accretion macroforms at the Edworthy site. (a) Cross-channel 
bar with concave up base at Edworthy Bridge, cf001. (b) Cross-channel bar with convex 
up top at Edworthy Quarry, cf001. (c) Longitudinal profile of cross-channel bars at 
Edworthy Quarry, cf001. (d) Exposure of multistoried sand flats and cross-channel bars 
roughly perpendicular to paleocurrent direction at Edworthy Quarry, cf001. 

 

Distinctive lens-shaped macroforms are sometimes irregularly interbedded with 

horizontally bedded sets of facies St or Sr (Fig. 16a). In many of the channel fills thick 

lens-shaped macroforms transition upward to laterally extensive horizontally bedded St 

or Sr facies in which bedding becomes progressively thinner toward the channel-fill top 

(Fig. 16b). In some cases the St facies makes up the channel-fill base. This St facies 

gradually transitions to the Sr facies toward the channel-fill top and the whole package 

forms what appears to be a complete channel-fill (Fig. 16c). 

 

This last type of channel-fill is considered a result of vertical accretion under conditions 

of declining flow depth as described by Miall (1996) for his sandy bedform (SB) element. 

The SB element is not considered diagnostic of a fluvial style (Miall, 1996), but, in the 

study area, this architectural element often forms the tops and lateral margins of channel-

fills in which the diagnostic DA macroforms are present (Fig. 16a). The channel-fill base 

where these DA or SB macroforms are observed generally have a gentle slope up toward 

the channel-fill margins, but some of these channel-fills have a broad concave base with 

steeper slopes near the margins (Appendix A, Fig. A21). 



63 

 

 

 



 64 

 

Figure 16. Downstream accretion macroforms and sandy bedform elements at the 
Bearspaw and Glenbow Ranch sites. (a) Sandy bedform element (SB) and downstream 
accretion (DA) macroforms at Bearspaw Gravel Pit, cf002. (b) Downstream accretion 
giving way to facies St and Sr in the channel-fill top at Bearspaw Dam, cf001. (c) Sandy 
bedform element (SB) channel-fill at Glenbow Ranch Lower, cf001 with facies St in the 
basal fill and Sr in the channel-fill top. In the study area, channel-fills with a significant 
component of the sandy bedform element (SB) often include DA macroforms (a). These 
channel-fills sometimes exhibit undulating bedding (a). 

 

The dipping foreset bedding of planar tabular sets (Fig. 11a), on the order of 10-50 cm 

thick, was also observed at some exposures but is usually of limited lateral extent. Planar 

tabular bedding has been noted as forming the tops of sand flats in braided rivers 
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(Coleman, 1969; Collinson, 1970; Cant and Walker, 1978). The relative absence of this 

bedform may be due to deposition of successive channel-fill stories that tend to rework or 

cut into this top layer. The type of sand flats described by Cant and Walker (1978) are 

recognized as thick laterally extensive lens-shaped features that have a gently arching 

convex top (Fig. 15d). The smaller lens-shaped features, only meters wide, with steep 

arching convex tops or steeply dipping concave bases are interpreted as cross-channel 

bars (Cant and Walker, 1978) or linguoid bars (Collinson, 1970). The sand flats have 

greater lateral extent and more gently arching tops than the cross-channel bars (Fig. 15d). 

If the channel-fill is well exposed and cut perpendicular to paleocurrent flow, the lens 

shaped features are more likely to be symmetrical across their width (Fig. 15b). These 

characteristic macroforms and associated bedform relationships are interpreted as an 

indication of deposition in braided style reaches. 

 

The increasingly thinner bedding in facies Sr toward the top a channel-fill is interpreted 

as the result of deposition in increasingly shallower flow as discharge wanes prior to 

channel abandonment. This upper Sr facies can sometimes make up one third to one half 

of an exposed channel-fill thickness and may indicate a general reduction of energy in the 

system. It is possible that channel-fills composed entirely of element SB reflect low 

energy conditions and are an indication of an anastomosing fluvial style. 

 

1.7.3 Laminated Sand Sheets (LS) and Hollows (HO) 

Laminated sand sheet (LS) elements observed in the study area consist of upper-regime 

plane beds that form thick and laterally extensive portions of channel-fills (Fig. 17a). Sh 
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is the dominant facies with Sl (Fig. 12a) and wave drape structures (Fig. 12b) forming 

minor components. The Sh and Sl facies occur as minor bedforms in many channel-fills 

including those dominated by LA and DA macroforms, but form laterally extensive 

sheet-like macroform scale elements in a few channel-fills. In channel-fills dominated by 

LS, the St facies and DA macroforms are secondary features. In some outcrops LS and 

DA elements occur in a vertical multistory arrangement (Fig. 17a) which could also be 

interpreted as sets of stacked channel-fills. Convolute lamination similar to that observed 

in LA macroforms occurs in channel-fills dominated by LS (Fig. 17b). Convolute 

lamination was observed in braided deposits of the Brahmaputra by Coleman (1969) and 

interpreted as a sign of turbulent conditions that might occur in the high velocity flow of 

a braided system.  

 

High energy flow and sometimes turbulent conditions can cut large scoop-shaped 

hollows which are subsequently filled with what is described by Miall (1996) as a 

hollows (HO) type of architectural element. Fill near the base of these HO elements is 

often formed by the Sh or Sl facies which follow the scoop-shaped curvature of the initial 

hollow cut into the underlying bed load sediments (Fig. 17c). As the depression in the 

channel bed is filled the mode of deposition can transition to produce horizontal facies St 

bedding, or horizontally bedded facies Sr if discharge and sediment carrying capacity 

wanes. 
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Figure 17. Laminated sand sheet and hollow elements at the Bearspaw Sacred Cliffs and 
Cochrane Ranch outcrops. (a) Laterally extensive laminated sand sheet (LS) element with 
facies Sh at Bearspaw Sacred Cliffs, cf003. (b) LS with facies Sh and convolute 
lamination at Bearspaw Sacred Cliffs, cf004. (c) Hollows element at Cochrane Ranch; 
cf002 contains what may be facies Sh or Sl in the base of a hollow. The dashed line in (c) 
indicates where a transition to facies St occurs and provides a good approximation of the 
hollow base.  
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Several of these elements were observed in the study area and occur in channel-fills that 

also contain DA macroforms. Interpretation of channel-fills that contain HO elements as 

remnants of braided channel reaches is consistent with earlier work that identified this 

diagnostic type of architectural element (Miall, 1996). Although a fluvial style is not 

directly linked to LS, this element is considered the result of high energy flash floods 

(Miall, 1996). Variable high energy discharge has been identified as a factor in braided 

systems (Coleman, 1969; Miall, 1996) and a braided fluvial style is interpreted if LS is 

dominant in a sandstone body that also contains DA or HO elements. 

 

1.8 Overview 

Conceptual models of heterogeneous fluvial architecture in the Scollard-Paskapoo 

depositional sequence are required for constructing numerical groundwater flow models 

that can assist development of water resources management plans in the Calgary to 

Cochrane area of Rocky View County, Alberta. Deposition of this fluvial sequence in the 

proximal sector of a foreland basin was primarily controlled by tectonically driven 

changes in base-level. In this geologic setting, cyclic or episodic occurrence of tectonic 

loading, associated with subsidence and creation of accommodation space, and tectonic 

uplift, associated with increased sediment supply and lowering of base-level, can affect 

the ratio of sandstone to overbank deposits. These regional scale processes can influence 

the fluvial style and connectedness of sandstone channel-fills that form aquifer units. 

 

The characterization of fluvial architecture and channel-fill geometries covered in 

Chapter Two will contribute new information and data for improving the development of 
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geologic conceptual models. Identifying architectural elements that relate to fluvial styles 

allows for comparison of fluvial deposits to modern analogues which provide insight for 

conceptualizing the depositional processes and environments that affect the variability, 

scale, and connectedness of channel-fill deposits. Placing both outcrop and borehole data 

into a regional stratigraphic framework accounts for a regional dip, relates changes in 

fluvial styles to tectonic events marked by unconformities, and allows for correlation 

between outcrop and borehole data. Relating the outcrop and borehole data provides 

additional information for interpreting changes through the depositional sequence and 

improves the ability to identify stratigraphic zones that have greater internal consistency 

within than between zones. This stratigraphic zonation can be used to identify and set 

values for geometric and related parameters required to construct the physical framework 

of numerical groundwater models. 

 

Indicator mapping of drilling log maximum sandstone thickness described in Chapter 

Three represents a new approach for making use of readily available data that have high 

density coverage over the area of interest. Relating maximum sandstone thickness to a 

drainage network structure provides the conceptual basis for interpreting linear patterns 

of thick sandstones as channel-fills deposited in the major paleo-valley axes of regional 

scale drainage basins. Higher net:gross and greater aquifer potential are expected where 

these linear sandstone features occur. Indicator mapping provides a method for locating 

these linear patterns and can be used to identify sites where additional data can be 

collected for more detailed groundwater flow modeling.  
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In Chapter Four two aquifer types that have distinctly different hydrogeologic 

characteristics are discussed. The aquifer types apply to different parts of the fluvial 

architecture and require the use of different analytical solutions for determining hydraulic 

conductivity (K) and storativity (S) from pumping test data. A linear-strip aquifer type is 

proposed for modeling the linear patterns of thick sandstones deposited in the axes of 

paleo-valleys. A high degree of sandstone body connectedness is expected in the lower 

paleo-valley setting due to a greater occurrence of multilateral or stacked intersection 

between channel-fills (Fig. 3). Linear sandstones may persist in the upper paleo-valley fill 

(Fig. 3), but these parts of the fluvial architecture are more likely to be dominated by a 

patchy aquifer type associated with isolated point bar channel-fills deposited in 

meandering dominated systems. Recognizing this fluvial style allows for use of empirical 

equations that define the three-dimensional geometry of a point bar channel fill. A 

volume can be calculated using this geometry and the groundwater capacity for aquifer 

units in this type of patchy system is estimated. These estimates provide a first 

approximation for gauging the type of sustainable production that must be established for 

development of water resources management plans. 
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Chapter Two: Scollard-Paskapoo Fluvial Architecture 

2.1 Fieldwork, Data collection, and Methods  

Field data were collected from sandstone bodies observed in 33 outcrops at nine field 

sites (Fig. 1 and Table 1). Observations were recorded and, where possible, small scale 

vertical measurements were taken directly on the outcrop face. Scale indicators included 

in many of the detailed photos were used to assist dimensioning photo mosaics of entire 

outcrops. The detailed work provided a basis for identifying fluvial architectural elements 

and also aided scaling and dimensioning of photo mosaics. Photo mosaics of the outcrops 

are included as digital JPEG files to allow for better viewing of these large images. The 

JPEG images are referred to in the text as an independent set of figures designated as 

Figure A1-A39. A description of the JPEG dataset is provided in Appendix A which 

includes a listing of the figure numbers and their corresponding JPEG filenames.  

 

Key points on the sandstone bodies were marked on sketches or photos of the outcrops. 

GPS locations and laser range finder measurements where taken at the outcrops using 

these key points for reference. A combined laser range finder and GPS configuration 

collected sub-meter to decimetre resolution location and elevation data. The laser range 

finder was also used to collect preliminary dimensional measurements of the sandstone 

body widths and thicknesses. The laser range finder provided the means to collect data 

for inaccessible outcrops. On accessible outcrops, where the range finder could not be 

used, hand held GPS data were recorded.  
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Where possible, both hand held GPS and GPS/range finder data were collected to cross 

check and verify the locations of key points on the outcrops. High resolution orthophotos 

in a GIS were used to resolve discrepancies between the GPS and GPS/range finder data. 

Most photo mosaics were dimensioned to scale using the field data. In cases where the 

GPS and range finder data could not be used, high resolution orthophotos were used to 

estimate the width of exposures. The widths were then used to scale the field photos or 

photo mosaics and the scaled images were used to estimate the exposed thicknesses of 

channel-fills.  

 

In large photo mosaics, adjustments were made to the image scale using the photo 

location and look angles to account for changes in horizontal perspective across the 

images. If required, elevations were also used to account for look angles in the vertical 

dimension. The scaled photo mosaics allowed for simultaneous interpretation and 

detailed measurement of the sandstone bodies. The measurements and interpretations 

were compiled in an Access® database. GIS datasets were compiled to assist in the 

analysis and summary of location and elevation data. The Access® database is included as 

an accompanying dataset. Explanatory notes for the field data included in the Access® 

database are provided in Appendix C. 

 

In Chapter 3 the outcrop data are related to GIC borehole lithology data. GPS elevation 

data collected at outcrops are not compatible with the minimal amount of elevation data 

available for boreholes. Point extraction of elevations from DEM (digital elevation 

model) data using GIS software placed both data sources into a common elevation 



75 

 

framework. The DEM data have a vertical accuracy of 5-13m (Appendix B: CDED 

metadata) which is close to the thicknesses of channel-fills observed in the study area. 

Vertical discrepancy in the DEM data relative to thickness of channel-fills is problematic, 

and attempting direct correlation between spatially separated channel-fills or between 

channel-fills and borehole logs is usually not possible. Since the study is dealing with 

regional scale fluvial architecture and not direct correlation, the DEM data provide a 

reasonable level of accuracy for regional scale analysis. High precision GPS data 

collected at outcrops are included in the accompanying Access® database. 

 

Outcrop locations displayed in Figure 1 and reported in Table 1 are set at the approximate 

centre point of outcrops. Corresponding DEM elevations are average elevations of 

outcrops estimated by extracting CDED 1:50,000 DEM elevations for GPS and GPS 

range finder point locations and calculating the midpoint of the outcrop exposure using 

minimum and maximum DEM elevations at each outcrop. Datum-referenced elevations 

in Table 1 use the mid-Paleocene hiatus at 1100 m.a.s.l. as the datum. The datum-

referenced elevations for the outcrops are calculated by first projecting their locations 

onto the line of dip, normal to regional dip orientation (Fig. 1). DEM elevations are then 

adjusted for either an up-dip or down-dip location using the distance from the datum and 

a dip of 10 m/km to produce the datum-referenced elevations. The borehole lithology 

data are assigned datum-referenced elevations in the same manner. The datum-referenced 

elevations place outcrops and GIC borehole drilling logs into a common sequence of 

deposition that relates to the stratigraphic framework proposed by Lerbekmo and Sweet 

(2000). 
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2.2 Site Descriptions, Interpretations, and Fluvial Architecture  

Brief descriptions that introduce the nine field sites are each followed by descriptions of 

the fluvial architecture observed in the corresponding outcrops. Interpretations for each 

site focus on describing fluvial style, a relative channel-fill scale, and the general 

paleocurrent orientation of the channel-fills. Site descriptions are ordered according to 

their relative placement in the datum-referenced depositional sequence, moving from the 

oldest to most recent deposits. It is important to recognize that there is overlap between 

the sites due to the order of the individual outcrops in the depositional sequence. For 

example, the higher elevation of the Edworthy Singer’s Drive outcrop places it in the 

same part of the depositional sequence as the Bearspaw outcrops. This will be discussed 

in a regional synthesis of the fluvial architecture which identifies changes in fluvial style 

relative to the datum-referenced depositional sequence.  

 

In many cases sandstone exposures were not accessible and descriptions are based on the 

field photos alone. Macroform elements are more easily identified in these images but 

facies were identified and are included in most descriptions. Where bedform scale 

bedding is identified, it is possible to make a generalized distinction between facies Sr 

(sand, ripple bedform or ripple cross laminated) bedding which is considered to be less 

than 5 cm thick and facies St (sand, dune bedform or trough cross bedded) bedding which 

is considered to be greater than 5 cm thick (Miall, 1996).  This distinction is referred to as 

facies Sr scale bedding or facies St scale bedding.  
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The distinction between bedform and macroform scale beds is also important, but there is 

no rule of thumb for defining a bed thickness that would distinguish a relatively large 

dune bedform (Fig. 11b) from a relatively small sandbar macroform (Fig. 15a). This 

relates to the scale of channel that transported the sediments. It can be seen that a 

downstream accretion (DA) sandbar macroform, such as a cross-channel bar or a sand 

flat, in the Brazos River (Fig. 8b) will be proportionally smaller than a corresponding 

macroform observed in the South Saskatchewan River (Fig. 5).  

 

In the study area, beds or bed sets, interpreted to have characteristics of macroforms or 

elements, were observed to have thicknesses of as little as 0.5 m. This thickness is 

considered a minimum value when referring to macroform scale beds in the study area. It 

must be recognized that at the time of deposition, the macroforms likely had greater 

thickness and would in many cases be partially eroded as successive stories added to the 

channel-fills. Another factor to consider is continuity in length or width of beds or bed 

sets that have macroform or element characteristics. Good examples are an interpreted 

0.6 m thick cross-channel bar that has continuity over a length of at least 11 m (Fig. 15b), 

and an interpreted 1m thick sand flat that has a width of 12 m (Fig. 15d). Bedforms and 

macroforms will tend to scale with the size of channel that deposits the sediments. The 

relatively small size of some features interpreted as macroforms or elements occur in 

small scale channel-fills. Macroforms that have similar characteristics but greater 

thickness occur in large scale channel-fills. 
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In the descriptions, reference to channel-fill scale is based on the size of channel-fills 

observed in the study area. The maximum observed thickness of a channel-fill is 13.8 m. 

Channel-fills 9-13.8 m are referred to as large scale channel-fills. At the low end, 

sandstone bodies that have channel-fill characteristics and a thickness in the range of 3-5 

m are referred to as small scale channel-fills. Intermediate scale channel-fills have a 

thickness in the range of 5-9 m. The use of thickness as a rough guide for defining 

channel-fill scale is partly based on width and thickness relationships discussed in 

Section 1.7.1. Thickness measurements were also more readily obtained from the outcrop 

exposures. Geometry of the channel-fills will be discussed in Section 2.3, but four 

different types of width and thickness measurement were recorded and must be defined 

for reference in the outcrop descriptions. 

 

It is important to recognize that exposures of complete channel-fills are very rare. If both 

the channel-fill top and base are defined by a sandstone/mudstone contact, an apparent 

thickness was recorded. If a channel-fill is exposed roughly perpendicular to the 

paleocurrent orientation and the lateral channel-fill margins can be inferred from the 

overall morphology of the exposed sandstone body, an apparent width was recorded. An 

interpreted width or thickness was recorded if intermittent exposure of a contact, or 

characteristic changes in bedforms made it possible to project where the top, base or 

lateral margins might be located. In some outcrops the top of a sandstone body will be 

truncated by erosion and the base will be obscured by overburden. Channel-fill exposure 

perpendicular to the paleocurrent direction is also rare, and lateral margins are usually not 

well defined or are obscured by overburden.  In these cases the maximum lateral or 
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vertical extents of a contiguous sandstone body are recorded as either an exposed width 

or thickness. If the continuity of the sandstone body is evident but erosion or overburden 

break up or obscure this continuity, then an intermittent width or thickness is recorded. 

The four types of measurements, apparent, interpreted, exposed, and intermittent are 

referred to in the outcrop descriptions and are specified for each measurement recorded in 

the Access® database.  

 

There are 215 observations of sandstone bodies recorded in the Access® database and 

each has a unique identifier. These unique identifiers are used to refer to specific 

observations discussed in the outcrop descriptions. The identifiers have an abbreviation 

for the field site, outcrop and a sequentially numbered code for each of the five types of 

sandstone body that might be identified. For example, bp_gp_cf001 refers to the first 

channel-fill observation at the Bearspaw Gravel Pit outcrop and bp_sc_clf_cf001 refers to 

the first channel-fill observation at the Bearspaw Sacred Cliffs outcrop. Due to the poor 

and intermittent nature of the exposures at many of the outcrops several observations 

might refer to the same sandstone body. This occurs at the Beddington site where 

observations are recorded for several partial exposures that are part of one multistory 

channel-fill. 

 

2.2.1 The Fish Creek Site 

The Raven Rock outcrop at the Fish Creek site is situated on a steep slope overlooking 

Fish Creek. One thick and relatively continuous sandstone body with channel-fill 

characteristics is exposed over a distance of 344 m (Fig. A1). At the western extent of the 
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outcrop, additional exposure of bedrock can be observed in a 50 m wide section of 

mudstone dominated deposits which include thin, sub-metre thick sandstones and 

siltstones. This mudstone dominated section extends down from the base of the channel-

fill to the water level in the creek. The top of the channel-fill is generally well defined 

and can be traced across the width of the exposure. 

 

 

Figure 18. Point bars in the Fish Creek Raven Rock outcrop. Lateral accretion (LA) 
point bar macroforms are defined by the inclined bounding surfaces near the western 
margin of the Fish Creek Raven Rock outcrop where groundwater discharge from a 
contact spring occurs at the point of maximum sandstone thickness. 

 

Description: At the western extent of the outcrop, the lateral margin and base of the 

channel-fill are defined by surrounding mudstone deposits. Inclined second-order 
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bounding surfaces dip toward the west in this part of the channel-fill where a maximum 

thickness of 12.8 m was measured (Fig. 18). The base of the channel-fill at this point is 

marked by a sandstone/mudstone contact from which groundwater discharge occurs (Fig. 

18). This type of groundwater feature is sometimes referred to as a contact spring. These 

occur near points of maximum channel-fill thickness at several of the study area outcrops. 

Discharge of groundwater at these points suggests groundwater flow is focused toward 

maximum sandstone thickness where the lowest point of a general trough shape in a 

channel-fill is likely to occur.  

 

Mudstone deposits are not exposed at the eastern extent of the outcrop but second-order 

bounding surfaces in this part of the channel-fill dip toward the east. Large scale trough 

cross-bedding in facies St, facies Sh, and convolute lamination were identified in thick 

uniform beds at the eastern extent of the outcrop. Thick, uniform beds in the central part 

of the sandstone body are defined by near horizontal second-order bounding surfaces. 

These can be traced across gaps in the exposure where overburden has partially covered 

small segments of the otherwise continuous channel-fill. 

 

Interpretation: Thick inclined beds bounded by second-order surfaces are interpreted as 

LA point bar macroforms in this meandering style channel-fill (Fig. 18). Dip orientation 

of the LA surfaces at either end of the outcrop suggests the paleocurrent flow that 

deposited the sandstones was directed into or out of the outcrop face at these points. The 

facies St and Sh bedforms along with convolute lamination observed at the eastern limit 

are interpreted as evidence of deposition near the concave margin of a meander bend 
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where high energy or turbulent flow might occur. Near horizontal bounding surfaces in 

the central portion of this multistory channel-fill indicate paleocurrent flow was parallel 

to this part of the outcrop face. Diverging lateral accretion surfaces on either end of the 

channel-fill and horizontal surfaces in the central portion suggest the exposure cuts across 

the concave arc of a crescent shaped meander bend deposit (Fig. 7). Based on this 

interpretation, a width measurement perpendicular to the paleocurrent direction is not 

possible. 

 

2.2.2 The Glenmore Site 

Sandstone bodies and overbank deposits at the Glenmore site are exposed around the 

shoreline of the Glenmore Reservoir and along steep slopes overlooking the Elbow River, 

northeast of the Glenmore Dam (Fig. 19). Thick sandstone bodies that have 

characteristics of channel-fills and overbank deposits were observed in four different 

outcrop exposures that are relatively closely spaced within a 1 km2 area. The channel-fills 

span a present day DEM elevation range of 9 m and a datum-referenced depositional 

thickness of ca. 15 m. The overbank mudstone deposits include thin sandstones, 

interbedded siltstone and mudstone, and thin dark bands of mudstone recognized as 

paleosols (Fig. A2 and A3). 

 

Description: Channel-fills at the Calgary GC (Fig. A2) and Rockyview Hospital 

outcrops are of a similar scale and character. Inclined, northwest dipping, second-order 

bounding surfaces in the Calgary GC channel-fill are relatively continuous across the 

exposure width and delineate thick uniform beds that are upwards of 2 m thick (Fig. 13a). 
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Large scale trough cross-bedding of facies St occurs in thick beds at the base of the 

channel-fill (Fig. 13c).  

 

 

Figure 19. Inferred paleocurrent orientation of point bar channel-fills at the Glenmore 
site. At the Glenmore site, axes of paleocurrent orientation, marked by lines through the 
outcrop centers, can be inferred from three channel-fills using the dip orientation of 
inclined bounding surfaces in relatively complete exposures of LA point bar channel-fills. 
(Orthophoto source: Valtus Imagery Services © 2010) 
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Figure 20. Inclined internal bedding in the Glenmore Calgary GC channel-fill. Inclined 
internal bedding in the upper part of the Glenmore Calgary GC channel-fill 
(gm_clg_gc_cf001) is interpreted as an indication of lateral accretion. 

 

Groundwater discharge below the channel-fill was noted near the point of maximum 

sandstone thickness. Inclined internal bedding that spans a thick upper bed indicates 

lateral accretion was a mode of deposition in this part of the channel-fill (Fig. 20). A 

transition to decimeter scale facies St bedding occurs where the channel-fill base sharply 

slopes up and marks the northwest lateral margin.  The channel-fill appears to thin toward 

the southeast where the base becomes obscured by overburden (Fig. A2).The dip 

direction of inclined bounding surfaces in the Rockyview Hospital channel-fill is oriented 

to the northwest and the beds pinch out toward the southeast (Fig. 21). This channel-fill is 

intermittently exposed in three-dimensions with the channel-fill top well defined, but the 

channel-fill base is either obscured or below ground surface. 
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There is one sandstone body (gm_eg_cf001) in the Earl Grey GC outcrop that appears to 

have the curved base of a channel-fill (Fig. A3). A dark patch of overburden near the base 

of the sandstone indicates a point of groundwater discharge. The top of this channel-fill is 

clearly defined, but the base is only intermittently exposed and the lateral margins are 

obscured by overburden. This is the largest of four sandstone body exposures at the 

southwest end of an outcrop dominated by interbedded siltstone and mudstone. The 

mudstone includes dark banding that may indicate the occurrence of paleosols. The top of 

an intermittently exposed, ca. 2 m thick sandstone body (gm_eg_sb003) aligns with the 

top of gm_eg_cf001. The undefined sandstone body (gm_eg_sb003) can be traced over a 

distance of ca. 200 m and may be connected to the channel-fill (gm_eg_cf001).  

