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ABSTRACT

This study utilizes nearly 2000 km of reflection seismic data which forms a 

pseudo-3D grid over the northern portion of the Williston Basin. The Precambrian 

unconformity is mapped within an area of 25000 km2 after removal of multiple 

interferences by application of the Karhunen-Loeve transform. Experiments designed 

to determine the severity and location ofmultiple reflections within the basement reveal 

that a combination of travel paths between the top of Second White Specks, Bakken, 

and Winnipeg Formations can explain the majority of multiples within the upper 

Precambrian basement. 

The attenuation of multiple reflections allows exploration of the structural setting 

of the Precambrian unconformity and the features within the basement. The 

Precambrian structural map indicates a distinct change in basement character along an 

approximate north-south trend which bisects the study area. Structural features to the 

west of this division are more pronounced, indicating a complex tectonic history in 

relation to the eastern portion of the data coverage. 

The seismic sections which image the upper crust to a depth of 10 km outline 

several prominent features. A number of steeply dipping north-south fault zones are 

identified which seem to be associated with anomalous aeromagnetic signatures. These 

fault zones influence the overlying Precambrian unconformity which, in tum, affects 

the Phanerozoic sediments as recently as the Cretaceous. Slightly east of these major 

fault zones, a band of reflection fabrics dip to the west at 10-15° and appear to be 

associated with the western boundary of a large crustal entity. These dipping reflection 
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fabrics and seismic transparency within the basement of the eastern portion of the 

sections is interpreted as an indication of northward extension of the Dakota block 

within the Trans-Hudson Orogen. 
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CHAPTERl 

INTRODUCTION 

The Williston Basin (Fig. 1.1) is located within the interior of the North 

American continent and is a major intracratonic basin. The fundamental origin of this 

major depression is still unresolved. Buried beneath almost three kilometers of 

sedimentary rock, the Precambrian basement may hold important clues for the 

resolution of this fundamental problem of earth sciences. Known basement structures 

in the northern half of the basin are derived from a suite of Precambrian-penetrating 

well logs and potential data analysis (Kreis and Kent, 2000). The current compilation 

and synthesis of a large grid of seismic data are intended to confirm known structures 

and allow the identification of new trends. It is postulated by several authors (e.g. 

Clement, 1987) that evolution of the basin is controlled by occasional reactivation of 

basement structural elements. This inference is the primary motivating force behind 

this study of the Precambrian basement. The cratonic elements that form the rocks 

beneath the Canadian segment of the basin, the tectonic history of the area, and the 

cratonic boundaries are mainly derived from gravity and magnetic data. The 

consideration of seismic information in the southern portion of the basin may lead to 

more specific subsurface images as indicated by Baird et al. (1996). A better 
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understanding of the influence of this deep structural framework on the overlying 

sedimentary rocks is also a major objective of this investigation. 

To study the basement, seventy-five 2D seismic lines located within the northern 

Williston Basin were acquired through donations by numerous exploration 

organizations (Fig. 1.2). The data form a pseudo-3D grid over the Canadian portion of 

the basin with a rectangular coverage of approximately 25000 km2 
• Utilizing these 

data, the primary purpose of this investigation is to remove multiple reflections 

allowing the properties of the Precambrian unconformity to be explored along with 

anomalous features within the basement. 
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1.1 Precambrian Geology 

North America is a relatively old continent composed of seven distinct Archean 

sub-continents: the Superior, Wyoming, Slave, Nain, Hearne, Rae, and Burwell cratons. 

Each craton is distinguished by its age, internal terranes, and magnetic patterns. The 

cratons are welded together mainly by Early Proterozoic orogens such as the Trans

Hudson. The extent of these two components, Archean and Early Proterozoic, 

approximately split the territory of the North American continent. A portion of the 

Early Proterozoic and Archean rocks are buried beneath the Phanerozoic cover. The 

Precambrian rocks (Fig. 1.3) in the northern part of the Williston Basin, that underlie 

the study area, are limited to the Wyoming craton and the Trans-Hudson orogen, with 

the Superior craton just on the eastern proximity. 

Superior Craton 

The largest craton, the Superior, underlies the majority of eastern Canada. It lies 

along the eastern edge of the Trans-Hudson orogen and is primarily east of the study 

area (Fig. 1.3). Most of the Superior craton was assembled between 2.8 to 2.7 Ga 

through early plate tectonic processes (White et al., 1994), and is composed of east 

trending belts of contrasting lithology. The western margin of the Superior craton is 

defined by truncation of its east-west trending magnetic fabric and by a linear zone of 
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low magnetization that extends from the Thompson belt to a location beneath the 

Williston Basin (Green et al., 1985). 

Trans-Hudson Orogen 

The Trans-Hudson orogen (Hoffman, 1981) is a 1.9 to 1.7 Ga remnant of the 

closure of a global scale ocean in the Early Proterozoic (Hoffman, 1989) which was 

named the Manikewan (Stauffer, 1984). This orogen involves the collision between the 

Wyoming and HearnelRae amalgamated cratons from the west and north-west and the 

Superior craton from the east. It is truncated to the south by the slightly younger 1.8 to 

1.7 Ga Central Plains orogen (Sims and Peterman, 1986). The orogen is buried beneath 

up to three kilometers of sedimentary rock in the study area; therefore, domain 

boundaries are determined primarily from magnetic interpretation. Slightly north of the 

study area, where the rocks are exposed in the shield, the orogen is comprised of four 

domains (Hajnal, 1996). The first component is a narrow eastern boundary zone of the 

Superior craton named the Thompson belt (Bleeker, 1990). The Thompson belt 

includes reworked Archean basement gneisses, subordinate interleaved 

metasedimentary and volcanic rocks interpreted as parautochthonous Proterozoic cover, 

and dismembered ultramafic bodies (Bleeker, 1990). Further west, the Reindeer Zone 

is a broad collage of 1.92 to 1.83 Ga juvenile arc and oceanic terranes (Bickford et al., 

1990), which overlies an Archean block (Lewry et al., 1990) named the Sask craton 

(Ansdell and Norman, 1995; Ashton et al., 1999). Terminal collision of the Reindeer 

Zone with the exotic Archean block and with the Superior craton occurred between 
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1.83 and 1.80 Ga (HajnaI, 2000). Adjacent to this lies the Wathaman batholith, which 

is a 1.86 to 1.85 Ga Andean-type continental margin magmatic arc (Meyer et aI., 1992), 

followed by a reworked margin named the Cree Lake Zone that is comprised of 

amphibolite to granulite facies granitoid orthogneisses, migmatites and minor mafic 

gneisses in Saskatchewan and Manitoba (Bickford et aI., 1994). 

To gain better insight into deep, crustal structure of the Trans-Hudson orogen, 

LITHOPROBE conducted several seismic experiments spanning the orogen near the 

exposed Canadian shield. The following results of the study were reported by Lewry et 

al. (1994). On the eastern end of the line, strong reflections exist in the juvenile 

Reindeer Zone and reworked Archean foreland of the Thompson belt. These seismic 

signatures dip eastward into the middle crust and extend beneath the Superior craton. 

Further to the west is an exotic Archean micro-continent which has no previous 

connection with the Hearne or Superior cratons. West of this micro-continent, highly 

reflective juvenile crustal elements dip westward into the lower crust beneath the 

Wathaman batholith and the Archean Hearne craton. It is suggested that the west 

dipping structures below the Wathaman batholith and reworked Hearne craton may 

reflect subduction polarity. However, on the eastern side of the orogen, eastward 

projection of reflectivity, under the Superior craton, is interpreted as structures resulting 

from terminal collision, with no indication of subduction polarity. An interesting 

observation is that a continuous Moho reflection is present for more than 500 km in the 

western part of the Lithoprobe profiles while a similar COCORP study 700 km to the 

south (Baird et al., 1996) across the North Dakota segment of Trans-Hudson orogen is 

lacking distinct Moho reflections. 
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Although the southern and northern seIsmIC investigations study the same 

orogen, these portions seem to have distinct histories. While the northern segment of 

the Trans-Hudson orogen contains mainly juvenile Proterozoic rocks, with the 

exception of the Sask craton, the southern segment lacks significant accumulations of 

juvenile rocks and contains mainly Archean age assemblages. For example, in the 

southern extension of the Reindeer Zone, Sm-Nd isotopic data obtained from basement 

core samples by Collerson et al. (1988) give ages of3.4 to 2.4 Ga. Contrasting this are 

the Early Proterozoic V-Pb zircon ages from the same cores. The conclusion given 

(Collerson et a!', 1988) is that Archean crust was reworked during the Trans-Hudson 

orogen. Because of the sedimentary cover in the south and the sparse coverage of dated 

Precambrian core, the basement rocks in the area are poorly known. 

The southern basement drill cores show dominant rock types of leucogranite, 

mafic granulite, altered syenite, monzonite, biotite-garnet gneiss, and charnockitic 

tonalite gneiss (Sims et al., 1990). According to Baird et al. (1996), juvenile Early 

Proterozoic terranes characterize the northern Trans-Hudson orogen, but, in the south, 

the limited drill core information reveals predominance of granulitic Archean crust 

(Fig. 1.5). This implies that either most of the juvenile material has been removed by 

erosion or such material was never incorporated in the orogen this far south. 

As an historical example, below 490 latitude, Klasner and King (1986) discuss the 

lithotectonic terranes in the North Dakota segment of the Trans-Hudson orogen based 

on drill hole samples along with gravity and magnetic information. Their area of 

investigation is just south of the Canadian border and is between 960 and 1040 west 

longitude (Fig. 1.4). Area I is interpreted as the Archean continental foreland of the 
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Superior craton. Area II is a part of the crystalline thrust belt where Archean crust has 

been uplifted. Area III is inferred to be an Early Proterozoic suture zone with strongly 

overprinted Archean crust that is sheared and possibly contains hydrated oceanic crust. 

Area IV, analogous to the eastern two thirds of the study area, consists of three parts. 

The eastern most portion is accreted fore arc oceanic metasediments and metavolcanic 

rocks on trend with the Flin Flon - Snow Lake island arc belt rocks to the north (Green 

et aI., 1985). The central portion consists of accreted and uplifted blocks of Archean 

granulites, while the western edge is accreted oceanic island arc volcanic rock or arc

related metasediments. 
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Fig. 1.5 shows an east-west cross-section through the Williston Basin from the 

COCORP seismic lines at approximately 480 latitude (Baird et ai., 1996; Nelson et al., 

1993). There are many similarities between tectonic domains described by Baird et al. 

(1996) and Klasner and King (1986) (Figs. 1.4, 1.5). The Superior craton corresponds 

to area I, the reworked Archean portion corresponds to area II, the Dakota block 

corresponds to area III, the continental arc plutonic rocks correspond to area IV, and the 

Wyoming craton refers to area V. The wedge-shaped Archean mass situated between 

the Dakota block and the Wyoming craton (Fig. 1.5) is referred to as the "Transition 

zone" in this study. 
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Fig, 1,5 Seismic and interpreted section through the Williston Basin (Baird et aI., 1996) 
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Wyoming Craton 

The original name "Wyoming Province" (Engel, 1963) was given to an Archean 

proto-continent, contained entirely within the United States. This definition was based 

on similar high-grade gneiss and deformed granitic intrusive rocks which are mostly 

older than 3.1 Ga. It is unclear whether the province has been coherent since that time, 

or was assembled around 2.9 to 2.6 Ga. (Hoffman, 1989); however, the Wyoming 

province has been relatively stable since the middle Proterozoic (Peterman, 1981; 

Frost, 1993). There has been some anorogenic activity such as the uplift of the 

Sweetgrass arch, Cenozoic magmatism in the Bearpaw and Little Rocky mountains, 

and subsidence in the Phanerozoic of the Williston Basin. Rocks of the Wyoming 

province are inferred mainly from drill cores and geophysical data, but there are a few 

locations where outcrops occur. 

Based on current understanding (Eaton et al., 2000), the Wyoming craton 

includes the Great Falls tectonic zone and the Medicine Hat block. It is a sub-circular 

craton that is bounded to the east by the Trans-Hudson orogen, to the south by the 

Central Plains orogen, to the west by the Cordilleran terranes and to the north by the 

Vulcan structure. 

There has been some dispute on the northern boundary of the Wyoming craton, 

with one idea being that the Great Falls tectonic zone is the northern boundary (0 'Neill 

and Lopez, 1985; Hoffman, 1990; O'Neill, 1998; Dahl et al., 1999; Mueller et ai., 

2002), while another implies that the Vulcan structure, originally discovered by 

Kanasewich et al. (1969), is the northern boundary between the Wyoming and Hearne 
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cratons (Green et aI., 1985; Hoffman, 1988; Cavell et aI., 1993, Boerner et al., 1998; 

Buhlmann et al., 2000, Eaton et ai, 2000, and Lemieux et al., 2000). 

Originally, Karlstrom and Houston (1984) stated that the Wyoming craton was an 

Archean block that was entirely surrounded by Proterozoic rocks, and entirely within 

the United States. Later, Van Schmus and Bickford (1981) placed the eastern boundary 

against the NACP conductivity anomaly, implying that the craton extends into Canada. 

Using aeromagnetic patterns, Green et al. (1985) extended the boundary north to 51°N 

placing the northern boundary in southern Saskatchewan and Alberta. Archean Sm-Nd 

ages from basement core support this conclusion (Frost and Burwash, 1986). 

The eastern edge of the Wyoming craton was originally interpreted by Green et 

al. (1985) using potential field data and basement drill cores. Using seismic data (Fig. 

1.5), Baird et al. (1996) were able to define the eastern edge of the craton and, in the 

process, discovered a remnant Archean fragment, the Dakota block, within the Trans

Hudson orogen. This data also suggest that the eastern edge of the craton dips east, 

under the Trans-Hudson orogen, and the associated seismic images are truncated by 

west dipping reflections of the Dakota block. The material above and between these 

two opposite dipping Archean blocks is mainly continental arc plutonic sequences. 

It was also shown by Baird et al. (1996) that the base of the Wyoming craton has 

a strong Moho reflection, while the base of the Dakota block has a non-reflective 

Moho. Interestingly, results from COCORP (Baird et al., 1996) found that the lower 

crust is not reflective under the Wyoming craton, but is reflective closer to the center of 

the Williston Basin. Latham (1988) suggests this may be possible due to the 

transformation of lower crustal mafic material to eclogite as first proposed by Fowler 
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and Nisbet (1985). This property is not recognized beneath the other North American 

intracratonic basins such as the Michigan (Zhu and Brown, 1986) and Illinois Basins 

(Pratt et al., 1988; McBride et al., 2003). 

Wyoming Craton Northern Boundary 

The Great Falls tectonic zone is of interest because, according to magnetic trends, 

it is possible that the north-eastern extension of this zone is located within the study 

area. As stated earlier, this region is also one of the proposed locations for the northern 

boundary of the Wyoming craton (O'Neill and Lopez, 1985; Hoffman, 1990; O'Neill, 

1998; Dahl et al., 1999; Mueller et al., 2002). Within this scenario, the Medicine Hat 

block located to the north is a separate entity (Fig. 1. 6). The Medicine Hat block, first 

named "Montania" by Deiss (1941) and later, the "Southern Alberta Block", by Dutch 

and Nielsen (1990), is defined by distinctive potential field characteristics and bounded 

by the Vulcan structure to the north and the Great Falls tectonic zone to the south 

(Pilkington et al., 1992). 

Considering surface geology, the Great Falls tectonic zone (0 'Neill and Lopez, 

1985) is a belt of diverse north-east trending geologic features that extend from the 

Idaho batholith in the Cordilleran miogeocline, across thrust belt structures and 

basement rocks of west-central and southwestern Montana, through cratonic rocks of 

central Montana, and into southern Saskatchewan. O'Neill and Lopez (1985) suggest 

that the Great Falls tectonic zone is the northern boundary of the Wyoming craton and a 

pre-Mesoproterozoic suture between the Wyoming and Hearne cratons. This zone 

contains high-angle faults and shear zones that can be traced on the surface for more 
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than 150 lan, had recurrent movement from the middle Proterozoic to Holocene, and 

controlled the intrusion and orientation of Late Cretaceous dikes. According to O'Neill 

and Lopez (1985), recurrent fault movement in this zone and consequent strong 

structural control over igneous intrusions suggest this tectonic zone has influenced the 

tectonic processes in the area from the middle Proterozoic to present. 

Hoffman (1990) states that based on Nd crust formation ages, the Medicine Hat 

block should be considered a part of the Hearne craton. The formation age of 2.8 Ga 

for the southern Hearne craton (Frost and Burwash, 1986) is similar to the 2.9 to 2.8 Ga 

crust formation ages for the Medicine Hat block. The proposed suture, the Vulcan low, 

is defined by east-west trending aeromagnetic and gravity anomalies (Eaton et al., 

1999). This suture has an age of 2.7 to 2.6 Ga which is similar to the ages of the 

Hearne craton and Medicine Hat block. Rocks within the Great Falls tectonic zone 

have an age of 1.8 Ga which would suggest that collision between the Medicine Hat 

block and the Wyoming craton occurred after the amalgamation of the Hearne craton 

and the Medicine Hat block (Peterman and Futa, 1987). 

More recently, Mueller et al. (2002) obtained V-Pb zircon ages from within the 

Great Falls tectonic zone (Fig. 1.6) that yielded Paleoproterozoic ages of 1.865 Ga. 

The rocks show an overall calc-alkaline affinity and the depletion in high field strength 

elements typical of convergent margins. Whole rock Sm-Nd data and a lack of 

premagmatic zircons indicate the magmas were derived from a depleted mantle source, 

not from older crust. This suggests that some of the rock from within the Great Falls 

tectonic zone originated at a convergent margin which developed during the closure of 

an ocean basin along the north-western margin of the Wyoming craton 1.9 Ga. 
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Fig. 1.6 Precambrian Crustal entities (Mueller et aI., 2002). 
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Dahl et al. (1999) claim that based on new 4°ArP9Ar mica dates, the Wyoming 

craton was a separate entity prior to the Trans-Hudson orogeny. They suggest the 

Hearne and Wyoming cratons were once separate continents that were welded to each 

other and to the Superior craton through the distinct Early Proterozoic orogenies. 

Conversely, there are several authors including Boerner et al. (1998) and Green 

et al. (1985) who place the northern boundary of the Wyoming craton near the Vulcan 

low. They suggest that the Great Falls tectonic zone was tectonically active at 1.8 Ga, 

but this tectonic event was simply a reactivation of an Archean intracontinental shear 

zone rather than a Proterozoic suture between the Wyoming province and Medicine Hat 

block. An important piece of evidence is that this zone lacks a collinear magmatic arc, 

implying the Hearne-Wyoming collision did not involve subduction of oceanic 

lithosphere. Also, electromagnetic surveys (Boerner et al., 1998) do not detect 

anomalies which are characteristic of ancient plate-edge foreland basins, although there 

is a weak conductivity anomaly at twenty kilometers depth. 

Similar to the above conclusions, Buhlmann et al. (2000) also suggest the 

Wyoming craton extends into southern Alberta and Saskatchewan, includes the 

Medicine Hat block, and that the Great Falls tectonic zone does not represent a 

Proterozoic suture of two Archean blocks. The main piece of evidence includes 

geochemical data for Milk River minettes which provide evidence for a history of 

mantle underneath the Medicine Hat block, similar to that found under the Wyoming 

craton. Xenoliths of garnet granulite with U-Pb zircon ages of 1.7 to 1.8 Ga indicate 

the lower crust was reheated, or underplated by a major Proterozoic thermal event 

(Davis et al., 1995). 
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Lemieux et al. (2000), using potential fields and regional seismic, propose that 

there was a Late Archean formation of the Medicine Hat block crust by continental 

collision of two Archean domains. There was also Early Proterozoic crustal shortening 

associated with the formation of the Vulcan structure and post collisional underplating 

beneath the Medicine Hat block, which was coincident with the development of the 

Trans-Hudson orogen. 

