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Rock Volatiles Analyses of the B.A. Saskatchewan Landing Core — Detailed Fluid,
Reservoir, and Cap Rock Insights from the C1-C10 Hydrocarbons, Organic Acids,
CO2, Formation Water, Helium, Various Sulfur Gases, and Mechanical Strength:
Implications for Helium System Analysis
Christopher M. Smith1, Michael Smith1, Patrick Gordon1, Timothy Smith1, Jessica Flynn2, Taggart Priddell2,
and Melinda Yurkowski2
1 - Advanced Hydrocarbon Stratigraphy, 2931 West 21st Street, Tulsa OK 74107, USA
2 - Saskatchewan Ministry of Energy and Resources, Saskatchewan Geological Survey, 201 Dewdney Avenue East, Regina,
SK, S4N 4G3

Introduction
The Saskatchewan Geological Survey (SGS) in partnership with Advanced Hydrocarbon Stratigraphy (AHS)
undertook a study of the B.A. Saskatchewan Landing core (101/03-10-017-14W3/00; 62H013) with the goal of better
understanding the petroleum system. Over a ca. 250 ft section of core near the bottom of the well, 102 samples were
collected and analyzed using Advanced Hydrocarbon Stratigraphy’s (AHS) rock volatiles stratigraphy (RVS)
technology. RVS uses approximately 0.4 cubic centimetres of rock sample (which can be fresh or legacy core or
cuttings) and gently extracts, identifies, and quantifies 40 different compounds including the C1-10 hydrocarbons,
organic and inorganic acids, sulfides, water, biogenic compounds, and noble gases including helium.
B.A. Saskatchewan Landing was a helium producing well, where the produced gas was not associated with
hydrocarbons, but instead contained nitrogen and carbon dioxide in addition to the produced helium. The RVS
analysis of the core was combined with pre-existing core analysis, logs, and images of the core to better understand
the “helium” system. Such insights are of value as there has been renewed interest in the production of helium,
especially helium not associated with hydrocarbons, in the last several years both globally and in Saskatchewan
(Yurkowski, 2016).
Background
B.A. Saskatchewan Landing was drilled in August 1962 and reached a total depth (TD) of 2054.4 m (6740 ft) in the
Precambrian. The bottom 77.4 m (254 ft) of the well was cored, starting in the Cambrian Deadwood Formation and
the last 2.7 m (9 ft) of the well are in Precambrian granitic basement rocks. Beginning at 1999.8 m (6561 ft) is a
section of the Deadwood Formation referred to in well history documents as the “Dolomite Pay Zone” that continues
into the Precambrian. Three drill stem tests from this section of the well reveal gas compositions of 1.8-2% helium,
1.3-1.4% carbon dioxide (CO2), and the remainder is nitrogen (N2) in this zone. The zones tested are large, the
smallest is 18.9 m (62 ft), and all tested zones overlap with one another. The induction logs also appear to identify
this zone as a pay zone. However, given the nature of the data and the overlapping tests any information about
potential variations in gas compositions across the “Dolomite Pay Zone” are difficult to discern. The well began
production in late 1963 and produced 107 250 mscf (3 026 585 m3) of helium over a little less than 13 years.
Rock Volatiles Stratigraphy
RVS uses a custom built and developed cyto-trap mass spectrometry system built and developed by AHS. A small
rock sample (0.4 cubic centimetres) is subjected to a gentle vacuum extraction that concentrates the volatile
compounds on a liquid nitrogen cryo-trap as a condensed solid phase. After the extraction is complete the cryo-trap
is warmed and the volatiles sublimate in a manner analogous to a distillation and enter a quadrupole mass
spectrometer, where they are analyzed. The slow warming of the cryo-trap serves the function analogous to a gas
chromatography (GC) column, which allows for separation and subsequent identification and quantification of roughly
40 different volatile compounds (several, though not all of these are calibrated against standards and reported in
ppm/v or nanomoles, with uncalibrated responses reported in counts). The RVS system has several advantages
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including applicability to a broader range of compounds than would typically be possible with any one GC column
(including the C1-10 hydrocarbons, several organic and inorganic polar compounds, and noble gases) and can
analyze much smaller quantities, in several cases subnanomole amounts, making it ideal for work with legacy
materials. Some volatile compounds such as helium and methane do not freeze at liquid nitrogen temperatures; to
address this a head space sample of the cryo-trap is burst in the mass spectrometer for analysis prior to warming the
cryo-trap. In the case of a legacy sample the rock is crushed with a 2-ton force after being interfaced to the vacuum
system to open fresh surfaces and tight pore spaces. Different extraction vacuum conditions are applied to the same
rock sample sequentially at 20 mbars and then 2 mbars, providing information about where in the fabric of the rock
sample various compounds reside, which can in turn be related to rock properties like permeability. A more thorough
discussion of the technology behind RVS and its applications can be found in Smith et al. (2020). The utilized
extraction method provides an excellent tool for a range of measured compounds, allowing detailed evaluations of
small molecule geochemistry and rock properties of the subsurface.
When dealing with legacy materials, it is important to note that there is a significant petrophysical overprint in terms of
what volatile compounds remain in the rock samples. Better quality reservoir rock will typically contain less of the
more volatile compounds. Relating this to the oil and gas applications that RVS is frequently used for, better quality
reservoir rock will typically contain smaller quantities of hydrocarbons, compared to sealing features like shales or
poor-quality reservoir rocks because of features like cementation.
Comparison of RVS to Historical Data
When working on legacy materials, it is good practice to establish relationships between the RVS data and historical
data acquired at the time. Such practice generates confidence in the utility of the RVS data and also can be
informative in terms of evaluating unexpected aspects of the subsurface system. In the case of RVS data, water
content in legacy materials, especially core, is indicative of subsurface water volumes/saturations being retained in
the rock samples in a representative way relative to the subsurface. A comparison to the induction log shows an
excellent correlation of low water content in the high resistivity region associated with the pay zone and furthermore a
series of good feature matches shallower in the core above the “Dolomite Pay Zone” (Figure 1) (Smith et al., 2020
and Smith et al., 2021). Another good comparison that can be made is the RVS helium data versus the induction log
(Figure 2). These data show an apparent baseline shift in the helium data upon entering the “Dolomite Pay Zone” in
the Deadwood Formation and are also correlated with higher resistivity values in the induction log.
When considering helium content and recognizing that helium can be generated by alpha particle emission, it is
worthwhile comparing the RVS measurements to the gamma ray log (Figure 3); however, few strong correlations
exist between the helium measured by RVS to the gamma ray. The importance of this is that the helium distribution
in the core chips is not self-sourced at every point and thus the stratigraphy of the distribution can provide key
information about the “helium system” in the subsurface. On the question of potential helium sources, a focus of
recent research by the Saskatchewan Geological Survey has been the Precambrian basement (Card et al., this
volume; Bosman et al., this volume); while only a small portion of the Precambrian was penetrated, the samples of
granite have on average much higher concentrations of helium than the “Dolomite Pay Zone”, including the second
highest response in the well. While caution should be taken not to overinterpret data from a small number of samples
in a 100+ sample study, this observation possibly suggests that the source of the helium may be the Precambrian
basement granite.
RVS Data and Understanding Distributions of Gases and Fluids in the Core
To begin assessing the controls on the subsurface distribution of volatile compounds in the core, it is instructive to
begin with the hydrocarbons. While neither the drill stem tests (DST), nor the historical production notes any
measured presence of hydrocarbons, it appears that sometime in the past, hydrocarbons were present in portions of
the core. Figure 4 shows the responses of all hydrocarbon liquids versus gases and Figure 5 shows the response of
methane versus all hydrocarbon liquids. As mentioned above, the petrophysics of the rock plays a major role in
where different compounds can initially reside and where they are maintained in legacy materials. In this case, the
hydrocarbon liquids response, which in real terms is a relatively low response, is consistent with resource in a liquidfilled fracture given its discrete appearance and unaltered/oil like composition. While Figure 4 gives the impression
that the gases are co-localized with the liquids at 2028.5 m (6655.17 ft), such as the larger, more oil soluble HC
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gases, this is not completely true. Figure 5 shows that the highest methane response is located at 2027.5 m (6651.92
ft). This could be indicative of either different phases (gas vs oil with dissolved gases) or that the petrophysics of the
rock allow for the accumulation of the smaller methane molecules in a place not readily accessible to larger
molecules. This is the mindset that should be utilized when considering the distribution of helium vs other compounds
like N2 and CO2 that were present in the gas in the “Dolomite Pay Zone.” It should be noted that in the historical core
analysis this section of the core has a very low porosity (1.1-2.4%) with a very high horizontal permeability to air (10
md) at ca. 2028 m (6654 ft) and some small amount of vertical permeability (0.41 md). This particular interval is also
bound between rock so tight that permeability could not be quantitatively measured.
For brevity, the He, N2, CO2, and argon (Ar) RVS data will be discussed going forward, though there may be a larger
discussion of the stratigraphy of other volatile compounds in the talk itself. Traditionally in RVS data from legacy
samples He will accumulate either in sealing features or immediately below them; its small size and buoyancy allow it
to force itself into or against these tight rocks where it is trapped. Figure 6 illustrates the RVS helium data versus the
historical porosity measurements from the core, showing good examples of correlation at 1998.4 m (6556.7 ft),
2030.3 m (6661 ft), and 2045.3 m (6710.37 ft). It is unfortunate that the core analyses did not cover the shallowest
depths of the core as the highest helium response is observed at 1983 m (6505.83 ft), which may be the effective
“seal” to further upwards migration of helium, though this would be better supported with additional shallower
measurements (note it is unlikely the upward migration of helium is completely halted at this point given the nature of
helium as a small, nonreactive atom).
This is based off not just the high helium response, after which >three metres of seemingly low porosity shale is
encountered, but also a series of apparent baselines in the helium data illustrated in Figure 6, with the lowest being
immediately above the high helium feature at 1983 m (6505.83 ft). The intermediate baseline from 1986-1999 m
(6518-6559 ft) is likely due to the presence of a water phase as opposed to the gas phase found deeper (Figure 1).
Based on the gas compositions of the DST, it may be expected that the N2 and the CO2 are intermingled with the He.
This does not appear to be completely the case. Figure 7 shows the RVS N2 and He data together; at 2007 m
(6585.4 ft), there is a large buildup of nitrogen similar to what has been identified as a sealing feature for helium and
then a significant baseline shift to lower values. The kinetic diameter of a He atom is 260 pm versus the N2 molecule
at 364 pm; it is therefore possibly an effect where the rock is not suitable for the migration of N2, but is for He. This
may correlate with a very low porosity section of the core measured at a similar depth, 1.1% from 2007.3-2007.6 m
(6585.7-6586.7 ft; shown as 6586.2 ft in Figure 6). The historical core analysis at the same depth interval shows the
vertical permeability as so low that it could not be quantitively measured, listed as “<0.01” md. From 2006.7-2007 m
(6583.9 to 6584.7 ft) the core is similarly noted to not contain any measurable horizontal permeability. All of these
core data would seem to support the interpretation of the RVS data; encountering a zone that helium can migrate
through, but is too tight for N2 to readily pass through.
This has potentially important implications for production and exploration in addition to understanding the helium
system. First, if a targeted completion is desired, it may imply it is possible to produce higher purity helium gas from
above. Second, it suggests that helium can migrate through the rock while leaving N2 behind. This could have large
implications in trying to use N2 content to assess migration pathways and provenance of helium in shallower
formations.
Interestingly the same phenomenon is not observed for CO2 (Figure 7). However, the distribution of organic acids
(not shown) and the presence of dolomite suggests that the CO2 may be generated locally, especially as the
responses from the granite appear lower than in the rest of the core. It is noteworthy that CO2 increases immediately
above the “Dolomite Pay Zone”, which may suggest a higher-pressure regime, because the solubility of CO2 in water
is strongly tied to pressure (Carr et al., 2003).
Argon also presents a similar question as N2, being fairly inert and having a kinetic diameter larger than He (340 pm
vs 260 pm), how does its distribution relate to potential subsurface processes regarding He? Figure 9 shows that
similar to N2, there is no clear relationship; it is present and accumulating in parts of the core in a way inconsistent
with the behavior of He but also with N2.
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This behavior likely relates to argon itself being potentially self-sourced. Argon is a breakdown product of the
potassium-40 isotope. While RVS does not measure potassium, it does have a proxy for sulfate, a sulfur oxygen
molecular fragment. This sulfate proxy frequently shows strong relationships to depositional environments. It is worth
noting that in Figure 10, there is an apparent relationship between the sulfate proxy and argon, suggesting that the
latter may be responding to the distribution of potassium present in different depositional environments. This
explanation is supported somewhat by apparent visible changes in the core at the depths below 2011.7 m (6600 ft),
where both argon and the sulfate proxy undergo notable transitions. There are no low porosity rocks in this section of
the core that could readily serve as apparent seals (Figure 6) and N2, which has a larger diameter, does not appear
to encounter an effective baffle/seal until shallower in the core at 2007 m (6585 ft).
Conclusions
The RVS analysis of the B.A. Saskatchewan Landing core (101/03-10-017-14W3/00; 62H013) demonstrated that
helium could still be measured and evaluated in a way that can contribute meaningful information to the analysis of
the subsurface “helium system”, utilizing samples that were nearly 60 years old at the time of analysis. Although the
residual helium content is quite low, its distribution and that of the other volatiles present in the core, enabled the
identification of key features including: the potential top of the helium migration “seal” at 1983 m (6505.8 ft), the
enhanced helium content in the Precambrian basement granite, which may provide some further insights into local
helium sourcing, and the molecular fractionation of nitrogen away from helium. All of these have potentially important
impacts to better understanding and evaluating the local subsurface “helium system” in Saskatchewan. The
incorporation of historical data sets such as the logs, core analyses, production and well histories, and the core
images allowed a more detailed level of investigation and added confidence to the RVS data and analysis.
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Figure 1 – Comparison of induction log vs the RVS measurement of the sum of water measured in the core samples.

