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Abstract 

The Lower Cretaceous Viking Formation is a siliciclastic unit that accumulated in the 

Western Interior Seaway and produces hydrocarbons in the Crossfield and surrounding 

area. The study area encompasses Townships 24–31, Ranges 28W4 to 4W5 in Alberta, 

Canada. Sedimentological and ichnological observations of 54 cored wells, coupled with 

the analysis of 1415 geophysical well logs allowed the generation of a high-resolution 

sequence stratigraphic framework. The Viking Formation is subdivided into four discrete 

depositional sequences (Sequences 1-4), but this study focuses on Sequence 3, as it 

constitutes the main cored interval in the Crossfield area. Sequence 3 includes eleven 

sedimentary facies that are grouped into three facies associations (FA1-3). Deposits of 

FA1 correspond to the transgressive system tract. The overlying highstand system tract 

encompasses FA2 and FA3. FA3 contains the reservoir sandstone interval, and 

comprises sanding-upward successions interpreted to represent deposition in a mixed-

process wave-dominated, fluvial-influenced symmetric delta.  

 

Keywords:  Sedimentology; Ichnology; Sequence stratigraphy; Symmetric delta; 

Viking Formation 
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Chapter 1. Introduction 

1.1. Introduction 

The Viking Formation (Late Albian) occurs within the Lower Cretaceous Colorado 

Group, and is widely preserved in the subsurface of Alberta and Saskatchewan in the 

Western Canada Sedimentary Basin. Lithologically, the Viking Formation consists of 

mudstone, sandy mudstone, muddy sandstone, clean sandstone, coarse-grained to 

conglomeratic sandstone, conglomerate and bentonite beds. The Viking Formation is a 

hydrocarbon producer in Crossfield and surrounding area approximately 5000 km2 with 

1.29 MMbbl of oil and 19.57 BCF of gas. 

The Viking Formation in the Crossfield area has not yet received an integrated 

sedimentological, ichnological and sequence stratigraphic study to facilitate prediction of 

the reservoir quality units along depositional strike. Facies analysis was overwhelmingly 

focused on physical sedimentology for characterizing environments (e.g., Hadley, 1992; 

see Chapter 1.2).  Stratigraphy has also been focused on allostratigraphy, following the 

model of Boreen and Walker (1991).  Unfortunately, allostratigraphic approaches assign 

discontinuities to a single origin, largely preclude complex multi-genetic surfaces.  

Regional assessments of the Viking Fm show that many of the discontinuities bounding 

systems tracts are complex and cannot be expressed by a single origin (e.g., Pattison, 

1991; Pattison and Walker, 1994; MacEachern et al., 1999; MacEachern et al., 2012; 

Schultz et al., 2019).  In contrast, sequence stratigraphic frameworks can be used to 

identify and interpret bounding discontinuities as “co-planar” or “amalgamated” surfaces, 

better expressing their complex origins. To this end, this study utilizes the “depositional 

sequence” style proposed by Hunt and Tucker (1995), which corresponds to the 

"depositional sequence" type IV of Catuneanu (2006). This study generates a sequence 

stratigraphic framework of the Viking Formation through the integration of 

sedimentological, ichnological and stratigraphic datasets in order to predict the along 

strike variations of the reservoir units within the Crossfield area.  
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1.2. Study area 

The thesis study area is located in the western part of south-central Alberta, 

Canada, extending from Townships 24–31, and Ranges 25W4 to 4W5 (Fig. 1.1). The 

polygon of the field encompasses roughly 5000 km2. The southern limit of the study area 

is located approximately 20 km north of the city of Calgary, and the northern limit lies 120 

km south of the city of Edmonton. This study concentrates on Crossfield, however, parts 

of the Harmattan East, Garrington, Lochend and Entice fields also constitute part of the 

study area (Fig.1.1). 

 

Figure 1-1 Regional map of central Alberta, Canada, showing the location of the 
major Viking fields (modified from Pattison, 1991 and MacEachern et 
al., 1999). The map to the right shows the study area, main producing 
fields, and the location of cored wells that penetrate the Viking 
Formation. 
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1.3. Research Objectives 

This project aims to provide a high-resolution sequence stratigraphic model of the 

Viking Formation in Crossfield and adjacent areas, underpinned by high-resolution facies 

analysis. The new sequence stratigraphic framework will employ the depositional 

sequence style proposed by Hunt and Tucker (1995), corresponding to "depositional 

sequence" type IV of Catuneanu (2006). To achieve this objective, this study has focused 

on facies characterization, coupled with the identification of key stratigraphic 

discontinuities through the use of facies juxtaposition, trace fossil omission suites, and 

stratal stacking patterns discerned from geophysical well log responses. Through this 

approach, four discrete depositional sequences: S1, S2, S3 and S4 could be identified.  

The Viking Formation in the Crossfield area contains reservoir units that are 

associated with stacked shallow-marine parasequences in the highstand system tract of 

Sequence 3, which record progradation of a mixed-process (wave- and river-influenced) 

deltas. Facies mapping reveals significant along-strike variations within deltaic deposits 

as a function of the relative importance of fluvial energy, fairweather waves, and storm 

wave processes on facies characteristics. Therefore, in addition to the main objective, a 

modified process classification scheme based on Ainsworth et al. (2011) is proposed, in 

order to evaluate the interplay of process acting in the depositional environment where 

fluvial and wave energy procesess are more significant and tidal process are very minor.   

1.4. Previous work  

The Viking Formation represents an important hydrocarbon-bearing interval in 

Western Canada, and has been studied extensively with respect to its paleodepositional 

conditions and allostratigraphic framework. The Viking Formation was informally named 

the “Viking sandstone” by Slipper (1918) to indicate the gas-producing sand of the Viking-

Kinsella Field, located in east-central Alberta. Stelck (1958) raised the Viking to formation 

status. 

Prior to the early 1980s, the Viking Formation was regarded as a series of linear, 

narrow sand bodies encased in marine shales. Interpretations of these elongated sand 

bodies included: deep-water turbidites (Beach 1955; Roessingh 1959), barrier island 

deposits (Shelton, 1973; Tizzard and Lerbekmo, 1975), and offshore ridges and bars 



4 

(Reinson et al., 1983; Beaumont, 1984; Slatt, 1984; Amajor, 1986, and Leckie, 1986). 

Most of these workers thought that elongated offshore bars were transported by turbidity 

or storm-generated currents, and deposited in a shelf setting tens of miles from the 

paleoshoreline (e.g., Beach, 1955; Koldijk, 1976; Beaumont, 1984). It was not until the 

mid-1980s that several erosional unconformities were recognized in the Viking Formation, 

and this resolved some of the problems created by “offshore bar” interpretations. Such 

sandbodies were subsequently interpreted as incised shoreface deposits by Downing and 

Walker (1988), Raddysh (1988), Power (1988), and Davies (1990). According to these 

workers, shorefaces were cut into older offshore and shelf mudstones during relative sea 

level fall, with sediment supplied by rivers and transported basinwards by shallow-marine 

currents. Shoreface sediments were then drowned during periods of relative sea level rise, 

which deposited marine muds over the shallow-marine sands.  

Interpretations of relative sea-level change, including shifts of the paleoshoreline 

during sea level fluctuations, were refined in the 1980s and 1990s through the recognition 

of estuarine incised valley complexes. Incised valleys were developed locally (e.g., the 

Crystal, Willesden Green, Cyn-Pem, Sundance and Edson fields), and record major base 

level falls followed by regional transgression (e.g., Reinson et al., 1988; Pattison, 1991; 

Boreen and Walker, 1991; Pemberton et al., 1992; MacEachern and Pemberton, 1994; 

Pattison and Walker, 1994, 1998). Most recent workers have interpreted the Viking 

Formation to comprise both shoreface and deltaic successions with some major channel 

systems recording distributary channels (e.g., Coates and MacEachern, 2007; Dafoe et 

al., 2010; Dafoe and Pemberton, 2012; MacEachern et al., 2012; Schultz et al., 2019).   

The Viking Formation comprises sand bodies separated by multiple stratigraphic 

discontinuities (Pattison, 1991; Boreen and Walker, 1991; Davies, 1990; Hadley, 1992; 

Posamentier and Chamberlain, 1993; MacEachern et al., 1992, 1998, 1999; Pattison and 

Walker, 1994, 1998; Walker, 1995; Schultz et al., 2019. The need to understand the 

depositional history of the Viking Formation with respect to base level fluctuations initially 

led to the establishment of an allostratigraphic framework. Boreen and Walker (1991) 

developed the first allostratigraphic model for the Viking Fm in the Willesden Green area, 

where they defined five allomembers. This stratigraphic framework is still being revised 

today (Fig. 1.2; e.g., Roca et al., 2008, and Plint et al., 2012). High-resolution stratigraphic 

analysis, however, has also focused on applying the allostratigraphic approach to a 

sequence stratigraphic framework, placing incised shorefaces and deltas, incised valleys 
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and transgressive sand sheets into their various systems tracts (e.g., Pattison, 1991; 

Leckie and Reinson, 1993; Posamentier and Chamberlain, 1993; Pattison and Walker, 

1994, 1998; MacEachern et al., 1998, 1999a, 2007, 2012; Dafoe et al., 2010; Schultz et 

al., 2019). 

 

Figure 1-2 Wheeler diagram of the Viking Formation by Roca et al. (2008). 

Although the Viking Formation has been studied extensively in the subsurface of 

Alberta, the Crossfield and surrounding area has not been evaluated sedimentologically 

or sequence stratigraphically for more than 25 years, and it has never had an ichnological 

characterization of the facies successions of its various systems tracts. Hadley (1992) 

carried out the most recent sedimentological and stratigraphic study in the area. In that 

study, the Viking Formation was interpreted as a broadly progradational succession that 

was subsequently transgressed and overlain by the unnamed shales of the Colorado 

Group, now formally recognized as the Westgate Formation (cf. Bloch et al., 1993; see 

Fig. 1.2). Hadley (1992) interpreted the progradational succession as offshore to storm-

dominated incised shoreface deposits. Coals, paleosols, shallow lacustrine and fluvial 
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deposits were also identified in areas interpreted to have been subaerially exposed. In the 

Crossfield area, the Viking Formation was subdivided into 4 allomembers, following the 

original allostratigraphic scheme of Boreen and Walker (1991). Allomember C was not 

identified in the study area because no incised valley fill deposits were identified (Hadley, 

1992; Roca et al., 2008). The base of the Viking Formation was interpreted as a correlative 

conformity in the Crossfield area, overlying either marine mudstones of the Joli Fou or, in 

the southwest part of the study area, sandstones and heterolithic intervals of the informally 

named “Basal Colorado Sandstone”. However, since the base of the “regional Viking” was 

not penetrated by any core within the Crossfield area, this interpretation was based on 

inference and well-log correlations, and remains speculative.  

The recent drilling and coring of 3 stratigraphic wells in the study area (02/10-04-

27-28W4, 11-11-26-28W4 and 02/06-11-025-28W4) has yielded cores that extend from 

the Westgate Formation through to the Mannville Group, encompassing the entire Joli 

Fou-Viking interval. Using these wells as a template, a new sequence stratigraphic model 

can be generated, facilitating an improved understanding of the depositional history of the 

Viking Formation, as well as a facies-driven approach to mapping the distribution of its 

reservoir intervals. This model enable the identification of the four depositional sequences 

(S1, S2, S3 and S4) and their four bounding sequence boundaries (SB1, SB2, SB3 and 

SB4) (Fig. 2.5). This study mainly focuses on Sequence 3, and deposits of this sequence 

are interpreted to reflect deposition in wave-dominated deltaic and strandplain shoreface 

environments that are unconformably bounded by SB3 at its base and unconformably 

overlain by SB4 at its top. The sequence stratigraphic framework definition is explained in 

grater detailed in Chapter 2.  

1.5. General Geology and Stratigraphic Overview  

The Lower Colorado Group (Late Albian) occurs throughout the subsurface of the 

Western Canadian Sedimentary Basin. The Colorado Group was deposited in marine and 

marginal marine environments in the Western Interior Seaway. The basin was a foreland 

basin, and during the Cretaceous, a period of flexural subsidence was prevalent (Stockmal 

and Beaumont, 1987; Cant and Stockmal, 1989; Plint et al., 2012). The Lower Colorado 

Group comprises the Joli Fou, Viking, and Westgate formations (Fig. 1.3). Roughly age-

equivalent strata to the Viking Fm include parts of the Paddy Formation in north-central 

Alberta, the Pelican Formation in northeastern Alberta and Saskatchewan (Stelck and 
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Leckie, 1990; Roca et al., 2008; Plint et al., 2012), and the Bow Island Formation in 

southern Alberta (Cox, 1993; Raychaudhuri and Pemberton, 1992). The Viking Formation 

overlies the Joli Fou Formation and is overlain by the Westgate Formation (e.g., Stelck 

1958; Bloch et al., 1993). 

 

Figure 1-3 Lithostratigraphic correlation chart for the Viking Formation and 
roughly time-equivalent strata (after MacEachern et al., 1998). 
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Chapter 2. Methodology and Stratigraphic Core 
Distribution 

2.1. Methodology 

The development of this project required an organized workflow for the analysis 

and integration of different kinds of subsurface data, in order to successfully achieve the 

thesis objectives (Fig 2.1). This study encompasses four (4) main stages: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 Workflow for the integretation and analysis of database collection, 
sedimentological study, sequence stratigraphic framework definition 
and depositional system analysis in order to provide a high-
resolution sequence stratigraphic model of the Viking Formation in 
the Crossfield area. 

Stage 2 
 Sedimentological Study 

Stage 1 
 Database Collection 

Previously available data (wireline logs: GR, 

SP, Resistivity, NPHI, DPHI, PEF). 

Well selection. 

Well log-core calibration. 

 Sedimentological cores descriptions. 

 Sedimentary facies definition, based on: lithology, 

physical sedimentary structures, grain size and 

ichnology. 

 Facies association definition. 

 Sedimentary environment interpretation.  

 Validation of key stratigraphic surfaces.  

 Log pattern analysis using logs (GR, SP, Resistivity, 

NPHI, DPHI). 

Definition of the main stratigraphic sections. 

 Stratigraphic datum determination. 

 Integration of core information and log signature. 

Well correlation. 

 Sedimentary stacking pattern analysis. 

 

Stage 3  
Sequence Stratigraphy Framework 

Definition 

Depositional system analysis definition. 

Generation of facies association, Isopach, porosity 

and sand percentage maps. 

Stage 4  
Depositional System Analysis 
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Stage 1: Database Collection 

In the study area, the available data encompass 1415 wells that intersect the 

Viking Formation. Of these, 54 wells contain cores (Fig. 1.1 and Table 2.1), which total 

1264 metres of interval Fig 2.13 - Fig 2.15. A total of 44 cored wells were logged in detail 

using AppleCORE (donated to SFU by M. Ranger). An additional 10 logged cores were 

made available by James MacEachern from a previous preliminary study within part of the 

study area.  These were reviewed by Nakarí Díaz during the course of this project.  

The IHS AccuMap application was used to obtain the cumulative production of 

hydrocarbons of the Viking Formation in the Crossfield area and to create an organized 

and accurate well database that included cored intervals, tops of formations, and porosity 

values. This information was then integrated with wireline logs obtained from the 

GeoScout software database. However, of the 1415 wells in the database, only 90 wells 

had available LAS data. As a result, an additional 51 wells containing core and 30 key 

wells in the study area were digitized using the NeuraLog application in order to acquire 

sufficient LAS data for the study. For those wells without available LAS files, digital raster 

logs from AccuMap were used for cross-section correlations. Available well log suites 

include gamma-ray (GR), spontaneous potential (SP), density-neutron, and resistivity 

(ILD) tracts, which were used for stratigraphic correlations.  

Finally, the available data (e.g., well headers, raster logs, logged cores and 

porosity values) were loaded into Petrel to pick tops and generate stratigraphic cross-

sections, as well as thickness, sand percent and porosity maps, in order to determine the 

spatial distributions of the depositional environments and reservoirs within the study area.  

Stage 2: Sedimentological Study 

The first step of stage 2 was to consider the sedimentological core descriptions in 

the context of core to geophysical well log calibrations. This included correcting the core 

depths with wireline log depths to confirm that the surfaces of interest encountered in the 

cores could be identified on wireline logs. For this calibration, the lithologies of the cores 

were compared with the corresponding gamma-ray profiles (Table 2.1). After that, core 

data were matched with their log signatures in order to extend correlations to non-cored 

wells. 
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Table 2-1 Cored wells logged for the Viking Formation and their core-log 
corrections. 

Well Name Date Field Core 
Depth (m) 

Described 
interval (m) 

Core-log 
correction 

(m) 
Upper Lower 

100/02-13-029-02W5/0 1978 Crossfield 
1 2171.57 2189.98 

24.51 (-)   ̴ 1 
2 2189.98 2196.08 

100/03-05-026-27W4/0 1957 Entice 1 1713 1723.3 10.3 (-)   ̴ 0.3 

100/03-08-027-27W4/0 2001 Entice 1 1835 1869 34 (-)   ̴ 1.2 

100/05-01-025-26W4/0 1994 Entice 1 1515 1533.4 18.4 (-)   ̴ 0.1 

100/05-14-028-04W5/0 1981 Lonchend 

1 2620 2630 

33.6 (-)   ̴ 0.4 2 2630 2637.5 

3 2637.5 2653.6 

100/06-05-031-01W5/0 1986 Crossfield 1 2045 2061.2 16.2 (-)   ̴ 0.1 

100/06-06-030-02W5/0 1982 Crossfield 1 2220 2227.85 7.85 (+)   ̴ 1.2 

100/06-11-030-03W5/0 1986 Crossfield 1 2238 2248 10 (+)   ̴ 3.2 

100/06-12-030-03W5/0 1987 Crossfield 1 2253 2271.2 18.2 (-)   ̴ 0.3 

100/06-14-027-01W5/0 1983 Crossfield 1 2033.2 2051.2 18 (-)   ̴ 3.3 

100/06-14-030-04W5/0 1983 Crossfield 
2 2485 2488 

20.23 (-)   ̴ 0.1 
3 2488 2505.23 

100/06-17-030-03W5/0 1982 Crossfield 
2 2336 2354 

28 (-)   ̴ 1.2 
3 2354 2364 

100/06-19-029-01W5/0 1982 Crossfield 
1 2111 2129.2 

30 (+)   ̴ 2.1 
2 2129.2 2141 

100/06-20-030-04W5/0 2002 Lochend 1 2543.6 2561.8 18.2 (-)   ̴ 0.1 

100/06-22-030-03W5/0 1983 Crossfield 1 2256 2273.73 17.73 (+)   ̴ 1.7 

100/06-25-025-26W4/0 2001 Entice 1 1565 1583.2 18.2 (+)   ̴ 0.4 

100/06-31-030-02W5/0 1983 Crossfield 1 2236.6 2246.5 9.9 (+)   ̴ 2.6 

100/06-36-030-02W5/0 1982 Crossfield 
1 2077 2095 

40.2 (+)   ̴ 0.3 
2 2095 2117.2 

100/06-36-030-04W5/0 1983 Crossfield 
1 2436 2441.1 

21.2 (-)   ̴ 0.8 
2 2441.1 2457.2 

100/07-28-031-04W5/0 1956 Harmattan 2 7814 7867 53 (+)   ̴ 0.3 

100/08-01-027-28W4/0 1992 Crossfield 1 1789 1807.5 18.5 (-)   ̴ 0.8 

100/08-12-030-03W5/0 1986 Crossfield 1 2249 2260.6 11.6 (+)   ̴ 0.4 

100/08-26-027-27W4/0 2001 Entice 1 1639.8 1658.1 18.3 0 

100/08-26-029-02W5/0 1986 Crossfield 1 2163.50 2179 15.5 (-)   ̴ 0.1 

100/09-06-030-04W5/0 1980 Lochend 
2 2640 2649.6 

19.3 (-)  ̴ 2.2 
3 2649.6 2659.3 

100/09-11-028-02W5/0 1946 Crossfield 

1 2179.01 2180.72 

8.72 (+)   ̴ 0.4 2 2191.82 2195.47 

3 2195.47 2198.83 

100/09-15-025-26W4/0 2001 Entice 1 1537.5 1568.8 31.3 (-)   ̴ 1.6 

100/09-26-030-03W5/0 1951 Crossfield 

1 2214.8 2221.8 

16.03 (-)  ̴ 0.3 2 2221.8 2227.8 

3 2227.8 2230.8 

100/10-09-031-02W5/0 1958 Crossfield 2 7110 7134 24 (-)  ̴ 1.8 

100/10-14-023-01W5/0 1995 Undefined 
2 1941.6 1956.8 

22.2 (+)  ̴ 0.6 
3 1956.8 1963.8 

100/10-17-027-27W4/0 2011 Entice 

1 1738.2 1740.5 

36.1 (+)   ̴ 0.4 
2 1740.5 1749 

3 1749 1758 

4 1758 1771 
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Well Name Date Field Core 
Depth (m) 

Described 
interval (m) 

