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ABSTRACT

In 1979 Terrence Donovan et al. deeribed spatially
narrow, low-amplitude, aeromagnetic anomalies associated 
with the producing regions of oil fields. Their conclusions 
were that these anomalies were due to diagenetic magnetite
created by the reduction of hematite due to vertically
migrating hydrocarbons. If this phenomenon were real and
ubiquitous it would allow for the potential of direct
detection of hydrocarbons from the air. As a result,
sponsors of the Center for Potential Fields Studies (CPFS) 
asked the Center to carry out research on the validity of 
the method. For the latest project in this research, the 
Center conducted an integrated study using gravity, seismic, 
and high-resolution aeromagnetic data from Sheridan county, 
Montana to determine if intrasedimentary magnetic anomalies 
due to the upward migration of hydrocarbons are present in 
the Williston basin.

In conjunction with published geologic and remote 
sensing data, the geophysical data were used to delineate
the tectonics, location of hydrocarbon reservoirs, and the 
location of near-surface magnetic sources in this part of 
the basin. From the gravity and magnetic data, the basement 
tectonics of the Williston basin were established. Seismic,
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band-pass, and high-pass magnetic data were examined to 
determine faulting patterns in the sedimentary rocks. Also, 
the seismic data provided key information concerning the 
location of hydrocarbon reservoirs and fluid conduits. The 
low-pass gravity and magnetic data, band-pass magnetic, and 
high-pass magnetic data display a regular pattern which was 
interpreted to be due to block faulting. Combining this
information with the sedimentation work by Brown and Brown 
(1987) it was determined that wrench faulting in the 
basement controls the faulting of the sedimentary section in 
the Williston basin.

Near-vertical faults extending from the basement to the 
surface can be clearly seen in the seismic data. 
Hydrocarbon reservoirs in dolomitized zones of the Red River 
limestone lie in close proximity to near-vertical faults. 
Evidence for fluid movement along fault zones are 
dolomitization of the Red River limestone and dissolution 
features in the Prairie salt. The conclusion that there has 
been fluid movement involving hydrocarbons along these 
vertical fault zones seems inescapable.

Although all conditions neccessary for the formation of 
intrasedimentary magnetic anomalies are present in the study 
area, no definitive signal from diagenetic magnetic minerals 
due to possible hydrocarbon seepage was found. The probable
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sources of most of the anomalies seen in the high-pass 
magnetic data are residual cultural signals, detrital 
magnetite in present-day drainage systems, and sub-aerially 
exposed lignite burns.
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INTRODUCTION

Theory of Intrasedimentary Magnetic Anomalies

The direct detection of hydrocarbons by airborne 
geophysical methods has been the focus of a great deal of 
research over the past ten years or so. Recent studies
indicate that an empirical relationship exists between the 
occurrence of hydrocarbon accumulations and magnetic 
(Donovan et al., 1979) and electrical (Oehler and Sternberg, 
1984) anomalies.

Prior to World War II, magnetic surveys were 
ground-based, as the technology for airborne surveys had not 
been developed. Van Weelden published a paper in 1933 in 
which he noted that, in general, there were magnetic 
anomalies associated with oil fields. Van Weelden showed 
that the magnetic signal from the well casings could explain 
the anomalies seen in the data.

With the development of airborne magnetic surveys in 
the post World War II era, the interest in these shallow 
anomalies faded as it became possible to survey much larger 
areas in far less time. Magnetics became a reconnaissance 
tool in hydrocarbon exploration, as it was primarily used to 
map the structure of the crystalline basement.

The relatively recent use of low level aeromagnetic
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surveys has re-kindled interest in these shallow magnetic 
anomalies. In 1979, Donovan et al. proposed that spatially 
narrow, low amplitude, aeromagnetic anomalies were 
associated with the producing regions of oil fields. The
anomalies were believed to be a result of the formation of 
diagenetic magnetite in the near surface rock by the 
reduction of hydrated iron oxides and/or hematite as a
direct result of the upward migration of seeping 
hydrocarbons. In Donovan's study of the Cement oil field, 
Oklahoma, ferromagnetic material was magnetically separated 
from crushed cutting samples taken from the uppermost 300 m 
of five wells. The results from x-ray diffraction of the 
separated material showed it to be magnetite. Donovan went 
on to say that magnetite concentrations in the near surface 
cuttings were of up to 1.2 percent by weight.

A subsequent study of the Cement oil field (Reynolds et 
al., 1984) disproved the results published by Donovan.
Reynolds found that the magnetic fraction that Donovan had 
studied commonly exhibited synthetic textures and contained 
inclusions of industrial iron and concluded that the 
magnetite was actually metal flakings introduced into the 
cuttings as a result of the drilling process. Reynolds also 
found that although there was no evidence of 
naturally-occurring magnetite, substantial amounts of 
ferrimagnetic pyrrhotite (Fe^Sg) were present in the near
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surface sediments. The limited areal extent of the 
pyrrhotite coincident with the underlying hydrocarbon 
reservoirs suggests that pyrrhotite formed from aqueous 
sulfide in hydrocarbon-bearing brines which migrated to the 
near surface. The presence and amount of pyrrhotite
indicates that it may contribute to the magnetic anomalies 
seen over the Cement oil field.

Two studies concerning intrasedimentary magnetic 
anomalies were done by the Center for Potential Fields
Studies in recent years. Joseph W. Boardman presented a 
master's thesis in 1985 which focused on magnetic anomalies 
over oil fields in Oklahoma and California. From the
results of the study, he concluded that although the oil 
fields in the study did show anomalous magnetic signatures, 
the anomalies could be explained by cultural effects rather 
than by magnetic mineralization due to seeping hydrocarbons. 
The second study by Marc Dickinson, completed in 1986,
focused on intrasedimentary aeromagnetic anomalies over a 
known oil field in the Denver basin. Dickinson concluded
that although the magnetic anomalies in the area could be
explained by the presence of diagenetic magnetite, a 
basement source was more probable.

In January, 1989, the Center for Potential Fields began 
conducting a study on intrasedimentary magnetic anomalies in 
the Williston Basin in the Northeastern corner of Montana.
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The objectives of this research project are to :

1) Determine if shallow-sourced, magnetic anomalies 
exist within the aeromagnetic data.

2) Determine the migration path of the seeping 
hydrocarbons and investigate the relationship 
between hydrocarbon migration paths and the 
location of the shallow magnetic bodies.

3) Determine the origin of the shallow magnetic 
bodies.