 

 

Figure 21. Inclined bounding surfaces in the Glenmore Rockyview Hospital outcrop. In 
the Glenmore Rockyview Hospital outcrop, inclined second-order bounding surfaces 
delineate wedge-shaped beds that pinch out laterally. Scale across the photo is distorted 
due to the sharp oblique view. 
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At the Lake View GC outcrop (Fig. A4), there is one large channel-fill (gm_lv_cf001) 

and a small secondary channel-fill exposure (gm_lv_cf002). The northeast margin of 

gm_lv_cf001 is clearly marked by the contact between the sandstone channel-fill and a 

mudstone deposit that includes up to four paleosol interbeds, with one of these near the 

base of the channel-fill (Fig. 22). The lower third of channel-fill bedding at this margin 

has a gentle S-shaped or ‘sigmoidal’ (Allen, 1965a) character that is well defined by this 

exposure which is cut perpendicular to the paleocurrent direction (Fig. 23). The middle 

third of the channel-fill, above the sigmoidal bedding, contains a small lens shaped form. 

This gives way vertically to gently inclined facies St beds. The uppermost of these beds 

extends beyond the channel-fill (Fig. A4) in what might be referred to as a sandstone 

body ‘wing’ (Friend et al., 1979; González-Bonorino et al., 2010). 

 

The northeast lateral margin curves sharply to the southwest near the bottom of the 

channel-fill (Fig. 23) and can be projected to define the channel-fill base. The base 

becomes obscured by overburden but the general trend of exposed bedding suggests the 

channel-fill has an asymmetric wedge-shape that gradually thins toward the southwest 

(Fig. A4). Sandstone exposure is intermittent in this part of the outcrop but a thin 

secondary sandstone body with channel-fill characteristics is partially exposed 

(gm_lv_cf002). If this secondary exposure is part of the larger channel-fill to the 

northeast, then thin inclined beds at the top of the secondary exposure are consistent with 

a lateral and vertical thinning trend in an asymmetric wedge-shaped channel-fill.  
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Figure 22. Paleosol at the base of the Glenmore Lake View GC channel-fill. The dark 
brown to black colour and blocky centimetre scale structure of this paleosol near the 
base of the Lake View GC channel-fill (gm_lv_cf001) distinguish it from light grey 
mudstone deposits. A transition from the lateral margin to the channel-fill base is 
indicated by the curvature of the sandstone body in the upper left corner of the photo. 

 

Decimetre scale facies St bedding at the top of gm_lv_cf002 gives way laterally to the 

type of thinly bedded facies Sr bedform that is associated with deposition in the convex 
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margin of a meander bend (Fig. 10d). It is possible that the two sandstone body exposures 

are part of the same channel-fill, but gm_lv_cf002 could also be the remnant of a chute 

channel that has cut across the convex margin of a point bar. Due to the uncertainty an 

apparent width measurement is based on the contiguous exposure of gm_lv_cf001.  

 

 

Figure 23. Sigmoidal bedding in the Glenmore Lake View GC channel-fill. S-shaped 
sigmoidal bedding in the lower third of the Lake View GC gm_lv_cf001 channel-fill 
suggests lateral accretion was the initial mode of deposition in this channel-fill. 

 

Interpretation: Thick beds delineated by inclined second-order bounding surfaces in the 

Calgary GC and Rockyview Hospital sandstone bodies are interpreted as intermediate 

scale LA point bars in multistory meandering style channel-fills. The exposures are 
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roughly cut perpendicular to the paleocurrent orientation which can be inferred from the 

dip of second-order bounding surfaces, but more detailed work is required to determine 

the direction of flow (Fig. 19). The Lake View channel-fill does not include distinctive 

second-order bounding surfaces and is interpreted as a single-story LA point bar deposit 

in which the active channel thalweg filled due to aggradation.  

 

Asymmetry of meander bend deposits is noted by Gibling (2006) who also indicates that 

an aggradation index can be estimated when vertical accretion is a component of 

deposition. This index is the rate of vertical accumulation that occurs when lateral 

accretion in a meander bend deposit builds up toward a resistant bank (Gibling, 2006). 

The steep cut channel-fill margin and successive paleosols that mark aggradation of 

overbank deposits are consistent with the type of lateral and vertical accumulation that 

might occur in a meander bend. The wing like feature at the top of the channel-fill marks 

where the next stage of lateral migration would have occurred if the active channel had 

not been abandoned. The Lake View channel-fill exposure (gm_lv_cf001) is cut 

perpendicular to the paleocurrent orientation and both apparent width and thickness 

measurements were recorded for this and the Calgary GC channel-fills. 

 

The Earl Grey GC outcrop is interpreted as an exposure of overbank sediments deposited 

in close proximity to a channel or within a channel belt where interbedded siltstone and 

mudstone characteristic of levee deposits might be expected. One thick sandstone body 

(gm_eg_cf001) may be a channel-fill or a splay deposit. If it is a channel-fill and it is part 



 90 

of the more extensive sandstone body observed at this outcrop (gm_eg_sb003), then it 

can be interpreted as a ribbon style channel-fill, quite possibly a splay channel. The 

alternative is that gm_eg_cf001 and intermittent exposure of gm_eg_sb003 represent a 

large splay fan. In either case deposits at this outcrop are consistent with the meandering 

fluvial style indicated by channel-fills in the other three outcrops. 

 

2.2.3 The Edworthy Site 

The Edworthy site has four outcrops located within a 1.3 km2 area. Sandstone bodies at 

the outcrops span ca. 117 m of present day elevation and ca. 125 m of datum-referenced 

thickness. The outcrops each contain at least one partially exposed sandstone body that 

has channel-fill characteristics. Slope remediation at the Slump outcrop has almost 

completely covered what was once a well exposed section of overbank and channel-fill 

deposits. 

 

Description: There is only partial exposure of one channel-fill at the Bridge outcrop (Fig. 

A5). The central portion of channel-fill has facies St scale bedding composed of fine- to 

coarse-grained sandstone with matrix supported gravel size sediment scattered 

throughout (Fig. 24). The underlying portion of channel-fill is dominated by thicker 

facies St bedding but also contains a distinctive large scale bed with a concave base. The 

lower portion of channel-fill is truncated by coarse-grained sediments in the central 

portion. The course sediments grade vertically to finer grained sandstone in the upper 

portion of channel-fill where horizontal bedding of facies Sh dominates. The channel-fill 

pinches out laterally into the surrounding mudstones to the east. Westward projection of 
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the basal margin suggests the channel-fill may be thicker than what is exposed at the 

outcrop.  

 

 

Figure 24. Poorly sorted coarse-grained sediments in the Edworthy Bridge channel-fill. 
Gravel size sediments occur in a background matrix of poorly sorted fine- to coarse- 
grained sandstone. This central portion of the Edworthy Bridge channel-fill also contains 
organic debris and remnants of centimetre scale branches. The poorly sorted character is 
an indication of relatively rapid deposition in high energy conditions. 

 

Contact springs occur along a sandstone/mudstone contact at base of a channel-fill in the 

Slump outcrop (Fig. A6a). Horizontal bedding of what has been identified as facies St 

(Hamblin, 2007) dominates this sandstone body. Near the middle of the channel-fill, and 

toward the base, lens-shaped structures composed of facies St bedding have convex tops 
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and concave bases defined by more distinctive bounding surfaces. The channel-fill gently 

pinches out toward the east, defining one lateral margin, but the opposing margin to the 

west is not well defined and only an exposed width measurement was recorded. 

Imbrication of the overlying gravels suggests a fluvial origin for the Quaternary 

overburden that is deposited on the channel-fill. Considering the fluvial origin of these 

gravels, it is possible that the channel-fill top has been eroded and the full thickness is not 

exposed here. Construction done for slope remediation during the time of the study 

provided good exposure of the overbank deposits below the channel-fill. At least three 

thin sandstone bodies are intermittently exposed across the outcrop (Fig. A6b). The dark 

brown to black colour and blocky structure of two relatively thick paleosols was also 

identified. 

 

The Quarry outcrop (Fig. A7) has intermittent exposure of sandstone bodies over a 5,000 

m2 area. There is one better exposed channel-fill which has thick uniform lens-shaped 

beds that have convex tops with relatively horizontal flat bases (Fig. 15d). Several of the 

lens-shaped beds, with gently arching convex tops, extend laterally across a significant 

portion of the exposure. Beds with sharply arching convex tops have a limited lateral 

extent (Fig. 15b).  Three-dimensional exposure of one such bed indicates these have a 

more extensive longitudinal character (Fig. 15c). Many thick beds are relatively uniform 

with minimal evidence of internal bedding structure, but signs of facies St and horizontal 

lamination consistent with facies Sh occur in some thick beds (Fig. 15b).  
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Figure 25. Transition to channel-fill top at the Edworthy Quarry outcrop. Thick 
relatively uniform beds transition vertically to thin facies Sr bedding at the top of this 
exposure in the Quarry outcrop. The transition to facies Sr is used as an indication of 
waning flow conditions prior to channel abandonment and a marker for where the 
channel-fill top occurs. 

 

The bedding character in this three-dimensional channel-fill exposure changes both 

laterally and vertically. The bedding transitions to thin distinctive facies St bedding 

toward the northwest extent of the exposure. Facies Sr is partially exposed at the 

southeast extent and toward the channel-fill top (Fig. 15d).  The lateral change to thinner 

bedding is an indication of where the lateral channel-fill margins occur and used to 

measure an interpreted width of 87 m. Thin facies Sr bedding near the top of an adjacent 

channel-fill exposure, considered part of the same sandstone body, is aligned with the top 
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of the main channel-fill and provides additional evidence for marking the channel-fill top 

(Fig. 25). The base of the channel-fill is not clearly marked anywhere in the outcrop and 

only an exposed thickness is recorded. 

 

The Singer’s Drive (Fig. A8) outcrop contains the uppermost sandstone body in the local 

depositional sequence. The sandstone body has channel-fill characteristics with several 

thick inclined facies St beds. Bounding surfaces dip obliquely across and into the outcrop 

face toward the southeast. The channel-fill pinches out laterally toward the northwest and 

the channel-fill top can be inferred from thin facies Sr bedding in the upper part of the 

exposure. Fining-up and lateral coarsening eastward was noted by Hamblin (2007). The 

channel-fill base and opposing margin disappear below ground surface toward the 

southeast and only an exposed width and exposed thickness were recorded. 

 

Interpretation: Poorly sorted coarse-grained deposits at the Bridge outcrop indicate a 

high energy system deposited this channel-fill. The truncated bed with a concave base is 

interpreted as a sandbar macroform often associated with downstream accretion (DA) in 

braided reaches. A lens-shaped body composed of facies St near the lateral margin of this 

channel-fill and the facies Sh bedding are also consistent with a high energy braided style 

of deposition. Generally non-descript horizontal facies St bedding in the Slump channel-

fill suggests this is a sandy bedform (SB) dominated deposit. The SB architectural 

element is not associated with any particular fluvial style but lens-shaped DA sandbar 

macroforms in the lower portion of this channel-fill may point to a braided style. 
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Diagonal orientation of these lens-shaped DA macroforms suggests the exposure cuts 

obliquely across the channel-fill (Fig A6a). 

 

Thick and uniform horizontal beds with convex tops at the Quarry outcrop are interpreted 

as DA macroforms that can be generally referred to as mid-channel sandbars typical of 

braided style reaches in perennial channels such as the South Saskatchewan (Fig. 5). The 

small DA sandbar macroforms with limited lateral extent and sharply arching convex 

tops are more characteristic of what have been described as cross-channel bars (Cant and 

Walker, 1978). The broad laterally extensive macroforms (Fig. 15d) with gently arching 

tops are more likely to be sand flats (Cant and Walker, 1978). The relatively symmetrical 

lens shape of the DA macroforms in this channel-fill is a good indication that the 

exposure is cut perpendicular to the paleocurrent direction. This interpretation along with 

the three-dimensional character of the channel-fill exposure makes it possible to 

approximate a paleocurrent orientation along a southwest/northeast axis (Fig. 15c). Due 

to the lack of clearly defined internal bedform structures, the direction of flow is not as 

easily determined.  

 

The Singer’s Drive channel-fill is classified as a LA deposit based on thick inclined beds 

and a fining-up trend (Fig. A8), but general characteristics of the channel-fill exposure do 

not fully portray what might be expected for a LA point bar deposit. This is due to the 

orientation and size of the channel-fill relative to the orientation of the cut across the 

channel-fill and the size of the exposure. These two aspects of a channel-fill exposure are 

critical for identifying the larger scale macroforms characteristic of a given fluvial style.  
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Relative to the range of channel-fill sizes that can be interpreted from the sandstone 

bodies observed in the study area, the exposures at the Edworthy site are representative of 

small to intermediate scale channel-fills that have a limited lateral extent. The braided 

style of channel-fill that is observed at the Bridge outcrop is consistent with the style and 

scale of channel represented by the Brazos River in Figure 8a. The style and scale of the 

Quarry channel-fill is better represented by a reach of the Brazos River depicted in Figure 

8b. Despite a degree of uncertainty in a meandering interpretation for the Singer’s Drive 

channel-fill, it is possible that the depositional sequence represented at this site is a 

transitional zone in which braiding in constrained channels, braided-within-meandering, 

and possibly meandering style channels were active. 

 

2.2.4 The Beddington Site 

The Beddington site has outcrops located over a 1 km2 area with channel-fill exposures 

spanning a local elevation range of 29 m and a datum-referenced depositional thickness 

of 41 m. The sandstone bodies are generally poorly exposed at this site with evidence of 

overbank deposits obscured by overburden and vegetation.  

 

Description: The Lower outcrop has one intermittently exposed channel-fill composed of 

facies Sr, St, and a 1 m thick bed of facies Sl (Fig. A9). Bounding surfaces near the base 

of the exposure mark the convex tops of two lens-shaped features. The Hidden Creek 

sandstone body is dominated by horizontal bedding of facies Sr and St which in the 

middle of the exposure is interrupted by three thicker, regularly spaced beds which define 
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a rhythmic pattern of repeating thicker to thinner bedding in what appears to be a sheet-

like deposit (Fig. A10). Bounding surfaces in one of the Hidden Creek exposures 

delineate a lens-shaped body composed of facies St and Sr. Facies Sp is noted at the top 

of the main exposure where thinly bedded facies Sr provides a marker for the channel-fill 

top (Fig. A10). Groundwater discharge from a spring at the base of the hillside, 1-2 m 

below the observed base of the main Hidden Creek exposure may provide an indication 

of where the channel-fill base occurs. 

 

 

Figure 26. Cross bedding or erosional surface in the Beddington Upper outcrop. What 
appears to be large scale trough cross bedding at the base of bdt_up_cf005, occurs in 
several of the sandstone bodies in the Beddington Upper outcrop. In some cases this type 
of bedding arrangement marks the scoop-shaped base of HO architectural elements. 
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The Upper outcrop has 14 sandstone exposures that have channel-fill characteristics (Fig. 

A11). Although most of the sandstone bodies are only partial channel-fill exposures, 

there are a few better exposed sandstone bodies where it is possible to identify 

macroform scale elements characteristic of a fluvial style. Large scale trough cross-

bedding occurs near the base of thick beds in some of the exposures (Fig. 26). Facies Sh, 

including the wave-drape style of bedding (Fig. 12b), was noted in a channel-fill 

(bdt_up_cf008) that occurs near the top of an exposure in the central part of the outcrop 

(Fig. A11). Throughout the outcrop, thick beds in many of the exposures are delineated 

by generally horizontal but undulating second- or third-order bounding surfaces (Fig. 27). 

 

Channel-fill deposits in the central part of the Upper outcrop (bdt_up_cf007 and 

bdt_up_cf008) are separated by what might be interpreted as third-order bounding 

surfaces. In several places these bounding surfaces are lined with a poorly sorted mixture 

of sands and overbank deposits which include mudstone, siltstone, and paleosols clasts 

(Fig. 28). The layers of poorly sorted deposits can be upwards of 10 cm thick and create 

the impression of a stacked character which, in the central part of the outcrop, includes at 

least two or possibly three sandstone exposures that have channel-fill characteristics. 

Thick beds with more pronounced scoop-shaped bases occur near the bottom of the 

exposure in this part of the outcrop (Fig. 27). 
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Bounding surfaces delineating thick bed sets dominated by facies St are noted in a large 

sandstone body at the southeast end of the Upper outcrop. The bounding surfaces have a 

second-order character that suggests this is a multi-story channel-fill rather than a 

sandstone body comprised of stacked channel-fills (Fig. 29). Three-dimensional exposure 

of the channel-fill provides a good example of how the undulating bounding surfaces 

(Fig. 29a) relate to thick beds that have a more distinct scoop-shaped base (Fig. 29b).  

 

 

Figure 28. Poorly sorted deposits at a bounding surface in the Beddington Upper 
outcrop. The type of poorly sorted deposits observed at the base of bdt_up_cf007 also 
lines several of the bounding surfaces between thick sandstone beds in other parts of the 
Beddington Upper outcrop. 
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Figure 29. Three-dimensional exposure of element HO in the Beddington Upper outcrop. 
Three-dimensional exposure of bdt_up_cf012 at the southeast end of the Beddington 
Upper outcrop highlights the characteristics of an HO architectural element. 

 

 

One undulating bounding surface on the west face pinches out toward the north and 

transitions to a sharply cut scoop shape on the south face (Fig. 29b). This presents the 

overall impression of a relatively large lens-shaped sand bar filling a deeply cut hollow. 

A smaller overlying sand bar with a well exposed lobate margin also has an undulating 

base and transitions vertically to three-dimensional dune scale bedforms at the top of the 

exposure (Fig. 29a). 

 

Two sandstone exposures at the Stony Trail Springs outcrop are of note (Fig. A12). The 

lower small exposure (bdt_sts_cf001) has two distinct components separated by a 10-20 

cm thick mudstone/siltstone layer that pinches out laterally within the channel-fill (Fig. 

30a). The bottom half is composed of facies St which has characteristics similar to the 

facies St bedding that occurs in the Hidden Creek channel-fills (Fig. A10). The top half is 

dominated by facies Sr and facies Sp (Fig. 30b).  
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Figure 30. Bounding surface deposits and Sp bedforms in the Beddington Stony Trail 
Springs outcrop. The lower and upper parts of bdt_sts_cf002 are partially separated by a 
recessive 10-20 cm thick mudstone/siltstone layer (a). Facies Sp in the upper half may 
indicate the paleocurrent orientation of this channel-fill (b). 
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Groundwater discharge occurs at the base of a second much larger exposure which also 

has two components. In the lower, laterally extensive component (bdt_sts_cf002), 

undulating second-order bounding surfaces are evident in a background of facies St 

bedding. In some parts of the exposure bounding surfaces delineate convex tops or 

concave bases of partially formed lens-shaped macroform scale elements (Fig. A12). The 

upper component, at the southeast end of the exposure (bdt_sts_cf003), cuts into the 

lower component (bdt_sts_cf002) with a scoop-shaped base. 

 

 

Figure 31. HO element in the Beddington Stony Trail Springs outcrop. The scoop-shaped 
base of bdt_sts_cf003 is characteristic of what is interpreted as an HO architectural 
element. 

 

The feature is filled by curved facies St and Sr bedding that drapes the scoop-shaped base 

(Fig. 31). The central part of this macroform scale component is dominated by horizontal 
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facies St bedding which transitions vertically to thinner three-dimensional dune scale 

bedforms at the top of the exposure. Second-order bounding surfaces also delineate lens-

shaped features within this second upper component of channel-fill. 

 

Interpretation: Rhythmic change from thick to thin bedding in the Hidden Creek 

channel fill indicates a degree of regularity in variable discharge that might be associated 

with seasonal flood events. The 10-20 cm thick layers of poorly sorted deposits that line 

bounding surfaces are interpreted as bank erosion or overbank deposits that fill low 

points within a channel-fill during either the early or late stages of a flood event. These 

markers also reflect variable discharge conditions within a channel-fill and are here 

associated with second-order bounding surfaces that indicate a multistory character in the 

Upper outcrop channel-fills.   

 

Occurrence of facies Sh, Sl, and wave-drape lamination suggest high energy flow that 

can potentially cut scoop-shaped hollows into a channel’s bed load deposits. These 

hollows can form where flow from at least two thalwegs converges at the downstream 

end of mid-channel sandbars or sand flats (Miall, 1996). The fill in these hollows are 

interpreted as HO architectural elements which are considered characteristic of a braided 

fluvial style (Miall, 1996). The general horizontal bedding and lens-shaped DA 

macroforms identified at this site are interpreted as cross-channel bars, sand flats, or mid-

channel sandbars which are also consistent with a braided fluvial style.  
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The type of large scale undulating bedding observed at this and other sites in the study 

area is not, to the knowledge of this author, described in the available literature. 

However, Miall’s (1996) description of the transition from an asymmetric dune shape to 

that of a more symmetric humpback dune may provide some insight. Considering this 

description, it might be possible that high energy floodwaters passing over macroform 

scale sandbars or sand flats could shape the undulating bounding surfaces observed in the 

study area.  

 

Generally poor and partial exposure of channel-fills at this site does not provide for a 

direct approximation of channel-fill scale. The scale of bedforms and macroforms at the 

Beddington Lower, Hidden Creek and Stony Trail Springs outcrops is however not 

significantly different than the scale of similar features observed in the channel-fills at the 

Edworthy Bridge and Quarry outcrops. The Beddington Lower and Hidden Creek 

channel-fills are comparable to the Edworthy Bridge channel-fill and the Stony Trail 

Springs channel-fill (bt_st_tr_spr_cf002) is comparable to the Quarry channel-fill 

(edw_qry_cf001).  

 

Evidence of variable discharge and the occurrence of HO elements is however a distinct 

difference between the channel-fills at the two sites and is notable in the Beddington 

Upper and Stony Trail Springs outcrops. The Edworthy Quarry channel-fill is 

characteristic of a braided-with-meandering style which occurs in a relatively constrained 

channel bed that receives steady perennial discharge and greater flow depth (Fig. 5). The 

occurrence of HO elements at the Beddington Upper and Stony Trail Springs outcrops is 



107 

 

characteristic of a braided style that is influenced by variable discharge which produces 

multiple thalwegs during periods of low flow (Fig. 4b). The HO element at Stony Trail 

Springs is considered part of a multistory channel-fill rather than a separate channel-fill 

in a vertical sequence of stacked channels (Fig. 31). 

 

Based on exposed thickness and scale of the DA sandbar macroforms in the Edworthy 

Quarry and Beddington Stony Trail Springs channel-fills, the scale of the two channel-

fills is quite comparable, indicating the channel belt width at Stony Trail Springs might 

not be significantly greater or less than the 87 m estimate for the Quarry channel-fill. The 

exposed width of bt_st_tr_spr_cf002 at Stony Trail Springs is 66 m. A transition to thin 

bedding also occurs toward the lateral extents of this exposure, but the channel-fill is still 

relatively thick were it projects into the hillside toward the east (Fig. A12). The HO 

element at Stony Trail Springs (bt_st_tr_spr_cf003) is another useful indicator of scale. 

Since HO elements are expected to occur where two thalwegs converge, the exposed 

width of bt_st_tr_spr_cf002 can accommodate at least two thalwegs. HO elements at the 

Beddington Upper outcrop have a similar scale to the HO element at Stony Trail Springs 

and are likely associated with a similar scale of channel-fill.  

 

Paleocurrent orientation of the Stony Trail Springs channel-fills can be estimated from 

the orientation of lens-shaped macroforms, inclined facies Sp bedding, and to a degree 

the shape and orientation of the HO element. Facies Sp in the upper half of 

bt_st_tr_spr_cf002 may indicate this is a lateral or downstream margin of a DA sandbar 

macroform, possibly a sand flat (Fig. 15b). Unfortunately it is not possible to readily 
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establish a general paleocurrent orientation from the two- or three-dimensional exposures 

at the Beddington Upper outcrop where several paleocurrent directions can be inferred 

from different partial exposures of channel-fills. This lack of a well defined orientation is 

not uncommon in braided systems where multiple thalwegs cut across a channel belt in 

different directions (Fig. 4b). 

 

2.2.5 The Silver Springs Site 

The Silver Springs site has only one outcrop exposure at the base of a steep slope along 

the Bow River. In this outcrop, relationships between multiple channel-fills, abandoned 

channel fill, chute channels, levee deposits, and overbank mudstones can be observed in 

detail (Fig. A13). Despite relatively good exposure, only one of five sandstone bodies 

with channel-fill characteristics provides for interpretation of a fluvial style, a thickness 

measurement, and a width measurement.  

 

Description: Bedforms in the upper part of the largest channel-fill (slv_spr_cf001) 

transition laterally from facies Sr (Fig. 10d) at the northwest end of the channel-fill to 

upper-regime plane bedding of facies Sh (Fig. 12c-12e) toward the southeast (Fig. A13). 

Trough cross-bedding of facies St occurs in thick beds in the central and lower portion of 

the channel-fill where close to 1 m deep scours were noted (Fig. 32). Inclined second-

order bounding surfaces dipping to the southeast can be traced across the channel-fill. At 

the northwest end of the channel-fill, where wedge-shaped macroforms delineated by 

inclined bounding surfaces start to pinch out, facies St transitions vertically to facies Sr 
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(Fig. 33a). Here, a small lens-shaped sandstone body cuts through generally inclined 

bedding (Fig. A13).  

 

 

Figure 32. Scour in a Silver Springs point bar channel-fill. A deeply cut scour, with ca. 1 
m of relief, near the base of slv_spr_cf001 is filled with what appears to be trough cross 
bedding but the bedforms observed here also resemble upper-regime cross lamination.  