Core-log 
correction 

(m) 
Upper Lower 

5 1771 1774.3 

100/11-09-024-25W4/0 1995 Entice 
1 1514 1532.85 

37 (+)  ̴ 1 
2 1532.85 1551.05 

100/11-11-026-28W4/3 2011 Crossfield 

1 1814 1839.50 

61.2 

(-)  ̴ 1.8 

2 1841 1853.25 (-)  ̴ 0.3 

3 1857 1878.40 (-)  ̴  0.5 

4 1882 1882.65 
(-)  ̴ 0.6 

5 1883.50 1884.90 

100/11-12-029-02W5/0 1978 Crossfield 
1 2194.13 2205.41 

18.59 (+)  ̴ 2 
2 2206.14 2213.45 

100/11-16-031-04W5/0 1983 
Harmattan-

Elkton 
1 2452 2469.69 17.69 (+)   ̴ 0.4 

100/11-19-024-24W4/0 1994 Entice 1 1471 1489 18 (-)  ̴ 3.9 

100/11-24-028-02W5/0 1960 Crossfield 1 2205.53 2219.55 104.02 (+)   ̴ 0.3 

100/13-02-028-02W5/0 1956 Crossfield 1 2280.81 2288.19 7.38 (+)  ̴ 1 

100/14-05-030-02W5/0 1985 Crossfield 
1 2193.4 2198.5 

23.14 (-)   ̴ 1.4 
2 2199 2217.04 

100/14-08-031-01W5/0 1983 Garrington  2032 2050.2 18.2 0 

100/14-23-030-03W5/0 1984 Crossfield 1 2227 2241.4 14.4 (+)   ̴ 1.8 

100/14-25-028-04W5/0 2006 Lochend 
2 2531.50 2549.40 

39.57 (+)   ̴ 0.98 
3 2549.40 2571.07 

100/14-30-031-28W4/0 1981 
Lone Pine 

Creek 
1 1865.8 1871.8 

12.2 (+)   ̴ 0.2 
2 1871.8 1878 

100/16-02-030-03W5/0 1988 Crossfield 1 2252.3 2263.85 11.5 (+)   ̴ 0.4 

100/16-36-029-03W5/0 1984 Crossfield 
1 2220 2224.2 

18 (+)   ̴ 0.3 
2 2224.2 2238 

102/06-02-030-03W5/0 1984 Crossfield 1 2237 2249 12 (-)   ̴ 0.4 

102/06-07-030-02W5/0 1987 Crossfield 1 2212 2229.77 17.77 (+)   ̴ 1 

102/06-11-025-28W4/0 2007 Crossfield 

1 1793.4 1794.4 

85.35 (+)   ̴ 2 .3 

2 1794.4 1795.4 

3 1795.4 1797 

4 1797 1803.4 

5 1803.4 1810.9 

6 1810.9 1818.4 

7 1818.4 1825.9 

8 1825.9 1833.4 

9 1833.4 1840.9 

10 1840.9 1848.4 

11 1848.4 1855.7 

12 1855.7 1863.2 

13 1863.2 1870.7 

14 1870.7 1878.2 

15 1878.2 1878.5 

102/06-24-027-02W5/0 1961 Crossfield 1 2260 2276.85 16.85 (-)   ̴ 2 .5 

102/06-24-029-02W5/0 1980 Crossfield 1 2175.3 2193.4 18.1 (+)   ̴ 0.2 

102/10-04-027-28W4/0 2007 Crossfield 

1 1915 1922.5 

79.7 (+)   ̴ 0.5 

2 1922.5 1930 

3 1930 1930.4 

4 1930.4 1935 

5 1935 1942.5 

6 1942.5 1949.9 
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Well Name Date Field Core 
Depth (m) 

Described 
interval (m) 

Core-log 
correction 

(m) 
Upper Lower 

7 1949.9 1957.5 

8 1957.5 1964.8 

9 1964.8 1972.1 

10 1972.1 1979.7 

11 1979.7 1987.1 

12 1987.1 1994.7 

102/10-12-025-26W4/0 2003 Entice 

1 1506 1524.1 

54 (+)   ̴ 1.72 2 1524.1 1542 

3 1558 1576 

102/10-31-026-01W5/0 2002 Crossfield 
1 2226 2233.95 

19.05 (-)   ̴ 0.1 
2 2233.95 2245.05 

103/06-15-028-02W5/0 1982 Crossfield 
1 2282 2295.59 

32.39 (+)   ̴ 0.8 
2 2296 2314.8 

 

Sedimentary facies and facies successions were identified in the cored intervals 

and then assigned to facies associations. These were then depositionally and 

stratigraphically related to system tracts. The sedimentary facies were identified and 

characterized on the basis of lithology, grain size distribution, physical sedimentary 

structures, lithological accessories, bedding contacts, trace fossils, and bioturbation 

indices. Core data were integrated with well-log responses (log patterns), and these 

patterns were utilized to facilitate recognition of sedimentary facies in areas lacking core.  

An ichnological analysis was integrated with physical sedimentology in order to 

help define sedimentary facies and more accurately interpret the facies successions. This 

ichnological analysis is based on ichnogenus identifications that were assigned to trace-

fossil suites, assessment of the Bioturbation Index (BI) and its uniformity or variation within 

the facies, characterization of trace fossil diversity, and evaluation of trace fossil sizes 

(e.g., diminutive vs. robust). Bioturbation Index (BI) was assessed following the initial 

scheme proposed by Reineck (1963) and modified by Taylor and Goldring (1993) and 

Bann et al. (2004). The Bioturbation Index assesses the intensity of biogenic modification 

of the sedimentary fabric, and ranges from 0 (no visible bioturbation) to 6 (complete 

bioturbation). Variations in BI were recorded for facies and facies successions to assist 

with interpretation of the sedimentary environments (Fig. 2.2). In this study, trace fossil 

diversity is assessed on the basis of the range of ethology expressed within the suites. 

Low diversity suites are characterized by 1 or 2 behavioural groups within a facies, 

whereas high diversity suites comprises more than 3 behavioural groups.  
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In this study, proximal and distal expressions of ichnofacies for strandplain wave-

dominated shoreface subenvironments follows the terminology of MacEachern and Bann 

(2008), which modified nomenclature proposed by MacEachern and Pemberton (1992), 

and MacEachern et al. (1999b) (Fig. 2.3).  
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Figure 2-2 Bioturbation Index scheme that shows BI values in mudstones and 
sandstone facies. The Bioturbation Index ranges from 0 (no visible 
bioturbation) to 6 (complete bioturbation)  (modified from 
MacEachern and Bann 2008). 
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Figure 2-3 Ichnological and sedimentological model for wave-dominated 
shoreface deposits (from MacEachern and Bann 2008). 

Stage 3: Sequence Stratigraphic Framework Definition 

Due to the lack of previous sequence stratigraphic assessments of the Viking 

Formation in the study area, the main objective of this phase of the project was to generate 

a sequence stratigraphic framework through the integration of a regional sedimentological, 

ichnological and stratigraphic analyses. The Viking Formation encompasses both 

coarsening-upward and fining-upward cycles that are complexly stacked. These needed 
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to be separated into discrete system tracts before effective mapping of units and prediction 

of reservoir distribution in the Crossfield area could proceed.  

Hadley (1992) proposed an allostratigraphic model following the framework 

erected by Boreen and Walker (1991), in an attempt to understand the depositional history 

of the Viking Formation in the Crossfield area. Unfortunately, this allostratigraphic 

approach, while more objectively based, necessarily assigned discontinuities as single 

surfaces of single origin. Regional assessment of the Viking Fm shows that many of the 

bounding discontinuities are complex and cannot be expressed by a single origin (e.g., 

MacEachern et al., 1999; MacEachern et al., 2012; Schultz et al., 2019).  Sequence 

stratigraphic frameworks, by contrast, are able to interpret these discontinuities as “co-

planar” or “amalgamated surfaces”, which better express their complex origins. Following 

this approach, this study proposes a new sequence stratigraphic framework for the Viking 

Formation in the Crossfield area, based on the interpretation of sequences of third order 

(e.g., Catuneanu, 2006).  

Depositional sequence nomenclature IV is employed in this study, because falling 

stage and lowstand systems tract deposits have been recorded basinward of Crossfield 

in the Western Interior Seaway, although they are not encountered in the study area (cf. 

MacEachern et al., 2012; Schultz et al., 2019).  This ensures that the stratigraphy 

proposed in this study can be readily integrated into the regional sequence stratigraphy of 

the Viking Formation. 

The sedimentological and Ichnological interpretation of 54 cores, coupled with the 

identification of regional key stratigraphic discontinuities through the use of facies 

juxtaposition, stacking patterns from well log responses, and trace fossil omission suites 

allow the definition of four (4) different depositional sequences in this study area: S1, S2, 

S3 and S4. These are bounded by four (4) sequences boundaries: SB1, SB2, SB3 and 

SB4 (Fig. 2.5). Defined sequence boundaries may be related to important events related 

to tectonic uplift and/or eustatic sea level fall that affected the geological evolution of the 

western part of south-central Alberta. However, sedimentological, ichnological 

characterization and facies juxtapositions were the only criteria used for their identification 

in this study.  
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Figure 2-4 Different sequence stratigraphic models with their related system 
tracts and sequence boundaries (from Catuneanu 2006). The 
depositional sequence IV nomenclature used in this study recognizes 
the four system tracts. Abbreviations: LST- lowstand systems tract; 
TST – transgressive systems tract; HST – highstand systems tract; 
FSST – falling-stage system tract;  RST – regressive systems tract; T-
R – transgressive-regressive sequence. 

The Crossfield area was located sufficiently south and west to have been 

topographically high and subaerially exposed during falling stage and lowstand conditions. 

This allowed the formation of horizons characterized by pedogenically modified sandstone 

with roots that correspond to the position of sequence boundaries (Fig. 2.5). Some 

pedogenically modified intervals are associated with sequence boundaries (subaerial 

unconformities), since they reflect prolonged periods of non-deposition and lowered based 

level (Catuneanu, 2006).  
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Figure 2-5 Schematic representation of the idealized stratigraphy in the 
Crossfield area (well: 102/06-11-25-28W4). Sequence boundaries are 
associated with the bases of their respective depositional sequences, 
with SB1, SB3 and SB4 representing composite surfaces (WRS/SU) 
produced by an initial period of subaerial exposure followed by 
transgressive modification. By contrast, SB2 represents only 
subaerial exposure, corresponding to a subaerial unconformity (SU). 
Two types of paleosols are encountered in the study area: incipient 
paleosols that were formed during long periods of time and mark the 
subaerial unconformities, and pedogenically modified sandstone 
formed in short periods of time during the late lowstand system tract 
when accomodation space began to develop within the sequence. 

Sequence boundaries in the Viking Formation at Crossfield have been mainly 

defined from the wells 102/06-11-25-28W4, 102/10-04-27-28W4 and 11-11-26-28W4, 

because these wells contain the longest and most continuous cored intervals of the Viking 

Formation. These wells are located in the southern part of the study area, and even though 

they lack a wide distribution, they have been extrapolated to the rest of the area using 

geophysical well logs.  

This study focuses on Sequence 3, since it is the main cored interval of the 

Crossfield area, and encompasses the main reservoir sandstone bodies. This is explained 

in greater detail in Chapter 4. However, the sequence boundaries are briefly described 

below.  

Sequence Boundary 1 (SB1)  

Sequence boundary 1 (SB1) represents the onset of Sequence 1, which in the 

study area is expressed by a transgressive system tract and a highstand system tract 

separated by a maximum flooding surface (Fig. 2.5). Sequence boundary SB1 is 

characterized by a sharp contact that separates the Joli Fou Formation below from the 

Viking Formation above (Fig. 2.6), and is interpreted to represent a composite surface 

(WRS/SU) that reflects initial subaerial exposure and development of a subaerial 

unconformity (SU) that was transgressively modified by wave ravinement during 

subsequent sea-level rise (WRS). Even though there isn’t evidence in the study area to 

prove that SB1 surface was subaerially exposed, regional study shows that during 

lowstand conditions of Sequence 1, the shoreline resided far to the east, some 218 km 

basinward near the Joarcam Field (cf. Schultz et al., 2019).  
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Figure 2-6 A) and B) shows Sequence Boundary 1 (SB1; see red arrow) in  well 
102/06-11-25-28W4, which separates marine shales of the Joli Fou 
Formation below from unbioturbated medium-grained sandstones 
with low-angle planar parallel stratification, rip-up clasts and 
dispersed carbonaceous detritus of  the Viking Formation above. SB1 
is interpreted to represent a composite surface (WRS/SU) that reflects 
an initial subaerial unconformity (SU)  that was transgressively 
modified during subsequent sea-level rise (WRS).  

The sharp contact is represented by unbioturbated, medium-grained low-angle 

planar parallel stratified, local hummocky cross-stratified, and trough cross-stratified 

sandstones containing rip-up clasts, dispersed carbonaceous material and siderite 

nodules that sharply and erosionally overlie marine shales of the Joli Fou Formation (Fig. 

2.6). These sandstones record proximal facies erosionally overlying distal facies, but 

nevertheless reflect subaqueous marine deposition. As such, only two sequence 
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stratigraphic scenarios exist for this sandstone interval.  Either it represents the earliest 

falling stage systems tract prior to the onset of Sequence 1 and rests on a regressive 

surface of marine erosion (RSME), or it corresponds to a transgressive sandstone body 

associated with the drowning of the subaerial unconformity, and therefore rests on a 

composite surface (WRS/SU).  Since the sandstone body does not show evidence of 

subaerial exposure at its top, nor the presence of an overlying subaerial unconformity 

(required if base level continued to fall after its accumulation), a falling stage origin is 

discounted. This is further supported by the sandstone body grading upwards into marine 

shales, consistent with the sandstone forming during transgression.  Correspondingly, the 

sandstone and overlying marine shale are assigned to the transgressive systems tract 

(TST) of Sequence 1.The transgressive system tract is characterized by weakly 

bioturbated, medium-grained sandstones that pass gradationally upwards into thoroughly 

bioturbated silty mudstone and sandy mudstone. The trace fossil suite in the marine 

mudstone of the transgressive system tract includes Asterosoma, Chondrites, 

Helminthopsis, Phycosiphon, Planolites, Schaubcylindrichnus freyi, and Thalassinoides. 

Cored intervals that represent the highstand system tract (HST) of Sequence 1 in 

the wells 102/06-11-25-28W4, 102/10-04-27-28W4 are characterized by weakly to 

moderately bioturbated medium-grained sandstone with low-angle planar cross-

stratification and parallel planar lamination, as well as dispersed carbonaceous detritus 

and siderite nodules. The trace fossil suite is of low diversity and mainly consists of robust 

isolated Planolites. The HST observed in these two wells is interpreted as an upper 

shoreface; however, a laterally adjacent change in the depositional environment of this 

system tract occurs in well 102/10-04-27-28W4 (Fig. 2.8), where thoroughly bioturbated, 

medium-grained muddy sandstone contains a diverse trace fossil suite consisting of 

Asterosoma, Chondrites, Planolites, Schaubcylindrichnus freyi, Skolithos and 

Thalassinoides. This facies has been interpreted to have been deposited in the lower 

shoreface passing upward into the upper shoreface (Fig. 2.8).  
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Sequence Boundary 2 (SB2)  

Sequence Boundary 2 (SB2) is characterized by a subaerially exposed surface 

recording a major unconformity (SU). It is associated with a thin (10 - 15 cm), dark brown, 

pedogenically modified sandstone with roots, interpreted as incipient paleosol (Fig. 2.7A).  

SB2 represents the onset of Sequence 2, and encompasses a lowstand system tract and 

a transgressive system tract, separated by a maximum regressive surface (MRS) (Fig. 

2.5). Grey argillaceous sediment (2.5 m thick) directly overlies the subaerial unconformity 

and is interpreted as a pedogenically modified sandstone, formed during the late lowstand 

system tract (Fig. 2.7A, 2.7B and Fig. 2.8) when accommodation space began to develop. 

Locally, erosionally based, trough cross-stratified, medium-grained, fining-upward 

sandstone intervals are present, interpreted as small fluvial channels within the lowstand 

system tract. The lowstand system tract ends with weakly developed, pedogenically 

modified sandstone associated with the maximum regressive surface (MSR), and 

represents local autogenic diastems related (Fig.2.5 and Fig. 2.8).  

Incipient paleosols are associated with SB2, and were identified in wells 102/06-

11-25-28W4 and 11-11-26-28W4, both located in the southern part of the study area. 

These incipient paleosols are interpreted to have been formed in proximal positions during 

a long period of non-deposition and record subaerial exposure in an area with low 

accommodation space. By contrast, in more distal positions (e.g., 02/10-04-27-28W4), 

there is no evidence of incipient paleosols, and SB2 in this area is a composite surface 

(FS/SU), separating underlying highstand systems tract shoreface sandstones of 

Sequence 1 from thoroughly bioturbated, transgressive systems tract silty mudstone of 

the lower offshore (Fig 2.8) of Sequence 2.   

The transgressive system tract is represented by a fining-upward succession and 

predominantly consist of bioturbated lower shoreface and offshore deposits. The trace 

fossil suites are diverse, and consist of Asterosoma, Chondrites, Helminthopsis, local 

occurrences of Ophiomorpha, Phycosiphon, and Schaubcylindrichnus freyi. 



23 

 

Figure 2-7 Sequence Boundary 2 (SB2; see red arrows) separating HST 
sediments of Sequence 1 below from LST pedogenically modified 
sandstone of Sequence 2 above. A) 102/06-11-25-28W, B) 11-11-26-
28W4 and C) 102/10-04-27-28W4 show incipient paleosols, interpreted 
to have formed during prolonged periods of non-deposition related to 
the subaerial unconformity SB2. Roots and carbonaceous material 
are also apparent in photo 3.7C.  Pedogenically modified sandstone 
associated with a coal layer are overlain SB2, and are interpreted to 
have formed during the early stages of base-level rise, recording the 
late stages of the LST of Sequence 2. 
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Figure 2-8 Sequence Boundary 2 (SB2), separating the HST of Sequence 1 below from LST and TST of Sequence 2 above. 
The figure also shows the lateral change in facies of the highstand system tract of Sequence 1, which displays 
more proximal facies (wells 102/06-11-25-28W4  and 11-11-26-28W4) to more distal facies (102/10-04-27-28W4). 
This indicates that the source of sediments during the deposition of Sequence 1 and Sequence 2 was mainly 
from the south with progradation to the north in the Crossfield area. Pedogenically modified sandstone of the 
late LST directly overlie SB2, marking the subaerial unconformity (SU). Deposits of the late lowstand system 
tract do not extend towards the northern portion of the study area and there, TST deposits directly overlie SB2, 
marking a composite surface (FS/SU).  
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Sequence Boundary 3 (SB3)  

Sequence Boundary 3 (SB3) marks the onset of Sequence 3, and is interpreted to 

represent a composite surface (WRS/SU) that represents initial subaerial exposure (SU) 

that was transgressively modified by wave ravinement during subsequent sea-level rise 

(WRS).  In cores, SB3 is demarcated by an omission trace fossil suite of the Glossifungites 

Ichnofacies (Fig. 2.9). In the Crossfield area, Sequence 3 comprises a transgressive 

system tract passing into a highstand system tract across a maximum flooding surface 

(MFS_3). The highstand system tract of Sequence 3 includes the reservoir facies in the 

study area (explained in greater detail in Chapter 4). SB3 has been mainly encountered 

in wells 102/06-11-25-28W4, 102/10-04-27-28W4 and 11-11-26-28W4, located in the 

southern part of the study area. There, dark grey thoroughly bioturbated silty mudstone 

offshore facies of the transgressive system tract of Sequence 2 are erosionally truncated 

and overlain by either dark grey, thoroughly bioturbated, upper medium-grained muddy 

sandstone or weakly to moderately bioturbated, upper medium-grained sandstone of 

retrogradationally stacked shoreface facies of the transgressive system tract (Fig 3.3).  

The transgressive system tract of Sequence 3 encompasses discrete 

retrogradational successions that backstep towards the south (landward).  This 

transgressive shoreface gradually gives way upwards to marine offshore mudstone during 

continued base level rise (Fig. 3.3). Trace fossil suites in the transgressive interval are 

highly diverse and consist of Asterosoma, Helminthopsis, Ophiomorpha, Phycosiphon 

Planolites, Schaubcylindrichnus freyi and Thalassinoides (Fig. 3.4 and 3.5).  

 The highstand system tract of Sequence 3 constitutes a progradatational (normal 

regressive) succession showing a shift of the shoreline towards the east and northeast in 

the study area (seaward direction). This progradational interval encompasses a wave-

dominated delta that forms a well-developed, sanding- and coarsening-upward 

succession, and shows the transition of prodelta and distal delta front deposits into delta-

front, proximal delta-front and distributary channel deposits (Fig. 3.11).  This highstand 

interval contains facies with current ripple lamination, wave ripple lamination, and 

hummocky cross-stratification, reflecting storm deposition in the environment, as well as 

trough and planar tabular cross-stratification in the proximal delta front and distributary 

channels. The trace fossil suite consists of Diplocraterion, isolated fugichnia, 

Ophiomorpha, Palaeophycus, Rosselia, and Skolithos. 
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Figure 2-9 Sequence Boundary 3 (SB3; see red arrows), representing a 
composite surface (WRS/SU). A) 102/06-11-25-28W4 (1833.3 m) and B) 
11-11-26-28W4 (1853.0 m), showing silty mudstone of the offshore 
erosionally overlain by thoroughly bioturbated medium-grained 
muddy sandstone of the TST shoreface of Sequence 3. SB3 is 
demarcated by an omission suite, represented by firmground 
Thalassinoides (Th) of the Glossifungites Ichnofacies. The 
transgressive sandstone contains Ophiomorpha (O), Phycosiphon 
(Ph), Planolites (P) and Thalassinoides (Th).  
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Sequence Boundary 4 (SB4)  

Sequence Boundary 4 (SB4) marks the onset of Sequence 4, and is interpreted to 

represent a composite surface (WRS/SU) that represents initial subaerial exposure (SU) 

that was transgressively modified by wave ravinement during subsequent sea-level rise 

(WRS) (Fig. 2.10). In the Crossfield area, SB4 separates delta plain deposits of the 

highstand system tract of Sequence 3 below from cross-stratified to parallel-stratified 

coarse-grained sandstone intercalated with dark fissile mudstone, corresponding to the 

transgressive lag and marine shales of the overlying transgressive system tract of 

Sequence 4 (Fig 2.10A and 2.12). SB4 is locally marked by a trace fossil omission suite 

that varies from a palimpsest softground suite (Figure 2.10) to a firmground suite of 

the Glossifungites Ichnofacies. Towards the northeast part of the study area, however, the 

wave ravinement surface (WRS) reworked and removed some of the delta plain deposits 

and delta-front reservoir sandstone of Sequence 3 (Fig. 2.10B).  