A unique aspect of this project as compared to earlier 
studies done by the Center for Potential Fields Studies is 
that the amount of cultural noise is far less than in the 
Denver basin and Cement field studies. Although the 
magnetic signal from well casings and surface structures is 
present in the data, it does not appear to dominate the high 
frequency magnetics as it did in the earlier studies.
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Geology of the Williston basin 

Regional Stratigraphy

The Williston basin is one of the largest intercratonic 
basins in the world; covering parts of eastern Montana, the 
majority of North Dakota, northwest South Dakota, southwest 
Manitoba, and a large portion of Saskatchewan (Figure 1). 
In the deepest parts of the basin, the thickness of the
sedimentary section is approximately 5km (16,000 feet). The 
basement is composed of Precambrian granite and metamorphic 
rocks. The sedimentary section lies unconformably on the
basement and contains rocks of all the Phanerozoic periods,
ie, from Cambrian to Quaternary. Within the sedimentary 
section of the Williston basin are six major unconformities. 
These unconformities separate the stratigraphie section into 
six transgressive- regressive cycles (Figure 2, Famakinwa, 
1989).

The six major transgressive-regressive cycles of the
Williston basin are the Sauk (Cambrian - Lower Ordovician), 
Tippicanoe (Ordovician - Silurian), Kaskaskia (Devonian - 
Mississippian), Absaroka (Pennsylvanian - Triassic), Zuni 
(Jurassic - Tertiary), and Tejas (Tertiary - Quaternary) 
(Famakinwa, 1989). The unconformity at the top of the 
Mississippian marks a major boundary between the general
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Figure 1. Location of the Williston basin and major 
structural features of the western interior
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composition of the sedimentary units. The lower units, from 
Cambrian to Mississippian, are dominated by marine 
carbonates. The younger units, Pennsylvanian to Quaternary, 
are primarily dominated by marine elastics.

The two main hydrocarbon-producing horizons in the 
Williston basin study area are the Red River (Ordovician, 
3260 m (10,700 ft.)) and Mission Canyon (Mississippian, 2225 
m (7300 ft.)) formations, with the Winnipeg and Bakken
formations as the respective source rocks (Figure 2), The 
reservoirs in the Red River and Mission Canyon formations 
are isolated porous dolomite facies which formed within the 
surrounding limestones. These isolated reservoirs are
believed to have been structural highs at the time of 
deposition (Brown and Brown, 1987). There is substantial 
hydrocarbon production from the Minnelusa formation 
throughout the Williston basin ; however, in the study area, 
only the Red River and Mission Canyon produce.

Regional Tectonics

Figure 3 displays the major tectonic elements in the 
region of the Williston basin (Famakinwa, 1989). Some of 
the major tectonic boundaries of the Williston basin are the 
Transcontinental Arch to the southeast, the Black Hill 
Uplift to the southwest, and the Miles City Arch and Bowdoin
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Figure 3. Major tectonic elements in the region of the 
Williston basin. Taken from Famakinwa, 1989.
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Dome to the west.
There are two parallel trends which are directly 

related to the Williston basin. These are the
Weldon-Brockton fault zone and the Colorado-Wyoming shear 
zone, both of which have a northeast-southwest trend and a 
left-lateral shear direction (Figure 4, Famakinwa, 1989). 
These two major lineaments are thought to have controlled 
the deformation in the Williston basin (Gerhard et al., 
1982). The resulting tectonic structure of the basement is 
due to left-lateral wrench-faulting resulting in the 
formation of basement blocks. It is believed that the
tectonics were most active during the Precambrian as there 
has been little deformation of the sediments in the basin.

The direction of maximum horizontal compressive stress 
in the Williston basin is N12°E, with a principal shear 
direction of N56°E. The relative movement on the principle 
shear is left-lateral. Synthetic shear fractures develop 
from about N26°E to about N46^E, while antithetic fractures 
are present from about N14°W to N28°W. The complementary 
right-lateral shear direction is about N28°W (Brown and 
Brown, 1987). A map of the major lineament zones in the 
Williston basin is shown in Figure 5. Adjustments of the 
major basement blocks in response to stresses incurred 
during the Phanerozioc time is expressed primarily as 
vertical movement along these fault or fracture zones.
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Figure 4. Location of the Weldon-Brockton and Colorado 
Wyoming fault zones. Taken from Famakinwa, 
1989.
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%

-

Figure 5« Map of the major lineament zones in the 
Williston basin. Taken from Brown and Brown, 
1987.
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resulting in subtle horsts, grabens, and half grabens (Brown 
and Brown, 1987).
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GEOPHYSICAL DATA

Description of Data Sets

The data for this research project includes a low level 
aeromagnetic survey, a 52 mile long seismic line, and a 
regional gravity data set. EG&G Geometries performed the 
aeromagnetic survey, and the regional seismic line NWW-250, 
produced by StratSeis, traverses a portion of the 
aeromagnetic survey area. The location of the aeromagnetic 
coverage and seismic line NWW-250 is shown in Figure 6. The 
boundaries of the aeromagnetic survey define the extent of 
the study area.

The gravity data used in this study comes from the 
National Geodetic Survey gravity data base and covers a 
portion of eastern Montana, western North Dakota, and 
Canada, extending from 102 to 106 degrees west and 48 to 50 
degrees north (Figure 7).

The aeromagnetic data consists of approximately 4,500 
line miles (7,240 line km) covering approximately 1,000 sq 
mi (2,600 sq km) in the Northeastern corner of Montana. 
Table 1 contains the recording parameters for the 
aeromagnetic data. The flight line spacing and elevation of 
the aeromagnetic survey are much closer and lower than a 
typical aeromagnetic survey. The reason the survey was
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Figure 6a. Location of aeromagnetic study area with respect 
to the boundary of the Williston basin
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Figure 6b. Detailed location of aeromagnetic study area and 
seismic line NWW-250.
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Figure 7a. Location of regional gravity study area with
respect to the boundary of the Williston basin
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Figure 7b. Detailed location of regional gravity study 
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T-3885 19

Table 1. Stratmag aeromagnetic survey specifications.

Mean Altitude 300 ft. (91.5 m)
North-South Line Spacing 0.25 mi (400 m)
East-West Tie Line Spacing 5 mi (8km)
Sample Rate 197 ft (60 m)
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flown using these parameters was to adequately resolve near 
surface magnetic anomalies.

Seismic line NWW-250 begins at the Canadian border at 
approximately 104 degrees 24 minutes longitude, and runs at 
about S45E for 51 miles into North Dakota. An estimated 23 
miles of this line is contained in the study area, which 
crosses the Goose Lake and Comertown oil fields. The 
recording parameters for the seismic line NWW-250 are 
presented in Table 2. The paper record of line NWW-250 is 
not included in the thesis because of its length. However, 
line NWW-250 is available on file in the Center for 
Potential Fields Studies for detailed viewing.
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Table 2. Seismic line NWW-250 recording parameters.