SAREX (Clowes et al., 2002) and the Deep Probe experiment (Gorman et al., 

2002) involved 460 and 3000 km seismic lines extending from Great Slave Lake to 

southern Alberta and into southern New Mexico. These experiments reveal that, 

seismically, the Medicine Hat block appears to be a different Archean cratonic entity, 

separate from the Hearne and Wyoming cratons. Based on seismic signatures in the 

upper and lower crust and north-dipping upper mantle reflectors corresponding to the 

north and south boundaries of the Medicine Hat block, this block can be differentiated. 

A history beginning with the subduction of the Wyoming province under the Medicine 

Hat block followed by subduction of the Medicine Hat block under the Hearne is 

proposed in Fig. 1. 7. According to Gorman et al. (2002), these events occurred in the 

Archean, followed by a Proterozoic underplating of the Wyoming and Medicine Hat 

block crust. 
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Fig. 1.7 Tectonic assemblage ofwestern North America. Wyoming province (W), 
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et aI., 2002). 
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NACP Conductivity Anomaly 

The current best recognized evidence for the North American Central Plains 

conductivity anomaly, or NACP, is provided in Fig. 1.4. This anomaly, of which part 

is located within the study area, was first realized by Reitzel et al. (1970) after analysis 

of geomagnetic depth sounding (GDS) data acquired in 1967. One highly anomalous 

station located in western Nebraska showed abnonnally large values for both the 

vertical (Hz) and east (Hy) component of the magnetic field data. 

This deviant station aroused interest and several soundings were perfonned to 

investigate the feature. An array by Camfield et al. (1970) was designed to investigate 

the single anomalous station discovered by Reitzel et al. (1970). They discovered a 

large and narrow anomaly that existed below the Black Hills of South Dakota and 

extended northward along the boundary between Montana and North Dakota. This 

anomaly was coined the North American Central Plains conductivity anomaly and was 

attributed to a graphitic schist body in the basement. The NACP was modeled by 

Porath et al. (1971) and their results suggested that the anomaly could be due to a body 

30 km wide, 3 km thick, and at a depth of2 km. 

In 1972, a major 41 station geomagnetic depth sounding was undertaken by Alabi 

et al. (1975) which focused solely on defining the NACP. The data showed the 

anomaly to exist in a north-south orientation extending from the southern Rockies to 

the exposed shield (Camfield and Gough, 1975). Alabi et al. (1975) suggested the 

NACP was the result of a major suture in the basement and was evidenced by 
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correlating faults in the Wollaston fold belt to a metamorphic belt in the Black Hills 

mapped by Lidiak (1971). 

After more investigation, Camfield and Gough (1977) proposed that the NACP 

outlines a Proterozoic plate boundary which extends below the Phanerozoic sediments 

of the Central Plains of North America for a distance of approximately 1800 km, and 

the proposed cause of the anomaly was graphitic sheets in folded, metamorphosed 

basement rocks. Discovery of the longest conductivity anomaly in the world no doubt 

influenced the discovery of the Trans-Hudson orogen several years later (Hoffman, 

1981). 

In an attempt to define the location of the NACP in the exposed basement rocks 

in northern Saskatchewan, Handa and Camfield (1984) conducted a geomagnetic depth 

sounding across the Wollaston Fold Belt. Much to their surprise, the anomaly was 

actually located further east, within the La Ronge domain of the Trans-Hudson orogen. 

Studies of the NACP evolved to incorporate magnetotelluric surveys. The first 

authors to apply this type of experiment to the NACP were Jones and Savage (1986). 

They moved a segment of the original location of the anomaly 75 km east in southern 

Saskatchewan indicating that it actually lies under the Trans-Hudson orogen. The new 

position locates the anomaly below the Weyburn high heat flow anomaly found by 

Majorowicz et al. (1986). Based on seismic refraction data in the same general location 

(Hajnal et al., 1984), the NACP does not appear to have a seismic response. Gough 

(1989) suggested there are perhaps two anomalies at different depths and different 

locations: the first, at the location suggested by Alabi et al. (1975) and the second, at 
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the location proposed by Jones and Savage (1986). Consequent studies by Jones and 

Craven (1990) would eventually disprove this notion. 

Jones and Craven (1990) conducted several magnetotelluric surveys across the 

NACP conductivity anomaly and found it was not a continuous conductor, and that it 

was offset to the west in central Saskatchewan at 51 0 north latitude. These results also 

agree with Thomas et al. (1987) and Rankin and Pascal (1990) that the NACP may be a 

response due to a series of discontinuous conductors, and the anomaly could not have 

been resolved properly by the coarse spacing of the magnetometer stations. 

In 1992, magnetotelluric data was recorded by Lithoprobe along the Trans

Hudson orogen transect in northern Saskatchewan. Results from this data, according to 

Jones et al. (1993), show that the NACP is associated with mineralization in the 

western La Ronge Domain. It lies above a bright west-dipping reflector (Guncoat 

Thrust) that was observed on seismic data acquired at the same location, and stops 

beneath the surface expression of the Needle Falls Shear Zone. The Guncoat Thrust is 

interpreted to be a late-compressional feature located below the Rottenstone Domain 

and the Wathaman batholith. 

Conductivity studies of rock samples from the western La Ronge Belt (Jones et 

aI., 1997) indicate that sulfides migrated into fold hinges during compression and are 

interconnected along strike but not across strike. This mineralization leads to very high 

electrical anomalies and anisotropy, causing the NACP (Jones et al., 1997). 
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Precambrian Tectonics 

It is difficult to determine the exact sequence of events that created the basement 

of North America in the region of current interest (Fig. 1.8). However, several timing 

clues have been left behind. By taking these clues into consideration and modifYing the 

accretionary history given by Gorman et al. (2002), it may be possible to reconstruct 

the various positions of the individual cratons with respect to each other at various 

points in time. Based on age dates, the Wyoming province, Hearne province, and 

Medicine Hat block are likely distinct entities in the early Archean with the Wyoming 

province being the oldest and the Hearne craton the youngest. Collision occurred first 

between the Wyoming province and Medicine Hat block followed by collision of this 

amalgamated crustal block with the Hearne province in the late Archean. The only 

evidence for subduction along these boundaries is the north dipping reflectors that are 

likely remnant ancient subduction zones (Fig. 1. 7). It is possible in a low oxygen 

environment, that the oceanic plate material did not become conductive (Gorman et aI., 

2002). The presence of the NACP conductivity anomaly along the entire eastern edge 

of this combined continental mass supports this inference. There is evidence for rifting 

along the eastern margin of the Wyoming province 2.15 Ga (Harlan et al., 2003). This 

rifting is also seen by Gorman et al. (2002) and Klasner and King (1990) indicated by 

rift-related metasediments in the Black Hills. This suggests that either the Wyoming 
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and Superior cratons were adjacent 2.17 Ga (Harlan et al., 2003), or the rifting could be 

part of a back-arc basin. 
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Dahl et al. (1999) prefer the former based on their own investigations and those 

by Roscoe and Card (1993). Roscoe and Card (1993) noted similarities between the 

Early Proterozoic Huronian Supergroup which lies along the southern margin of the 

Superior craton and the Snowy Pass Supergroup which lies along the southern margin 

of the Wyoming craton. They state that at one time, these now separated passive 

margin sedimentary assemblages were deposited in the same basin. This led to the 

hypothesis that the Wyoming craton was once adjacent to the area now occupied by the 

Keweenawan rift and Penokean orogen, later becoming rifted, then rotated at 2.15 Ga. 

Dahl et al. (1999) build on these suggestions and propose that terminal collision of the 

northern segment occurred before that of the southern segment, and after the Wyoming 

craton separated from the Superior, it collided with the Hearne craton along the Great 

Falls tectonic zone. 

Many tectonic models have been proposed over the years, and there are 

arguments for and against each idea. In most cases, as in the region of the southern 

Trans-Hudson orogen, it comes down to where the northern boundary of the Wyoming 

craton is believed to lie: the Great Falls tectonic zone or the Vulcan structure. 

1.2 Phanerozoic Geology 

The main topic of this thesis deals with the rocks of the Precambrian, but 

throughout time, these rocks have influenced younger sediments above them. 

Evidences for basement involvement were recognized in earlier investigations (Kent, 

28



1987). The Williston Basin is part of the Western Canadian Sedimentary Basin, and its 

Phanerozoic rocks can be classified based on the unconformity bounded transgressive 

and regressive stratigraphic sequences (Fig. 1.9) first proposed by Sloss (1963). 

Sedimentary rocks starting with the Sauk through to the Tejas sequence are present in 

the basin (Gerhard et a!', 1982). On an even larger scale, the rocks of the Williston 

Basin consist of two main portions: a lower section composed primarily of carbonates 

and evaporites and an upper section composed predominantly of clastics (Fig. 1.10). 

The following is a summary based on the reviews presented by Porter et al. (1982), 

Sloss (1988), and Gerhard et al. (1990). 

Sauk Sequence 

The Sauk is the oldest stratigraphic sequence and marks the beginning of 

Phanerozoic deposition in the Williston Basin. This sequence exists for more than 150 

Ma and includes those rocks lying above an unconformity as old as the Late 

Proterozoic Windemere Group and below the sub-Tippecanoe unconformity. In the 

Williston Basin, this sequence includes strata from the Deadwood Formation which 

was deposited during the Late Cambrian and Early Ordovician. 

At the time of deposition, the Precambrian surface was quite irregular, and the 

strata thinned over Precambrian highs. The sediment deposits were mainly quartzite 

and conglomerate with grain size generally increasing to the east with sedimentation 

occurring during transgression into an indentation in the Cordilleran shelf. 
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During a regression, the Deadwood Fonnation partly eroded between the Sauk 

and Tippecanoe sequences. It is interesting that at this time, Deadwood strata show no 

evidence of basin subsidence, which does not become apparent until the Late 

Ordovician. 

Tippecanoe Sequence 

This sequence is comprised of rocks from the Ordovician to Silurian time. The 

oldest rocks are those of the Winnipeg Group and are composed of sandstones and 

shales. During this time, the Williston Basin was taking shape, but had openings to the 

southwest and the southeast (Fig. 1.11). 
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Deposition of the Red River Formation marks the beginning of major carbonate 

deposition in the basin. The Lower Red River rocks are composed of repetitive cycles 

of organic rich, partly dolomitized fossiliferous limestone and burrowed mudstone. 

The Upper Red River rocks consist of cycles of shallow-marine to sabkha deposits. 

These rocks were followed by shale and peritidal carbonates of the Stony Mountain and 

Stonewall Formations. Next in the deposition sequence was the Interlake Formation. It 

was deposited on a broad basinal shelf with a definite increase in strata deposition 

within the Williston Basin. Most of the major structures, that will be discussed later, 

were present by the end of the Tippecanoe sequence. 

Lower Kaskaskia Sequence 

The Kaskaskia sequence is divided into two distinct sub-sequences based on the 

occurrence of an unconformity related to sea level drop. The Lower Kaskaskia 

sequence was deposited during Middle and Upper Devonian time, and contains rocks 

from the Ashern Formation to the bottom of the Bakken Formation. This sequence 

contains the carbonate rocks of the Winnipegosis, Dawson Bay, Souris River, 

Duperow, and Birdbear Formations along with evaporites of the Prairie Formation and 

clastics of the Three Forks Formation. 

Tippecanoe sedimentation was greatest within the Williston Basin, but the uplift 

of the Transcontinental arch on the south margin of the basin at the start of the 

sequence changed the maximum sedimentation depocenter to the Elk Point Basin of 
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northwestern Saskatchewan and tilted the basin to the north-northwest (Fig. 1.11). This 

closed the marine connection with the Cordilleran shelf and allowed the Williston 

Basin to join the Elk Point Basin. Later, subsidence of the arch relocated maximum 

deposition back to the Williston Basin. 

Multi-stage dissolution of the Prairie Formation in certain areas has caused 

collapse of overlying strata, and it will be shown later that there IS a relation to 

basement movement. 

Upper Kaskaskia Sequence 

The Upper Kaskaskia Sequence was deposited during Mississippian and very 

Upper Devonian time. The majority of oil in the Williston Basin has been found within 

this sequence. Rapid sea-level rise brought deposition of the Bakken Formation which 

is a black shale and siltstone unit. The rocks in this sequence were deposited in a cycle 

of rapid transgression and slow progradation. Progradation of evaporites into the 

carbonate basin formed updip traps responsible for much of the oil production in the 

northern Williston Basin. 

Structural deformation in southern North America caused major erosion to occur 

at the end of the Mississippian, especially erosion of major anticlinal structures. With 

central basin deposition re-established through the central Montana trough, the 

connection to the Cordilleran shelfwas completed (Fig. 1.11). 
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Fig. 1.11 Diagrams showing basin communication and sedimentation patterns during 
the (A) Tippecanoe Sequence, (B) lower Kaskaskia sequence, (C) upper Kaskaskia 

sequence, and (D) Absaroka sequence (Gerhard et aI., 1990). 
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Absaroka Sequence 

The Absaroka Sequence was deposited from the Pennsylvanian through to the 

end of the Triassic. It denotes a major change in depositional patterns in the basin. 

Tectonism during the Pennsylvanian was evident along with decreased rate of basin 

subsidence, and deposition of siliciclastic sediments from erosion of the ancestral 

Rocky Mountains. Depositional environments at this time were a combination of 

clastics, marginal-marine, and evaporite sediments. Circulation in the basin became 

restricted during this sequence and the result was prograding evaporite sedimentation. 

Zuni Sequence 

The Zuni Sequence was deposited during the Jurassic, Cretaceous, and most of 

the Tertiary. Early sediments consisted of siliciclastics, carbonates, and salt. Jurassic 

rocks contain porous oolitic limestone banks, while rocks in the late Jurassic are 

siltstones, shales, and calcareous sandstones with freshwater and marine limestones. 

Transgression brought new sediments of the Cretaceous, deposited over an 

unconformable surface. Rocks of the Cretaceous are related to a pre-laramide sea-level 

cycle. 

The upper Zuni Sequence deposition reveals, to a lesser degree, a subsiding 

Williston Basin. There is some thickening, but past subsidence seems to have been 

much greater. 
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Tejas Sequence 

Rocks of the Tejas Sequence were deposited from the Late Tertiary to present. 

There are not many occurrences of this sequence in the Williston Basin except for 

several small intrusions near the Black Hills. Erosion and glaciation have altered rocks 

of this sequence from their original state. By this time, the Williston Basin had become 

tectonically inactive. 

1.3 Structures 

The name "Williston Basin" was first introduced in a publication in the year 1924 

by C.E. Dobbin, but its existence is attributed to W. Taylor Thom Jr. who discovered 

fossil corrals exposed along the banks of the Cannonball River in South Dakota 

(Biuemie, 2001). It was concluded that the area must have been at the bottom of a sea 

at some stage of the past. 

Today, the term Williston Basin is applied to all Phanerozoic rocks in the 

Dakotas, eastern Montana, southern Saskatchewan, and western Manitoba (Kent and 

Christopher, 1994). Structurally, it is an ellipsoidal depression centered in North 

Dakota with edges being the -1500 m contour on the Precambrian basement 

(Christopher et ai., 1973). This gives the basin a 560 km diameter, 4.9 km maximum 

Phanerozoic rock thickness, and an area of250 000 km2 
• 
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There are many structures, both regional and local, that exist or have existed, 

within or adjacent to the Williston Basin. These structures playa vital role in the 

history of the Williston Basin and the Western Canadian Sedimentary Basin in general. 

Some structures are small and local to the basin, while others are regional and had a 

massive impact on sedimentation patterns. The following discussion will cover both 

regional and local structures within and surrounding the Williston Basin. It is 

worthwhile to note that the majority of local structures exist south of the Canadian 

border. While there are many boreholes in the Canadian portion of the basin, structures 

have never been defined using a pseudo-3D framework of 2D seismic lines. The results 

will be shown later in the interpretation section. 

Regional Structures 

There are several regional structures on the order of hundreds of kilometers that 

surround the Williston Basin and form a discontinuous ring of intracratonic arches 

(Caldwell, 1987). Some of these have influenced the basin while others have not. 

Most of the cratonic arches in Fig. 1.12, and the Williston Basin itself, only began to 

emerge after the Sauk sequence had been deposited (Porter et al., 1982). There are 

several different versions of the border of the basin, and Fig. 1.12 would be considered 

to be on the larger side. 

Several arches directly surround the basin (Porter et al., 1982). The most 

important being the Sweetgrass Arch of northern Montana and southeastern Alberta. 

This arch has been active at several different times during the Phanerozoic and greatly 
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influenced sediment deposition. The south-west trending North Battleford Arch of 

west-central Saskatchewan is a continuation of the Sweetgrass Arch. A smaller arch to 

the east is the east-west trending Punnichy Arch of central Saskatchewan. This arch 

was defined in the Jurassic by Christopher (2000). The arch to the north-east is the 

Severn Arch of Manitoba followed by· the Transcontinental Arch to the south-east. 

Lastly, bordering the Williston Basin to the south is the Sioux Arch of the Dakotas. 

When looking at the northern Williston Basin it seems evident that the majority 

of structures, faults, and lineaments form a NW-SE or a NE-SW pattern (Thomas, 

1974; Brown and Brown, 1987; Stauffer and Gendzwill, 1987; Gerhard et al., 1990, 

Kreis and Kent, 2000). Similarly, the river systems follow this general configuration in 

the study area. Andrew et al. (1991), conducting a seismic, aeromagnetic, and 

lineament study in the extreme north-east comer of Montana, derived comparable 

conclusions. Most of the authors attribute this structural framework to the effects of the 

Laramide orogeny. However, when looking at the larger regional scale, as evidenced 

by the cratonic arches and the basin itself, there is a primary sense of sphericity to the 

basin and its structures (Redly and Hajnal, 1995) with a secondary imprint of the NW

SE and NE-SW elements. This large scale view of the structural trends gives a sense of 

radiality to structures within the basin. 
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1. SWEETGRASS 
2. WESTERN ALBERT A 
3. PEACE RIVER 
4. TATHLINA 
5. SEVERN 
6. CAPE HENRIETTA MARIA 
7. WISCONSIN 
8. TRANSCONTtNENT AL 
9. SIOUX 

10. CEDAR CREEK-BAKER-GLENDIVE 
11. CENTRAL MONTANA 
12. MONTANIA 

teD RANGE OF CRATONIC ARCH 
f ACTIVITY 

Fig. 1.12 Regional cratonic arches in relation to the Williston Basin (Porter et aI., 
1982). 
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The Missouri Coteau (Todd, 1885) is a regional, elevated plateau of land that 

extends from south-central Saskatchewan into North Dakota. There have been several 

hypotheses regarding the origin of the coteau. Flint (1955) proposed that lateral erosion 

by glacier ice helped form the coteau, while Lemke (1960) suggested that a synclinal 

valley existed from northwest to southeast with the Missouri Escarpment on one side 

and the Turtle and Moose Mountains on the other (Fig. 1.13). Meanwhile, Erickson 

(1970) thought the edge of the Missouri Coteau may be the expression of a major 

transcurrent fault. Clausen (1987) agrees with the first two conclusions, in that erosion 

by ice and large volumes of meltwater widened originally narrow river valleys into 

extremely wide "U" shaped glacial troughs with the Missouri Escarpment representing 

the west wall and the Moose and Turtle Mountains along with the Prairie Coteau 

representing the more eroded eastern wall of one of these river valleys. 