Delta plain deposits of Sequence 3 consist of thin (0.5 m and 1 m), strongly 

developed pedogenically modified sandstone to silty sandstone, showing mottled 

colouration (varying from light to dark brown), abundant roots, and carbonaceous detritus 

(Fig. 2.11). In this study, these deposits are called incipient paleosols, and are interpreted 

to have formed during a prolonged period of non-deposition that varies laterally in 

thickness as a function of the paleotopography and magnitude of missing time in the area 

(Kraus, 1999). Pedogenic development was partly a function of subaerial exposure during 

progradational regression, and protracted exposure and sediment bypass during 

development of the subaerial unconformity of SB4, when the lowstand shoreline was 

shifted eastward into Saskatchewan (cf. Walker, 1995).   

The overlying coarse-grained sandstones at the base of Sequence 4 corresponds 

to the latter stages of a transgressive system tract, and has been assigned to the 

lithostratigraphic unit referred to as the Westgate Formation (Fig. 2.12). SB4 is locally 

mantled by a poorly sorted sandstone lag containing pebble-sized rip-up clasts, and 

showing variable bioturbation (BI 0-4). Trace fossils are robust and the suite includes 

Asterosoma, Planolites, Rosselia, Rhizocorallium, Skolithos, and Thalassinoides.  
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Figure 2-10 Sequence Boundary 4 (SB4; red arrows). A) 08-12-30-03W5 (2258 m) 
shows incipient paleosol (see yellow arrows) recording the SU, 
erosionally overlain by transgressive, bioturbated muddy sandstone 
of Sequence 4. SB4 is marked a palimpsest softground omission suite 
consisting of lined Diplocraterion parallelum (Di). Note the causative 
burrow (green arrow) with both retrusive and protrusive spreiten, 
indicating burrow readjustment during deposition of the overlying 
transgressive deposits.  B) 14-08-31-01W5 (4972 m) shows parallel 
laminated fine-grained shallow-marine sandstone with softground 
Diplocraterion (Di) of the HST of Sequence 3, erosionally overlain by 
a transgressive lag of Sequence 4.  Note that the Ophiomorpha (O) is 
infilled with transgressive sandstone, indicating that the structure 
was open and passively filled during transgression.  Hence, the 
Ophiomorpha may also be part of a palimpsest softground omission 
suite. The wave ravinement surface (WRS; red arrow) has completely 
reworked and removed sediments of the delta plain and some of the 
delta-front reservoir of Sequence 3.   
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Figure 2-11 Strongly pedogenically modified sandstone intervals of the delta 
plain of Sequence 3 (incipient paleosols). A) 102/06-07-30-02W5 (2222 
m); B) 06-17-30-03W5 (2342.7 m); and C) 102/06-02-30-03-W5 (2244 m). 
These units vary from light to dark brown with abundant roots and 
carbonaceous detritus, and indicate extended subaerial exposure, 
partly associated with HST progradational regression, followed by 
development of the subaerial unconformity of SB4, when the 
shoreline was shifted eastward into Saskatchewan (cf. Walker, 1995). 
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Figure 2-12 Sequence Boundary 4 (SB4; red arrow), which separates HST delta 
plain deposits of Sequence 3 below from cross-stratified, coarse-
grained transgressive sandstone of Sequence 4 above (well: 08-12-
30-03W5). SB4 represents a stratigraphic break that is regionally 
observed in the study area, produced by a regional allogenic base 
level fall that shifted lowstand deposition eastward into 
Saskatchewan (Walker, 1995). In the study area, the deposits of 
Sequence 4 are interpreted record a transgressive lag and 
transgressive marine sand sheet that passes abruptly upwards into 
distal marine offshore environments, forming a fining-upward 
succession. The coarser transgressive lag indicates the onset of 
transgression in the study area, which rapidly created abundant 
accommodation space, allowing widespread deposition of fissile dark 
shale of the Westgate Formation, recording deposition below storm 
wave base.  
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Stage 4: Depositional System Analysis 

The recognition of the prevailing processes affecting the shoreline variations in the 

study area were necessary in order to carry out the depositional system analysis of 

Sequence 3 in the Viking Formation. By determining the locations of wave-dominated 

delta and shoreface deposits, as well as their associated channel complexes, the spatial 

distribution of facies associations in Sequence 3 was determined. Also, facies association, 

Isopach, porosity and sand percentage maps of the highstand system tract in Sequence 

3 were generated. Maps were produced in Petrel™, using the convert interpolation 

method to contour the maps. 

Four main cross-sections were designed in Petrel to visualize the lateral and 

vertical extent of sedimentary facies, as well as the heterogeneity of the sediments within 

Sequence 3. One cross-section is oriented predominantly along depositional strike, 

whereas the other three are oriented along depositional dip, from landward (westward) to 

seaward (eastward). The maximum flooding surface in Sequence 3 is allogeneic, and 

corresponds to the datum (Fig. 2.5). It generally occurs within thoroughly bioturbated, silty 

and sandy mudstone, and corresponds to the highest gamma-ray values on well logs.  

2.2. Stratigraphic Core Distribution 

A total of 54 wells with cores were chosen for the development of the project, based 

on their distribution, and because they penetrated Sequence 3 in the Crossfield area. 

Figures 2.13, 2.14 and 2.15 represent the vertical stratigraphic distribution of cored wells 

through the defined sequence stratigraphic units. The cores 102/10-04-27-28W4, 11-11-

26-28W4 and 102/06-11-25-28W4 penetrate the all four sequences of the Viking Fm 

stratigraphic interval, corresponding to a total cored interval of 226 meters. The cores 

102/10-31-26-01W5, 06-25-25-26W4 and the lower section of the core 102/10-12-25-

26W4 represent the only rock information for sequence boundaries SB1 and SB2.  
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Figure 2-13 Cored well distribution in Sequence 3, extending from Townships 30–31, and Ranges 28W4 to 4W5. 
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Figure 2-14 Cored well distribution in Sequence 3, extending from Townships 27–30, and Ranges 01W5 to 4W5. 
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Figure 2-15 Cored well distribution through defined sequences. Also cores from 102/10-04-27-28W4, 11-11-26-28W4 and 
102/06-11-25-28W4 penetrate all four depositional sequences, extending from Townships 23-27, and Ranges 
24W4 to 01W5.
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Chapter 3. Sedimentological and Sequence 
Stratigraphic Analysis of Sequence 3 

3.1. Sedimentological Facies Definition of Sequence 3 

A detailed facies analysis of Sequence 3 in the Viking Formation was undertaken 

in this study.  Wells selected were based on the availability of core intervals that penetrate 

Sequence 3 in the Crossfield area (Fig. 2.13, 2.14 and 2.14), taking into account lithology, 

grain size distribution, physical sedimentary structures, lithological accessories, bed 

contacts, and ichnofossils (see Chapter 2 for methodology). On the basis of this analysis, 

eleven (11) recurring sedimentary facies have been recognized in Sequence 3 (Table 3.1). 

These sedimentary facies are described from distal to most proximal in the vertical 

stratigraphic succession of Sequence 3.   

Sequence 3 is dominated by sandy facies (F7 to F11), representing approximately 

70% of the sequence (Fig. 3.1). Fine-grained deposits (F1 to F6) represent the remainder 

of the sequence (Fig. 3.1). The vertical distribution of the sedimentary facies in the cores 

are illustrated on the lithologs (Appendix A).  

 
 

Figure 3-1 Sedimentary facies distribution in Sequence 3.
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Table 3-1 Sedimentary facies described within Sequence 3 of the Viking Formation in Crossfiel area (see Section 3.2 for 
details).  

Facies Sedimentology Ichnology 
Interpretation and 

Depositional Subenvironment 

F1: Thoroughly 
bioturbated silty 

mudstone 

 Dark grey to dark silty mudstone with variable 

proportions of thin, centimetre-scale (1-4 cm) fine-

grained sandstone. 

 Thin sandstone layers are sharp based and show low-

angle planar parallel lamination, interpreted as long 

wavelength oscillation ripples. 

 Silty mudstone thoroughly and uniformly bioturbated 

(BI 4-5).  

 Trace fossil suite is diverse, with Asterosoma, 

Chondrites, Helminthopsis, Schaubcylindrichnus 

coronus, Phycosiphon, Planolites, Thalassinoides and 

Zoophycos.  

 Suite corresponds to a distal expression of the 

Cruziana Ichnofacies. 

Fine-grained sandstone beds are unburrowed or weakly 
bioturbated (BI 0-2). 

 Low-energy conditions with 

continuous deposition between 

storm and fair-weather wave 

base. 

 Fine-grained sandstone layers 

are distal tempestites. 

 Environment is interpreted as 

lower offshore. 

 

F2: Thoroughly 
bioturbated sandy 

mudstone 

 Dark grey sandy mudstone with thin, centimetre-scale 
(1-4 cm), fine-grained sandstone layers.  

 Sandstone beds are sharp-based, with low-angle, 
planar to wavy parallel laminae, interpreted as long 
wavelength oscillation ripples and/or micro-HCS. 

 

 Sandy mudstone thoroughly and uniformly bioturbated 
(BI 4-5).  

 Trace fossil suite is diverse, with Asterosoma, 
Chondrites, Diplocraterion, Ophiomorpha, Phycosiphon, 
Planolites, Schaubcylindrichnus coronus, 
Schaubcylindrichnus freyi, Skolithos and 
Thalassinoides.  

 Suite corresponds to the archetypal Cruziana 
Ichnofacies. 

Fine-grained sandstone beds are unburrowed or weakly 
bioturbated (BI 0-2). 

 Low-energy conditions lying 
between storm and fair-weather 
wave base, but relatively higher 
energy than F1.  

 Fine-grained sandstone beds 
are distal tempestites. 

 Environment is interpreted as 
upper offshore. 

 

F3 

F3a: 
Thoroughly 
bioturbated 
fine-grained 

muddy 
sandstone 

 Dark grey muddy sandstone with 10-25 cm thick, fine-
grained sandstone beds. 

 Sandstone beds are sharp-based, with low-angle, 
planar to wavy parallel laminae, interpreted as long 
wavelength oscillation ripples and/or micro-HCS. 

 Dark, fissile mudstone laminae 0.2-0.5 cm thick occur 
locally. 

 Muddy sandstone is thoroughly and uniformly 
bioturbated (BI 3-4).  

 Trace fossil suite is diverse, with Asterosoma, 
Chondrites, Cylindrichnus, Diplocraterion, 
Ophiomorpha, Palaeophycus, Phycosiphon, Planolites, 
Thalassinoides, Schaubcylindrichnus freyi, and 
Skolithos. 

 Moderate energy conditions 
lying above fair-weather wave 
base. 

 Fine-grained sandstone beds 
are tempestites. 

 Dark mudstone laminae reflect 
influence of fluvial discharge. 
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Facies Sedimentology Ichnology 
Interpretation and 

Depositional Subenvironment 

 Suite corresponds to a proximal expression of the 
Cruziana Ichnofacies. 

 Fine-grained sandstone beds are unburrowed or 
weakly bioturbated (BI 0-2), locally with Ophiomorpha. 

 Dark, fissile mudstone laminae show low BI values (0-
2), with dispersed, diminutive Planolites. 

 Environment is interpreted as 
distal lower shoreface. 

 

F3b: 
Thoroughly 
bioturbated 

upper 
medium-
grained 
muddy 

sandstone 

 Dark grey, upper medium-grained muddy sandstone 
with centimetre-scale (5 -10 cm), fine- to medium-grained 
sandstone beds.  

 Sandstone beds are sharp-based, with low-angle, 
planar to wavy parallel laminae, interpreted as long 
wavelength oscillation ripples and/or micro-HCS. 

 Dispersed granules range from 0.5 – 1 mm in 
diameter. 

 Muddy sandstone thoroughly and uniformly 
bioturbated (BI 3-5).  

 Trace fossil suite is diverse with Asterosoma, 
Chondrites, Diplocraterion, Ophiomorpha, 
Palaeophycus, Phycosiphon, Planolites, Rosselia, 
Schaubcylindrichnus freyi, Skolithos and 
Thalassinoides. 

 Suite corresponds to a proximal expression of the 
Cruziana Ichnofacies. 

 Laminated fine-grained sandstone beds are 
unburrowed or sparsely bioturbated (BI 0-2). 

 Moderate energy conditions 
lying at and above fair-weather 
wave base. 

 Fine-grained sandstone beds 
are tempestites. 

 Environment is interpreted as 
distal lower shoreface 

 

F4: Moderately 
bioturbated 

medium-grained 
silty sandstone 

 Light grey, well-sorted, medium-grained silty 
sandstone with 10-25cm thick, fine-grained sandstone 
beds.  

 Sandstone beds are sharp-based with low-angle, 
planar to wavy parallel laminae, interpreted as long 
wavelength oscillation ripples and/or micro-HCS. 

 Some sandstone beds appear massive, likely due to 
cryptic bioturbation.  

 Dark, fissile mudstone laminae (0.2 -0.5 cm) occur 
locally. 

 

 Silty sandstone is moderately bioturbated (3-5).  

 Trace fossils are robust and include Chondrites, 
Diplocraterion, Macaronichnus, Ophiomorpha, 
Palaeophycus, Planolites, Rosselia, 
Schaubcylindrichnus coronus, Schaubcylindrichnus 
freyi, Skolithos and Thalassinoides. 

 Suite corresponds to a distal expression of the 
Skolithos Ichnofacies. 

 Fine-grained sandstone beds are unburrowed or 
sparsely bioturbated (BI 0-2). 

 Dark, fissile mudstone laminae show low BI values (0-
2) with dispersed, diminutive Planolites. 

 Relatively high energy 
conditions, lying well above 
fairweather wave base. 

 Fine-grained sandstone layers 
represent event beds. 

 Dark mudstone laminae reflect 
influence of fluvial discharge. 

 Environment is interpreted as 
proximal lower shoreface. 
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Facies Sedimentology Ichnology 
Interpretation and 

Depositional Subenvironment 

F5: Weakly to 
moderately  

bioturbated upper 
medium-grained 

sandstone 
 

 

 

 

 Light grey, cross-stratified to parallel-stratified, 
moderately well sorted, upper medium-grained 
sandstone, intercalated dark grey, upper medium-
grained muddy sandstone beds that range from 3-10 cm 
thick.  

 Sandstone layers are clean with thin, (2 - 4 cm) 
siderite-cemented mudstone interbeds, dispersed 
glauconite grains, and sideritized mudstone rip-up clasts 
ranging from 1 to 3 cm in diameter. 

 

 Upper medium-grained sandstone is weakly and 
sporadically bioturbated (BI 0-2). Trace fossils are robust 
and include Cylindrichnus, Diplocraterion, Ophiomorpha, 
Palaeophycus, Skolithos and Thalassinoides. 

 Dark grey medium-grained muddy sandstone is 
moderately and more uniformly bioturbated (BI 3-4), with 
a suite containing Asterosoma, Chondrites, 
Diplocraterion, Ophiomorpha, Palaeophycus, Planolites, 
Phycosiphon, Schaubcylindrichnus freyi and 
Thalassinoides.  

 Suite associated with cross-stratified sandstone 
corresponds to the archetypal Skolithos Ichnofacies.  
Suite associated with the more bioturbated muddy 
sandstone corresponds to the proximal expression of the 
Cruziana Ichnofacies. 

 Relatively high energy 
conditions lying well above 
fairweather wave base. 

 Dark grey, well bioturbated 
upper medium-grained muddy 
sandstone beds record small 
fluctuations wave energy. 

 Environment is interpreted as 
middle shoreface. 

 

F6:  Dark 
laminated 
mudstone 

interstratified with 
normally and 

inversely graded 
very fine-grained 
sandstone and 
sandy siltstone 

 Dark, laminated mudstone layers are interstratified 
with silty sandstone laminae and variable proportions of 
thin, centimetre-scale beds (1-5 cm) of fine-grained 
sandstone. 

 Fine-grained sandstone beds are sharp based with 
oscillation ripples, combined flow ripples and wavy 
parallel lamination, and range from 1 to 30 cm thickness. 

 Normally and inversely graded, very fine-grained 
sandstone and sandy siltstone beds are parallel 
laminated and characterized by intervals of repeated 
sand-silt couplets. Graded beds range from 10-30 cm in 
thickness.  

 Dark, fissile mudstone laminae (0.2 -0.5 cm) are locally 
present, as well as soft-sediment deformation structures.  

 Lithological accessories include carbonaceous 
detritus, pyrite nodule and syneresis cracks. 

 Dark, laminated mudstone layers interstratified with 
silty sandstone laminae show sporadically distributed 
bioturbation that ranges from BI 0-4.  

 Trace fossil suite consists of Chondrites, 
Palaeophycus, Phycosiphon, Planolites, Teichichnus, 
and Thalassinoides.   

 Fine-grained sandstone beds are unburrowed or 
weakly bioturbated (BI 0-2). 

 Dark, fissile mudstone laminae show low BI values (0-
2), with dispersed, diminutive Planolites. 

 Parallel laminated, normally and inversely graded beds 
are unbioturbated to weakly bioturbated (BI 0-3). Where 
burrowed, the trace fossil suite consists of Phycosiphon 
and Planolites. 

 High sedimentation rates, 
episodic deposition, and periodic 
salinity fluctuations occurring 
between storm and fair-weather 
wave base. 

 Parallel laminated, normally 
and inversely graded intervals 
may indicate waning and waxing 
fluvial flow discharge 
(hyperpycnites). 

 Oscillation rippled sandstone 
beds are distal tempestites.  

 Environment is interpreted as 
prodelta. 
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Facies Sedimentology Ichnology 
Interpretation and 

Depositional Subenvironment 

F7: Parallel 
laminated fine-

grained sandstone 
intercalated with 

dark fissile 
carbonaceous 

mudstone 

 Light grey, well-sorted, parallel laminated fine-grained 
sandstone regularly intercalated with dark, thin (1-10 cm 
thick), fissile carbonaceous mudstone layers locally 
showing syneresis cracks.  

 Fine-grained sandstone beds show low-angle planar 
parallel lamination, interpreted as long wavelength 
oscillation ripples and/or micro-HCS. 

 Sedimentary deformation and slumped intervals are 
locally present.  

 Lithological accessories consist of siderite bands and 
nodules, mudstone rip-up clasts, pyrite, and 
disseminated carbonaceous debris. 

 Dark, laminated mudstone layers interstratified with 
silty sandstone laminae show sporadically distributed 
bioturbation that ranges from BI 0-4.  

 The ichnological suite is of low diversity, and mainly 
consists of Chondrites, Ophiomorpha, Palaeophycus, 
Phycosiphon, Planolites Schaubcylindrichnus freyi, 
Skolithos, Thalassinoides, and fugichnia.  

 

 High rates of sedimentation, 
episodic deposition, and periodic 
salinity fluctuations occurring 
above fair-weather wave base. 

 Oscillation rippled and wavy 
parallel laminated sandstone 
beds indicate influence of storms. 

 Environment is interpreted as 
distal delta front. 

F8: Amalgamated 
low-angle, parallel 

laminated fine-
grained sandstone 

 Light grey, erosionally based, fine-grained sandstone 
beds dominated by hummocky cross-stratification (HCS) 
and planar parallel lamination. Some beds appear 
structureless (massive).  

 Locally, sandstone beds display intense 
synsedimentary deformation and contain dispersed chert 
granules. 

 HCS sandstone beds are commonly amalgamated into 
thick bedsets (0.5 – 6.0 m). 

 Dark, fissile mudstone intervals ranging from 5 to 32 
cm thick are present between HCS units.  

 Locally, conglomerate beds that range from 3 to 27 cm 
thick are present. Pebbles are rounded to sub-angular 
and range from 0.2-2.8 cm in diameter. 

 Lithological accessories consist of siderite bands and 
nodules, mudstone rip-up clasts (0.2 – 5.0 cm in 
diameter), pyrite, and disseminated carbonaceous 
detritus that locally marks internal lamination. 

 Light grey, parallel laminated fine-grained sandstone 
beds show sporadically distributed bioturbation ranging 
from BI 0-3.  

 Trace fossil suite is of low diversity, with Cylindrichnus, 
Palaeophycus, Skolithos, robust Thalassinoides, and 
locally, Ophiomorpha.  

 Cryptic bioturbation is locally present. 

 Bioturbation intensities in the mud are low (BI 0-2) and 
dominated by dispersed and isolated Planolites.  

 

 High rates of sedimentation 
and deposition occurring above 
fair-weather wave base. 

 Syneresis cracks and 
carbonaceous detritus record 
fluvial discharge into the 
environment.  

 Pebbly sandstone beds are 
associated with storm events.  

 Environment is interpreted as 
delta front. 



40 

Facies Sedimentology Ichnology 
Interpretation and 

Depositional Subenvironment 

F9: Low-angle 
parallel laminated 
medium-grained 

sandstone 

 Light gray, moderately sorted and well-rounded 
medium-grained sandstone beds with low-angle planar 
parallel stratification.  

 Dispersed carbonaceous detritus and siderite nodules 
are very common.  

 Some sandstone beds appear massive and locally 
have roots subtending from overlying Facies 11. 

 Locally, sandstone contains dispersed granules that 
range from 0.2 cm to 0.5 cm. 

 Sandstone beds are sporadically bioturbated and, 
where burrowed, show moderately high BI values (BI 2-
4). 

 Trace fossil suite is of low diversity and mainly consists 
of robust Macaronichnus segregatis. 

