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ABSTRACT

Polygonal fault systems (PFS) have been 
interpreted worldwide using seismic data 
imaging sedimentary strata. Normal faults 
initiate over a large area in fine-grained 
subaqueous strata soon after deposition. 
As they continue to grow laterally and ver-
tically, their fault traces intersect to form 
polygons in plan view. These polygons are 
difficult to image without three-dimen-
sional (3-D) seismic data. The faulting is 
initiated during sediment dewatering and 
mud particle consolidation that can be 
independent of external stresses. In the 
past 20  years, hundreds of basins world-
wide have been interpreted to contain  
polygonal faults.

This paper presents a PFS interpreta-
tion for fine-grained sediments deposited 
in the Late Cretaceous Western Interior 
Seaway of the Great Plains of North Amer-
ica. The faulted strata have been observed 
as a PFS at depths ranging from ~2750 m 
subsurface to outcrop. Seismic dataset in-
terpretations and borehole analyses cor-
roborate previously published outcrop 
analyses and seismic interpretations. The 
larger observed faults are mesoscale in 
size, with throws up to 80  m, and strike 
lengths up to ~1.5 km. Potentially encom-
passing over 2,000,000 km2, observational 
averages imply 107 or more mesoscale-size 
faults, with an order of magnitude greater 
number of smaller faults. At shallow depth 
and outcrop, the PFS model of extensive 
normal faulting could help to explain Late 
Cretaceous shale faulting attributed to 
other causes such as deeper sediment dis-
solution or glacial processes. In the sub-
surface, faulting and fracturing consistent 
with a PFS model can help to explain fault 
geometries observed in well control and 
3-D seismic data.
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INTRODUCTION

Polygonal fault systems (PFS) are geologi-
cal phenomena first identified by Henriet et al. 
(1991) on two-dimensional (2-D) seismic data 
acquired at the edge of the North Sea Basin. The 
interpretation of over 15,000 km of 2-D seismic 
data resulted in the detailed mapping of fault 
patterns in an Eocene clay that extended to out-
crop. Faults with strikes of up to 1 km, throws 
of up to several meters, and dips from 45° to 80° 
characterize the faulting, which was interpreted 
to have occurred shortly after mud deposition. 
Henriet et al. (1991) studied the observed faults 
in an attempt to identify the timing of the faults 
in the low-permeability muds and the effect they 
may have had on hydrocarbon migration.

The faulting in PFS is predominantly normal 
faulting in sediments with a large amount of 
fine-grained material (Dewhurst et al., 1999), 
and it has been shown that the faulting can oc-
cur with no external stress (Cartwright and Lo-
nergan, 1996; Dewhurst et al., 1999). Moreover, 
the layer undergoing the polygonal faulting 
does not require net extension (Cartwright and 
Lonergan, 1996). PFS can occur over very large 
areas and can be bounded above and below by 
strata that are not faulted (see Cartwright and 
Dewhurst, 1998; see also Ostanin et al., 2012; 
or Watterson et al., 2000).

Syneresis is the process of the spontaneous 
contraction of a gel without evaporation of the 
solvent (Brinker and Scherer, 1990). Dewhurst 
et al. (1999) reported that syneresis in fine-
grained sediments (considering them as gels 
with colloidal properties) is a key factor in the 
development of polygonal fault sediments Syn-
eresis in muds can occur as a result of chang-
ing water salinities (Zhang and Buatois, 2014). 
Variable water salinity has been modeled for 
the Western Interior Seaway (Slingerland et al., 
1996). These variations suggest that syneresis 
from water salinity variations could have initi-
ated a PFS in the Western Interior Seaway, and 
this possibility is currently being investigated.

Goulty (2001) argued that low coefficients of 
residual friction in siliciclastic muds are the key 

to fault growth. Other possibilities for fault gen-
eration by volume reduction are the expulsion of 
biogenic gas developed in the sediments (Gay et 
al., 2004) or the expulsion of trapped fluid, as 
recently modeled using clay microphysics (Lo-
pez et al., 2015). A large PFS with many well 
penetrations and outcrop, as presented here, 
could help to explain fluid expulsion mechanics 
for a PFS.

Since 1991, there have been hundreds of 
PFS identified throughout the world, usually 
identified through the interpretation of three-
dimensional (3-D) seismic data (Cartwright, 
2011). Most systems occur in marine basins, 
while only a few have been identified on land 
(see Tewksbury et al., 2014). The normal faults 
begin in relatively unconsolidated fine-grained 
mudstones ranging from pure smectitic clay-
stones to almost pure chalks (Cartwright and 
Dewhurst, 1998). The timing of faulting has 
implications for hydrocarbon migration, es-
pecially if the PFS faulted before source rock 
generation and if the faults subsequently re-
mained open or were closed after lithification 
(Ishii et al., 2010).

Findings in recent publications show an im-
proved understanding of the origin, morphol-
ogy, and geometry of these complex features. 
Analysis has shown that PFS geometries can 
be indicators of deeper stratigraphy such as 
porous hydrocarbon reservoirs (Jackson et al., 
2014) or salt diapirs (Carruthers et al., 2013). 
The lateral termination of fault growth in si-
liceous mudstones was observed and modeled 
by Ishii et al. (2010). They found that fault 
propagation in weak mudstones similar to 
those found in PFS can grow by either tensile 
failure or shear failure, depending upon the 
rock strength and external stress. Further ad-
vances have been made in the evolution of PFS 
using geomechanical forward modeling (Rob-
erts et al., 2015). An intriguing result of this is 
the potential that PFS geometries can be used 
as an indicator of paleostress.