Recording Instruments: 
Field Filter:
Record Length:
Sample Rate:
Recorded By:
Date Recorded:
Spread Configuration: 
SP. Interval:
Grp. Interval:
No. of Channels:
Fold:
Energy Source:
Sweep Length:
Sweep Frequency: 
Swps/Sta:
Vib Type:

DFSV / FT-1
12-90 Hz / No Notch
26 secs.
2 ms
GEO Seismic Services Inc. 
October 1984 
5830-660-X-660-5830 
220 ft.
110 ft.
96
24
Vibroseis 
23 secs.
8-80 Hz Non Linear 
6/5 Vibs 
M-12 Inline
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DATA PROCESSING

Gravity

Gridding of Gravity Data

Gravity data from the National Geodetic Survey U.S. 
gravity data base were used to make a regional tectonic 
interpretation of the Williston basin. The location of the 
regional gravity study area (Figure 7) extends from 102 to 
106 degrees west and 48 to 50 degrees north.

Once the gravity data were read from the magnetic
tapes, the station locations were plotted to determine the 
gridding interval used in the Bouguer gravity map generation 
(Figure 8). The only area where there is dense coverage is 
in the east-central portion of the map ; otherwise the
distances between station locations range anywhere from two 
to 20 or 30 kilometers. Gridding of the gravity data was 
done using a minimum curvature interpolator (Briggs, 1974). 
The gravity data was gridded at an interval of two 
kilometers, because it was thought best not to destroy the
quality of the data in areas where the coverage is good. By
preserving this signal, the interpretation of the tectonics 
can be extended from this portion of the gravity study area 
to other areas where the coverage is poor.
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A very strong NW/SE trend throughout the entire study 
area can be seen on the Bouguer anomaly map (Figure 9); 
these dominating trends are offset by NE/SW oriented 
lineaments. However, it should be mentioned that in areas 
where the gravity data coverage is poor these NE/SW trends 
may be the result of the interpolating software. Thus,
caution should be used in interpreting their presence in the 
gravity field. In order to generate a basement structure
contour map, the radially-averaged power spectrum of the 
gravity data was generated and a low-pass filter was 
designed to separate the basement or near-basement signal 
from the Bouguer anomaly.

Filtering of the Gravity Data

Using the FILTER program (CPFS Program Library), a 
radially-averaged power spectrum (RAPS) of the gravity was 
generated (Figure 10). Indicated on the RAPS profile are 
three separate slopes, each of which corresponds to an 
anomaly whose sourqe is at a particular depth. As it turned 
out, the information I was interested in was contained in 
the lowest frequency portion of the power spectrum, that 
being the component which has its source in the basement and 
corresponds to slope 1 on the RAPS. Slope 2 corresponds to 
the shallower sedimentary bodies present in the basin, but
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Figure 10. Radially averaged power spectrum (RAPS) of the 
regional gravity data set.
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is of very little relevance to the generation of the 
basement structure contour map. Slope 3 apparently 
corresponds to noise.

Using the information from the RAPS profile, low-pass 
and band-pass filters were applied to the data. The cutoff 
frequencies for the low-pass filter were at frequencies of 
0.0, 0.0 to 0.017, 0.033 cycles/km. The band-pass cutoff
frequencies used were 0.017, 0.033 to 0.058, 0.117
cycles/km. The resulting low-pass and band-pass maps are 
shown in Figures 11 and 12 respectively.

Examining the band-pass map (Figure 12) it is evident 
that there is very little data that is of any use. Thus, my 
efforts focused on the low-pass filtered data. Comparing 
the low-pass map with the original Bouguer gravity map, a 
strong correlation is present between the two. The same 
general trends exist in the low-pass filtered gravity ; ie., 
the NW-SE and NE-SW faults are still present, and the 
amplitudes of the anomalies have been preserved. This
strong correlation suggests that the structure of the 
basement controls the structure in the sedimentary section.

Profile Extraction and Werner Deconvolution

The next step applied to the gravity data was to 
extract profiles from the low-pass gravity so depth
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estimates could be made using a multiple-source Werner 
deconvolution program. Eight profiles were taken from the 
low-pass gravity map (Figure 13). The profiles were chosen 
so all the anomalies had at least one profile which crossed 
them. Each of the profiles was input to the Werner program 
and the resulting depth estimates were plotted on a base 
map. Depth estimates near the edge of the study area are
very poor primarily due to edge effects introduced in the 
filtering of the data, and also because the Werner program 
does not handle anomalies near the end of a profile very 
well. In addition, depth estimates in areas where the
gravity station coverage is poor have a low confidence level 
in their accuracy.

This was the final procedure done prior to generating 
the basement structure contour map. Interpretation of the 
gravity data and generation of the basement structure 
contour map are discussed in the data interpretation 
section.
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Magnetics

The unfiltered magnetic map was generated using the 
flight line data from the Stratmag survey with a gridding 
interval of 0.183 km (580 feet). The resulting magnetic 
contour map (Figure 14) displays very strong NE-SW trends. 
As with the gravity data, these dominating features are 
offset by NE-SW trends in the magnetic data. The first step 
taken towards the separation of the different magnetic 
signals which contribute to the magnetic data was the 
evaluation of the radially-averaged power spectrum of the 
magnetic data.

Power Spectrum Evaluation

The radially-averaged power spectrum (RAPS) of the raw 
aeromagnetic data (Figure 15) shows three general slope 
segments, considered to be geologic signal, and a fourth 
slope relating to noise contained in the data. The depth 
estimates from slopes 1, 2, and 3 are 9.9, 5.0, and 2.7 km 
respectively. A blow-up of the RAPS from 0 - 0.5 Hz (Figure 
16) clearly shows a roll over occurring in the third source 
level at approximately 0.15 Hz. This roll over is 
suggestive of a horizontal magnetic body resembling a thin 
plate; the top of the body is at 2.7 km. The probable
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Figure 14. Unfiltered magnetic data* Contour interval 
10 gammas.
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Figure 15. Radially averaged power spectrum (RAPS) of the 
unfiltered aeromagnetic data.
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Figure 16. Blow-up of the radially averaged power spectrum 
(RAPS) from 0 - 0.5 Hz.
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geologic cause of this roll-over feature in the power 
spectrum is taken up in the discussion of Wiener filter 
designs.

Cultural Noise Suppression

The goal of the Williston basin project is to delineate 
shallow magnetic anomalies which may be associated with 
diagenetic mineralization. It is anticipated that the 
sources of such anomalies should be confined to within 1,000 
feet (0.32 km) of the surface. The depth to magnetic bodies 
which have been interpreted from the unfiltered RAPS are too 
deep to have been produced by shallow sources. However, a 
slight kink in the RAPS at 1.5 cycles/km (Figure 15) 
suggests that cultural noise may be interfering with signals 
from very shallow sources. The well suppression program 
RAMBO (Dickinson, 1987) was applied to the magnetic data to 
remove the effects of cultural noise. On comparing Figures 
17a and 17b, it can be seen that the high frequency signals 
were greatly reduced.