 

 High-energy conditions. 

 Environment is interpreted as 
proximal delta front. 

F10: Erosionally 
based, trough 

cross-stratified 
medium-grained 

sandstone to fine-
grained sandstone 

 Light grey, erosionally based, moderately well sorted, 
cross-stratified and low-angle planar parallel laminated 
upper medium-grained sandstone that fines upward to 
current ripple cross-laminated, fine-grained sandstone.  

 Base of the facies consists of coarse-grained 
sandstone with poorly sorted, sub-rounded to sub-
angular pebbles and granules that range from 0.3-2.0 cm 
in diameter. 

 Lithological accessories consist of siderite bands and 
nodules and mudstone rip-up clasts. Carbonaceous 
detritus is locally abundant and marks internal lamination. 

 None observed (BI 0)  High-energy current flow 
conditions.  

 Environment is interpreted as 
distributary channel. 

F11: Strongly 
pedogenically 
modified silty 

sandstone 
 

 Strongly pedogenically modified silty sandstone with 
mottled colouration varying from light to dark brown 
(incipient paleosols). 

 Pedogenically modified silty sandstone shows 
abundant roots 1-3 mm in diameter and carbonaceous 
material, as well as pedogenic slickensides that increase 
to the top of the facies. 

 Primary sedimentary structures are absent.    

 None observed (BI 0)  Low-energy conditions. 

 Environment is interpreted as 
delta plain. 
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3.2. Sequence Stratigraphic Analysis of Sequence 3 

The sedimentological and ichnological study for the Viking Formation in the 

Crossfield area has led to a sequence stratigraphic framework that allows the identification 

of four different depositional sequences as well as their sequence boundaries (see 

Chapter 2 for sequence stratigraphic framework definition of the Viking Formation) 

(Fig.2.5).  

Deposits of Sequence 3 encountered in this study are interpreted to reflect 

deposition in wave-dominated deltaic and strandplain environments that are 

unconformably bounded by SB3 at its base and unconformably overlain by SB4 at its top. 

Sequences boundaries SB3 and SB4 represent composite surfaces (WRS/SU) produced 

by an initial period of prolonged subaerial exposure followed by transgressive modification 

(Fig. 2.5, Fig. 2.9 and Fig. 2.10). Within the study area, Sequence 3 encompasses 

deposits of a transgressive system tract overlain by a highstand system tract, which are 

separated by a maximum flooding surface (MFS_3).  Hence, sedimentary facies that 

correspond to Sequence 3 are grouped into three main facies associations: Facies 

Association 1 (FA1), Facies Association 2 (FA2), and Facies Association 3 (FA3). These 

have been assigned to one of the two system tracts (Fig. 3.2).   

Deposits of Facies Association 1 (FA1) correspond to the transgressive system 

tract (TST). The overlying highstand system tract (HST) encompasses Facies Association 

2 (FA2) and Facies Association 3 (FA3) (Fig.3.2), and is separated from the TST by a 

maximum flooding surface that is regionally mappable in the Crossfield area.  FA1 

includes sharp-based transgressive shoreface complexes and offshore deposits. FA2 

encompasses storm-dominated offshore-shoreface complexes, and FA3 records 

deposition in stacked, sanding-upward successions recording storm-/wave-dominated 

fluvial-influenced prodelta, delta front and delta plain settings, locally interspersed with the 

deposits of distributary channels. Overall, FA2 and FA3 encompass progradationally to 

aggradationally stacked shallow-marine parasequences. FA3 (facies 7, 8, 9 and 10) is the 

dominant facies association encountered in cores of Sequence 3 (Fig. 4.11), and 

correspond to the main reservoir interval in the Crossfield area. Correspondingly, FA3 

constitutes the main focus of this research. 
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Figure 3-2 Facies associations and their corresponding sedimentary facies and 
system tracts, which are defined from base to top in the vertical 
stratigraphic succession of Sequence 3. 
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Transgressive System Tract (TST) 

The transgressive system tract (TST) of Sequence 3 comprises a single facies 

association: Facies Association 1 (FA1) (Fig.3.2). Cores of the TST are encountered only 

in the three long stratigraphic wells in the southeast part of the study area (i.e., 02/06-11- 

25-28W4, 11-11-26-28W4, and 02/10-04-27-28W4) (Fig. 2.15). The TST unconformably 

overlies Sequence 2 and rests on a WRS/SU that corresponds to sequence boundary 

SB3, separating sharp-based shoreface sandstone deposits above from bioturbated lower 

offshore silty mudstones of Sequence 2 below (Fig. 2.9).  

The transgressive system tract of Sequence 3 in the Crossfield area represents a 

broadly fining-upward succession. This is made up, however, of two discrete, mappable, 

retrogradationally stacked, storm-influenced, sharp-based shoreface cycles (TST1 and 

TST2), which show subtle progradational or aggradational characteristics (Fig. 3.3). The 

sedimentological and ichnological characterization of the three wells with core indicate 

that these cycles display a backstep arrangement from north and northeast (seaward) 

towards the south (landward). Cycle TST1 is capped by a flooding surface (fs) that passes 

landward into a WRS amalgamated with the SU, forming the base of the sharp-based 

transgressive shoreface of TST2 (Fig. 3.3). 
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Figure 3-3 Depositional dip-oriented cross section showing the overall geometry of the transgressive system tract of 
Sequence 3, which is composed of two discrete transgressive cycles (TST1 and TST2) capped by a flooding 
surface (fs). Each marine flooding surface capping the older transgressive cycle becomes the WRS at the 
base of the younger transgressive cycle, and the offshore deposits above each older cycle are the distal 
facies of the younger transgressive shoreface. These retrogradationally stacked cycles were deposited 
successively in time as the shoreline backstepped from north and northeast (seaward) to south (landward) 
in the study area. Each TST cycle climbs stratigraphically up the pre-existing subaerial unconformity (SU) 
surface. This occurred after the development of the wave ravinement surfaces, which removed the evidence 
of more proximal facies in Sequence 2. Correspondingly, SB3 is highly diachronous in the study area. 
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Deposits of the TST1 cycle are recorded in wells 102/10-04-27-28W4 and 11-11-

26-28W4. These deposits directly overlie wave ravinement surface 1 (WRS1) (Fig. 3.3), 

and are composed of weakly and sporadically bioturbated (BI 0-2), upper medium-grained 

sandstone of the middle shoreface (Facies 5) (Fig. 3.4), with robust trace fossils that 

include Cylindrichnus, Diplocraterion, Ophiomorpha, Palaeophycus, Skolithos and 

Thalassinoides. The ichnological suite corresponds to the archetypal Skolithos 

Ichnofacies (e.g., MacEachern and Bann, 2008) (Fig. 2.5).  

Upper medium-grained sandstone deposits of Facies 5 are intercalated with dark 

grey, upper medium-grained muddy sandstone that are moderately and more uniformly 

bioturbated (BI 3-4) with Asterosoma, Chondrites, Diplocraterion, Ophiomorpha, 

Palaeophycus, Planolites, Phycosiphon, Schaubcylindrichnus freyi and Thalassinoides 

(Fig. 3.4A). In this interval, the trace fossil suite varies between a proximal expression of 

the Cruziana Ichnofacies and a distal expression of the Skolithos Ichnofacies, and records 

an episode of regression during the overall transgression. Facies 5 also contains siderite-

cemented mudstone interbeds (Fig. 3.4B) and dispersed glauconitic grains (Fig. 3.4C). 

Dispersed grains of glauconite can be transported from its place of origin during 

transgression and then concentrated into the sand (Stonecipher, 1999). 

Deposits of the TST2 cycle are only recorded in core of well 102/06-11-25-28W4. 

These deposits directly overlie wave ravinement surface 2 (WRS2) (Fig. 3.3), and consist 

of more distal facies that are reflected by thoroughly and uniformly bioturbated (BI 3-5) 

upper medium-grained muddy sandstone of the lower shoreface (Facies 3b) (Fig. 3.5). 

The trace fossil suite is diverse, includes Asterosoma, Chondrites, Diplocraterion, 

Ophiomorpha, Palaeophycus, Phycosiphon, Planolites, Rosselia, Schaubcylindrichnus 

freyi, Skolithos and Thalassinoides, and corresponds to a proximal expression of the 

Cruziana Ichnofacies (e.g., MacEachern and Bann, 2008). 

The progressively deepening of the retrogradationally stacked, storm-influenced, 

sharp-based transgressive shoreface complexes of FA1 is best represented in well 

102/06-11-25-28W4 by the presence of distal facies (Facies 3b).  This also corresponds 

to the youngest transgressive cycle (TST2) of FA1; therefore, compared to the deposits 

TST1, these younger deposits represent more distal depositional conditions, despite 

residing in a more proximal (landward) position, reflecting progressive transgression and 

incremental shoreline retreat towards the south.   
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Figure 3-4 Weakly bioturbated, upper medium-grained sandstone of Facies 5 
found in wells 102/10-04-27-28W4  and 11-11-26-28W4, interpreted as 
the middle shoreface. A) 11-11-26-28W4 (1849.2m): Weakly 
bioturbated (BI 2) sandstone intercalated with thoroughly bioturbated 
(BI 4-5) muddy sandstone. Trace fossil suite includes Skolithos (Sk), 
Planolites (P) and Thalassinoides (Th). Rip-up clasts of siderite-
cemented mudstone (rc) are present. B) 11-11-26-28W4 (1847.9m): 
Cross-stratified, medium-grained sandstone with siderite-cemented 
mudstone interbeds. Isolated Palaeophycus (Pa) are present. C) 
102/10-04-27-28W4 (1947.8m): Massive (apparently structureless) 
upper medium-grained sandstone with moderate amounts of 
glauconite (red arrows). 

Sharp-based shallow-marine deposits are typically assigned to forced regressive 

systems (e.g., Hunt and Tucker 1992; Walker and Bergman 1993; Posamentier and 

Morris, 2000; Ainsworth et al. 2000; Lee et al, 2007; Bera et al. 2010). However, such 

deposits can also occur as transgressively incised systems, and commonly display 

broadly similar sedimentological facies characteristics (e.g., Raychaudhuri et al., 1992; 

Burton and Walker, 1999; MacEachern et al., 1999). The difference between regressive 

and transgressive systems lies in the regional stratigraphic architecture of the sequence, 

the character of the basal surface, and the bounding surface’s relationship with the directly 

overlying facies (e.g., MacEachern et al., 1999).  
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Figure 3-5 Thoroughly bioturbated upper medium-grained muddy sandstone of 
Facies 3b, which corresponds to the expression of the Cruziana 
Ichnofacies. A) 102/06-11-25-28W4 (1830.1 m): Pervasive  bioturbation 
(BI 4-5) in muddy sandstone, erosionally overlain by unburrowed 
sandstone interpreted as a tempestite. Trace fossils include 
Ophiomorpha (O), Phycosiphon (Ph), Planolites (P), 
Schaubcylindrichnus freyi (Sch), possible Skolithos (?Sk) and 
Thalassinoides (Th).  B) 102/06-11-25-28W4 (1827 m): Muddy 
sandstone shows BI 4-5 with intercalated weakly bioturbated 
medium-grained sandstone (BI 1-2). Trace fossils include 
Asterosoma (As), Phycosiphon (Ph), Planolites (P), 
Schaubcylindrichnus freyi (Sch), Skolithos (Sk) and Thalassinoides 
(Th). 

 

This study recognizes that the shoreface complexes corresponding to Facies 3b 

and Facies 5 directly overlie a wave ravinement surface excavated an older subaerial 

unconformity that placed the lowstand shoreline well to the east of the study area (e.g., 

Pattison, 1991; Burton and Walker, 1999; MacEachern et al., 1999; Schultz et al., 2018), 
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and that the stratal arrangement of each cycle demonstrates progressive shoreline retreat. 

Therefore, these sharp-based sandstones have been interpreted as transgressive 

deposits produced during relative sea level rise (Fig. 2.9, Fig. 3.6 and Fig. 3.7).  

Shoreface deposits of the TST1 and TST2 cycles pass abruptly upward into 

thoroughly bioturbated sandy mudstones (Facies 2) (Fig. 3.6 and Fig. 3.8A) and 

thoroughly bioturbated silty mudstones (Facies 1) (Fig. 3.6 and Fig. 3.8B) of the offshore. 

Facies 1 contains the maximum flooding surface (MFS) that caps the transgressive 

system tract, and is recognized on well logs by having the highest gamma-ray values (Fig. 

3.3 and Fig. 3.6). The MFS of Sequence 3 also marks the onset of a progradational 

coarsening-upward interval corresponding to the highstand system tract of Sequence 3. 

As such, the MFS serves as the downlap surface of the HST. 

Sharp-based shoreface sandstone deposits of TST1 and TST2 are denoted on 

gamma-ray logs by a sharp contact where the curve moves to the left (Fig. 3.3, Fig. 3.6 

and Fig. 3.7). Well-log correlations show that the shoreface sandstone of the TST1 cycle 

ranges in thickness from 5 to 6.5 m to the south and southwest part of the study area, 

attributed to the available accommodation space. Deposits of the TST2 cycle are thinner, 

reaching 4 m and decreasing to 1m - 2 m towards the northern and eastern part of the 

Crossfield area, owing to less accommodation space. 

The transgressive shoreface sandstone bodies encountered in wells 02/06-11-25-

28W4, 11-11-26-28W4 and 02/10-04-27-28W4 represent potential stratigraphic traps for 

hydrocarbons, as they are underlain and overlain by mudstone deposits of offshore 

environments belonging to the Sequence 2 and to the TST, respectively. These deposits 

also contain good porosity values (3 - 7%); however, they are not laterally extensive and 

therefore less predictable as thicknesses decrease towards the north and east of the study 

area. 
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Figure 3-6 Transgressive system tract in well 102/10-04-27-28W4, showing an 
overall fining-upward succession. This is made up of two discrete, 
mappable, retrogradationally stacked, storm-influenced, sharp-based 
shoreface cycles (TST1 and TST2). The interval between the SB3 and 
fs surfaces corresponds to the TST1 cycle, which is expressed as a 
sharp-based sandstone deposit (Facies 5) of the middle shoreface. 
These deposits directly overlie wave ravinement surface 1 (WRS1). 
The fs that separates offshore deposits (Facies 2) above from 
shoreface deposits below (Facies 5) is the distal equivalent to WRS2 
(Fig. 3.3). The succession between the fs and MFS surfaces consists 
of offshore deposits (Facies 2 and 1) that represent the distal facies 
of the younger cycle (TST2). 

 

Figure 3-7 Transgressive system tract in well 102/06-11-25-28W4, showing an 
overall fining-upward succession. This is composed of two discrete, 
mappable, retrogradationally stacked, storm-influenced, sharp-based 
shoreface cycles (TST1 and TST2). The interval between SB3 and fs 
surfaces corresponds to the TST2 cycle that is expressed as sharp-
based sandstone deposits (Facies 3b) of the distal lower shoreface. 
These deposits directly overlie wave ravinement surface 2 (WRS2). 
The succession between the fs and MFS surfaces consists of offshore 
deposits (Facies 2 and 1) that represent distal deposits of younger 
cycles that were deposited in more proximal (landward) positions.   
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The overall fining-upward of the transgressive system tract of Sequence 3 in the 

Crossfield area is expressed by the sedimentological and ichnological facies 

characteristics of the succession. In each location, thoroughly bioturbated sandy 

mudstone (Facies 2) (Fig. 3.8B) or silty mudstone (Facies 1) (Facies 3.8A) are deposited 

over weakly bioturbated upper medium-grained sandstone (Facies 5) or thoroughly 

bioturbated upper medium-grained muddy sandstone (Facies 3b). This indicates, 

regionally, the progressive shift of shallow-water shoreface environments to offshore 

environments (Fig. 3.6 and Fig. 3.7).  

Thoroughly bioturbated sandy mudstone (Facies 2) are interpreted to have been 

deposited in the upper offshore of a storm-influenced system, and corresponds to the 

archetypal Cruziana Ichnofacies (MacEachern and Bann, 2008). The predominance of 

sessile deposit-feeding structures (e.g., Asterosoma and Chondrites) with some dwelling 

structures (e.g., Diplocraterion, Ophiomorpha, Schaubcylindrichnus coronus, 

Schaubcylindrichnus freyi and Skolithos), and subordinate grazing structures (e.g., 

Phycosiphon) reflect the high diversity of benthic community. The presence of dwelling 

structures of inferred deposit feeders/carnivores (e.g., Schaubcylindrichnus coronus and 

Schaubcylindrichnus freyi) and dwelling structures of inferred suspension feeders (e.g., 

Diplocraterion and Ophiomorpha) supports the interpretation that depositional energies 

were higher than those recorded in those of Facies 1.  

The presence of fully marine trace fossils with uniformly distributed burrowing 

observed in the silty mudstone (Facies 1) suggests that deposition was slow and 

continuous under low-energy conditions (MacEachern and Pemberton 1992; Pemberton 

and MacEachern 1997). This facies contains MFS_3 of Sequence 3, and is dominated by 

grazing traces (e.g., Helminthopsis and Phycosiphon) with subordinate numbers of 

deposit-feeding/carnivore structures (e.g., Asterosoma, Chondrites, Schaubcylindrichnus 

coronus, Planolites, Thalassinoides and Zoophycos). The trace fossil suite is consistent 

with a distal expression of the Cruziana Ichnofacies (MacEachern and Bann, 2008) and 

interpreted to record deposition in the lower offshore.  

The total thickness of the transgressive system tract (TST) ranges between 8 to 9 

m in the south and southwest of the study area, whereas to the north and east, thicknesses 

vary from 3 to 5 m. Thick intervals of the TST reflect that progressive transgression and 

abundant accommodation occurred in the south and southwest parts of the study area.   
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Figure 3-8 Bioturbated sandy and silty mudstones of the offshore environment, 
corresponding to Facies 2 and Facies 1, respectively. A) 14-11-26-
28W4 (1845.4 m): Thoroughly bioturbated sandy mudstone (BI 4-5) of 
the upper offshore, with Asterosoma (As), Chondrites (Ch), 
Ophiomorpha (O), Phycosiphon (Ph) and Planolites (P), 
corresponding to the archetypal Cruziana Ichnofacies. B) 102/06-11-
25-28W4 (1820.3 m): Pervasive  bioturbation in silty mudstone (BI 4-
5) of the lower offshore, which alternates with sporadically 
bioturbated wavy parallel laminated sandstone (red arrow), 
interpreted as a tempestite. Trace fossils include Chondrites (Ch), 
Helminthopsis (He), Schaubcylindrichnus coronus (Sch), 
Phycosiphon (Ph), Planolites (P) and Thalassinoides (Th). The suite 
corresponds to a distal expression of the Cruziana Ichnofacies.  
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Highstand System Tract (HST) 

The highstand system tract (HST) downlaps onto the maximum flooding surface 

(MFS_3), and comprises an upward-shallowing succession erosionally overlain by SB4 

(WRS/SU). The gradual coarsening-upward interval records normal regression that 

occurred when sedimentation rates outpaced the rate of relative sea-level rise at the 

shoreline (e.g., Catuneanu, 2006). In the Crossfield area, the highstand system tract of 

Sequence 3 consists of two facies associations: storm-dominated offshore-shoreface 

complexes (FA2), and mixed-process (wave-and river influenced) delta complexes (FA3). 

Both facies associations received sediment from the west and southwest. 

Facies Association 2 (FA2): Storm-dominated offshore-shoreface complexes 

Facies Association 2 (FA2) has been interpreted to represent deposition in a 

storm-influenced offshore-shoreface complex. FA2 directly overlies the maximum flooding 

surface (MFS_3) and is overlain by a marine flooding surface (fs_1). The underlying 

MFS_3 surface also corresponds to the downlap surface, marking the onset of normal 

(progradational) regression, and is diagnostic of the highstand system tract. MFS_3 is an 

allogenic surface that is mappable across the Crossfield area.  

The vertical sedimentary succession of FA2 consists of subtly sanding-upwards 

successions, mainly expressed by thoroughly bioturbated silty and sandy mudstones of 

the offshore (Facies 1 and Facies 2) that gradationally pass upwards into thoroughly 

bioturbated, fine-grained muddy sandstone (Facies 3a) of the distal lower shoreface (Fig. 

3.9). Complete successions are overlain by moderately bioturbated, medium-grained silty 

sandstone (Facies 4) of the proximal lower shoreface (Fig. 3.10).  On gamma-ray well 

logs, FA2 is represented by a decreasing API profile, and is particularly well expressed 

where shoreface deposits are more storm dominated. In core, bioturbation intensities 

within the facies become more sporadically distributed as tempestites become more 

abundant. The local presence of thin, dark, unburrowed mudstone drapes within the facies 

is interpreted to reflect minor fluvial influence in the environment, probably recording 

depositional positions lying downdrift of active deltas (cf. FA3). Deposits of FA2 are 

mappable across the Crossfield area, and are well expressed in the cores of wells 14-11-

26-28W4, 102/06-11-25-28W4, 102/10-04-27-28W4, 09-15-25-26W4, and 10-17-27-

27W4. 
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Figure 3-9 Bioturbated, fine-grained muddy sandstone of Facies 3a, containing 
an ichnological suite reflecting a proximal expression of the Cruziana 
Ichnofacies and interpreted as distal lower shoreface. A) 06-17-30-
03W5 (2363.0m):  Thoroughly bioturbated, fine-grained muddy 
sandstone (BI 3-4) with sporadically bioturbated sandstone beds (BI 
0-2) interpreted as tempestites. Trace fossil suite includes Chondrites 
(Ch), Ophiomorpha (O), Palaeophycus (Pa), Phycosiphon (Ph), 
Planolites (P) and Thalassinoides (Th). The red arrow points to a dark 
mudstone lamina with low BI, interpreted to reflect minor fluvial 
influx. B) 03-08-27-27W4 (1864.6m): Thoroughly and uniformly 
bioturbated, fine-grained muddy sandstone (BI 4-5) with sporadically 
burrowed parallel planar laminated sandstone beds (BI 0-2) 
interpreted as distal tempestites. Trace fossil suite includes 
Chondrites (Ch), Ophiomorpha (O), Palaeophycus (Pa), Phycosiphon 
(Ph), Planolites (P) and Thalassinoides (Th). Dark mudstone laminae 
with low BI (e.g., red arrow) is interpreted to record buoyant plumes 
moved downdrift from distributary channels in deltas of FA3.  
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Figure 3-10 Moderately bioturbated, medium-grained silty sandstone of Facies 4, 
containing ichnological suites attributable to a distal expression of 
the Skolithos Ichnofacies and interpreted as proximal lower 
shoreface. A) 02/04-27-28W4 (1936.8m): Moderately bioturbated 
muddy sandstone showing BI 3-4. Trace fossil suite includes 
Chondrites (Ch), Macaronichnus (Ma), Ophiomorpha (O) and 
Planolites (P). B) 02/06-11-25-28W4 (1818.7m): Moderately bioturbated 
muddy sandstone, showing BI 4-5. The suite includes Chondrites 
(Ch), Ophiomorpha (O) and Planolites (P).  