The present day surface signature of the Missouri Coteau is located several 

kilometers west of a similar Upper Cretaceous feature mapped (Fig. 1.14) by 

Christopher and Yurkowski (2003). The subsurface clinoform's downlap is to the 

north-east at less than 2°. The Upper Cretaceous feature is an erosional unconformity 

between the Milk River and Lea Park Formations with erosional relief being 

approximately 200 m from the top to the bottom of the escarpment (Christopher and 

Yurkowski, 2003). 
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Local Structures 

On a smaller scale, there are many local structures that are important within the 

Williston Basin. From Fig. 1.15 it is obvious the majority of local structures within the 

Williston Basin are either radial toward the basin centre or parallel to the basement 

contours. 

The Nesson Anticline is structurally one of the most visible and well imaged 

subsurface structures in the basin because of its immediate vicinity to a number of 

significant hydrocarbon reservoirs (Lefever et aI., 1987). This elongated north-south 

structure is a basement high in the center of the basin. It extends for 175 Ian from just 

south of the Canada-United States border to the Killdeer Mountains (Lefever et ai., 

1987). Movement of the anticline seems to have been episodic with most of the 

movement in the Devonian. 
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Fig. 1.15 Some of the local structures in the Williston Basin. (1) Flat Lake, (2) Dwyer,
(3) Catwalk, (4) Mondak, (5) Stanley, (6) Raymond, (7) Cedar Creek, (8) Glenburn, (9)

Haas, (10) Bottineau trend, (11) Burleigh high, (12) Rocanville trend, (13) Nesson
anticline, (14) Des Lacs trend, (15) Towner anticline, (16) KacKobee, (17) Bismarck

Williston lineament, (18) Richardton high, (19) Little Knife anticline, (20) Rough Rider
anticline, (21) Billings anticline, (22) Knutson anticline, (23) Bowman nose, (24)
Poplar dome, (25) Outlook, (26) Roncott anticline, and (27) Hummingbird trough

(Gerhard et aI., 1990).
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The structures in Fig. 1.15 are primarily either radial or circular folds and are a 

consequence of basin subsidence. One of the most prominent circular folds is the 

Cedar Creek anticline (1). Oil was first discovered in 1936 on the northwest end of the 

anticline (Anderson et al., 1982). According to Clement (1987), the fold developed 

through a series of recurrent tectonic movements during four periods from the early 

Paleozoic to the middle Tertiary. 

The majority of the remaining radial structures in Fig. 1.15 are actually plunging 

anticlines. This has been no secret as the oil industry has been drilling these targets for 

years (McCaslin, 1982; Potter and St. Onge, 1991). The Rough Rider (20), Billings 

(21), and Knutson anticlines (22) are described by Lefever and Crashell (1991) to be 

northward plunging asymmetric anticlines. 

The Hummingbird and South Regina troughs (27) are an area where there has 

been almost complete removal of the Prairie Evaporite salt. Fig. 1.16 labels the eastern 

portion of the no-salt area to be the Regina Hummingbird trough. To be more specific, 

this can be divided into two parts: the north segment being the Regina trough while 

southern part of this is the south-east trending Hummingbird trough. Christopher 

(1961) recognized the eastern boundary of this salt collapse using a structure map of the 

top of the Torquay Formation and named it the Elbow-Hummingbird monoclinal 

flexure. Further west of the Hummingbird trough is a salt remnant called the Roncott 

anticlinorium. Interestingly, most of the Holocene seismicity within the Williston 

Basin originated from the collapse of overlying strata as a result of dissolved Prairie 

Formation (Horner and Hasegawa, 1978). Homer and Hasegawa (1978) also note 
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there is a general relation between observed seismicity and the more structurally 

disturbed areas of the Precambrian basement. 

Much of the salt-free area, shown in white in Fig. 1.16, overlies the Swift 

Current platform (Kent, 1987). The Swift Current platform is part of the Wyoming 

craton and has, on occasion, acted as a structural appendage to the Sweetgrass arch. At 

times it was a topographically positive area over which sediments were thinned, while 

at other times, it was sufficiently positive to act either as part of a low lying hinterland 

to which sediment was accreted or as an area undergoing dissection by valley erosion 

(Kent, 1987). The Swift Current platform could most certainly be considered a regional 

structure, but this platform contains many local structures. These small structures are 

located out of the study area, but are covered in detail by Zhu (1992). Kent (1974) 

proposes that these basement-controlled structures were the sites of initial salt solution. 

There are also several anomalous structures within the basin that are believed to 

be meteorite impact structures. These include the Viewfield structure in south-eastern 

Saskatchewan (T7R8W2M) (Sawatzky, 1972), the Hartney structure in south-western 

Manitoba, (T5R24WIM) (Sawatzky, 1974), the Red Wing Creek structure in North 

Dakota (T148N-I0IW) (Sawatzky, 1974), and the Newporte structure which is about 10 

km south of the Canada-United States border (TIRIW2M) (Donofrio, 1981; Gerlach et 

al.,1995). 
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Fig. 1.16 Spatial correlation between observed seismicity and distribution of the Prairie
Evaporite (Homer and Hasegawa, 1978).
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1.4 Williston Basin Subsidence 

Many subsidence models have been proposed over the years in an attempt to 

explain the mysterious bowl-shaped geometry of the Williston Basin (e.g. Nisbet and 

Fowler, 1984). A recent review is given by Redly (1998), and the basic models can be 

placed into five categories: models based on lithospheric extension and thermal 

contraction, models based on crustal and mantle phase changes, models based on 

changes of in-plane stress and tectonic rejuvenation, models with convective 

instabilities, and passive models (Redly, 1998). Much work has been performed with 

the intent to explain subsidence of the basin, but none of the models are able to 

completely explain all the characteristics ofbasin subsidence. 
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CHAPTER 2 

DATA PROCESSING 

Seismic data processing is the foundation on which this thesis is based. The 

available seventy-five seismic lines are donations of three oil companies and cover a 

significant portion of the northern Williston Basin. Processing the seismic lines is a 

very time consuming operation because of the sheer volume of information, the many 

different vintages of data, and the variability of tape formats. The seismic data are 

acquired in three different decades, the 70's, 80's, and 90's generating field data 

according to the technology of the day such as the SEG-B, SEG-Y, and SEG-D 

formats. Different sources were utilized, including dynamite, vibroseis, and air-gun. 

The majority of records are three seconds in length and contain 120 receivers per shot. 

The Precambrian basement unconformity occurs at approximately 1300 ms in the 

northern extremity of the study area and falls to nearly 2000 ms near the United States 

border. Thus, there is sufficient information below the basement to observe reflections 

on data which is recorded for 3000 ms. 

The main focus of the processing In this study is to remove multiple 

interferences, so the basement reflector, and any sub-basement seismic signals, may be 

interpreted correctly. Proper migration of dipping events within the Precambrian 
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basement is also a priority and investigated accordingly. Since multiple contamination 

is a major concern of this study, a comprehensive review is given regarding their 

properties, complexities, and techniques for their elimination, followed by a discussion 

regarding the processing steps utilized to achieve the final seismic sections. 

2.1 Multiples 

The goal of this section is to investigate the nature and properties of multiples, 

and to look at methods for their removal from seismic data. Multiples are a variety of 

reverberation, generated between the subsurface discontinuities, that often obscure 

primary reflections. The chaotic nature of multiples is organized by grouping of 

multiples into long-path and short-path. Long-path multiples produce periodic, 

separate events on a seismic trace, meanwhile, short-path multiples tend to simply 

lengthen the pulse of the corresponding primary. 

The type of multiple attenuation technique chosen is data dependent. If 

periodicity is evident in the autocorrelation, predictive deconvolution should be 

applied. If there is sufficient moveout, greater than 50 ms at far offset (Russell et al., 

1990), then one of the many techniques based on separability should be tested. These 

methods are plagued by the inability to separate the primaries from multiples at near 

offsets. The Radon transform avoids this problem by mapping the primaries and 

multiples into different space based on intercept time and ray parameter. In the case 

where there is very little difference in moveout between primaries and multiples, 
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depending on the situation, one of the wavefield prediction and subtraction methods 

should be attempted. 

Seismic data provide a glimpse into the subsurface geology, but they are not able 

to generate a perfect picture because of seismic noise. The terms signal and noise are 

used frequently in geophysics. In general, signal refers to an event or events on a 

seismic record which we want to invert to geologic information. Meanwhile, noise is 

all other events that geophysicists are not interested in. Noise is detrimental to 

geophysicists because, in most cases, it tends to hide or distort the reflections of 

interest. One of the main goals of seismic data processing is to enhance this signal and 

reduce the unwanted noise or to increase the signal to noise ratio. Noise has been 

categorized into two main groups: coherent and incoherent noise. Coherent noise 

includes reverberations, multiples, and linear noise such as ground roll, guided waves, 

and side scatters. Incoherent, or random noise includes temporal and spatially random 

noise that is uncorrelated from trace to trace. Since multiples are considered a coherent 

type ofnoise, a brief overview of this type of seismic noise is appropriate. 

2.1.1 Coherent Noise 

In general, coherent noise is an unwanted signal that can be correlated from trace 

to trace. There are many ways in which this type of noise manifests itself on a seismic 

shot record. Coherent noise can appear as both linear and non-linear events. Multiples 

are coherent, but an important fact categorizing multiples slightly different from other 
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types of coherent noise is all types of coherent noise travel more or less horizontally, 

while multiples travel vertically. 

One of the most common types of coherent linear noise is ground roll. This 

dispersive Rayleigh wave has a low group velocity, low frequency, and high amplitude. 

The amplitude is so high it often overwhelms the smaller-amplitude reflections, 

however, ground roll can be eliminated with proper survey design. 

In marine data, energy from the source is repeatedly reflected off the seabed and 

sea surface. These are called water layer reverberations and are comparable in 

amplitude to the primary because of the high reflection coefficients of the involved 

interfaces. 

Guided waves are energy that becomes trapped in low-velocity layers. These 

waves travel in the horizontal direction and are dispersive. Most often, muting on the 

CMP gathers eliminates them, but because guided waves are dispersive, there are 

sometimes different sections of guided waves. In this case, muting in the f - k domain 

is performed. 

Side-scattered energy is most often encountered in marine data. This energy has 

a large moveout depending on the position of the point source that acts as a scatterer. 

The analog to this in land data is the diffraction. Diffractions can be generated by 

several types ofpoint scatterers such as faults. 

On shot records, head waves are almost always followed by one or more parallel 

events called shingling. Shingling can occur in three main cases (Sheriff and Geldart, 

1995). First, as shown in Fig. 2.1, energy that departs from the refractor can be 

reflected back by a parallel bed one or more times. This has the effect of reducing 
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energy of the head wave and creating delayed head waves. The second instance in 

which shingling originates is when waves reflect within the refractor. Obviously, this 

too adds to the wave train. Lastly, when there is a velocity gradient in the refractor, 

diving waves are produced which add to the wave train and enhance the head wave. 

Another rare type of coherent noise is the reflected refraction. This multiple can 

take on any number of forms depending on the acoustic environment. Once the 

refracted ray returns to the surface, it can be reflected back and forth within the 

weathering layer. On a shot record, this gives the appearance of multiple time delayed 

head waves. Another instance is when the refractor is terminated by a feature such as a 

fault, and the head wave is reflected backward and appears later in time and offset 

slightly from the actual refractor termination with the negative of the refractor velocity. 

An interesting note is that it does not matter if the refractor termination is against a 

higher or lower-impedance rock; the wave will be reflected regardless. 

Converted head waves are created when the wave energy intercepts a refractor. 

This energy is then split, or converted into several modes including P and S-waves. 

These P-S conversions can be detected by vertical geophones. 
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Fig. 2.1 Mechanisms that lengthen the refraction wavetrain. (a) Section showing head
wave shingling. (b) Reflections ofhead waves from parallel reflectors above the 

refractor. (c) Repeated reflections within the refractor. (d) Velocity gradient in the 
refractor (Sheriff and Geldart, 1995). 
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2.1.2 Types of Multiples 

A primary reflection is a wave that returns to the surface after one reflection at an 

impedance contrast. However, there will also be rays that return to the surface after 

interaction with more than one rock interface. These waves are called multiple 

reflections, or multiples. 

Multiples are distinguished from primaries based on two main factors: periodicity 

of events and separability of primaries and multiples based on differences in moveout. 

The primaries and multiples must have considerable moveout differences for the 

techniques based on velocity to be effective. This can be enhanced with proper spread 

design, but in most cases the moveout difference is minimal. In this case, methods 

based on wave-equation prediction and subtraction are applicable. Meanwhile, 

periodicity of multiples is preserved only at zero offset for a horizontally layered earth, 

so methods like predictive deconvolution work well at near offsets but struggle at far 

offsets. 

There are almost an infinite number of different paths a multiple can take on its 

journey from source to receiver. As a means to bring order to this chaos, multiples are 

categorized into two main groups: short-path and long-path. A short-path multiple 

arrives soon after its corresponding primary, and this type of multiple tends to extend 

the pulse length recorded at the receiver. Therefore, the wave shape of the recorded 

primary is changed. On the other hand, long-path multiples produce often periodic, 

separate events as shown in Fig. 2.2. These multiples have a long travel path compared 

to primaries from the same deep horizon. 
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(a) 

short-path multiples extend pulse length 

(b) 

long-path multiples generate discrete pu'se 

Fig. 2.2 The difference between short-path and long-path multiples (Keary and Brooks, 
1991). 
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Long-Path Multiples 

Long-path multiples are generated in several situations: reflection off the 

weathering layer, reflection off the surface, reflection off the sea floor or surface, and 

reflection off any other large impedance contrast. This type of multiple is easier to 

eliminate because of its periodic nature. 

When a wave encounters a large impedance contrast, most of the energy is 

reflected and little is transmitted. The reflection and transmission coefficients are 

shown in equations 2.1 and 2.2 where Aois the amplitude of an incident plane wave, A1 

is the amplitude of the reflected wave, A2is the amplitude of the transmitted wave, Z1 is 

the acoustic impedance of layer 1, and Z2 is the acoustic impedance of layer 2. These 

equations are known as the reflection and transmission coefficients (Sheriff and 

Geldart, 1995), and are derived from Zoeppritz's amplitude equations. 

R = A1 / Ao = (Z2 - Z1) / (Z2 + Z1) (2.1) 

T = A2/ Ao = 2Z1/ (Z2 + Zl) (2.2) 

Long-path multiples consist of at least two deep reflections, and the amplitude 

depends mainly on the deep reflection coefficients. According to Sheriff and Geldart 

(1995), the reflection coefficient is around 0.7 for the weathering layer and 

approximately 0.2 for major impedance contrasts at depth. Therefore, the maximum 

reflection coefficient for these multiples will be 0.03. Reflection coefficients for most 

events are around this value, so this type of multiple has sufficient energy to appear to 

have the same amplitude as a primary reflection. 
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This seems like a disturbing fact, but, in some cases, multiples have a much 

larger nonnal moveout than primaries. This is a result of the larger distance the 

multiple must travel. However, in practice, there may not be enough difference in 

moveout to properly identify multiples (Russell et aI., 1990). 

Short-Path Multiples 

A short-path multiple, the type of multiple that tends to lengthen the wavelet of 

the primary reflection, is of great concern to geophysicists. There are infinite paths for 

short-path multiples to take. For simplicity, they have been broken down into four 

categories: ghosts, peg-legs, near-surface multiples, and reverberations. The different 

types are shown in Fig. 2.3. 

In most commercial seIsmiC surveys, shot holes are drilled just past the 

weathering layer in order to provide better coupling of the energy to solid rock. One of 

the setbacks to this approach is the appearance of ghosts. At the weathering, or low 

velocity layer, there is a high impedance contrast. Energy spreads in a 3600 sphere 

away from the shot-point, therefore, not all of the energy will penetrate into the earth. 

Some of this energy moves toward the surface and reflects off the weathering layer. 

Assuming this reflected ray continues downward to an interface, just behind its primary 

counterpart, the result is a lengthened wavelet recorded at a receiver because of the 

longer travel distance. This also occurs at the air-water boundary in marine surveys and 

on land when receivers are buried. 
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Fig. 2.3 Types of multiples (Sheriff and Geldart, 1995). 
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Ghosts have a 1800 phase shift, or half a wavelength, because of the additional 

reflection. According to Sheriff and Geldart (1995), the travel-path difference between 

the direct wave and the ghost is ')..)2 + 2Ds, where Ds is the distance from the source to 

the low velocity layer. A wavelet is made of different frequencies, so the interference 

will vary. Therefore, the effect on wavelet shape varies as Ds varies and this is why 

extra care must be taken to keep Ds fairly constant. 

The second type of short-path multiple is the peg-leg (Fig. 2.4). This multiple 

contains two or more inter-formational reflections that also result in extending the 

wavelet. Consecutive large impedance contrasts are usually in opposite directions, so 

strong peg-leg multiples have the same polarity as the primary. When there are 

excessive peg-leg multiple reflections, the added travel path down to the primary 

reflecting interface results in attenuation ofhigher frequencies. 
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Fig. 2.4 Changes in waveshape produced by peg-leg multiples. (a) Schematic diagram 
showing peg-leg multiples adding to the wavetrain. (b) Frequency spectra of 

waveshapes after different traveltimes for an actual layered section (Sheriff and 
Geldart, 1995). 
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Reverberations, or ringing, usually occur in marine surveys, but can occur on 

land. An example of the latter would be, to a small extent, the Second White Specks 

Formation which is the shallowest large impedance contrast in the study area. There is 

a high impedance contrast at this layer boundary and at the weathering layer, so energy 

can reverberate between these high contrasts and overwhelm other reflections. As a 

marine example, the energy from one shot-point will reverberate back and forth 

between two large impedance contrasts: the water-sea bottom boundary and the air

water boundary. A seismic record with ringing will look very sinusoidal, and it is 

difficult to identify the primary reflections. 

2.1.3 Synthetic Multiple Investigation 

In order to determine if multiple suppression techniques are needed, a theoretical 

investigation into the degree of multiple contamination in the northern Williston Basin 

region is attempted using a program called VESPA (ViscoElastic Seismic Profile 

Algorithm). VESPA computes synthetic shot records based on well log input and 

several user defined parameters. It is built on the principles of the reflectivity method 

(Fuchs, 1968). Fuchs (1980) takes this one step further by calculating synthetic 

seismograms that include solutions involving P-waves, S-waves, all orders of multiples, 

converted phases, head waves, and surface waves. The purpose of this investigation is 

to determine theoretically, using a well log, where to expect multiples. 

The log chosen for this investigation is the deepest in the vicinity of line EG-94

WN5, the line on which forthcoming multiple studies will be based. The last marker on 
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the log is the Deadwood Formation, which lies directly above the Precambrian surface. 

To ensure consistency, parameters utilized in real seismic acquisition were duplicated 

here. 

The first step in generating the synthetic shot record was to block the well-log to 

emphasize the important impedance contrasts. This was performed using a program 

named QUIKWELL. In an attempt to make the synthetic appear more like real data, 

the log was divided into thirty blocks as shown in Fig. 2.5. 