Figure 2 – Comparison of induction log vs RVS measurement of helium in the core samples.
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Figure 3 – Comparison of Gamma Ray Log vs RVS measurement of helium in the core samples with core photo from granite.

Figure 4 – Measured hydrocarbon (HC) gases vs liquids with core photo of region with high HC responses.
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Figure 5 – HC liquids vs methane with core photo of region with high HC responses.

Figure 6 – RVS helium vs core porosity measurements. Different baselines for helium are
indicated in dashed black lines. Region of interest for possible “seal” to vertical helium migration
with corresponding core photo indicated in dashed blue.
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Figure 7 – RVS He and N2 data with core photo insert for section where N2 appears to
encounter a baffle/seal based on molecular size.

Figure 8 – RVS helium vs carbon dioxide data.
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Figure 9 – RVS helium vs argon data.

Figure 10 – RVS argon and sulfate proxy data with core photo at argon transition.
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Three-dimensional Modelling of Archean-cored Cratons in Saskatchewan: A Tool for
Understanding the Relationship between Deep-seated Structures and Natural
Resource Accumulations in Sedimentary Basins
Sean A. Bosman, Colin D. Card, and Ralf O. Maxeiner
Saskatchewan Ministry of Energy and Resources, Saskatchewan Geological Survey, 1000-2103 11th Avenue, Regina, SK
S4P 3Z8

