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EXECUTIVE SUMMARY

The Williston Basin is a relatively large,
intracratonic basin with a thick
sedimentary cover in excess of 16,000 ft. It
is considered by many to be tectonically
stable, with only a subtle structural
character. The stratigraphy of the area is
well studied, especially in those intervals
that produce oil.

The basin has significant potential as a
geological sink for sequestering carbon
dioxide (CO,). This topical report focuses
on the general geological characteristics of
formations in the Williston Basin that are
relevant to potential sequestration in
petroleum reservoirs and deep saline
formations.

This report includes general information
and maps on formation stratigraphy,
lithology, depositional environment,
hydrodynamic characteristics, and
hydrocarbon occurrence. The Inyan Kara
Formation in the Williston Basin has the
potential to be a CO; sink through either
enhanced oil recovery or saline formation
storage.
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BACKGROUND/INTRODUCTION

Formation outlines have been prepared as
a supplement to the “Overview of Williston
Basin Geology As It Relates to CO,
Sequestration (Fischer et al., 2004).
Although the stratigraphic discussion
presented in the “Overview” is in a
convenient format for discussing the
general characteristics of the basin, it does
not provide insight into the specific
characteristics of every formation. A
formation outline summarizes, in outline
form, the current knowledge of the basic
geology for each formation. If not
specifically noted, the formation
boundaries and names reflect terminology
that is recognized in the North Dakota
portion of the Williston Basin. The
intended purpose of the formation outlines
will provide a convenient basis and source
of reference from which to build a
knowledge base for more detailed future
characterization. The development of
sequestration volumes, estimates, and
rankings are beyond the scope of the
formation outlines prepared as part of the
Phase I activities.

The Plains CO; Reduction (PCOR)
Partnership believes these outlines are a
necessary component in characterizing the
sequestration potential of the basin.
Although the stratigraphic discussion
presented in the “Overview of Williston
Basin Geology As It Relates to CO,
Sequestration” is in a convenient format
for discussing the general characteristics
of the basin, it does not provide insight
into the specific characteristics of every
formation. In fact, each lithostratigraphic
or geohydrologic unit discussed in that
report can be further subdivided into
individual formations. Formations may, in
turn, be subdivided. Each subdivision may
represent a sink, hereafter referred to as a
“geological sequestration unit” (GSU) or a
confining unit (aquitard). Some of the
subdivisions may already be considered

part of a large regional GSU or confining
unit, while others may be localized and
isolated. Many will represent a potential
GSU within a regionally defined confining
unit or a confining unit within a regionally
defined sink.

Presently, the PCOR Partnership refers to
CO; sequestration reservoirs as
“sequestration units,” based on accepted
legal terminology or protocol currently in
use in the petroleum industry. CO;
injection requires joint operating
agreements that will necessitate the
establishment of unitized lands for CO,
sequestration, whether they are in
petroleum reservoirs, coal beds, or
subsurface formations or intervals
containing brine.

Two main categories of GSUs are
recognized in the formation outlines:
conventional and unconventional.
Conventional GSUs are considered to be
nonargillaceous, or “clean,” lithologies that
have preserved porosity and permeability;
unconventional GSUs are those that may
be porous but lack permeability or are
“dirty.” Loss of permeability in a porous
reservoir may be due to the presence of
organic detritus in the rock matrix
(Figures 1 and 2). The distinction between
conventional and unconventional
reservoirs is made for a number of reasons:

* Injection into conventional GSUs may
not require significant borehole
stimulation because of inherent
porosity and permeability; however,
injection into unconventional GSUs
will require significant stimulation,
including fracture stimulation prior to
injection, because of the lack of
inherent permeability.

¢ For conventional reservoirs or GSUs,
the presence of bounding or confining
units will have to be well
demonstrated and understood; these
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Figure 1. Williston Basin stratigraphic and hydrogeologic column.
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Net sandstone thickness (in hundreds of
feet) of Inyan Kara formation in North Dakota.
Contour interval is 100 feet.

From Butler 1982

Figure 2. Inyan Kara net sand isopach in North Dakota.

units will be the trapping mechanism
for injected fluids. Unconventional
GSUs, because of the inherent lack of
permeability, may be self-trapping.

¢ Conventional GSUs may not need
expensive stimulation procedures
and, therefore, would be less sensitive
to economic constraints.

* Unconventional GSUs that have a
component of organic-rich matrix
materials need to be investigated as
to the capacity, if any, to play a role
in fixation of COa.

A distinction is also made between primary
and secondary GSUs. A primary GSU is a
regional GSU with lateral continuity and
would likely be capable of sequestering a
significant amount of CO,. A primary GSU

would be the main target in a regional
sequestration unit. A secondary GSU is
less continuous and perhaps isolated and
capable of sequestering a relatively minor
amount of CO,. For instance, a secondary
GSU would not necessarily be a “stand-
alone” sequestration target, but it might be
utilized for sequestration if a borehole were
already in place.