Using this log, VESPA creates a half-spread synthetic shot record. Parameters 

from the real seismic line were entered, such as 3D source energy propagation, 12 

meter shot source depth, and 60 surface geophones each at a spacing of 30 m. A ricker 

wavelet with a centre frequency of 35 Hz is considered in the convolution because it is 

most similar to the wavelet extracted from real data. Fig. 2.6 shows the synthetic 

record with P-waves only while Fig. 2.7 is a display of a synthetic record of primaries 

and multiples. For viewing purposes, a 200 ms AGe is applied to the data. 
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Fig. 2.5 QUIKWELL blocking showing the blocked log (left) and the original sonic 
log (right). 
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From this record, many of the important reflections can be identified. A basin

wide investigation revealed three major impedance contrasts that will be the cause of 

most of the multiple infestation: the Second White Specks Formation, the Bakken 

Formation, and the Winnipeg Formation labeled in Fig. 2.6. 

Fig. 2.7 is a synthetic shot gather that includes all primaries and multiples. 

Notice the difference in amplitude between primaries (reflections above the Winnipeg 

Formation) and multiples indicated by arrows. Major multiples occur at 1550, 1700, 

1850,2000, 2150, and 2350 ms. Below this, multiples are less abundant and have very 

low amplitude. Note the difference in moveout between the reflector below the Bakken 

Formation (top of the Winnipegosis Formation) and the multiples. As expected, the 

multiples have a greater moveout. 

The strongest multiples are shown by the black arrows and are most likely first 

order multiples with relatively strong amplitudes. It would be interesting to know the 

relationship between the actual amplitude values, but unfortunately, this information is 

not provided by the software. Now that the multiples have been indicated theoretically, 

the next step is to image multiples using real data. 
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2.1.4 Multiple Imaging Using Real Data 

Techniques have been developed which utilize the wave-equation and are called 

wavefield prediction and subtraction methods. Basically, an estimate of the multiple is 

generated using a wave-equation based concept, which is then subtracted from the 

original data. However, for the following investigation, this multiple attenuation 

technique is used to image the multiples, not remove them. 

Promax has a multiple prediction· algorithm based on the work of Landa et al. 

(1999). As a follow-up experiment to the previous presentation, this chapter 

investigates where multiples are located based on several different travel paths. The 

same three reflectors used in the previous section will be the focus again here because 

of their large impedance contrasts. Once all multiples have been recognized, actual 

multiple elimination can be attempted. Following these steps, more specific knowledge 

can be obtained about the existence ofprimaries within the basement. 

Figs. 2.8 to 2.16 have the same format and display three important features: the 

specific multiple generating horizon (blue), the path of energy travel (blue), and the 

resulting multiple (red). Three seconds of data are displayed so a direct comparison can 

be attempted with respect to the conclusions from the previous chapter. 

Because the Second White Specks Formation is the first major impedance 

contrast encountered, it is a major contributor to multiple generation. Therefore, first, 

second, and third order surface multiples are modeled. Nearly every combination of 
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surface and interbed multiple involving the Second White Specks, Bakken, and 

Winnipeg Formations is attempted. 

Fig. 2.17 displays all multiples generated. Not considering the first order Second 

White Specks Formation surface multiple and the first order Winnipeg Formation 

surface multiple, the multiples are located between approximately 1550 and 2150 ms. 

This is in agreement with the time interval expected from the synthetics (Fig. 2.7). It 

can be seen from the· seismic sections that multiples do exist at later times, but it is 

likely that they are a result of the many other reflectors in the Williston Basin. The 

centrally located multiples seem to group into four units at approximately 1550, 1700, 

1900, and 2100 ms. This is similar to the theoretical situation where multiples are 

located at 1550, 1700, 1850, 2150, and 2350 ms. The error is likely due to the fact that 

the sonic log used to generate theoretical results was not generated directly on the 

seismic line and the log data were also slightly simplified. Therefore, using the three 

major impedance contrasts in the area, the majority ofmultiples can be accounted for. 

As a result of this study, and the synthetic multiple investigation, it is apparent 

that the strongest multiple energy exists in a zone from just below the Precambrian 

unconformity to approximately 2350 ms. Below this zone is perhaps the best 

opportunity to observe a preserved primary Precambrian reflection. Any multiples in 

this portion of the section are mainly second order or higher and will be of low 

frequency and low amplitude because of their long travel paths, making them easily 

removable by multiple attenuation techniques. However, if the multiple attenuation 

method chosen is applied correctly, multiple energy that exists within the upper 

Precambrian should be removed, revealing hidden primary energy. 
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2.1.5 Multiple Attenuation 

Over the years, many techniques have been developed (Sheriff and Geldart, 

1995) that attempt to attenuate, or eliminate multiples. It is important to derive a final 

seIsmIC section with minimal multiple energy interference of the desired seismic 

events. 

Multiple attenuation techniques can be broken down into three general categories. 

The first group is based on moveout differences between primaries and multiples and 

can be separated according to these properties to attain the desired result. The second 

group of methods are based on periodicity, exploiting the fact that wave energy trapped 

between layers produces repetitive events, and these interferences are attenuated by the 

application of predictive deconvolution. The third group of techniques are based on 

wavefield prediction and subtraction. Fig. 2.18 displays a sequence of steps for 

multiple suppression by Hardy and Hobbs (1991). They attempt to remove multiples 

by the trial and error testing approach by determining which multiple suppreSSIon 

techniques work best on a certain data set. 
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Fig. 2.18 A strategy for multiple suppression (Hardy and Hobbs, 1991). 
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Separability 

Methods based on separability include some of the oldest and most reliable 

multiple attenuation techniques. These include CMP stacking, F-K, K-L, and Radon 

filtering. While each is different, they all use the aspect of separability to remove 

multiples. 

CMP Stacking 

Common mid-point stacking was developed in the 1960's and was a major 

breakthrough for seismic processing (Mayne, 1962). CMP stacking creates redundancy 

by sampling the same point many times, therefore increasing the signal to noise ratio. 

Assuming CMP gathers are NMO corrected with the velocity of the primaries and 

stacked, both random noise and multiples should be reduced. One caveat is the need 

for sufficient difference in moveout curves between primaries and multiples. CMP 

stacking works well in attenuating multiples at far offsets, but falls short at near offsets 

where primaries and multiples overlap. A way around this is to apply an inside mute 

to CMP gathers before stacking. Another solution to this problem is to assign weights 

to each offset during stacking. If applied in this manner, a smaller emphasis can be 

placed on near offset traces. 
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Karhunen-Loeve Transform 

After many trials of the available methods, the Karhunen-Loeve (K-L) technique 

is selected because it appears to be the most effective. The Karhunen-Loeve transform 

is well known in image processing (Oppenheim, 1978). This transform can also be 

employed to exploit the moveout difference between primaries and multiples (Yilmaz, 

2001). The K-L transform uses singular-value decomposition to divide a 2-D data set 

into eigenimages. Each respective eigenimage contains the same number of traces as 

the original CMP gather. The first eigenimage contains the highest correlatable events, 

while the last eigenimage contains the least correlatable events. 

The following is a summary of Bruland (1993) explaining the fundamentals of 

the Karhunen-Loeve transform. Let the data be the following: 

(2.3) 

where M is the number of traces and N is the number of samples per trace, M <N. 

Vector y' is a linear combination of the x"s 

(2.4) 

where X = {X'l, X'2, ... ,X'M,}, and a' = (at, a2, ... ,aM)T and the summation is from i = 1 

to M. The energy or variance of y' is then 

,T, ,T X TX' ,T C ' V(Y') =y Y =a a =a a (2.5) 

where C = XTX is the covariance matrix of the data. 

The first principle component is defined as the vector y' that maximizes V(y') 

under the restriction 

(2.6) 
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where the summation is from i = 1 to M. Maximizing (2.5) subject to (2.6) is equal to 

maXImIzIng 

f(a',A) = a'T Ca' + A(l-a,Ta,), (2.7) 

where A is a Lagrange multiplier. Differentiation of f (a' ,A) and equating the result to 

zero leads to 

Mf(a',A)/Ma' = 2Ca' - 2Aa' = 0 

or 

(C - AI)a' = o. (2.8) 

From (2.8), A must be an eigenvalue and a' is the associated eigenvector of C. 

Therefore it follows that 

,T C' ,T ('\ ') '\a a = a /\,a = /\', 

and the solution to the maximization problem is the eigenvector corresponding to the 

largest eigenvalue of C. 

The next principle component is found from (2.8) when a' is the eigenvector 

associated with the next largest eigenvalue, and so on. We can write 

Y=XA (2.9) 

where 

since C is symmetric, the eigenvectors are orthogonal and AT = A-I. Multiplication of 

(2.9) by AT gives 

(2.10) 

which is then the inverse transformation. 

The variance of the ith trace is 
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,T,V(Xi') =X i Xi.

The variance ofY'i is

V( ') ,T, , T X T X' '1 .Y i = Yi Y i = a i a i = 1\1, 

and the eigenvalues are therefore just the energy or vanance of the principal 

components. 

The total energy of the input data is 

(2.11) 

From this it follows that the total energy is invariant under the transformation. 

Since Al 3A2 3 ...3AM' most of the energy is contained in the first principal components. 

We can approximate X by a linear combination of the principal components with 

largest energy, say the first P < M components: 

(2.12) 

The amount of reconstructed energy can be calculated from 

E(P) = 3~ / 3~ (2.13) 

where the first sum is from i = 1 to P and the second is from i = 1 to M. 

In theory, the Karhunen-Loeve transform can be used to remove multiples. First, 

apply the NMO correction to eMP gathers using the primary velocities. The primaries 

should be flattened and therefore contain the highest degree of correlatability and map 

to the first eigenimage. All other eigenimages can be discarded and only the first 

eigenimage will be stacked. In practice, the near offset problem occurs again because 

of the minimal difference between the primary and multiple moveout at near offsets, 

and a portion ofmultiple energy is mapped into the first eigenimage (Yilmaz, 2001). 
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A means around this is to apply the NMO correction using the multiple velocity 

(Yilmaz, 2001). After perfonning singular-value decomposition, multiples are 

contained in the first eigenimage. This eigenimage is subtracted from the other 

eigenimages, and a reverse NMO correction is applied using the multiple velocity. The 

result is an essentially multiple free eMP gather. The problem with this approach to 

the K-L transfonn is the opposite of the first case. At near offsets, some primaries are 

included in the first eigenimage, which is discarded, resulting in some alteration of the 

primary reflections. Nonetheless, this method works very well, and is implemented 

below. 

Fig. 2.19 shows two semblance velocity analysis plots from line NOR-93-WN4. 

The image on the left is the semblance panel after residual statics have been applied. 

Note the distinct velocity contrasts between the general rock types (clastics 200 to 800 

ms .and carbonates 800 to 1600 ms). Below 1600 ms, the semblance panel is 

contaminated by strong multiples. Note the velocity of these multiples is significantly 

lower than the above carbonates. In order to detennine if there are hidden primaries, 

the multiples must be removed. The right side of Fig. 2.19 displays the same 

semblance plot after K-L multiple attenuation. Most of the multiples have been 

eliminated, and the Phanerozoic cover remains relatively unchanged. There are two 

possible explanations for this: first, multiple contamination may be minimal above the 

basement, or second, K-L multiple attenuation removes long-path multiples, but is 

ineffective in removing short-path multiples such as peg-legs. The answer is likely a 

combination of the two. There is simply not enough moveout difference between the 

primaries and multiples ofpeg-legs. The semblance high at 1150 ms could be a peg-leg 
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multiple of the semblance high at 1050 ms, or ,as shown in Fig. 2.10, it could be a first 

order surface multiple involving the Second White Specks Formation that remains after 

multiple attenuation. This study is focused on the elimination of multiples within the 

Precambrian part of the seismic section, therefore the following discussion focuses on 

this deeper segment of the data. 

Fig. 2.19 displays recognizable semblance highs within the basement. The 

downward continuation of these contour highs indicate a systematic increase in velocity 

with increasing depth. This behavior is expected as the velocity properties of the 

crystalline basement rocks are higher than the overlying carbonates. Thus, the data 

show that multiples are sufficiently suppressed allowing the appearance of reflective 

energy. 

One of the main reasons for performing multiple attenuation is to gain a clear 

image of the Deadwood-Precambrian contact. Often, this area is obscured by multiple 

energy, and the interface is difficult to determine, even with the aid of a well-log. The 

multiple at 1550 ms, on the left side ofFig. 2.19, is dangerously close to contaminating 

the energy reflected from the basement. After multiple attenuation, this energy has 

been removed, leaving a clear picture of the basement contact. 

Fig. 2.20 is a semblance velocity example from line SE-84489. Notice again, 

after K-L multiple attenuation, the multiples, including M1 and M2, have been 

removed. The label PC is the exact location of the Precambrian unconformity, and PI 

is just one of several semblance highs which appear to be potential inter-Precambrian 

reflectors. These local contoured high points are clearly associated with high velocity 
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and semblance values are significant enough to be recognized as constructive 

interferences of coherent reflectivity zones in the basement. 
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Fig. 2.21 is a structure stack of line NOR-93-WN4 without multiple attenuation 

(above), and the same stack with K-L multiple attenuation (below). Note the same 

strong ringing character of multiples below the basement in the stacked section and in 

the semblance panel. This line is approximately north-south and 25 km in length. Dip 

into the basin is evident from left to right because of the significant length of this line. 

Similar to the semblance plot, the Phanerozoic in the section is relatively unchanged. 

Note at the edges of the section there is very little data in the bottom image of Fig. 

2.21. This is because at the ends of the line there is minimal CMP coverage and nearly 

all events are mapped to the first few eigenimages, which are rejected. 

Once K-L multiple attenuation is applied, the Precambrian basement becomes 

much clearer and the basement contact is no longer obscured from view. The basement 

appears to be relatively reflection-free except for a large amplitude reflection at 1700 

ms. 

Fig. 2.22 displays an unmigrated stack of line EG-94-WN5 before (top) and after 

(bottom) K-L multiple attenuation. Compared to NOR-93-WN4, multiple 

contamination is smaller. There are several closely spaced reflectors at 2000 ms that 

could be genuine reflections because they remain after multiple attenuation and no 

multiple is expected at that location in the modeling. It is extremely difficult to 

determine if the reflection is genuine. According to Fig. 2.17, it can be a multiple 

involving the Second White Specks and Winnipeg Formations. 

Semblance velocity analyses in Fig. 2.23 seem to disprove the latter. Fig. 2.23a 

is the semblance velocity analysis at CMP 620 after K-L multiple attenuation. There 
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are distinct semblance highs below the Precambrian unconformity at 1720 ms, 1785 

ms, 1845 ms, 1920 ms, 2000 ms, 2080 ms, and 2145 ms. Taking the -70 ms datum 

difference between the semblance and the stacked section into account, the semblance 

highs match inter-Precambrian reflectors almost perfectly (1645 ms, 1710 ms, 1770 ms, 

1845 ms, 1925 ms, 2005 ms, and 2070 ms). 

Notice the large amplitude reflector at approximately 1975 ms between CMP 300 

and 600. A multiple is expected at this location as stated earlier. However, after 

multiple attenuation, segments of energy remain at this location. The semblance at 

CMP 420 is clearly within the zone of this reflector, and a significant semblance high is 

present at 2050 ms. This corresponds exactly to the reflector at 1975 ms in the seismic 

section. By the time CMP 620 is reached, the seismic illustrates that the reflector is 

weakening. The corresponding semblance shows no evidence of a high corresponding 

to this reflector. 

From this study, evidence shows that primary Precambrian reflectors exist within 

the heavily multiple infested zone between 1550 and 2150 ms. After multiple 

attenuation, the obscured primary reflectors become evident. These reflectors are 

unlike Phanerozoic reflectors; they consist of non-continuous packages of reflected 

energy. Within several hundred milliseconds of the Precambrian unconformity, the 

reflectors are fairly horizontal, which may represent periods of sediment deposition 

during the Precambrian. However, the discovery of this type of horizontal reflector is 

diminished as depth increases. This subject will be discussed further in the next 

chapter. But first, the possible existence of dipping Precambrian primary energy that 
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remains after multiple attenuation requires migration to reposition the reflector to its 

proper subsurface location. 
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2.2 Migration 

Migration is a process that attempts to accurately image the subsurface by 

collapsing diffractions and mapping dipping reflectors back to their true subsurface 

locations. Migration increases spatial resolution, and creates a seismic image of the 

subsurface. If all reflectors below the geophones were perfectly flat, with no lateral 

velocity variation, there would be no need for migration because all reflections would 

have occurred at source-receiver midpoints. Although most Saskatchewan data comes 

close to this, there is still need for migration due to salt collapse features, reefs, and 

river channels. The goal of migration is to make the seismic section appear identical to 

a geologic cross section. 

2.2.1 Effects of Migration 

Before implementation of the potentially most effective migration method, the 

next step is to test the techniques on actual data. For nearly zero-offset flat-reflector 

data, all migration techniques should provide nearly identical results. This is the case 

for all data in the study area, as the different migration algorithms were tested and all 

produced identical results. In view of these results, and the relatively fast through-put 

of Kirchhoff migration, it was chosen to be the experimental method for this chapter. 

Prestack time migration was not considered as it would not yield an improvement, in 

the current setting, considering that no reflectors with conflicting dips were detected 

within the investigated area. Depth migration would have been influential in providing 
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a more accurate image of the salt collapse edge because of its ability to work with 

lateral velocity changes. Unfortunately, there are no deep logs available within an 

acceptable distance to provide the accurate velocities needed for a meaningful result. 

A 25 km long line in the eastern portion of the study area was chosen for this 

experiment. This line maps a number of steep-sided Winnipegosis mounds, and a 

dipping reflector within the basement. Any dipping reflection fabric within the 

basement must be positioned properly in the subsurface in order to be interpreted 

correctly. 

2.2.1.1 Aperture Width and Maximum Dip to Migrate 

There are two main parameters that affect Kirchhoff migration significantly: 

aperture width and maximum dip to migrate. The majority of Saskatchewan data is 

very flat, and even the dip of the strata at the edge of the salt collapse area is minimal. 

However, steep-sided mounds show the effect of migration clearly, therefore, they will 

be the subjects of the experiment. The major parameters, aperture width and maximum 

dip to migrate, are marked such as 4000-90. The numbers indicate an aperture width of 

4000 m and a maximum dip of 900 
• 

Using several equations, including equation 2.14, the theoretical aperture width 

can be calculated (Yilmaz, 2001): 

(2.14) 

where dx is the horizontal displacement after migration, v is velocity, t is two way travel 

time and I1tJI1x is the dip of the reflecting horizon of interest. Using the Precambrian 
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reflector in Fig. 2.24, the theoretical aperture width is calculated as approximately 2dx• 

A velocity of 5000 mis, a two way time of 2.3 seconds, and a measured dip of 0.145 

ms/m is obtained. By equation 2.14, the aperture width must increase with depth, 

assuming normal geology. The result is a horizontal displacement of 2090 m and an 

aperture width of 4180 m. This number was rounded to 4000 m for simplicity, and was 

the starting point for the experiment to follow. 

When comparing the 4000-90 migration to the unmigrated section, it is clear that 

the Winnipegosis mounds (circled in Fig. 2.25) become smaller laterally as migration 

moves energy up-dip (Fig. 2.26). Also notice the dipping event at eMP 1100-1220 and 

2350-2550ms on the unmigrated section (black arrow) in Fig. 2.24. After migration, 

the event is moved up-dip, and it is shortened. 