Introduction
The Saskatchewan Geological Survey (SGS) has developed an inaugural, regional, three-dimensional (3-D) model of
Archean-cored cratons centred on Saskatchewan (Bosman et al., 2021a; 2021b). The model helps to visualize the
building blocks of Laurentia, which were constructed by conducting a literature review and amalgamating all available
and relevant geophysical and geological interpretations, as well as utilizing and reprocessing geophysical data to
create our own novel interpretations. In addition to helping with visualization in 3-D space, the model will guide future
geoscience interpretations and address questions relating to exploration for critical materials, minerals and
hydrocarbons.
Visualization of geoscience information in 3-D space is a powerful tool for understanding geospatial data. The
Hearne, Wyoming, and Sask cratons and Medicine Hat block, as well as part of the Superior and Rae cratons, have
been modelled down to the depth of the Mohorovičić discontinuity (Bosman et al., 2021a; 2021b; Figure 1). In
addition to the structural contacts between cratons, the Tabbernor Fault, a long-lived, crustal-scale fault is the only
post-Laurentia structure that has been modeled at this point. Some of the information used to produce these
modelled features included interpreted plan-view maps and cross-sections of airborne and ground geophysical and
seismic data, geophysical grids, digital elevation data, as well as 3-D geological components previously modelled by
the SGS.
Please note that referencing to the work done by previous authors is done sparingly in this extended abstract and
those readers interested in more details on the sources of information are referred to the papers referenced in
Bosman et al. (2021b).
Results
The modelling inspired several changes to the existing interpretation of the geological architecture, such as
modifications to the spatial extent of the Hearne and Sask cratons, based on similarities in patterns in the
aeromagnetic and Bouguer gravity grids. The Hearne craton is interpreted as extending further south in an area
between the Sask craton to the east and the Medicine Hat block and Wyoming craton to the west. The Sask craton
has been merged with the Dakota block, a similar featured identified south of the 49th parallel, and has also been
extended northeastward into northern Manitoba, thereby becoming a sizeable entity well beyond the footprint of
previous interpretations. Furthermore, the location of the Vulcan zone, a paired aeromagnetic and Bouguer gravity
low anomaly, was extended into southwest Saskatchewan, where it separates the Hearne craton from the Medicine
Hat block.
This model is the first step in building a more comprehensive 3D-model of the province and is so far limited to the
building blocks that predate the events that culminated in the ca. 1.8 Ga Trans-Hudson orogeny. Thus, it leaves gaps
between the cratons, where the ages of the rocks are younger than circa 2.0 Ga. In south central Saskatchewan for
example, Figure 1 shows presence of the largely Archean Sask craton, which is, however, likely draped by
Paleoproterozoic rocks of the Reindeer Zone.
Discussion
Understanding the crustal-scale architecture of Saskatchewan’s basement has implications for evaluating the
distribution of the province’s natural resources. For example, there is a known spatial association between some
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orthomagmatic mineral deposits, such as magmatic Ni-Cu-PGE deposits, with the margins of Archean cratons (e.g.,
Barnes et al., 2016). Moreover, it is well established that major subvertical crustal boundaries, such as those
contained in this 3-D model, and other moderately to steeply dipping, deep-seated structures, such as the Tabbernor
Fault, can be important conduits for transporting mineralizing fluids into the upper crust (e.g., Korsch and Doublier,
2016). Such crustal-scale features may, for example, play an important role in the location of orogenic gold deposits
(e.g., Groves et al., 2020), such as those at Saskatchewan’s Seabee operation (Figure 1). Furthermore, they may
have channelled post-tectonic granites such as the ca. 1819 Ma Junction granite (Bickford et al., 1994), which
stitches the boundary between the Rae and Hearne cratons (Lewry and Sibbald, 1977) and those of the 1774 to
1730 Ma Jan Lake Intrusive Suite, which seem to have a spatial association with the Tabbernor Fault (Maxeiner et
al., 2021).
Saskatchewan’s large, high-grade, Proterozoic unconformity-related uranium deposits in the Athabasca Basin region
(Figure 1) are also thought to have deep crustal control (Card, 2021). For example, the giant Arrow deposit (Figure 1)
at Patterson Lake is interpreted as lying along a cryptic geological boundary, internal to the Rae craton (Card, 2021),
that is known to have connectivity with the mantle (Potter et al., 2020).
Helium occurrences in the Western Canada Sedimentary Basin (WCSB; Figure 1) are related to fluid migration from
a source material, one of which is radiometrically elevated portions of the crystalline basement. Deep-seated
structures represent one potential pathway for liberated, helium-concentrated fluid to move into a trapping site
(Yurkowski, 2016; 2021). For example, the Vulcan zone, is believed to represent a Paleoproterozoic suture zone
between the Medicine Hat block and the Hearne craton and may have had a protracted tectonic history that lasted
into the Phanerozoic. Evidence for Phanerozoic tectonic movement along the Vulcan zone is apparent in similarly
oriented northwest to southeast structures interpreted in WCSB stratigraphy (Kent and Christopher, 1994).
Intermittent faulting along these deep-seated structures could have improved the fluid pathways, thereby enhancing
fluid-rock interactions and the potential for periodic migration of fluids.
Other resources in the Western Canada Sedimentary Basin can also be tied-to or affected by deep-seated structures
within Precambrian rocks. Radioactive decay, which generates helium through alpha particles, also released heat
and, therefore, is responsible for enhanced temperatures in geothermal fluids, which can, in turn, be used for
geothermal power generation. Some types of crystalline rocks contain elements that are radioactive, including
granites, and parts of south Saskatchewan include such rocks (e.g., Collerson et al., 1988), which seem to be
localized along deep-seated structures. Deposition of potash has ties to tectonic processes and the formation of
basins; however, from an economic point, knowledge of structural zones in a deposit may be more important. Fluids
travelling up structurally derived fluid pathways can dissolve potash and can also have significant consequences on a
mining operation. Furthermore, Phanerozoic strata have been affected by reactivation of structures rooted in the
Precambrian basement (Kent and Christopher, 1994). Variability in facies and diagenetic processes, resulting from
movement along deep structures, has played a role in influencing petroleum systems through creation of depositional
or structural traps.
This presentation includes a 3-D demonstration of the SGS craton model showcasing the connection between
crustal-scale features and natural resources in the WCSB. Core and discussion by Card et al. (this publication) will
relate to this model.
References
Barnes, S.J., Cruden, A.R., Arndt, N. and Saumur, B.M. (2016): The mineral system approach applied to magmatic Ni–Cu–PGE
sulphide deposits; Ore Geology Reviews, v.76, p.296-316.
Bickford, M. E., Collerson, K. D. and Lewry, J. F. (1994): Crustal history of the Rae and Hearne provinces, southwestern
Canadian Shield, Saskatchewan: constraints from geochronologic and isotopic data; Precambrian Research, v.68, p.1-21.
Bosman, S.A., Card, C.D., Maxeiner, R.O. and Morelli, R.M. (2021a): Three-dimensional model of Archean-cored cratons of
Saskatchewan (version 1); Saskatchewan Ministry of Energy and Resources, Saskatchewan Geological Survey, 3-D File
2021-1.

Page 12

Dr. Don Kent Core Workshop at the 29th Williston Basin Petroleum Conference, 2022

Bosman et al: Three-dimensional modelling of Archean-cored cratons in Saskatchewan

Bosman, S.A., Maxeiner, R.O., Card, C.D. and Morelli, R. M. (2021b): Three-dimensional architecture of Laurentia: a
Saskatchewan perspective; in Summary of Investigations 2021, Volume 2, Saskatchewan Geological Survey, Saskatchewan
Ministry of Energy and Resources, Miscellaneous Report 2021-4.2, Paper A-6, 17p.
Card, C.D. (2021): The Patterson Lake corridor of Saskatchewan, Canada: defining crystalline rocks in a deep-seated structure
that hosts a giant, high-grade Proterozoic unconformity uranium system; Geochemistry: Exploration, Environment, Analysis,
v.21, 17p.
Card, C.D., Maxeiner, R.O., Bosman, S.A. (this publication): Emerging Helium and Geothermal Exploration Plays in
Saskatchewan’s Western Canada Sedimentary Basin: New Core, Exotic Sedimentary Rocks and Potential Similarities to the
Athabasca Basin; in Twenty-ninth Williston Basin Petroleum Conference, Dr. Don Kent Core Workshop Volume,
Saskatchewan Geological Society, Special Publication No. 27, p.16-22.
Collerson, K.D., Van Schmus, W.R., Lewry, J.F. and Bickford, M.E. (1988): Buried Precambrian basement in south-central
Saskatchewan: provisional results from Sm-Nd model ages and U-Pb zircon geochronology; in Summary of Investigations
1988, Saskatchewan Geological Survey, Saskatchewan Energy and Mines, Misc. Rep. 88-4, p.142-150.
Groves, D.I., Santosh, M. and Zhang, L. (2020): A scale-integrated exploration model for orogenic gold deposits based on a
mineral system approach; Geoscience Frontiers, v.11, p.719-738.
Hoffman, P.F. (1988): United Plates of America, the birth of a craton: Early Proterozoic assembly and growth of Laurentia:
Annual Review of Earth and Planetary Sciences, v.16, p.543-603.
Kent, D.M. and Christopher, J.E. (1994): Geological history of the Williston Basin and Sweetgrass Arch; Chapter 27; in
Geological Atlas of the Western Canada Sedimentary Basin, Mossop, G.D. and Shetsen, I. (comps.), Canadian Society of
Petroleum Geologists and Alberta Research Council, p.421-429.
Korsch, R.J. and Doublier, M.P. (2016): Major crustal boundaries of Australia, and their significance in mineral systems targeting;
Ore Geology Reviews, v.76, p.211-228.
Lewry, J.F. and Sibbald, T.I.I. (1977): Variation in lithology and tectonometamorphic relationships in the Precambrian basement
of northern Saskatchewan; Canadian Journal of Earth Sciences, v.14, p.1453-1467.
Maxeiner, R., Ashton, K. E., Bosman, S., Card, C., Kohlruss, D., Love, M., Love, T., Marsh, A., Morelli, R., and Slimmon, W. L.,
(2021): Geological Map of Saskatchewan, 1:1 000 000 scale; Saskatchewan Geological Survey, Saskatchewan Energy and
Resources.
Potter, E.G., Tschirhart, V., Powell, J.W., Kelly, C.J., Rabiei, M., Johnstone, D., Craven, J.A., Davis, W.J., Pehrsson, S., Mount,
S.M., Chi, G. and Bethune, K.M. (2020): Targeted Geoscience Initiative 5: Integrated Multidisciplinary Studies of
Unconformity-Related Uranium Deposits from the Patterson Lake Corridor, Northern Saskatchewan; Geological Survey of
Canada Bulletin 615, 37p.
Ross, G.M., Rarrish, R.R., Villeneuve, M.E., and Bowring, S.A. (1991): Geophysics and geochronology of the crystalline
basement of the Alberta Basin, western Canada; Canadian Journal of Earth Sciences, v.28, p.512-522.
Yurkowski, M.M. (2016): Helium in southwestern Saskatchewan: accumulation and geological setting; Saskatchewan Ministry of
the Economy, Saskatchewan Geological Survey, Open File Report 2016-1, 20 p. and Microsoft® Excel® file.
Yurkowski, M. M. (2021): Helium in southern Saskatchewan: Geological setting and prospectivity; Saskatchewan Ministry of
Energy and Resources, Saskatchewan Geological Survey, Open File Report 2021-2, 77p. and two Microsoft® Excel® files.