Once the cultural noise suppression was completed, 
another RAPS was generated (Figure 18). Indicated on the 
RAPS of the cultural-noise-suppressed magnetic data are four 
slope segments, considered to be geologic signal, and a 
fifth slope relating to noise. A comparison between the two
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Figure 17a. Portion of unfiltered magnetic data showing
effect of cultural features. Contour interval 
5 gammas.
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Figure 17b. Portion of magnetic data (see Figure 17a) after 
suppression of cultural signal by the RAMBO 
program. Note residual cultural effects.
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Figure 18. Radially averaged power spectrum (RAPS) of 
cultural-noise suppressed data.
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RAPS plots shows that not only was the noise level reduced, 
but the slope change at 1.5 cycles/km is much more apparent 
(Figure 19). These results show that the magnetic signal 
from the well casings is at approximately the same frequency 
as the signal from the shallow anomalies. The depth 
estimate for the shallow source places the top of the source 
at approximately 0.28 km, which is in the depth range 
expected for the shallow anomalies.

The next stage in processing the magnetic data prior to 
interpretation of the magnetics was anomaly separation. 
Wiener filters were applied to the magnetic data to separate 
the different magnetic horizons.

Wiener Filtering

Using the information contained in the power spectra, 
Wiener filters were designed and applied to the magnetic 
data to separate the signal from the deep and shallow 
magnetic sources. The deep magnetic signal gives 
information about the basement structure, while the shallow 
signal reveals the character of potential intrasedimentary 
anomalies within the data.

The reason for using Wiener filters in the anomaly 
separation process rather than standard band-pass filters is 
that Wiener filters provide the statistically optimal filter
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Figure 19. Comparison of original radially averaged power 
spectrum (RAPS) with cultural-noise suppressed 
RAPS.
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for the separation process. Work done by Robert Pawlowski 
(1987) on Wiener filtering of synthetic and real gravity 
data showed that Wiener filters provide an excellent means 
of anomaly separation if certain mathematical conditions are 
satisfied by the data set. These conditions are : 1) the
data set is a realization of a stationary random process; 2) 
the data set is ergodic; and 3) the power spectrum of the 
data set is isotropic. The magnetic data used in this study 
meets all of these conditions.

The radially-averaged power spectrum (RAPS) of the 
magnetic data after cultural noise suppression displays four 
distinct slopes considered to represent geologic components, 
and a fifth slope apparently consisting of random noise 
(Figure 18), In the following paragraphs the potential
source for each of the geologic components is discussed.

Slope #1 relates to a geologic source with an estimated 
depth to the top of the body at 9.9 km (31,360 feet). This 
depth is far too large to be the surface of the basement, 
which is at approximately 5 km (15,840 feet) in this portion 
of the Williston basin (Famakinwa, 1989). The most likely 
source of this signal is an intrabasement lithology change. 
Because of the great depth of this source, the information 
in the magnetic signal with frequency ranges representing 
this slope segment are not of interest in relation to the 
basement structure of the study area.
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Slope #2 corresponds to a source whose surface is at 
approximately 5.0 km (15,840 feet), which corresponds well 
to the known depth to the top of basement. The magnetic 
source generating this power signal can be attributed to the 
surface of the basement rock. As such, a filtered map of 
this magnetic signal provides information about the basement 
structure.

Slope #3 corresponds to a source with an approximate 
depth of 2.7 km (8550 feet). This depth places the top of 
the source well within the sedimentary section. The third 
slope segment is very distinctive in that a roll-over in the
power spectrum occurs at 0.16 cycles/km. The character of
slope segment #3 is indicative of the response of a 
horizontal thin-plate with infinitesimal lateral dimensions. 
However, when the equation for the power spectrum of such a 
body was applied to the slope, the roll-over point seen in
the RAPS was found to be at much too high a frequency to
represent this body with a top at the estimated depth.

It was found that the equation for a thin-plate body 
with finite lateral dimensions provided a solution to the 
curve seen in slope segment #3. Thus, the results from the 
solution suggest that the source of this signal can be 
modeled as an ensemble of bodies with finite dimensions. 
The dimensions of the bodies have a frequency in the same 
range as the roll-over frequency, which is at 0.16 cycles/km
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(6.25 km wavelength). It is thought that basement block
faulting has created vertical displacement in the 
sedimentary units resulting in subtle horizontal 
susceptibility contrasts which may be the source of this 
signal.

Slope #4 is the magnetic signal believed to be caused 
by near-surface magnetic bodies. The depth to the top of 
these bodies is estimated to be 0.28 km (900 feet). The 
information contained in this portion of the power spectrum 
corresponds to the key targets for the Williston basin 
project.

Three Wiener filters were designed and applied to the 
cultural-noise suppressed magnetic data to separate the 
three geologic components of interest. The low-pass (5.0 km 
geologic source), band-pass (2.7 km geologic source), and 
high-pass (0.28 km geologic source) filters for slopes #2, 
#3, and #4 are shown in Figures 20, 21, and 22 respectively. 
The filter designs are superimposed on the RAPS to show that 
the filters are in fact doing an adequate job of separating 
the geologic signal from the unwanted signal.
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Figure 20. Wiener filter used for separation of geologic
data contained in slope #2 superimposed on the
radially averaged power spectrum.
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Figure 21. Wiener filter used for separation of geologic
data contained in slope #3 superimposed on the
radially averaged power spectrum.
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Figure 22. Wiener filter used for separation of geologic
data contained in slope #4 superimposed on the
radially averaged power spectrum.
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INTERPRETATION

Gravity

Examination of the Bouguer Gravity Man

The gravity data (Figure 9) show very strong NW-SE 
trends throughout the entire study area. These major trends 
are offset by NE-SW lineaments in the data. These two 
orthogonal trends suggest basement block faulting.. 
However, it should be emphasized that in areas where the 
gravity data coverage is poor these NE-SW trends may be the 
result of the interpolating software. Thus, caution should 
be used when interpreting their presence in the gravity 
f ield.

One feature present in the Bouguer gravity in which I 
have a great deal of confidence is the anomaly of the Nesson 
anticline in the eastern portion of the study area (Figure 
23). Note that the gradient is much steeper on the western 
side of the anomaly. The gradient difference on either side 
of the anomaly suggests the western side has more throw on 
it. Also, the anomaly of the anticline shows that there are 
NE-SW trends which offset portions of the anomaly. The 
presence of these trends supports the idea that NE-SW 
trending faults are reflected by the gravity data.
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Basement Structure Contour Map

Major basement faults were identified using gravity 
gradients in the low-pass gravity map, as it contains the 
basement gravity signal. As in the unfiltered gravity data 
(Figure 9), the main trends seen in the low-pass gravity 
data (Figure 11) have a NW-SE orientation and are 
intersected orthogonally by NE-SW features. Because the 
character of the low-pass gravity data is very similar to 
the unfiltered data, it can be assumed that the basement 
structure controls the general character of the gravity 
anomalies. This assumption, in turn, suggests that basement 
tectonics control the sedimentary structure. The
interpreted basement faults are shown in Figure 24. Solid 
fault lines have a high confidence level while dashed fault 
lines have a lower confidence level.