Cartwright (2014) argued that understand-
ing of PFS would be improved by integrating 
seismic data, outcrop analysis, and borehole 
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logging. Recently, Tewksbury et al. (2014) re-
ported on the discovery and interpretation of a 
900 km2 PFS in a Cretaceous chalk outcropping 
in Egypt. They identified outcrop features that 
could be important in the explanation of PFS 
development. The features included small circu-
lar regions that they postulated could be areas of 
overpressured fluid expulsion.

Maher et al. (2015) reported on the examina-
tion of an outcrop of the Late Cretaceous Pierre 
Shale in South Dakota. The strata-bound vein 
array continues unabated in a 2–4-m-thick inter-
val over a 50-km-long outcrop. They noted that 
the vein array has uniform horizontal extension 
and surmised that it could be caused by diage-
netically driven deformation in the subsurface. 
It is argued here that the vein array is part of a 
regional-scale PFS.

In this paper, I report observations con-
sistent with the occurrence of a PFS beneath 
the Great Plains of North America.  This re-
port presents evidence for the PFS but does 
not discuss the particular mechanism for the 
PFS formation, which requires much more 
analysis. The extent of the Great Plains PFS 
is still being mapped, but it could be on the 
order of 2,000,000 km2 or more. The size of 
the PFS could be similar to the Upper Creta-
ceous PFS in the Eromanga Basin in Australia 
(Cartwright, 2011). The PFS boundaries range 
from southeast Alberta to southwest Manitoba 
in Canada and extend south into northeast Col-
orado and western Kansas, United States. The 
PFS has been sampled by over 300,000 well-
bores, mapped in outcrop (Maher et al., 2015), 
and imaged with 3-D seismic data (Sonnen-
berg and Underwood, 2012). Evidence for 
this study is provided by the interpretation of 
numerous 3-D seismic datasets, and wellbore 
and outcrop analysis in Alberta, Saskatche-
wan, and Manitoba. The fault extents, offsets, 
and geometry are consistent with the identifi-
cation of PFS in the past 25 yr, supporting a 
PFS model for the Late Cretaceous sediments 
beneath the Great Plains.

The ramifications for the identification of 
this PFS are significant. Fracturing of the Pierre 
Shale would be recognized as pervasive, requir-
ing no further geological processes. Slumping 
of the Pierre Shale at or near outcrop could be 
better understood if some of the slumping oc-
curs at weak fault planes existing within the 
PFS. The PFS is a viable explanation for some 
unexpected surface faulting such as those ob-
served at outcrop in Manitoba or bed faulting 
at open pit mines in Saskatchewan. Identifica-
tion of fault blocks in an area could help to drill 
deep-water wells in arid regions or explain shal-
low biogenic gas production variations caused 
by permeability variations.
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1000 Km
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Figure 1. Map of North America showing the extent of the Western Interior Seaway 
during Coniacian time (Blakey, 2014).

GEOLOGIC FRAMEWORK

Polygonal Fault Systems

PFS are extensive sets of normal faults with 
a 3-D geometry. They are generally formed in 
fine-grained depositional environments (Cart-
wright and Dewhurst, 1998). Vast numbers of 
small (<100 m of vertical throw) normal faults 
occur in these systems. The faults grow laterally 
in size until they coalesce and form polygonal 
outlines. In map view, PFS appear as concat-
enated polygons. The polygons can be amor-
phous or regular, as presented here. The com-
plicated geometries are best imaged with 3-D 
seismic data, which have only been recorded in 
the past 30 yr.

PFS can range in size from ~1000  km2 to 
~2,000,000  km2 (Cartwright, 2011). Even 
though PFS can cover very large areas, indi-
vidual fault block geometries can remain con-
sistent throughout the system (Watterson et al., 

2000). The faults are usually concentrated in 
specific stratigraphic units of very fine-grained 
mudstones such as smectite-rich claystones, 
biosiliceous mudstones, and nanofossil chalks 
(Goulty and Swarbrick, 2005; Roberts et al., 
2015). A model presently being examined using 
the data for this analysis is the cessation of the 
PFS if there is a lateral transition to sediments 
with clasts. Most PFS are bounded above and 
below by zones with no observable deformation 
(Cartwright and Dewhurst, 1998).

Geological Setting and  
Stratigraphic Context

The mid- to Late Cretaceous Western Interior 
Seaway covered most of central North America 
during much of the Mesozoic (Fig. 1). Blakey 
(2014) summarized the paleotectonics of the 
Western Interior Seaway. A retro-arc foreland 
basin was defined by Cordilleran subduction 
to the west and volcanism from the Middle 
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Jurassic to Coniacian. From the Santonian to 
Maastrichtian, the subsidence and sedimenta-
tion patterns changed in response to shallow-
ing subduction angles and subduction of a thick 
oceanic slab. This subduction caused regional 
uplift that partitioned the Western Interior Basin 
into Laramide uplifts and basins that eventu-
ally caused the withdrawal of the Western Inte-
rior Seaway.