 

At the southeast end of the channel-fill, thick beds of facies St transition vertically to a 

thick bed of facies Sh. Parting lineation associated with facies Sh was observed on a large 

remnant that has broken away from the channel-fill (Fig. 12e). Bedding in this remnant 

aligns with the in situ rock face allowing for direct correlation between the rock face and 

the separated remnant. A bedding sequence that transitions from facies Sh to wave-drape 

lamination and then to convolute lamination in this part of the channel-fill has 
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characteristics of upper-regime bedforms, including anti-dune structures (Fig. 12d), 

described by Alexander et al. (2001).  

 

The channel-fill base in the northwest half of the exposure is defined along an inclined 

contact with underlying mudstone deposits (Fig. 33a). Toward the southeast the contact 

between the channel-fill top and overlying silty-sandy mudstone deposits (Fig. 33b) is 

well exposed (Fig. A13). Pinching out of the wedge-shaped macroforms provides a good 

indicator for where the northwest lateral margin occurs. Transition to sigmoidal bedding 

at the lateral margin to the southeast has a similar character to the sigmoidal bedding near 

the well defined lateral margin of the Glenmore, Lake View GC channel fill (Fig. 23). 

This type of transition is used as an indicator for where the lateral margin at the southeast 

extent of the channel-fill (slv_spr_cf001) occurs. 

 

The slv_spr_cf002 remnant has 0.5-0.7 m thick beds with decimeter scale trough cross 

bedding near the base of the beds and centimeter scale trough cross bedding near the bed 

tops (Fig. A13). This type of transition indicates declining energy conditions, declining 

flow depth, or the combined effects of these changing conditions. Thick horizontal beds 

have an erosional base clearly marked by an exposed contact with the underlying 

mudstone. Unfortunately the top of these remnants has been truncated, eliminating the 

identification of a distinctive macroform character.  
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Figure 33. Abandoned channel fill and transitional bedforms at the Silver Springs 
outcrop. Contact between the channel-fill base and underlying mudstone is clearly 
defined at the northwest end of slv_spr_cf001 (a). Facies St in thick beds near the base 
transitions to inclined facies Sr bedding (a). Thin bedding is perceptible in ca. 4 m of 
silty-sandy mudstone that overlies the channel fill top near the southeast end of 
slv_spr_cf001 (b). 

 

The fluvial style of the slv_spr_cf004 remnant is also somewhat difficult to interpret but 

the channel-fill base and top are clearly exposed. A diagnostic macroform is not clearly 

defined in this partial exposure but inclined bedding dips to the northwest. The base is 

resting on the truncated remnant of slv_spr_cf002 and the top is capped by overbank 

deposits which include mudstone and two thin sandstones that have splay characteristics. 

 

The northwest lateral margin of slv_spr_cf004 is ragged and pinches out toward the 

northwest, over top of inclined heterolithic stratification (Hamblin, 2009) that consists of 

interbedded mudstone, sandy siltstone, and silty sandstone. The inclined heterolithic 

stratification is better defined 6 m to the northwest of the slv_spr_cf004 channel-fill 

margin where ca. 4 m of these levee deposits include signs of soft sediment deformation 

and a small lens-shaped silty sandstone body. Intermittently exposed remnants of inclined 

beds dipping toward the northwest indicate the occurrence of a fifth channel-fill 

(slv_spr_cf005) at the southeast extent of the outcrop (Fig. A13).  

 

Interpretation: Despite uncertainty regarding identification of macroforms in two 

channel-fills, macroforms that can be indentified in the other channel-fills (slv_spr_cf001 

and slv_spr_cf005) are consistent with a meandering fluvial style. Wedge-shaped 

macroforms defined by inclined bounding surfaces in slv_spr_cf001 are interpreted as 
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point bars in a multistory channel-fill. Vertical and lateral fining trends are consistent 

with changing flow conditions that occur in a meander bend. Shallow, low energy flow 

toward the convex margin at the northwest extent is indicated by a fining-up trend and a 

transition from facies St bedforms to thin bedding in facies Sr. What appears to be trough 

cross bedding in a scour near the base (Fig. 32) closely resembles upper-regime cross 

lamination bedforms described by Alexander et al. (2001). Although interpretation is 

uncertain, bedforms related to upper-regime flow are more consistent with the high 

energy conditions required to cut these types of scours. The upper-regime bedforms in 

thick beds toward the southeast margin are signs of high energy flow in the concave 

margin of a channel-fill where deposition occurs near the thalweg in a meander bend. 

 

Silty-sandy mudstone above slv_spr_cf001represents a thick (ca. 4 m) relatively uniform 

deposit. Despite indications of bedding, this silty-sandy mudstone has a friable centimetre 

scale blocky character and is interpreted as abandoned channel fill deposited by slow 

moving mud laden floodwaters (Fig. 33). This type of fill may accumulate shortly after 

channel abandonment or over a more extended period as might occur in a meander bend 

cut-off or oxbow lake (Fig. 8d and 8e). The abandoned channel fill lacks the interbedded 

or heterolithic character of what is interpreted as levee deposits exposed adjacent to 

slv_spr_cf004 (Fig. A13).  

 

The small lens-shaped body within the levee deposits and a similar sandstone body near 

the extremity of the convex margin in slv_spr_cf001 are both interpreted as chute 

channels. These often cut across point bars in meandering fluvial systems (Fig. 4e). The 
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deposits exposed at this site leave the overall impression of a small to intermediate scale 

meander channel belt in which multilateral intersection and stacking between 

slv_spr_cf001, slv_spr_cf002, and slv_spr_cf003 improves connectivity of the channel-

fills. The low degree of intersection between the channel-fills, however, falls short of 

forming what would be considered a channel-fill complex. 

 

2.2.6 The Simons Valley Site 

The Simons Valley site covers an extensive area of ca. 7 km2 with an elevation range of 

32 m and a datum-referenced thickness of 85 m. Intermittent exposure of sandstone 

bodies occur along eroded margins of river terraces that overlook a 10 km reach of West 

Nose Creek. Direct access to the exposures was only possible at the Springs outcrop. 

Photographs and GPS range finder data for the remaining outcrops were collected from 

stops along Simons Valley Road which tracks along West Nose Creek for approximately 

4.5 km, and from the local township roads to the west. The distances from observation 

points along the roads to the outcrop exposures were near the limit of the range finder and 

some data could not be used for the study due to poor accuracy. Due to the poor quality 

of some GPS range finder data and the poorly exposed and intermittent character of the 

outcrops, the site added comparatively little data for estimating the dimensions of 

individual channel-fills. 

 

Description: The majority of sandstone bodies at this site are only partial exposures of 

channel-fills that generally have the same type of characteristics described for exposures 

at the Edworthy and Beddington sites. Intermittent exposures in the South outcrop have 
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sub-metre to metre scale lens-shaped macroforms with convex tops and concave bases, 

thicker beds with scoop-shaped bases, and signs of facies Sh bedforms (Fig. A14). The 

Road outcrop is exposed along the creek bed in the base of the valley, less than 200 m 

from Simons Valley Road (Fig. A15). This is one of the better exposed sandstone bodies, 

and has channel-fill characteristics similar to those observed at the Edworthy Bridge and 

the Beddington Lower and Hidden Creek outcrops.  In the Simons Valley Road outcrop, 

there is a higher proportion of facies Sr, which forms lens-shaped bodies, and facies Sp, 

which occurs intermittently in both the lower and upper parts of the exposure. The unique 

characteristic in the North outcrop is thick beds of eroded and weathered facies Sr which 

overly thick and uniform lens-shaped macroforms that have convex tops and concave 

bases (Fig. A16).  

 

The Springs outcrop has channel-fills with thick beds delineated by inclined bounding 

surfaces. In some exposures these bounding surfaces form elongated wedge-shaped 

macroforms. Inclined bounding surfaces are mixed with horizontal undulating bounding 

surfaces that, in places, delineate convex tops and concave bases of lens-shaped 

macroforms (Fig. A17). In two cases (sm_vly_spr_cf001 and sm_vly_spr_cf011) inclined 

bounding surfaces have third-order characteristics and cut across otherwise horizontal 

bedding (Fig. 13d). Internal trough cross bedding of facies St (Fig. 11c) dominates most 

of the channel-fill exposures. Facies Sh bedforms also occur, and a scour that contains 

convoluted lamination (Fig. 12f) was observed near the base of a thick macroform scale 

bed (sm_vly_spr_cf009). Contact between sandstone bodies and overbank mudstones 

was only observed at the base of a channel-fill in one exposure (sm_vly_spr_cf007). 
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Figure 34. Multiple channel-fills in the Simons Valley Terraces Middle channel-fill 
complex. As indicated by the sandstone exposures in this orthophoto, the Simons Valley 
Terraces Middle channel-fill complex extends across the present day terrace. The 
repeating scallop shapes along the west facing exposure may indicate this complex is 
composed of at least three or possibly more smaller channel-fills. Orientation of the 
paleocurrent axis is inferred to be perpendicular to the face of the scallop shaped 
features and is marked by the bidirectional arrow at the point of maximum exposed 
thickness. (Orthophoto source: Valtus Imagery Services © 2010) 
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Partial exposure of channel-fills in the Terraces Upper outcrop have the same 

characteristics as the channel-fills in the South and North outcrops and are just as poorly 

exposed. This includes weathered facies Sr dominated remnants and generally horizontal 

bedding with lens-shaped macroforms that can only be identified in the larger remnants 

(Fig. A18). The Terraces Middle outcrop has a relatively continuous exposure of 

sandstone over a lateral extent of ca. 590 m, and vertical continuity can be inferred over a 

thickness of ca. 20 m. Characteristics of bedforms, macroforms with convex tops or 

concave bases, and generally horizontal bedding noted for other outcrops at this site can 

be identified in parts of this one outcrop. There is also a thick laterally extensive bed that 

forms a sheet-like deposit of facies Sh near the centre of the outcrop (Fig. A19). 

 

Mudstone was observed in exposures at both the south end of the Terraces Middle 

outcrop (Fig. 34) and to the north where contact between channel-fill and overbank 

mudstone can be observed (Fig. 35). These two mudstone exposures occur just above the 

creek bed where the bottom of the 20 m thick sandstone exposure occurs. The mudstone 

exposures are a good indication of where the base of the sandstones in the Terraces 

Middle outcrop might occur. There is however no clear indication of a channel-fill top for 

this thick package of sandstone. 
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The type of weathered facies Sr character that that is interpreted as an indication of where 

a channel-fill top occurs, is only intermittently preserved in the Terraces Middle outcrop 

(sm_vly_tr_mdl_cfc001). In the Terraces Lower outcrop (Fig. A20), this type of 

weathered facies Sr (wSr) is noted near the top of a channel-fill exposure (Fig. 36) that 

has a maximum thickness of 7.3 m and is composed almost entirely of facies Sr 

(sm_vly_tr_lwr_cf001). This is one of the channel-fills in which bounding surfaces that 

indicate the presence of distinctive macroforms were not identified and the channel-fill is 

classified as a sandy bedform element SB. 

 

Interpretation: Due to the lack of complete channel-fill exposures, it is difficult to get a 

sense of the general channel-fill scale at this site. Macroform elements that can be 

identified have a similar scale to macroform elements identified at the Beddington site, 

indicating there is a corresponding similarity in channel-fill scale. In the planform view 

provided by an orthophoto of the Terraces Middle outcrop (Fig. 34), repeating scallop 

shaped sandstone features, which have greater thickness near the apex of each scallop, 

occur along the west facing exposure of sm_vly_tr_mdl_cfc001.  
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Figure 36. Weathered facies Sr in the Simons Valley Terraces Lower outcrop. Facies Sr 
bedding in this channel-fill at the Terraces Lower outcrop (sm_vly_tr_lwr_cf001) takes 
on a distinctive weathered Sr character (wSr) where it has been eroded and weathered to 
form a relatively smooth rather than ragged or irregular surface. 

 

The scallop shapes are interpreted as 60-100 m wide channel-fills cut obliquely or 

roughly perpendicular to the paleocurrent orientation (Fig. 34). Overlap of these channel-

fills appears to occur where the scallop shapes pinch out, indicating lateral intersection of 

the channel-fills. Although it is not readily apparent in the outcrop face, thick macroform 

scale beds transition vertically to thin bedding in at least one stacked set located near the 

point of maximum vertical extent (Fig. A19). These characteristics indicate that 

intermittent exposure of sandstone in the Terraces Middle outcrop represents a braided 

style channel-fill complex which has a multilateral and stacked character. 
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Figure 37. Channel-fill spacing at the Simons Valley Springs outcrop. Spacing and 
lateral extents of channel-fill exposures at the Simons Valley Springs outcrop suggest 
these remnants were either deposited by a single channel that meanders in and out of the 
hillside, or by multiple channels that only had a minimal degree of lateral intersection. 
(Orthophoto source: Valtus Imagery Services © 2010) 
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Unlike the braided fluvial style interpreted for most of the Simons Valley channel-fills, 

channel-fills at the Springs outcrop have a mixed character. The mixed character includes 

lens-shaped DA sandbar macroforms and undulating horizontal bounding surfaces 

associated with a braided fluvial style. These characteristic features occur in channel-fills 

where inclined bounding surfaces associated with LA point bars were observed. Thick 

beds that are dominated by facies St also contain facies Sh and scours filled with 

convolute lamination, indicating relatively high energy conditions deposited these 

sandstones (Fig. 12f). The more fully exposed channel-fills here have a multistory 

character, and the apparent thickness of one (sm_vly_spr_cf009) provides a better 

indication of the channel-fill scale at this outcrop. Spacing between sandstone body 

exposures at the Springs outcrop (Fig. 37) indicates minimal intersection occurs between 

the channel-fills that are interpreted to have a braided-within-meandering character. 

 

2.2.7 The Bearspaw Site 

The Bearspaw site has five relatively good quality outcrops located around the Bearspaw 

Reservoir over an area of ca. 4.7 km2. Exposed sandstone bodies span an elevation range 

of ca. 18 m and a datum-referenced thickness of ca. 48 m. The Northwest outcrop has 

intermittent exposure of sandstone bodies along ca. 1.5 km of reservoir shoreline.  Three-

dimensional exposures occur at the Two Owl Coulee and Sacred Cliffs outcrops where 

sandstone bodies with channel-fill characteristics line the sides of steeply cut v-shaped 

valleys referred to locally as coulees. The Gravel Pit outcrop is exposed by a railroad cut 

below a gravel pit operation and the Dam outcrop was exposed by a cut made for the 

overflow spillway at the Bearspaw Dam.  
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Description: At the Bearspaw Dam outcrop, lateral margins of two channel-fills define a 

multilateral character within a continuous sandstone body that has an exposed width of 

ca. 166 m (Fig. A21). The lower half of the channel-fill to the northwest contains thick 

beds that have concave bases and convex tops defined by second-order bounding 

surfaces. The upper half is dominated by facies St bedding and also contains second-

order bounding surfaces that outline lens-shaped bodies. The transition to facies Sr at the 

top of the exposure indentifies the channel-fill top. The channel-fill base is not clearly 

exposed but the trend of the lateral margins can be projected to define a broad and 

relatively flat base (Fig. A21). 

 

Facies St scale bedding dominates in the Gravel Pit outcrop (Fig. A22). Generally 

horizontal second-order bounding surfaces are laterally extensive and have an undulating 

character (Fig. 16a). These bounding surfaces are not as easily traced in the type of 

bedding observed at the Gravel Pit outcrop, but lens-shaped features characteristic of DA 

sandbar macroforms are defined by these surfaces (Fig. 16a). Thick uniform beds with 

convex tops and concave bases do occur in parts of the channel-fills but these are more 

often near the bottom of the exposures. Sharply arched convex tops of cross-channel bars 

also occur in upper parts of the exposures, but bedding near the top of the exposures 

generally thins (Fig. 16a). One lateral margin for bp_gp_cf001, at the northern extent of 

the outcrop, pinches out into the surrounding mudstone deposits. Lateral extents for the 

remaining channel-fills are obscured by overburden and do not define the margins of 

channel-fill deposition. 
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Figure 38. Large scale channel-fill at Bearspaw Sacred Cliffs outcrop. The thickest 
channel-fill measured in the study area occurs in the Sacred Cliffs outcrop 
(bp_sc_clf_cf005a). Contact with underlying mudstone is well exposed at the base and a 
transition to facies Sr marks the top of the channel-fill. Paleocurrent orientation can be 
inferred from this three-dimensional exposure. Lens-shaped DA sandbar macroforms are 
much more clearly defined on the sandstone face to the left as compared to the more 
elongate horizontal bedding on the near perpendicular face to the right. 

 

Thick lens-shaped macroform scale beds in the Sacred Cliffs exposures occur at the 

northeast extent of a coulee (Fig. A23) where the thickest channel-fill in the study area is 

located (Fig. 38). A laterally extensive third-order bounding surface cuts diagonally 

through the sandstone body in this part of the outcrop indicating the channel-fill to the 

northeast cuts through preexisting deposits. Moving southwest from this marker, along 

the west face of the coulee, thick lens-shaped beds transition to thick horizontal plane 

beds of facies Sh and low angle plane beds of facies Sl (Fig. 12a and 17b). Convolute 



125 

 

lamination in conjunction with the upper-regime bedforms was observed here and may be 

an indication of turbulent high energy flow (Fig. 17b). Facies Sh beds dominate in several 

exposures and form thick sets (Fig. 17a) that have characteristics of the laminated sand 

sheets (LS) described by Miall (1996).  

 

Continuity of the sandstone exposure along ca. 450 m of the coulee’s west face is only 

broken in three places. These breaks occur in the upper part of the exposures. Sandstones 

exposed at the base of the coulee (Fig. 17a) and along the opposing face of the coulee 

create the impression of a relatively continuous multilateral and stacked sandstone body 

composed of multiple channel-fills. Characteristics of channel-fills and the manner in 

which they are exposed at the Two Owl Coulee outcrop are similar to what is described 

for the Sacred Cliffs outcrop.  The smaller scale of macroforms and individual channel-

fills at Two Owl Coulee is one notable difference. Although channel-fills dominated by 

facies Sh are noted at Two Owl Coulee these are not as prevalent as the channel-fills 

dominated by facies St bedding and lens-shaped DA sandbar macroforms. Exposure of 

channel-fills over a vertical range of ca. 23 m is another difference that allows for better 

identification of a stacking character in parts of the Two Owl Coulee outcrop (Fig. 39).  

 

The Two Owl Coulee outcrop has good three dimensional exposures where the coulee 

opens onto the Bearspaw reservoir. Thick channel-fill remnants exposed on the opposing 

corners of the coulee opening are dominated by horizontal bedding and lens-shaped 

macroforms.  
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Figure 39. Channel-fill stacking at the Bearspaw Two Owl Coulee outcrop. A stacking 
character is interpreted in this part of the Two Owl Coulee outcrop. Thick lens-shaped 
beds in a DA dominated channel fill are stacked over Sh bedding in a LS dominated 
channel-fill. 
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Figure 40. Variable bedding at the Bearspaw site. The variable bedding noted in 
bp_toc_cf001 (a to c) is typical of channel-fills exposed along the Bearspaw Reservoir 
shoreline, in both the Two Owl Coulee outcrop and the Northwest outcrop (d). The upper 
bed in the Northwest channel-fill (bp_nw_cf003) is interpreted as a sand flat (d). The 
walking stick in (b) is 1.3 m. 

 

On their respective sides of the opening, the sandstone remnants pinch out laterally into 

surrounding mudstone deposits that are well exposed along this part of the reservoir 
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shoreline (Fig. A24). Mudstone dominates in ca. 200 m of exposure northwest of the 

opening with one channel-fill at the northwest extent. It contains a thick uniform bed 

surrounded by facies St and Sr bedding (Fig. 40). This mixed bedding transitions laterally 

to thin facies Sr bedding which pinches out to the southeast. On the shoreline southeast of 

the coulee opening, channel-fills and thin sandstone bodies with this type of variable 

character are closely spaced both vertically and laterally (Fig. A24).  

 

The type of variable bedding noted in bp_toc_cf001 also occurs in the sandstone bodies 

at the Northwest outcrop along the opposing shoreline (Fig. A25, Fig. A26, and Fig. 

A27). In addition to this variable bedding, thick macroform elements that have 

characteristics of sand flats occur in intermediate scale channel-fill exposures at the 

Northwest outcrop (Fig. 40d). Undulating second-order bounding surfaces occur in 

channel-fills at this outcrop (bp_nw_cf003) and also define convex tops and concave 

bases of lens-shaped macroforms (Fig. A25). Exposures at the Northwest outcrop occur 

near the present day land surface, and it is possible that erosion has truncated the upper 

portion of the exposed sandstone bodies. The base of these channel-fills is not apparent 

above the water level in the reservoir and only an exposed thickness is recorded for these 

sandstone bodies. 

 

Interpretation: Channel-fills observed at the Bearspaw site are interpreted as remnants 

of braided style channels. The high density of braided style channel-fills that form well 

connected multilateral and stacked channel-fill complexes in both the Sacred Cliffs and 

Two Owl Coulee outcrops are of significance in the study area. The large scale of 
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channel-fills at these outcrops is also of note. This will be discussed when the channel-

fills are related to maximum sandstone thicknesses recorded in lithology logs taken from 

boreholes that are located in a 5 km radius around the centre of the Sacred Cliffs outcrop.  

 

2.2.8 The Glenbow Ranch Site 

The Glenbow Ranch site has two outcrop faces located along the Bow River ca. 3 km 

upstream of the Bearspaw site. The Lower outcrop is a thin shoreline exposure just above 

water level along the south bank of the Bow River (Fig. A28). The Middle outcrop has a 

large well exposed channel-fill along a railroad cut (Fig. A29). The Middle and Upper 

outcrops are both exposed on a steep slope that overlooks the north bank of the Bow 

River (Fig. A30). The exposed sandstone bodies span an elevation range of ca. 97 m and 

a datum-referenced thickness of ca. 101 m. Designation of the Middle and Upper 

outcrops is based on a gap in the occurrence of sandstone (Fig. A30).  

 

Description: The Lower outcrop channel-fill (gbr_lwr_cf001) has characteristics (Fig. 

16c) similar to those of other channel-fills that occur along the shoreline around 

Bearspaw Reservoir (Fig. 40). Bedding in this channel-fill becomes thicker toward the 

western extent of the exposure where bounding surfaces at the base of a small overhang 

within the channel-fill have the shape of convex tops that are associated with cross-

channel bars in other channel-fills (Fig. A28). The best exposed channel-fill 

(gbr_mdl_cf001) occurs in the Middle outcrop where the top, base, and lateral margin to 

the east are defined by sandstone/mudstones contacts (Fig. A29). The opposing lateral 

margin at the west end of the channel-fill disappears into the hillside where the relatively 
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straight east-west exposure turns to the southwest. Here an isolated channel-fill remnant 

with a wing-like extension is perched above a well exposed section of overbank deposits 

(Fig. A29). This type of channel-fill wing was noted at the concave margin of a LA point 

bar deposit in the Glenmore, Lake View GC outcrop (Fig. A4). Overbank deposits are 

exposed in the curved gap between the main sandstone body and the isolated remnant, 

but intermittently exposed sandstone can be traced across the gap to mark a connection 

between the sandstone bodies. 

 

In the east half of the channel-fill, inclined bounding surfaces that dip toward the west 

delineate beds of variable thickness, with some pinching out to the east. In the west half, 

the channel-fill transitions into a thick relatively uniform bed in which inclined bedding 

occurs (Fig. A29). These internal structures are similar to the inclined bedding observed 

in a thick bed at the Glenmore, Calgary GC outcrop (Fig. 20). The other notable 

sandstone body in the Middle outcrop (gbr_mdl_cf002) has a partial three-dimensional 

exposure but is broken up and intermittently covered by overburden. Inclined bounding 

surfaces occur in discrete partial remnants and, as a result, distinctive macroforms are not 

readily apparent. This channel-fill and two channel-fills in the Upper outcrop 

(gbr_upr_cf007 and gbr_upr_cf008) have thick beds with characteristics similar to those 

observed in thick beds at the Simons Valley Springs outcrop (Fig. A17). Other sandstone 

bodies in the Upper outcrop are generally poorly exposed but several, including 

gbr_upr_cf006 (Fig. A31), have thick beds with a greater similarity to the thick uniform 

bed in the west half of gbr_mdl_cf001. 
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Interpretation: The distinct difference between channel-fills in the Lower outcrop and 

those in the Middle and Upper outcrops may indicate a transition in the depositional 

sequence, from a predominantly braided fluvial style to a meandering fluvial style. The 

character of the Lower outcrop channel-fill is consistent with a continuation of the 

braided style interpreted for the Bearspaw site. A meandering style is interpreted for the 

Middle and Upper outcrops. The inclined bounding surfaces in gbr_mdl_cf001 indicate 

the convex margin of this meander bend deposit occurs at the eastern extent of the 

channel-fill. Lateral succession of second-order bounding surfaces indicates this channel-

fill has a multistory character that can result from lateral migration of a meandering 

channel (Fig. A29). Although not well defined, the concave margin of this channel-fill is 

interpreted to occur at the west end of the exposure where the isolated remnant with a 

wing-like feature is located (Fig. A29). The apparent width measured for this channel-fill 

is however based on the lateral extents of the main sandstone body exposure. 

 

Channel-fills in the Upper outcrop are poorly exposed across a distance of 1.25 km and 

distinctive macroform elements are not readily apparent. The channel-fills have an 

intermediate to small scale and are widely spaced, both vertically and laterally, 

suggesting these isolated channel-fills occur in a section of the depositional sequence that 

experienced more rapid vertical accumulation. This is in contrast to the large scale and 

high density of channel-fills that occur in localized parts of the Bearspaw site where a 

braided style is interpreted. Several sandstone bodies in the Glenbow Ranch Upper 

outcrop have thick macroform scale beds. Several smaller single story channel-fills 

exposed on the slope have a wedge-shape that suggests a LA point bar interpretation is 
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valid. The outcrop was not accessible and interpretations are based only on field photos. 