Support for the validity of the interpreted faults 
comes from examining the location of the major lineament 
zones in the Williston basin (Figure 5) (Brown and Brown, 
1987). The NW-SE faults defining the Nesson anticline in 
the eastern portion of the study area correspond to the 
Nesson lineament zone. There are also strong correlations 
between the gravity trends and the Cedar Creek, Poplar, and 
Weidon-Brockton lineament zones.

Using the depth estimates from the multipie-source
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Werner deconvolution program and the tectonic evaluation, a 
basement structure contour map was generated (Figure 25). 
The depths shown in Figure 25 should be interpreted in a 
relative sense, ie, they should not be used as absolute 
depth measurements. This is because the minimal error in 
the accuracy of gravity depth estimates are usually about 
ten percent of the depth and the most accurate estimates 
occur at the center of the anomalies. As the estimates move 
away from the center of the anomaly, the accuracies of the 
depth estimates drop off.

Throughout the study area the average depth to the top 
of basement is very similar, and the vertical relief on the 
faults is not very large, with the exception of the western 
bounding fault of the Nesson anticline. This is typical for 
wrench faulting structure in which the horizontal movement 
has generally the greatest displacement and vertical 
adjustment of the basement blocks is less than 50% of the 
horizontal displacement (Brown and Brown, 1987). A vote of 
confidence in the depth estimates is that in the area where 
there is seismic data coverage, the depths from the Werner 
program are in the same range as the seismic depth 
estimates.
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Seismic

The key use of the seismic data is to provide 
additional support for the tectonic interpretation of the 
study area, identification of hydrocarbon reservoirs, and 
establishment of possible hydrocarbon migration paths to the 
near-surface rock units. Another role of the seismic
interpretation is to provide a link between the deep 
hydrocarbon reservoirs in the study area with shallow 
magnetic anomalies, if they exist.

As mentioned earlier, the two main producing horizons 
are the Red River (Ordovician, 3,260 m (10,700 ft.)) and
Mission Canyon (Mississippian, 2,225 m (7300 ft.))
formations, with the Winnipeg and Bakken formations as the 
respective source rocks. The reservoirs in the Red River 
and Mission Canyon formations are isolated porous dolomite 
facies which formed within the surrounding limestones. 
These isolated porous dolomite reservoirs are believed to 
have been structural highs at the time of deposition (Brown 
and Brown, 1987).

Identification of faulting was based on structural 
features such as sediment collapse, bed thickness changes, 
and the dissolution of the Prairie salt, as well as subtle 
amplitude changes in the reflectors for the various 
horizons. The faulting is controlled by basement structure
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and has been interpreted to be due to compression in a N12°E 
direction. Determining the location of these wrench faults 
is important because they are the key to reservoir locations 
(Brown and Brown, 1987).

Using the results from the Goose Lake field study 
(Wallis 1982), reservoirs were identified by amplitude and 
waveform changes of the seismic reflectors of the producing 
horizons, which are indicators for porosity development. 
Also, the dissolution of the Prairie salt is another 
indicator for porosity development in the Red River 
formation. The dissolution features in the Prairie are 
identified by the attenuation or absence of the Prairie 
event.

Tectonic Interpretation

The first part of the interpretation of the seismic 
line involved determining the structural features present in 
this portion of the basin. Two criteria were used to
identify the faults in the seismic section. The first
criterion was identification of areas where it appeared that 
structure or bed thickness changes were present. The 
majority of this line consists of very flat lying beds, so 
minor changes in the dip of the beds and bed slumping were 
easily detected. The second feature in the data that
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indicated faulting was subtle amplitude changes in the 
reflectors which could be traced to the acoustic basement, 
which in this seismic section for all practical purposes, 
was the Winnipeg formation (Ordovician, 3,360 m (11,000 
ft. ) )

Identifying faults in the sedimentary section was an 
extremely difficult task due to problems associated with 
acquisition and processing of the data in the Williston 
basin. One major problem is related to the different 
lithologie facies present. The sediments of the Paleozoic 
are primarily high velocity carbonates. These beds are 
overlain by much lower-velocity Mesozoic clastic sediments. 
This contrast results in an irregular normal moveout curve 
for the seismic data. The end result is that small skips in 
the shot points can create false structures in the 
subsurface. These false structures can be seen in several 
areas throughout the line where the line breaks due to the 
presence of wells or surface features. An excellent example 
of this problem can be seen beneath shot point 630 (Figure 
26). Here it appears that substantial faulting has occurred 
in the Mesozoic beds ; however, reduction in the fold has 
occurred in this section of the line, and as a result, these 
structures are likely to be false. Thus the faults
interpreted in areas where the fold was reduced have a 
smaller confidence factor associated with them. The major
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Figure 26. False structure in the seismic data caused by 
skips in the shooting array.
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tectonic system present in the basin during the Paleozoic 
and early Mesozoic was wrench faulting which has resulted in 
numerous negative flower structures and sediment slumps 
throughout the line (Brown and Brown, 1987). These faults 
are believed to be basement controlled, as the flower 
structures can be traced to the basement.

At the far northwestern end of the line (Figure 27), 
the seismic event of the Prairie evaporite is no longer 
present. Its termination coincides with the interpreted 
faulting in this area. My interpretation is that the 
initial faulting was created by basement tectonics, 
resulting in a migration path for fluids. These fluids 
migrated up the fault zone and subsequently dissolved the 
Prairie evaporite at shot point 390, causing the overlying 
beds to collapse and faulting to continue upwards into 
younger beds. This dissolution of the Prairie salt is 
evident in the majority of the interpreted faults throughout 
the length of the line. The importance of the dissolution 
of the Prairie salt with respect to stratigraphie traps will 
be discussed later.

Reservoir Analysis

The second part of the seismic interpretation involved 
identifying the porous dolomite intervals in the Red River
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Figure 27. Slumping and faulting in the sediments caused by 
basement block movement and dissolution of 
Prairie salt formation.
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and Mission Canyon horizons. Brown and Brown (1987) stated 
that the wrench faulting in the Williston basin was the 
controlling factor for the development of porosity in the 
carbonate beds. They went on to say that wrench faulting 
affected porosity in three ways. First, structural
adjustments on basement blocks can create a 
high-primary-porosity depositional environment. Second, in 
areas where wrench faulting has caused uplift, porosity 
development can occur through solution or erosion. Third, 
recurrent movement of the basement blocks can result in the 
creation of porosity by fracturing the carbonate beds. The 
majority of the work focused on the Red River formation 
because the dolomite facies in the Mission Canyon are 
extremely thin, making identification of porous zones 
extremely difficult.