The 4000-90 migration took a very long time because of the large aperture and 

large dip requirement. The next attempt will be a test to determine the best aperture 

width. The aperture width was varied from 4000m to 2000m to 1000m to 500m to 

200m with the maximum dip to migrate set at 90° for each case. 
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Since migration time is directly related to the width of the aperture, it is essential 

that the smallest possible aperture be used. If the aperture is too small, then several 

unwanted outcomes can occur: rapidly varying amplitudes and steeply dipping events 

are destroyed, and random noise becomes organized horizontally in the deeper part of 

the section. Comparing 4000-90 to 2000-90 (Figs. 2.25,2.27), they are nearly identical 

with no loss of information. But comparing 4000-90 to 1000-90 (Figs. 2.25, 2.28), 

problems begin to occur. The deep dipping event is no longer imaged properly and is 

undermigrated. The deep part of the section is not imaged correctly because the 

aperture is not large enough. This is also evident from the organization of deep noise 

into horizontal spurious events. The Winnipegosis mounds are still migrated perfectly. 

Perhaps a time variant aperture would be the answer if both the deep and shallow 

events are important. 

Comparing 4000-90 to 500-90 (Figs. 2.25, 2.29), there is even more spurious 

noise in the lower half of the section, and the dipping event is nearly lost in the noise. 

Although the mounds are still imaged reasonably well, they are not exactly the same, 

showing that the aperture width is becoming too small to image these structures. 

Lastly, comparing 4000-90 to 200-90 (Figs. 2.25, 2.30), deep events are drowned 

in noise, and the mounds are no longer imaged. Illustrating the relation between 

aperture width and dip, energy at the sides of the mounds has been destroyed. Now 

spurious noise dominates the section giving it a wormy appearance. 
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The same process was undertaken varyIng the maXImum allowable dip. 

Comparing 4000-90 to 4000-70 (Figs. 2.25, 2.31), results are identical in the upper part 

of the section, but notice the energy at CMP 700 and time 2530ms in Fig. 2.31. There 

is some energy dipping to the right at about 70 to 75°. This is beyond the maximum 

allowable dip, therefore this energy is not migrated and disappears on the 4000-70 

section. The process was continued using 50° and 30° with the results being identical. 

Comparing 4000-90 to 4000-10 (Figs. 2.25, 2.32), the deep reflector is not 

imaged and neither are the mounds. Spurious noise once again dominates the section, 

which looks very similar to the 200-90 case, showing the association between aperture 

width and maximum dip to migrate. 

The result of this experiment depends on what is important to the interpreter. 

Where imaging of the deep basement is irrelevant, a migration aperture width of 1000m 

and a maximum dip of 30° will image the Winnipegosis mounds perfectly. This saves 

approximately 75% computing time from the 4000-90 case. If the deep dipping 

Precambrian reflector is of interest, then an aperture width of 2000m and a maximum 

dip to migrate of 90° will be adequate. Again, this saves 50% computing time, and with 

75 2D lines in a project, this results in a considerable amount of saved time. 
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2.2.1.2 Migration and Velocities 

A very brief experiment on the effect of variation in the stacking velocity on 

migration was also completed. The same test section is used with a migration aperture 

of 2000 m and a maximum dip to migrate of 30°. To test the effect of velocity on 

migration, the velocities are varied 70% and 130% of the stacking velocities. 

Fig. 2.33 shows the result of the velocity test. The top figure (a) is a result of 

migrating with 70% velocities, followed by 100% velocities (b), and 130% velocities 

(c) in the bottom of the figure. The 70% velocity case is undermigrated, and the 

mounds appear wider than in reality. The opposite is true with the 130% velocity 

section. The mounds appear to be not nearly as wide, and because of the 

overmigration, the limbs on some of the mounds have been migrated past their proper 

location. Fig. 2.34 is a zoomed mound example that enables a more detailed view of 

the above discussion. It can be seen that using 100% velocities provides a correctly 

migrated result, and that it is very important to insure the implementation of proper 

migration parameters. The choice ofproper velocity can be even more important in the 

case of the inter-Precambrian reflections as these reflecting surfaces are expected to dip 

at high angles. 
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2.3 Processing Steps 

The sequence of operations performed on the dataset is shown in Fig. 2.35. The 

first step in processing is to load the data from tape or CD and demultiplex where 

necessary. Demultiplexing was required on SEG-B data because of the manner in 

which it was recorded. Multiplexed data is recorded by the instrument in the same way 

it receives it from channel to channel. The first sample written on tape is the first 

sample of the first channel followed by the first sample of the second channel and so 

on. Demultiplexing involves reordering the data into trace-sequential format. 
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Data Input 

Demultiplex 

Geometry 

Trace Editing 

Trace Muting 

Deconvolution 

Elevation Statics 

Refraction Statics 

Velocity Analysis 

NMO Correction using multiple velocities 

K-L Transform removing first Eigenimage 

Inverse NMO Correction using multiple velocities 

NMO Correction using primary velocities 

Residual Statics 

Bandpass Filter 

CMP Stack

Time Variant Scaling

Migration

Fig. 2.35 Processing flow. 
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Once the data are loaded into the ProMax software system, the geometry 

correction is applied. Defining the geometry is essentially letting the program know 

where the traces are in an absolute sense and with respect to each other. Many numbers 

need to be entered, such as the spatial coordinates of each station, the field file 

identification number, the shot-point locations, the charge depth, any skids or offsets, 

the number of channels in each shot, the first live channel, the gap size, and the first 

live station in each shot gather. The geometry is established with the help of the 

observer's notes. In the past, the observer in the field recorded the geometry 

information by hand, but today, modem systems can place the information in the trace 

headers. The observer's notes also contain important information such as skid 

locations, weather information, and any unusual problems. Unfortunately, trace header 

information was not available for the seismic lines in this project and manual geometry 

creation was performed. Sometimes the information contained within the observer's 

notes is incorrect, so a look down to the field record level is often needed to fix the 

problems. A proper geometry assignment is essential to avoid problems later in the 

processing flow. The last information needed in defining the geometry is the survey 

data. The field survey data contain information such as the x and y coordinates of each 

station and the elevations. After geometry creation, it is applied to the raw shot 

records. 

The next step performed is the trace editing. This involves removing noisy traces 

and switching the polarity of reversed traces. The main goal of this operation is to 

increase the signal to noise ratio. 
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As the pulse of energy from a seIsmIC source travels through the earth, it 

gradually loses higher frequencies and decreases in amplitude. The primary reason for 

amplitude loss is due to spherical divergence. Energy from the source spreads out 

spherically and can be restored to its original amplitude by using a gain factor. 

At this point, either statics or deconvolution can be applied. To correct for the 

loss of high frequencies and to increase temporal resolution, deconvolution is chosen. 

Traditional deconvolution procedures and their operators are designed on a trace by 

trace basis, but modem deconvolutions have evolved to incorporate up to five 

components in operator design. The reason for the improvement is because in older 

deconvolutions such as spiking deconvolution, operators can change dramatically from 

trace to trace based on the amount of noise in that trace. A summation of the 

autocorrelations from one shot gather can help reduce the noise effects, but it is still far 

from perfect. Eventually, it is realized that not just shot, but shot, receiver, eMP, and 

offset could be used to design the operator in a surface consistent manner. This is the 

deconvolution performed on the dataset. 

Fig. 2.36 displays a sample design window chosen for the estimation of the 

seismic wavelet. Note that, where possible, the design window does not include noise; 

the purpose being that the wavelet estimate is as close as possible to the convolution 

between the seismic wavelet and the earth filter. After deconvolution, a fairly broad 

bandpass filter was applied to the data to help remove any abnormally high or low 

frequencies. 
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At this point, elevation and refraction statics are calculated and applied to the 

data. The purpose of statics is to remove the effects of the variable near surface 

conditions by correcting for elevation changes and weathering/drift. By removing these 

effects, we assume a homogeneous layer of velocity Vr to replace these layers. A 

datum of 500 m is chosen for the project and appropriate shifts are computed. 

The elevation correction is simple and quick to apply, but in order to correct for 

the weathering and drift layers, first break picks are needed. This is performed 

manually to achieve the best result. 

There are several algorithms available to estimate the near surface velocities and 

thicknesses. The generalized reciprocal method (Palmer, 1980) is chosen for its 

combination of speed and its ability to work effectively with split-spread data. This 

method involves finding the time-depth below a station by using forward and reverse 

travel times from two shotpoints to two central receivers. The first arrival time from 

each shot is added and the time from one shotpoint to the other is subtracted resulting in 

a time-distance plot where the layer velocity can be determined. 

After application of deconvolution and all statics, velocity analysis is performed. 

Semblance velocity analysis is implemented because of its relative simplicity when 

using non-structured data. Several eMP traces are combined, sorted into common

offsets, and are stacked into supergathers. Velocity analysis is performed on each 

supergather which are typically 100 m apart. Before velocity picking occurs, constant 

velocity corrections are applied to each supergather and semblance is measured. Highs 

on the semblance plot represent velocities where the NMO correction flattens the event. 

Usually twelve to fifteen velocities are picked on each semblance plot, creating a 2D 
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velocity field when velocities from the other supergathers are completed. The velocity 

analysis is required to use the velocity field to NMO correct the data before stacking, 

but this dataset required several more steps before this point could be reached. 

Along with picking velocities from primary events, velocities from multiples are 

picked. The purpose is to flatten the multiple events before performing K.L multiple 

attenuation as is described in section 2.1.5. 

Even after application of elevation and refraction statics, there are still short 

wavelength statics that remain in the data called residual statics. This type of static 

correction is simple to apply and is usually performed automatically by an algorithm. 

The basic idea behind this method is that traces are cross-correlated with each other and 

shifted accordingly. This process is very powerful and improves the appearance of the 

reflectors significantly, as shown in Fig. 2.37. 
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After the first iteration of residual statics has been computed, the result is then 

applied to the input to velocity analysis and the velocities are updated. This loop of 

residual statics calculation and updating of velocities can sometimes incur up to four 

iterations if the data quality is poor. 

After all statics are applied, a bandpass filter is created and applied to the data. 

This filter is a 8/12-70-90 Hz bandpass and is more aggressive than the filter applied 

after deconvolution. 

To end the pre-stack processing, data are CMP stacked by applying the NMO 

correction and stacking each CMP. The stacking process is very powerful and 

accomplishes several tasks. CMP shooting creates redundancy by having the same 

subsurface point sampled many times. This increases the signal to noise ratio because 

signal should be additive and the random noise is attenuated. Another added bonus to 

CMP stacking is after NMO correction, primary reflections are flattened, but their 

corresponding multiple reflections are attenuated because they still have normal 

moveout and do not stack in. 

Very little post-stack processing is performed on the dataset. Time-variant 

scaling in the very upper and lower portions of the stack helps to remove much of the 

remaining high amplitude noise which can cause problems later when migrating the 

data. 

The last processing step is migration of the data, which is discussed briefly in 

section 2.2. Many post-stack migration algorithms have been run with negligible 

differences. Kirchhoff migration is the choice in this project because of its simplicity 

and speed when migrating plains-type data. 
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CHAPTER 3 

INTERPRETATION 

Interpretation of the Precambrian basement is the primary focus of this chapter. 

Before interpretation commences, an investigation into the geochronology and 

Precambrian geology of available boreholes is discussed in order to establish these 

aspects in various parts of the study area. Using the 75 seismic lines, a basement 

structural map is created with the help of sonic logs for reference. The structural 

setting of the basement is investigated in connection with several other Phanerozoic 

structures. There is a high probability that these younger structures are influenced by 

basement movements. The Precambrian reflector itself is explored in detail along with 

sub-Precambrian reflectors. 

3.1 Geochronology and Lithology 

The oil industry has been drilling boreholes in the Williston Basin for over fifty 

years, and, as a consequence, a vast suite of logs are available. The select boreholes 

that penetrate the Precambrian are displayed in Fig. 3.1. Most of these deep boreholes 

are a result of drilling fault-bounded structural highs in the Ordovician Red River 
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Formation. From the same figure, it is apparent that there is a bias toward deep 

boreholes existing primarily in the eastern part of the study area. The major 

unconformity type traps exist in this part of the basin. It is likely that study of already 

available seismic sections and recognition of Precambrian structural highs led to the 

eventual discovery of the production from dolomites of the Red River Formation. 

Only five boreholes exist with core and geochronology available. These five 

boreholes are labeled as blue circles in Fig. 3.1. Greggs and Rein (2000) qualitatively 

describe the available cores in depth ascending order: first, Precambrian granites or 

gneisses which are commonly fractured; second, Precambrian regolith which contains 

granular feldspathic arenites and large Precambrian pebbles or boulders; third, is the 

Deadwood Formation containing arkosic and quartzitic sandstone. 

The regolith is a zone of highly weathered and chemically altered Precambrian 

rock just below the unconformity. Depending on the severity of this weathering, the 

reflection coefficient can vary significantly along the contact between the Deadwood 

Formation and the Precambrian basement. 

The borehole labeled "1" in Fig. 3.1 is the Ceepee Baildon well located in 

TI5R25W2M. This borehole was first studied by Collerson et al. (1989) and named 

SASK-20. Sm/Nd dating performed on the Precambrian rock revealed an Archean age 

of 2420 Ma., and the lithology was determined to be mesoperthite-biotite bearing 

granite. 
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The borehole labeled "2" in Fig. 3.1 is the U of R Regina well located in 

T17R19W2M which was named SASK-48. U/Pb dating was performed by Bickford et 

aL (1986), and revealed a Proterozoic age of 1822 Ma. in a granite. 

The next borehole to the east, labeled "3", is the Mobile Oil North Richmond 

well located in T18R14W2M. Collerson et aL (1988) performed Sm/Nd dating on this 

borehole named SASK-43 and discovered an Archean age of 3330 Ma. in a dioritic 

gneISS. 

The Imperial Canadian Superior Stoughton well in T8R8W2M is labeled "4" in 

Fig. 3.1. This borehole, named SASK-212, was dated using the KlAr technique by 

Burwash et aI., (1962). They found a Proterozoic age of 1570 Ma. in a biotite 

cordierite gneiss. 

The last borehole, the M.U.S. Cantaur well, is labeled "5" in Fig. 3.1 and located 

in T16R3W2M. Collerson et aL (1989) utilized Sm/Nd dating on this borehole named 

SASK-34 and discovered an Archean age of 2610 Ma. in a biotite-bearing microcline 

granite. 

The Sm-Nd ages are considered mantle separation ages as that particular isotopic 

clock is reset in mantle temperature-pressure conditions and are unaffected by 

temperature-pressure conditions in the crust. Also, the Sm-Nd method dates the whole 

rock, not simply the minerals as in the KIAr and U/Pb methods. Assuming the rock 

sample has remained in a closed chemical system throughout history, dating the mineral 

yields the time of metamorphism, while dating the whole rock provides the time of its 

initial crystallization. Analysis of the Sm-Nd results leads to the conclusion that, 
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according to the data available, there is no evidence for original post-Archean rock in 

the study area. The age dates in boreholes 2 and 4 (Fig. 3.1) represent a time when a 

heating event occurred, likely the Trans-Hudson orogeny, resetting the clock in the 

minerals tested to the date of the thermal event. 

Similar results were found just south of the Canadian border by Baird et al. 

(1996) and Sims et al. (1990). The Dakota block is composed primarily of gneiss, 

while the Wyoming craton and the Transition zone are composed of granite. The age 

dates are very similar with the exception of one anomaly within the Dakota block 

which produced an Sm-Nd age of 1000 Ma. This anomaly is located along a fault 

running adjacent to the western edge of the Nesson Anticline, and could represent an 

area of mantle intrusion along this zone of weakness. As a result of lithology and 

geochronology, it appears that the Dakota block extends further north than the 50° 

latitude boundary originally hypothesized by Baird et al. (1996). 

3.2 Well-logs and Synthetics 

A major challenge of this thesis is to remove multiples around the Precambrian 

basement reflector so this unconformity is tracked accurately throughout the project 

area. Successful undertaking of these steps also allows the construction of a precise 

structure map of the Precambrian subsurface. 

The interpretation portion of this thesis is implemented using Schlumberger's 

IESX software. This procedure requires loading of seismic data, CMP coordinates, and 

well-logs into the program. The creation of synthetic traces enables a tie between 
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seismic data and real geology to be achieved. At this point, each visible seismic 

horizon is correlated to geology. The two-way arrival times of each seismic trace is 

determined and these data are utilized to generate structural maps of the different 

horizons. 

Fig. 3.2 is an example of an embedded synthetic trace. The location of the 

boreholes utilized to compute the theoretical responses are indicated by the green 

circles in Fig. 3.1. The synthetic trace is created by convolving the reflectivity depth 

function with a 35 Hz Ricker wavelet. The synthetic (in blue) traces correlate very well 

to the actual seismic traces leading to the identification of several geologic horizons. 

These geologic tops are displayed (top of the Midale Formation, top of the Bakken 

Formation, top of the Winnipegosis Formation, top of the Winnipeg Formation, and top 

of the Precambrian unconformity) along with several other geologic formation tops 

marked with blue lettering. 

Note in Fig. 3.2 that the synthetic trace does not actually reach the Precambrian 

unconformity. Quite often, in the study area, sonic data observations in the boreholes 

are stopped prior to entry into the Precambrian basement, and a Precambrian marker is 

simply placed somewhere within the Deadwood Formation where many of the logs end. 

A detailed example is provided by Pu et al. (2003) and illustrated in Fig. 3.2. The 

absence of accurate Precambrian markers makes investigation of this unconformity less 

precise when it is based on borehole information only. There is one sonic log available 

within a reasonable distance of the seismic data that permitted a direct tie to the seismic 

and the appropriate basement top. Thus, this combined borehole and seismic data 

analysis is the most accurate currently available method of imaging the unconformity. 
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It is known from this well-log and several papers (eg. Pu et ai., 2003) that the 

Precambrian unconformity produces a positive reflection as shown in Fig. 3.3. 

There are a significant number of inter-Phanerozoic borehole logs to tie the strata 

of the sedimentary fill to the seismic results. The tie between synthetics and seismic is 

generally +- 5 ms. 
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Fig. 3.4 displays another example of a synthetic trace embedded into a seismic 

section with Fig. 3.5 being its zoomed equivalent. This example uses a synthetic trace 

from the Shell Midale borehole embedded into the northeast side of line SOU-4. 

Available geologic markers and several horizons are tracked for reference. Note that 

the Precambrian marker is in the correct location and matches the seismic very well. 

Logging in the borehole was continued down to the Precambrian basement as 

represented by the small positive response in the synthetic at the unconformity. Once 

again, the tie to seismic is good at approximately +- 5 ms. 

The last example of embedded synthetics comes from the Berkley et al. Midale 

borehole (Fig. 3.6). The map location of this borehole is indicated by a green circle 

along line SOU-1 in Fig. 3.1. The tie to seismic is once again quite accurate at 

approximately +- 5 ms. Here, as in the first example, the Precambrian marker is not 

placed in the correct location. Note that on the left side of Fig. 3.6, the Precambrian 

basement becomes discontinuous at a basement high. This subject will be investigated 

further in a following section. 
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As indicated previously, earlier regional studies of the Precambrian basement 

depend simply on interpolation of information from a sparse set of basement 

penetrating boreholes. An example of this type of investigation is shown in Fig. 3.7 

(Kreis and Kent, 2000). This map area includes a part of the current region of 

investigation. Note the abundance of deep logs in the eastern half of the study area, the 

region ofheavy exploration and hydrocarbon production, and the sparse coverage in the 

west. Several basement high and low ridges are apparent on this map in the region of 

dense, deep borehole data, and it appears that they plunge toward the centre of the basin 

with a NE-SW orientation. Inclusion of the new seismic data has permitted not only to 

extend the study to a much greater area of the northern part of the basin, but also to 

display the true radial nature (Redly, 1998) of the basement structures. 
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Fig. 3.7 Precambrian basement structure map created using available deep logs (Kreis 
and Kent, 2000). 
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3.3 The Precambrian Unconformity 

Before a description of the time structure map is undertaken, the nature of the 

Precambrian unconformity is investigated. It is recognized (Greggs and Hein, 2000) 

that the geology of the unconformity changes drastically throughout the study area. At 

times the unconformity's reflection changes character completely within a few 

kilometers, and sometimes it remains fairly constant. Description of the Precambrian 

lithology from all of the boreholes which reached the unconformity would have 

allowed a comprehensive analysis of the seismic results. These data would allow a 

systematic lithology identification along the seismic sections based on attributes of the 

seismic signal. The lack of background geologic data permits only limited qualitative 

and quantitative synthesis of the Precambrian reflector. 