There is a high degree of uncertainty in the interpretation of a fluvial style for channel-

fills in the Upper outcrop, but there are similarities between channel-fills in this outcrop 

and channel-fills that occur in other outcrops where a meandering or braided-within-

meandering style is interpreted. 

 

2.2.9 The Cochrane Site 

The Cochrane site has four outcrops located over an area of ca. 6 km2. These outcrops 

span the widest range of elevation, ca. 160 m, and a datum-referenced thickness of ca. 

148 m. The Railroad outcrop provides the best exposure of fluvial deposits in the study 

area. Two stacked, wedge-shaped sandstone bodies dominate the upper portion of the 

exposure and overbank deposits including mudstones, paleosols, and thin sandstone 

bodies dominate in the lower portion (Fig. A32). The Cochrane West outcrop is exposed 

along a bend in the Bow River at the west end of Cochrane. Small scale channel-fills are 

relatively well exposed in background mudstones here (Fig. A33 to Fig. A36). 

Intermediate to large scale sandstone bodies at the Ranch outcrop (Fig. A37 and A38) 

have characteristics similar to those observed in outcrops at the Beddington, Simons 

Valley, and Bearspaw sites. Vegetated overburden obscures parts of an intermediate scale 

channel-fill at the Big Hill outcrop but macroform elements in this channel-fill are 

relatively well defined (Fig. A39). 
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Figure 41. Inclined bedding in the Cochrane Railroad channel-fill. A contact spring in 
the Cochrane Railroad outcrop occurs at the base of what is interpreted as the concave 
margin of a meander bend point bar channel-fill that has some indications of inclined 
bedding (cch_rr_cf001). 

 

Description: Two stacked sandstone bodies in the Railroad outcrop have channel-fill 

characteristics that are difficult to identify due to fracturing and weathering of the 

exposure (Fig. 41).  The channel-fill character of the lower sandstone body 

(cch_rr_cf001) is better defined by its overall wedge-shape. At its northwest lateral 

margin, the base of the lower channel-fill is marked by a sandstone/mudstone contact 

where groundwater discharge occurs at a contact spring (Fig. 41). The channel-fill base 

turns up sharply from this point to where the sandstone body pinches out, delineating the 

northwest lateral margin. There are three thick macroform scale beds near this margin 

and each has signs of inclined bedding (Fig. 41). The wedge-shape of the channel-fill is 

defined by the base which slopes up gently toward the southeast and pinches out where 
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the upper channel-fill cuts into this lower channel-fill (Fig. A32). There are signs of 

inclined internal bedding, but the weathered and fractured nature of the sandstones 

complicates clear identification of these structures (Fig. 41). 

 

Characteristics of the upper channel-fill (cch_rr_cf002), near its northwest margin, are 

similar to those near the northwest margin of the lower channel-fill. The base of the upper 

channel-fill is clearly marked by a sandstone/mudstone contact which extends from 

where the two channel-fills intersect to where the upper channel-fill starts to pinch out 

(Fig. 42). The base can be projected through the intersection of the two channel-fills to 

identify where the upper channel-fill cuts into the lower channel-fill. The interpolated 

base extends above the intersection of the two channel-fills to where the upper channel-

fill pinches out (Fig. A32). The southeast half of the upper channel-fill (cch_rr_cf002) is 

a thick uniform bed with only a trace of inclined structures (Fig. 42). This type of thick 

bed with internal inclined structure is similar to a thick uniform portion of the LA point 

bar channel-fill in the Glenbow Ranch Middle outcrop (gbr_mdl_cf001) and a thick 

upper bed in a LA point bar channel-fill at the Glenmore Calgary GC outcrop 

(gm_clg_gc_cf001). 

 

Thin sandstone bodies in the Railroad outcrop have characteristics of splay deposits and 

several pinch out laterally. A thick uniform sandstone body (cch_rr_sc002) appears to cut 

through a thin sandstone body in the upper part of the outcrop. This thick portion of 

sandstone is flanked by inclined bounding surfaces that dip toward it, indicating this may 

be a channel-fill deposit.  
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Sandstone bodies with a similar thickness were observed in the Cochrane West outcrop 

(cch_ws_sb001 - cch_ws_sb004).  The four exposures in the Cochrane West outcrop 

form a train of sandstone bodies that dip to the southeast over a distance of ca. 120 m 

(Fig. A33). It is uncertain if these are individual sandstone bodies, each with a width of 

ca. 26-28 m, or intermittent exposures of a single continuous sandstone body. Each 

exposure has slightly different channel-fill bedding characteristics. The bedding 

characteristics of the two sandstone bodies to the southeast are similar to those observed 

in a stacked set of three channel-fills located in the central part of the Cochrane West 

outcrop (Fig A34).  

 

The gently curved concave up base of each channel-fill in the stacked set can be 

projected to either the northwest or southeast along the base of thin, sub-metre thick, 

sandstone bodies that have splay-like characteristics (Fig. A34). The top of the lowermost 

channel-fill (cch_ws_cf001a) in the stacked set intersects with the base of a better 

exposed channel-fill (cch_ws_cf002) to the southeast (Fig A34). The top, base, and 

northwest lateral margin of this channel-fill (cch_ws_cf002) are clearly defined by 

contact with the surrounding mudstone (Fig. A35). Inclined bedding at the fully exposed 

northwest lateral margin is consistent with lateral accretion, but there are no clearly 

defined second-order bounding surfaces.  
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Inclined second-order bounding surfaces dipping toward the northwest are evident in a 

channel-fill (cch_ws_cf003) located at the southeast extent of the outcrop (Fig. A36). The 

lateral margin at the northwest end of this channel fill is fully exposed, with inclined 

bedding also occurring in this part of the channel-fill. The channel-fill top dips down to 

this lateral margin at an angle of ca. 19°. The centre of the channel-fill has facies Sh and 

Sl bedding indicating relatively high energy conditions. The dip of the inclined bedding 

in the laterally adjacent channel-fill (cch_ws_cf002) and the bounding surfaces in the 

larger channel-fill (cch_ws_cf003) suggest the two sandstone bodies are exposed 

perpendicular to the paleocurrent orientation.  

 

Horizontally bedded facies St and Sr dominate in the Ranch outcrop and HO architectural 

elements are the most distinctive macroform scale features, with only minor indications 

of lens-shaped DA sandbar macroforms. Beds with facies Sh are also significant and 

facies Sp is noted in some parts of the sandstone bodies. The two upper channel-fill 

exposures (cch_rch_cf002 and cch_rch_cf004) are separated by an erosional cut through 

the outcrop leaving the impression of two separate channel-fills. The channel-fill to the 

southwest (cch_rch_cf002) has continuous horizontal bedding with one thick, laterally 

extensive bed of facies Sh or Sl (Fig. A37). The scoop shaped base of element HO, along 

with the characteristic fill, occurs in this exposure. A lateral transition to thin bedded 

facies St and Sr occurs near the erosional gap in the exposure, indicating a transition to 

deposition near the margin of this channel-fill.  
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Figure 43. HO element at the Cochrane Ranch outcrop. Three dimensional exposure of 
cch_rch_cf001 at the Cochrane Ranch outcrop improves characterization of this HO 
architectural element. 

 

The channel-fill to the northeast (cch_rch_cf004) has more continuous vertical exposure 

and is primarily dominated by facies St scale bedding. Generally horizontal second-order 
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bounding surfaces that can be identified have some curvature but do not clearly define 

convex tops or concave bases of well defined lens-shaped DA sandbar macroforms. The 

concave base of what might be another HO element occurs in the uppermost portion of 

this exposure, but the overlying fill appears to be truncated by erosion. A transition to 

thin facies Sr bedding that might indicate disposition at a channel-fill top does not occur 

in this part of the outcrop, indicating the full vertical extent of the sandstone body is not 

exposed here.  

 

A third significant exposure of channel-fill cch_rch_cf003 dominated by thick horizontal 

facies St scale bedding occurs below cch_rch_cf002. This lower channel-fill extends 

down to the valley bottom where springs emerge just below the base of the channel-fill 

exposure. If the top of cch_rch_cf003 is projected northeast it intersects the lower third of 

cch_rch_cf004. If the top is projected to the southwest it roughly intersects the top of a 

small channel-fill exposure cch_rch_cf001 which contains the scoop-shaped base of an 

HO element (Fig. 43a). A vertical transition to millimeter scale facies Sr bedding (Fig. 

43a and 43b) may indicate deposition near the top of the channel-fill for this lower level 

of deposition.  

 

The scoop-shaped base of this element cuts through underlying horizontal bedding (Fig. 

43c) indicating an erosional process formed the hollow. Three-dimensional exposure 

reveals the hollow is filled with bedding that dips to the southeast, into the depression 

(Fig. 43b), and parallels the curvature of the scoop-shaped depression on the opposing 

face (Fig. 43a) indicating deposition of sediment was focused into the hollow from the 
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northwest. The bedding gradually becomes horizontal as the hollow was filled (Fig. 43a). 

The type of fill sequence noted in the HO element is consistent with the description 

provided by Miall (1996). Inclined facies Sp bedding truncated by the HO element 

indicates a northeast paleocurrent direction which supports the possibility that 

cch_rch_cf001 and cch_rch_cf003 are connected. 

 

A secondary exposure of intermittent channel-fill (Fig. A38) located ca. 300 m to the 

northeast of the main outcrop was logged by Hamblin (2007). A section of sandstone at 

the southeast extent of this northeast exposure transitions vertically from thick facies St 

scale bedding near the bottom to facies Sr bedding at the top of the exposure, indicating a 

transition to deposition near a channel-fill top (cch_rch_cf007). Intermittent exposure of 

sandstone bodies over a greater vertical extent indicates this is not the uppermost 

sandstone body (Fig. A38). Vegetated overburden makes it difficult to determine if the 

upper exposures are part of a continuous sandstone body forming a stacked character or 

individual sandstone bodies separated from the main sandstone body by mudstone. 

 

There is only one channel-fill exposure at the Big Hill outcrop which is also partially 

obscured by overburden and vegetation (Fig. A39). A sandstone/mudstone contact was 

observed in parts of the exposure to the northeast and is used to project where the base of 

the channel-fill occurs. The interpolation indicates that a small part of the channel-fill 

base goes below ground surface at the point of maximum sandstone thickness. 

Macroform scale beds, upwards of 1 m thick, dip toward the northeast. Bed thickness is 
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greatest in the northeast half of the exposure but thick beds also occur in the central part 

of the exposure.  

 

Beds toward the southwest are generally thin by comparison, but intermittent exposure 

complicates following any clear trends that show a transition from thin to thick bedding 

across the exposure (Fig. A39). The channel-fill pinches out at the northeast lateral 

margin and gradually fades into the hillside at the southwest extent of the exposure. 

Despite the general northeast dip of the beds, the manner in which they fade into the hill 

side suggests this exposure cuts obliquely across the channel-fill and a width 

measurement perpendicular to the paleocurrent orientation is not possible.  

 

Thick beds at the Big Hill outcrop are dominated by facies St, but facies Sh and possibly 

Sl are also a significant component. The facies Sh bedding that sharply truncates 

underlying deposits at the Big Hill outcrop (Fig. 12g) is similar in character to the upper-

regime plane bedding at Silver Springs where parting lineation helps confirm 

interpretation of these bedding structures (Fig 12e). Deep scours filled with facies Sh 

bedding and convolute lamination (Fig. 44) indicates high energy conditions deposited 

the sandstones in this channel-fill. 
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Figure 44. Scours and convolute lamination in the Cochrane Big Hill channel-fill. Deep 
scours and convolute lamination occur in the central part of the channel-fill at the 
Cochrane Big Hill outcrop. 

 

Interpretation: The asymmetric wedge-shape and inclined bedding in the lower channel-

fill at the Railroad outcrop (cch_rr_cf001) are consistent with LA point bar deposits in a 

meandering system. A wedge-shape or a transition to thin facies Sr bedding, either 

vertically or laterally, are not clearly indicated in the Railroad upper channel-fill 

(cch_rr_cf002), but the channel-fill is approximately twice as thick near its northwest 

margin than it is at its southeastern extent. This suggests the channel-fill has asymmetry 

consistent with the type of wedge-shaped deposit that can form in a meander bend. The 

thick uniform bed of this channel-fill appears to project into the outcrop face at its 

southeast extent indicating this is an oblique exposure. As such, cch_rr_cf002 is not cut 
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directly perpendicular to the paleocurrent orientation, but it is still considered to provide a 

good approximation of the apparent width for this LA point bar channel-fill.   

 

The overall shape of the largest channel-fill (cch_ws_cf003) at the Cochrane West 

outcrop (cch_ws_cf003) has distinctive LA point bar morphology. The sloping channel-

fill top (Fig. A36) near what is interpreted as the concave margin of this meander bend 

deposit is consistent with what is generally depicted as the shape of a LA point bar 

deposit cut perpendicular to the paleocurrent orientation (Fig. 7). Overburden covers the 

exposure between this and the adjacent channel-fill (cch_ws_cf002) which has similar 

characteristics. It is possible that the two channel-fills form a connected multilateral 

sandstone body or that they are part of the same multistory channel-fill. In either case 

both channel-fills have characteristics of deposits in a meandering system.  

 

Apparent connection between these two channel-fills (cch_ws_cf002 and cch_ws_cf003) 

and those in a stacked set of small scale channel-fills (cch_ws_cf001a - cch_ws_cf001c) 

suggest a similar fluvial style for deposits in the central part of this outcrop. Multilateral 

and stacked intersection of these channel-fills is consistent for what might be expected in 

a meander channel belt deposit. Interpretation of a broad trough shaped channel belt 

deposit is based on 1) the southeast dip of inclined sandstone bodies in the northwest part 

of the outcrop, 2) the manner in which these sandstones pinches out at the northwest 

extent, and 3) the trough shape formed by the sandstones in the central part of the outcrop 

(Fig. A34). If the paleocurrent orientation of the two larger channel-fills is taken into 
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consideration, the channel belt width can be approximated by the lateral extent over 

which the sandstone bodies are exposed or ca. 280 m.  

 

In the Cochrane Big Hill outcrop, facies Sh or possibly facies Sl bedding appears to be 

associated with both the scours and convolute lamination (Fig. 44). The combination of 

these bedforms and structures are interpreted to indicate deposition near the concave 

margin of a LA point bar deposit where high energy flow is expected to occur. At the Big 

Hill outcrop, isolated exposure of inclined beds and characteristics of LA point bar 

deposits suggest meander reaches did not always form channel belts in which connected 

multilateral or stacked sandstone bodies could be deposited. 

 

Characteristics of channel-fills at the Ranch outcrop are distinctly different than channel-

fill characteristics observed in other outcrops at the Cochrane site. Horizontal bedding 

and scoop-shaped bases of HO architectural elements in the Ranch outcrop are distinctly 

different than generally inclined bedding and wedge shaped channel-fills at other 

outcrops. Intermittent exposure of sandstone bodies, both vertically and laterally, leave 

the impression that multiple braided style channel-fills from a larger connected sandstone 

body in what is interpreted to be a channel-fill complex. 

 

Four intermittent exposures in the main part of the Ranch outcrop span a lateral extent of 

ca. 150 m. If these are related to the sandstone bodies exposed ca. 350 m to the northeast 

the sandstone body would be connected over a distance of ca. 500 m. The north to 

northeast dip of the facies Sp bedding observed in the main outcrop is consistent with the 
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paleocurrent measurements taken by Hamblin (2007) at the northeast exposure.  GPS and 

DEM data indicate the sandstones in the two parts of the outcrop overlap vertically. 

These two factors along with a similarity in the channel-fill characteristics suggest the 

sandstone exposures are related.  

 

Vertical intersection of cch_rch_cf001 and cch_rch_cf003 in the lower half of the main 

outcrop suggest a stacked character also exists. That is, if thin facies Sr bedding observed 

at cch_rch_cf001 is representative of the channel-fill top for cch_rch_cf003, then it is 

possible that cch_rch_cf002 is stacked on this lower level of channel-fill. Intermittent 

sandstone exposures also occur over an additional 230 m extent to the southwest and 

occur at a similar elevation as the exposure at cch_rch_cf001. Considering a paleocurrent 

direction to the northeast, this total distance over which sandstone is exposed, 730 m 

from the southwest to the northeast, does not necessarily represent the lateral width of a 

channel-fill complex that might exist at this location. 

 

It is important to recognize that HO elements in cch_rch_cf001 and cch_rch_cf002 are 

characteristic of a braided fluvial style in which multiple thalwegs are active, and 

paleocurrent directions can be quite variable in these deposits (Fig. 4b). Paleocurrent 

orientation for the larger HO element in cch_rch_cf002 is not readily apparent, but the 

smaller size and more complete three-dimensional exposure of the HO element in 

cch_rch_cf001suggest a paleocurrent direction to the southeast. This one paleocurrent 

orientation is not considered representative of the channel-fill complex but it does suggest 

that a general paleocurrent orientation may not be directly parallel to the southeast to 
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northeast oriented face of the main outcrop. The overall impression of what can be 

observed at the outcrop and on the orthophotos is that the paleocurrent orientation of the 

channel-fill complex is directed obliquely out of the outcrop face toward the northeast. 

 

2.2.10 Regional Synthesis 

Sandstone bodies in the outcrops occur across a present day DEM elevation range of 233 

m (Table 1), but given the datum-referenced elevations, outcrop exposures potentially 

span 568 m of sediment accumulation along 37 km of regional dip (Fig. 1, Fig. 2, and 

Fig. 45). Starting with the oldest sediments observed at the Fish Creek and Glenmore 

sites, the outcrops generally fall in a wide swath that parallels the regional line of dip 

(Fig. 1). This translates into sampling along a 37 km southeast-northwest transect across 

the depositional sequence.  

 

The Fish Creek and Glenmore sites have a meandering style in large to intermediate scale 

channel-fills. The fluvial style, vertical aggradation in a meander bend deposit at the Lake 

View GC outcrop, and isolated nature of the channel-fills suggest a relatively high rate of 

net vertical accumulation in this part of the depositional sequence where low net:gross 

and poorly connected sandstones can be expected. At the Glenmore site, several channel-

fills are grouped in a relatively small area where levee deposits are also noted. This 

suggests that even with high rates of net vertical accumulation, deposition of sandstones 

might be focused into channel belts where higher concentrations of sandstone can be 

found. Paleocurrent orientation of channel-fills at the Glenmore site indicates higher 

concentration of sandstone should occur along a northeast/southwest axis. Convergence 
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of the paleocurrent orientations toward the Earl Grey GC outcrop (Fig. 19) suggests a 

southerly direction, but orientation of only three channel-fills in a meandering system is 

not a reliable indicator for a regional paleocurrent direction. 

 

A braided fluvial style dominates in the depositional sequence from the Edworthy Bridge 

to the Glenbow Ranch Lower outcrop (Fig. 45). Outcrops through this part of the 

depositional sequence are better grouped by their relative stratigraphic positions. Small to 

large scale channel-fills in the depositional sequence from the Edworthy Bridge to the 

Edworthy Singer’s drive outcrops either occur as isolated channel-fills, as in the 

Edworthy outcrops and Beddington lower outcrop, or occur in outcrops that have a higher 

density of channel-fill remnants, as in the Beddington and Simons Valley outcrops. 

Meandering style channel-fills that occur in the Silver Springs outcrop have a degree of 

intersection in both a multilateral and stacked character.  

 

Transition to a braided fluvial style indicates high energy conditions, and increased 

intersection between channel-fills indicates a reduction in net vertical accumulation rates. 

High energy conditions are also indicated by coarse grained deposits in the Edworthy 

Bridge outcrop, scours and upper phase bedforms in the Silver Springs outcrop, and 

occurrence of HO elements in the Beddington outcrops. Although there is a high density 

of partial channel-fill exposures in this part of the depositional sequence, signs of a well 

connected channel-fill complex are not evident. Mixed fluvial styles and localized higher 

density of channel-fills suggest this part of the depositional sequence is a zone in 

transition, from a meandering to a braided fluvial style. General southwest/northeast 
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paleocurrent orientation was inferred at four outcrops. These only account for a third of 

the outcrops and may not represent the regional paleocurrent orientation for this part of 

the depositional sequence. 

 

Three of four channel-fill complexes identified in the study area are in the depositional 

sequence that includes the Bearspaw Sacred Cliffs to Glenbow Ranch Lower outcrops 

(Fig. 45). High density of channel-fills and two channel-fill complexes at the Bearspaw 

site are consistent with deposition during a period of orogenic uplift as described for the 

modern Brahmaputra River (Seeber and Gornitz, 1983; Garzanti et al., 2004; Das and 

Saraf, 2007; Hren et al., 2007; Srivastava et al., 2009).  

 

Under these conditions net vertical accumulation in the foreland basin may be 

significantly reduced (Catuneanu and Sweet, 1999), but exhumation in the orogenic belt 

can provide a significant supply of bed load for fluvial deposition. Depending on how 

base-level in the distal and proximal parts of the foreland basin is affected by uplift and 

subsequent loading and subsidence, a proportionately higher amount of bed load can be 

preserved in the proximal area whereas a higher proportion of the overbank fines will 

bypass the proximal area and be deposited in the distal part of the foreland basin. This 

type of depositional setting will produce higher net:gross, which may be indicated by the 

higher density of channel-fills and the multilateral and stacking character of channel-fills 

that form channel-fill complexes at the Bearspaw site. 
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Figure 45. Vertical and spatial occurrence of outcrops in the Calgary to Cochrane area. 
The outcrops are ordered according to their occurrence in the datum referenced 
depositional sequence relative to the datum set at 1100 m. The outcrops are plotted at 
their distance from where the datum at the mid-Paleocence Hiatus crops out near the 
Sacred Cliffs outcrop. This provides a relative sense of their location in the Calgary (SE) 
to Cochrane (NW) transect. Changes in the fluvial architecture indicate there are six 
zones that potentially provide for stratigraphic zonation that can assist object-based 
modeling of the sandstone bodies. 

 

The study area is in the proximal part of the foreland basin and occurrence of the mid-

Paleocene hiatus in this part of the depositional sequence is consistent with a period of 

tectonic uplift. The Bearspaw site occurs just above the mid-Paleocene hiatus, has thick 

braided style channel-fills, and is the only site where laminated sand sheet (LS) channel-

fill was noted. Convolute lamination in conjunction with the occurrence of the LS 

element (Fig. 17b) is a good indication of high energy conditions that might occur in the 

type of depositional setting just described for the Bearspaw site. The inferred 

paleocurrent orientation of this channel-fill complex and the channel-fill complex at the 

Simons Valley site are along a northwest/southeast axis (Fig. 34). Characteristics of 

channel-fills at the Simons Valley site are similar to those in channel-fills at the 

Bearspaw site. The Simons Valley outcrops are slightly higher in the depositional 

sequence but fall along strike ca. 13 km northeast of the Bearspaw site (Fig. 1). This 

suggests the depositional setting described for the Bearspaw site persisted through this 

part of the depositional sequence (Fig. 45) over a relatively large geographic area. 

 

Characteristics of the channel-fill in the Glenbow Ranch Lower outcrop are similar to 

those in channel-fills around the Bearspaw Reservoir where they are associated with a 

braided fluvial style. With the exception of the Cochrane Ranch outcrop, these braided 
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style characteristics are distinctly different from meandering style characteristics of 

channel-fills that occur in the depositional sequence from the Glenbow Ranch Middle to 

the Cochrane Big Hill outcrop. The Cochrane West outcrop marks the northwest extent of 

the transect, and the Cochrane Big Hill outcrop marks the top of the sampled depositional 

sequence (Fig. 45). 

 

Significant vertical and lateral spacing between small to intermediate scale channel-fills 

in the Glenbow Ranch Middle and Upper outcrops suggests a return to subsidence 

dominated deposition. Associated higher rates of net vertical accumulation will result in 

lower net:gross and poorly connected sandstones bodies. Stacking of meandering style 

channel-fills at the Cochrane Railroad outcrop suggests deposition in channel belts 

produced a certain degree of intersection between sandstone bodies. It is important to 

note that this intersection occurs in a stacked rather than multilateral relationship. At 

times, net vertical accumulation rates must have declined but did not reduce to a point 

where a state of equilibrium could be established to allow for a multilateral character to 

occur.  This type of multilateral character is suggested by channel-fills at the Cochrane 

Ranch outcrop. These contain high energy braided style channel-fills as indicated by 

occurrence of HO elements and thick beds dominated by facies Sh or Sl. 

 

The upper part of the datum referenced depositional sequence is relatively thick, ca. 246 

m or close to half of the depositional sequence, but has very few outcrops (Fig. 45). The 

Cochrane Ranch outcrop occurs just below the unconformity at 60 Ma in the depositional 

sequence. The braided style and multilateral character are consistent with the type of 



 152 

deposition noted at the Bearspaw site. It is possible that similar tectonic changes affected 

deposition at both sites.  

 

Occurrence of the Cochrane Ranch braided style channel-fills is somewhat constrained 

by the occurrence of meandering style deposits immediately below, in the Cochrane West 

and Railroad outcrops. Stacking in the Railroad outcrop and a multilateral character in the 

Cochrane West outcrop are consistent with declining rates of net vertical accumulation 

that might be expected prior to an uplift event which would produce the style of deposits 

observed in the Ranch outcrop. The large gap, ca. 106 m of datum referenced thickness, 

between the Ranch and Big Hill outcrops provides no indication of where a transition 

back to a meandering style might occur, but the isolated nature of the intermediate scale 

meandering style channel-fill at the Big Hill outcrop suggests lower net:gross and poorly 

connected sandstone bodies can be expected toward the upper part of the depositional 

sequence.  

 

2.2.11 Stratigraphic Zonation 

There is one complete cycle of changing depositional style between two tectonic uplift 

events that are marked by unconformities (Fig. 45). Changes in depositional style prior to 

the first, and following the second also appear to be consistent with large-scale changes 

driven by tectonic events that recur in 106-107 year cycles. In the study area, these cycles 

produced six stratigraphic zones where greater consistency is expected to occur within 

each zone than between zones (Fig. 45). The first zone, represented by the Fish Creek and 
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Glenmore outcrops, is expected to be dominated by isolated, intermediate to large scale 

point bar deposits.  