Identification of porous zones was based on the work 
done by Wallis (1982) who showed that increasing porosity in 
the Red River formation resulted in amplitude and waveform 
changes in the Red River reflector. Figure 28 shows that as 
the porosity increases, a decrease in the seismic impedance 
causes the single spike to change to a doublet and the 
amplitude of the trough increases dramatically. Figure 29 
is a portion of a seismic line across the Goose Lake field 
(Wallis, 1982); between wells 5 and 6 a waveform change 
occurs indicating a change in the porosity, and thus
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outlining a possible stratigraphie trap. This is confirmed 
by the fact that well 5 produced, while well 6 was a dry 
hole.

Using this information, attention focused on amplitude
and waveform changes in the Red River reflector primarily in 
the portion of the line covered by the aeromagnetic survey. 
On the seismic section there are five areas in the Red River 
formation, at shot point locations 350, 820, 845, 890, and
147 5, and one area in the Mission Canyon formation, at shot 
point 1470, where porosity is present. The best example of 
the waveform change in the Red River is at shot point 845 
(Figure 30a). In the close-up of the Red River interval 
(Figure 30b), the single peak splits into a double peak at 
approximately shot point 845, indicating the presence of 
porosity. For the sake of brevity, the other porous zones
at shot points 350, 820, 890, and 1475 will not be
discussed ; however, this same criterion can be applied to 
all the other porous zones indicated in the Red River
formation. One point that is of vital importance is that
the location of these zones is in very close proximity to 
the interpreted wrench faults. This is another indication 
that the tectonics during and after the time of deposition
controlled the development of dolomite facies in the Red
River formation. These porous zones are shown in Figures 
30a, 31, and 3 2.
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Figure 30a. Interpreted faulting and porous zone locations
in the Red River formation.
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Figure 31. Interpreted faulting and porous zone locations
in the Red River formation.
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Figure 32. Interpreted faulting and porous zone locations
in the Red River and Mission Canyon formations
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The Mission Canyon formation is one of the major 
producing horizons in the Williston basin, but, as mentioned 
earlier, only one location in the seismic line has been 
identified as having porosity. The reason why only one
porous zone has been identified is because determining 
amplitude and waveform changes is very difficult as the 
porous intervals in the Mission Canyon are extremely thin 
and do not show up well in the seismic record. This is very 
similar to the problems that occur when trying to identify 
deltaic facies in a seismic record. At shot point 1470
(Figure 32) there is a breakup of the Mission Canyon 
reflector into a low amplitude doublet. Using the same 
criteria as were used for the Red River formation, this 
waveform change may be an indication of porosity 
development.

The idea of dissolution of the Prairie evaporite is 
very important both in the interpretation of the structural 
style of the area and in the creation of porosity in the Red 
River formation. In order for dissolution of the Prairie to 
occur, there must be some path for the fluids to move 
through, which may be used as an indication of dolomite 
development in the Red River formation where no faulting is 
apparent. The idea is that porous dolomite facies in the 
Red River will allow fluids to migrate upward into the 
Prairie salt, thus causing a dissolution feature. Although
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it is very difficult to see such a feature in this seismic 
line, a portion of a seismic line from the Goose Lake field 
study (Wallis, Plate 8, 1982) (Figure 33), shows that two
dissolution features occur in the Prairie salt, which 
directly overlie the dolomitized zones in the Red River 
f ormation.

At shot point 890 (Figure 30a), a porous zone exists in 
the Red River formation and in the overlying Prairie 
formation dissolution of the salt unit has occurred. Thus, 
use of the salt dissolution criterion for evaluating 
potential reservoirs is valid where data is good enough. I 
did try to apply this criterion to the entire seismic line, 
however, the quality of the data in the Red River interval 
over a great portion of the line is not adequate to 
determine very subtle changes in the waveform. Because of 
the quality of the seismic data, I would consider it highly 
risky to drill the Red River based solely on dissolution 
features of the Prairie salt. Perhaps reprocessing the data 
in an effort to better resolve the Red River interval might 
delineate more potential reservoirs.
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Magnetics

Deep Magnetic Sources

Basement tectonics were interpreted using the low-pass 
and band-pass Wiener filtered data which indicate magnetic 
sources at depths of 5 km and 2.7 km respectively. An 
analytic signal map of the low-pass data was used to provide 
support for the interpreted faulting in the basement rock. 
The low-pass magnetic data (Figure 34) displays very strong 
NW-SE trends which are offset by minor NE-SW to N-S directed 
lineations. The features present in the magnetic data are 
very similar to those seen in the regional Bouguer gravity 
map: in both data sets there are dominating NW-SE trends 
offset by minor NE-SW trends. The band-pass magnetic map 
(Figure 35) displays similar characteristics to the low-pass 
map. Once again the strong NW-SE and NE-SW trends dominate 
the data, but in this map the character of the near-basement 
signals are more prevalent and gradient changes related to 
faulting are more apparent. Basement faulting was
interpreted visually based on magnetic gradients seen in the 
low and band-pass magnetic data (Figure 36).

The gridded low-pass magnetic data was used as input to 
the Center’s analytic signal program (ANALY) and the 
resulting analytic signal data was subsequently input into
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Figure 35. Band-pass magnetic data. Contour interval 
5 gammas.
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data. Solid lines: high confidence. Dashed 
lines : lower confidence.
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the ridge picking program <RIDGE). This was done to compare 
the computer-generated fault picks with those interpreted 
visually. The computer-picked basement fault map (Figure
37) supported the location of the visually interpreted 
basement faults. Only minor differences were apparent when 
the analytic signal map was compared with the visual 
tectonic interpretation (Figure 36).

An interesting point concerning the location of the 
interpreted faults is that they correspond very well with 
the location of producing fields in the study area (Figure
38). This information can be used as support for the 
validity of the fault interpretation. The reservoirs in the 
study area are dolomitized facies in the Red River 
(Ordovician, 3,260 m (10,700 ft.)) and the Mission Canyon 
(Mississippian, 2,225 m (7300 ft.)). The Red River is the
main producing horizon and is located very near the top of 
basement. Since dolomitization is caused by either
paleostructural highs at the time of deposition, or 
subsequent fluid movement (Brown and Brown, 1987), both of
which are related to the tectonics of the basin, we expect 
the dolomitized facies to occur very near the location of 
basement faults. In the study area the preceding statement 
is true : the location of producing areas correlate strongly 
with the interpreted basement and near-basement fault 
locations.
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Figure 37. Computer generated fault picks from the low-pass 
magnetic data.
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Basement faults were interpreted as controlling the 
anomalies seen in the low and band-pass magnetic maps, 
rather than by lithology changes within the basement rock. 
The interpreted basement faults (Figure 36) outline the 
major anomalies seen in the magnetic maps and have the same 
general trends as the magnetic data.