Dr. Don Kent Core Workshop at the 29th Williston Basin Petroleum Conference, 2022

Page 13

Bosman et al: Three-dimensional modelling of Archean-cored cratons in Saskatchewan

Figure 1 – Oblique view (looking north-northwest) of surfaces representing the cratons of Saskatchewan and surrounding
jurisdictions. The cratons are distinctly coloured solely to distinguish them, not to insinuate correlations. The Mohorovičić
discontinuity (Moho) surface is mostly obscured by the craton surfaces, but where visible, warm colours represent higher
elevations and cool colours lower elevations. The blue polygon represents the extent of the Western Canada Sedimentary Basin
(WCSB) in Saskatchewan. The surface extent of the Athabasca Basin is delineated by a broadly elliptical green outline. Exposed
rocks of the Canadian Shield in Saskatchewan reside outside these two polygons. The Tabbernor Fault (Tabbernor) begins to
splay north of the Sask craton. ND – State of North Dakota, MT –State of Montana, NWT – Northwest Territories, GFtz – Great
Falls tectonic zone. VE – Vertical exaggeration. Inset shows Archean-cored elements, intervening Hudsonian belts and
Precambrian sedimentary basins (modified after Hoffman, 1988; Ross et al., 1991, Card et al., 2021); a dashed line indicates the
approximate location of Saskatchewan provincial border.
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Emerging Helium and Geothermal Exploration Plays in Saskatchewan’s Western
Canada Sedimentary Basin: New Core, Exotic Sedimentary Rocks and Potential
Similarities to the Athabasca Basin
Colin D. Card, Ralf O. Maxeiner and Sean A. Bosman
Saskatchewan Ministry of Energy and Resources, Saskatchewan Geological Survey, 1000-2103 11th Avenue, Regina, SK
S4P 3Z8

Introduction
Boreholes that have intersected the deepest parts of the Western Canada Sedimentary Basin (WCSB; Figure 1) in
Saskatchewan, its basal unconformity (WCSBu), and the underlying crystalline basement rocks are rare. Much of the
available core of the basal stratigraphic units and crystalline rocks was recovered during wildcat petroleum drilling
programs in the 1950s and 1960s. The rocks in these cores have been the subject of geoscience studies (e.g.,
Collerson et al., 1988; 1989; Treptau, 1999) that formed the foundation for geological subdivision of the crystalline
rocks in southern Saskatchewan (e.g., Kreis et al., 2000; 2004). Recent exploration for helium and geothermal
resources (Yurkowski, 2016; 2021) has resulted in new drilling and coring of the rocks straddling the WCSBu.
Here we focus on two of the new cores (Figure 1). The contained rocks of one demonstrate that much of the new
exploration is focusing on structures rooted in the crystalline basement. The other contains exotic sedimentary rocks,
not currently documented on Saskatchewan’s Stratigraphic Correlation Chart (Appendix 1; Saskatchewan Geological
Survey, 2022). These cores highlight that Precambrian crystalline rocks and their structural history play a significant
role in focussing emerging exploration plays. Moreover, the new exploration and access to the resultant core will
ultimately help our understanding of the geological history of southern Saskatchewan.
Background
Historical petroleum exploration drilling has targeted basement “structures”, which typically represented basement
paleotopographic highs that likely resulted from a combination of displacement along fault zones and differential
weathering on the Precambrian paleosurface. The influence of tectonic structures on borehole targeting is apparent
as some of these cores show evidence of deformation related to basement-rooted fault zones and contain secondary
minerals such as chlorite, epidote, quartz, garnet, and specular hematite, in part occurring in cross-cutting vein
networks with brecciated textures. Such mineral assemblages and textures are best explained as hydrothermal –
metasomatic in origin, generated through the movement of fluids localized along the fault zones.
The combination of flat-lying clastic strata of the WCSB above an irregular, faulted Precambrian paleosurface is
somewhat reminiscent to the unconformity below the Proterozoic Athabasca Supergroup in the Athabasca Basin (AB;
Figure 1A). There, it has been long understood that the interplay between basement faults, long-lived deformation
with multiple reactivations, and metasomatic events has influenced the genesis of world-class uranium deposits (e.g.,
Hoeve and Sibbald, 1978; Jefferson et al., 2007; Card, 2021). Although some of the present-day topography on the
Athabasca Basin (AB) unconformity owes to post-depositional displacement along fault zones, e.g., ~200 m of
vertical displacement on the Dufferin fault (Card, 2002), other features are better explained by differential paleoerosion of rocks that were weakened by a combination of alteration and brecciation in fault zones. In some cases,
linear ridges of metasomatic quartz (Li et al., 2015) were more resistive to paleoweathering than rocks in parallel,
desilicified and chloritized – graphitized shear zones (Card, 2014). Using this analog as a guiding principle, it is
plausible that some linear geophysical anomalies that are targeted by exploration companies on the WCSBu surface
may represent paleotopography caused by processes along basement-rooted fault zones.
Our research in the Athabasca Basin (Figure 1A) region has also demonstrated that long-lived tectonic activity can
lead to the formation of sedimentary depocentres over long time periods. For example, the AB contains remnants of
at least four temporally and spatially separate paleosedimentary basins (Bosman and Ramaekers, 2015). In southern
Saskatchewan, current understanding implies that there is over 1.2 billion years of non-preservation between
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crystalline basement rocks and Middle Cambrian sedimentary rocks of the WCSB; however, new core from helium
exploration wells in the Mankota-Cypress Hills region has revealed enigmatic, non-fossiliferous strata at the base of
the WCSB. Quartz-rich sandstones and conglomerates sandwiched between the Precambrian basement and
confirmed Cambrian strata, may represent erosional remnants of older Cambrian sedimentary rock, e.g., Gog Group;
however, Precambrian erosional remnants temporally related to known Precambrian sedimentary rocks, such as the
Neoproterozoic Windermere Supergroup, Mesoproterozoic Purcell Supergroup, and Meso to Paleoproterozoic Athabasca
Supergroup, cannot be ruled out.