The Late Cretaceous rocks were deposited in 
a single large sedimentary basin over 100  km 
wide extending from the Gulf of Mexico to the 
Arctic Ocean (Weimer, 1960). The western mar-
gin of the basin was bounded by highlands pro-
duced by the mid-Cretaceous Sevier orogeny, 
while the eastern margin was relatively stable 
cratonic lowland (Bertog, 2010). Fine-grained 
sediments were deposited in the Cenoma-
nian and the Campanian interval during rising 
and falling sea levels (Schröder-Adams et al., 
2001). The Western Interior Seaway defines a 
depositional limit for the occurrence of the Late 
Cretaceous polygonal fault system in middle 
North America.

Figure 2 shows the extent of the Campanian 
Pierre Shale as defined by outcrop edges. The 
area covers ~2,600,000 km2. A large part of the 
outcrop is covered by a thin veneer of glacial 
till and dirt (Roberts and Kirschbaum, 1995). 
The reader is referred to Schultz et al. (1980) 
for a detailed description of the composition and 
properties of the Pierre Shale. Their work on the 

eastern edge of the area in Figure 2 described 
almost exclusively fine-grained mudstone and 
marlstone. Over half of 1350 analyzed samples 
were clay minerals.

Fine-grained strata are observed at a number 
of sites throughout the study area, as indicated on 
Figure  2. For example, Bamburak and Nicolas 
(2010) noted bentonitic silt and clay, siliceous 
shale, noncalcareous black shale with numer-
ous bentonitic interbeds, and ferruginous black 
shales. There are bentonite mines at a number of 
locations, as shown on Figure 2. Figure 3 shows 
an outcrop of the Campanian Pierre Shale Oda-
nah beds in Manitoba, Canada. Christopher et 
al. (2006) described 400-m-thick sequences of 
black shale and marlstone for the Cenomanian–
Santonian Colorado Group in Saskatchewan. 
Gill and Cobban (1965) described Pierre Shale 
bentonite, organic-rich shale, chalk, and marl-
stone in North Dakota. Stoffer (2003) described 
the general shale stratigraphy of the Pierre Shale 
for Badlands National Park in South Dakota. 
The 350  m vertical section of Late Cretaceous 
silt clay outcrop in the South Saskatchewan 
River valley was described by Caldwell (1968). 
Maher (2014) examined the fine-grained Niobr-
ara Chalk and Pierre Shale strata in portions of 
Nebraska and Kansas. Dyman et al. (1994) de-
tailed the siliciclastic Upper Cretaceous section 
from southwestern Montana (exceeding 6100 m 
in thickness) to eastern South Dakota (~600 m 
thick). The salient point is that thick sections of 

fine-grained sediments have been detailed by oth-
ers; these areas have the potential to host a PFS.

SEISMIC DATA

Datasets and Preliminary Interpretation

The dataset for this work consists of 64 
3-D seismic datasets ranging in size from 3 to 
100  km2 located within the outline shown on 
Figure 2. All of these datasets were acquired to 
image oil and gas reservoirs ranging from 800 
to 3200  m depth. The high signal-to-noise ra-
tio (S:N) seismic data presented here are typi-
cal for the almost 3000 km2 of 3-D seismic data 
and ~4000 line  km of 2-D seismic data. The 
data were recorded using vertical component 
geophones and either dynamite or Vibroseis 
sources and were processed to enhance P-wave 
energy. Most datasets were processed to a final 
stacked dataset, and a poststack time-migration 
algorithm was applied. Precise locations for the 
seismic surveys are not shown on Figure  2 to 
respect the privacy of the data owners.

The highest-frequency datasets had a domi-
nant frequency of ~80 Hz using the average 
interval velocity of ~2000 m/s in the Late Cre-
taceous; this implies a Fresnel zone λ/4 verti-
cal resolution of ~6 m and a detection threshold 
of ~1 m. However, due to the low fold of the 
shallow data (and the accompanying decrease in 
S:N ratio), these numbers could be optimistic.
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Figure  2. Outcrop edge of the Late Cretaceous Pierre Shale (modi-
fied from Roberts and Kirschbaum, 1995). Areas: 1—outline of 
two-dimensional (2-D) and three-dimensional (3-D) seismic dataset; 
2—Manitoba field trip by Bamburak and Nicolas (2010); 3—Wyoming 
mapping by Gill and Cobban (1965), and Valley City, North Dakota, 
46.92°N, 98.00°W; 4—Badlands National Park, South Dakota, map-
ping, by Stoffer (2003), 43.85°N, 102.34°W; 5—Late Cretaceous out-
crop, South Saskatchewan River (Caldwell, 1968); 6—surface geology 
(Maher, 2014); 7—strata-bound vein array (Maher et al., 2015), Lake 
Francis Case, 43.24°N, 98.96°W; 8—Denver Basin (Sonnenberg and 
Underwood, 2015), White Rocks Outcrop, 40.05349°N, 102.013384°W; 
9—Figure  4 dataset (confidential location, data courtesy of TORC 
Oil and Gas Ltd.); 10—Figure 7 dataset (data courtesy of TORC Oil 
and Gas Ltd.), 49.065482°N, 101.977875°W; 11—Figure  10 dataset 
(data courtesy of TORC Oil and Gas Ltd.), 49.26801°N, 103.49740°W; 
13—Tiger Ridge Field (Inks, 2010), 48.402592°N, 109.421461°W; 
14—Gendzwill and Stauffer (2007), 51.960620°N, 105.896587°W; 15—
Harlan County Lake, Nebraska, 40.06°N, 99.29°W; 16—Lundbreck 
Falls, Alberta (Stockmal, 2004), 49.586961°N, 109.421461°W; 17—
Teepee Buttes (Bishop and Williams, 2000), Colorado (38.599482°N, 
104.643058°W), North Dakota (46.402591°N, 102.748300°W); 18—
Bentonite Mines; 18a—Canadian Clay Products, 50.091345°N, 
104.718187W; 18b—Bentonite Proformance Minerals, 44.837453°N, 
108.389561°W.
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Figure 3. Outcrop of Campanian Odanah Shale in Manitoba. Person for scale. The subvertical 
fault has ~0.75 m offset. Photograph courtesy of James Bamburak, Manitoba Geological Survey.