Shallow Magnetic Sources

The interpretation of the high-pass magnetic data was 
done primarily on a Landmark workstation. The workstation 
allowed the data to be examined using imaging techniques. 
Grey-tone displays of such high frequency data accentuate 
minor lineations in the data which cannot be detected in a 
standard contour map.

The high-pass magnetic data (Figure 39) displays 
similar lineament orientations to the low-pass magnetic 
data. The noise content of the high-pass magnetic data also 
appears to increase in the southern half of the study area. 
The reason for the increased amplitude of the data may be 
the presence of lignite beds in the near-surface. 
Discussion of the lignite beds as a source of the magnetic 
anomalies will be taken up later in this section.

There are dominating north-south trends in the 
high-pass magnetic map caused by inadequate flight line
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spacing at these spatial frequencies. This creates a 
problem in interpreting north-south lineations in the 
high-pass magnetic map. A method for removing these 
artifacts would be to apply a one-dimensional high-pass 
filter to the actual flight line profiles. However, real 
lineaments with a north-south trend would be removed as
well. Applying a one-dimensional filter would simply 
improve the visual impact of the high-pass map, and enhance 
the lineaments orthogonal to the filter direction. This
marginal improvement was judged to be not worth the effort
involved.

The dominant trends of the lineaments in the high-pass 
map are oriented NW-SE and NE-SW. These trends are present 
throughout the entire study area, although they are much 
more easily seen in the northern portion of the high-pass 
map since the background noise is much lower there. The
dominant, more continuous lineaments have a NW-SE direction, 
while the shorter, segmented lineaments have a predominantly 
NE-SW orientation.

The lineament locations (Figure 40) display the
orthogonally intersecting character of the near surface 
tectonics. Because these near-surface tectonics are similar 
to those of the basement (Figure 36), a link between the 
basement wrench faulting and the structure in the
near-surface sediments can be made. The faulting present in
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the near-surface sedimentary section occurs in the expected 
pattern and orientation for a wrench-fault type tectonic 
setting. Because of the similarity, it can be concluded 
that basement faulting controls all the faulting seen in the 
sedimentary section.

A sedimentation study of the Williston basin was done
by Brown and Brown (1987). A portion of the study focused
on fault orientations related to wrench faulting in the 
Williston basin. Figure 41 displays the results of their 
work. This diagram shows the orientation of faults in the 
sedimentary beds, leading Brown and Brown to conclude that 
wrench-fault tectonics are predominant. The primary fault 
orientations shown in the stress diagram have very good 
correspondence with the fault orientations seen in the 
high-pass magnetic map. This information provides strong 
evidence for the interpreted wrench-fault tectonic style of 
the study area.

In areas where there is substantial oil production
(Figure 38), the amplitude of the residual signal from well
casing after noise suppression still dominates the high-pass 
magnetic signal. Although shallow magnetic bodies may exist 
in these areas, their magnetic signal cannot be separated 
from the cultural noise signal as the spatial frequencies of 
these two sources are very similar. Thus, interpretation of 
potential intrasedimentary magnetic bodies near producing
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Figure 41. Diagram of wrench fault orientations in the
Williston basin. Taken from Brown and Brown, 
1987 .
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regions is impossible, and this work focused on culturally 
quiet areas.

Some of the anomalies seen in the high-pass data
(Figure 39) can be explained by present-day drainage
patterns which may be genetically related to the basement
tectonics. The best example of this is the strong anomaly 
in the west-central area of the map. The shape of this
anomaly is similar to that of a meandering river. When a 
location map of present-day drainage systems (Figure 42) is 
compared to the high-pass magnetic map(Figure 39), the
location of a stream directly corresponds to the location of 
the anomaly. This suggests that this anomaly may be the 
result of detrital magnetite within the fluvial deposits.

The rest of the drainage patterns also have a strong 
correlation with lineaments seen in the high-pass magnetic 
map and provides support for the interpreted tectonics of 
the sedimentary section. It is well known that rivers and 
streams often occur along faults as they provide the path of 
least resistance. Therefore, it can be concluded that some 
of the lineaments seen in the high-pass magnetics, 
especially those associated with present-day drainage 
systems, are related to faulting in the near-surface rocks.

There is an additional potential source which concerns 
the geologic units present in the study area. This source 
is lignite burns in the Fort Union formation (Tertiary).
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The Fort Union formation contains several lignite beds, many 
of which outcrop at the surface in the Williston basin study 
area. At these outcrops, the lignite often burns back into 
the sediments, creating a void. The weight of the overlying 
rock units cause the units to slump, inducing faults which 
act as chimneys to provide oxygen for the burning lignite 
beds. This faulting continues until the overburden is able 
to support itself, usually when the depth of the burn is at 
approximately 30-50 feet, at which point the oxygen supply 
is cut off and the coal burn ceases. Magnetite is formed 
due to the burning of coal seams and can produce magnetic 
anomalies anywhere from 10 to 200 gammas depending on the 
grade of the lignite (personal communication, Bruce Howe, 
April 6, 1990). Several lignite burns have been mapped in
the study area and are one source of the anomalies seen in 
the high-pass magnetic map (coal-burn map of Montana).

The best example of a lignite-burn magnetic anomaly 
coincides with the anomaly of a stream discussed earlier 
(Figure 43). Outcrops of lignite burns have been mapped on 
either side of the stream. On comparing the shape and
extent of the magnetic anomaly with those of the burn, a 
strong correlation exists. The source of the anomaly is 
from both the burn itself as well as the material in the 
stream bed which has been implanted by erosional processes. 
The entire southern half of the study area is riddled with
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surficial lignite burns. The presence of the lignite burns 
may explain why the high-pass magnetic data is more sporadic 
in the south than to the north. However, lignite burns do 
not explain the very regular NW-SE and NE-SW lineaments seen 
in the high-pass magnetic map. These anomalies are more 
likely to be caused by faulting of near-surface sedimentary 
units.

Additional support for the interpreted lineaments in 
the high-pass magnetic map comes from an interpretation of 
the Landsat data which covers the aeromagnetic study area 
(Cooley, 1983). The similarity between the locations and 
trends of the shallow magnetic lineaments (Figure 41) with 
interpreted surface lineations (Figure 44), is apparent. 
This suggests that the anomalies seen in the high-pass 
magnetics are caused by faulting in the near-surface 
sediments. Although the susceptibilities of the
near-surface rocks are unknown, it would be a useful study 
to make near-surface susceptibility measurements and model 
the magnetic response generated where the sedimentary units 
are faulted.
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DISCUSSION AND CONCLUSIONS

Three data sets were used in this study; gravity, 
seismic, and magnetic. Each of these data sets provides
information about different aspects of the geology of the 
Williston basin study area. The gravity and deep magnetic 
data contains information on the tectonic texture of the
Williston basin. Seismic and band-pass magnetic data 
contain information concerning faulting in the sedimentary 
section. The seismic data also provides information about
reservoir development and potential hydrocarbon migration 
paths from the reservoirs to the surface. Finally, the 
shallow magnetic data, along with the Landsat
interpretation, contains information about the near-surface 
tectonics.