Precambrian Unconformity Description 

Figs. 3.8 to 3.20 display longer, more regional or important lines within the study 

area. A Precambrian unconformity description and normalized RMS amplitude study, 

similar to that performed by Hope et al. (1999), is performed on these lines in order to 

illustrate how the reflector changes throughout the northern Williston Basin. Map 

location of these lines is found in Fig. 3.1, and description is generally from west to 

east across the study area. The Precambrian unconformity is tracked by the pink line in 

all of the following figures. 

The line furthest to the west in this study is line S79-3 (Fig. 3.8). According to 

magnetics, this seismic section should be within the Wyoming craton. The reflector 
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itself is the most continuous of any seismic section, but is still disturbed in several 

locations where there has been basement movement and significant faulting. This line 

also spans the salt remnant named the Roncott Anticlinorium, which can be observed 

by tracking the thickness of the Prairie Evaporite salt (material between the green and 

dark blue horizons). 

Across the top of the seismic section in Fig. 3.8 is the acoustic amplitude of the 

Precambrian unconformity. The amplitude of this reflector ranges from 1.86 to -0.134, 

with an average of 0.85. Negative amplitude values are located in areas where the 

basement reflector is highly disturbed and the surface of the reflector becomes highly 

irregular. This characteristic property is mainly evident along the ends of the section 

where there has been major salt dissolution as a result of faulting, and at eMP 520 to 

570 where the basement has been active and the resulting faults have once again 

allowed fluids to move along them to partially dissolve the Prairie Formation salt. 
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Line CBY-7W is 50 kIn in length from west to east. If the crustal boundaries 

from Fig. 1.5 are projected northward, this seismic line is located within the Transition 

zone of the Trans-Hudson orogen (Fig. 3.9). This line also crosses the edge of a large 

no-salt area as represented by the thickness, or lack thereof, of the Prairie Formation. 

The basement reflector is fairly constant over the eastern one-third of the line, while the 

western two-thirds is very irregular with a tremendous amount of faulting. The 

irregular basement reflector is likely a result of a complex basement history associated 

with the removal ofportions of the overlying Prairie Formation. 

The acoustic amplitude of the Precambrian unconformity ranges from 2.26 to 

1.68, with an average of 1.0. The extreme negative amplitude is a result of a major 

fault at the salt - no salt boundary. Aside from this, the reflector does not vary 

significantly across the line. 
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Line SE-84506 is chosen to illustrate the nature of the basement reflector in the 

northwestern part of the study area (Fig. 3.10). This line is 17 km long from south to 

north, and exists within the South Regina trough (Fig. 1.16). The character of the 

basement is fairly continuous across the line with no significant breaks except for the 

area where a small flower structure exists. 

The acoustic amplitudes across the line are fairly constant; however, the 

basement to the south of the flower structure is slightly more reflective than elsewhere. 

This could be due to different lithologies in two distinct basement blocks on either side 

of the flower structure. The amplitude of the unconformity ranges from 1.99 to 0.0237 

with an average of 0.9. 
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The seismic line CBT-20 is chosen to illustrate the basement character in the 

northeastern part of the study area (Fig. 3.11). This line is 28 km long, extends from 

south to north, and is located within the Dakota block (Fig. 1.3). The reflector itself is 

fairly continuous in the south, but becomes very discontinuous toward the north. 

The acoustic amplitude of the basement ranges from 3.42 to -0.635 with an 

average of 1.0. Here, reflector continuity is associated with higher amplitude. The 

lowest amplitude segments within the line occur in the area of the two Winnipegosis 

mounds. It appears that directly below these local structures in the sediments, there are 

basement highs. These structures appear to be highly irregular suggesting uplift within 

a complex fault zone. 
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The seismic line KY-102 is 24 kIn in length from west to east and is chosen to 

demonstrate the basement reflector in the eastern part of the study area (Fig. 3.12). It is 

obvious from the seismic that this line displays a distinct change in character of not 

only the basement, but the entire Phanerozoic succession. In the east, the basement 

unconformity is very thin, straight, and continuous. This character changes drastically 

in the western part of the seismic section where the basement reflector becomes very 

discontinuous. Above this discontinuous basement there is significant faulting and a 

reduction in thickness of the Prairie Evaporite. 

The acoustic amplitude of the basement reflector ranges from 2.78 to -0.499 with 

an average of 1.0. The amplitude is fairly constant in the east, and increases slightly, 

but becomes more variable, in the west. There is a small fault bounded portion of the 

basement on the western edge of the line with an abnormally large amplitude. This 

seismic line appears to cross an internal domain boundary within the Dakota block. 

Unfortunately, the character of this boundary is unique and is not observed on any other 

seismic section. 
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The seismic line FOR-910362 is 13 km long from northwest to southeast and is 

located near the centre of the study area (Fig. 3.13). This line was chosen to illustrate 

the variation in the basement's acoustic amplitude over a small distance. The reflector 

is very continuous and straight in the northwest and more disturbed and discontinuous 

in the southeast. 

The acoustic amplitude of the Precambrian unconformity ranges from 2.47 to 

0.399 with an average of 1.0. Where the reflector is straight and continuous, the 

amplitudes are also fairly constant. Toward the southeast, the amplitudes become more 

variable with lows occurring in areas of disturbance and a high occurring within a fault 

bounded segment on the end of the line. 
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The seismic section SOU-1 is 53 km long and extends from southwest to 

northeast (Fig. 3.14). This line is located within the Dakota block and possibly within 

part of the Transition zone to the southwest (Fig. 1.5). The basement reflector is fairly 

continuous across the line except for several instances of basement movement. In 

general, the reflector is more discontinuous over basement highs and continuous in 

between. 

The acoustic amplitude of the Precambrian reflector is actually fairly constant 

over the line except for a high amplitude zone between CMP 2500 and 3000 and a 

highly variable zone between CMP 1000 and 1600. The amplitude ranges from 3.15 to 

-0.993 with an average of 1.0. Zones of very low amplitude represent discontinuity in 

the basement reflector. 
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The line SOU-2 has the same orientation as SOU-I, but is displaced to the 

southeast by approximately 10 kIn (Fig. 3.15). The reflector itself has the same overall 

character as line SOU-I, but is more discontinuous in the northeast. 

The acoustic amplitude of the basement ranges from 1.71. to -0.731 and has an 

average of 0.8. The amplitudes are fairly constant across the section, and, similar to 

other lines, the low amplitudes are a result of discontinuous reflectors over basement 

highs. 

140





The seIsmIC line SQU-3 is 67 km long and located approximately 10 km 

southeast of line SQU-2 (Fig. 3.16). Progressing to the right, the basement reflector is 

fairly continuous and thin on the southwestern one-third of the line. From here to the 

middle of the section, the reflector is fairly discontinuous and is associated with 

variable topography on the basement surface. Further northeast, the reflector becomes 

flat and continuous. 

The acoustic amplitudes of the unconformity range from 2.32 to -0.0185 and 

have an average of 1.0. The southwestern one-third of the line generally has a higher 

amplitude when compared to other portions of the seismic section. The disturbed area 

near the centre of the line has highly variable amplitudes while the continuous 

northeastern segment is relatively constant. 
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The seIsmIC section SOU-5 is 38 km long and extends from southwest to 

northeast (Fig. 3.17). The basement reflector is fairly continuous, more so than any of 

the previous SOU lines. The unconformity is relatively flat, but is involved in some 

faulting. In the southwest, the reflector is more variable and increases in continuity 

toward the northeast. 

The acoustic amplitude of the basement reflector ranges from 2.36 to 0.15 with 

an average of 1.1. Amplitude increases gradually to the northeast as does continuity of 

the reflector. 
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The line CBS-8 is chosen to represent the southern portion of the study area (Fig. 

3.18). This line is 71 km long and extends from west to east. It exists primarily within 

the Transition zone, and possibly a small segment may cross the Dakota block on the 

eastern side of the seismic section. This line also crosses into the Hummingbird trough 

on the western one-third of the section. The basement reflector is coherent on the 

extreme left side of the section, but, under the salt collapse zone (the region west of the 

third green fault on the left), it is irregular. This discontinuous basement reflector 

continues until the midpoint of the seismic section is reached. East of this point, the 

reflector becomes continuous. 

The acoustic amplitude of the Precambrian unconformity ranges from 1.8 to 

0.202 with an average of 0.8. The amplitude is variable within the salt collapse zone, 

and becomes fairly constant extending to the middle of the section. East of this the 

amplitude rises slightly, but is still fairly constant with the exception of a few 

anomalies. 
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The seismic line CBY-4 is 72 km long and extends from west to east, and may 

cross the Transition zone - Dakota block boundary (Fig. 1.5) approximately in the 

middle of the section (Fig. 3.19). The basement reflector changes character drastically 

from west to east. In the western portion of the line, the unconformity is fairly 

fragmented. The reflector temporally thins and becomes more continuous to the east. 

The eastern one-third of the line is dominated by a major fault zone to be discussed 

later. 

The acoustic amplitude of the unconformity displays the most drastic change of 

all seismic lines. The amplitudes range from 2.41 to -0.134 with an average of 0.9. 

However, the amplitude on the western half of the line is significantly lower (0.5) while 

the amplitude on the eastern half is much higher (1.1) and a great deal more variable. 
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The seismic line ABE-97COAL5 is chosen to illustrate the character of the 

basement in the southeastern portion of the study area (Fig. 3.20). This line is 23 km 

long and extends from southwest to northeast. The basement reflector on the 

southwestern side of the section is fairly continuous with the exception of several small 

breaks. Progressing further northeast, the reflector is more irregular indicating either 

abrupt local changes in elevation or changes in acoustic properties. 

The acoustic amplitude of the Precambrian unconformity ranges from 1.21 to 

0.377 with an average of 0.5. This is quite low compared to amplitudes extracted from 

other seismic sections. Amplitudes across the horizon are quite variable with lows 

corresponding to faulting and general basement variability. This significant change in 

amplitude within the Dakota block (Fig. 1.3) could represent an area with distinct 

characteristics within the block itself. It could be a result of a change in basement 

lithology or a change in weathering on the Precambrian surface. 
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A similar amplitude study was performed by Hope et al. (1999) on a series of 

seismic lines which extended from the Medicine Hat block into the Hearne craton. The 

results of this study found an average acoustic impedance of 1.0 with amplitudes being 

generally higher over the Vulcan Structure and Hearne craton (1.0) and lower over the 

Medicine Hat block (0.8). The amplitudes varied strongly between the different 

domains of the Hearne craton, and the numbers stated above are averages. For 

example, the average acoustic impedance of the basement reflector in the Lacombe 

Domain is 1.8, while in the adjacent Loverna block the average is 0.7. 

Several conclusions follow from the acoustic amplitude study in the northern 

Williston Basin. The amplitude of the basement reflector and the observable regularity 

or irregularity of this reflector must be combined in order to reveal some specific 

information about the Precambrian unconformity. The basement reflector within the 

Wyoming craton and the Transition zone has similar qualitative and quantitative 

characteristics. The reflector generally has a lower amplitude (0.8 - 0.9) and is more 

continuous, except for areas at the edges of salt solution and local basement anomalies. 

The Precambrian unconformity within the Dakota block generally has higher 

amplitudes (1.0), more variable amplitudes, and the reflector is more discontinuous. It 

appears the Dakota block is composed of several internal lithological units with distinct 

characteristics resulting in a change in amplitude and observable basement character. 

In general, the basement reflector appears discontinuous over basement highs which 

have been fractured and faulted. This is likely caused by deep seated tectonic forces. 

152



Precambrian Time-Structure Map and Regional Structures 

The integrated well-log and seismic data based Precambrian time-structure map 

with detailed interpretation is shown in Fig. 3.21. Several different contour intervals 

were tested and 50 ms was chosen because it represents a good regional fit to the large

scale radial highs and lows. In this locality, the basin is circular with the basin centre 

located somewhere just south of the Canadian border in North Dakota. The right side, 

as expected, is nearly identical to Fig. 3.7. However, the Precambrian time structure 

map exhibits a more comprehensive structural framework as it incorporates a greater 

amount of data. 

An observation when analyzing this time structure map is that the northern 

Williston Basin Precambrian basement is composed of radial highs and lows which 

plunge toward the centre of the basin as indicated by the red lines in Fig. 3.21. These 

highs and lows are plunging anticlines and synclines which are approximately five to 

ten kilometers wide and twenty to forty kilometers long. On a large basin scale, this 

appears to be ductile folding in response to subsidence of the basin, but, more likely, 

this pattern represents up and down tilted and faulted basement blocks. The size of and 

distance between synclines and anticlines decreases toward the centre of the basin. 
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Secondly, there is a distinct change in basement character on the east side in 

comparison to the west. Basement structures within the Dakota block (Fig. 3.21) are 

much less prominent while the structures, labeled A through D, within the Transition 

zone and the Wyoming craton are more pronounced. It appears that the western portion 

of the basement was significantly more disturbed tectonically, therefore, manifestation 

of these relative changes is expected in the overlying Phanerozoic rocks. In fact, this is 

the case, as will be demonstrated in later sections. 

There is also some suggestion that the northern end of the Nesson anticline 

influences the contours of the basement map in Fig. 3.21. The approximate location of 

the anticline is shown in yellow. It is possible that the contours indicate influences of 

the Nesson basement high by the bending of these contours as represented by a 

structural high (rightmost red line). 

A seismic example of one of the major basement structures and its influences on 

the consequent sedimentary fill is given in Fig. 3.22. The beige rectangular area is the 

surface location of the disturbed area. It is also recognized with the same color in Fig. 

3.21. This large syncline is crossed by three seismic lines, allowing 3D estimation of 

the structural trend. The black bars on the side of each seismic section define the edges 

of the syncline. Several horizons are also highlighted to illustrate the syncline's shape. 

The horizontal length of each seismic section in the fence diagram (Fig. 3.22) is thirty 

kilometers, so the syncline begins with a width of approximately twenty kilometers in 

the north, and reduces in width to roughly fifteen kilometers in the south. Additional 

seismic lines to the south would be needed to determine where the plunging syncline 

terminates. 
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Moreover, this same structure, confirmed by boreholes, happens to coincide with 

a small part of the Elbow-Hummingbird monoclinal flexure, as first reported by 

Christopher (1961). The structure is evident even in Jurassic rocks and is the Prairie 

Formation salt solution edge. The black bar on the right side of the Fig. 3.22 marks the 

transition from salt on the right and no salt to the left. The Prairie Formation is below 

the Bakken Formation and above the Precambrian unconformity. The lack of salt is 

indicated by the decrease in thickness between the yellow and green horizons to the left 

of the Elbow-Hummingbird monoclinal flexure. 

The next major basement structure to the west labeled B in Fig. 3.21 is a south

east plunging anticline. Because of the sparse data coverage in this area, the exact 

extent of the anticline is unknown. However, it is extremely likely that this major 

anticline, named the Oungre trend (Toop and Toth, 1995), is the same structure 

responsible for the fault-bounded anticlinal traps of the Freda Lake, Skinner Lake, and 

Neptune oilfields. 
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Gravity and Magnetics 

The boundary between the Dakota block and the Transition zone as determined 

on the basement structural map (Fig. 3.2.1) is confirmed by a gravity and magnetic map 

of the area Fig. 3.23. In the extreme western part of the project area, the boundary 

between the Wyoming craton and the Transition zone is revealed by the edge of a 

magnetic high (Fig. 3.23), which is equivalent with the most westerly black dotted line 

on Fig. 3.21. 

The boundary between the Transition zone and the Dakota block is outlined by a 

comparable sub-parallel line to the east in the two figures. As in the seismic, there is a 

distinct change in both gravity and magnetics on either side of the trend. 

On the gravity map, the Dakota block appears to be associated with a more 

consistent gravity high, and the Transition zone gravity signature is also positive but at 

an overall lower level. The boundary between these tectonic entities is broadly outlined 

by a narrow a gravity low. These data suggest that the low is a result of a suture 

between the two domains characterized by materials with lower density properties. The 

magnetic map is somewhat similar; the boundary between the Transition zone and the 

Dakota block occurs in an area of a magnetic high separated by a magnetic low. 

The western margin of the Dakota block can be projected fairly accurately from a 

combination of the seismic, gravity, and magnetic data as well as from deep, regional 

seismic data in North Dakota (Baird et aI., 1996). The eastern margin, also defined 

seismically by Baird et al. (1996), is quite close to the Superior craton and is well out of 

the current area of interest. It is known that the Dakota block extends some distance to 
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the south in North Dakota, but its termination point is unknown (Baird et a/. J 1996). 

The same is true for the northern extent of the block. Baird et aL (1996) hypothesize a 

termination at 500 latitude based on a bend in the NACP. It appears from seismic that 

there is still a distinct western boundary north of Weybum, and previous work in this 

chapter implies the Dakota block could extend northward to 510 latitude based on 

Precambrian penetrating borehole lithology. Gravity and magnetics are inconclusive, 

revealing no significant northern boundary. 
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3.4 Inter-Precambrian Reflections 

Two types of inter-Precambrian reflections were observed: horizontal and 

dipping. The horizontal reflections occur primarily in the upper portion of the 

basement, but this is not the rule. In rare cases, segments of locally continuous 

horizontal energy exist deeper within the basement. Meanwhile, zones of dipping 

reflectivity are evident at all depths on the seismic sections. 

An in-depth investigation of the existence of steep reflectors was described in 

section 2.1.4 implementing data from line EG-94-WN5. It was discovered that primary 

reflection energy existed at many different depths, however the continuity of these 

reflective zones rarely extended across more than a few kilometers. This crustal 

reflectivity fabric is not unusual in the area and is well documented through the Trans

Hudson orogen study of Lithoprobe (Hajnal et al., 1996). As a consequence of this 

investigation, several other lines were explored to determine comparable reflectivity 

architecture of the upper crust in the area of interest. Spatial correlation of these events 

appeared to be difficult, but could be attempted on three of the lines with deepest depth 

penetration. 

After multiple attenuation, the basement is characterized by coherent bands of 

reflectivity spatially distributed in variable segments of the deeper portion of the 

seismic section. Once these events are viewed with respect to major tectonic blocks 

and their boundaries, a more cohesive picture begins to emerge. Several seismic lines 

contain coherent, dipping energy. There is a relatively small window to view these 

crustal seismic fabrics as most surveys recognized only 1-2 seconds of extra data 
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beyond the unconformity. However, in section 2.2.1.1, a dipping inter-Precambrian 

reflector was recognized and its response to the effect of migration was investigated. 

This reflection is evident in Fig. 2.25. It dips to the southwest and appears to be an 

isolated packet of energy several hundred meters in length. The unusual dip of the 

event, its depth position, and its response to migration all indicate that it is a primary 

reflection in the crust. 

Several seismic lines within the study area contain data which has a record length 

of five seconds. These data provide an unusual glimpse into the deeper portions of the 

basement, and allow segments of reflectivity to be recognized within the upper crust. 