The shallow data quality was marginal on 
some of the datasets. Low-frequency ground 
roll caused by waves trapped in the low-
velocity dirt and glacial till at the surface dete-
riorated the data quality on some datasets. This 
effect can be mitigated with band-pass filter-
ing or data stacking. However, the fold at the 
PFS depths of 700 m or less was nominal. The 
densest acquisition geometry was a 3-D data-
set with a source line spacing of 200 m and a 
receiver line spacing of 150 m (and shotpoint 
and geophone group intervals of 50 m). These 
acquisition geometries resulted in single fold 
coverage at 200 m, four fold coverage at 400 m 
depth, and nine fold coverage at 600 m depth 
(four fold means that one stacked seismic data 
trace is the combination of four data traces ac-
quired in the field). With less-dense acquisition 
geometry, there are gaps in the data that extend 
below the PFS anomalies.

On the shallow seismic data with single or 
marginal fold data, high-frequency noise was 
not minimized by the stacking process. The 
shallow seismic data reflections were enhanced 
on numerous datasets by applying a band-pass 
filter or an automatic gain control (AGC) filter, 
or both. The typical band-pass filter applied was 
8/15–65/80 Hz. The application of a single ex-
ponential gain on some of the datasets muted 
shallow reflection amplitudes and exaggerated 
the Turonian Second White Specked (2WS) 

reflection amplitudes as compared to synthet-
ics traces from sonic logs. In these instances, 
the application of a 200 ms AGC filter was used 
to enhance reflection from the low-impedance 
contrasts for the Late Cretaceous beds.

The phases of the data were determined by 
using sonic and bulk density logs (if available) 
to construct a least squares estimate of the wave-
let at the well tie point. The data were then phase 
rotated so that a positive impedance contrast 
(i.e., low to high velocity with increasing depth) 
was displayed as a peak reflection. The event 
horizons were interpreted by using geological 
structural values at the well locations with digi-
tal sonic logs, with small (1–2 m) adjustments 
for consistency in the tops picking. In the event 
the wellbores were not logged at depths above 
the wellbore surface casing, the Saskatchewan 
well water database was used where possible for 
event horizons (www.wsask.ca).

PFS Identification on 2-D and  
3-D Seismic Data

All of the seismic data were interpreted by 
first identifying the Turonian 2WS geological 
marker (Favel [Assiniboine] in Manitoba and 
Greenhorn in the United States), a very con-
sistent marker bed and seismic reflection that 
occurs through western Canada and the central 
United States. If any faulting was recognized at 

the Turonian 2WS level, a deeper Lower Creta-
ceous horizon, parallel to the 2WS, was also in-
terpreted. Some faulting at and below the 2WS 
shale reflection event was noted at numerous lo-
cations throughout the study area. However, the 
Turonian 2WS reflections discussed here did not 
have deeper faulting observed on the data.

To identify PFS anomalies on the datasets at 
times earlier that the 2WS arrival time, the 3-D 
datasets were “time sliced” from the 2WS re-
flection to the earliest reflections. For this study, 
a time slice was an extracted seismic amplitude 
map at a constant time interval above or below 
an interpreted horizon. The amplitudes of the 
seismic data volumes were extracted at succes-
sive time intervals above the 2WS reflection and 
mapped. The time slice amplitude maps were 
viewed, and those with geometric anomalies 
were flagged for further investigation. Further 
investigation involved mapping consistent re-
flections close to the time slice; Figure 4 is an 
example of the result of this procedure.

Figures  4–6 show polygonal fault anoma-
lies from a dataset in southeast Saskatchewan 
near the Manitoba border. The anomalies have 
a “mud crack” appearance when the two-
way traveltimes or peak amplitudes for the 
Santonian Colorado reflection are displayed. 
The mud crack appearance covers an area of 
roughly 500  km2, as shown in Figure  2. The 
faulting is obvious on the seismic line (Fig. 6) 
for an interval that extends from the interpreted 
Colorado reflection to ~50 ms (~50 m) above 
the reflection. The fault throw is 15 m ± 3 m, 
with dips ranging from 22° to 80°. No strike 
lengths were estimated for these curvilinear 
fault geometries. It is obvious that the faults 
have grown laterally and have intersected other 
fault traces to form a connected polygonal pat-
tern. There were no interpretable reflections 
above 300 ms in this area, either due to low 
fold of the data or the lack of impedance con-
trasts in the predominantly shale strata. No 
surface expression of the faulted areas was ob-
served due to surficial cover of glacial till and 
other Quaternary cover.