The potential importance of thin or
nonregional sinks cannot be overlooked
once CO; has been captured. The major
expenses involved in the postcapture
phase of geologic sequestration are
transportation and well costs. Smaller
sinks that are stratigraphically proximal to
a larger sink target represent a means to
maximize the economic potential of
injection programs by utilizing all available
storage encountered in an individual



borehole. In order for nonregional sinks to
be utilized, detailed characterization and
mapping of those units are necessary.

FORMATION NAME
Inyan Kara Formation Outline

The stratigraphy and nomenclature of the
lower Cretaceous varies greatly throughout
the PCOR Partnership region. In this
document, Williston Basin statigraphic
nomenclature will follow that recognized by
the North Dakota Geological Survey as
summarized in “North Dakota
Stratigraphic Column” (Bluemle et al.,
1986) and the “Williston Basin
Stratigraphic Nomenclature Chart’
(Bluemle et al., 1981).

Equivalents to the Inyan Kara Formation
include the Fall River and Lakota
sandstones (in ascending order) of the
Inyan Kara Group in South Dakota
(Schoon, 2005); the Manville group in
southern Saskatchewan (Saskatchewan
Industry and Resources, 2004); the Swan
River in Manitoba (Rutulis, 1984); and the
Lakota, Kootenai, Dakota, and Basal
Colorado Silt (in ascending order) in
Montana (Bluemle et al., 1981).

FORMATION AGE (LeRud, 1982)

Early Cretaceous
Aptian to Albian
Dakota Group

GEOLOGIC SEQUENCE

Zuni

HYDROSTATIGRAPHY

Downey et al. (1987): AQ4 aquifer Bachu

and Hitchon (1996): Manville Aquifer
system (Figure 1)

GEOGRAPHIC DISTRIBUTION (modified
from LeRud, 1982)

Eastern Montana, North Dakota, South
Dakota, southwestern Manitoba, southern
Saskatchewan

THICKNESS

The Inyan Kara is in excess of 500 ft thick
near the Basin center in North Dakota
(Wartman, 1982). In southeastern
Saskatchewan, the Inyan Kara (Manville)
can be in excess of 400 ft (Hayes et al.,
1994). Net sand thickness in the interval is
variable (Butler, 1984; Rutulis, 1984,
Case, 1984). In North Dakota (Figure 2),
net sand thickness can be locally greater
than 300 ft (Butler, 1984).

CONTACTS

The upper contact with the Skull Creek is
conformable (LeFever and McCloskey,
1995; Leckie et al., 1994).

The lower contact of the Inyan Kara is
unconformable. A major regional
unconformity separates the Inyan Kara
from underlying rocks. Throughout most of
the basin, the Inyan Kara rests on Jurassic
sediments (Wartman, 1982). In eastern
North Dakota, they overlie progressively
older Paleozoic rocks until the formation
pinches out near the eastern border of the
state.

LITHOLOGY
Clastic

SUBDIVISIONS

In a study of the Inyan Kara in North
Dakota, Wartman (1982) informally
subdivided the unit into three members. In
ascending order, these members are the
“A,” the “B,” and the “C” (Figure 3).
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Figure 3. Well log of NDGS 6515, Twn. 156 N., Rng.
91 W., Sec. 17, showing members "A”, “B” and “C”
of the Inyan Kara formation (Wartman 1983). Log
types: GR = Gamma-Ray, SP = Spontaneous Poten-
tial, DLL = Dual Laterolog (dashed line = shallow
and solid line = deep).

From Wartman: 1982

Figure 3. Reference log with Inyan Kara Formation members.



LITHOFACIES

The lowermost member, the “A,” is the
thickest, comprising over 90 percent of the
total thickness. Wartman describes the “A”
member as a series of discontinuous beds
of fine- to coarse-grained sandstones,
siltstones, and shales with some coals that
were deposited in a fluvio-deltaic
environment.

The middle “B” member sediments vary
greatly in lateral distribution and consist of
fine- to medium-grained sandstones,
siltstones, and shales.

The “C” member is a highly continuous
unit of fine- to medium-grained siltstone
and clay laminae.

DEPOSITIONAL ENVIRONMENTS
Nonmarine to marine

DEPOSITIONAL MODEL (after Wartman,
1982)

o Member “A” was deposited in a fluvio-
deltaic environment.

e Member “B” was deposited in a
marginal marine setting.

o Member “C” was deposited in a shallow
marine origin.

RESERVOIR CHARACTERISTICS

Porosity in the Inyan Kara can be
significant. For example, north central
North Dakota had a neutron density well
log porosity in excess of 30 percent
(Figure 4).