Three such lines exhibit the most colorful crustal seismic reflection fabric, therefore 

they are discussed in the following. 

The interpretation ofbasement reflectivity within line SOU-l is displayed in Fig. 

3.24. This seismic line is approximately 53 km in length, extends from southwest to 

northeast, peers approximately 10 km into the crust, and can be seen in map view in 

Fig. 3.1. 

The first feature to point out is the interpreted position of the Precambrian 

unconformity marked by the pink sub-horizontal line. Above this line are the 

Phanerozoic sediments and below it, the igneous/metamorphic Precambrian basement. 

Approximately 2.8 seconds of good quality data are available for interpretation below 

the unconformity. 
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There are two large basement highs within this seismic section. Below these are 

steeply dipping anomalous zones of seismic transparency. These indicate major 

fracture zones of relative movement between two crustal blocks, and are similar to the 

seismic fabric of the Needle Falls shear zone and the Tabbernor fault within the crust 

(Lucas et al., 1993; Hajnal et al., 1996). 

An important feature in the entire section is the dipping reflection fabrics denoted 

by the yellow markers. These coherent energy packages dip to the southwest at 

approximately 10 to 15° and span the entire imaged Precambrian rock column. The 

direct effect of these dipping events on the Precambrian unconformity and the 

Phanerozoic sediments is difficult to determine considering only the currently available 

data. These reflectors likely represent zones of major brittle deformation within the 

west-dipping edge of the Dakota block and the Transition zone. The available data 

show a lack of coherent reflection fabrics to the right of these west-dipping lines within 

the northern extension of the Archean Dakota block. This phenomenon is seen within 

the Archean Superior craton which is also non-reflective (Lucas et al., 1993). 

The black horizons are coherent, mainly horizontal, discontinuities within the 

basement. At their maximum, they extend several kilometers. The reflectors exist 

from just below the unconformity down to three seconds. On this particular section, the 

horizontal reflectors are more abundant within the Transition zone and are less common 

within the Dakota block. Several dipping reflectors within the zone of mainly 

horizontal reflectivity reveal complex deformation of the upper crust in this location. 
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An anomalous feature, represented by the green ellipse, appears to be a localized 

magmatic intrusion with internal impedance contrasts. 

Line SOU-2 (Fig. 3.25) is also 53 km in length and approximately 10 km 

southeast of line SOU-I. Many of the reflectivity patterns recognized on line SOU-l 

are evident on this section. Dipping reflection fabrics of the Dakota block are indicated 

by yellow lines while the Precambrian unconformity is portrayed in pink. Once again, 

there are several large basement highs and beneath these are three steeply dipping 

fracture zones which separate tilted basement blocks with different structural altitude. 

Note the relationship between the most westerly broad basement shear zone and the 

gentle change in the dip (orange vertical line) in the overlying segment of the 

sedimentary fill. This orange line represents a major boundary on the Precambrian 

time-structure map, and is equivalent to the inferred boundary between the Transition 

zone and the Dakota block (Fig. 3.21). The short, complex multi-directionally dipping 

band of reflectivity on the left hand side of the shear zone suggest an extensive brittle 

fracture of the crust from the unconformity to the base of the section. In addition, there 

is also compelling evidence that the other two major basement fracture zones were 

active as late as mid-Cretaceous time flexuring/fracturing the sedimentary column 

above. The sub-horizontal reflectors are terminated by the shear zones and are lacking 

within the Dakota block. 
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The seismic line SQU-3 is 67 kIn long, extends from southwest to northeast, and 

is approximately 10 kIn southeast of line SQU-2 (Fig. 3.26). This section is a further 

manifestation of the similarity between the upper crustal structural setting in a north

south direction between line SQU-1 and SQU-3. The prominently western dip of the 

reflection fabrics of the Dakota block is indicated by the yellow lines. The Precambrian 

unconformity, tracked in pink, portrays two highs which are underlain by two distinct 

shear zones. The shear zones separate slightly tilted crustal blocks. Above both of the 

steeply dipping crustal structures, the sedimentary cover is tilted (orange line) or 

fractured (central part of the section). Both fractures are located above distinct 

magnetic anomalies suggesting possible magmatic intrusion into a segment of the 

basement shear zones. The central basement shear zone is broader and again indicates 

the highly fragmented nature of the crust within this disturbed zone. It is important to 

emphasize again that the crustal fracture zones, on all three seismic sections, are 

associated with structural changes within the overlying sedimentary column. The 

extension of these structural anomalies up to Cretaceous strata reveals that epeirogenic 

basement disturbances were active at least or recently as late Mesozoic. More 

comprehensive reprocessing of the upper 500 ms of the seismic data is required to 

determine the most recent time of the basement disturbances. 
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Fig. 3.27 incorporates lines SOU-I, SOU-2, and SOU-3 into a fence diagram in 

order to emphasize spatially correlated structural trends. The similar west-dipping 

reflection fabrics of the Dakota block are evident from line to line, as well as the lack of 

coherent reflection fabric within the Dakota block. 

There are two anomalous features labeled C and D. As mentioned earlier, C is 

likely a magmatic intrusion feature, and D is possibly a localized shear zone with a 

similar magmatic intrusion. 

More importantly, shear zones labeled A and B correlate to a gravity low in Fig. 

3.23 suggesting magmatic intrusion of less dense material along these zones. Similarly, 

the shear zones seem to be directly related to anomalous magnetic highs when 

comparing their spatial position to Fig. 3.23. The magnetic high is constant from line 

SOU-3 to SOU-2, and the steady position of the shear zones A and B confirm this. 

However, the magnetic signature decreases before line SOU-I is reached, and the 

relative change in the basement shear zone B agrees with this fact. 
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3.5 Phanerozoic Structures 

The seIsmIC cross-sections demonstrate that the Precambrian basement has 

influenced the sedimentary rock column throughout the evolution of the basin, and the 

majority of structures and features can be attributed to basement tectonic pulses. There 

are additional fracture/flexure zones recognizable by reflection imaging of the 

sedimentary fill of the northern Williston Basin. The frequency of these features and 

their non-distinct signatures make it very difficult to correlate them spatially from line 

to line. However, major zones such as the left-lateral Brockton-Froid-Fromberg fault 

zone (Gerhard et aI., 1987), originally named the Brockton-Froid by Thomas (1974), 

can be identified in Fig. 3.28. This structural zone is known to exist within the United 

States portion of the basin with a NE-SW trend intersecting the Nesson anticline at its 

northern extremity. When this structural trend is projected into Canada, it crosses 

several seismic lines, including ABE-97COAL-2 (Fig. 3.28). The seismic data, in the 

relevant area, is characterized by a complex flower structure with small offset 

flexure/faults and intricate, highly irregular basement unconformity surface. The data 

show that the structure was active in the late Cretaceous. 
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The Nesson fault (Lefever et al., 1987) extends along the western flank of the 

Nesson anticline. It can be projected northward into Canada, but its existence is not 

documented by earlier investigations (Lefever et al., 1987). Its physiographic position 

could relate this structure to the western edge of the Dakota block. 

Data suggest that the boundary between the Dakota block and the Transition zone 

is a major tectonic division. This boundary zone is also coincidental with the western 

edge of the Winnipegosis mound margin, and the eastern limit of salt solution of the 

Prairie Formation (Fig. 3.29). 

In Fig. 3.29 the major basement highs and lows occur in the western part of the 

study area. Not surprisingly, they are coincident with a multistage salt collapse region 

(Bishop, 1974) named the South Regina and Hummingbird troughs (DeMille et al., 

1964). The purple outline in Fig. 3.29, determined from a combination of seismic data 

and boreholes, is the margin of the salt. Repeated activation of the basement 

throughout time, especially in the Devonian, caused fluid migration through fractures 

and faults to allow some, ifnot all, of the salt in these areas to be dissolved. This major 

regional-scale salt removal only occurs over the Wyoming craton and the Transition 

zone. In contrast, in the east, over the Dakota block, there is simply small-scale local 

salt removal above Winnipegosis mounds. 
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Fig. 3.30 is a direct spatial illustration of the seismic images related to mapping 

the edge of the no-salt area. The basement involvement in the process is suggested by 

the fact that it is elevated on all three seismic sections (Fig. 3.30) beneath the area of 

salt collapse. 

The termination of the Prairie Formation, and of the yellow sub-horizontal lines, 

forms the location of the black line on the basemap in Fig. 3.30. The solid black line is 

the salt solution edge as determined from seismic data and the dotted line is the salt 

edge as defined using boreholes. Notice as well the subsidence of the Bakken 

Formation (blue sub-horizontal line) in all three cases as a result of removal of up to 

one-hundred meters of salt. Salt solution occurred at different points in time, but, 

seismically, the dissolution effects seem to have occurred before deposition of the 

Watrous Formation. After this period of deposition, there is no evidence of subsidence. 

An interesting Upper-Cretaceous feature (Christopher and Yurkowski, 2003) 

labeled "M", is recognized on several seismic sections with bright reflection images 

(Fig. 3.31). The location of the structure closely follows the surface trend of the 

Missouri Coteau. The top of the Cretaceous Milk River Formation is tracked in yellow. 

The dimensions of this monoclinal feature can be determined by the distances indicated 

on the individual sections. 
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Current presumption is the original structure was created by erosion (Christopher 

and Yurkowski, 2003). After this erosional episode, sedimentary transport was from the 

south-west and depositition initiated along the base of the escarpment. Eventually, 

sediment accumulated more rapidly on the downdip side of the escarpment and after 

several million years there was no surficial evidence of the feature. This regional, 

erosional surface can be described independently from any major tectonic influence. It 

is interesting to reiterate, however, that the subsurface trend "M" follows the surface 

Missouri Coteau closely. 
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CHAPTER 4 

SUMMARY 

This study of the northern Williston Basin includes the compilation of primarily 

seismic data which is intended to explore the intricacies of the Precambrian basement. 

Standard data processing procedures were adapted to remove multiple reflections at or 

below the unconformity. These techniques made it possible to assemble the most 

comprehensive Precambrian structural map produced to date in the northern Williston 

Basin and to observe primary inter-Precambrian reflections. A better understanding of 

the influence of this deep structural framework on the overlying sedimentary rocks was 

also a major objective of this investigation. A compilation of the crucial elements to 

this work are summarized below. 

4.1 Data Processing 

Seismic data processing was the foundation on which this thesis is based. A suite 

of seventy-five two-dimensional seismic profiles was the primary source ofdata used in 

this study. These data allowed the determination of a pseudo three dimensional picture 

of the northern Williston Basin. In order to achieve the desired results, a standard data 
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processIng flow was adapted by incorporating the Karhunen-Loeve transform to 

eliminate multiple reflections. 

To determine the nature of the multiples and their suppreSSIon techniques, 

modeling of multiple contamination in the northern Williston Basin region was 

attempted. It was concluded that three major impedance contrasts cause most of the 

multiple infestation: the Second White Specks Formation, the Bakken Formation, and 

the Winnipeg Formation. The resulting multiple interferences created from a 

combination of various travel paths with respect to these three geologic horizons are 

responsible for a majority of the multiple reflections within the first,....,700 ms below the 

Precambrian unconformity. This conclusion was confirmed with a multiple prediction 

experiment utilizing real seismic data. 

Once the location of the multiples became apparent, they could be eliminated. 

The Karhunen-Loeve technique was selected because it appeared to be the most 

effective. 

After multiple removal, the semblance velocity plots revealed recognizable 

semblance highs within the basement. The downward continuation of these contour 

highs indicated a systematic increase in velocity with increasing depth. This behavior 

is expected as the velocities of crystalline basement rocks are higher than the overlying 

carbonates. Thus, the data show that multiples are sufficiently suppressed allowing the 

appearance of hidden primary reflective energy. Two categories of inter-Precambrian 

reflections were found to exist: horizontal and dipping. 

The spatial position of the dipping Precambrian primary energy was optimized by 

adaptation of the Kirchhoff migration process. 
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4.2 Interpretation 

The primary objective of the interpretation was to assemble a detailed, regional 

structural map of the Precambrian unconformity allowing the identification of new 

trends and confirmation ofknown structures. 

Before this was attempted, an investigation into the known lithology and 

geochronology of available cores was undertaken, and it appears that the northern 

extremity of the Dakota block may extend to at least 51 0 latitude. 

In an attempt to study the properties of Precambrian subsurface reflector itself, a 

qualitative description and quantitative experiment was performed. The basement 

reflector within the Wyoming craton and the Transition zone is quite similar. The 

reflector generally has lower amplitude and is more continuous, except for areas at the 

edge of salt solution and local basement horsts or grabens. The Precambrian 

unconformity within the Dakota block generally has higher amplitudes, more variable 

amplitudes, and the reflector is more discontinuous. It appears the Dakota block is 

composed of several internal domains with distinct characteristics resulting in a change 

in amplitude and observable basement character. In general, the basement reflector 

appears discontinuous over basement highs which have been fractured and faulted. 

This is without a doubt caused by deep seated tectonic forces. 

Interpretation of the compiled Precambrian time-structure map revealed that the 

northern Williston Basin Precambrian basement is composed of radial highs and lows 

which plunge toward the centre of the basin. These highs and lows are plunging 
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anticlines and synclines which are approximately five to ten kilometers wide and 

twenty to forty kilometers long on the western side of the study area and significantly 

smaller to the east. On a large basin scale this appears to be ductile folding in response 

to subsidence of the basin, but, more likely, this pattern represents up and down tilted 

and faulted basement blocks. The size of and distance between these synclines and 

anticlines decreases toward the centre of the basin. 

There is also a distinct change in basement character on the east side of the study 

area in comparison to the west. Basement structures within the Dakota block are much 

smaller while the structures within the Transition zone and the Wyoming craton are 

much more pronounced. The boundary between the Dakota block and the Transition 

zone is determined from the basement structural map and is confirmed by a gravity and 

magnetic map of the area which shows a very pronounced change along this trend. 

This thesis involves the study of not only the Precambrian unconformity, but the 

structures and complexities within the crystalline basement. Elimination of multiple 

reflections allowed the interpretation of inter-Precambrian reflection fabrics. After 

multiple attenuation, the basement is characterized by coherent bands of reflection 

fabrics. Once these events are viewed with respect to tectonic blocks and their 

boundaries, a clear picture begins to emerge. 

There are several basement highs represented by an upward bulge of the 

Precambrian unconformity. Directly below these are several major fault zones that are 

relatively reflection-free. Above the fault zones, disturbances exist within the 

Phanerozoic as recent as the Cretaceous. These fractures are located above distinct 
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gravity and magnetic anomalies suggesting possible magmatic intrusion into a segment 

of the basement fracture zones. 

Noteworthy features within the basement are the dipping reflection fabrics. 

These coherent energy packages dip to the west at approximately 10 to 150 and span the 

entire available Precambrian rock column. These reflectors likely represent brittle 

deformation within the west-dipping edge of the Dakota block. 

Coherent, mainly horizontal, reflection packages also exist within the basement. 

At their maximum, they extend several kilometers. These reflectors do not seem to be 

restricted to a certain depth interval. The horizontal reflectors are more abundant 

within the Trans-Hudson orogen and less common within the seismically transparent 

Dakota block. 

The seismic cross-sections clearly demonstrate that the Precambrian basement 

has influenced the sedimentary rock column throughout the evolution of the basin, and 

the majority of structures and features can be attributed to basement tectonic pulses. 

Data suggest that the boundary between the Dakota block and the Transition zone is a 

major tectonic division. This boundary zone is coincidental with the western edge of 

the Winnipegosis reef margin, and the eastern limit of salt solution of the Prairie 

Formation. Major basement highs and lows occur in the western part of the study area. 

Not surprisingly, they are coincident with a multistage salt collapse region. This major 

regional-scale salt removal only occurs over the Wyoming craton and the Transition 

zone. In contrast, in the east, over the Dakota block, there is mainly only small-scale 

local salt removal above Winnipegosis mounds. The existence of a subsurface Upper
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Cretaceous erosional feature along the same trend as the surface Missouri Coteau 

suggest that structures at this location may have a deeper basement influence. 

184



REFERENCES

Alabi, A.O., Camfield, P.A., and Gough, D.L, 1975, The North American Central 

Plains conductivity anomaly: Royal Astronomical Society Geophysical Journal, 

v. 43, p. 815-833. 

Anderson, S.B., Bluemle, J.P., and Gerhard, L.C., 1982, Oil exploration and 

development in the North Dakota Williston Basin; in Fourth International 

Williston Basin Symposium, J.E. Christopher and J. Kaldi (eds.). Regina, 

Saskatchewan Geological Society Special Publication 6, p. 3-11. 

Andrew, J.A., Edwards, D.M., Graf, R.J., and Wold, RJ., 1991, Empirical observations 

relating near-surface magnetic anomalies to high-frequency seismic data and 

landsat data in eastern Sheridan County, Montana: Geophysics, v. 56, 

p. 1553-1570. 

Ansdell, K.M. and Norman, A.R., 1995, U-Pb geochronology and tectonic development 

of the southern flank of the Kisseynew Domain, Trans-Hudson Orogen, Canada: 

Precambrian Research, v. 72, p. 147-167. 

Ashton, K.E., Heaman, L.M., Lewry, J.F., Hartlaub, R.P., and Shi, R., 1999, Age and 

origin of the Jan Lake Complex: a glimpse at the buried Archean craton of the 

Trans-Hudson Orogen: Canadian Journal of Earth Sciences, v. 36, p. 185-208. 

Baird, DJ., Nelson, K.D., Knapp, J.H., Walters, J.J., and Brown, L.D., 1996, Crustal 

structure and evolution of the Trans-Hudson orogen: Results from seismic 

reflection profiling: Tectonics, v. 15, p. 416-426. 

Bankey, V., and 15 others, 2002, Magnetic map ofNorth America, Published by u.S. 

185



Department of Interior, U.S. Geological Survey. 

Berkhout, A.J., 1980, Seismic migration-imaging of acoustic energy by wave field 

extrapolation. Elsevier, North Holland Publ. Comp., Amsterdam, New York. 

Bickford, M.E., Collerson, K.D. and Lewry, J.F., 1994, Crustal history of the Rae and 

Hearne provinces, southwestern Canadian Shield, Saskatchewan: Constraints 

from geochronologic and isotopic data: Precambrian Research, v. 68, p. 1-21. 

Bickford, M.E., Collerson, K.D., Lewry, J.F., Van Schmus, W.R. and Chiarenzelli, 

J.R., 1990, Proterozoic collisional tectonism in the Trans-Hudson orogen, 

Saskatchewan: Geology, v. 18, p. 14-18. 

Bickford, M.E., Van Schmus, W.R., Macdonald, R., Lewry, J.F., and Pearson, J.G., 

1986, U-Pb zircon geochronology project for the Trans-Hudson Orogen: current 

sampling and recent results; in Summary of Investigations 1986, Saskatchewan 

Geological Survey; Sask. Energy Mines, Misc. Rep. 86-4, p101-107. 

Bishop, R.A., 1974, Hummingbird structure, Saskatchewan, single vs. multiple stage 

salt solution-collapse; in Fuels: A Geological Appraisal, G.R. Parslow (ed.). 

Regina, Sask. Geol. Soc. Special Publication 2, p. 179-197. 

Bluemle, J.P., 2001, The naming of the Williston Basin: The 50th Anniversary of the 

Discovery of Oil in North Dakota. North Dakota Geological Survey, Misc. Series 

89, p. 1. 