Figures 7 and 8 are a map and a seismic line 
showing the shallow data interpretation for a 
second dataset in southeast Saskatchewan. The 
interpretation was chosen to exemplify a rep-
resentative example of connected polygonal 
faults at the Coniacian Govenlock interval. The 
structuring here shows the extensive normal 
faulting in the Coniacian Govenlock interval. 
The faulting has formed narrow (~100-m-
wide) interconnected grabens. On average, 
7 m of throw is observed on either side of the 
grabens that have an almost random strike di-
rection. This faulting is observed on other da-
tasets throughout southeast Saskatchewan, as  
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exemplified by a dataset interpretation pre-
sented at the 2016 Geological Society of 
America Annual Meeting (St-Onge, 2016; 
supplementary Powerpoint P11).

Figures 9 and 10 show a PFS imaged on a 
3-D dataset acquired ~150 km southwest of the 
area shown in Figures 4 and 5. The south edge 
of this dataset is ~2 km north of the Canada-
U.S. border. On this dataset, there is virtually 
no faulting from the Turonian 2WS to the 
Campanian Lea Park. However, the total verti-
cal relief of the Campanian Lea Park reflection 
is greater than 60 m. The S:N ratio deteriorates 
on the data above the Lea Park reflection and 
can be seen on the image as a lack of reflection 
signal strength.

The strike lengths for the faults averaged 
900 m, and the strike throws were 30 m ± 15 m. 
Thirty-two strike directions were measured for 
the grabens on the dataset, and the preferred 
NE quadrant directions are shown on Fig-
ure 9. Note the complexity of the faulting on 
the display and the fact that many areas have 
structural highs and lows that are not sampled 
by the well control. No surface expression of 
the faulted areas was observed. It is believed 
that the unconformable Tertiary sediments (up 
to 100 m thick in the area) eroded Upper Cre-
taceous sediments that would have defined an 
upper bound in the tier.

The two-well cross section on Figure  11 
shows that the two wells (plotted on the seis-
mic line in Fig. 10) have ~40 m of structural 
offset at the Coniacian Lea Park strata within 
the Pierre Shale. The highly correlative beds 
easily show the lateral thickness changes in 
the sediments. 

Table  1 summarizes salient PFS character-
istics of the data shown here, as well as other 
datasets used in this study. The three datasets 
presented here were chosen because of the 
high-quality images produced for the Co-
niacian (Fig.  7), Santonian (Fig.  4), and the 
Campanian (Fig. 9). These datasets were also 
chosen because of their geographic range. The 
supplementary Powerpoint P1 (see footnote 1) 
presents these images for one 3-D dataset from 
southeast Saskatchewan and indicates how 
each level of the PFS appears interrelated only 
by faults that can persist through different ages 
of strata.

West
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1 km

N

Colorado two way traveltime (ms)
Figure 4. Map showing the Santonian Colorado two-way traveltime for a 13.1 mi2 
(34 km2) portion of an ~100 mi2 (260 km2) 3-D seismic dataset acquired on the Sas-
katchewan-Manitoba border, ~160 km north of the United States. Note: 1 ms ~1 m 
(since VINT ~2000 m/s from surface).

0 100001 mile

1 km
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N

Figure 5. Map showing the Santonian Colorado reflection amplitude map for 
the data shown in Figure 4. The amplitudes have not been smoothed. Generally, 
the fault traces are low-amplitude events.

1GSA Data Repository item 2016364, supplemen-
tary Powerpoint P1, interpretation of the Great Plains 
polygonal fault system at Alida, Saskatchewan, pre-
sented at the 2016 Geological Society of America An-
nual Meeting, Denver, Colorado, September 2016, is 
available at http://www.geosociety.org/pubs/ft2016.
htm or by request to editing@geosociety.org.
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SUPPORTING OBSERVATIONS  
BY OTHERS

Seismic Data

Several studies have presented seismic in-
terpretations of Late Cretaceous faulting in the 
study area. These studies help to corroborate the 
presence of a continuous PFS. The studies are 
briefly summarized here followed by a state-
ment about the way in which faulting from a 
PFS is confirmed by the example and the way 
in which a PFS model would change the inter-
pretation.

Inks et al. (2010) reported on the utility of 
imaging the Tiger Ridge Field in Montana with 
3-D seismic data (see Fig. 2). The field has pro-
duced natural gas out of the Campanian Eagle 
Sandstone since its discovery in 1966. The area 
has been interpreted as rotational fault blocks 
(each ~35 acres [0.14  km2] in size) that initi-
ated during the Eocene Bearpaw uplift, which 
caused the faulting. Subsequently, gravity slid-
ing placed the fault blocks in their current loca-
tion. Inks et al. (2010) noted that the individual 
fault blocks have independent accumulations, 
meaning that some faults are laterally sealing. 
A PFS interpretation would simply modify the 
interpretation made by Inks et al. (2010) to rec-
ognize that the faulting did not occur with the 
Bearpaw uplift, and, in fact, occurred in situ.

Gendzwill and Stauffer (2006) presented seis-
mic and geological data from central Saskatch-
ewan that imaged shallow Cretaceous clinoform 
beds and faulting imaged on 2-D seismic data. 
They attributed the faulting to Tertiary to Qua-

ternary extensional tectonics or the melting of 
gas hydrates. A PFS interpretation would mean 
that this faulting could have occurred shortly af-
ter deposition.

Miller and Steeples (1996) presented 2-D 
seismic data acquired at Harlan County Lake, 
Nebraska. Recorded to image a slumping Pierre 
Shale fault adjacent to the dam impoundment 
lake, faults with up to 50 m throw within 50 m 
of surface were mapped. The faults have dips 
of 35° to 70° in a random strike pattern. All of 
these observed characteristics are consistent 
with a PFS interpretation for the faulting.