 

Arrangement and continuity of these meander bend deposits might be similar to what is 

observed in the Brazos River Lower Basin (Fig. 8d). Point bars in the Brazos system are 

offset in opposing meander bends and the channel thalweg cuts through sand deposits at 

the inflection point between meander bends (Fig. 7), creating isolated or discontinuous 

sand bodies. In some parts of the reach, the thalweg does fill with downstream deposits 

providing a degree of connection (Fig. 8d). The channel-fill at the Lakeview GC outcrop 

is an example of where this might have occurred, and this point bar deposit may have 

better along-channel connection with other point bars deposited by the same channel.  

 

The second zone is a relatively thick part of the depositional sequence dominated by a 

mixed fluvial style of intermediate scale channel-fills (Fig. 45). These will have 

longitudinal continuity due to the braided style downstream accretion which occurs in 

most of these channel-fills. It is possible that braided-within-meandering channel-fills 

(Fig. 5) will have a higher degree of sinuosity than channel-fills that are influenced by 

variable discharge (Fig. 4b) such as those observe in the Beddington Upper outcrop. The 

intermediate channel-fills dominated by DA sandbar macroforms and HO elements 

appear to be at a scale comparable to the channel deposits in the Upper Brazos Basin 

(Fig. 8b). The few intermediate scale channel-fills dominated by LA point bars are 

comparable to the meander bend deposits in the Upper Brazos Basin (Fig. 8c). These 

meander reaches may only persist for discrete distances and potentially transition to DA 
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deposits in relatively straight reaches (Fig. 8c). The small scale DA channel-fills, such as 

those in the Edworthy Bridge or Beddington Lower outcrops, are considered comparable 

in scale and style to channel deposits in reaches of the Brazos Headwater Basin (Fig. 8a). 

 

The third zone is almost completely dominated by DA channel-fills that also contain HO 

elements (Fig. 45). These are considered to have characteristics with a greater similarity 

to sand deposits of the Brahmaputra (Fig. 4b), but at a significantly smaller scale. The 

generally poor exposures in this stratigraphic zone do not provide a good sense of 

channel-fill scale. The scale of macroform elements in these poorly exposed channel-fills 

is comparable to the scale of macroforms in intermediate scale channel-fills. This 

intermediate scale is reflected in the 60-100 m wide scallop shaped features in the Simons 

Valley Terraces Middle outcrop (Fig. 34). Exceptions are a large scale channel-fill at the 

mouth of the Two Owl Coulee outcrop (bp_toc_cf002) and the channel-fill near the 

mouth of the coulee at the Sacred Cliffs outcrop (bp_sc_clf_cf005a- cf005c). These have 

interpreted widths of 189 and 178 m respectively.  

 

The type of channel-fill complex observed in this third stratigraphic zone is not as large 

as the type of 60 m thick paleo-valley complex described by Gibling (2006). Partly based 

on Gibling’s (2006) descriptions, a paleo-valley complex is here defined as an 

amalgamated sandstone body composed of multiple channel-fills that coalesce in the 

drainage axis of a regional scale drainage basin which persists in one location for an 

extended period of time. This is considered distinct from a channel-belt complex which is 
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here defined as an amalgamated sandstone body that forms in an isolated channel belt 

which only persists in one location for a relatively short period of time.  

 

The channel-fill complex in the fifth stratigraphic zone, represented by the Cochrane 

Ranch outcrop, is also considered to be a channel-belt complex. The fourth and sixth 

stratigraphic zones (Fig. 45) will have characteristics similar to the first zone which is 

dominated by isolated point bar deposits. The stacking noted at the Railroad outcrop in 

the fifth zone suggests meandering rivers could potentially form a channel-belt complex 

that might be upwards of 14 m thick. There will always be local scale variation but the 

stratigraphic zonation identified here can potentially help guide object-based facies 

modelling of fluvial sandstones as discussed by Pranter et al. (2008). 

 

2.3 Sandstone Body Geometry 

Incorporating outcrop data in geological modelling can provide two-dimensional data for 

estimating the width of reservoir or aquifer units, and the width/thickness ratio (W:T) is 

commonly a key parameter (Gibling, 2006; Pranter et al., 2008; Burns et al., 2010). 

Characteristic W:T values have been associated with fluvial styles (Gibling, 2006) so that 

modelers can make use of a larger database to select suitable parameters (Burns et al., 

2010). W:T values reported by Gibling (2006) for braided (15-15000+) and meandering 

(7-940) channel-fills have a broad range of values which reflects the variability observed 

in these systems, and variability in the way fluvial deposits are defined, classified, and 

dimensioned (Gibling, 2006). This highlights the importance of incorporating local 

outcrop data to constrain parameters used for modeling. 
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A large number of channel-fills were dimensioned but very few provided both width and 

thickness measurements that are considered reliable enough for further analysis. 

Dimensions of six meandering style channel-fills are compared to empirically derived 

dimensions calculated from more reliable thickness measurements. Exposures of braided 

style channel-fills were generally poor, and both width and thickness could only be 

interpreted for two of these channel-fills. Meaningful empirical relationships have yet to 

be developed for braided style deposits (Bridge and Lunt, 2006), but comparison of 

channel-fills partly based on similarities in the scale of macroforms is possible. This was 

discussed in previous sections and will be extended to all channel-fills in the context of 

drainage basin hierarchy in Chapter 3.  

 

Four splay deposits are included in a W:T plot that shows how the meandering, braided 

and splay sandstone bodies are differentiated by this parameter (Fig. 46). The separation 

of splays from channel-fills will be discussed in Chapter 3 where the thickness data of all 

sandstone bodies are compared to maximum sandstone thickness recorded in the GIC 

drilling logs. Geometric relationships that allow for estimating the reservoir size of 

meandering channel-fills will be discussed with respect to hydrogeologic aspects of 

aquifer type and size in Chapter 4. 
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Figure 46. Plot of channel-fill width vs. thickness. A limited number of channel-fills that 
have relatively good width and thickness measurements are plotted to indicate where a 
separation in the W:T of meandering and braided channel-fills might be expected. The 
Edworthy Quarry channel-fill has a braided-within-meandering character with a W:T of 
13 and plots closer to meandering channel-fills which have an average W:T of 9. Braided 
style channel-fills are expected to plot closer to the upper right where the Bearspaw Two 
Owl Coulee channel-fill with a W:T of 18 plots. Splays have an average W:T of 113 and 
show a wide spread of widths near the base of the plot. 

 

2.3.1 Point Bar Width and W:T  

In many outcrops the apparent thickness of channel-fill was identified by 

sandstone/mudstone contacts. Even in outcrops with relatively good exposure of the 

channel-fills, a degree of interpretation is required to define the lateral margins for a 

width measurement. This is partly due to the relative orientation of the sandstone body 

which must be cut perpendicular to the paleocurrent orientation. If the outcrop cuts 

obliquely across a channel-fill at a 60° angle the observed width will be twice the width 

of the actual sandstone body (Fig. 47). Empirical equations introduced in Section 1.7.1 
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are used to estimate the average point bar width (WLA, eq. 4) from the observed channel-

fill thickness which is considered equivalent to the vertical extent (D*, eq. 10) of point 

bar deposits at the apex of a meander bend (Fig. 7).  Oblique cuts for three angles of the 

observed width are also calculated for comparison (Table 2). 

 

actual = 42 m

60°
0° 45°

actual = 59 m
0°

30°
actual = 73 m

0°0°

90° = paleocurrent  
direction

 

Figure 47. Examples of oblique measurements relative to actual widths. A channel-fill 
must be cut perpendicular to the paleocurrent orientation of the channel that deposited 
the sandstone. Outcrops that cut obliquely across the channel fill will present an 
observed width which is greater than the actual width of the channel-fill. 

 

WLA is the expected average width of a single point bar and should roughly be equivalent 

to the width of a single story point bar channel-fill that is cut perpendicular to the 

paleocurrent orientation.  Since a multistory meander bend channel-fill is composed of 

multiple point bars that build laterally across a channel belt due to lateral migration at a 

meander bend (Fig. 4d and Fig. 7), these types of channel-fills could be much wider than 

the average width of a single point bar. If the estimated actual widths calculated for the 
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oblique angles (Fig. 47) are less than or roughly equivalent to WLA, then the channel-fill 

is roughly cut perpendicular to the paleocurrent direction and the observed width is a 

good approximation of a single story point bar deposit or an underestimate for the width 

of a multistory channel-fill. If the estimated actual widths calculated for the oblique 

angles are significantly greater than WLA, then the observed width is either a significant 

overestimate due to an oblique cut or an indication of significant lateral migration. 

 

The Glenmore Lake View GC channel-fill (gm_lk_vw_gc_cf001) is the only single story 

channel-fill. Good correspondence between observed width and WLA, which are both 

greater than estimated actual widths for oblique cuts, indicates this is a good exposure 

perpendicular to paleocurrent orientation (Table 2b). A corresponding W:T of 6 is 

considered a good approximation for a point bar or corresponding single story point bar 

channel-fill. The Glenmore Calgary GC (gm_clg_gc_cf001) and Silver Springs 

(slv_spr_cf001) channel-fills are both multistory point bar deposits with observed widths 

greater than WLA (Table 2b). Estimated actual widths for corresponding oblique cuts are 

not significantly greater than WLA, and the observed widths are considered a good 

approximation for these multistory channel-fills. A W:T of 8-10 is considered to provide 

a good estimate for the multistory channel-fills (Table 2b).  

 

Table 2. Empirical based estimates of point bar widths. The empirical estimates of 
widths and depths are based on the equations introduced in Section 1.7.1. The oblique 
cuts provide an actual width for a channel-fill exposed at an oblique angle. See Figure 47 
for the relationship between the actual widths relative to an observed oblique width for 
each of the three angles.  
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Two of the estimated actual widths for oblique cuts across the Glenbow Ranch channel-

fill (gbr_mdl_cf001) are significantly greater than WLA (Table 2b), indicating this may 

indeed be an oblique exposure, or the channel that deposited these point bars underwent a 

greater degree of lateral migration. Overbank fines preserved as mudstones in the entire 

depositional sequence appear to have formed relatively stable banks that would limit 

lateral migration, and the W:T of 13 for the Glenbow Ranch channel-fill (Table 2b) is 

considered to be on the high end of W:T values for meandering style channel-fills. 

Relatively close correspondence between the actual widths of 30° oblique cuts and WLA 

for the Cochrane Railroad channel-fills (cch_rr_cf001 and cch_rr_cf002) indicate the 
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observed widths for these two multistory channel-fills are underestimates, as are the 

corresponding W:T values (Table 2b).  

 

Empirical equations used for the estimates are based on meandering channels that have a 

sinuosity (P, eq. 8) of 1.7 or higher. A rough estimate of the sinuosity can be calculated 

from the bankfull width (WB, eq. 2) and depth (DB, eq. 1) (Table 2a). Both the Silver 

Springs and Glenmore Lake View GC channel-fills have P ≥ 1.7. The other channel-fills 

also have P values close to 1.7, indicating use of the empirical equations is not 

unreasonable. Sinuosity is a parameter related to geometric relationships often required 

for object-based modeling (Burns et al., 2010) and the values in Table 2a may provide 

good starting estimates for parts of the depositional sequence dominated by a meandering 

fluvial style. 

 

Empirical equations derived from relatively small sample sets must be used with care, but 

they have been used to estimate parameters needed for object-based modeling (Lorenz et 

al. 1985, Pranter et al. 2007) and it is worth investigating how estimates from these 

equations compare to measurements obtained from the outcrops. The need for caution is 

well warranted based on Leeder (1973) who established the standard deviation of the 

relationship for eq. (2) at 0.35 log units and the standard deviation for eq. (8) at 0.06 log 

units. Since eq. (2) is also needed for eq. (3), eq. (4), and eq. (9), the error range for the 

95% confidence limits, or two standard deviations is discussed. The error is calculated 

using: 
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        (11a) 

 

for the lower limit, and 

 

              (11b) 

 

for the upper limit.  

 

The error will vary depending on the value of DB, with the error range increasing as DB 

increases. The maximum error range is associated with the Cochrane Railroad (cf001) 

empirical point bar width (61 m) in Table 2, which potentially has an error of plus 465 m 

to minus 45 m. The lowest error range is for the Silver Springs empirical point bar width 

(plus 285 m to minus 28 m). The estimates from these equations provide a relative 

comparison for the wide range of possible values. Although the estimates were discussed 

in terms of how they provide a comparative check on measurements made at outcrops, a 

comparison to observed widths perhaps provides a better indication of how appropriate 

the use of these equations might be for modeling in certain areas. 

 

2.3.2 Geometry of Braided Channel-fills 

A W:T of 18 for the Bearspaw Two Owl Coulee (bp_toc_cf002) channel-fill, included in 

Figure 46, is in the range for braided style channel-fill (Gibling, 2006), but the width had 
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to be interpreted from partial exposures. The same applies to the Edworthy Quarry 

(edw_qry_cf001) channel-fill. It has a W:T of 13 which is on the high end of what is 

expected for meandering style channel-fills in the study area, but this is below or on the 

low end of what might be expected for braided style channel-fill. Relative scale of 

channel-fills based on macroform elements and a suitable modern analogue can however 

provide some insight for conceptualizing the geometry of braided style channel fills 

observed in the study area. The concept of relative scale was discussed in Section 2.2 

where a thickness range for small, intermediate, and large scale channel-fills was 

introduced. In several places the channel-fills were equated to parts of the Brazos River 

which has a mixed fluvial style, with meandering and braided style reaches occurring in 

different parts of the drainage basin.  

 

Braided style deposits in the study area are encased in the same type of mudstones that 

create stable banks for the meandering style channel-fills. Most braided style channel-fills 

appear to be somewhat isolated and are interpreted to have a small to intermediate scale 

with a relatively constrained lateral extent which is consistent with the Brazos braided 

reaches. This is noted at the Bearspaw Reservoir shoreline exposure of the Two Owl 

Coulee outcrop (Fig A24) and the Gravel Pit outcrop (Fig A22), both of which provide a 

glimpse of these channel-fills in the surrounding mudstones. With the exception of the 

Bearspaw Sacred Cliffs channel-fills, this limited scale is also interpreted for the braided 

style channel-fills that coalesce to form channel-fill complexes.   
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If the majority of braided style channel-fills in the study were deposited in systems 

similar to the Brazos and they are at a similar scale, then the widths of the Brazos 

channels can provide a means for gauging the width of the braided channel-fills. The 

small scale channel-fill at the Edworthy Bridge outcrop is a good example. It is 

interpreted to be at a scale similar to a reach in the upper Brazos which has a width of ca. 

50 m (Fig. 8a). If the exposed thickness of 3.6 m is representative of the Edworthy Bridge 

channel-fill, then its W:T can be estimated to be 14. This is close to the estimated W:T of 

the Edworthy Quarry channel-fill which is interpreted to be at a scale comparable to that 

of a slightly wider reach in the Brazos basin (Fig. 8b). A W:T ratio in the range of 13 to 

18 may apply to isolated channel-fills at the Beddington Lower outcrop, similar in scale 

to the Edworthy Bridge channel-fill, and the Stony Trail Springs channel-fill, similar in 

scale to the Edworthy Quarry channel-fill. Parameter values based on these qualitative 

comparisons should be used with caution, but they provide a starting point for initial 

modeling and perhaps the conceptual underpinnings for further hypothesis testing.  

 

2.4 Fluvial Architecture Summary 

Description and interpretation of architectural elements observed in the study area 

sandstone bodies identifies meandering and braided style processes as the main modes of 

channel-fill deposition in the Scollard-Paskapoo depositional sequence.  Channel-fills 

with a significant component of the sandy bedform (SB) element may be an indication of 

low energy flow conditions associated with anastomosing fluvial style reaches. In most 

cases these SB channel-fills occurred alongside channel-fills dominated by DA 

macroforms and in several cases also contained DA macroforms and HO elements 
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associated with a braided fluvial style. Evidence of high energy conditions indicated by 

the presence of upper-regime bedforms, convolute lamination, and scours in channel-fills 

at many of the outcrops also favour the interpretation of either meandering or braided 

style deposition. 

 

Placing the outcrops into the regional stratigraphic framework using datum referenced 

elevations identifies changes in fluvial style that are consistent with the type of tectonic 

activity indicated by two unconformities marked in the depositional sequence (Fig. 45). 

Braiding style deposits in channel-fill complexes occur near both of the unconformities. 

Occurrence of this fluvial style in channel-fill complexes is consistent with increased 

sediment supply produced by uplift and decreased accommodation space that allows for 

greater multilateral or stacking intersection to occur. In the lower part of the depositional 

sequence (830-1100 m, Fig. 45) the fluvial style transitions from a meandering style to a 

zone of mixed braided and meandering style channel-fills that generally appear to be 

isolated. With the exception of this transitional zone, alternating occurrence of 

meandering and braided style channel-fills allows for interpretation of six stratigraphic 

zones (Fig. 45). 

 

Exposure of relatively complete channel-fills perpendicular to paleocurrent orientation 

was only observed for six channel-fills at four sites (Table 2).  These channel-fills occur 

over a distance of 31 km along the regional line of dip and are considered representative 

of isolated intermediate scale meandering style channel-fills. Comparison of channel-fill 

widths to empirically derived estimates of average point bar widths indicate 
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measurements of these channel-fills provide a good approximation for estimating a W:T 

ratio. A W:T of 8-10 is considered representative for these channel-fills, and a W:T of 13 

estimated for a multistory channel-fill at Glenbow Ranch is considered to be near the 

upper limit (Table 2). The multistory channel-fill at the Glenbow Ranch Middle outcrop 

occurs immediately above a zone dominated by braided style deposits. It is possible that 

subsidence rates were still relatively low at this time and allowed for greater lateral 

migration to occur during deposition of this meander bend channel-fill. 

 

Width measurements were interpreted for only two intermittently exposed braided style 

channel-fills. Despite the general lack of width measurements for braided style channel-

fills, the full thickness measurements for several of these channel-fills relative to the 

corresponding thickness of the DA and HO macroforms provide a sense of scale that can 

be associated with a modern analogue. The small scale, 3-5 m thick, to intermediate 

scale, 5-7 m thick, braided channel-fills are considered comparable to 50-85 m wide 

braided style reaches in the Brazos River. A qualitative comparison such as this allows 

for a rough approximation of a W:T ratio.  

 

A modern analogue was not identified for the intermediate to large scale braided style 

channel-fills that are 7-14 m thick. The exposures indicate widths for the individual large 

scale channel-fills are likely to be on the order of 100 to several 100 metres but will be 

less than the ca. 700 m wide sand deposits that might occur in the South Saskatchewan 

River (Fig. 5). Based on the outcrop observations it is possible that this upper limit for 

braided style channel-fills in the study area likely applies to individual channel-fills 
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amalgamated in the paleo-valley complexes. Depending on the degree of multilateral or 

stacked intersection of the individual channel-fills (Fig. 39), the large amalgamated 

sandstone bodies may have significant internal heterogeneity that must be accounted for 

when constructing the physical framework of a numerical model. 
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Chapter Three: Subsurface Lithology Data 

3.1 Analysis of Subsurface Lithology Data  

The Scollard-Paskapoo fluvial architecture reflects both cyclical temporal changes 

through the depositional sequence and spatial variation. Connected, intermediate to large 

scale channel-fills occur in greater frequency at three sites whereas poorly connected 

small to intermediate scale channel-fills are spread across the study area.  This type of 

spatial variation is consistent with the hierarchical structure in a drainage basin. In this 

depositional environment, increasingly thicker sandstones should form linear patterns that 

represent channel-fill remnants of trunk channels or channel-fill complexes in paleo-

valleys or channel belts. Isolated small to intermediate scale channel-fills are deposits of 

tributary channels spread across the upland areas of a drainage basin. 

 

From a water resources management perspective, greater aquifer potential is represented 

by channel-fills that are connected in a larger paleo-valley or channel-belt complex and 

identifying where these are located is of particular interest. The GIC borehole lithology 

data provide dense spatial sampling of Alberta’s near surface geology and are used to 

identify temporal and spatial changes in the Scollard-Paskapoo depositional sequence. 

Fining- or coarsening-up trends identified by net:gross changes in the vertical component 

are used to help identify stratigraphic zones that have higher water resource potential. 

Linear patterns of maximum sandstone thickness posted on indicator maps are used for 

locating areas with a higher water resource potential. 
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3.1.1 Data Quality 

GIC location data generally have poor spatial accuracy due to the manner in which the 

locations were originally submitted to Alberta Environment. In most cases only a Section 

or Quarter Section was reported for a borehole location. If more than one borehole was 

drilled in a Quarter Section and only the Quarter Section was reported, each borehole will 

have the same set of x,y coordinates. In this example, the boreholes will be posted at the 

center of the Quarter Section (Fig. 48), and up to 50 boreholes are posted at a single x,y 

location in the study area.  

 

A Section is a surveyed parcel of land that is 1 mile by 1 mile square or approximately 

1600 x 1600 m (Fig. 48). Postings at the center of a legal subdivision, or LSD, are less 

common, and posting coordinates for actual borehole locations are rare. Attempting to 

correlate lithologies between boreholes represents a daunting and time consuming task 

that should include field verification of actual borehole locations. Nevertheless, there is a 

high density of boreholes with postings that are commonly at the centre of a Quarter 

Section providing good regional scale coverage with 800 m spacing (Fig. 1 and 48). 

There are potentially a sufficient number of boreholes in a 1.5 section area near the 

Simons Valley North outcrop to provide better than 200 m borehole spacing. This high 

density of boreholes is close to the 10 acre well spacing considered necessary for 

modeling channel-fills (Pranter et al., 2008; Pranter et al., 2009). The table accompanying 

Figure 48 indicates areas up to 3x3 km have a similar density of boreholes, but borehole 

density at the scale of the West Nose Creek watershed may not be sufficient. 
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Multiple boreholes at coincident locations are, however, problematic for a variable like 

net:gross. Net:gross determined for a model domain should be from boreholes that fully 

penetrate through a defined stratigraphic zone (Pranter et al., 2008). Boreholes posted at 

coincident locations are often drilled to different depths and each borehole samples a 

different amount of geology. In these cases, a representative statistic for a posting 

location, such as mean net:gross, will have a high degree of uncertainty.  

 

Figure 48. GIC borehole spacing. The coincident posting of multiple GIC boreholes at 
Quarter Section (ca. 800 m) spacing limits the utility of the lithologic data required for 
modeling. (Orthophoto source: Valtus Imagery Services © 2010) 
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There are 8,376 boreholes in the study area that post within the currently mapped limits 

of the Paskapoo Fm (Fig. 1), but not all of these have lithology data. In regional scale 

analysis, a large volume of data can compensate for low data quality, provided 

meaningful differences are identified using aggregated values calculated from larger 

subsets. The net:gross data is aggregated by datum referenced thickness intervals and 

classified intervals of maximum sandstone thickness, minimizing the impact of location 

and elevation discrepancies. 

 

Regional scale indicator mapping is not as severely hampered by poor location and 

elevation accuracy.  Maximum sandstone thickness above a set indicator threshold will 

plot on an indicator map regardless of its neighbor’s values, and given that boreholes are 

often posted every 800 m (Fig. 1), there is good potential for identifying linear patterns. 

A complicating factor is the regional dip which limits the extent over which linear 

patterns can be traced. Two sandstone bodies spaced 10 km apart at the same elevation 

and parallel to the line of dip are potentially separated by 100 m of sediment. A line of 

thick sandstones between the two sandstone bodies does not necessarily indicate they are 

connected. To overcome this, sampling strategies were devised to group boreholes 

according to their occurrence in the depositional sequence (Fig. 49).  

 

3.1.2 Borehole Sampling Strategy 

In an area of regional dip, the borehole data must be separated into datum referenced 

elevation intervals to compare regional patterns and changes through the depositional 

sequence (Fig. 49). The regional dip is set at 10m/km and the borehole and outcrop 
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elevations are referenced to the 62.5 Ma mid-Paleocene unconformity at 1100 m.a.s.l. 

which intersects present day topography near the Sacred Cliffs outcrop (Fig. 1, Fig. 2 and 

Fig. 49). Boreholes are assigned datum referenced elevations as described in Section 2.1.  

 

To overcome spatial ambiguity in the GIC location data and the low vertical resolution of 

DEM data, the initial sampling interval was set at just over twice the maximum DEM 

error range. These 30 m selection intervals did not capture an adequate number of 

boreholes for identifying linear patterns in the postings of thick sandstones. The selection 

sets produced sparse sampling in narrow bands of borehole postings that stretched 

parallel to strike across the study area. Paleo-valley channel-fill complexes can be on the 

order of 60 m thick (Gibling, 2006) suggesting channel-fills can be connected across 60 

m or more. Maximum sandstone thickness in the borehole data is also greater than 60 m. 

If these thicker sandstones do not fall fully within an interval, they will not be selected 

for the indicator maps.  

 

The objective of the indicator mapping is to identify spatial continuity of thick sandstones 

and the sampling should be inclusive rather than exclusive of these thick sandstones. 

However, the selection window cannot be so large that it no longer honours spatial 

changes due to the regional dip. The selection window is also used to select lithology for 

calculating aggregated net:gross and a larger selection window will tend to average these 

values, reducing the possibility of identifying changes in this variable through the 

depositional sequence. Since it is possible that sandstones can be connected over a 

thickness greater than 60 m the occurrence of a maximum sandstone thickness that 
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intersects the top or bottom of a 60 m interval was selected for the indicator mapping 

(Fig. 49). This ensures potential connectivity over a thickness greater than 60 m is 

accounted for without increasing the interval range. Keeping the interval range to a 

minimum ensured the regional dip was honored and there would be better resolution for 

selecting the lithology that is logged within an interval and used for calculating 

aggregated net:gross.  