Facies Association 3 (FA3): Mixed process wave- and storm-dominated, fluvial-
influenced delta complexes   

Facies Association 3 (FA3) occurs in the highstand system tract (HST), and is 

interpreted to represent deposition in a mixed-process (wave-and river influenced) 
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symmetric delta. FA3 comprises a sanding-upwards succession and contains reservoir 

facies in the Crossfield area. FA3 is stratigraphically bound by a flooding surface 1 (fs_1) 

below and by SB4 (WRS/SU) at its top. Flooding surface 1 (fs_1) separates distal facies 

of the prodelta, which sharply overlie the storm-dominated and more proximal facies of 

the FA2 shoreface successions. The northern part of the study area reflects that deposits 

of FA3 encompass only one sanding-upward cycle that corresponds to one delta lobe (Fig. 

3.11).  On the contrary, the southern portion of the study area indicates that deposits of 

FA3 are partitioned into two discrete progradational cycles, recording two delta lobes 

separated by a flooding surface 2 (fs_2) (Fig. 3.12).  

The vertical sedimentary succession of FA3 is shown in Figure 3.11 and Figure 

3.12, each one consists of dark, laminated mudstone with sandstone and siltstone 

interbeds of the prodelta (Facies 6) (Fig. 3.11, Fig. 3.12, Fig.3.15, Fig. 3.16, Fig 3.17, Fig. 

3.18 and Fig. 3.19), grading into parallel laminated, fine-grained sandstone intercalated 

with dark (carbonaceous), fissile mudstone (Facies 7) of the distal delta front (Fig. 3.11 

and Fig. 3.12).  This passes upward into erosionally amalgamated, fine-grained 

hummocky cross-stratified sandstone (Facies 8) of the delta front (Fig. 3.20, Fig. 3.21, Fig. 

3.22, Fig. 3.25, Fig. 26, Fig. 27, Fig. 2.28 and Fig. 3.29). Complete successions are 

overlain by medium-grained, trough and planar tabular cross-stratified sandstone with 

bands of Macaronichnus segregatis (Facies 9), interpreted to record the proximal delta 

front (Fig. 3.23A and Fig. 3.23B). Locally, FA3 also contains erosionally based, fining-

upward intervals of trough cross-stratified, medium-grained sandstone (Facies 10), 

interpreted as distributary channel fills (Fig. 3.23C). FA3 successions may be capped by 

strongly pedogenically modified silty sandstone (incipient paleosols) (Facies 11) of the 

delta plain (Fig. 2.11, Fig. 2.12 and Fig. 3.11).  

On gamma-ray well logs, FA3 is recognized by an overall coarsening-upwards 

profile, with prodelta and distal delta-front deposits displaying a serrated profile that 

reflects thinly interbedded sandstone and mudstone. This heterolithic pattern can be 

attributed to the presence of oscillation rippled sandy tempestites that are intercalated with 

dark, carbonaceous mudstones and laminated mudstones. Delta-front and proximal delta-

front deposits show a more uniform coarsening-upward profile on the gamma-ray logs 

(Fig. 3.11) owing to the greater degree of erosional amalgamation of sandstone beds, but 

may display higher radioactivity on the gamma-ray log if the sandstones are markedly 

carbonaceous or contain thin interbeds of mudstone or abundant mudstone rip-up clasts. 
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Distributary channels are recognized on gamma-ray logs by their sharp basal contacts 

(abruptly lower API values) and fining-upward profile (progressively higher API values). 

FA3 deposits are regionally mappable and encountered in most of cored wells of the 

Crossfield area. The prodelta to distal delta front deposits record deposition from above 

storm wave base to just above fairweather wave base, and occur contemporaneously with 

offshore and lower shoreface successions lying along depositional strike (e.g., Coates and 

MacEachern, 2007). The more proximal delta-front deposits, by contrast, lie well above 

fairweather wave base and pass along strike into contemporaneous middle and upper 

shoreface deposits.  

The sedimentological and Ichnological features in the deposits of Facies 

Association 3 (FA3) appear to be the product of three distinct sedimentological regimes, 

one dominated by fairweather waves, one by storm waves, and one by rivers that lead to 

high degrees of environmental stress in the system. Fluvial discharge is particularly 

evident by the spatial distribution of reduced burrowing intensities, low trace fossil 

diversities, sporadically distributed bioturbation, syndepositional deformation structures, 

syneresis cracks, and abundant thin, unburrowed mudstone drapes. These observations 

suggest that the depositional environment was generally prone to elevated sedimentation 

rates, episodic deposition, and periodic salinity fluctuations (e.g., Gingras et al., 1998; 

MacEachern et al., 2005; MacEachern and Gingras, 2007; MacEachern and Bann, 2008; 

Bhattacharya and MacEachern, 2009; Buatois et al., 2012; Wilson and Schieber, 2014; 

Korus and Fielding, 2015; Dasgupta et al., 2016; Collins et al., 2017).  

Wave activity reflects both storm energy and fairweather wave shoaling.  Storm 

energy is mainly recorded by the presence of erosionally based beds containing oscillatory 

and combined flow sedimentary features, particularly reflected by the abundance of 

oscillation ripple laminated and hummocky cross-stratified fine-grained sandstone. Such 

beds typically show opportunistic colonization, top-down bioturbation, cryptic bioturbation 

and generally low BI values (e.g., Seilacher, 1982; Pemberton and Frey, 1984; Frey, 1990; 

Bhattacharya and Walker, 1992; Pemberton et al., 1992; Raychaudhuri and Pemberton, 

1992; Cheel and Leckie, 1993; Bhattacharya, 2006; Pemberton and MacEachern, 1997; 

Bann et al., 2008; Pemberton et al., 2008; Carmona et al., 2009; Dafoe et al., 2010; 

Dashtgard et al., 2012). Fairweather wave conditions, by contrast, are typically associated 

with slower deposition rates and lower overall energy, typically leading to higher 

bioturbation intensities and more diverse trace fossil associations. This variability in wave 
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action had a strong influence during the ultimate facies characteristics of FA3, reflected 

by intervals wherein fairweather associated bioturbation is regularly intercalated with 

storm-generated beds of oscillation rippled and wavy parallel laminated (HCS) sandstone. 

As storm-domination increases, high-energy tempestites are increasingly amalgamated, 

forming thick bedsets.   
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Figure 3-11 Well 06-17-30-03W5 that shows discrete vertical sedimentary successions of FA3 in the north part of the Crossfield area. FA3 contains one delta lobe, which includes prodelta facies that 
grades into delta front, proximal delta front and delta plain facies . Flooding surface fs_1 (green arrow) separates distal facies of the prodelta above from more proximal lower shoreface 
sandstone of FA2 below. FA3 is truncated by the regionally mappable SB4 (red arrow), a co-planar subaerial unconformity and marine flooding surface (red arrow). 
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Figure 3-12 Well 02/10-12-25-26W4 that shows discrete vertical sedimentary successions of FA3 in the south part of the Crossfield area. FA3 records two delta lobes separated by a flooding surface 2 
(fs_2). Flooding surface fs_1 (green arrow) separates distal facies of the prodelta above from more proximal lower shoreface sandstone of FA2 below. FA3 is truncated by the regionally 
mappable SB4 (red arrow), a co-planar subaerial unconformity and marine flooding surface (red arrow).
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Along-Strike Depositional Process Variations in Facies Association 3 (FA3) 

The deltaic deposits in the HST of Sequence 3 record marked along-strike variations as a 

function of the differential preservation potential of beds and bedsets deposited in response to 

fluvial energy, fairweather waves, and storm wave processes. Historically, deltas have been 

classified using a ternary plot diagram that focuses on the relative importance of fluvial, wave and 

tidal processes acting on the system. The most widely employed framework is the ternary diagram 

developed by Galloway (1975). This classification is still used today, although often with some 

refinement.  Orton & Reading (1993), for example, expressed the Galloway model in the context 

of a series of ternary plots capturing changes in the prevailing grain sizes deposited in the delta 

front. Dalrymple et al., (1992) proposed a ternary classification for all clastic coastal-margin 

environments, which placed the Galloway diagram at its apex, and focused on discriminating the 

interplay of processes operating in deltas, strandplains, tidal flats, estuaries lagoons, etc.  

Within the study area, facies characteristics allow the ready differentiation of strandplain 

shorefaces from deltaic successions, and therefore the Dalrymple et al., (1992) classification is 

not required to characterize the observed spatial variability. As well, all Viking Fm delta-front 

deposits are dominated by medium- to fine-grained sandstone, and so spatial changes in the 

character of the deltaic facies successions cannot be explained using the Orton & Reading (1993) 

model. 

Ainsworth et al., (2011) proposed a ternary plot comparable to Galloway (1975), with the 

exception that it seeks to characterize the relative importance of fluvial, wave and tidal processes 

on the facies characteristics of all siliciclastic coastal environments (Fig. 3.13A).  To that end, the 

classification requires workers to identify the various facies characteristics indicative of specific 

processes (or combinations of processes) in order to plot the position of the facies interval on the 

ternary diagram. This modification was intended to express environments best characterized as 

‘mixed processes. As a result, classification is broken into 15 different mixed-process zones or 

fields. Each zone can be characterized by identifying the primary (or dominant), secondary and 

tertiary process that resulting in the preserved facies characteristics in the unit of study, using a 

simple 3 letter notation to describe the relative importance of the depositional processes acting in 

the environment (Fig. 3.13A).  

In the study area, delta deposits in the highstand system tract of Sequence 3 are 

overwhelmingly wave-dominated with variable but locally significant fluvial influence, but without 

clear evidence of any tidal influence preserved in the facies. In general, tidal influence in the 
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coastal regime of the Viking is considered to have been weak (e.g., Downing and Walker, 1988; 

Boreen and Walker, 1991; Pattison, 1991; Raychaudhuri et al., 1992; Leckie and Reinson, 1993). 

The subtle features imparted by weak tidal influence (cf. Brettle et al., 2002) were probably 

erosionally removed or masked by the overwhelming domination of wave (both fairweather and 

storm origin) and/or fluvial processes.  

Sedimentological and ichnological analyses of FA3 reveal that the main process operating 

in the study area are related to wave and fluvial processes.  As such, all facies successions plot 

along the left to lower left margin of the Ainsworth et al., (2011) diagram (Fig. 3.13A). That would 

suggest that the changes observed along depositional strike in the HST are mainly a function of 

the relative importance of wave vs. fluvial processes.  Although that is a factor, it cannot explain 

all of the observed variations, nor explain why reservoir characteristics are better developed in 

the northern part of the study area, which (like the south) are wave dominated. This highlights 

one of the persistent problems with these published ternary plots; wave energy combines both 

fairweather wave processes and storm processes, despite the fact that the two lead to different 

facies characteristics.  

Indeed, facies mapping reveals that significant along-strike variations are a function of the 

relative importance of fluvial energy, as well as fairweather wave vs. storm wave processes on 

the deltaic intervals of Sequence 3. In order to predict the along-strike variations of the delta 

successions within the HST, therefore, the WAVE classification scheme of Ainsworth et al., (2011) 

has been modified so that it ignores tidal energy, places fluvial energy (f) at the apex, and 

separates wave energy into fairweather waves (fw) and storm waves (st) at the other two apices 

(Fig. 3.13B). The same three-letter coding style proposed by Ainsworth et al., (2011) is employed 

within the modified scheme to explain facies variations that are related to the different processes 

(i.e., fluvial, fairweather waves and storm waves) operating in the study area to explain variations 

in successions that are otherwise strongly wave-dominated. 
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Figure 3-13 A) Classification scheme by Ainsworth et al., (2011). B) Modified process classification scheme of Ainsworth et al., (2011) to evaluate the dominant processes acting in depositional 
environments where tidal processes are very minor, but where fluvial processes are more significant and wave energy can be differentiated into those associated with fairweather shoaling 
and those with storm energy. 
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 Prodelta Interval 

Along-Strike Depositional Process Variations of the Prodelta and Distal Delta Front  

Deposits of the prodelta (Facies 6) and distal delta front (Facies 7) in FA3 were previously 

interpreted by Hadley (1992) as offshore successions deposited during low-energy conditions. 

However, based on sedimentological and ichnological analyses, this study demonstrates that the 

mud-dominated intervals of Facies 6 and Facies 7 accumulated under prodelta and distal delta 

front conditions extending from storm wave base to immediately above fairweather wave base 

(Table 3).  

Mudstone of the prodelta and distal delta front in the Crossfield area indicate deposition 

by energetic flow processes (e.g., hyperpycnal flows, bedload transported mud belts, wave-

enhanced sediment gravity flows) (e.g., Mulder et al., 2003; MacEachern et al., 2005; Felix et al., 

2006; Zavala et al., 2006; Bhattacharya and MacEachern, 2009; MacQuaker et al., 2010; Wilson 

and Schieber 2014; Dasgupta et al., 2016; Collins et al., 2017) or by rapid flocculation and 

sedimentation from buoyant (hypopycnal) plumes (e.g., Gingras et al., 1998; MacEachern et al., 

2005; Bann et al., 2008; MacEachern and Bann 2008; Buatois et al., 2008; Carmona et al., 2009; 

Dasgupta et al., 2016). This interpretation is supported by the presence of dark, fissile mudstone 

beds with low bioturbation intensities (BI 0-2), mudstone rip-up clasts, normally and inversely 

graded lamina-sets (Fig. 3.17), and syneresis cracks (cf. Gingras et al., 1998; MacEachern et al., 

2005; Olariu and Bhattacharya, 2006; Bhattacharya and MacEachern, 2009; Collins et al., 2017).  

Six different well locations: A, B, C, D, E and F, contain cores with prodeltaic intervals 

have been plotted using the modified WAVE classification scheme of Ainsworth et al., (2011) (Fig. 

3.13B). These locations are shown in Figure 3.14, and are expressed by a facies slice map of the 

prodelta deposits. Locations reveal that the preservation potential of deposits produced by 

fairweather waves, storm waves, and fluvial processes varies along depositional strike in the 

Crossfield area. Sedimentological and ichnological characteristics corresponding to the prodelta 

and distal delta-front deposits penetrated in these six locations are discussed in detail below.  
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Figure 3-14 A facies slice map through prodelta deposits of FA3.  Six locations are highlighted (A,B,C,D, E and F), and 
reflect the significant differences in the relative abundance of fluvial, fairweather wave and storm wave 
processes on the facies successions. 
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Locations A and F 

Prodelta successions in locations A and F correspond to the wells 02/10-12-25-

26W4 and 14-30-31-28W4, respectively, and constitute the most basinward portions of 

the subaqueous delta as well as the most extreme positions along depositional strike.  

Both areas show prodeltaic facies dominated by bioturbated fine-grained sediment that 

settled from suspension (Fig. 3.15), and have been interpreted to reflect deposition during 

fairweather conditions that occured out of reach of shoaling waves (e.g., Snedden et al., 

1988; Reading and Collinson, 2005; Dumas and Arnott, 2006). Mudstone layers of the 

prodelta deposited under fairweather conditions display bioturbation intensities that range 

from BI 3-5, and a trace fossil suite that includes Chondrites, Palaeophycus, Phycosiphon, 

Planolites, Teichichnus, and Thalassinoides. 

These fairweather bioturbated mudstones (BI 3-5) are interstratified with variable 

proportions of thin (1-5 cm), fine-grained sandstone beds that contain oscillation and 

combined flow ripple lamination and low-angle parallel lamination, interpreted as distal 

tempestites, (Fig. 3.15).  During storms, the resulting long-period waves are much more 

effective in scouring the substrate and transporting sand basinward (e.g., Swift and 

Figueiredo, 1983; Snedden et al., 1988; Reading and Collinson, 2005). Tempestites show 

bioturbation intensities that range from BI 0-3, with a trace fossil suite that includes 

dispersed Phycosiphon and isolated Ophiomorpha.  

Unburrowed to weakly bioturbated (BI 0-2) mudstone layers with isolated 

Planolites commonly drape event beds, and are interpreted to have been deposited from 

fluvial discharge. The general paucity of these layers indicate that fluvial sediment influx 

represents the tertiary process operating in these areas (Fig. 3.15). Locations A and F 

have been assigned as a fairweather wave-dominated, storm wave-influenced, and fluvial-

affected (FW,st,f) prodelta in the modified Ainsworth et al., (2011) classification (Fig. 

3.13B).  
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Figure 3-15 Fairweather wave-dominated, storm-influenced, fluvial-affected 
prodelta, showing bioturbated (BI 4) silty and sandy mudstone beds 
intercalated with subordinate dark, laminated mudstone layers and 
thin parallel laminated and rippled sandstone and siltstone layers 
(Facies 6) in location A (well: 02/10-12-25-26W4). The interstratified 
thin (1-5 cm) fine-grained parallel laminated and rippled sandstone 
beds correspond to distal tempestites. These pass into parallel 
laminated fine-grained sandstone intercalated with dark, fissile 
carbonaceous mudstone of the distal delta front (Facies 7). The green 
arrow represent fs_1, which separates the pervasively bioturbated 
shoreface deposits (FA2) below from the overlying heterolithic 
prodeltaic deposits of FA3. 

Locations B and C 

Prodelta and distal delta-front facies successions in locations B (well: 03-05-26-

27W4) and C (well: 10-17-27-27W4) display characteristics that indicate they accumulated 

under more fluvial-dominated conditions.  Mud deposits show features that indicate they 

were mobilized and transported under energetic conditions, such as the presence of 

massive and laminated mudstone layers with low BI (0-2), unburrowed to weakly 
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bioturbated (BI 0-1) dark fissile carbonaceous mudstone beds, and common soft-sediment 

deformation. Syneresis cracks suggest salinity reduction during the accumulation of some 

mudstone beds. Stacked siltstone-sandstone couplets showing normal and/or inverse 

grading (Fig. 3.17) are interpreted to have been generated by turbulent sediment-gravity 

flows that transported material basinward by hyperpycnal discharge (e.g., Bates 1953; 

Parson et al., 2001; Mulder et al., 2003; Felix et al., 2006; Zavala et al., 2006; Bhattacharya 

and MacEachern 2009; Wilson and Schieber 2014). 

In Location B, unburrowed to weakly bioturbated (BI 0-2) massive and laminated 

mudstone beds that range from 10 to 30 cm thick dominate the prodelta interval, and 

contain trace fossil suites that include dispersed Phycosiphon, Planolites and 

Thalassinoides. Such mudstones are intercalated with very fine-grained sandstone and 

siltstone beds that range from 5 to 20 cm thick, consisting of unburrowed to weakly 

bioturbated (BI 0-1), erosionally amalgamated hummocky cross-stratification with isolated 

Ophiomorpha. Soft-sediment deformation is also present reflecting rapid deposition. Thin 

(5 -8 cm), unburrowed to weakly bioturbated (BI 0-1) dark, fissile carbonaceous mudstone 

beds with isolated Planolites are also intercalated.  

 In location C, normally and inversely graded, very fine-grained sandstone and 

sandy siltstone layers locally dominate the prodelta interval, forming bedsets from 10 to 

30 cm in thickness (Fig. 3.17). Where bioturbated, the trace fossil suite consists of 

Phycosiphon and Planolites. Low bioturbation intensities and trace fossil diversities 

suggest high and continuous rates of deposition. The normally and inversely graded layers 

are interpreted to represent hyperpycnal flows produced by the waxing and waning of 

fluvial flood discharge (e.g., Kneller and Branney 1995; Mulder and Syvitski, 1995; Mulder 

et al., 2003; Bhattacharya and MacEachern, 2009; Collins et al., 2017).  In the Crossfield 

area, these deposits are preserved in Township 27, Range 27W5, and interpreted to 

record deposition in close proximity to the trunk fluvial systems that fed the delta.  