From Kelly (1968)

In eastern North Dakota: average porosity
42.7 percent, average permeability

235 meinzer units

From Butler (1984)

Porosity along flank of basin in North
Dakota is 30-35.5 percent, dropping below
20.5 percent in the basin’s center.

HYDRODYNAMIC CHARACTERISTICS

From the U.S. Geological Survey
Groundwater Atlas
Potentiometric map: Figure 5
Total dissolved solids: Figure 6

From Wartman (1982)

Transmissivity 200-77,000 ft2/day
Hydraulic conductivity 20-30 ft/day:
Figure 7

From Kelly (1968)

In eastern North Dakota: coefficient of
storage 0.0004, transmissivity

50,000 gpd/ft, as low as 12,000 gpd/ft.

From Case (1984)

Estimated regional hydraulic conductivity
in South Dakota is 1.2 x 10-5 ft/sec. Case
also lists hydraulic conductivities from
other sources; they range from

1.0-6.5 x 105 ft/sec.

From Butler (1984)

Nodal hydraulic conductivity averages less
than 40 ft/day. Transmissivities are from
200-77,000 ft2/day.

HYDROCARBON PRODUCTION

There is currently no oil or natural gas
production from the Inyan Kara in the
North Dakota or Montana portion of the
Williston Basin. Some shallow natural gas
may have been produced from the Inyan
Kara in central South Dakota. The Inyan
Kara (Manville Group/Canada) produces
natural gas, heavy oil, and coal in Canada.
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Current Well Name: BLDU DD-307
SWNW 1-155-96
2335 KB
NDIC File No: 15249
API No: 33-105-01510-00-00

Compensated Neutron Formation Density Well-log
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Figure 4. Inyan Kara Formation example log.
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Lobmeyer, D H,, 1985, Freshwater heads
and ground-water temperatures in
aquifers of the Northern Great Plaing
of Montana, North Dakota, South
Dakota, and Wyoming: US,
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Water movesregionally northeastward
through the deeply buried lower Cretaceous
aquifers. Some of the water moves hundreds of
miles from aquifer recharge areas around structural
uplifts on the west to discharge areas in eastern
North Dakota and South Dakota.

Geological Survey Professional Paper
1402-D, 11 p.

L. W. Howells, U.S, Geological survey,
written commun., 1993

EXPLANATION

—— oo — Potenbomelrie contour—Shows altitude at which
water level would have swod in tightly cased
walls. Hachumes indicate dapression. Contour
interval 200 feet, Datum is sea level

Limit of lower Cretaceous aquifers—Dashed
whare approximeately located

- Direction of ground -waber movwement

No data

Taken from USGS Groundwater Atlas; http://capp.water.usgs.govigwa/ch_i/gif/l058.GIF

Figure 5. Potentiometric map of the lower Cretaceous formations
including the Inyan Kara Formation.
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Modified from:

Leonard, R.B., Sighor, D.C., Jorgensen,
D.G, and Helgesen, J.O., 1984,
Geohydrology and hydrochemistry of the
Dakota aguifer, central United States, in

Hamnakcinni g 3 Jorgensen, D.G,, and Signor, D.C,, eds,

Bt racdMadvr o O, Qezlaplaal Geohwdrology of the Dakota

bociiie e o aquifer—Froceedings of the First C..

Theiz Conference on Geohvdrology,

EXPLANATION October 56, 1982: National Water Well
Agzociation, p. 229-237.

Disso lved-solids concenbration in Downey, .5, and Dinwiddie, G.A., 1988,
water from lower Cretaceous The regional agu ifer system underlying
aquifers, in milligrams per liter the Morthern Great Plaing in parts of

Mantana, Morth Dakota, South Dekota,
1,000 and Wyo ming—Summary: LS.
3,000 Geological Survey Frofessional Paper
10,000 1402-4, B4 p.
Mo data The lower Cretaceous aquifers
_ contain freshwater anly near where the
|:| Aquifers absent aquifers receive recharge. Dissolved-solids

concentration in the water is largest in the
deep parts of the Powder River and the
Williston Basins.

Taken from the USGS Groundwater Atlas; http://capp.water.usgs.gov/gwa/ch_ifgif/l059.GIF

Figure 6. Map of total dissolved solids concentrations from lower
Cretaceous formations including the Inyan Kara Formation.
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Transmissivity distribution used in the Lower Cretaceous aquifer simulations.

From: USGS PP 1402E

Figure 7. Transmissivity distribution in the lower cretaceous formation
including the Inyan Kara Formation.
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SINK POTENTIAL

The Inyan Kara is a potentially important
regional sink. The quartz arenites that can

comprise a significant part of the section
are both porous and permeable.
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