 

 

Figure 49. Borehole selection criteria. Two intersection criteria are used to select 
borehole data for 1) maximum sandstone thickness, and 2) net:gross. The mean datum-
referenced elevation for a maximum sandstone thickness is set at the midpoint of the 
sandstone. The midpoint of a 60 m interval is used as the representative datum 
referenced elevation for aggregated net:gross values. 



 174 

 

Using a 60 m thick moving window that samples the depositional sequence every 30 m 

(Fig. 49) resulted in larger sample sets adequate for indicator mapping and estimating 

aggregated net:gross. Only the part of a lithology log that has the upper- and lowermost 

picks completely within an interval are selected to estimate the aggregated net:gross (Fig. 

49). Overlap created by moving the 60 m window 30 m ensures all boreholes will be 

included and produces relatively continuous sampling that identifies more subtle changes 

through the depositional sequence. Boreholes with a maximum sandstone thickness that 

intersect a 60 m interval are selected for the indicator mapping (Fig. 49).  This includes 

boreholes with a sandstone that partially overlaps the top or the bottom of an interval and 

ensures all thick sandstones that can potentially intersect sandstones within the 60 m 

interval are selected (Fig. 49).  

 

3.1.3 Maximum Sandstone Thickness 

In Section 2.3 it was argued that thickness measurements can be used to gauge the scale 

of channel-fills. Although thickness measurements are more reliable than widths, most of 

the vertical outcrop measurements only record an exposed dimension which represents 

the partial thickness of a splay deposit, channel-fill, or channel-fill complex. As 

previously defined, drilling log maximum sandstone thickness is the single occurrence of 

a continuous sandstone interval that has greater thickness than all other sandstone 

intervals logged during the drilling of a borehole. Other sandstone intervals are assumed 

to intersect minor channel-fills, margins of channel-fills, or splays. It is understood that 

the maximum sandstone thickness may also just record thin margins of channel-fills or 



175 

 

splays. In this respect measurement of partial exposures at outcrops is similar to partial 

sampling of maximum sandstone recorded in drilling logs. The outcrop data has an 

advantage in that full exposure of channel-fills and splays provide a means for 

characterizing low quality thickness data.  

 

Outcrop data can be used to characterize subsurface data if the data from the outcrops and 

drilling logs are representative of each other. Histograms of thickness data from the two 

sources indicate a degree of similarity in sampling distributions, suggesting the data 

represent a similar type of sampling from the same population of sandstone bodies (Fig. 

50). The maximum value recorded for drilling log maximum sandstone thickness (set at 

71 m) is much greater than maximum thickness of channel-fill observed in the outcrops 

(13.8 m). Drilling log maximum sandstone thickness is limited to values less than or 

equal to the maximum thickness of a channel-fill measured at outcrop to allow for direct 

comparison of the sampling distributions using a quantile-quantile or qq-plot (Fig. 50a).  

 

The close to x = y correspondence in the qq-plot indicates distributions of the data from 

both sources are similar for 50% of the data (Fig. 50a). Divergence from x = y is only 1.2 

m at the third quartile, indicating reasonably close correspondence for at least 75% of the 

data. The continued divergence beyond this point could be due to the lack of outcrop 

measurements in the 9-12 m range. The return to better x = y correspondence in the 12-14 

m range may indicate a data gap may influence divergence from the x = y relationship. 
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Figure 50. Histograms and qq-plot of borehole and outcrop thickness data. The qq-plot 
(a) indicates the maximum sandstone thickness data from the borehole logs has a 
sampling distribution similar to the low and high range of outcrop sandstone thickness 
measurements. The modal peaks in the histograms (b and c) are consistent with the x = y 
correspondence in the low range of thicknesses data in the qq-plot. 

 

A two-sample Kolmogorov-Smirnov test provides a measure of statistical significance for 

comparing continuous distributions. Results of the test led to rejection of the hypothesis 

that data from the two sources come from the same sampling distribution.  However, 

similarity between modal peaks in histograms of the data distributions are consistent with 

the qq-plot near x = y fit in the low range of the data (Fig. 50) and provide a conceptual 

basis for characterizing how borehole thickness might relate to the thickness of splays 

and channel-fills observed at the outcrops. Modal peaks in histograms are the most 

frequently occurring values in a range of values around these peaks. The indicator 

thresholds are set at values that have the lowest frequency of occurrence between the 
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modal peaks (Fig. 50c). Since borehole data will be used for indicator mapping, modal 

peaks in the sampling distribution for these data are used to set indicator thresholds. 

 

The first indicator threshold is set at 3 m which separates splays from channel-fills. This 

is based on outcrop observations which indicate sandstone bodies less than 3 m thick 

rarely have bedding or macroform structures associated with channel-fills. The next 

thresholds are set at 5 and 7 m for modal peaks close to 4 and 6 m respectively. The 3-5 

m range represents small scale channel-fills observed in the study area. A natural break 

for the peak near 8 m is not evident, but, based on 2 m increments for the previous modal 

peaks a threshold is set at 9 m. The range from 5-9 m represents intermediate scale 

channel-fills in the study area. Due to a skewed distribution, the decrease in available 

data beyond 9 m limits the ability to set additional thresholds and the range from 9-14 m 

is considered to represent large scale channel-fills in the study area. 

 

The 6 and 8 m modal peaks in the borehole histogram are close to the estimated thickness 

of channel-fills (D*) at two key points in the Brazos drainage network (Fig. 9). It is 

important to recognize that these thickness estimates are only valid for point bar deposits, 

but recognizing the changes in a modern analogue provides some guidance for 

interpreting the significance of the associated thresholds in the context of a drainage 

basin depositional environment. The style of channel-fills, scale of empirically estimated 

channel widths (WB, Table 2a), and observed channel-fill thickness (D* Table 2a) in the 

study area have relatively good correspondence with the fluvial styles, observed channel 

widths, and estimated D* values of reaches in the Brazos River (Fig. 9b). This indicates 
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the Brazos drainage basin is a relatively good analogue for parts of the Scollard-Paskapoo 

depositional sequence.  

 

The 2 m increase in estimated D*, from ca. 6 to 8 m in the Brazos drainage basin (Fig. 

9c), corresponds to a doubling of the drainage area (ca. 38,000 to 78,000 km2) that 

contributes discharge to the trunk channel over a down valley distance greater than 300 

km. Although there are multiple variables to consider for a direct comparison between 

drainage basins, it appears that for the Brazos at least, a 2 m change in thickness places 

the two channel-fills in distinctly different parts of the drainage basin (Fig. 9a).  

 

Based on the law of drainage basin area, greater cumulative discharge is expected in the 

lower reach of the trunk channel valley (i.e. the main axis of the drainage basin) where 

thicker sand deposits are expected. Increased cumulative discharge can deliver a higher 

concentration of bed load sediment which potentially results in higher net:gross where 

thicker sand deposits occur. This suggests a relationship exists between maximum 

sandstone thickness and net:gross. Conceptually, the increase in downstream channel 

scale is a continuum with an upper limit that is dependent on the scale of drainage basin. 

In ancient deposits the upper limit of channel-fill thickness will be increased by the 

formation of a paleo-valley complex in which channel-fills can build a much thicker 

sandstone body, provided the main axis of the drainage basin persists in one location over 

an extended period of time. 
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Table 3. Net:gross aggregated by maximum sandstone thickness. The boreholes are 
grouped for each range of maximum sandstone thickness. The aggregated net:gross is 
calculated from the total sandstone and bedrock in the borehole drilling logs for each 
thickness range. The corresponding maximum sandstone thicknesses average is the 
representative value for each thickness range. 

 

 

 

3.1.4 Net:Gross 

A relationship between maximum sandstone thickness and net:gross is evaluated by 

aggregating net:gross data using 2 m intervals of maximum sandstone thickness as the 

grouping criteria. The 2 m intervals are considered representative of a significant 

downstream location in a drainage basin (Fig. 9) which should be accompanied by an 

increase in net:gross. The aggregated values of net:gross are calculated using the total 
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sandstone and total lithology recorded for boreholes grouped by each 2 m interval 

starting at 3 m and going up to a maximum sandstone thickness of 33 m (Table 3). The 

net:gross is included for maximum sandstone thickness less than 3 m and is considered 

representative of net:gross in overbank dominated parts of a depositional environment 

where the sandstone bodies intersected by boreholes are channel-fill margins and splays.  

 

 

 

Figure 51. Plot of aggregated net:gross vs. representative maximum sandstone thickness. 
The aggregated values of net:gross have a strong semi-log relationship with the 
corresponding representative maximum sandstone thickness values reported in Table 3. 
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Thickness of sandstone bodies observed in the study area suggests the range of maximum 

sandstone thickness from 3-15 m is representative of individual channel-fills. Based on 

Gibling (2006) a thickness of 33 m is close to the average for the upper limit of a 

meandering channel-belt complex. The number of boreholes available for calculating an 

aggregated net:gross value dropped significantly for maximum sandstone thickness 

greater than 33 m. Breaks for the last five classes are based on quantiles for the range 

from 33-71 m (Table 3). This range of maximum sandstone thickness is considered to 

represent a paleo-valley complex. Aggregated net:gross is calculated for boreholes 

grouped by the 21 maximum sandstone thickness classes and cross plotted against the 

average maximum sandstone thickness for each class (Fig. 51). 

 

The maximum sandstone thickness in a lithology log is potentially only one of many 

sandstone intervals logged during the drilling of a borehole. It is possible for a borehole 

with many thin sandstone intervals to have the same net:gross ratio as a borehole that 

samples an equal amount of lithology but only encounters one thick sandstone. The 

strong semi-log relationship between the maximum sandstone thickness and net:gross 

indicates this is not the case. The relationship suggests that boreholes with a thin 

maximum sandstone thickness interval occur where very little total sandstone can be 

expected, and boreholes with a thick maximum sandstone interval occur in areas where a 

high amount of total sandstone can be expected.  

 

The steady decrease in the number of boreholes as maximum sandstone thickness 

increases is consistent with the law of stream numbers (Table 3). The increase in 
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maximum sandstone thickness accompanied by an increase in net:gross is consistent with 

the law of drainage basin area and the concept of downstream increase in channel scale 

(Fig. 51). The conceptual structure of a drainage network can be demonstrated by the 

cumulative distribution curves that plot the average maximum sandstone thickness for 

each class against the cumulative proportion of boreholes and the cumulative proportions 

of bedrock and sandstone for each of the 21 thickness classes in Table 3 (Fig. 52). 

 

The cumulative distribution of boreholes (Fig. 52a) indicates less than one quarter of the 

boreholes encounter thick sandstones. This is consistent with a drainage basin network 

model where thick channel-fills or channel-fill complexes occupy the main axis of a 

paleo-valley to form extensive linear features. Such features will likely be encountered 

less frequently by the distributed boreholes in the study area. The tributary channel-fills 

are expected to occur in greater numbers in the uplands that occupy the largest portion of 

a drainage basin area and are likely to be encountered more frequently.  

 

If the depth sampling represented by the borehole lithology logs, or total proportion of 

bedrock (Fig. 52b), is equated to the area of a drainage basin, the relatively small amount 

of total bedrock sampled by boreholes with thick sandstones is consistent with the 

assumption that the main axes of the paleo-valleys account for a small portion of the 

drainage basin area. The high proportion of total sandstone in the boreholes with thick 

sandstones (Fig. 52c) suggests that a significant amount of the sandstone in the area will 

therefore be concentrated in linear features represented by the main axes of paleo-valleys 

or, at a smaller scale, in channel-belt complexes.  
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Results of the analysis suggest maximum sandstone thickness in a borehole is an 

indicator of the spatial distribution of sandstone in the physical framework of a drainage 

basin network. It must be recognized that the data in each borehole only record how the 

sandstone is proportioned at any one point and the aggregated data for multiple boreholes 

do not have a true spatial context. In this respect analysis of the data in Table 3 only 

provides an abstract connection for placing the borehole data into the conceptual 

framework of a drainage basin network.  

 

The consistency of what the data portray relative to the theoretical understanding of the 

physical framework, however, improves confidence in selecting and making use of 

indicator variables such as maximum sandstone thickness or net:gross. The conceptual 

geologic framework also provides the basis for interpreting what the data reveal when 

analyzed in the context of spatial or temporal variation in the depositional sequence. 

Indicator mapping is used to place the maximum sandstone thickness at borehole postings 

into the spatial context. Temporal changes in net:gross indicate fining or coarsening 

trends. These trends reflect changes in net vertical accumulation rates which can affect 

changes in fluvial styles through the depositional sequence. 

 

3.1.5 Fining and Coarsening Trends 

Net:gross is aggregated for boreholes selected in each 60 m datum-referenced interval 

and plotted against the elevation at the midpoint of each interval to create a net:gross log 

in which fining- or coarsening-up can be interpreted (Fig. 53). 
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The 33 outcrops, their fluvial styles, and the stratigraphic divisions are included for 

comparison to changes in net:gross. Formation designations consistent with the 

placement of the mid-Paleocene hiatus in the stratigraphic framework (Fig. 2) are 

included for reference only. Lithostratigraphic boundaries consistent with a well defined 

unconformity or direct changes that would indicate differentiation between formations 

were not observed at the outcrops. The divisions that mark the stratigraphic zones based 

on changes in the fluvial styles, however, are considered consistent with differences in 

the type of depositional environments described for the three formations (Jerzykiewicz, 

1997; Lerbekmo and Sweet, 2000) and are used as markers for the formation divisions. 

 

Generally lower net:gross in the Scollard part of the depositional sequence is consistent 

with isolated channel-fills observed at the Fish Creek and Glenmore sites. The first 

coarsening-up trend occurs between 920-980 m which is consistent with braided style 

channel-fills observed at the Edworthy and Beddington sites. These channel-fills mark a 

change in fluvial style for a part of the depositional sequence referred to as the Upper 

Scollard. This transitional zone has a fining-up trend indicated by a decrease in net:gross 

and generally isolated braided and meandering style channel-fills. A significant 

coarsening-up trend occurs after braiding style channel-fills start to dominate in the 

depositional sequence.  
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Figure 53. Net:gross trends relative to occurrence of unconformities and fluvial styles. 
The net:gross values are based on the total sandstone and bedrock sampled by the 
boreholes in 60 m intervals of the depositional sequence and are plotted against the 
respective datum-referenced elevation set at the midpoint of the corresponding interval. 
The fining- and coarsening-up trends in the net:gross are consistent with what is 
expected for the fluvial styles and support stratigraphic division of the depositional 
sequence. 
 

The increase in net:gross from 0.302, near the 62.5 Ma mid-Paleocene hiatus, to 0.377 ca. 

90 m above is consistent with the tectonic changes that might introduce a higher 

proportion of bed load sediments into the proximal part of the foreland basin and cause a 

braided style to dominate. The occurrence of laminated sand sheet deposits (LS) has been 

associated with greater variability in discharge that can occur during periods of dryer 

climate (Miall, 1996). The occurrence of LS elements in the Bearspaw Sacred Cliffs and 

Two Owl Coulee outcrops just above the mid-Paleocene are consistent with the dryer 

climate proposed for the Porcupine Hills Fm (Jerzykiewicz, 1997; Lerbekmo and Sweet, 

2000). 

 

The subsequent net:gross decrease in the 1190-1250 m interval, where meandering style 

channel-fills are observed at the Glenbow Ranch and Cochrane sites, is a more significant 

fining-up trend and indicates there was an increase in net vertical accumulation rates that 

would preserve a higher proportion of overbank fines. The increase in proportion of 

overbank fines during a period of subsidence may also have been affected by a return to 

the type of wetter climate conditions proposed for northern parts of the Paskapoo Fm 

(Jerzykiewicz, 1997; Lerbekmo and Sweet, 2000). The change to braided style channel-

fills at the Cochrane Ranch outcrop is consistent with higher net:gross and the type of 
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tectonic activity related to the occurrence of an unconformity at 60 Ma. The high 

net:gross of 0.353 at 1310 m suggests Zone 5 could be extended down to this datum 

referenced elevation. The subsequent decrease in net:gross between 1370 and 1460 m is 

consistent with the isolated character of the LA channel-fill at the Cochrane Big Hill 

outcrop. 

 

The absolute difference between net:gross values that range from 0.282 to 0.377 is 

relatively small, but changes that are greater than the standard deviation in the data 

(0.026) may be significant. Other factors to consider for interpreting the net:gross data 

include the variable sampling in the individual boreholes and the scale of investigation. In 

this case the scale of investigation is defined by 60 m of lithology or potentially 600,000 

yr. of deposition over the 50 x 60 km study area. This size of area and thickness of 

interval seem appropriate for studying changes that are considered to occur over periods 

of time in the order of 106-107 yr. and should affect large areas of a foreland basin. 

Higher net:gross associated with braided style sandstone deposits that have longitudinal 

downstream continuity is a good indication that channel-fills in these parts of the 

depositional sequence will be better connected and will have greater aquifer potential. 

 

Under ideal circumstances the boreholes should log the same thickness of lithology to 

ensure the net:gross in each borehole contributes equally to the aggregated estimate. To 

an extent, the high number of boreholes selected for each 60 m interval (Fig. 53) 

compensates by providing large sample sets that should provide a better estimate of the 

net:gross than would a small sample set. Variable sampling of lithology in the boreholes 



189 

 

limits the use of the net:gross data. This is why net:gross will not be directly used for 

indicator mapping or modeling. The net:gross will, however, be included indirectly by 

posting only those boreholes that have a complete lithology log that spans a 60 m 

interval. Since there are very few boreholes that meet this criteria, the net:gross values are 

also posted on the regional scale maps (Appendix B).  

 

3.2 Indicator Mapping  

The previous analysis identifies maximum sandstone thickness as a good indicator 

variable for locating areas where thick sandstone bodies and higher net:gross might be of 

interest for water resource management purposes. Indicator mapping uses threshold 

values of an indicator variable as cutoff points to plot null and indicator posting for the 

variable of interest. Null postings that have indicator values less than a given threshold 

are included in the maps to constrain interpretation of indicator postings that have values 

greater than the same threshold. A cluster of indicator postings surrounded by null 

postings potentially identifies an area of interest. If patterns that are consistent with the 

shape of the features represented by the indicator variable emerge, the areas of clustering 

have greater significance. 

 

Preliminary indicator mapping used the thresholds identified in the borehole sample 

distribution (Fig. 50c) as a starting point. Indications of clustering emerged at a threshold 

of 7 m but the postings were widely distributed over the 50 x 60 km area and meaningful 

patterns could not be identified. Clustering was more apparent when a threshold of 14 

was used but linear patterns were not well defined. Identification of meaningful indicator 
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patterns are a function of the scale at which the mapping is done and the density of 

postings. Considering the high density of boreholes in some local areas (Fig. 48) and the 

possibility of clustering at the 7 m threshold, local scale areas with a 5 km radius around 

the outcrops were investigated.  

 

3.2.1 Local Scale Indicator Map (Bearspaw Site) 

Boreholes and outcrops in a 5 km radius around the Sacred Cliffs outcrop at the 

Bearspaw site provide a good example of how maximum sandstone thickness relates to 

both outcrop channel-fills and the concept of a drainage basin depositional environment. 

No correction was made for regional dip in this local scale area where boreholes are in 

close proximity to outcrops and the main 8.7 km linear pattern of maximum sandstone 

thickness is oriented along strike (Fig. 54). DEM elevations rather than datum-referenced 

elevations are reported for this example. The same intersection criteria (Fig. 49) used for 

the regional scale indicator maps were applied to select boreholes with a maximum 

sandstone thickness that intersected a 35 m DEM elevation interval (1095-1130 m.a.s.l.) 

which encompasses the Sacred Cliffs outcrop exposures. 

 

A total of 432 boreholes are posted in the 5 km radius but only 57 of these had a 

maximum sandstone thickness that intersected the 35 m elevation interval. At a local 

scale of study set by the 5 km radius, postings of the maximum sandstone thickness 

indicator thresholds set at 3 and 5 m did not produce any linear patterns. Figure 54 is an 

indicator map of the 21 boreholes with a maximum sandstone thickness above the 

threshold set at 7 m. 
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Figure 54. Local scale indicator map of the Bearspaw site. Posting the DEM elevation 
range for the maximum sandstone thicknesses in a borehole helps identify a line of thick 
sandstones that are interpreted as the amalgamated remnants of channel-fills in the 
lower zone of a paleo-valley fill near the mid-Paleocene unconformity. The paleocurrent 
arrows with solid lines are associated with the outcrops and the paleocurrent arrows 
with dashed lines are inferred directions for the borehole data. 

 

Due to the low number of available boreholes that meet the intersection criteria at this 

local scale, postings of the null values with a maximum sandstone thicknesses <=7 m do 
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not necessarily help constrain interpretation of the linear patterns for this threshold value. 

If the threshold indicator were set at 14 m however, the main linear pattern that passes 

through the Sacred Cliffs outcrop would remain. The additional postings of the null 

values below this threshold would then provide a better constraint for identification of a 

linear pattern and improve confidence in the interpretation. 

 

A linear pattern along bearing of regional strike is interpreted from nine boreholes. A 

maximum sandstone thicknesses range from 14.3 to 53.3 m (Fig. 54) indicates a paleo-

valley complex might be located in this area. The inferred paleocurrent directions for the 

channel-fills at the Sacred Cliffs and Two Owl Coulee outcrops to the west are directed 

just south of east toward the interpreted line of thick sandstones (Fig. 54). These channel-

fills to the west are considered to be large channel belt tributaries entering the paleo-

valley (Fig. 54). The inferred paleocurrent direction of the Dam outcrop, situated at a 

lower elevation on the east side of the linear trend of thick sandstones, is directed to the 

northeast and provides the basis for inferring a northeast paleocurrent direction for the 

interpreted paleo-valley axis. 

 

Paleocurrent measurements taken at the Sacred Cliff outcrop by Hamblin (2007) are 

directed to the northeast but also include measurements to the east, southeast, south, 

southwest, west, and northwest. Although a northeast direction was used for this 

discussion, a southwest direction should also be considered for future work at this site. A 

southwest direction is also consistent with the majority of paleocurrent orientations 
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inferred for the outcrop tributary channel-fills or channel-belt complexes that are 

considered to be directed into the main paleo-valley axis. 

 

The best example of a direct relationship between outcrop and borehole data occurs near 

the Two Owl Coulee outcrop. Stacked channel-fills in the outcrop have a 1095-1115 

m.a.s.l. DEM range and a 1094-1120 m.a.s.l. GPS elevation range which were used to 

estimate an average thickness of 23 m for the sandstone complex. Two boreholes, both 

less than 1.2 km from the outcrop, have maximum sandstone thickness intervals that span 

a 1094-1123 m.a.s.l. DEM range. The borehole immediately to the west has a 10.7 m 

maximum sandstone thickness interval with a DEM range of 1094-1105 m.a.s.l. (Fig. 54). 

The other borehole is to the northwest and has a 12.8 m maximum sandstone thickness 

interval with a DEM range of 1110-1123 m.a.s.l. (Fig. 54). In this case the sandstones 

logged in the boreholes are interpreted to be part of the stacked channel-fills exposed in 

the sandstone complex at the outcrop and can be directly correlated over the short 

distances. 

 

The vertical range of intersecting sandstones in the line of boreholes along the mid-

Paleocene unconformity line of strike is 87 m. If a net sediment accumulation rate of 100 

m/m.y. is assumed, this lower paleo-valley fill spans 870,000 yr. of sedimentation or 1.4 

m.y. given a rate of 63 m/m.y., indicating deposition in the main axis of a paleo-valley 

can persist in one location for a significant period of time. Description of the drainage 

network structure, in which paleocurrent orientation of channel-fills or channel-belt 

complexes are directed toward a paleo-valley complex, is possible because the values for 
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maximum sandstone thickness are posted to aid the interpretation. This level of detail is 

not possible for the scale of indicator map that will be used to identify linear patterns of 

channel-belt or paleo-valley complexes over the 50 x 60 km study area.  

 

3.2.2 Regional Scale Indicator Maps (Calgary-Cochrane Area) 

Threshold values for the maximum sandstone thickness indicator maps are adjusted 

accordingly for the regional scale of study. Although clustering is apparent for a 14 m 

threshold, the linear orientation of the clusters is not always clear due to the sometimes 

limited southeast to northwest extent of borehole postings selected by the 60 m moving 

interval. A 30 m threshold that potentially differentiates a channel-belt complex from a 

paleo-valley complex did not include a sufficient number of postings that could form 

linear patterns. A 21 m threshold provided a compromise that improved interpretation of 

linear patterns. Since this threshold is not associated with a conceptually defined division 

between different scales of sandstone body, associating these linear patterns with either a 

paleo-valley or channel-belt complex is not possible. 

 

Rather than create two separate sets of indicator maps, the 21 m threshold is included as a 

separate class in the 14 m threshold indicator maps. Borehole postings for each of the 60 

m intervals of the depositional sequence (Fig. 49) produced 21 indicator maps in which 

strips of postings oriented along strike progress through the depositional sequence from 

southeast to northwest (Appendix B). Separating the indicator maps according to the 

occurrence of boreholes in distinct parts of the depositional sequence allows the linear 
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patterns to be associated with a corresponding fluvial style in each of the stratigraphic 

zones (Fig. 45) and a corresponding net:gross value (Fig. 53).  

 

The aggregated net:gross for all boreholes and boreholes with 60 m of lithology logged in 

an interval are reported on each map for reference. The geographic centre of the interval 

boreholes is plotted to indicate where the locus of the spatially distributed boreholes 

occurs. The centers plot in close proximity to the outcrop locations for most intervals, 

indicating the borehole data are evenly distributed around the outcrops and should 

provide a good representation of the subsurface data that are related to the outcrops in the 

area. The outcrops that fall in an interval are also listed and their locations are highlighted 

on each map (Appendix B). 