The abundance of fissile carbonaceous mudstone and soft-sediment deformation, 

coupled with stacked hyperpycnites indicate that fluvial processes clearly dominated over 

the wave process (fairweather wave and storm wave) in the preserved deposits of the 

prodelta. Prodeltaic successions in location B and C are assigned as fluvial dominated, 

storm influenced, and fairweather affected (F,st,fw) (Fig. 3.13B), using the modified WAVE 

classification scheme of Ainsworth et al., (2011).  
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Figure 3-16 A) Fluvial-dominated, storm wave-influenced, and fairweather wave-
affected prodelta, showing massive and laminated mudstone 
intercalated with parallel laminated sandstone in Location B (well: 03-
05-26-27W4). The intercalated, sharp-based, undulatory parallel 
laminated and oscillation rippled fine-grained sandstone beds are 
interpreted as tempestites. Soft-sediment deformation is also 
present. B) 03-05-26-27W4 (1719.7m): Laminated mudstone with 
interstratified silt and sand laminae, as well as variable proportions 
of thin, centimetre-scale (1-5 cm), fine-grained sandstone layers. Unit 
shows BI 0-2, with isolated Planolites (P), Phycosiphon (Ph) and 
Thalassinoides (Th). Dark, fissile mudstone drapes (red arrow) are 
locally present and range from 0.2 to 10.0 cm thick.  
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Figure 3-17 A) Fluvial-dominated, storm wave-influenced, and fairweather wave-
affected prodelta, showing massive mudstone beds intercalated with 
sharp-based, normally and inversely graded, very fine-grained 
sandstone and siltstone layers, interpreted as hyperpycnites in 
Location C (well: 10-17-27-27W4. Soft-sediment deformation 
structures are also present.  Flooding surface (see green arrow) 
separates the prodeltaic units from the underlying shoreface interval.  
B) 10-17-27-27W4 (1760.5m):  Close up of an interval in image A (red 
box), showing stacked layers of parallel laminated, normally and 
inversely graded (yellow arrows point in direction of decreasing grain 
size) very fine-grained sandstone and sandy siltstone of Facies 6, 
interpreted as hyperpycnites. Inverse grading locally transitions out 
of normally graded lamina-sets, consistent with surging flows. Unit 
shows BI 0-1, with isolated Planolites (P) and Phycosiphon (Ph). 
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Locations D and E 

Prodeltaic deposits in locations D and E are dominated by hetherolithic intervals 

that contain increased proportions of hummocky cross-stratified (HCS) sandstone beds 

(Fig. 3.18 and Fig. 3.19). This increase in storm influence becomes progressively more 

apparent towards the northern portions of the study area, reflected by the predominance 

of thick (approximately 50 cm) intervals, forming HCS tempestites erosionally 

amalgamated metre-scale bedsets. The prevalence of tempestites indicates that these 

locations are storm dominated. 

In these locations, mud beds associated with river-induced hypopycnal plumes 

form thin (1-10 cm), dark (carbonaceous), fissile mudstone layers that mainly drape the 

tempestites. Such mudstone layers display BI 0-2, as well as low diversity Ichnological 

suites that record post-storm recolonization (Fig. 3.18 and Fig. 3.19). The low proportions 

of mud intervals in these areas are attributed to presence of elevated wave energy (storm 

and fairweather), which either was able to redistribute the river-supplied sediment (e.g., 

Ainsworth et al., 2011), or erosionally remove it during tempestite amalgamation. Lower 

proportions of bioturbated (BI 4-5) mudstone layers, interpreted to have been deposited 

under fairweather conditions, occur in these locations, presumably because most were 

erosionally removed by successive storm events and/or because storm frequency was too 

high to permit their significant accumulation (Fig. 3.18 and Fig. 3.19).   

Where prodelta successions are storm dominated (e.g., locations D and E), they 

are challenging to differentiate from distal delta-front deposits, because these prodeltaic 

intervals are markedly sandier than other distal facies. The facies succession is assigned 

as storm dominated, fluvial influenced, and fairweather affected (W,f,fw) (Fig. 3.15B). 

In Location D, storm-flood couplet bedsets have been interpreted, and commonly 

consist of sandstone layers containing oscillation ripples and/or micro-HCS that are 

sharply overlain by carbonaceous mudstone drapes that may contain silt or sand laminae 

or are massive (structureless) (Fig. 3.18B). This indicates that the storm beds and 

mudstone drapes are genetically linked with one another, and such heterolithic bedsets 

have been interpreted to represent “coupled storm-flood cycles” that are the product of 

high energy storms and ensuing river flood discharge resulting from precipitation that 

accompanied the storms (e.g., MacEachern et al., 2005; MacEachern and Bann, 2008; 
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Collins et al., 2017). Storm-flood couplet bedsets are also recorded in well 02/10-12-25-

26W4. 

 Mudstone beds that sharply overlie tempestites are normally graded, and are 

commonly composed of two discrete units: designated A and B (Fig. 3.18B).  Unit A 

consists of a silt-rich mud with planar parallel lamination produced during rapid suspension 

sediment settling. Unit B is typically moderately bioturbated, reflecting deposition under 

rapid suspension sediment settling likely through flocculation of clay. Bioturbation 

intensities in unit B range from BI 2-4 and show top-down colonization that occurred after 

the rapid sedimentation of the mudstone drape.  The most common trace fossils in such 

units are Chondrites, Schaubcylindrichnus freyi, Planolites and Phycosiphon. 

In addition, some normally graded, fine-grained layers capping tempestites have 

been suggested to represent deposition via wave-enhanced sediment gravity-flows 

(WESGFs; Macquaker et al., 2010). These deposits are the product of storm waves that 

produce large quantities of fluid mud, which are subsequently deposited rapidly as fine-

grained layers in prodelta and shelf areas. Correspondingly, they are described as a 

“triplet” succession of sedimentological features representing three discrete flow 

conditions during storms. From base to top, changes in flow conditions include wave-

induced turbulent suspension, development of a wave-enhanced sediment-gravity flow 

(WESGFs), and post-event suspension settling akin to the Te layer of classical turbidites 

(Macquaker et al., 2010).  

The first unit of this “triplet” succession is associated with silt and very fine-grained 

sand produced during strong wave action, and in this study this unit is interpreted as  a 

distal tempestite bed due to its abrupt erosional contact with underlying units and its sharp 

contact with the overlying normally graded mudstone layer (Fig. 3.18B).   This can lead to 

confusion, since wave-enhanced sediment-gravity flow beds (WESGFs) and tempestites 

both have erosional bases and are formed due to storm wave action. Additionally, deposits 

of WESGFs as described by Macquaker et al., (2010) are <10 mm while the normally 

graded beds observed in this study are approximately 4 cm thick.  However, MacQuaker 

et al., (2010) focused only on distal mudstone-dominated successions. Unfortunately, 

there aren’t a sufficient number of examples of normally graded mud beds capping 

tempestites in the study area to differentiate storm-flood cycles from the subtle triplets 

related to WESGFs in thicker bedsets of very fine-grained sandstone. Therefore, careful 



73 

sedimentological assessment of such normally graded layers overlying the tempestites 

should be undertaken in future studies to develop criteria to differentiate between storm-

flood couplet bedsets from wave-enhanced sediment gravity-flow (WESGFs) deposits.  

 

Figure 3-18 A) Storm wave-dominated, fluvial-influenced, and fairweather wave-
affected prodeltaic interval in Location D (well: 03-08-27-27W4), 
showing high proportions of hummocky cross-stratified sandstone 
(50%) (Fig. 3.13). By contrast, the interval shows low proportions of 
unbioturbated dark (BI 0-2), laminated mudstone formed by fluvial 
discharge, and bioturbated mudstones (BI 3-5) deposited under 
fairweather conditions. B) 03-08-27-27W4 (1860.2m): sandstone layer 
recording either oscillation ripples and/or micro-HCS (i.e., 
tempestites) sharply overlain by mudstone layer that is normally 
graded (yellow arrow points in direction of decreasing grain size). 
Mudstone beds are normally graded and are commonly composed of 
two units: A and B.  Unit A consists of a silt-rich mud with planar 
parallel lamination produced during rapid deposition. Unit B is 
typically moderately bioturbated (BI 2-4), reflecting deposition under 
suspension sediment settling but relatively rapidly deposited. Trace 
fossils in Unit B are Chondrites, Schaubcylindrichnus freyi, Planolites 
and Phycosiphon. Flooding surface (fs; see green arrow) separates 
prodeltaic units from the underlying shoreface deposits. 
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Figure 3-19 Storm-dominated, fluvial-influenced, and fairweather wave-affected 
prodelta and distal delta-front deposits in Location E (well: 06-17-30-
03W5). Facies become progressively sandier upwards because of the 
increase in storm influence, increased erosional amalgamation of 
tempestites, and shallowing during progradation, making it difficult 
to separate the prodelta deposits from distal delta-front deposits.  The 
paucity of preserved fairweather beds makes characterization of the 
subenvironments challenging, as it can only be based on tempestite 
thicknesses and abundance.  A flooding surface (green arrow) 
separates prodelta deposits from the underlying thoroughly 
bioturbated shoreface deposits. 
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Delta-Front Interval  

Delta-Front and Proximal Delta-Front Characterization 

Delta-front deposits (Facies 8) of Facies Association 3 (FA3) pass upwards into 

proximal delta-front (Facies 9) and delta plain deposits (Facies 10). Delta-front deposits 

predominantly consist of erosionally amalgamated, well-sorted, fine-grained sandstone 

beds dominated by hummocky cross-stratification (HCS), and low-angle planar parallel 

lamination (Fig. 3.20A-C). Locally, intense synsedimentary deformation is present (Fig. 

3.20D-E). HCS sandstones are commonly amalgamated into thick bedsets (0.5 – 2.0 m), 

and their abundance indicates active reworking of the substrate by wave process and 

rapid deposition during large-scale storm events occurring above fair-weather wave base 

(e.g., Raychaudhuri and Pemberton, 1992; Bhattacharya and Walker, 1992; MacEachern 

et al., 2005; MacEachern and Bann, 2008; Bhattacharya, 2006).  

Disseminated carbonaceous detritus, siderite-cemented bands and nodules, 

mudstone rip-up clast (0.2 – 5.0 cm in diameter), and conglomerate beds are locally 

present in FA3 (Fig. 3.21).  Disseminated carbonaceous detritus are related to plant 

remains or terrestrial organic debris (phytodetritus), and locally marks continuous and 

discontinuous internal lamination. Thicker carbonaceous-rich horizons and can be 

regarded as phytodetrital pulses associated with rapid emplacement of river flood 

discharge into the marine setting (e.g., Rice et al., 1986; MacEachern et al., 2005; 

MacEachern and Bann 2008; Canale et al., 2015; Arregui et al., 2019).  

Layers containing phytodetritus are locally accompanied by siderite-cemented 

mudstone rip-up clasts (Fig. 3.21A). These are interpreted to have initially been deposited 

as mudstone layers draping the HCS sandstones, eroded and resedimented by 

subsequence storm events. The sideritisation is attributable to early digenesis (Berner, 

1980; Mozley and Wersin, 1992). 

Conglomerate beds ranging from 3-25 cm thick are locally present between the 

HCS sandstone units, with rounded to sub-angular pebbles 0.2 – 2.8 cm in diameter (Fig. 

3.21E). In the study area, these conglomerate beds are locally accompanied by 

phytodetritus (terrestrial organic debris) (Fig. 3.21F), and may indicate localized 

conglomeratic sources coming from distributary channels. Similar conglomerate beds 

were also identified within HCS sandstone by Raychaudhuri and Pemberton (1992); 

however, there is still some uncertainty as how they were transported and deposited in 
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the delta-front environment.   Facies above and below the conglomerate beds are similar, 

consistent with gravel accumulation within the same environment. 

HCS sandstone in FA3 commonly contain trace fossil suites dominated by dwelling 

structures of inferred suspension-feeding organisms (e.g., some Cylindrichnus, 

Ophiomorpha, and Skolithos) (Fig. 3.22), with subordinate deposit-feeding structures 

(e.g., some Cylindrichnus, Palaeophycus, Planolites, and Thalassinoides). Sporadically 

distributed escape traces (fugichnia) are also locally common, consistent with episodic 

and rapid sediment deposition. Delta-front successions contain sporadically distributed, 

low diversity trace fossil suites and overall low bioturbation intensities (BI 0-3) (Fig. 3.22), 

which suggest persistent physico-chemical stress, such as elevated sedimentation rates, 

erosional scour of the substrate, elevated water turbidity, and/or marked and frequent 

salinity fluctuations (Gingras et al., 1998; MacEachern et al., 2005; MacEachern and 

Gingras, 2007; Bann et al., 2008; MacEachern and Bann, 2008; Carmona et al., 200;  

Buatois et al., 2012). Locally, laminae appear “fuzzy” and point to meiofaunal disruptions 

of sediment, and development of cryptobioturbation (e.g., Howard and Elders, 1971; 

Pemberton et al., 2008).  

Delta-front deposits (Facies 8) pass upward into those of the proximal delta-front 

(Facies 9), which consist of cross-stratified and low-angle planar parallel laminated, upper 

medium-grained sandstone. Lithological accessories consist of siderite bands and 

nodules, as well as mudstone rip-up clasts (Fig. 3.23A, Fig. 3.22B and Fig. 3.23B). 

Carbonaceous detritus is also locally abundant and marks internal lamination. Sandstone 

layers are sporadically bioturbated and where burrowed, show BI values that range from 

2-4 and include robust Macaronichnus segregatis (Fig. 3.23D). Proximal delta-front 

intervals are encountered only the wells located in the western part of the study area, and 

are attributed to shallower-water and higher energy conditions. Locally, delta-front 

intervals in FA3 contain erosionally based, fining-upward successions of trough cross-

stratified, medium-grained sandstone (Facies 10), interpreted as distributary channel fills 

(Fig. 3.23D). Distributary channel deposits were only encountered in the well 02/06-11-

25-28W4 of the study area.  



77 

 

Figure 3-20 Typical sedimentary expression of sandstone in the delta-front 
(Facies 8) A) 14-11-26-28W4 (1830.7 m): Horizontal, parallel-laminated 
sandstone. Note that the laminae are not sharp, suggesting they have 
been disrupted by meiofaunal-generated cryptobioturbation. B) 06-
14-30-04W5 (2495 m): Erosionally amalgamated, hummocky cross-
stratified, fine-grained sandstone (HCS) of the delta front, showing BI 
0. C) 09-15-25-26W4 (1554.6 m): Erosionally amalgamated hummocky 
cross-stratified (HCS), fine-grained sanstone of the delta front, 
showing BI 0. Note that the laminae are locally delineated by 
carbonaceous detritus. D) 06-14-30-04W5 (2502.0 m) and E) 02/10-04-
27-28W4 (1931.0 m): Silty sandstone of the delta front dominated by 
soft-sediment deformation, attributed to high sedimentation rates 
during deposition.  
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Figure 3-21 Lithological accessories that are locally present in the delta-front 
deposits (Facies 8) and proximal delta-front deposits (Facies 9). A) 06-
19-29-01W5 (2134.3 m): Fine grained-sandstone with sideritized 
mudstone rip-up clasts ranging from 0.2 to 5 cm and containing 
discontinuous layers of phytodetritus. B) 02-13-29-02W5 (2182.6 m): 
Upper fine-grained sandstone with siderite nodules.  C) 06-19-29-
01W5 (2130 m): Planar parallel laminated, fine-grained sandstone 
showing concentrations of carbonaceous debris marking 
stratification. D) 02/06-11-25-28W4 (1807.5 m): Planar parallel 
laminated, fine-grained sandstone showing carbonaceous debris 
marking laminae.  Such concentratations of carbonaceous debris are 
interpreted as phytodetrital pulses associated with river floods.  E) 
14-11-36-28W4 (1830.7 m) and F) 06-14-30-04W5 (2500.6 m): 
Conglomerate beds intercalated with HCS sandstone beds. 
Conglomerates contain rounded to subangular granules and pebbles. 
Red arrow points to phytodetritus. 
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Figure 3-22 Common trace fossils observed in sandstone of the delta front 
(Facies 8).  A) 03-08-27-27W4 (1843.6 m): Laminated fine-grained 
sandstone with Siphonichnus (Si) showing BI 0-2. B) 09-15-25-26-
28W4 (1543.0 m): Bioturbated (BI 3),  fine-grained sandstone with 
common Ophiomorpha (O). C) 08-01-27-28W4 (1789.6 m): Bioturbated 
(BI 2) fine-grained sandstone with Ophiomorpha (O) truncated by the 
overlying HCS bed (see red arrow). D) 02-13-29-02W5 (2168.6 m): 
Bioturbated fine-grained sandstone with Skolithos (Sk) and 
Ophiomorpha (O) truncated by the overying HCS bed (see red arrow). 
E) 06-14-27-01W5 (2037.1 m): Laminated sandstone with 
Ophiomorpha (O) showing siderite-cemented burrow walls. F) 09-15-
25-26-28W4 (1543 m): Bioturbated (BI 2-3) fine-grained sandstone 
with Ophiomorpha (O) and Palaeophycus (Pa). 
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Figure 3-23 Proximal delta-front sandstone of FA3. A) 02/10-04-27-28W4 (1919.3 
m), B) 06-14-30-04W5 (2490 m), and C) 06-36-30-04W5 (2443 m): Low-
angle planar parallel laminated, upper medium-grained sandstone, 
bioturbated (BI 2-4) with Macaronichnus segregatis (Ma). D) 02/06-11-
25-28W4 (1803 m): Medium-grained sandstone with poorly sorted, 
sub-rounded to sub-angular pebbles and granules of chert near the 
erosional base of a distributary channel fill. 
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Along-Strike Variations in Depositional Processes of the Delta Front and Proximal Delta 

Front  

Five well locations: A, B, C, D and E contain cores intersecting delta-front intervals 

and have been plotted using the modified WAVE classification scheme of Ainsworth et al., 

(2011). These locations have been selected to best represent the observed facies 

variations, and are shown in Figure 3.24, which represents a facies slice map of the delta-

front deposits.  

Facies mapping of the delta-front (Facies 8) interval in locations A – D reveals that 

the abundance of tempestites and the degree of their erosional amalgamation vary 

markedly along depositional strike, with storm domination best expressed towards the 

northern part of the study area. Thus, HCS sandstone of the delta front dominate in the 

northern area, containing less abundant intercalated fluvial-derived mudstone layers (less 

than 20%) and very few bioturbated fairweather muddy sandstone beds (less than 3%). 

  By contrast, fairweather sandy mudstone and muddy sandstone layers and 

fluvial-derived mudstones layers are better preserved along the southeast part of the study 

area. Delta-front deposits in the southeast show abundant sandstone-dominated 

hetherolithic intervals, mainly characterized by HCS sandstone (less than 60%) that are 

repeatedly interrupted by unburrowed, dark fissile mudstone layers (approximately 25%) 

deposited from fluvial supplied buoyant plumes and burrowed sandy mudstone to muddy 

sandstone layers that were formed during fairweather conditions (15%). In the southern 

area, delta-front facies are more variable because of recurring but intermittent sediment 

supply from distributary channels and a general reduction in the degree of storm-induced 

erosional amalgamation.  

It is interpreted that FA3 in the study area comprises numerous progradational 

delta lobes dominated by waves, which reworked and transported the sediments along 

the coastline, producing sand-dominated coarsening upward successions in the delta 

front. Detailed sedimentological and ichnological analyses of the successions, particularly 

in more distal positions led to the identification of at least four discrete progradational delta 

lobes (DL_1, DL_2, DL_3 and DL_4), which prograded basinward (Fig. 3.24). Delta lobes 

DL_1, DL_2, DL_3 and DL_4, progressively younging towards the east and northeast. The 

oldest deltaic cycles are associated with the delta lobes DL_1, DL_2 and DL_3 deposited 

in the western portion of the study area, while the youngest cycle (DL_4) occurs further to 

the east and northeast.  
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Figure 3-24 A facies slice map through delta-front deposits of FA3.  Five locations are highlighted (A,B,C, D and E), and 
reflect the significant differences in the relative abundance of storm processes, fluvial-sediment influx, and 
fairweather wave energies on the facies successions. The figure also shows the deposition of four discrete 
deltaic cycles (DC_1, DC_2, DC_3, and DC_4) younging in a basinward direction. The oldest cycles are located 
in the western part of the study area. For legend of symbols, refer to Figure 3.12 and Figure 3.13. 
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Locations A – E: Storm-dominated, fluvial-influenced, fairweather-affected delta 

front (ST, f, fw) 

Locations A-E contain delta-front intervals that are storm-dominated, fluvial-

influenced and fairweather-affected (ST, f, fw). Locations A and B are located in the 

southeastern part of the study area, and correspond to wells 09-15-25-26W4 and 03-08-

27-24W4, respectively (Fig. 3.24). Locations C, D and E, by contrast, are located in the 

northwestern and northern parts of the study area, and correspond to wells 06-17-03-04W, 

06-20-30-03W5 and 14-08-31-01W5, respectively (Fig. 3.24).  

Locations A and D display generally similar facies characteristics of the delta-front 

interval, recording HCS sandstones that are interrupted by weakly bioturbated (BI 0-2) 

dark and carbonaceous fissile mudstones that drape the tempestites.  The mudstones are 

interpreted to record rapid, post-storm deposition of flocculated mud associated with river-

generated buoyant plumes. These constitute the main evidence of fluvial influence on the 

delta and represent the secondary process operating during the deposition of the FA3 

delta-front succession. HCS sandstones of the delta front are also intercalated with some 

bioturbated sandy mudstone and muddy sandstone layers interpreted to have 

accumulated during fairweather conditions.  These beds are burrowed with Chondrites, 

Palaeophycus, Phycosiphon, Planolites and Thalassinoides.  

Cored intervals in locations B, C and E reveal that delta-front deposits are typically 

dominated by hummocky cross-stratified (HCS) sandstone beds commonly erosionally 

amalgamated into bedsets 3 – 10 m thick (Fig. 3.26, Fig. 3.27 and Fig. 3.29), attesting to 

the strong storm climate. Correspondingly, in positions lying further to the north of river 

discharge, the non-storm layers are generally uncommon, interpreted reflect their 

erosional removal and low preservation potential. This storm-induced erosion became 

increasingly effective in the shallower water conditions of the delta front. 