Sonnenberg and Underwood (2012) identi-
fied a PFS in the Niobrara Formation (Conia-
cian to Campanian) in the Denver Basin. They 
noted that the PFS is detached from basement 
faults, occurring in the Niobrara and lower 
Pierre Shale. The faults are minor extensional 
faults, randomly oriented, and they form po-
lygonal networks in map view. The measured 
fault dips of 30° to 80°, throws of 9–12 m, and 
lengths up to 1200 m are consistent with PFS 
anomalies. It is thought that the Denver Basin is 
the deepest known part of the Late Cretaceous 
PFS, at depths of 2750 m.

Geological Data

Maher (2014) discussed normal faults ob-
served in the Santonian Niobrara Chalk and 
Campanian Pierre Shale at locations in South 
Dakota, Kansas, and Wyoming (see Fig.  4). 
This ground-breaking work identified an easily 
accessible PFS outcrop (the suggestion of the 
name Great Plains PFS comes from the title of 

Figure 6. A 6.4 km (4 mile) west to east seismic line from the dataset shown in Figures 4 and 
5. The faults dip at ~80°. Note the lack of faulting below the Turonian 2WS reflection. The 
vertical exaggeration is ~23:1.

this paper). The faults are relatively small-scale 
normal faults at outcrop (up to 20 m at the Har-
lan Lake reservoir, for example) with a near-
random strike distribution. The observations de-
tail faulting and fracturing at a centimeter scale 
that simply cannot be detailed with seismic data. 
Maher’s (2014) interpretation is that the outcrop 
observations are consistent with the identifica-
tion of a PFS in the Denver/Julesburg Basin to 
the west.

Maher et al. (2015) presented results of map-
ping of a 50 km Pierre Shale outcrop at Lake 
Francis Case in South Dakota. They reported 
a strata-bound vein array in fine-grained mud-
stones along the outcrop. The veins are char-
acterized by uniform horizontal extension. The 
authors observed that the outcrop has char-
acteristics consistent with PFS, such as the 
strata-bound faulting in fine-grained mudstones. 
However, they also noted that their observations 
could have been caused by uniform horizontal 
elongation of a tectonic origin. Further surface 
geology and shallow seismic data imaging on 
the Great Plains could help to determine if PFS 
and uniform horizontal elongation can be differ-
entiated at outcrop.

Weimer and Davis (1977) reported subver-
tical faulting in the Pierre Shale in the Denver 
Basin. They mapped a fault system ~800 km2, 
using surface geology, borehole samples, and 
2-D seismic data. They described layer-bound 
faulting in the Pierre Shale and recognized that 
the faulting occurred soon after deposition. 
Their observations are consistent with faulting 
in a PFS and were reported many years prior to 
the presentation of the PFS model worldwide.

Stockmal (2004) reported on the mapping 
of an enigmatic pop-up structure located at the 
leading edge of the Eastern Cordilleran defor-
mation at Lundbreck Falls, Alberta. Here, the 
subhorizontal attitude of the Santonian Milk 
River Group lies anomalously adjacent to strata 
with dips more typical of Foothills structures, as 
reported. Stockmal (2004) noted that a possible 
solution to reconstruct the undisturbed geology 
is to interpret a back thrust in the Santonian 
strata. He noted that such features are rare in the 
Foothills. As discussed later herein, the Santo-
nian sediments are observed to be extensively 
faulted in the Saskatchewan portion of the PFS.

Bishop and Williams (2000) discussed the 
occurrence of low conical hills at outcrop near 
Pueblo, Colorado, and the Black Hills of South 
Dakota, Montana, and Wyoming. The Campan-
ian features occur at Pierre Shale outcrop. How-
ever, the hills (also known as Tepee Buttes, pos-
sibly named because of their conical form) are 
erosional remnants with limestone cores. They 
are thought to have been formed by warm sub-
marine springs. The origin of the Tepee Buttes 
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is attributed to dewatering of underlying clay-
stones. These features are mentioned because 
they are enigmatic and occur within the PFS at 
outcrop, as briefly discussed later herein.

DISCUSSION

Cartwright and Dewhurst (1998) outlined 
seven criteria for the recognition of PFS. In 
order of their diagnostic value, they are the 

observation of polygonal map-view fault pat-
terns layer bound and delimited by stratigraphic 
faults, large spatial extents of up to 150,000 km2, 
and faults with 10–100 m normal throw and 100 
to 1000  m fault spacing. Moreover, the fault-
ing can be divided into two or more tiers, and 
the fault polarity can switch. The observations 
presented here fulfill all criteria. However, it 
should be noted that the upper bound in many 
areas is the unconformable contact between 
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Figure 7. Coniacian Govenlock to Santonian Niobrara isochron showing a series of narrow 
grabens (~100 m wide on average) with variable strike direction. The average fault throw 
of ~7 ± 4 m is observed in the confidential wellbore BC as shown in Figure 8. The measured 
fault dips average 45° and range from 30° to 80° (n = 33).

the Late Cretaceous and the Tertiary strata. The 
upper bound that has been observed in other 
areas (Cartwright and Dewhurst, 1998) has 
been eroded.