 

Recognizing lateral extents of thick channel-fills is important for interpreting linear 

patterns in indicator maps. For example, an empirical width of close to 1.4 km was 

estimated for a channel belt associated with the Fish Creek Raven Rock channel-fill 

(Chapter 4, Table 4). If two or three boreholes with a maximum sandstone thickness 

above the 14 m threshold plot in a linear pattern over this distance, the boreholes may 

represent the lateral width of a channel belt rather than a longitudinal orientation. The 

more extensive linear patterns that start to emerge in the 14 m indictor maps are 

highlighted with an ellipse, and in a few cases, where the boreholes are more widely 

spaced, the trends are indicated with a line. The 21 maps in Appendix B are ordered by 

their datum-referenced elevation and will be referred to accordingly with larger scale 

figures of specific maps included here for the following discussion (Fig. 55a to 55g).  
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Figure 55. Regional scale indicator maps. A selected set of larger scale indicator maps 
are provided for the discussion in this section, see Appendix B for the full set. 
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3.2.3 Linear Patterns of Thick Sandstones 

Clustering of thick sandstones is noted south of the Fish Creek site in the first two maps 

that cover the 830-920 m range of datum-referenced elevations (Fig. 55a). The first linear 

pattern that is more clearly defined has a northwest-southeast orientation and occurs in 

the 890-950 m map (Fig. 55b). If the channel-fills at the Glenmore and Fish Creek sites 

are connected to these thick sandstones, it is possible that the regional paleo drainage 

basin discharge was directed toward the south or southeast during the time channel-fills 

were being deposited in this part of the depositional sequence. The southeast trend that 

persists through to the 980-1040 m map supports interpretation of this trend as the main 

axis of drainage out of a regional scale basin (Fig. 55c). 

 

Clustering with signs of linear patterns start to emerge toward the central part of the study 

area in the 1010-1070 m map. Two reasonably well defined linear patterns appear in 

three maps that cover the 1070-1190 m range of deposits. These deposits are generally 

characterized by braided style channel-fills above the mid-Paleocene hiatus. The 1070-

1130 m map roughly corresponds to that part of the depositional sequence represented by 

the boreholes used in the local scale indicator map at the Bearspaw site (Fig. 54). The line 

of thick sandstones that passes through the Sacred Cliffs outcrop has a southwest-

northeast orientation (Fig. 55d).  A second linear pattern in this map is aligned with the 

Edworthy outcrops, just north of the Elbow River, and has a west-east orientation. The 

occurrence of two strong linear patterns in the same part of the depositional sequence 

suggests there may have been two main axes of paleo drainage during that period of time 

(Fig. 55e).  
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The linear trend of thick sandstones transition relatively quickly to a northwest-southeast 

orientation in the two maps for the 1190-1280 m range of datum-referenced elevations. 

This indicates that a main axis of drainage for this part of the depositional sequence also 

occurs in the study area (Fig. 55f). Linear patterns are less evident in the clusters of thick 

sandstones that occur in each of the last six maps that cover the 1250-1490 m range of 

deposits in which the 60 Ma unconformity is expected to occur (Fig. 45). The clusters of 

thick sandstones in each 60 m interval follow a trend that is in close proximity and 

roughly parallel to the line of regional dip marked on the maps (Fig. 55g). It is possible 

that this trend defines the main axis of drainage for this part of the depositional sequence. 

As discussed earlier however, interpreting linear patterns of regional scale drainage in the 

ancient fluvial systems along the line of dip may only be possible over distances of 5-10 

km. If they are connected, the axis of paleo drainage persisted in this location for an 

extended period of time, regardless of any changes in fluvial style over this period time. 

 

In some cases linear trends in the indicator maps appear to be consistent with what we 

currently know about the geologic setting and the type of depositional environment that 

deposited the Scollard-Paskapoo formations in the study area. In this respect the indicator 

maps provide a first approximation for locating the main axes or paleo-valleys of the 

drainage basins that deposited the fluvial depositional sequence in the study area. The 

clustering of thick sandstones that form linear patterns in parts of the depositional 

sequence dominated by meandering style deposits suggests that meander channel belts 

may also form better connected sandstone bodies. In maps where clustering or linear 
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patterns are not well defined, postings of thick sandstones can still be used to identify 

areas of interest for more detailed work.  

 

The postings of net:gross in some of the maps support the premise that greater 

groundwater resource potential might be expected near linear patterns of thick 

sandstones. Indicator mapping at the Bearspaw site also demonstrates that modeling may 

benefit from using maximum sandstone thickness as an indicator to identify continuity of 

sandstone bodies at the local scale. This kind of work can help identify data requirements 

for modeling, contribute to planning for additional data collection, and support decisions 

regarding selection of modeling methods. 

 

3.3 Subsurface Lithology Summary 

Analysis of the subsurface lithology data reveals a relationship between drilling log 

maximum sandstone thickness and net:gross (Fig. 51) for borehole data aggregated in 21 

maximum sandstone thickness classes (Table 3). Local scale comparison of drilling log 

maximum sandstone thickness with channel-fills at the Bearspaw site indicate data from 

boreholes and outcrops can potentially be correlated over short distances. These 

relationships in the data can be interpreted in the context of a drainage basin depositional 

environment and the hierarchical structure of a drainage network. The increase in 

net:gross that corresponds to an increase in maximum sandstone thickness (Fig. 51) is 

consistent with the law of drainage area which relates an increase in channel scale to an 

increase in the drainage area that contributes increasingly greater cumulative discharge to 

a trunk channel in the main axis of a drainage basin (Fig. 9). The increased cumulative 
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discharge has increased sediment carrying capacity and deposits of larger channels in the 

drainage network will account for a larger fraction of the bed load sediment deposited in 

a drainage basin.  

 

Indicator maps for drilling log maximum sandstone thickness greater than 14 m identify 

linear patterns of thick sandstones that are interpreted as remnants of deposits in the main 

axes of paleo drainage basins. Linear patterns of thick sandstone bodies that occur in 

stratigraphic zones where higher net:gross and a braided fluvial style dominates (Fig. 53) 

may indicate the occurrence of a paleo-valley complex. A channel-belt complex is more 

likely to occur in a stratigraphic zone dominated by meandering style deposits. The 

generally lower net:gross in these zones indicates a lower sand fraction is available for 

forming larger sandstone complexes. Regardless of the dominant fluvial style in a 

stratigraphic zone, linear patterns of thick sandstones occur in at least one localized area 

for most of the 21 indicator maps (Appendix B). These linear patterns persist through 

some parts of the depositional sequence but then change location and orientation, 

indicating the main drainage axes of the drainage basins shifted as the foreland basin 

filled with sediment. 

 

The relationship between net:gross and maximum sandstone thickness (Fig. 51) suggests 

these linear patterns of thick sandstone also represent localized areas of higher net:gross 

that may be accompanied by increased channel-fill connectedness and consequently 

greater aquifer potential. The fining- and coarsening-up trends in net:gross through the 

depositional sequence provide additional confidence in the stratigraphic zonation that is 
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primarily based on placement of the unconformities and changes in fluvial styles (Fig. 

53). The higher net:gross near the unconformities is consistent with a braided fluvial style 

and reduced accommodation space that will preserve a higher fraction of sandstone 

deposits. Correspondence between the fluvial styles, the unconformities, and the 

net:gross data suggests data from each of these sources contributes to a better 

understanding of the fluvial architecture in the Scollard-Paskapoo depositional sequence.  
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Chapter Four: Groundwater Modeling 

4.1 Conceptual Hydrogeologic Models  

The regional scale study conducted in the Calgary-Cochrane area is an essential precursor 

for modeling of heterogeneous fluvial deposits that are an important source of 

groundwater in the area. This type of study provides insight for developing suitable 

geologic and hydrogeologic conceptual models and identifies local areas where detailed 

modeling might be conducted. Conceptual models guide 1) selection of modeling 

methods that can assist development of a water resources management plan, 2) 

construction of the physical framework for a numerical model, 3) estimation of hydraulic 

parameters, and 4) distribution of aquifer parameters in a model domain.  

 

Conceptual models also play a role in determining how pumping test data must be 

analyzed. This includes selection of appropriate analytical solutions or, if new data are to 

be collected, placement of pumping and observation wells to ensure proper site 

characterization and reliable estimation of the aquifer parameters required for modelling, 

storativity (S) and hydraulic conductivity (K) (Barker and Herbert, 1982; Butler Jr. 1990; 

Butler Jr. and Liu, 1991; Chapius, 1994; Jiao and Zheng, 1997). Determining effective 

parameters that allow a single representative value to be set for K in a block of 

heterogeneous geology, as proposed by Burns et al. (2010), is also dependent on first 

identifying an appropriate conceptual model. 

 

The work of Meier et al. (1998) has shown that effective parameters can be determined 

using pumping test data and traditional Cooper-Jacob analytical solutions if there is a 
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high degree of connectedness in a heterogeneous system. Although some of this work has 

been done with field data (Schad and Teutsch, 1994), much of it has come from 

numerical modelling using theoretically derived model domains (Meier et al., 1998; Wu 

et al. 2005). To construct a numerical model for water resource management, however, 

aquifer parameters must reflect field conditions. The geometry and boundaries of aquifer 

units are important for both recognizing appropriate assumptions, and identifying 

additional parameters required for some analytical solutions. Variable geometry and 

frequency of sandstone bodies in the study area can be associated with two aquifer types 

that have different characteristics with different requirements for analyzing pumping test 

data and modelling the physical framework. 

 

4.1.1 Patchy Aquifer System 

The first aquifer type has been referred to as a patchy-aquifer (Barker and Herbert, 1982; 

Butler Jr. 1990) in which isolated aquifer units are embedded in a background matrix that 

has a strong contrast in hydraulic properties. This type of aquifer-aquitard system is 

representative of isolated or poorly connected point bar deposits that, according to the 

outcrop work, occur in stratigraphic zones where isolated meandering style channel-fills 

dominate (Fig. 53). Recognizing the size and shape of sandstone bodies with respect to 

thickness can assist interpretation of pumping test data. An increase in the slope of a 

Cooper-Jacob semi-log curve (Kruseman and de Ridder, 1990) indicates the presence of 

boundaries that interfere with radial flow to a well. Derivative analysis (Parks and 

Bentley, 1996) and sensitivity coefficients (Leven and Dietrich, 2006) have both been 

used to improve interpretation of changes in slope with regard to scale and influence of 
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heterogeneity. Recognizing changes in slope relative to expected dimensions of an 

isolated point bar deposit can potentially help 1) identify where in the sandstone body the 

pumping well is located relative to the boundaries encountered, 2) refine estimation of the 

sandstone body size, and 3) improve estimation of sustainable production from a given 

size of sandstone body.  

 

Modelling the heterogeneity of a patchy-aquifer must honour the sometimes sharp 

contrast in hydraulic properties between aquifer and aquitard components (Fogg et al. 

1998). If the scale of a point bar is large enough and it is relatively isolated, modelling 

the point bar as a single object (Pranter et al., 2007) in a numerical model may be useful 

for investigating different pumping test configurations. Pumping and observation wells in 

the model can be placed at different locations in and around the point bar deposit to study 

the effects on drawdown curves and the hydraulic relationship between the aquifer and 

surrounding aquitard. This type of modelling often falls into the realm of research, but it 

is important from a water resources management perspective even if withdrawal rates are 

low as in the case of domestic or traditional agricultural use of groundwater.  

 

4.1.2 Linear-strip Aquifers 

The second aquifer type in the area is a linear-strip aquifer (Vandenberg, 1977; Butler Jr. 

and Liu, 1991) which has been found to have hydraulic properties that are not easily 

modeled for water resources management purposes (van der Kamp and Maathius, 2002; 

Maathius and van der Kamp 2003). This aquifer type is represented by braided fluvial 

style paleo-valley complexes, and individual braided or braided-within-meandering 
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channel-fills that form continuous ribbons of sandstone which have lower sinuosity and 

higher W:T. Indicator mapping, however, shows that longitudinal strip aquifers may 

occur in all stratigraphic zones where sandstone bodies with a thickness greater than 14 m 

are located. These could include channel-belt complexes in stratigraphic zones that have 

low net:gross and meandering style deposits.  

 

Data in Table 4a provide an estimate of channel belt width (WCB) for meandering style 

deposits. Estimated WCB for the large scale Fish Creek channel-fill is ca 1.4 km. Given a 

thickness of 12.8 m a W:T of 109 can be estimated for this scale of channel-belt complex. 

If the meandering style channel-fills were deposited during periods when net vertical 

accumulation rates declined, as implied by multilateral intersection at the Silver Springs 

outcrop (Fig. 14), channel-belt complexes with an average width of 602 m would have a 

W:T of  80 (Table 4a). Longitudinal connectivity is possible in this type of sandstone 

body if there is multilateral intersection between the point bar deposits. Evidence of these 

deposits, with widths of 602 m, was not observed in the outcrops, but the outcrops may 

only represent the isolated upland tributary deposits. The linear patterns of thick 

sandstones in stratigraphic zones dominated by meandering fluvial deposits may be high 

order tributary reaches or trunk channel deposits with longitudinal connectivity formed 

by multilateral intersection of point bar deposits. 

 

Table 4. Point bar aquifer size and production estimates. Geometric data derived from 
empirical equations can be used to estimate aquifer size (a, b) and is compared to 
production potential reported as volume of water per unit drawdown in head (b). The 
available drawdown (Δh) required for daily production (ca. 3.4 m3) and for two months 
of production (ca. 208 m3) at this daily rate are also included. 
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Estimating aquifer parameters for the linear-strip aquifers using pumping test drawdown 

requires additional parameters for bounded aquifer analytical solutions (Vandenberg, 

1977; Kruseman and de Ridder, 1990; van der Kamp and Maathius, 2002). The width of 

the aquifer top is one key parameter and the outcrop data provide a sense of scale for the 

channel-fills to which the W:T ratio can be applied for estimating the lateral extents from 

maximum sandstone thickness data recorded in a borehole. The W:T for individual 

braided style channel-fills or 14-23 m thick channel-fill complexes observed at outcrops 

do not apply to the paleo-valley complexes. These amalgamated sandstone bodies can 

potentially form aquifers units, which in parts of a valley fill (Fig. 3), can have a 

thickness on the order of 53 m as was recorded in a borehole at the Bearspaw site. It is 
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important to recognize that a paleo-valley complex sandstone body is formed by 

constituent channel-fills and may have internal heterogeneity. 

 

Depending on the modelling approach taken, these internal heterogeneities can be a 

complicating factor. Outcrop exposures of paleo-valley complexes, at the scale implied 

by the subsurface data at the Bearspaw site, do not occur in the study area, and 

identifying the geometric properties of these potentially important aquifer units will 

require the collection of additional data. If the new data reveal a high degree of internal 

heterogeneity, the type of methods for determining effective parameters discussed by 

Burns et al. (2010) may provide a good starting point for modelling the hydrodynamics of 

a paleo-valley complex. 

 

4.2 Hydrostratigraphy 

In the context of regional scale hydrostratigraphy, the estimated 568 m of sedimentation 

in the study area is a relatively continuous fluvial depositional sequence. The outcrop 

work confirms the earlier conclusion of Hamblin (2007) who notes that, from a 

lithostratigraphic standpoint, the unconformities cannot be distinguished in the outcrops. 

In this regard the two aquifer types reside in a regional scale aquifer-aquitard system 

generally dominated by alluvial overbank deposits. It is important to recognize that 

drainage basins in this setting were not bounded by bedrock but by alluvial sediments that 

have a similar character to deposits that subsequently filled the drainage basins (Fig. 3). 

As such, the unconformities discussed earlier will not necessarily form distinct hydraulic 
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boundaries, however, identifying the confines of a paleo-valley complex may be possible 

and can be of benefit to water resources management planning.  

 

In the lower basin of the Brazos River (Fig. 9), 20 m of alluvial paleo-valley fill, which 

accumulated during the Holocene under varying conditions of aggradation and incision, 

was delineated within the surrounding alluvial plain deposits (Sylvia and Galloway, 

2006). The type of detailed geophysical, borehole geophysical, and chronologic data 

available for the Brazos study are unfortunately not currently available for the geology in 

the Calgary-Cochrane area. Only the changing character in fluvial style combined with 

changes in net:gross from borehole drilling logs was available to identify changes in the 

depositional sequence. Changes in the fluvial depositional sequence identified by these 

data sources, however, provide a first approximation for defining the stratigraphic zones 

in which a patchy aquifer type can be associated with point bar deposits or linear-strip 

aquifers can be associated with a braided fluvial style.  

 

Outcrop and borehole data in the Calgary to Cochrane area indicate the fluvial 

depositional sequence has six stratigraphic zones that relate to the Scollard-Paskapoo 

stratigraphic framework proposed by Lerbekmo and Sweet (2000).  The lower two zones 

relate to the Scollard Fm and are defined by meandering style deposits in a depositional 

sequence that generally has low net:gross. The transitional zone, referred to as the Upper 

Scollard, has a mix of fluvial styles, and due to the variability, presents a greater 

challenge for object-based facies modelling that must account for more than one aquifer 

type. Channel-fills in Zone 3 immediately above the mid-Paleocene unconformity 
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proposed by Lerbekmo and Sweet (2000) are braided style deposits that relate to the 

Porcupine Hills Fm where large amalgamated sandstone bodies at the scale of a paleo-

valley complex are more likely to be preserved.  

 

Deposits in the upper three zones relate to the Paskapoo Fm and appear to be dominated 

by meandering style channel-fills that, in outcrop, are isolated or poorly connected. The 

channel-fills at the Cochrane Ranch outcrop, close to the 60 Ma unconformity proposed 

by (Jerzykiewicz, 1997), are the exception for the Paskapoo Fm part of the depositional 

sequence and the upper and lower limits of this stratigraphic zone (Zone 5) are not that 

well defined by the available data (Fig. 53). Although the stratigraphic zonation does not 

equate directly to a hydrostratigraphic framework that can be used for groundwater 

modeling, the stratigraphic zones provide guidance for selecting geometric parameters 

and modelling methods that are best suited for different fluvial styles or aquifer types 

associated with each of the zones. The geometric properties of meandering style deposits 

can also be used to estimate a first approximation of the groundwater capacity for 

different scales of point bar channel-fills in a patchy aquifer system. 

 

4.3 Groundwater Capacity 

The data in Table 4 demonstrate how scale of channel-fill in a patchy aquifer system 

relates to groundwater capacity and sustainable production. Parameters required for 

defining channel-fill geometry and geometric relations can be derived using D* estimated 

from thickness of channel-fills measured at outcrops (Table 4). Data for Fish Creek are 

included even though a width measurement was not possible. The point bar radius (rm) is 
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potentially the maximum width and the diameter is the point bar length. Downstream 

spacing is the distance between point bars at the inflection point between meander bends 

(Fig. 7). Channel belt width has been used to estimate reservoir width (Lorenz et al., 

1985) but this is only valid if there is a high degree of connectedness between point bars 

in a channel-belt complex. 

 

The data in Table 4 demonstrate how scale of channel-fill in a patchy aquifer system 

relates to groundwater capacity and sustainable production. The mean radius of the six 

channel-fills listed is 209 m. Based on a crescent planform shape (Fig. 7), a three-

dimensional LA point bar channel-fill can be modeled as half a cylinder with the inner 

part of the cylinder removed. The observed widths of point bars (Table 2), relative to the 

meander bend radius, indicate the point bar channel-fills form the outer third of the 

cylinder and removing the inner two-thirds will approximate a crescent shaped body. The 

area of this geometry is calculated for each of the channel-fills and volume is estimated 

using observed channel-fill thickness (Table 4a). The characteristic wedge shape of point 

bars has been accounted for in the volume, which is reduced by a factor of 0.5. 

 

The groundwater capacity in a volume of aquifer is based on the matrix porosity, but the 

amount of groundwater available for production in a confined aquifer is based on specific 

storage and can be expressed as: 

 

Vw /Δh = Ss Va   (12) 
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where Vw is the volume of water available per unit drawdown in head Δh, Ss is specific 

storage, and Va is the volume of the aquifer (Table 4b). A value must be estimated for Ss 

which is defined as: 

 

Ss = ρwg(α + ηβ)   (13) 

 

where ρw is the density of water (1000 kg/m3), g is acceleration of gravity (9.8 m/s2), α is 

compressibility of the aquifer matrix, η is porosity of the aquifer, and β is compressibility 

of water. Freeze and Cherry (1979) provide a range of 1 x 10-9 to 1 x 10-10 m2/N for α, 

compressibility of ‘sound rock’, and a value of 4.4 x 10-10 m2/N for β. Based on 

observations from outcrops and core, sandstones in the area are often poorly consolidated 

and a value of 1 x 10-9 m2/N is used for α. A value of 0.19 for η has been estimated for 

sandstones in the study area (Grasby et al., 2008). Using these values in eq. (13) provides 

an approximate value of 1 x 10-5 m-1 for Ss. Given this value, the volume of water per unit 

drawdown is calculated (eq. 12) and shows six of the channel-fills will provide 1 m3 of 

water or less per metre drop in head (Table 4b). Even a thick channel-fill at Fish Creek 

can only provide 7 m3 of water per metre drop in head. 

 

In the province of Alberta, the volume of groundwater allotted for domestic use is 1,250 

m3/yr. (Maathius and van der Kamp, 2006), and pumping production should not 

drawdown the available head below the top of the aquifer. If the aquifer unit is assumed 

to be fully confined with no leakage from its surroundings and there is no recharge, the 

available head required for extracting a domestic use rate of ca. 3.4 m3/day requires ca. 3 
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to 10 m of head for the six intermediate scale channel-fills and 0.5 m for the large scale 

channel-fill at Fish Creek (Table 4b). The 5 m requirement is within the feasible range of 

available head for wells that are on average 55 m deep and have an average depth to 

static water level of 23 m. It can be demonstrated that the daily production rate is only 

sustainable if the aquifer unit is replenished at a steady rate. If there is no recharge into 

the aquifer units, the 28 m of head required for ca. 208 m3 of water, extracted for 

domestic use from the Fish Creek channel-fill over two months (Table 4b), is close to the 

limit of head that might be available in most wells. The head required for two months of 

production from the other six channel-fills is not likely available.  

 

This example clearly illustrates that these point bar deposits cannot be productive without 

connection to other sandstones, leakage from the surrounding aquitards, or sufficient 

recharge. If recharge is assumed to only enter these aquifer units from the overlying 

surface area, the annual recharge rate required to replenish the volume allotted for annual 

domestic use can be estimated. Only the channel-fill at Fish Creek has sufficient surface 

area for accommodating a somewhat realistic recharge rate of 11 mm/yr., and the six 

intermediate scale channel-fills must either be connected to other sandstones or receive 

leakage from their surroundings to provide sufficient water supply for domestic use. 

Considering these estimates, the 12.8 m thick channel-fill at Fish Creek has the best 

potential for meeting domestic use requirements in a patchy aquifer. 

 

If production history indicates a 6-8 m thick sandstone in a patchy aquifer provides 

sufficient yield for domestic use, the sandstone body intersected by the well is: 1) part of 
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a much larger point bar channel-fill 2) not isolated but connected to other sandstone 

bodies, 3) receiving sufficient recharge to replenish supply, 4) receiving storage from the 

surrounding aquitards or near bank deposits such as levees and splays, or 5) affected by 

all of these factors. It is likely that point bars are not isolated. It is possible that coarse 

grained overbank deposits such as splays can improve connectivity between channel-fill 

sandstone bodies. The point bars can also be connected via downstream deposits between 

meander bends as noted in Figure 8d or by bed load deposits that gradually filled 

thalwegs in meander bends as noted for the Glenmore Lakeview channel-fill (Fig. 23).  

 

The type of variability noted in the Brazos, where meandering and downstream reaches 

alternate (Fig. 8c), represents a conceptual fluvial style that may apply to parts of the 

depositional sequence in the study area. The classic point bar model was presented as a 

snap shot in time (Fig. 7), but deposition in an aggrading system may affect how this type 

of channel fill is preserved in the geologic record. It is also possible that anastomosing 

reaches deposited sandstones in parts of the depositional sequence that were classified as 

meander dominated zones. Although the outcrop channel-fills in parts of the depositional 

sequence have characteristics of point bar deposits, their subsurface arrangement cannot 

be determined from observations made at two-dimensional outcrops alone. Additional 

data collection will be required for modeling these and other braided style channel-fills 

observed in the study area. Identifying the fluvial style and characteristic geometry used 

for estimating production, however, provides additional insight for recognizing the 

importance of sandstone body connectivity and hydrogeologic conditions such as leakage 

and recharge in a patchy aquifer. 
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Figure 56. Inferred planform morphology of the point bar channel-fill at the Fish Creek 
Raven Rock outcrop. Housing development around the Fish Creek site provides a good 
reference for gauging the planform scale of a point bar deposit observed at the Fish 
Creek Raven Rock outcrop. The radius is estimated to be 491 m (Table 4b) and 
placement of the semicircular area is based on interpretation of the LA surfaces in the 
channel-fill. A crescent shaped mound to the northeast has a similar sized radius and 
may be a neighboring meander bend point bar remnant. A semicircle with a radius of 355 
m is placed over the mound for comparison. (Orthophoto source: Valtus Imagery 
Services © 2010) 

 

Despite the apparent isolated nature of channel-fills observed at outcrops, there is likely a 

degree of connectedness between aquifer units (Fig. 56). Since only thickness is required 

to determine reservoir characteristics of point bar deposits (Table 4a), it is possible to 

estimate the size of aquifer for an isolated large scale channel-fill like the 12.8 m thick 



221 

 

channel-fill at the Fish Creek Raven Rock outcrop. This large scale channel-fill has an 

estimated meander bend radius of 491 m which is used to plot the planform shape on an 

orthophoto of the site (Fig. 56). Housing development in surrounding communities 

provides a comparison for gauging the scale of this channel-fill (Fig. 56). A crescent 

shaped mound to the northeast of the outcrop has a similar sized radius. If this is the 

remnant of a neighboring point bar deposit, it provides a good sense of how these isolated 

sandstone bodies might be arranged in the subsurface.  