HCS sandstone beds of the delta front display trace fossil suites associated with 

opportunistic colonization, and show bioturbation intensities that range from BI 0-3 (see 

locations A and B in Fig. 3.25 and Fig. 3.26). Trace fossil suites include a small number 

of Cylindrichnus, Palaeophycus, and Skolithos, with robust Ophiomorpha (Fig. 3.25 and 

Fig. 3.26). Wells 02-13-29-01W5, 06-14-27-01W5 and 09-15-25-26-28W4 indicate that 

bioturbation intensities reflected by these opportunistic suites decrease to BI 0-1 along 

depositional strike, and comprise isolated Ophiomorpha and Skolithos. Subsequently, in 
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the northern part of the study area (Townships 30-31 and Ranges 28W4-04W5), 

sandstone beds are generally devoid of bioturbation, and those burrows that occur are 

associated with opportunistic colonization, owing to the pronounced erosional 

amalgamation of tempestites.  The presence of the opportunistic suites is interpreted to 

represent a taphonomic bias on the preserved record associated with the greater storm 

domination in the area, wherein ambient (fairweather) ichnological suites and much of the 

post-storm opportunistic suites were erosionally removed (e.g., locations D and E in 

Fig.3.27 and Fig. 3.28; (cf. Pemberton and MacEachern, 1997).  Under these conditions, 

the paucity of bioturbation may be independent of the setting’s paleoecological conditions.  

Well 02/06-11-25-28W4 locally contains deposits that represent an erosionally 

based, fining-upward succession of trough cross-stratified, medium-grained sandstone, 

interpreted to record the high-energy current-generated deposits of a distributary channel. 

Distributary channel deposits contribute positively to the quality of the reservoir locally, but 

are also associated with abundant mudstone layers produced by fluvial discharge, which 

negatively impacts reservoir quality in adjacent areas (e.g., wells 06-20-30-04W5 locations 

D). Locations A and D have been classified as storm dominated, fluvial influenced, and 

fairweather wave affected (ST, f, fw) in the modified Ainsworth et al. (2011) ternary 

diagram (Fig. 3.14).  

  



85 

 

Figure 3-25 Storm-dominated, fluvial-influenced, and fairweather wave-affected 
delta-front interval in Location A (well: 09-15-25-26W4), showing the 
complete succession of FA3. Here, the interval can be partitioned into 
two discrete progradational cycles, recording two delta lobes 
separated by a flooding surface (fs_2) (see green arrow). The upper 
cycle is more proximal, consistent with a progradational stacking 
pattern.  Note also the high proportion of hummocky cross-stratified 
sandstone (60%) intercalated with fluvial mudstones (25%) and 
fairweather sandstones (15%) in the delta front, attesting to the core’s 
proximity to river-sediment influx and it downdrift position. 
Bioturbation in the sandstone is sporadically distributed, and BI 
values range from from 0-3. The trace fossil suite includes robust 
Ophiomorpha (O) and isolated Skolithos (Sk).  Fairweather sandstone 
beds of the delta-front succession show burrowing that has 
destroyed wave-generated primary structures.  Some sandstone 
layers show concentrations of carbonaceous debris marking 
stratification.  
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Figure 3-26 Storm-dominated, fluvial-influenced, and fairweather wave-affected delta-front intervals in Location B (well 03-
08-27-27W4), showing high proportions of hummocky cross-stratified sandstone (90%) intercalated with fluvial-
generated mudstone drapes (8%) and bioturbated fairweather sandy mudstones (2%) of the delta front. Location 
B encompasses a single delta lobe, displaying some sandstone beds with bioturbation intensities that range 
from BI 0-2. Trace fossil suites include Planolites (P), Siphonichnus (Si) and Ophiomorpha (O). The delta-front 
interval shows soft-sediment deformation, conglomerate layers, and concentrations of carbonaceous debris 
marking stratification. The delta front passes upwards into medium-grained sandstone beds of the proximal 
delta front and are capped by root-bearing delta plain deposits.  
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Figure 3-27 Storm-dominated, fluvial-influenced, and fairweather wave-affected delta-front intervals in Location C (well: 06-
17-30-03W5), showing high proportions of hummocky cross-stratified sandstone (80%) intercalated with fluvial-
generated mudstone drapes (20%). Bioturbated fairweather sandy mudstone layers are absent. HCS 
sandstones are devoid of bioturbation, due to their marked erosional amalagamation, which has removed most 
evidence of opportunistic colonization and virtually all evidence of the fairweather ichnological record. HCS 
sandstone beds contain some intervening unbioturbated to weakly bioturbated (BI 0-2) dark (carbonaceous) 
fissile mudstones, disseminated carbonaceous detritus, and sideritized mudstone rip-up clasts. The complete 
succession of the delta front pass upwards into erosionally based (see yellow arrow) medium-grained 
sandstone of the proximal delta front, and fine-grained, root-bearing heterolithic units of the delta-plain.  
Macaronichnus segregatis (Ma) locally occurs in facies of the proximal delta front.  
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Figure 3-28 Storm-dominated, fluvial-influenced, and fairweather wave-affected 
delta-front intervals in Location D (well: 06-20-30-04W5), which 
display unbioturbated HCS sandstone beds (60%), intercalated with 
higher proportions of fluvial-supplied mudstone layers (35%). These 
mudstone layers are unbioturbated to weakly bioturbated (BI 0-2), 
carbonaceous, and fissile. Their higher preservation potential in this 
area compared to location C suggests a greater fluvial influence in 
this area (see Fig. 3.24), and a weaker storm climate that was unable 
to erosionally remove them. The complete succession of the delta-
front interval shows amalgamated, mudstone-draped tempestites of 
the distal delta front, passing upwards into increasingly erosionally 
based (see yellow arrow) medium-grained sandstone of the proximal 
delta front, and capped by muddy root-bearing heterolithic facies 
(white arrow) of the delta plain.  The trace fossil suite in the proximal 
delta front consists entirely of bands of Macaronichnus segregatis 
(Ma).  
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Figure 3-29 Storm-dominated, fluvial-influenced, and fairweather wave-affected delta-front intervals in Location E (well: 14-
08-31-01W5), showing high proportions of hummocky cross-stratified sandstone (95%) intercalated with only a 
few fluvial-generated mudstone drapes (5%) and absence of preserved bioturbated fairweather sandy mudstone 
beds. Deposits of the delta front in Location E reflects increased erosional amalagamation of tempestites 
compared to other locations, which increases the reservoir quality in this part of the study area. Delta plain 
intervals have been removed by SB4 (see red arrow).  
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Chapter 4. Facies Asymmetry, Thickness 
Variations and Reservoir Quality in Facies 
Association 3 (FA3) 

4.1. Facies Asymmetry on a Symmetrical Delta 

The integration of sedimentological, ichnological and sequence stratigraphic 

characteristics of Facies Association 3 (FA3) in Sequence 3 led to the identification of 

facies asymmetry on a symmetrical mixed-process (wave- and river-influenced) delta 

complex in the Countess area (Fig. 4.1). Sedimentological facies analysis indicates that 

storm waves had approached from the north and that the sediment source was from the 

SW, with a shoreline that was generally oriented northwest-southeast (Fig. 4.1).  

Asymmetric deltas models are based on spatial variations in facies successions 

that are a function of discrete partitioning of the processes operating in updrift and 

downdrift positions. In recent years there has been considerable interest in delta 

asymmetry, particularly following the model proposed by Bhattacharya and Giosan (2003). 

Since then, there have been a number of alternative asymmetric delta models (e.g., Li et 

al., 2011; Korus and Fielding, 2015; Ayranci and Dashtgard, 2016). In  Bhattacharya and 

Giosan’s (2003) model, asymmetry is generated where there is strong net longshore 

sediment transport coupled with a sediment supply mainly associated with fluvial 

discharge, which is common to mixed river- and wave-influenced deltas.  As a result, there 

are marked differences in the processes and sediment character of updrift and downdrift 

locations, which are readily expressed in the preserved facies.  In updrift positions, the 

facies are marked by greater proportions of marine-derived sand, limited fluvial-sediment 

influx, and markedly reduced physico-chemical stresses, leading to more uniform 

coarsening-upward successions, higher bioturbation intensities, and higher diversity 

ichnological suites. Much of this sand is trapped updrift because discharge from the 

distributary channels acts as a groyne, which forms a barrier to longshore sand transport.  

By contrast, the downdrift margin is characterized by the predominance of fluvial-supplied 

sediment, buoyant (hypopycnal) mud plumes, and freshwater discharge, which leads to 

broadly heterolithic successions that are dominated by physico-chemically stressed 

conditions and manifested by low-diversity trace fossil suites and generally lower 

intensities of bioturbation.   
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Hansen and MacEachern (2007) successfully applied this type of asymmetric delta 

model to the mixed river- and wave-influenced facies successions of the Belly River 

Formation in the Ferrybank, Keystone, and eastern Pembina fields of central Alberta. In 

the same way, Li et al. (2011) used this model for characterizing the Danube delta, 

Romania and the modern Brazos delta, Texas, USA. There, they showcased that spatial 

variations in the ichnological signature acked sedimentological changes, and they partition 

the delta into discrete updrift and downdrift margins. Delta asymmetry was based on 

along-strike facies variations recorded by more uniform marine conditions updrift and 

physico-chemically stressed conditions owing to deflection of river-induced stress in the 

downdrift direction. Ichnologically, Bhattacharya and Giosan (2003), Hansen and 

MacEachern (2007), Buatois et al., (2018) and Li et al., (2011), also suggested that 

bioturbation intensities vary along depositional strike with lower bioturbation intensities 

and less diverse suites on the downdrift side due to their elevated river-induced stresses. 

By contrast, Korus and Fielding (2015) interpreted the Notom Delta complex of the Ferron 

Sandstone, Utah, USA as an asymmetric delta, based on downdrift facies associations 

being bioturbated by suspension feeders when fluvial mud plumes were deflected to the 

updrift side due to seasonal reversal of the seaway gyre or during periods of low river 

discharge. More recently, another type of asymmetric delta was interpreted by Ayranci 

and Dashtgard (2016) for the Fraser River Delta, Canada. This study revealed that 

variationa in sedimentological and neoichnological features in the updrift and downdrift 

side of the river- and tide-influenced delta are mainly a product of net northward tidal flow.   

In this study of the Viking Formation of the Crossfield area, facies mapping of FA3 

reveals that spatial variations in the facies successions are not due to partitioning of 

processes operating along strike, but rather to spatial variations in the preservation 

potential of the facies that record the depositional process. Under such conditions, these 

along-strike variations in the facies successions cannot be taken to be indicative of 

process-driven asymmetry of the delta itself.  

The facies slice map of the prodelta succession shown in Figure 4.1 shows the 

most complete preserved record of beds and bedsets produced by processes that 

operated in the study area, because the setting resided in a distal position and was 

protected from extensive reworking by storm waves. In more proximal positions (e.g., the 

delta front), storms events were increasingly erosional, locally removing the record of other 

process operating in the system. The prodelta succession reflects the preserved record of 
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fluvial, fairweather wave, and storm wave processes. Their relative proportions, as 

expressed in the resulting facies show that the processes are more or less evenly 

distributed along depositional strike, with fluvial-sourced beds more abundant towards the 

distributary channels (Table 4.1). Wave influence, both storm and fairweather, are likewise 

more or less equally distributed around the distributary channels, indicating that from a 

process perspective, the delta was symmetrical while it was undergoing progradation.   

By contrast, the facies successions recording the delta front display pronounced 

variation along depositional strike, giving the impression of asymmetry (Table 4.1). This 

apparent asymmetry, however, is an artifact of the changing preservation potential of beds 

produced by the three prevailing processes (fluvial, fairweather wave and storm wave) 

along depositional strike. These changes are represented by: 1) the predominance of thick 

and amalgamated storm-generated HCS sandstone bedsets on the northern margin of the 

delta, and concomitant reduced preservation of fluvial- and fairweather wave-generated 

beds and bedsets (Fig. 4.2); and 2) thinner and less erosionally amalgamated storm-

generated tempestites intercalated with fairweather wave-generated bioturbated 

mudstones and mudstone drapes interpreted as fluid mud from hypopycnal river discharge 

along the southern margin of the delta (Fig. 4.3).  The preserved record of delta-front 

facies associations reveals that storm waves were relatively stronger and/or impacted 

more frequently along the northern margin, which enhanced erosional amalgamation of 

tempestites. This increased erosional influence was responsible for the resulting paucity 

of preserved beds generated by river discharge or shoaling fairweather waves in the 

northern area. As such, the spatial changes in facies successions are a function of 

preservational bias.  

The modified WAVE classification scheme of Ainsworth et al. (2011) reveals that 

the delta-front deposits located in close proximity to the distributary channels exhibit higher 

preservation potential of both fluvial and fairweather layers (e.g., locations A) (Fig. 4.4). 

This is hypothesized to occur because they were deposited in positions away from direct 

fluvial-sediment influx and generally protected from high energy and high frequency storm 

events. Delta front deposits interpreted as being further removed from the distributary 

channels display lower abundances and/or lower preservation potential of fluvial-

generated beds.  In northern positions, the elevated storm climate also led to the 

preferential preservation of erosionally amalgamated tempestites at the expense of both 

fluvial- and fairweather wave-generated beds (locations B, C and E) (Fig. 4.4).    
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Additionally, the observed variations in the ichnological signature of the delta front 

deposits along depositional strike cannot be regarded to record changing paleoecology.  

Rather, the resulting suites record changing taphonomy, which directly tracks the 

preservation potential of the physical sedimentological beds. The ichnological suite along 

the northern margin of the FA3 delta consists of the near exclusive preservation of post-

storm opportunistic suites (e.g., Cylindrichnus, Ophiomorpha, and Skolithos), and is 

expressed by variable but low BI values.  By contrast, the rare bioturbated fairweather-

generated muddy sandstone and sandy mudstone beds occurring between storm beds in 

the delta-front successions reflect the paleoecology of the seafloor. Fairweather beds 

contain trace fossil suites consisting of Chondrites, Palaeophycus, Phycosiphon, 

Planolites, Teichichnus and Thalassinoides. Such beds are uncommon along the northern 

margin of the delta front, but are comparatively more abundant towards the south.  This 

spatial distribution is interpreted to indicate that the southern margin of the delta was better 

protected from storms.  On the southern-margin, fluvial-, fairweather- and storm-generated 

beds are preserved, which lead to hetherolithic and locally, mudstone-rich intervals. Like 

the prodeltaic intervals, the southern margins of the FA3 delta fronts of Sequence 3 

preserve a more complete record of all three operating processes, and therefore, a more 

complete record of the setting’s paleoecology.   

Table 4-1 The percentage of fluvial-, fairweather wave- and storm wave-
generated layers reflected in locations A – E, corresponding to the 
prodelta and delta-front intervals of FA3.  

Interval Locations 
Sedimentary Layers 

Fluvial layers (%) Fairweather layers (%) Storm layers (%) 

Prodelta 

A 5 60 35 

B 60 30 10 

C 70 5 25 

D 35 15 50 

E 30 10 60 

F 5 40 55 

 

Delta Front 

A 25 15 60 

B 23 2 75 

C 20 0 80 

D 35 5 60 

E 10 0 90 
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Figure 4-1 Depositional model of FA3, corresponding to a mixed-process (river- and wave-influenced) delta. Figure shows three discrete facies maps (prodelta, delta front, and delta plain) and the 
inferred processes acting in the different locations of the study area. 
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Figure 4-2 Well 06-17-30-03W5, showing a typical vertical sedimentary 
succession of FA3 towards the north, reflecting the storm-dominated 
margin of a wave-dominated delta lobe. FA3 in the these northern 
positions is characterized by erosionally amalgamated HCS 
sandstones and the reduced preservation of fluvial- and fairweather 
wave-generated beds. 
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Figure 4-3 Well 02/10-12-25-26W4, showing the typical vertical sedimentary 
succession of FA3 in the sothern portion of the study area. There, FA3 
is characterized by more heterolithic successions that record the 
preservation of fluvial- and fairweather wave-generated beds, in 
addition to the storm-generated (tempestite) beds. 
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Figure 4-4 Modified Ainsworth et al. (2011) ternary diagram displaying facies 
asymmetry of the delta front due to storm domination in the northern 
area. Locations B, C and E plot along the lower right of the ternary 
diagram, revealing storm wave domination with erosionally 
amalgamated HCS sandstones increasing in predominance towards 
locations C and E (80%-90%). By contrast, fluvial- and fairweather 
wave-generated beds decrease  (20% and 0%, respectively) towards 
the north, corresponding to heightened storm wave energy. In close 
proximity to the distributary channels (locations A and D), however, 
relatively higher proportions of fluvial-generated layers (25%-35%) 
occur.  Additionally, in the areas removed from pronounced storm-
induced erosional amalgamation, fairweather wave-generated layers 
are more common (5%-15%).  
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4.2. Thickness Variations in FA3 

In order to determine the thickness variations of the mixed-process delta in FA3, 

two discrete isopach maps are produced based on the stratigraphic correlation of 1300 

wells. The first isopach maps represent the deltaic succession of FA3 excluding the delta 

plain deposits, (fs_1/base delta to base of the delta plain), which corresponds to the 

reservoir interval (Fig. 4.5). The isopach map includes the prodelta to proximal delta-front 

interval, because the prodelta deposits are locally quite sand dominated due to storm 

wave domination (Fig. 4.1). The second isopach map corresponds to the delta plain 

deposits, and is calculated based on the thickness of strata lying between the base of the 

delta plain and the overlying SB4 surface (Fig. 4.6). Orange zones are related to thick 

intervals while blue zones correspond to thin intervals.  

Thickness of the reservoir interval ranges from 5 to 30 m in the study area 

(including prodelta and delta front). The maximum thickness of prodelta deposits 

approaches 5 m. Along depositional strike, the isopach map of the reservoir shows a clear 

increase in thickness from 5 to 25 m in the northern area, and 15 to 30 m in the southeast 

(Fig. 4.5). The increase in thickness in the southern area is associated with sediment 

accumulation in proximity to the distributary channels. In this area, the interval is 

characterized by the presence of two stacked hetherolithic coarsening-upward facies 

successions marking two discrete delta lobes (Fig. 4.5 and Fig. 4.7). Along depositional 

dip, thinner deltaic deposits (5-10 m) occur towards the west and pass into thicker 

successions (20-30 m) towards the east (Fig. 4.5). The exception occurs in the well 14-

30-31-28W4 located far to the east, which reflects a thinning of FA3 in the basinward 

direction (Fig. 4.5 and Fig. 4.8). The increase in thickness of the interval towards the east 

(Fig. 4.5) is the result of progradation of the delta lobes into basinal positions during 

highstand system tract conditions. 

The presence of oblique waves approaching the shoreline mainly from the north 

part of the study area may have also played an important role in the preserved facies 

characteristics, geometry, and thickness of the FA3 reservoir interval. Wave-induced 

erosion in the delta front typically leads to the formation of linear, sand-dominated bodies 

distributed alongshore, extending long distances along depositional strike due to the 

transport and distribution of sediments by wave process (Fig. 4.5) (e.g., Wright and 

Coleman, 1973; Galloway, 1975; Bhattacharya and Giosan, 2003; Li et al., 2011).   
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The isopach map of the delta plain within FA3 (base delta plain/SB4 surface) 

illustrates that the delta front facies are not present across the entire study area. Where 

delta-plain deposits are present, thicknesses range from 1 to 8 m (Fig. 4.6).  Zero values 

in the isopach map of the delta plain indicate that these deposits either never prograded 

into those areas (particularly towards the east), or were erosionally removed by SB4. In 

those areas, deposits of Sequence 4 unconformably overlie delta front deposits of FA3, 

and it is also possible that the wave ravinement surface (WRS) that transgressively 

modified SB4 could have removed some reservoir facies (proximal delta front and delta 

front) in FA3 as well.  

Stratigraphic sections 1-4 (Fig. to 4.10) have been generated to express the main 

thickness distribution and geometry of FA3 from north to south in the study area. 

Orientations of cross-sections 1-4 are showed on the isopach maps (Fig. 4.5 and Fig. 4.6). 

Cross-section 1 (Fig. 4.7) is largely oriented along depositional strike, and the datum 

corresponds to the maximum flooding surface 3 (MFS_3) in Sequence 3, which is 

interpreted as allogenic. MFS_3 is associated with the thoroughly bioturbated, silty and 

sandy offshore mudstone (Facies 1) corresponding to the highest gamma-ray values on 

well logs. 