Another similarity between exploration targeting helium or geothermal resources in the WCSB and exploration for
uranium in the AB, is the role of radioactive elements in the plays. The AB is well known for its high-grade uranium
deposits. Both geothermal energy and He are radiogenic in origin. The majority of heat produced in the Earth’s crust
derives from the decay of the radioactive isotopes 238U, 232Th and 40K, which have been shown to account for about
49%, 38% and 13%, respectively, of heat production in granites (Abbady and Al-Ghamdi, 2018). Helium is an alpha
particle (two protons and two neutrons), which is emitted during the decay of the relatively common primordial
radionuclides 238U and 232Th and their various daughter elements. Therefore, the presence of radiogenic granites with
elevated uranium and thorium concentrations plays an important role as a source for helium and geothermal
resources. Sedimentary strata derived from radiogenic granites can also be elevated in 238U and 232Th, such as in
sandstones where resistate minerals, such as zircon and monazite are potential hosts. For example, one potential
source of the uranium contained in deposits of the Athabasca Basin is sandstones of the Athabasca Supergroup
(e.g., Hoeve and Sibbald, 1978; Jefferson et al., 2007).
Drillcore
We present two drillcores: DEEP Torquay 12-10-1-11W2, drilled by DEEP Earth Energy Production Corp. (Figure 1).
(DEEP) and NAH Whitemud 12-9-5-21W3, drilled by North American Helium Inc. (NAH). DEEP Torquay 12-10-111W2, core 3 (Figure 2A), has been recovered from the deepest part of the WCSB in Saskatchewan. We are
focussed on the crystalline basement, which comprises well-foliated to sheared and chloritized K-feldspar-phyric
quartz syenite or syenogranite (Figure 2B and C). Although the contained foliation in this rock is moderately dipping
near the unconformity surface (Figure 2B), the dip of the foliation steepens to subvertical (Figure 2C) down core. The
matrix of the quartz syenite or syenogranite is strongly chloritized and the bottom of the core is rubble, which
suggests pervasive fracturing and/or extensive desilicification of the host rock. The transition from a moderate to
steeply dipping, transposed foliation with strong associated alteration is identical to the structural characteristics of
faults targeted for uranium exploration in the basement to the Athabasca Basin, and, therefore, we suggest that a
basement structure was intersected. Unpublished geochronology suggests that the deformation and alteration in the
quartz syenite to syenogranite is younger than 1.76 Ga. Further, given that syenogranitic rocks are typically enriched
in the radioactive elements U, Th, this rock is both a potential source and a pathway for He and/or superheated
water.
NAH Whitemud 12-9-5-21W3, core 3 (Figure 3A), contains relatively pristine basement tonalite (Figure 3B);
unpublished geochronology indicates that it is older than 2.00 Ga. It is overlain by 16 metres of basal conglomerate
containing angular to rounded pebble-, cobble- and boulder-size (some >2 m) clasts supported by a silicified quartz
matrix (Figure 3C and 3D). There is no evidence for bioturbation in this conglomerate. The second, superjacent
conglomerate is characterized by variably rounded pebble- to cobble-sized clasts supported by a sandy matrix
(Figure 3D) with mudstone interbeds (Figure 3A). It shows evidence for bioturbation and is almost certainly Cambrian
in age. We consider the basal polymictic conglomerate to be of unknown age and origin, and although it remains
possible that it is also Cambrian in age, it is also possible that was deposited in a Proterozoic paleosedimentary
basin.
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Figure 1 – A) Major geological subdivisions of Saskatchewan. The Rae and Hearne provinces, and Reindeer zone are
Precambrian crystalline rocks of the Canadian Shield. Two sedimentary basins, the Athabasca Basin and the Western Canada
Sedimentary Basin, overlie the crystalline rocks. The collar locations of the DEEP and NAH boreholes are indicated by black
stars. B) Location of DEEP and NAH boreholes shown in the 3D craton model (Bosman et al., 2021). Red and pink surfaces
represent Archean cratons, voids between cratons are occupied by Proterozoic rocks. The coloured surface below the voids
represents the Mohorovičić discontinuity, ostensibly the base of the crust. Blue surfaces represent the Tabbernor Fault. Major
highways are in yellow. The black polygon is Saskatchewan’s provincial boundary.
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Figure 2 – Photographs of borehole DEEP Torquay 12-10-1-11W2, core 3, drilled southwest of Estevan, Saskatchewan (Figure
1). A) The bottom six boxes from core 3, with medium-grained, quartz sandstone in overlying Cambrian Deadwood Formation
and quartz syenite to syenogranite beneath the WCSBu (white arrow) in the crystalline basement (top of core is top left of
image). B) The WCSBu. Note the crossbedding in the glauconitic sandstone (left) and the dismembered quartz syenite to
syenogranite porphyroclasts (pink fragments; top of core to left). C) Chloritized quartz syenite to syenogranite with a subvertical
foliation (top of core to left).
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Figure 3 – Photographs of NAH Whitemud 12-9-5-21W3, core 3, drilled southwest of Swift Current, Saskatchewan (Figure 1).
Top of core is at top and left in all images. A) All boxes from core 3 with white arrows indicating the location of significant
unconformities. UC1 is the contact between the overlying Cambrian and underlying conglomerate of unknown age. UC2 is the
contact between the conglomerate of unknown age and the Precambrian rocks. B) Close up of unaltered tonalite basement with
sub-horizontal foliation. C) Portion of the enigmatic polymictic pebble-boulder conglomerate. D) Close-up of Cambrian and
enigmatic conglomerates and the unconformity between the two (white arrow).
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Cambrian Fan Delta Deposits in Southwestern Saskatchewan: Stratigraphy,
Sedimentology, and Ichnology of Helium-bearing Rocks
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Introduction
In Saskatchewan, Cambrian to Ordovician rocks are found resting on the Precambrian basement and forming a
westward expanding, heterogenous clastic wedge with minor amounts of carbonates. This succession is divided into
three lithological units: the Basal Sandstone Unit, the Earlie Formation, and the Deadwood Formation. Over the past
eight years, these units have been in the spotlight for the occurrence of economic amounts of helium concentration in
the southwest region of the province (Yurkowski, 2016; 2021). Different helium exploration and production projects
are currently being developed in southern Saskatchewan, leading to the discovery of large helium reserves and the
construction of Canada’s largest helium purification facility (Nickel, 2022). These rocks have also been a target for
Carbon Dioxide Sequestration (Peck et al., 2013; Ferguson, 2015) and for their geothermal potential (Ferguson and
Grasby, 2014; Hofmann et al., 2014) in other parts of the Western Canada Sedimentary Basin.
This talk focuses on the stratigraphy, sedimentology, and ichnology of the Basal Sandstone Unit and the Earlie
Formation in southwestern Saskatchewan from non-confidential cores recovered by North American Helium (NAH)
as part of their helium production project. Previous studies of these units in the target area are limited as the number
of deep wells that penetrate Cambrian-Ordovician rocks are quite low and core availability is scarce compared to
other parts of the province. Some of the facies seen in the analyzed cores are found exclusively in the study area
and, to our knowledge, have not been reported within the Western Canada Sedimentary Basin before. The studied
sections record a transition from fan delta deposits to shallow-marine environments, representing an overall
transgressive event.
Geological Framework and stratigraphy
Cambrian-Ordovician deposits are present throughout the southern half of Saskatchewan subsurface and extend
west into Alberta, east into Manitoba, and south into Montana, North Dakota, and South Dakota (Figure 1). These
strata record an eastward expanding, transgressive event on top of a Precambrian basement within the context of an
epeiric sea. Deposition occurred in a shallow embayment that was limited to the north by the Peace-Athabasca Arch,
to the east by the Canadian Shield, and at the south end by the Transcontinental Arch (e.g., Carlson, 1999). This
embayment transitioned into more open, shallow-marine environments later in the early Paleozoic.
The dominantly clastic Paleozoic succession forms a westward expanding wedge and it is commonly divided into
three units: the middle Cambrian Basal Sandstone Unit, the Earlie Formation, and the upper Cambrian to lower
Ordovician Deadwood Formation. These units interfinger with carbonate deposits in a seaward direction (Slind et al.,
1994) (Figure 2). The succession regionally thickens to the western side of the province, reaching a maximum
thickness of approximately 500 m at the Lloydminster depocenter, and thinning to the north and to the east (Kreis et
al., 2004; Marsh and Love, 2014). Localized thinning of the Cambrian deposits occurs in southwestern
Saskatchewan, in areas where the Precambrian paleorelief was apparently irregular and contained numerous
positive features. Some of these structural highs have been interpreted as monadnocks or tectonically uplifted blocks
(Sawatzky et al., 1960; Fyson, 1961), forming isolated hills that were temporarily exposed during Cambrian times and
acted as detrital sources until drowned during transgression. The studied deposits correspond to Basal Sandstone
Unit and Earlie Formation strata accumulated adjacent to these positive elements.
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Methodology
This study was core-based. Core material from eight wells penetrating the Basal Sandstone Unit and the Earlie
Formation in southwestern Saskatchewan was examined and logged at the Saskatchewan subsurface geological
laboratory in Regina. Detailed lithological and ichnological analyses were conducted. Sedimentary facies were
distinguished based on lithology, physical sedimentary structures, sand-mud ratio, body fossils and trace fossils, and
later grouped into facies associations. Ichnologic data was analyzed using ichnofacies and ichnofabric approaches,
considering ichnotaxa identification at the ichnospecies level where possible, trophic types, degree of bioturbation,
and cross-cutting relationships. Degree of bioturbation was estimated using the system proposed by Taylor and
Goldring (1993) to assign a bioturbation index grade, ranging from 0 (BI=0, undisturbed bed) to 6 (BI=6 complete
bioturbation and sediment reworking), see also Reineck (1963).
Results
Two broad facies associations were defined: fan delta deposits (FA1) and open-bay deposits (FA2) (Figure 3). FA1
comprises the Basal Sandstone Unit at the flanks of Precambrian highs. It rests on top of Precambrian rocks and
tends to be abruptly overlain by FA2 strata. This facies association records deposition of fan delta wedges, from top
to bottom. FA1 deposits are dominated by very coarse- to medium-grained sandstone and granule to boulder
conglomerate that can form 3- to 22-metre-thick upward fining intervals. Bioturbation in FA1 is variable and intensity
increases upwards in the succession (BI=0-4). Subaqueous segments of the fan delta are recognized by the
presence of trace fossils and brachiopod shells, in contrast to segments accumulated under subaerial conditions,
which are barren. FA2 is part of the Earlie Formation and abruptly overlies FA1, forming a large-scale overall finningand deepening-upwards succession. FA2 records deposition in proximal and distal bay settings. It consists of various
glauconite-rich, coarse- to very fine-grained sandstone and mudstone facies with interbedded carbonate rocks.
Trilobites, linguliform brachiopods and hyoliths can be found in rocks of FA2. Compared to FA1, FA2 deposits show
higher bioturbation intensities (BI=0-5) and slightly higher ichnodiversity, indicating less stressful conditions.
Conclusions
Cambrian cored intervals recovered in southwestern Saskatchewan record a transition from terrestrial to marine
settings. The base of the succession is dominated by deposits representing the subaerial portion of fan deltas.
Subsequent transgression led to landward migration of the fan-delta system and its final abandonment once
completely flooded during Earlie Formation times. This is reflected by the gradual upward deepening of fan delta
facies. Continuous transgression led to the establishment of an embayment depositional setting with near normal
salinity conditions, evidenced by more continuous bioturbation, abundant body fossils and the formation of
glauconite.
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Figure 1 – Map displaying extension of Cambro-Ordovician rocks in western Canada and midwestern United States.