The faulting imaged on the seismic data 
presented here is representative of the seismic 
database interpreted for this study. Please re-
fer to Table 1. Older  Late Cretaceous horizons 
(Turonian 2WS or Greenhorn) have little or no 
faulting. Faulting offset increases toward the 
ground surface, sometimes approaching 80 m. 
Bed dips measured in this study ranged from 
22° to 80°, with most dips occurring at ~40° 
and 80°. These observations are consistent with 
those presented by Inks et al. (2010) for the 
Tiger Ridge pool in Montana, Gendzwill and 
Stauffer (2006) for an area near Saskatoon in 
central Saskatchewan, and Miller and Steeples 
(1996) for the Harlan County reservoir. The ob-
servations are also consistent with those by Son-
nenberg (2013) for the Niobrara in Colorado.

The variation in the strike length and direc-
tion should be noted. The fault traces for the 
PFS shown in Figure  4 have no discernible 
strike because of their arcuate geometry. This 
contrasts with the linear strike lengths for the 
faulting shown on Figure 7. Roberts et al. (2015) 
used geomechanical forward modeling to in-
vestigate the evolution of PFS by interpreting 
the results of a finite-element model for a mud 
undergoing burial. Their model result for zero 
external stress showed faults similar to those ob-
served on Figure 4, suggesting that this portion 
of the PFS occurred under zero external stress 
conditions. Roberts et al. (2015) also modeled 
PFS development in an anisotropic stress field. 
A small amount of anisotropy results in more 
linear fault strikes, more similar to the faults 
shown in Figure  9. Future work is planned to 
see if the fault strikes can be used as a paleo-
stress indicator, as discussed by Roberts et al. 
(2015). This work will require a more complete 
database of 3-D seismic interpretations than is 
currently completed.

The area covered by the PFS could be ex-
tensive. As shown in Figure 2, the Pierre Shale 
has been mapped over 2,600,000 km2. Do the 
observations presented here represent a sample 
set large enough to state that a Late Cretaceous 
PFS covers the sediments in the area? The large 
amount of fine-grained material deposited in the 
Western Interior Seaway and the extensive ob-
servations of faulting at outcrop and on borehole 
or seismic data seem to indicate a single PFS. 
Further investigation will lead to a better esti-
mate for the PFS extent. From currently avail-
able data, it is estimated that the area encom-
passes over 2,000,000 km2.

This study concentrated on mapping larger-
offset faults that can be imaged on seismic data. 
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Seismic data can only image faults if the S:N 
ratio allows for the reflection to be recorded 
from an impedance contrast that might not oc-
cur from a faulted but otherwise homogeneous 
rock mass. Therefore, seismic interpretations 
will always underestimate fault quantity. The 
fault densities in Table 1 suggest that a total of  
25 faults/km2 can exist within the PFS. This 
would imply 50 million faults with throws of 
10  m or more and strike lengths on the order 
of 500 m. Also, myriad smaller-scale faults are 
observed. Consider Figures 4 and 7. There are 
a number of areas that appear to have structural 
features on the scale of 100 m length. These are 
fault traces. As noted by Sonnenberg and Un-
derwood (2012), the polygonal faults scale in 
size. This points to the possibility of tens of mil-
lions of faults over the study area.

PFS fault blocks can be small enough in size 
that even densely drilled gas wells (eight wells 
per section; Inks et al., 2010) could miss im-
portant sealing fault traces or fault block geom-
etries. At present, there is no commercial Late 
Cretaceous gas production in the east half of the 
study area. However, in this area, water wells 
are commonly drilled to 300 m depth or more 
for potable water. The potential that seismic data 
can be used to help drill water wells is currently 
being investigated. We are encouraging hydro-
carbon exploration companies to share their 

seismic database with shallow-water-well drill 
locations to target an imaged fault.

PFS fault flow characteristics are important in 
the investigation of water or hydrocarbon flow in 
low-permeability strata (Cartwright et al., 2007; 
Ostanin et al., 2012). A large amount of this 
work could be done in the shallow gas pools in 
eastern Alberta and western Saskatchewan (see 
O’Connell, 2003), which continue down to the 
Tiger Ridge, Montana. These produce natural 
gas out of Late Cretaceous strata and are faulted 
with PFS geometry. Inks et al. (2010) noted that 
the pressures of infill wells indicated reservoir 
compartmentalization. However, Pierre Shale 
slumping at numerous areas may be indicative 
of open faults, if the slumping occurs at the fault 
traces. This is a complex problem that requires 
further investigation, and the large number of 
wellbores in the study area will greatly benefit 
future work.

The presence of a PFS that initiated shortly 
after deposition can have ramifications for the 
interpretation of geologic features. Stockmal 
(2004) summarized an extensive analysis of 
an outcrop in Alberta involving Late Creta-
ceous strata. If lithification of an in situ Late 
Cretaceous PFS occurred, it could have created 
zones of weaknesses along open faults that were 
subsequently involved with Cordilleran defor-
mation. The large numbers of Santonian faults 
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imaged in Saskatchewan (see supplementary 
PowerPoint P1 [see footnote 1]) suggest that 
a Santonian PFS at outcrop on the Cordillera 
could have observable PFS faulting. Because 
of the rarity of reported PFS faulting at outcrop, 
any geological work, such as provided by Stock-
mal (2004), should be further investigated.

Little or no faulting is observed at the ground 
surface. Most of the study area is covered in gla-
cial till, Quaternary sediments, and a thin veneer 
of Tertiary sediments. When surface faulting is 
observed, this study assumed that the faulting 
was caused by the PFS. Unless examined and 
identified as PFS (such as by Maher, 2014), the 
areas were catalogued for future work to iden-
tify PFS. Examples of this are the fault shown 
in Figure 3 and the slumping at Harlan County 
Lake (Miller and Steeples, 1996). Future work 
could involve further surface mapping or seis-
mic data interpretations, as presented here.