 Cross-sections 2 (Fig. 4.8), 3 (Fig. 4.9), and 4 (Fig. 4.10) are oriented along 

depositional dip, from landward to seaward. For cross-section 2, the datum corresponds 

to the flooding surface 1 (fs_1), which also coincides with a downlap surface. Cross-

sections 3 and 4 employs a datum that corresponds to the flooding surface marking the 

top of the Viking Formation. Towards the northeast part of the study area, the wave 

ravinement surface (WRS) on SB4 probably reworked and removed some of the delta 

front reservoir (Fig. 4.8 and Fig. 4.9). 
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Figure 4-5 Isopach map of FA3, excluding delta plain deposits (fs_1/base delta – 
base delta plain), which expresses the reservoir interval in the study 
area. The isopach map illustrates an increase in thickness from 5 to 
25 m in the northern area, to 15 to 30 m in the southeast part of the 
study area. The greater thickness of FA3 in the southern part of the 
study area is related to the development of two stacked hetherolithic 
coarsening-upward facies successions that represent two delta 
lobes. Accommodation space increases towards the east, leading to 
a thicker interval as the delta prograded basinward during the 
highstand system tract. Thicknesses vary from 20 to 30 m toward the 
east. 
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Figure 4-6 Isopach map of the delta plain deposits (base delta plain – SB4 
(WRS/SU), showing that these deposits are not present across the 
entire study area. The maximum thickness of the delta plain is 
approximately 8m. The minimum thickness is 0 m, which occurs 
towards the northeast and southeast and indicates that the delta plain 
never progaded that far basinward. Sequence 4 deposits 
unconformably overlie either delta front deposits of Sequence 3 in 
those areas but show no evidence of subaerial exposure. The 
overlying wave ravinement surface (WRS) that transgressively 
modified SB4 is interpreted to have erosionally removed some 
reservoir facies and possibly some delta plain deposits in FA3. 
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Figure 4-7 Cross-section 1 (A-A’) is oriented along depositional strike, and shows the main distribution of the Sequence 3 interval, which encompasses FA1, FA2 and FA3. The datum corresponds to 
maximum flooding surface 3 (MFS_3) in Sequence 3, interpreted as allogenic and marked by thoroughly bioturbated, silty mudstone (Facies 1) of the offshore in the TST overlain by 
coarsening-upward (progradational cycles) of the HST. MFS_3 also corresponds to the downlap surface that separates FA1 below from FA2 above. Flooding surface 1 (fs_1) is allogenic 
and separates distal facies of the prodelta above from more proximal lower shoreface sandstone of FA2 below, and therefore serves as a parasequence boundary. Cross-section 1 (A-A’) 
illustrates the two stacked heterolithic coarsening-upwards successions to the southeast, which suggest the presence of two delta lobes separated by the autogenic flooding surface 2 
(fs_2). These stacked delta lobes laterally pass into a single delta lobe towards the northern part of the study area. The total thickness of FA3 varies from 10 - 32 m in the study area, 
showing a thicker succession towards the southeast. In this line of section, FA3 is truncated by the regionally mappable surface SB4, which corresponds to a co-planar subaerial 
unconformity and wave ravinement surface (WRS/SU). Refer to Figure 2.5 for legend. A larger scale of this figure can be found as a supplemental in Appendix B. 
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Figure 4-8 Cross-section 2 (B-B’) is oriented down depositional dip, and shows a decrease in thickness of FA3 towards 
the east (basinward).  Wells 09-06-30-04W5 and 06-17-30-03W5 display the complete succession of FA3; 
however, proximal delta front and delta plain facies do not extend in the basinward direction. Wells 06-31-30-
02W5 and 14-30-31-28W4 show an incomplete vertical succession of FA3, showing that the deposits of 
Sequence 4 erosionally overlie delta-front facies of Sequence 3. This suggests that the proximal delta front and 
possible delta plain facies probably never prograded to the northwest part of the study area, or were erosionally 
removed by SB4. The datum for this cross-section corresponds to the allogenic flooding surface 1 (fs_1/DLS).  
Refer to Figure 2.5 for legend. 
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Figure 4-9 Cross-section 3 (C-C’) is oriented down depositional dip. Well 08-26-27-27W4 contains an incomplete 
succession of FA3, which is erosionally overlain by Sequence 4. It is possible that that the wave ravinement 
surface (WRS) associated with transgressive modification of SB4 reworked and removed some of the delta 
plain and delta-front reservoir deposits towards the east part of the study area. The datum for this cross-section 
corresponds to a flooding surface (fs) located in Sequence 4 (S4), which corresponds lithostratigraphically to 
the top of the Viking Formation. Allogenic flooding surface fs_1 corresponds to the first parasequence 
boundary in the HST. Refer to Figure 2.5 for legend. 
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Figure 4-10 Cross-section 4 (D-D’) is oriented down depositional dip in the southern part of the study area.  Surface fs_1 is 
an allogenic flooding surface that separates two parasequences of the HST.  In the upper part of the HST, the 
section also shows two stacked hetherolithic coarsening-upward facies successions, corresponding to two 
delta lobes separated by an autogenic flooding surface (fs_2). Cross-section D-D’ displays the maximum 
thickness of FA3 in the study area, which reaches nearly 32m.The datum for this cross-section corresponds to 
a flooding surface located in S4, which corresponds lithostratigraphically to the top of the Viking Formation. 
Refer to Figure 2.5 for legend. 
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4.3. Reservoir Sandstone Quality Distribution in Facies 
Association 3 (FA3) 

The Lower Cretaceous Viking Formation produces hydrocarbons in the Crossfield 

and surrounding area, and has a total cumulative production of 1.29 MMbbl of oil and 

19.57 BCF of gas (Fig. 4.11). The study area is subdivided into three different producing 

areas: north, central and south. The north area contains the highest cumulative 

production, with1.29 MMbl of oil and 14.37 BCF of gas. The central and south areas only 

produce gas, with cumulative production of only 2.8 Bcf and 2.4 Bcf of gas, respectively 

(Fig. 4.11). Porosity and permeability values derived from cored intervals that penetrated 

the entire FA3 succession are shown in Figure. 4.11.  

The FA3 interval includes some of the producing zones within the Viking 

Formation, and records a mixed-process (wave- and river-influenced) delta succession.  

The reservoir interval in FA3 is dominated by parallel laminated, well sorted, fine-grained, 

erosionally amalgamated HCS sandstone. Distribution of FA3 was predicted using a high-

resolution sequence stratigraphic approach (see sequence stratigraphic framework 

definition in Chapter 2 and Facies Association 3 in Chapter 3).  

In order to determine the thickness variations of sand-dominated intervals of FA3, 

a net-sand map was generated (fs_1 to SB4 surface; Fig. 4.12), using wells with core that 

at least partially intersect the delta-front interval (see core distribution in Chapter 2). Net-

sand thicknesses range from 2 -18 m in the study area (Fig. 4.12). In the north part of the 

area, the maximum thickness of the net-sand interval approaches 18 m, owing to the 

stronger wave action associated with higher magnitude and/or more frequent storms, 

which produced thicker, erosionally amalgamated tempestites (Fig. 4.12).  

From a sedimentological point of view, the north part of the study area represents 

the region of superior reservoir quality, wherein high proportions of thicker sandstone 

intervals (5 -18 m thick) occur, with average porosity and permeability values that range 

between 6 – 8% and 0.2 and 0.6 mD, respectively (e.g. wells 06-17-30-03W5, 14-05-30-

02W5 and 14-30-31-28W4 shown in Fig.4.11). By contrast, reservoir intervals decline in 

abundance toward the south area, where although the FA3 intervals are generally thicker 

(22 - 23 m), the sandstone beds are strongly partitioned due to the repeated intercalation 
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of mudstone layers. Correspondingly, the area is characterized by lower proportions of net 

sand (4-8 m thick).  

In the north and central areas, FA3 is recognized by an overall and progressive 

upward decrease in API values on the gamma-ray logs, corresponding to an increase in 

sand content. On neutron-porosity logs (derived from core intervals), FA3 is recognized 

by an overall upward increase in the percent of porosity values (Fig. 4.13).  By contrast, 

in the south area, FA3 is distinguished by a serrated, coarsening-upward profile, marked 

by an overall decrease in API on gamma-ray logs, whereas the percent porosity values 

on the neutron-porosity log are more variable through the FA3 interval (Fig. 4.14). 

To conclude, porosity and permeability values are similar in the three discrete 

producing areas (Fig. 4.11); however, reservoirs located in the south area are strongly 

partitioned, and include intercalated mudstone layers that separate the sandstone-

dominated intervals into a series of sandstone lenses. A high-resolution reservoir 

characterization, as well as a geochemical study built upon the work presented in this 

thesis is likely to identify more productive areas and intervals, and increase hydrocarbon 

production in the study area.  
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Figure 4-11 Total cumulative production of oil and gas in the Viking Formation in the Crossfield and surrounding areas. 
The study area is subdivided into three different producing areas: north, central and south. The north area 
contains the highest cumulative production (1.29 MMbl of oil and 14.37 BCF of gas), whereas the central and 
south area only produce gas. Cumulative gas producion in the central and south areas are 2.8Bcf and 2.4 Bcf, 
respectively. Each area displays broadly simi;ar porosity and permeability values derived from cores intervals 
that penetrated the entire FA3 succession.
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Figure 4-12 Net-sand map of the reservoir interval using wells with core (see red 
circles). The net-sand map shows the thickness variations of the 
sand-dominated intervals. Orange zones record thick intervals, 
whereas dark blue zones correspond to thinner intervals. Net-
sandstone thicknesses range from 2-18 m, and the maximum 
thickness of the net-sand interval are in the northern area, 
characterized by thick, erosionally amalgamated tempestites owing 
to the stronger and more frequent storm-wave action in the area. The 
dashed black line defines the western boundary of thocker sad-
dominated suceession due to the strong wave climate in the study 
area. 
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Figure 4-13 Representative reservoir (FA3) associated with  uninterrupted 
sandstone intervals (5 -18 m thick) in the north and central area (well: 
06-17-30-03W5).  Figure shows an overall coarsening-upward profile 
on the gamma-ray log, based on an upward decrease in API values 
associated with an increase in sand content. Also note that on 
neutron-porosity logs derived from core intervals, FA3 is recognized 
by an overall upward increase in the percent of porosity values in the 
vertical direction. In this well, the average porosiity value is 6%. 
Sequence 4 deposits unconformably overlie those of FA3. Flooding 
surface 1 (fs_1) is allogenic, and separates distal facies of the 
prodelta above from more proximal lower shoreface sandstone facies 
of FA2 below.  
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Figure 4-14 Representative reservoir interval of FA3 associated with heterolithic 
successions in the south area (well: 02/10-12-25-26W4). Note that the 
logs show a serrated, coarsening-upward profile marked by an overall 
decrease in API on gamma-ray logs. The percent of porosity values 
on the neutron-porosity log are more variable through the FA3 
interval. The sandstone reservoir zones are thinner and vertically 
partitioned due to the repeated intercalation of mudstone layers. 
Correspondingly, the interval possesses generally lower and more 
variable porosity values. In this well, the average porosiity value is 
8%. 
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Chapter 5. Conclusions  

In order to successfully achieve the thesis objectives, a detailed analysis of the 

sedimentology, ichnology and sequence stratigraphy of the Viking Formation was 

undertaken in the Crossfield area (Townships 24–31, and Ranges 28W4 to 4W5).  The 

thesis focused on assessing the depositional environments of the Viking Formation, 

constrained by the systems tracts of a revised sequence stratigraphic framework. The 

available data encompass 1415 wells as well as 54 cores totalling 1264 metres of interval. 

Based on this dataset, the following conclusions are summarized below. 

5.1. Revised Sequence Stratigraphic Framework  

The sedimentological and ichnological facies analysis completed in this study has 

led to a new sequence stratigraphic framework for the Viking Formation in the Crossfield 

area. The framework identifies four discrete depositional sequences:  S1, S2, S3 and S4. 

These are bounded by four sequence boundaries: SB1, SB2, SB3 and SB4, which mark 

the onset of their respective depositional sequence.  SB1, SB3 and SB4 represent 

composite surfaces (WRS/SU) produced by an initial period of subaerial exposure and 

erosion followed by the surface’s transgressive modification. By contrast, SB2 represents 

only subaerial exposure and corresponds to a subaerial unconformity (SU). Incipient 

paleosols (strongly pedogenically modified sandstone) that were formed during long 

periods of time and mark the subaerial unconformities, and pedogenically modified 

sandstones that were formed in shorter periods of time within the sequence when 

accommodation space began to develop were encountered in the study area (see Chapter 

2, Fig. 2.5). The revised sequence stratigraphic framework employs Depositional 

Sequence IV nomenclature and identifies four discrete systems tracts: falling stage 

(FSST), lowstand (LST), transgressive (TST), and highstand (HST).  The FSST and LST 

of S1, the FSST, most of the LST of S2, the FSST and LST of S3, and the FSST and LST 

of S4 occur well to the east of the study area (see Pattison, 1991; Pattison and Walker, 

1994, 1998; Wiseman and Walker, 1995; MacEachern et al., 1999; Schultz et al., 2019). 

Additionally, the HST of S2 has been erosionally removed in the study area by SB3.  The 

facies characteristics of these systems tracts are given in Chapter 2.  
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Correspondingly, this research focused on Sequence 3, as it is the main cored 

interval of the Viking Formation in the Crossfield area and encompasses the main 

reservoir interval. Sequence 3 is unconformably bounded by SB3 (WRS/SU) at its base 

and unconformably overlain by SB4 (WRS/SU) at its top.  Sequence Boundary 3 (SB3) is 

demarcated by an omission trace fossil suite of the Glossifungites Ichnofacies, and 

separates bioturbated lower offshore silty mudstones of the TST of Sequence 2 below 

from overlying sharp-based shoreface sandstone deposits of the TST of Sequence 3. In 

the study area, Sequence 3 comprises a transgressive system tract (TST) and a highstand 

system tract (HST) separated by a maximum flooding surface (MFS_3). The transgressive 

system tract (TST) of Sequence 3 represents a fining-upward succession, which is 

composed of two discrete, retrogradationally stacked, storm-influenced, sharp-based 

shoreface cycles (TST1 and TST2) capped by a flooding surface (fs). TST1 and TST2 

cycles were deposited successively  in time as the shoreline backstepped from north and 

northeast (seaward) towards the south (landward) in the study area. The TST2 cycle lies 

stratigraphically above and in a landward position of TST1 on the pre-existing subaerial 

unconformity (SU) surface, removing the evidence of more proximal facies in Sequence 

2. As such, SB3 is highly diachronous in the study area (see Chapter 3, Fig. 3.3). The 

highstand system tract (HST) of Sequence 3 comprises normal regressive deposits that 

downlap onto the maximum flooding surface (MFS_3). The HST of Sequence 3 is 

interpreted to reflect deposition in strandplains and wave-dominated deltas, which are 

erosionally overlain by SB4 (WRS/SU) (see Chapter 3). 

In the study area, SB4 (WRS/SU) separates delta plain deposits of the highstand 

system tract of Sequence 3 below from overlying cross-stratified to parallel-stratified, 

coarse-grained sandstone intercalated with dark fissile mudstone. These overlying facies 

correspond to the transgressive lag and marine shales of the overlying transgressive 

system tract of Sequence 4 (the Westgate Formation). The subaerial unconformity (SU) 

was generated by a regional base level fall that had shifted the shoreline as far east as 

Saskatchewan (i.e., VE4 of Walker, 1995). Hence, SB4 is also highly diachronous and 

marks a major stratigraphic break in the study area.   

5.2. Facies and Facies Association of Sequence 3 

Sequence 3 includes eleven (11) recurring sedimentary facies (F1-11) that are 

grouped into three facies associations (FA1-3). The transgressive system tract (TST) 
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comprises a single facies association: sharp-based bioturbated shoreface complexes and 

offshore deposits (FA1). The overlying highstand system tract (HST) consists of two facies 

associations: storm-dominated offshore to shoreface complexes (FA2), and mixed-

process (wave- and river-influenced) delta complexes (FA3).  FA3 contains the reservoir 

interval. Detailed characterization of the facies associations of Sequence 3 are given in 

Chapter 3. 

Storm-dominated offshore to shoreface complexes (FA2) of the highstand system 

tract directly overlie the maximum flooding surface (MFS_3) and are overlain by an 

allogenic marine flooding surface (fs_1). The vertical sedimentary succession of FA2 

consists of subtly sanding-upwards successions, mainly expressed by thoroughly 

bioturbated silty and sandy mudstones of the offshore (Facies 1 and Facies 2) that 

gradationally pass upwards into thoroughly bioturbated, fine-grained, muddy sandstone 

(Facies 3a) of the distal lower shoreface. Complete successions are overlain by 

moderately bioturbated, medium-grained silty sandstone (Facies 4) of the proximal lower 

shoreface.  

The vertical sedimentary succession of the mixed-process (wave-and river 

influenced) delta complexes (FA3) consists of dark, laminated mudstone with sandstone 

and siltstone interbeds of the prodelta (Facies 6), grading into parallel laminated, fine-

grained sandstone intercalated with dark (carbonaceous), fissile mudstone (Facies 7) of 

the distal delta front. This passes upward into erosionally amalgamated, fine-grained 

hummocky cross-stratified sandstone (Facies 8) of the delta front. Complete successions 

are overlain by medium-grained, trough and planar tabular cross-stratified sandstone with 

bands of Macaronichnus segregatis (Facies 9), interpreted to record the most proximal 

portions of the delta front. Locally, FA3 also contains erosionally based, fining-upward 

intervals of trough cross-stratified, medium-grained sandstone (Facies 10), interpreted as 

distributary channel fills. FA3 successions may be capped by pedogenically modified silty 

sandstone (Facies 11) of the delta plain, also interpreted as incipient paleosol. 
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5.3. Along-Strike Variations in the HST Delta Deposits (FA3)  

Facies mapping of the deltaic deposits (FA3) in the HST of Sequence 3 records 

significant along-strike variations as a function of the differential preservation potential of 

beds and bedsets deposited in response to fluvial energy, fairweather waves, and storm 

wave processes. Owing to the minimal influence of tidal processes, the WAVE 

classification scheme of Ainsworth et al., (2011) was modified in order to evaluate the 

relative importance of fluvial sediment influx, fairweather wave processes and storm wave 

processes on the preserved record of FA3.  

Facies characteristics of the prodeltaic intervals indicate that longshore drift was 

symmetrically distributed around the trunk distributary channel during fairweather, which 

is reflected by a progressive increase in fluvially influenced deposition (e.g., fluid mud 

layers, hyperpycnites) towards the distributary channels. As well, beds recording 

fairweather wave energy, which favour pervasively bioturbated sandy mudstone, and 

storms responsible for deposition of micro-HCS and HCS are likewise evenly distributed 

on either side of the distributary channels. This arrangement clearly demonstrates that 

from a process perspective, the delta was symmetrical. By contrast, facies successions of 

the delta front indicate that storm waves probably had approached from the north, 

reflected by pronounced variation in preserved sedimentary bedsets along depositional 

strike, giving the impression of asymmetry. This variation is characterized by: 1) the 

predominance of thick and erosionally amalgamated, storm-generated HCS sandstone 

bedsets and the concomitant reduced preservation of fluvial- and fairweather wave-

generated beds and bedsets on the northern margin of the delta; and 2) thinner and less 

erosionally amalgamated tempestites intercalated with fairweather wave-generated 

bioturbated muddy sandstones and mudstone drapes interpreted as hypopycnal-derived 

fluid mud from river discharge dominating the southern margin of the delta. The increased 

erosional influence of storms on the north side of the delta lobe was responsible for the 

resulting paucity of preserved beds generated by river discharge and shoaling fairweather 

waves. As such, the along-strike spatial changes in facies successions of the delta front 

are solely a function of a preservational bias.  

This study demonstrates that under shallow-water, high-energy conditions, spatial 

changes in facies variations may be the product of an incomplete record due to autogenic 

erosion associated with storm events. Beds that were generated by fluvial and fairweather 
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wave processes operating in the system were increasingly removed from the depositional 

record with increased shallowing. Facies successions of the prodelta, however, yield a 

more complete record of beds and bedsets and therefore the processes that operated in 

the study area (i.e., fluvial, fairweather wave and storm waves). This is because the 

prodelta setting resided in a distal position and was protected from extensive reworking 

by storm waves. Correspondingly, the spatial variation in the effectiveness of storm-

induced erosion gives the false impression of deltaic asymmetry. As such, along-strike 

variations in the preservation of facies of high-energy delta fronts cannot be taken to be 

indicative of process-driven delta asymmetry. 
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Figure 5-1     Along-Strike Variations in the HST Delta Deposits (FA3).  
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5.4. Thickness Variations and Reservoir Quality 
Distribution in Facies Association 3 (FA3) 

Isopach maps and stratigraphic correlations show that thicknesses of the prodelta 

and delta-front interval range from 5-30 m, with an increase in thickness towards the 

southeast part of the study area. This is associated with the development of two stacked, 

coarsening-upward facies successions that represent two discrete delta lobes.  By 

contrast, delta plain deposits of FA3 are not present across the entire study area. The 

maximum thickness of the delta plain is approximately 8 m and reaches a minimum 

thickness of 0 m towards the east, indicating that the delta plain probably never prograded 

that far basinward. That said, Sequence 4 does unconformably overlie the delta-front 

deposits of FA3. Although there is no evidence of subaerial exposure, it is possible that 

the wave ravinement surface (WRS) that later transgressively modified SB4 could have 

removed some delta plain and proximal delta-front reservoir facies east of the mapped 

limits of the delta plain. 

 The Lower Cretaceous Viking Formation in the Crossfield and surrounding area 

has a total cumulative production of 1.29 MMbbl of oil and 19.57 BCF of gas. The north 

part of the study area represents the region of superior reservoir quality with the highest 

cumulative production (1.29 MMbl of oil and 14.37 BCF of gas). In this area, net-sandstone 

thicknesses of FA3 reflect greater proportions of thicker sandstone intervals (5 - 18 m 

thick). Core samples of these sandstones exhibit average porosity and permeability values 

that range between 6 – 8% and 0.2 and 0.6 mD, respectively. By contrast, reservoir 

intervals decline towards the south, where even though the FA3 intervals are generally 

thicker (22 - 23 m) and the sandstones’ petrophysical properties are similar, the sandstone 

beds themselves are thinner and strongly partitioned owing to the intercalation of 

abundant mudstone layers. Correspondingly, the area is characterized by lower 

proportions of net sand (4-8 m thick).  
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Appendix A. Core Lithologs 

Description: 

Core lithologs of the cores described in this research. 
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Appendix B. Cross-section 1 (A-A’) 

Description: 

Cross-section 1 (A-A’) is oriented along depositional strike, and shows the main 

distribution of the Sequence 3 interval, which encompasses FA1, FA2 and FA3. 

The datum corresponds to maximum flooding surface 3 (MFS_3) in Sequence 3, 

interpreted as allogenic and marked by thoroughly bioturbated, silty mudstone 

(Facies 1) of the offshore in the TST overlain by coarsening-upward 

(progradational cycles) of the HST. MFS_3 also corresponds to the downlap 

surface that separates FA1 below from FA2 above. 

Filename: 

Appendix B_Cross-section 1 (A-A')_Nakari Diaz.pdf 

 

 