The reason for using all three of the data sets is to 
integrate the information contained in each and develop a 
geologic model for the Williston basin study area. This
geologic model, in turn, may give insights as to whether
hydrocarbon seepage is directly related to near-surface 
magnetic anomalies. The first step of the integration
process is to incorporate the three interpretations to 
determine the basement tectonics of the Williston basin 
study area.
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Basement Tectonics

The interpretations of the gravity and deep magnetic
data show the same results. Both data sets indicate
basement block faulting in the Williston basin and the
pattern of the faulting is suggestive of a wrench-fault 
style.

Sedimentary Tectonics

The interpretation of the seismic data indicates 
vertical faulting in the sedimentary section and these 
faults apparently originate in the basement. The patterns 
of the faults produce both positive and negative flower 
structures, which are typically associated with wrench 
faulting.

The features present in the band-pass magnetic data are
very similar to those in the gravity and deep magnetics.
Once again, the band-pass magnetics indicate a
block-faulting pattern which closely coincides with
basement-block faults present in the gravity and deep
magnetic data.

Brown and Brown's study (1987) showed that the pattern 
of sedimentation in the Williston basin indicates wrench 
faulting was active during the time of deposition.
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Surface Tectonics

The high-pass magnetic data also shows block faulting 
with the same pattern as the gravity and deep magnetic data. 
The interpretation of the high-pass magnetic data is 
supported by the interpretation of Landsat imagery (Cooley, 
1983). The location of surface lineaments closely resemble 
those seen in the high-pass magnetic data.

Tectonic Summary

The results of combining all the data sets show that a 
wrench-fault system exists in the Williston basin and has 
been active throughout Phanerozoic time. The near-vertical 
fault and fracture zones in the sedimentary section 
represent potential conduits for fluid movement from deep 
reservoirs. As mentioned earlier, establishing a migration 
path for hydrocarbons to the near surface sediments is a key 
link between the deep reservoirs and the postulated shallow 
magnetic anomalies. Thus, the location and nature of these 
fluid conduits are essential to explaining possible 
intrasedimentary magnetic anomalies. Sedimentary features 
which are evidence for fluid movement are dolomitization 
zones in the deep limestone facies and salt dissolution 
features on both a local and regional scale.
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Implications for Intrasedimentary Magnetic Anomalies

Although all the geologic conditions are in place for 
large quantities of hydrocarbons to travel to the 
near-surface, the magnetic anomalies seen in the high-pass 
magnetic data cannot be explicitly linked to 
intrasedimentary magnetic bodies diagenetically related to 
hydrocarbon seepage. This relationship will remain unknown 
until cores of the near-surface sediments can be examined 
for magnetic minerals and their potential genesis. At this 
point only speculation concerning other possible geologic 
sources can be made.

As mentioned earlier, in areas where there is 
substantial oil production, the amplitude of the residual 
signal from well casing after noise suppression still 
dominates the high-pass magnetic signal. Although shallow 
magnetic bodies may exist in these areas, their magnetic 
signal cannot be separated from the cultural noise signal as
the spatial frequencies of these two sources are very
similar. Thus, interpretation of potential intrasedimentary 
magnetic bodies near producing regions is impossible.

Also mentioned earlier was that some of the shallow 
magnetic lineaments are directly related to present-day
drainage systems. The magnetic mineral producing the
anomalies in the stream beds is probably detrital magnetite
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which has collected in the rivers due to sub-aerial erosion.
The correlation of present-day drainage patterns with 

the shallow magnetic lineaments can be used to suggest that 
paleo-drainage systems are another potential source of the 
anomalies. Information concerning paleo-drainage systems,
however, is unknown and no conclusion as to a correlation 
between the shallow anomalies and paleo-streams can be made. 
Present and paleo-stream systems are two potential sources 
of the magnetic anomalies.

Additionally, lignite burns in the Fort Union formation 
are potential sources for the anomalies seen in the 
high-pass magnetic data. Much of the southern portion of 
the study area is riddled with surficial lignite burns. The 
presence of the lignite burns may explain why the high-pass 
magnetic data is more sporadic in the south than to the 
north. However, lignite burns do not explain the very 
regular NW-SE and NE-SW lineaments seen in the high-pass 
magnetic map. These anomalies are more likely to be caused 
by faulting of near-surface sedimentary units.

A map of the study area showing the oil producing 
regions, the present-day drainage systems, and a generalized 
zone where lignite burns are present is shown in Figure 45. 
Figure 45 clearly shows that only the anomalies in the 
northwestern corner of the study area have potential for
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being diagentically related to hydrocarbon seepage as this 
portion is relatively free of lignite burns, drainage 
systems, and hydrocarbon production. However, minor
horizontal susceptibility contrasts in shallow sedimentary 
rock units can be caused by vertical displacement of the 
sedimentary units due to faulting in the near-surface. 
These minor susceptibility contrasts are a potential source 
of the anomalies seen in the high-pass data. The amplitude 
of these anomalies are less than 1.5 gammas, which is far 
less than the expected amplitude of anomalies caused by 
diagenetic magnetic minerals related to hydrocarbon seepage 
(personal communication, Richard Reynolds, March 12, 1990).

Although the results from this study do not show 
conclusive evidence about the presence of intrasedimentary 
magnetic anomalies diagenetically related to hydrocarbon 
seepage, it may be used as an example to show that high 
resolution magnetics can be a relatively inexpensive tool, 
compared to a 3D seismic survey, for mapping structure not 
only in the basement, but through the entire sedimentary 
section to the very near-surface rocks.
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FUTURE WORK

Additional Geophysical and Geochemical Surveys

Recommendations for future work for the exploration of 
intrasedimentary magnetic anomalies in the Williston basin 
study area include a ground-based magnetic survey, surface 
spectral analysis, and a geochemical survey.

A finely sampled ground-based magnetic survey over 
shallow magnetic anomalies in the northwestern corner of the 
study area and subsequent modeling of the anomalies may 
provide insights to the source of the magnetic signal.

A surface spectral analysis and a geochemical survey 
over the northwestern corner of the study area would show if 
there are any hydrocarbon related minerals in the 
near-surface, which could be linked to the magnetic 
anomalies.

If the results from these additional studies gave 
positive results toward the theory of intrasedimentary 
magnetic anomalies, a coring program should be considered to 
help determine the magnetic source of these anomalies.
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