Figure 2 – Cambrian-Silurian stratigraphy in Alberta and Saskatchewan.

Page 26

Dr. Don Kent Core Workshop at the 29th Williston Basin Petroleum Conference, 2022

Ichaso et al: Cambrian fan delta deposits in southwestern Saskatchewan: stratigraphy, sedimentology, and ichnology of helium-bearing rocks

Figure 3 – General view of core from well 101/02-27-005-27W3 showing facies associations 1 and 2. Contact with Precambrian
basement is marked by red line. Yellow line marks the abrupt contact between FA1 and FA2.
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The Potential for Geothermal Energy, CO2 Disposal and Helium in the Deadwood and
Winnipeg Sands
John H. Lake1 and Arden Marsh2
1 - Lake Geological Services Inc., Box 937, Swift Current, SK, S9H 3W8
2 - Saskatchewan Ministry of Energy and Resources, Saskatchewan Geological Survey, 201 Dewdney Avenue East, Regina,
SK, S4N 4G3

Regional Geology of the Deadwood Formation
The fluvial-deltaic package in the lower portion of the Deadwood Formation has the best potential for geothermal
energy, CO2 disposal and source of helium in the Williston Basin. The late Precambrian Grenville Orogeny was
responsible for the formation of a broad Transcontinental Arch, which extended from Northern Ontario to Nebraska
(e.g., Carlson, 1999). The Deadwood Formation onlaps the Transcontinental Arch in North and South Dakota. The
fluvial-deltaic sands of the basal Deadwood Formation are thickest in southern Saskatchewan and grade to tidallyinfluenced shallow coastal embayment sands along the shoreline of the Transcontinental Arch in North and South
Dakota (Figure 1). The west coast of North America was near the equator during Cambrian and Ordovician time and
the siliciclastics sediments were deposited along the shoreline of a carbonate-dominated regime, similar to the
depositional environment of the modern Gulf of Mexico. The Transcontinental Arch looked like the Florida peninsula
in that it was dominated by carbonates in the upper portion of the Deadwood Formation in North Dakota; whereas in
Saskatchewan siliciclastics predominated throughout the section and only the top was made of carbonates.
History of Incision and Deposition of the Ordovician Winnipeg Sands
An erosional event in the late Cambrian (marking the end of the Sauk Sequence of Sloss, (1963)) created an incised
valley, which likely opened to the Arctic Ocean. It was tectonic in origin, since it runs parallel to the Deadwood
Formation shoreline rather than perpendicular/down-dip. Subsequent infill by the Ordovician Winnipeg Formation
sands (Black Island Member) and organic-rich calcareous shales (Icebox Member) deepens upwards into the Red
River Formation carbonates and marks the initiation of the Williston Basin.
Interpretation of Regional Depositional Environment from cores on display
The DEEP Earth Torquay 101/12-10-1-11W2/00 reservoir contains sands deposited in a fluvial-deltaic setting and
represents sediment transported from a distant source. In contrast, the Deadwood Formation sandstone reservoir at
Minnkota J-ROC 1 (Oliver Co., North Dakota, Lic. 37380) and the Winnipeg Formation (Icebox Member) at 142/12-110-9W2M/00 Hartaven are low energy, tidally-influenced sands deposited in an estuarine coastal embayment
environment (Figure 2). Both sands transgress over a low energy, locally-sourced, clay-dominated tidal channel with
tidal bundles. The modern analogue is Willipa Bay, Washington, where locally-derived clays in a tidal channel meet
bay sands ultimately transported by longshore drift. Both the Minnkota J-ROC 1 (Oliver Co., North Dakota, Lic.
37380) (Figure 3) and 142/12-1-10-9W2/00 Hartaven reservoir sands have numerous giant vertical burrows, capped
by numerous erosional surfaces indicative of the termination of biological activity in tidal channels.
An interpretation of the Deadwood Formation environment of deposition is outlined in Figure 1. Water depth was
controlled by proximity to the Transcontinental Arch. Above the DEEP Earth Torquay 101/12-10-1-11W2/00 sand
marker of the Deadwood Formation, the Transcontinental Arch is dominated by carbonates in North Dakota that are
analogous to the modern Florida peninsula. In southeast Saskatchewan, dunes, barrier bars and shoreface sands
are analogous to the modern Gulf of Mexico.
Conclusions
The high-energy environment Deadwood Formation fluvial-deltaic clastic reservoirs are concentrated in southern
Saskatchewan. The Deadwood Formation sand reservoir in central North Dakota and the Winnipeg Formation sand
reservoir in southern Saskatchewan were deposited in tidally-influenced shallow coastal embayments associated
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with longshore drift. They transgress over locally-derived silty tidal bundles, interpreted to have been derived from a
nearby basaltic hinterland.
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Figure 1 – Interpretation of depositional environments during Deadwood Formation sedimentation. Top of DEEP Earth’s sand
marker of the Deadwood Formation is marked in orange on log and cross-sections (101/12-10-1-11W2M DEEP Torquay wireline
log).
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Figure 2 – Core photo of Winnipeg Formation sand at 141/12-1-10-9W2M Hartaven. Transition from tidally-influenced and
locally-sourced silty, tidal bundles to clean mature sands occurs at 2444.5m. The sands have large vertical burrows and
numerous scoured surfaces. The interval was cored but not logged since they did not ream the rat hole after coring.
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Figure 3 – Core photos of Deadwood from MinnKota J-ROC-1 (Oliver Co, North Dakota, Lic. 37380). Deadwood is 375 ft/114m
thick at this location. A: (DSC Photo 14) Winnipeg/Deadwood contact at 9369.5 ft. B: (DSC Photo 18) Bedded Deadwood
sandstone reservoir with giant burrows at 9542.5 ft. C: (DSC Photo 10) Deadwood Tidal Bundles and herringbone crossstratification immediately below mature quartz sand at 9570 ft. D: (DSC Photo 13) Deadwood/Precambrian contact at 9745 ft.