 

It has been suggested that aquifer components in an aquifer-aquitard system are conduits 

of groundwater flow, but after prolonged pumping the aquitards provide long-term 

storage required to sustain production (Freeze and Cherry, 1979). In this type of 

conceptual model the aquitard is part of the aquifer system, not just a barrier to 

groundwater flow. If this is the case, understanding the properties of the overbank fines in 

the fluvial depositional sequence is critical. In this regard, modelling the interaction 

between an isolated point bar aquifer unit and the surrounding aquitard can improve an 

understanding of the hydrodynamics in this type of patchy aquifer system. 

 

4.4 Groundwater Modeling Summary 

Two conceptual aquifer types are representative of different stratigraphic zones in a 

depositional sequence generally dominated by overbank fines. The stratigraphic zonation 

provides limited information for differentiating regional scale hydrostratigraphy but 

differences in the dominant fluvial styles and changes in net:gross must be taken into 

consideration for groundwater flow modeling. A patchy aquifer is represented by isolated 
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or poorly connected point bar channel-fills that are expected to dominate in stratigraphic 

zones with low net:gross and meandering fluvial style deposits. Estimates of available 

storage and drawdown, under fully confined conditions, suggest an isolated point bar 

must be relatively thick (12.8 m) to potentially meet domestic use requirements. Due to 

lower connectivity of sandstones expected in this setting, modeling this aquifer type will 

require a good understanding of 1) the channel-fill scale, 2) the location of boundaries 

relative to the pumping well placement, and 3) the recharge required to replenish these 

isolated aquifer units.  

 

The linear-strip aquifers will require additional geometric parameters, such as the width 

of the aquifer top, to use appropriate analytical solutions for estimating K and S from 

pumping test data. If these aquifer units with extensive longitudinal continuity occur in a 

stratigraphic zone dominated by a braided fluvial style and high net:gross, there is greater 

potential for connectedness between individual channel-fills that can be modeled using 

object-based methods. Based on the outcrop observations the degree of intersection 

between constituent channel-fills in paleo-valley or channel-belt complexes may vary, 

and care must be taken to honour the scale and arrangement of the individual channel-

fills that make up these amalgamated sandstone bodies.  

 

It is possible that these sandstone bodies have internal heterogeneity that will complicate 

modeling them as a single continuous aquifer unit. The variable drilling log maximum 

sandstone thickness in the line of boreholes at the Bearspaw site (Fig. 54) suggests there 

is potential for a lack of consistency in the overall shape of these features. This is 
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supported by the variable scale and arrangement of channel-fills observed in the two 

channel-fill complexes at the Sacred Cliffs and Two Owl Coulee outcrops. It is possible 

that variability in these larger sandstone bodies contributes to the strange behaviour 

noticed in previous modeling of linear-strip aquifers (van der Kamp and Maathius, 2002; 

Maathius and van der Kamp 2003). If the local scale heterogeneity of these features is 

recognized, estimating effective K and S parameters (Burns et al., 2010) might allow 

these amalgamated sandstone bodies to be modeled at a larger scale. 
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Chapter Five: Conclusions 

5.1 Discussion 

Outcrop and subsurface lithology data were used to characterize the fluvial architecture 

of the Scollard-Paskapoo depositional sequence in the Calgary to Cochrane area of Rocky 

View County Alberta. Accounting for regional dip to place borehole and outcrop data 

into a common stratigraphic framework improved correspondence between the data 

sources. Aggregated net:gross data estimated from borehole lithology logs indicate 

temporal changes in rates of deposition occured through the depositional sequence. 

Fining- and coarsening-up trends identified by this variable appear to be consistent with 

the stratigraphic framework and associated fluvial styles interpreted for the channel-fills 

observed at outcrops. Correspondence of the borehole and outcrop data within the 

stratigraphic framework suggests the two data sources are correlated and reflect the 

changing conditions through the depositional sequence. Results indicate that 

incorporating the stratigraphic framework can potentially improve correlation of the 

subsurface data and selection of the boreholes to which the geometric parameters for the 

different fluvial styles can be applied. 

 

In outcrop LA channel-fills associated with the meandering fluvial style appear to be 

isolated, or are poorly connected. Estimating three dimensional geometry of isolated 

sandstone bodies in these patchy aquifer-aquitard systems using empirical equations 

indicates sandstones with a thickness of ca. 7.5 m have, in the absence of a reasonable 

amount of recharge, a limited capacity for meeting domestic or traditional agricultural 

use of groundwater. Preliminary indicator mapping showed this scale of isolated 
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sandstone body is widely distributed across the study area. Large scale, 12-14 m thick, 

point bar deposits in a patchy aquifer-aquitard system have potential for meeting 

domestic use requirements, but sustainable yields may not be possible without 

connectivity to other sandstone bodies or leakage from the surrounding aquitards. 

 

Considering the wide distribution and low potential for connectedness between aquifer 

units in areas of stratigraphic zones dominated by a meandering fluvial style, the key for 

establishing a water resources management plan in these areas is estimating recharge that 

can move through the aquitards to replenish aquifer units. Modelling methods required to 

construct a physical framework for numerical modelling of recharge in these patchy 

aquifer areas may be different than those required to model linear-strip aquifers formed 

by braided style channel-fills or amalgamated channel-fills in channel-belt or paleo-

valley complexes. 

 

Braid dominated stratigraphic zones are associated with early stages of paleo-valley 

sedimentation that likely occurred during periods of tectonic uplift. These points in time 

appear to be marked by the mid-Paleocene hiatus at 62.5 Ma and the proposed 

unconformity at 60 Ma. Linear patterns of thick sandstones within the same stratigraphic 

depth interval in indicator maps are postulated to be remnants of sediment transport into 

paleo-valleys that were the main axes of paleo drainage. These thick sandstones are not 

limited to the stratigraphic zones dominated by a braided fluvial style, and occur in most 

stratigraphic zones. This is consistent with the concept of a drainage basin depositional 
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environment where discharge in a drainage network is focused into the main axis of a 

drainage basin regardless of the dominant fluvial style.  

 

Analysis of maximum sandstone thickness recorded in the GIC borehole drilling logs and 

the net:gross showed that maximum sandstone thickness is a good indicator variable for 

locating linear patterns that are expected to have higher net:gross. The channel-fills near 

these linear patterns are likely to be better connected where they converge on channel-

belt or paleo-valley complexes that represent higher aquifer potential. If a water resources 

management plan is to be developed for the Calgary to Cochrane corridor, study of thick 

sandstones interpreted as channel-belt or paleo-valley complexes is recommended. If the 

GIC boreholes had accurate location data, modeling could take advantage of the high 

density of borehole postings that have less than 200 m spacing in local areas (Fig. 48). 

Accurate location data equates to accurate elevations and would improve the ability to 

correlate continuous sandstone units. This is especially important if object-based facies 

models are used to construct the physical framework of numerical models. 

 

5.2 Recommendations and Future Work 

Additional data will have to be collected if potentially larger aquifer units formed by 

channel-fill complexes are to be modeled. The GIC borehole drilling logs provide data 

for identifying where these might occur and a good approximation of the elevation 

interval that relates to a given fluvial style. The low accuracy of borehole postings and 

the occurrence of multiple boreholes at these postings, however, limit use of this data 

source for object-based facies modelling methods that incorporate geometric properties of 
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sandstone bodies. These modelling methods are designed to honour the often sharp 

contrast in hydraulic properties between aquifer units and background aquitard materials, 

providing a more suitable physical framework for numerical modelling. The relatively 

small size of individual channel-fills in what are interpreted as upland areas of a drainage 

basin depositional model present a challenge for object-based modeling which requires a 

high well density relative to the channel-fill scale to ensure a representative sampling of 

the sandstone distribution is available for constructing a model domain.   

 

Modelling in fluvial systems similar to the Scollard-Paskapoo formations indicate that 

200 m spacing of boreholes which fully penetrate a portion of a sequence in the model 

domain can produce good results (Pranter et al., 2008). The GIC borehole data potentially 

has up to 200 m spacing in some local areas. If these boreholes had accurate GPS 

locations, modelling could make use of high precision LIDAR data to ensure sandstones 

recorded in drilling logs could be properly correlated in the geologic model. GPS 

instruments that provide accurate location and elevation data are relatively common and 

inexpensive. Mandatory submission of GPS locations for all new groundwater drilling 

activities would go a long way to improving the data available for developing a sound 

water resources management plan.  

 

GIC drilling log lithology data is useful for regional scale study, but the lithologic 

information can be improved by the use of borehole geophysical data. Digital gamma ray, 

caliper, density, photoelectric index, sonic, spontaneous potential, neutron and resistivity 

wireline logs have been used to determine borehole lithology, and to estimate porosity, 
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permeability, and water saturation (Chen et al. 2007; Hu and Dietrich, 2008). High 

resolution seismic has been used in conjunction with outcrop data to identify channel-fills 

and valley systems (Morend et al., 2002), but the scope and requirements of a study must 

warrant the additional cost of collecting, processing, and analysing these data.  

 

Future work should focus on identifying a location where high well density is 

accompanied by the interpreted occurrence of a channel-belt or paleo-valley complex. If 

this area is under development pressure and water supply issues are a factor, the need for 

a better understanding of the groundwater potential may warrant the additional collection 

of data. Hand samples for detailed sedimentology work and permeability data were 

collected for the Silver Springs outcrop. Incorporating this type of data into a numerical 

model that includes the surrounding abandoned channel, levee, and overbank mudstone 

facies can potentially improve our understanding of the hydrodynamics within and 

around a point bar deposit. 

 

Recognizing the dominant fluvial styles and determining the geometry of channel-fills as 

accomplished by this outcrop study is an essential first step for moving forward with 

future work. Identification of where in the drainage basin a model domain is located (Fig. 

3) and the fluvial style that dominates in a stratigraphic zone provides information for 

guiding additional data collection, interpretation of data, and development of conceptual 

models required for numerical groundwater modelling in the Calgary to Cochrane area of 

Rocky View County. 
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APPENDIX A: OUTCROP IMAGES 

Field photos and photomosaics of the outcrops are provided as JPEG files in folder 

Appendix_A_OutcropImages_JPEG of the accompanying dataset and allow for detailed 

viewing of the large images. The sites are ordered according to their position in the datum 

referenced depositional sequence. The JPEG files are named by figure number, site name, 

outcrop, and in some cases the sandstone body code: 

 

Fig_A22_Bearspaw_Sacred_Cliffs_cf005c.jpg 

 

In the text they are referred to as Figure A22, or Fig. A22. A listing of the figures and 

accompanying JPEG files is provided at the end of this appendix. As noted in Appendix 

C, the sandstone bodies are numbered sequentially from 1 to n for each outcrop and are 

referred to as they are named in the database SandstoneBody field, e.g. cf001, cf002… 

cf00n. These designations are labelled on the image where possible to provide a reference 

for the data in Appendix C and descriptions in the thesis text. In the thesis text, individual 

sandstone bodies are also referred to using a unique identifier in the SandstoneBody_ID 

field where the last part of the code is the sandstone body designation, see Appendix C.  

 

Dimensions marked on the photos and photomosaics included in this appendix, or any 

other images of the outcrops, are only applicable where the scale bar is marked on the 

photo. This is due to the large extents of some outcrops and the associated photomosaics 

in which scale distortions will occur away from the center of the images. Adjustments 

where made to the image scale using the photo location and look angles to account for 
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changes in horizontal perspective across the image when detailed measurements were 

taken from the photomosaics. Elevations were also used to account for look angles in the 

vertical dimension if required. An example is provided for the Silver Springs outcrop 

which is ca.120 m wide and includes adjusted 10 m scale bars for given segments of the 

outcrop (Fig. A13). The images for the other outcrops will only include a representative 

thickness dimension or the overall width of the outcrop. If both width and thickness are 

included, the dimensions are generally not proportional across the image but are provided 

for comparative reference.  

 

In some cases it was not possible to construct photomosaics that could be used for 

measuring dimensions of channel-fills and the measurements recorded in the Appendix C 

database are from the GPS and range finder, orthophotos, or the outcrop. This applies for 

parts of the Bearspaw Sacred Cliffs and Two Owl Coulee outcrops that are exposed along 

the walls of narrow v-shaped features referred to locally as coulees, and the Glenmore 

Rockyview Hospital outcrop that is along the shore of the Glenmore Reservoir and a 

suitable vantage point is not available for photographing a representative section of the 

outcrop.  

 

List of Appendix A Figures with corresponding JPEG file names 

Figure A1 Fig_A01_Fish_Creek_Raven_Rock.jpg 

Figure A2 Fig_A02_Glenmore_Calgary_GC.jpg 

Figure A3 Fig_A03_Glenmore_Earl_Grey_GC.jpg 

Figure A4 Fig_A04_Glenmore_Lake_View_GC.jpg 

Figure A5 Fig_A05_Edworthy_Bridge.jpg 
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Figure A6 Fig_A06_Edworth_Slump.jpg 

Figure A7 Fig_A07_Edworth_Quarry.jpg 

Figure A8 Fig_A08_Edworthy_Singers_Drive.jpg 

Figure A9 Fig_A09_Beddington_Lower.jpg 

Figure A10 Fig_A10_Beddington_Hidden_Creek.jpg 

Figure A11 Fig_A11_Beddington_Upper.jpg 

Figure A12 Fig_A12_Beddington_Stony_Trail_Springs.jpg 

Figure A13 Fig_A13_Silver_Springs.jpg 

Figure A14 Fig_A14_Simons_Valley_South.jpg 

Figure A15 Fig_A15_Simons_Valley_Road.jpg 

Figure A16 Fig_A16_Simons_Valley_North.jpg 

Figure A17 Fig_A17_Simons_Valley_Springs.jpg 

Figure A18 Fig_A18_Simons_Valley_Terraces_Upper.jpg 

Figure A19 Fig_A19_Simons_Valley_Terraces_Middle.jpg 

Figure A20 Fig_A20_Simons_Valley_Terraces_Lower.jpg 

Figure A21 Fig_A21_Bearspaw_Dam.jpg 

Figure A22 Fig_A22_Bearspaw_Gravel_Pit.jpg 

Figure A23 Fig_A23_Bearspaw_Sacred_Cliffs_cf005c.jpg 

Figure A24 Fig_A24_Bearspaw_Two_Owl_Coulee.jpg 

Figure A25 Fig_A25_Bearspaw_Northwest_cf003.jpg 

Figure A26 Fig_A26_Bearspaw_Northwest_cf002.jpg 

Figure A27 Fig_A27_Bearspaw_Northwest_cf001.jpg 

Figure A28 Fig_A28_Glenbow_Ranch_Lower_cf001.jpg 

Figure A29 Fig_A29_Glenbow_Ranch_Middle_cf001.jpg 

Figure A30 Fig_A30_Glenbow_Ranch_Upper.jpg 

Figure A31 Fig_A31_Glenbow_Ranch_Upper_cf006.jpg 

Figure A32 Fig_A32_Cochrane_Railroad.jpg 

Figure A33 Fig_A33_Cochrane_West_sb001-4.jpg 

Figure A34 Fig_A34_Cochrane_West_cf001-2.jpg 

Figure A35 Fig_A35_Cochrane_West_cf002.jpg 
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Figure A36 Fig_A36_Cochrane_West_cf003.jpg 

Figure A37 Fig_A37_Cochrane_Ranch_cf001-4.jpg 

Figure A38 Fig_A38_Cochrane_Ranch_cf005-7.jpg 

Figure A39 Fig_A39_Cochrane_Big_Hill.jpg 
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APPENDIX B: MAXIMUM SANDSTONE THICKNESS INDICATOR MAPS 

Indicator maps for the 60 m intervals described in Section 3.1.2 and 3.2.2 are provided in 

a PDF file: 

pwThesis_Appendix_B_IndicatorMaps.pdf 

that is included in folder Appendix_B_IndicatorMaps of the accompanying dataset and 

allows for zooming and better viewing of details in the maps. The 21 maps are ordered by 

their datum referenced elevation. 

 

Aggregated net:gross for all boreholes and boreholes with 60 m of lithology in an interval 

are reported on each map for reference. Geographic centres of the interval boreholes are 

plotted to indicate where the locus of the spatially distributed boreholes occurs. The 

centers plot in close proximity to the outcrop locations for most intervals, indicating the 

borehole data is evenly distributed around the outcrops and should provide a good 

representation of the subsurface data that is related to the outcrops in the area. Outcrops 

that occur in an interval are listed and their locations highlighted in each of these maps. 

Rather than create two separate sets of indicator maps the 21 m threshold is included as a 

separate class in the 14 m indicator maps. Linear patterns are highlighted with an ellipse. 

In a few cases where the boreholes are more widely spaced, the trends are indicated with 

a line.  
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APPENDIX C: FIELD DATA – ACCESS® DATABASE DESCRIPTION 

The Access® 2000 database (pwMScThesis_AppendicC_FieldData.mdb, in folder 

Appendix_C_FieldData of the accompanying dataset) contains three data tables:  

pwMScThesis_GPS,  

pwMScThesis_Outcrops, and  

pwMScThesis_SandstoneBodies.  

 

The Outcrop table contains location, DEM, and datum referenced elevation data for 35 

outcrops. Two outcrops not discussed in the thesis are the Bearspaw Dam Road outcrop, 

with intermittent exposure of 2-3 m thick channel-fills, and the Glenmore Dam outcrop 

that had only splay deposits. The SandstoneBodies table contains width, thickness, and 

macroform classification for 215 sandstone bodies. Data fields are left blank (null) when 

measurements were not estimated or it was not possible to interpret facies, fluvial 

architecture, or outcrop orientations. Measurements have a confidence level specified in 

the SandstoneBodyWidthType and SandstoneBodyThickType fields of the 

SandstoneBodies table. A fourth table, pwMScThesis_DimensionCode which can be 

joined to the data table, provides the measurement type descriptions. Sample queries 

provide different views of the data and demonstrate how tables can be joined. Unique 

sandstone body identifiers referenced in the thesis are in the Sandstonebody_ID field. 

 

The sandstone bodies are numbered sequentially from 1 to n for each outcrop in the 

database SandstoneBody field, e.g. cf001, cf002… cf00n. These designations are labelled 

on the outcrop image where possible to provide a reference for the associated data and 
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descriptions in the thesis text. In the text individual sandstone bodies are also referred to 

using the unique identifiers in the SandstoneBody_ID field. The code includes field site 

and outcrop abbreviations with the last part designating the sandstone body the code 

recorded in the SandstoneBody field. 

 

The GPS table contains GPS data that was collected at hand held locations or using the 

range finder in conjunction with the GPS. In some cases additional data points were 

required to mark the location of features that could be identified on orthophotos. In these 

cases GIS Orthoimage data were generated using GIS software and are included in the 

GPS table. The type of data collection method is specified in the GPS_Detail field. The 

data can be plotted in a GIS using data in the GIS_UTM_11_Easting, 

GIS_UTM_11_Northing fields. 

 

The data dictionary at the end of this appendix provides descriptions of the fields in each 

table. The same descriptions are also included in the database tables. The metadata for the 

CDED DEM data and the Access® database are included in the same folder as the 

Access® database. The FGDC metadata was created using ESRI® ArcCatalog™ and can 

be imported directly into this software if spatial data is created from the tabular data. The 

file names are: 

pwMScThesis_AppendixC_FieldData.mdb – Access® 2000 database; the data base is 

compatible with Access 2000 and later versions of Access 
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pwMScThesis_AppendixC_FieldData_metadata.txt – FDGC metadata for Access® 

database; text format (.txt) for import using ArcCatalog™; html format (.htm) for 

standard FGDC layout viewing 

CDED_082j15_fgdc_metadata.txt – FDGC metadata for CDED data in the 

pwThesis_CDED_Metadata folder; a meta data file is included for each of the 

CDED data sets that were used to compile the DEM that covers the entire study 

area and is included as the backdrop for the Indicator Maps in Appendix B; html 

format (.htm) is also provided for standard FGDC layout viewing. 

 
Data Dictionary (pwMScThesis_AppendixC_FieldData.mdb) 
 
Table: pwMScThesis_SandstoneBodies 
 

Field: Outcrop 
unique name of outcrop; single or composite key for linking tables 
 

Field: SandstoneBody 
code for sandstone body at outcrop; non-unique, must be paired with 
Outcrop to make unique identifier; composite key for linking tables 
 

Field: SandstoneBody_ID 
unique code for each sandstone body; concatenated OutcropCode and 
SandstoneBody; unique key for linking tables 
 

Field: SandstoneBodyDesc 
type of sandstone body 
 

Field: SandstoneBodyWidth 
width of sandstone body 
 

Field: SandstoneBodyWidthType 
indicates confidence in measurement; see DimensionCode table in 
database for definitions 
 

Field: SandstoneBodyThickness 
thickness of sandstone body 
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Field: SandstoneBodyThickType 
indicates confidence in measurement; see DimensionCode table in 
database for definitions 
 

Field: SandstoneMacroForm 
primary architectural element or macroform; LA, DA, LS, SB, HO 
 

Field: SecondaryMacroform 
secondary architectural element or macroform; LA, DA, LS, SB, HO 
 

Field: Facies 
facies observed; coded according to Miall's (1996) classification scheme; 
order by frequency of occurrence, highest first 
 

Field: ExposureOrientation 
orientation of exposure relative to inferred paleocurrent orientation; see 
Figure 47 for reference 
 

Field: PaleocurrentOrientation 
inferred paleocurrent orientation, direction uncertain: N,S; W,E; NW,SE; 
SW,NE 

 
Field: W_T 

sandstone bodies with reliable width and thickness measurements; Y = 
yes, or Null 

 
 
 
Table: pwMScThesis_Outcrops 
 

Field: Outcrop 
unique name of outcrop; single key for linking tables 
 

Field: OutcropCode 
code for outcrop concatenated to the sandstone body code to create a 
unique identifier 

 
Field: GIS_UTM_11_Easting 

GIS X spatial coordinate in the UTM Zone 11 projection, NAD83; see 
accompanying projection file for details 
 

Field: GIS_UTM_11_Northing 
GIS Y spatial coordinate in the UTM Zone 11 projection, NAD83; see 
accompanying projection file for details 
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Field: MinDEM_Elevation 
GIS point extracted DEM elevation from CDED data for the GIS location 
data; see accompanying CDED meta data files for details 
 

Field: MaxDEM_Elevation 
GIS point extracted DEM elevation from CDED data for the GIS location 
data; see accompanying CDED meta data files for details 
 

Field: MeanDEM_Elevation 
elevation at midpoint of outcrop calculated from MinDEM_Elevation and 
MaxDEM_Elevation 
 

Field: DatumReferencedElevation 
dip corrected elevation as described in thesis 
 

Field: DistanceToDatum 
distance of outcrop centre to mid-Paleocene unconformity marked at 1100 
m.a.s.l. 
 

Field: DirectionFromDatum 
orientation along regional line of dip; north is 0 degrees; -30 = 330 
degrees (NW); 150 degrees (SE) 
 

Field: DipDirection 
indicates if data point is on down dip or up dip side of datum 

 
 
Table: pwMScThesis_GPS 
 

Field: GPS_ID 
unique identifier for the GPS location 
 

Field: GPS_Detail 
coordinate collection method; hand held, range finder, GIS Orthoimage 
(interpretation of colour orthoimage; location from GIS point) 
 

Field: Outcrop 
unique name of outcrop; single or composite key for linking tables 
 

Field: SandstoneBody 
code for sandstone body at outcrop; non-unique, must be paired with 
Outcrop to make unique identifier; composite key for linking tables 
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Field: SandstoneBody_ID 
used in thesis to reference sandstone bodies; unique code for each 
sandstone body; catenated OutcropCode and SandstoneBody; unique key 
for linking tables 
 

Field: GPS_Easting 
field GPS X location; in UTM Zones 11 or 12; use GIS_UTM_11_Easting 
for plotting spatial data 
 

Field: GPS_Northing 
field GPS Y location; in UTM Zones 11 or 12; use 
GIS_UTM_11_Northing for plotting spatial data 
 

Field: GPS_UTM_Zone 
GPS unit UTM Zone setting at time of data collection; UTM Zone 11 or 
12 
 

Field: GIS_UTM_11_Easting 
GIS X spatial coordinate in the UTM Zone 11 projection NAD83; see 
accompanying projection file for details 
 

Field: GIS_UTM_11_Northing 
GIS Y spatial coordinate in the UTM Zone 11 projection NAD83; see 
accompanying projection file for details 
 

Field: GPS_Elevation 
copy of GPS_Height 
 

Field: DEM_Elevation 
GIS point extracted DEM elevation from CDED data for the GIS location 
data; see accompanying CDED metadata files for details 
 

Field: Max_PDOP 
Trimble GeoXH 2005 GPS Data 
 

Field: Max_HDOP 
Trimble GeoXH 2005 GPS Data 
 

Field: Corr_Type 
Trimble GeoXH 2005 GPS Data 
 

Field: Rcvr_Type 
Trimble GeoXH 2005 GPS Data 
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Field: GPS_Date 
Trimble GeoXH 2005 GPS Data 
 

Field: GPS_Time 
Trimble GeoXH 2005 GPS Data 
 

Field: Feat_Name 
Trimble GeoXH 2005 GPS Data 
 

Field: Unfilt_Pos 
Trimble GeoXH 2005 GPS Data 
 

Field: Filt_Pos 
Trimble GeoXH 2005 GPS Data 
 

Field: Data_Dictionary_Name 
Trimble GeoXH 2005 GPS Data 
 

Field: GPS_Week 
Trimble GeoXH 2005 GPS Data 
 

Field: GPS_Second 
Trimble GeoXH 2005 GPS Data 
 

Field: GPS_Height 
Trimble GeoXH 2005 GPS Data 
 

Field: Vert_Prec 
Trimble GeoXH 2005 GPS Data 
 

Field: Horz_Prec 
Trimble GeoXH 2005 GPS Data 
 

Field: Std_Dev 
Trimble GeoXH 2005 GPS Data 

 
 
Table: DimensionCode 
 

Field: DimensionTypeCode 
short name 
 

Field: DimensionTypeDesc 
description of DimensionTypeCode 
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