Stauffer and Gendzwill (1987) examined over 
7320 fractures at 16 sites in Saskatchewan and 
Montana, measuring strike orientation in mate-
rial ranging in age from the Late Cretaceous to 
the late Pleistocene. Most of the measurements 
were subvertical dips and predominant strikes 
of either NE/SW or NW/SE. The fault orienta-
tion was attributed to uplift that induced tensile 
stress and conjugate stress fractures, which were 
induced after fracturing parallel to the maxi-
mum horizontal stress. This model could help 
to explain the graben strike estimations shown 
of Figure  9. Stauffer and Gendzwill (1987) 
noted that river valleys in the area follow these 
directions; they suggested causality between the 
fractures and drainage patterns. This is another 
area of current research on PFS geometries and 
drainage patterns.

Some of the fault blocks on the seismic data 
had the appearance of “tilted fault blocks.” 
This appearance is evident by quickly slicing 
through 3-D seismic volumes and cannot be 
reproduced here. However, a fault block in-
terpretation is consistent with those observed 
by Inks et al. (2010) and Miller and Steeples 
(1996). The available seismic data volumes are 
being searched to provide seismic and wellbore 
evidence for tilted fault blocks that can be pre-
sented in an appropriate manner.

Tewksbury et al. (2014) noted that the steep 
dips of some of the fault planes implied host 
formation overpressure within a PFS. They also 
recognized a set of circular outcrop features they 
identified as fluid escape pipes. There are a num-
ber of subvertical faults in the Pierre Shale units. 
Also, two areas of fluid escape pipes have been 
identified at the Tepee Buttes in South Dakota 
and Colorado (Bishop and Williams, 2000; Metz, 
2010). Preliminary modeling has shown that the 
Tepee Buttes could be imaged with seismic data 
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acquired with acquisition parameters targeting 
Campanian sediments at depth. The data pre-
sented here did not observe any type of circular 
features. However, the observation and interpre-
tation of such features using seismic data and the 
extensive well database within the Great Plains 
PFS could help in the understanding of PFS.

IMPLICATIONS

The implications for the existence of the pos-
tulated Great Plains PFS range from surface 
geology interpretations to sediments at depth 
that have water and hydrocarbon resource po-
tential. Pervasive slumping in the Pierre Shale 
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at surface could indicate fault reactivation along 
PFS fault traces. A PFS model and subsequent 
fault identification could help locate shallow 
water wells in Saskatchewan, if the fault traces 
affect hydraulic conductivity. Otherwise tight 
hydrocarbon reservoirs could have permeability 
enhancement interpretations with the acquisi-
tion of 3-D seismic surveys targeting the rel-
evant depths.

CURRENT AND FUTURE WORK

Current Work 

The following work is currently under way:
(1)  an analysis of PFS formation over Albian 

sand bodies that have compacted less 
than the surrounding strata to interpret if 
this may have affected PFS initiation;

(2)  dating of the timing of a true layer-bound 
PFS observed in at least three locations 
in western Canada in Albian sediments, 
where the lower PFS does fault the 
Turonian 2WS before the initiation of the 
PFS presented here, using well control 
and 3-D seismic data;

(3)  investigation of the cessation of the PFS 
in southern Alberta, where the amount of 
Upper Cretaceous coarse-grained clastics 
increases in thickness and lateral extent;

(4)  interpretation of tilted fault blocks 
within the PFS;

(5)  examination of outcropping faults within 
a 2 h drive of Calgary to identify, map, 
and date potential PFS faults;

(6)  acquisition and interpretation of a 3-D 
seismic dataset to image a known area 
where the PFS faults appear to extend up 
into Cretaceous sediments within 100 m 
of ground surface, where the dataset 
would be licensed to third parties and 
located in an area with subsurface well 
control; and 

(7)  initial planning of a project to drill a 
few shallow boreholes (~300  m depth) 
through and away from faults identified 
using 3-D data for water-well production.

Future Work 

Future work could include:
(1)  examination of the relationship between 

Western Interior Seaway water salinity 
and the initiation of the PFS;

(2)  a detailed review of 3-D seismic data to 
look for geological anomalies such as 
the Tepee Buttes and how they may be 
related to the PFS; and

(3)  an analysis of open and closed faults by us-
ing reservoir models based upon large areas  
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of shallow biogenic gas such as Hatton/ 
Bigstick in western Saskatchewan.

The potential application to stakeholders over 
a large area makes all of the current and future 
work worthwhile.

CONCLUSIONS

This paper has investigated the idea that fine-
grained sediments in the Late Cretaceous West-
ern Interior Seaway of North America formed 
a PFS. A number of seismic lines and datasets 
image fracturing consistent with the definition 
of a PFS. This fracturing has been observed by 
others, helping to confirm the presence of a PFS. 
The recognition and acceptance of the Great 
Plains PFS will help to interpret the morphol-
ogy for this area. The large numbers of wellbore 
and outcrop locations will help in the interpreta-
tion of PFS mapped in other areas. A specific 
example would be the examination of open or 

closed faults, as this is an important consider-
ation for hydrocarbon migration and entrap-
ment. It is hoped than an immediate benefit of 
this work will be enhanced water-well drilling 
in arid locations.
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