Dr. Don Kent Core Workshop at the 29th Williston Basin Petroleum Conference, 2022

Page 33

Lake and Marsh: The potential for geothermal energy, CO2 disposal and helium in the Deadwood and Winnipeg sands

NOTES

Page 34

Dr. Don Kent Core Workshop at the 29th Williston Basin Petroleum Conference, 2022

Nesheim: Linking lithofacies and reservoir quality trends within the Three Forks Formation

Linking Lithofacies and Reservoir Quality Trends within the Three Forks Formation
Timothy O. Nesheim
North Dakota Geological Survey, Wilson M. Laird Core & Sample Library, 2835 Campus Rd. Grand Forks, ND 58202-8156

Introduction
The Bakken and Three Forks Formations currently combine into the most prominent oil and gas play within the
Williston Basin. More than 15 800 horizontal wells have been drilled and completed between the two units during the
past 15 years within North Dakota alone and cumulative production totals of more than 3.7 billion barrels of oil and
5.8 trillion cubic feet of gas in the state (NDOGD, 2021). Additionally, drilling and production activity in the BakkenThree Forks extends into Montana, Saskatchewan, and Manitoba (Figure 1).
Most horizontal wells within the Bakken-Three Forks petroleum system have targeted either the Middle Bakken
Member or the upper Three Forks Formation. Secondarily, hundreds of wells have been drilled and completed in the
middle Three Forks along with several dozen in the lower Three Forks in western North Dakota (Nesheim, 2020).
One primary component for Three Forks production potential is the volume of hydrocarbons generated and expelled
from the Lower Bakken shale (Nesheim, 2019). Additionally, multiple studies have documented substantial variation
in reservoir quality of the various lithofacies that comprise the Three Forks Formation (Peterson, 2013; Brinkerhoff et
al., 2016; Adeyilola et al., 2020). Examination and evaluation of the vertical and lateral distribution of lithofacies
comprising the Three Forks reservoir targets intervals may provide insights into differentiating more prospective
versus less prospective areas for exploration and development.
Geologic Background
The Three Forks Formation has previously been described as a mixed carbonate-siliciclastic unit comprised of
claystone, dolomitic to siliciclastic mudstone, dolostone, conglomerates/breccias with lesser amounts of anhydrite
and sandstone (Bottjer et al., 2011; Droege, 2014; Franklin and Sarg, 2018; Garcia-Fresca et al., 2018). Despite a
lack of any fossil assemblages within the Three Forks Formation, biostratigraphy from the bounding stratigraphic
units dictate that it was deposited during the Late Devonian (Famennian) (Sandberg and Hammond, 1958; Holland et
al., 1987; Thrasher, 1987). The Williston Basin connected to the open ocean during the Devonian through a linear,
trough-like depression referred to as the Elk Point basin, along which the Sweetgrass arch formed a paleotopographic high in the Late Devonian and restricted the Williston Basin’s communication with the open ocean during
deposition of Three Forks Formation (Franklin and Sarg, 2018; Garcia-Fresca et al., 2018). Multiple depositional
settings have been proposed, including deposition within an intrashelf siliciclastic-enriched basin with a variable,
restricted marine connection (Franklin and Sarg 2018), or, alternatively, a playa lake or continental sabkha setting
with minimal to negligible marine influence (Garcia-Fresca et al. 2018).
Stratigraphy and Lithofacies of the Three Forks Formation
Multiple stratigraphic nomenclature systems have been proposed and utilized for the Three Forks Formation (e.g.
Figure 2). For this study, a combination of the Bottjer et al. (2011) upper-middle-lower member and Christopher
(1961; 1963) 6-unit stratigraphic nomenclature systems were utilized.
Based upon 24 logged cores across western North Dakota, the middle and upper Three Forks are primarily
comprised of four main lithofacies: 1) planar to wave-ripple laminated silty dolostone (relative high energy
subaqueous deposits) (Figure 3A), 2) laminae to thin beds of green claystone (low energy, subaqueous, finest
grained deposits in the unit) which are occasionally to commonly intercalated with the laminated dolostone when
present (Figure 3B), 3) red to green to grey, poorly laminated/textured silty mudstone (terrestrial influenced/coastal
plain deposits) (Figure 3C), and 4) a highly variable conglomeratic facies that ranges from clast to matrix supported,
laminated to mottled, with brittle to plastically deformed dolostone and/or claystone clasts (Figure 3D-F). A variety of
processes likely occurred to form the various types of conglomerate deposits such as storm surge events, debris
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flows proximal to the shoreline/coastline, and/or coastal plain mudflows (Droege, 2014; Franklin and Sarg 2018;
Hogancamp et al., 2019).
A typical cycle within the middle and upper Three Forks consists of the following gradationally stacked lithofacies
(ascending order): silty mudstone, conglomeratic deposits, silty laminated dolostone, and laminated dolostone with
green claystone intercalations (Figure 4). Within a given core, multiple partial- to complete cycles can be observed,
particularly within the middle and upper Three Forks sections (e.g., Figure 5). The middle Three Forks reservoir
primarily comprises conglomeratic strata interbedded with silty laminated dolostone containing minimal green
claystone intercalations. Meanwhile the upper Three Forks reservoir consists mostly of the silty laminated dolostone
facies with variable amounts of green claystone/mudstone intercalations.
Discussion and Implications
The best overall reservoir rock in the Three Forks Formation is the silty laminated dolostone facies, which based
upon nuclear magnetic resonance evaluation and x-ray diffraction data contains the most macro porosity and lowest
clay concentrations (Figure 6). Conversely, the lowest quality reservoir is the silty mudstone facies, which contains
the overall smallest amount of macro porosity and highest clay content (Figure 6). The conglomeratic facies and the
silty laminated dolostone sub-facies with claystone intercalations are both intermediate, variable quality reservoir
rocks in terms of macro versus meso/micro porosity and clay content (Figure 6).
The middle Three Forks reservoir interval is comprised of laminated dolostone facies (minimal claystone
intercalations) with equal to greater amounts of conglomeratic facies (e.g., Figure 5 – unit 4). A regional facies map of
the middle Three Forks Formation across western North Dakota shows that most of the production for the unit occurs
within the conglomeratic facies belt, where the middle Three Forks reservoir is comprised of 75% or more of
conglomeratic deposits (Figure 7), which are highly variable in terms of clay content and reservoir quality (Figure 6).
Variations in production from middle Three Forks Formation in this area may be, at least in part, the result of lateral
variations in overall reservoir quality of the unit in which better productive areas reflect where the conglomeratic
facies contain less overall clay and more effective pore systems. Additionally, production from the middle Three
Forks Formation dissipates relatively abruptly towards the southeast, where the reservoir transitions into the coastal
plain facies belt (Figure 7), which contains an increasing amount of the silty mudstone facies that contains higher
clay, smaller pores, and is a less/non-effective reservoir (Figure 6).
The upper Three Forks Formation primarily comprises the silty laminated dolostone facies with variable intercalated
clay/mudstone and a lesser amount of conglomeratic facies near the base of the section in comparison to the middle
Three Forks Formation (e.g., Figure 5). The intercalated laminated dolostone and claystone displays variable
reservoir quality (Figure 6), similar to the conglomeratic facies. Examining the vertical and lateral distribution of silty
laminated dolostone versus intercalated facies ratios in the upper Three Forks Formation may provide further insights
into hydrocarbon charge and production in the unit across various portions of the basin, similar to the lithofacies
distributions in the middle Three Forks Formation.
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Figure 1 – Regional map of the Williston Basin displaying the extent of the Bakken and Three Forks Formations. The yellow
outline approximates the extent of the study area. The yellow star depicts the approximate location of the Figure 5 Continental
Resources Rosenvold 1-30H core (NDIC: 19709, API: 33-023-00658-00-00).

Figure 2 – Wireline log example of the Three Forks Formation with various stratigraphic nomenclature systems that have been
utilized to subdivide the formation.
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Figure 3 – Core photograph examples of the middle Three Forks Formation. A) Light tan-brown, silty planar to ripple laminated
dolostone with minimal clay content. B) Intercalated tan-brown silty laminated dolostone and planar dark grey-green claystone
with syneresis cracks (yellow arrows).C) Red-maroon, poorly laminated silty mudstone with subtle mudstone intraclasts. D)
Matrix- to clast-supported conglomerate with both brittle/non-deformed (red arrows) and plastically deformed (black arrows)
dolostone clasts. E) Matrix-supported, wavy laminated conglomerate with dolomitic-rich matrix. F) Matrix-supported and very
poorly/non-laminated conglomerate with red/maroon (oxidized), clay-rich matrix and granule to pebble-sized dolostone clasts.
Bottom left corner of each photograph includes NDIC (North Dakota Industrial Commission) well number and core depth. Thick
yellow line in bottom right corner is a 1-inch scale bar.

Figure 4 – Idealized composite cycle of the upper and middle Three Forks Formation with representative core photographs (left),
illustrated core lithologies (middle), and basic rock types (right). Blue upward arrow notes the transgressive portion of the
composite core and red arrow depicts regressive.
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Figure 5 – Example core-log illustration of the upper and middle Three Forks Formation section from Continental Resources
Rosenvold 1-30H (NDIC: 19709, API: 33-023-00658-00-00). Blue (transgressive) and red (regressive) arrows depict partial to
complete middle Three Forks depositional cycles.
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Figure 6 – Ternary plots comparing mineralogy and porosity of Three Forks Formation core samples. A) Ternary plot of compiled
XRD (X-ray diffraction) core chip samples plotting total clays versus silicates (quartz and feldspars) versus carbonates (primarily
dolomite). B) Ternary diagram of Micropores (<0.5 microns) versus Mesopores (0.5-5.0) microns and Macropores (>5 microns)
using T2 cutoff values of 1 ms and 10 ms. Figure modified from Peterson (2017). Primary lithofacies listed are from Peterson
(2017) while lithofacies in parentheses are the approximate correlative lithofacies of this study.

Figure 7 – General facies belt map of the middle Three Forks reservoir (unit 4 -> Christopher 1961;1963) with horizontal well
production for the unit. Semi-transparent stars show core control. Laminated Dolostone Facies Belt (brown area) = ≥50% of
section comprised of laminated dolostone FA, <10% is silty mudstone, and minimal oxidation. Conglomeratic Facies Belt (purple
area) = ≥75% of net section is conglomeratic facies containing dolostone clasts and/or dolomitic matrix, <10% is silty mudstone,
and minimal oxidation. Coastal Plain Facies Belt (red area) = >10% of net section is silty mudstone, and >5% (usually 20-70%) of
the section has been oxidized. The multi-colored areas depict intermediate transition zones between the various facies belts.
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Targeting Mannville Group Sandstone Channel Reservoirs in sub-Cretaceous
Erosional Surface Lows
Peter D. Hill

Saskatchewan Ministry of Energy and Resources, Saskatchewan Geological Survey, 201 Dewdney Ave. East, Regina, Canada
S4N 4G3

Summary
The Lower Cretaceous Mannville Group has been a prolific heavy oil producer in Saskatchewan since the 1950’s.
Throughout west-central Saskatchewan, numerous Mannville Group oil pools use Enhanced Oil Recovery (EOR)
methods such as cyclic steam injection and Steam Assisted Gravity Drainage (SAGD) to extract heavy oil from thick
sandstone channel reservoirs. These massive sandstone channel reservoirs are typically found at shallow depths
(450 to 750 metres) and are located within sub-Cretaceous erosional surface lows.
Depositional environments for Mannville Group sandstone channel reservoirs range from fluvial dominated to the
tidally influenced estuarine transition zone. These channels have excellent porosity (>30%), high permeability (>1
darcy) and are typically greater than 15 metres in thickness. The purpose of this presentation is to briefly review EOR
processes, highlight channel sandstone reservoir properties and create a predictive model to identify additional
channel sandstone reservoirs in sub-Cretaceous erosional surface lows.
Introduction
As of August 2021, there are 17 active EOR projects targeting Mannville Group sandstone channels in west-central
Saskatchewan. Many these projects are located in sub-Cretaceous structural lows. Cumulative daily oil production
from SAGD projects is 21 194 m3/day (133,306 barrels per day), accounting for a substantial amount of
Saskatchewan’s overall oil production. The study area extends from Township 39, Range 17 west of the Third
Meridian (17W3) in the southeast, to Township 55, Range 28W3 in the northwest (Figure 1). Bolney Colony–
McLaren, Edam West Sparky–General Petroleums, Rush Lake Sparky, and Senlac Cummings–Dina oil pools are
highlighted to show examples of thick sandstone channel reservoirs found within sub-Cretaceous erosional surface
lows.
Mannville Group Stratigraphy
In west-central Saskatchewan, the Mannville Group overlies the sub-Cretaceous erosional surface and is overlain by
shales from the Joli Fou Formation. The Mannville Group is divided into nine members (Christopher, 2003) and
comprises quartz-rich sandstone, siltstone, mudstone and coals (Figure 2). Mannville Group oil reservoirs can
typically be classified into two types: 1) thick sandstone channel reservoirs, and 2) regional thin linear interbedded
sandstones and siltstones. Thick channel sandstone reservoirs are typically associated with sub-Cretaceous
erosional surface lows.
Sandstone Channel Reservoir
Mannville Group channel reservoirs are typically quite thick (Figure 3A), fine- to coarse-grained, sub-rounded to
rounded quartz basal sandstone with planar crossbedding. Reservoir sediments typically fine upwards, characteristic
of tidal-fluvial point bar deposits accentuated by inclined heterolithic stratification (IHS) composed of fine-grained
sandstone, mudstone and siltstone (Figure 3B). The base of the channel may contain shale rip-up clasts indicative of
bank collapse (Figure 3C).
Sub-Cretaceous Erosional Surface
Sub-Cretaceous erosional surface structural lows are quite often the consequence of multi-stage salt dissolution
within the Middle Devonian Prairie Evaporite Formation (Christopher, 2002). These structural lows typically
correspond with the accumulation of thick Mannville Group sediment packages. One of the most crucial components
of salt dissolution is timing of when it takes place. Salt dissolution just prior or during deposition of Mannville
sediments creates a large amount of accommodation space, forming ideal conditions for thick channel reservoir
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sediments to concentrate. Thick channel reservoir sediments typically pinch out against subtle structural highs
characteristic of stratigraphic trapping (Figure 4). These structural highs typically coincide with areas that have not
undergone multistage salt dissolution.
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Figure 1 – Structure contour map of the sub-Cretaceous erosional surface in west-central Saskatchewan. Included on the
structure contour map are the locations (orange outlines) of selected Mannville Group SAGD producing oil pools. Red polygons
represent major cities and towns. Locations of cross-section B-B’ (Figure 4). Abbreviations: T – Township, R – Range.
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Figure 2 – Excerpt of the stratigraphic correlation chart showing the Mannville Group and its relationship with the subCretaceous erosional surface (modified from the Saskatchewan Ministry of the Economy, 2014). Note that the Duperow
Formation is highlighted in red to illustrate that it is the formation sub-cropping beneath the sub-Cretaceous erosional surface
within the study area.
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Figure 3 – Core photographs illustrating characteristics of sandstone channel reservoir: A) Oil-stained basal sandstone from well
111/02-04-048-21W3/00; 04217, top of core at a depth of 482.5m; B) Inclined heterolithic stratification from well 111/02-04-04821W3; 04C217 at a depth of 480.5 m. C) Shale rip-up clasts found within the basal sandstone indicative of bank collapse from
well 121/09-12-053-24W3/00; 96F123, at a depth of 424.0 m; Abbreviations: cm – centimetres.
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Figure 4 – West to east structural cross-section B-B’ (location show in Figure 1), illustrating channel reservoirs pinching out against structural highs characteristic of
structural trapping. Abbreviations: GR – gamma ray, MD – measured depth, m – metres.
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Appendix 1: Saskatchewan Stratigraphic Correlation Chart, Saskatchewan Ministry of Energy and Resources. (revised Feb 2022)
https://publications.saskatchewan.ca/#/products/81737 [accessed April 30, 2022]
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