Bleeker, W., 1990, New structural-metamorphic constraints on early Proterozoic 

oblique collision along the Thompson nickel belt, northern Manitoba, in The 

Early Proterozoic Trans-Hudson Orogen ofNorth America, Lewry, J.F. and 

Stauffer, M.R., eds., Geol. Assoc. Can. Spec. Paper, 37, p. 54-74. 

186 



Boerner, D., Craven, J., Kurtz, R., Ross, G., and Jones, F., 1998, The Great Falls 

tectonic zone: Suture or intracontinental shear zone?: Canadian Journal of 

Earth Sciences, v. 35, p. 175-183. 

Brown, D.L. and Brown, D.L., 1987, Wrench-style deformation and paleostructural 

influence on sedimentation in and around a cratonic basin; in Williston Basin: 

Anatomy ofa Cratonic Oil Province. J.A. Peterson, D.M. Kent, S.B. Anderson, 

R.H. Pilatzke, and M.W. Longman (eds.). Denver, Colorado, Rocky Mountain 

Association of Geologists, p. 57-70. 

Bruland, L., 1993, Comparison of the Karhunen-Loeve stack with the conventional 

stack: Geophysical Transactions, v. 38, p. 239-249. 

Buhlmann, A.L., Cavell, P., Burwash, R.A., Creaser, R.A. and Luth, R.W., 2000, 

Minette bodies and cognate mica-c1inopyroxenite xenoliths from the Milk River 

area, southern Alberta: records of a complex history of the northernmost part of 

the Archean Wyoming craton: Canadian Journal of Earth Sciences, v. 37, 

p. 1629-1650. 

Burwash, R.A., Baadsgaard, H., and Peterman, Z.E., 1962, Precambrian K-Ar dates 

from the Western Canada Sedimentary Basin: J. Geophys. Res., v. 67, 

p. 1617-1625. 

Caldwell, W.G.E., 1987, Regional setting of the phanerozoic rocks in Saskatchewan; 

in Economic Minerals of Saskatchewan, C.F. Gilboy and L.W. Vigrass (eds.). 

Regina, Sask. Geol. Soc. Spec. Pub. no. 8, 19p. 

Camfield, P.A. and Gough, D.L, 1975, Anomalies in daily variation magnetic fields and 

structure under north-western United States and south-western Canada: Geophys. 

187



J.R. Astron. Soc., v. 41, p. 193-218. 

Camfield, P.A. and Gough, D.L, 1977, A possible Proterozoic plate boundary in North 

America: Can. J. Earth Sci., v. 14, p. 1229-1238. 

Camfield, P.A., Gough, D.L, and Porath, H., 1970, Magnetometer array studies in the 

northwestern United States and southwestern Canada: Geophys. J.R. Astron. 

Soc., v. 22, p. 201-222. 

Cavell, P.A., Burwash, R.A., and Nelson, D.B., 1993, Enriched mantle beneath 

southern Alberta: isotopic evidence for a northern extension of the Wyoming 

block into southern Alberta: Geological Association of Canada - Mineralogical 

Association of Canada Program with Abstracts, 18: A-17. 

Christopher, J.E., 1961, Transitional Devonian-Mississippian formations of southern 

Saskatchewan: Saskatchewan Department ofMineral Resources, Report 66, 

103 p. 

Christopher, J.E., 2000, The Early Mesozoic history of the Punnichy arch, southeastern 

Saskatchewan; in Summary of Investigations 2000, Volume 1, Sask. Geol. Sur., 

Sask, Energy Mines, Misc. Rep. 2000-4.1, p. 45-54. 

Christopher, J.E. and Yurkowski, M., 2003, A major Late Creatceous (Campanian) 

unconformity, southeastern Saskatchewan; in Summary of Investigations 2003, 

Volume 1, Saskatchewan Geological Survey, Sask. Industry Resources, Misc. 

Rep. 2003-4.1, CD-ROM, Paper A-12, 7p. 

Christopher, J.E., Kent, D.M., and Simpson, F., 1973, The future petroleum provinces 

of Canada - their geology and potential: Saskatchewan and Manitoba, C.S.P.G. 

Memoir No.1, p. 124. 

188 



Claerbout, J.F., 1970, Coarse grid calculations ofwaves in inhomogeneous media with 

application to delineation of complicated seismic structure: Geophysics, v. 35, 

p.407-418. 

Claerbout, J.F., 1985, Imaging of the earth's interior: Blackwell Scientific Publications. 

Claerbout, J.F., and Doherty, S.M., 1972, Downward continuation ofmoveout 

corrected seismograms: Geophysics, v. 37, p. 741-768. 

Clausen, E.N., 1987, Late Cenozoic erosion of Williston Basin sediments; in Fifth 

International Williston Basin Symposium, C.G. Carlson and J.E. Christopher 

(eds.).Regina, Sask. Geol. Sur. Spec. Pub. 9, p. 190-195. 

Clement, J.R., 1987, Cedar Creek: A significant paleotectonic feature of the Williston 

Basin; in Williston Basin: Anatomy of a Cratonic Oil Province. J.A. Peterson, 

D.M. Kent, S.B. Anderson, R.R. Pilatzke, and M.W. Longman (eds.). Denver, 

Colorado, Rocky Mountain Association of Geologists, p. 323-336. 

Clowes, R.M., Burianyk, M.J.A., and Gorman, A.R., Kanasewich, E.R., 2002, Crustal 

velocity structure from SAREX, the Southern Alberta Refraction Experiment: 

Canadian Journal of Earth Sciences, v. 39, p. 351-373. 

Collerson, K.D., Lewry, J.F., Van Schmus, R.W., and Bickford, M.E., 1989, Sm-Nd 

isotopic constraints on the age of the buried basement in central and southern 

Saskatchewan: implications for diamond exploration; in Summary of 

Investigations 1989, Sask. Geol. Sur., Sask. Energy and Mines, Misc. Report 

89-4, p. 168-1 71. 

Collerson, K.D., Van Schmus, R.W., Lewry, J.F., and Bickford, M.E., 1988, Buried 

Precambrian basement in south-central Saskatchewan: provisional results from 

189 



Sm-Nd model ages and V-Pb zircon geochronology; in Summary of 

Investigations 1988, Sask. Geol. Sur., Sask. Energy and Mines, Misc. Report 

88-4, p. 142-150. 

Dahl, P.S., Holm, D.K., Gardner, E.T., Hubacher, F.A., and Foland, K.A., 1999, New 

constraints on the timing of Early Proterozoic tectonism in the Black Hills 

(South Dakota), with implications for docking of the Wyoming province with 

Laurentia: G.S.A. Bulletin, v. 111, p. 1335-1349. 

Davis, W.J., Berman, R. and Kjarsgaard, B.A., 1995, V-Pb geochronology and isotopic 

studies of crustal xenoliths from the Archean Medicine Hat block, northern 

Montana and southern Alberta: Paleoproterozoic reworking of Archean lower 

crust; in 1995 Alberta basement transects workshop. Edited by G.M. Ross. 

Lithoprobe Report No. 47, p. 329-334. 

Deiss, C., 1941, Cambrian geography and sedimentation in the central Cordilleran 

region: Geological Society of America Bulletin, v. 52, p. 1085-1116. 

DeMille, G., Shouldice, J.R., Nelson, H.W., 1964, Collapse structures related to 

evaporites of the Prairie Formation, Saskatchewan: Geological Society of 

America Bulletin, v. 75, p. 307-316. 

Donofrio, R.R., 1981, Impact craters: implications for basement hydrocarbon 

production: Journal ofPetroleum Geology, v. 3, p. 279-302. 

Dutch, S.I. and Nielsen, P.A., 1990, The Archean Wyoming province and its 

relations with adjacent Proterozoic provinces; in Lewry, J.F. and Stauffer, M.R., 

eds., The Early Proterozoic Trans-Hudson Orogen ofNorth America, GAC 

Special Paper 37, p. 287-300. 

190 



Eaton, D.W., Ross, G.A., and Clowes, R., 1999, Seismic-reflection and potential field 

studies of the Vulcan structure, western Canada: A Paleoproterozoic Pyrenees?: 

Journal of Geophysical Research, v. 104, p. 23255-23269. 

Eaton, D.W., Ross, G.M., Cook, F.A., and VanderVelden, A., 2000, Seismic imaging 

of the upper mantle beneath the Rocky Mountain forland, southwestern Alberta: 

Canadian Journal of Earth Sciences, v. 37, p. 1493-1507. 

Engel, A.E.J., 1963, Geologic evolution ofNorth America: Science, v. 140, p. 143-152. 

Erickson, A.K., 1970, Surficial lineaments and their structural implications in the 

Williston Basin: Unpublished Master's Thesis, University ofNorth Dakota, 59 p. 

Flint, R.F., 1955, Pleistocene geology of eastern South Dakota: United States 

Geological Survey Professional paper 262, 173 p. 

Fowler, C.M.R. and Nisbet, E.G., 1985, The subsidence of the Williston Basin: 

Canadian Journal of Earth Sciences, v. 22, p. 408-415. 

Frost, C., 1993, Nd isotopic evidence for the antiquity of the Wyoming province: 

Geology, v. 21, p. 351-354. 

Frost, C.D. and Burwash, R.A., 1986, Nd evidence for extensive Archean basement in 

the western Churchill Province, Canada: Canadian Journal of Earth Sciences, v. 

23, p. 1433-1437. 

Fuchs, K., 1968, The reflection of spherical waves from transition zones with arbitrary 

depth-dependant elastic moduli and density: J. Physics of the Earth, v. 16, 

p.27-4l. 

Fuchs, K., 1980, Calculation of synthetic seismograms by the reflectivity method: 

Bureau ofMineral Resources of Australia, p. 1-38. 

191 



Gazdag, J., 1978, Wave equation migration with the phase-shift method: Geophysics, 

v.43,p.1342-1351. 

Gerhard, L.C., Anderson, S.B., and Fischer, D.W., 1990, Petroleum Geology of the 

Williston Basin; Chapter 29; in Interior Cratonic Basins, M.W. Leighton, D.R. 

Kolata, D.F. Oltz and J.I. Eidel (eds.). American Association ofPetroleum 

Geologists, Memoir 51, p.507-559. 

Gerhard, L.C., Anderson, S.B., and Lefever, J.A., 1987, Structural history of the 

Nesson Anticline, North Dakota; in Williston Basin: Anatomy of a Cratonic Oil 

Province, J.A. Peterson, D.M. Kent, S.B. Anderson, R.H. Pilatzke, and M.W. 

Longman (eds.). Denver, Colorado, Rocky Mountain Association of Geologists, 

p.337-353. 

Gerhard, L.C., Anderson, S.B., Lefever, J.A. and Carlson, C.G., 1982, Geological 

development, origin, and energy mineral resources of the Williston Basin, North 

Dakota: American Assoc. ofPetroleum Geologists Bulletin, v. 66, p. 989-1020. 

Gerlach, T.R., Anderson, N.L. and Forsman, N.F., 1995, The Newporte Structure: a 

Petroliferous, Subsurface Impact Crater, Renville County, North Dakota; in 

Seventh International Williston Basin Symposium, L.D. Vern Hunter and R.A. 

Schalla (eds.).Billings, Montana, N.D., Sask. Geol. Soc., p. 187-193. 

Gorman, A.R., Clowes, R.M., Ellis, R.M., Henstock, TJ., Spence, G.D., Keller, 

G.R., Levander, A.R., Snelson, C.M., Burianyk, M.J.A., Kanasewich, E.R., 

Asudeh, 1., Hajnal, Z., and Miller, K.C., 2002, Deep probe - imaging the roots of 

western North America: Canadian Journal ofEarth Sciences, v. 39, p. 375-399. 

Green, A.G., Weber, W. and Hajnal, Z., 1985, Evolution of Proterozoic terrains beneath 

192



the Williston Basin: Geology, v. 13, p. 624-628. 

Greggs, D.H. and Hein, F.J., 2000, The sedimentology and structure of the Lower 

Paleozoic Deadwood Formation of Saskatchewan; in Summary of Investigations 

2000, vol. 1, Sask. Geol. Sur., Sask. Energy Mines, Misc. Rep. 2000-4.1, p. 7-13. 

Gough, D.I., 1989, Magnetometer array studies, Earth structure, and tectonic processes: 

Reviews of Geophysics, v. 27, p. 141-157. 

Hagedoorn, J.G., 1954, A process of seismic reflection interpretation: Geophysical 

Prospecting, v. 2, p. 85-127. 

Haidl, F.M., Gilboy, C.F., and Turner, R.J.W., 2003, Geoscape southern Saskatchewan; 

in Summary of Investigations 2003, Volume 1, Saskatchewan Geological Survey, 

Sask. Industry and Resources, Misc. Rep. 2003-4.1, CD-ROM, Paper A-13, 7p. 

Hajnal, Z., 2000, The crust beneath the Williston Basin: Geocanada 2000 abstracts, 4p. 

Hajnal, Z., Fowler, C.M.R., Mereu, R.F., Kanasewich, E.R., Cumming, G.L., 

Green, A.G. and Mair, A., 1984, An initial analysis of the earth's crust under the 

Williston Basin 1979 COCRUST experiment: Journal of Geophysical Research, 

v. 89, p. 9381-9400. 

Hajnal, Z., Lucas, S., White, D., Lewry, J., Bezdan, S., Stauffer, M.R. and Thomas, 

M.D., 1996, Seismic reflection images ofhigh-angle faults and linked 

detachments in the Trans-Hudson Orogen: Tectonics, v. 15, p. 427-439. 

Handa, S. and Camfield, P.A., 1984, Crustal electrical conductivity in north-central 

Saskatchewan: the North American Central Plains anomaly and its relation to a 

Proterozoic plate margin: Canadian Journal of Earth Sciences, v. 21, p. 533-543. 

Hardy, R.J., and Hobbs, R.W., 1991, A strategy for multiple suppression: First Break, 

193



v. 9, p. 139-144. 

Harlan, S.S., Geissman, J.W., and Premo, W.R., 2003, Paleomagnetism and 

geochronology of an Early Proterozoic quartz diorite in the southern Wind River 

Range, Wyoming, USA: Tectonophysics, v. 362, p. 105-122. 

Hoffman, P.F., 1981, Autopsy ofAthapuscow Aulacogen: a failed arm affected by 

three Collisions; in Campbell, F.R.A., ed., Proterozoic Basins of Canada: 

Geological Survey of Canada, Paper 81-10, p. 97-102. 

Hoffman, P.F., 1988, United plates of America, the birth ofa craton: Early Proterozoic 

assembly and growth of Laurentia: Annual Review ofEarth and Planetary 

Sciences, v. 16, p. 543-603. 

Hoffman, P.F., 1989, Precambrian geology and tectonic history ofNorth America; in 

Bally, A.W., and Palmer, A.R., eds., The Geology ofNorth America - An 

Overview: Boulder, Colorado, Geological Society of America, The Geology of 

North America, v. A. 

Hoffman, P.F., 1990, Subdivision of the Churchill province and extent of the Trans

Hudson Orogen, in Lewry, J.F. and Stauffer, M.R., eds., The Trans-Hudson 

Orogen: Geol. Assoc. of Can. Spec. Paper 37, p. 15-39. 

Hope, J., Eaton, D.W., and Ross, G.M., 1999, Lithoprobe seismic transect of the 

Alberta Basin: Compilation and overview: Bulletin of Canadian Petroleum 

Geology, v. 47, p. 331-345. 

Homer, R.B. and Hasegawa, H.S., 1978, The seismotectonics of southern 

Saskatchewan: Canadian Journal of Earth Sciences. v. 15, p. 1341-1355. 

Hubral, P., 1977, Time migration-some ray theoretical aspects: Geophysical 

194 



Prospecting, v. 25, p. 738-745. 

Jones, A.G. and Craven, J.A., 1990, The North American Central Plains conductivity 

anomaly and its correlation with gravity, magnetics, seismic, and heat flow data 

in the province of Saskatchewan: Phys. Earth Planet. Inter., v. 60, p. 169-194. 

Jones, A.G., Craven, J.A., McNeice, G.A., Ferguson, I.J., Boyce, T., Farquharson, C. 

and Ellis, R.G., 1993, The North American Central Plains conductivity anomaly 

within the Trans-Hudson orogen in northern Saskatchewan: Geology, v. 21, 

p. 1027-1030. 

Jones, A.G., Garcia, X., Grant, N.J., Ledo, J. and Ferguson, 1.J., 1997, Regional electric 

structure of the Trans-Hudson orogen: Lithoprobe Seventh Trans-Hudson Orogen 

Transect Workshop, Saskatoon, Saskatchewan, Canada, May 1-2, Lithoprobe 

Report 62, p. 130-146. 

Jones, A.G., and Savage, P.J., 1986, North American Central Plains conductivity 

anomaly goes east: Geophysical Research Letters, v.13, p. 685-688. 

Kanasewich, E.R., Clowes, R.M., McCloughan, C.H., 1969, A buried Precambrian rift 

in western Canada: Tectonophysics, v.8, p. 513-527. 

Karlstrom, K. and Houston, R., 1984, The Cheyenne Belt: Analysis of a Proterozoic

suture in southern Wyoming: Precambrian Research, v. 25, p. 415-446.

Keary, P., and Brooks, M., 1991, An introduction to geophysical exploration, 2nd ed.:

Blackwell Science Ltd., p. 21-54. 

Kent, D.M., 1974, The relationship between hydrocarbon accumulations and 

basement structural elements in the northern Williston Basin; in Fuels: A 

Geological Appraisal. G.R. Parslow (ed.). Regina, Sask. Geol. Soc. Spec. Pub. 2, 

195



p.63-80. 

Kent, D.M., 1987, Paleotectonic controls on sedimentation in the northern Williston 

Basin, Saskatchewan; in Williston Basin: Anatomy of a Cratonic Oil Province. 

J.A. Peterson, D.M. Kent, S.B. Anderson, R.H. Pilatzke, and M.W. Longman 

(eds.). Denver, Colorado, Rocky Mountain Association of Geologists, 

p.45-56. 

Kent, D.M. and Christopher, J.E., 1994, Geological history of the Williston Basin and 

Sweetgrass Arch, Chapter 27; in Geological Atlas of the Western Canada 

Sedimentary Basin. G.D. Mossop and 1. Shetson (comps.). Calgary, C.S.P.G. 

and Alberta Research Council, p. 421-430. 

Klasner, J.S. and King, E.R., 1986, Precambrian basement geology ofNorth and South 

Dakota: Canadian Journal of Earth Sciences, v. 23, p. 1083-1102. 

Klasner, J.S. and King, E.R., 1990, A model for tectonic evolution of the Trans-Hudson 

Orogen in North and South Dakota; in Lewry, J.F. and Stauffer, M.R., 

eds., The Early Proterozoic Trans-Hudson Orogen ofNorth America, GAC 

Special Paper 37, p. 271-285. 

Kreis, L.K., Ashton, K.E., and Maxeiner, R.O., 2000, Geology of the Precambrian 

basement and Phanerozoic strata in Saskatchewan; Sheet 1 of 8, Lower Paleozoic 

Map Series, Sask. Energy Mines, Open File Rep. 2000-2. 

Kreis, L.K. and Kent, D.M., 2000, Basement controls on Red River sedimentation and 

hydrocarbon production in southeastern Saskatchewan; in Summary of 

Investigations 2000, vol. 1, Sask. Geol. Sur., Sask. Energy and Mines, Misc. Rep. 

2000-4.1, p. 21-42. 

196 



Landa, E., Keydar, S., and Belfer, I., 1999, Multiple prediction and attenuation using 

wavefront characteristics ofmultiple-generating primaries: The Leading Edge, 

p.60-64. 

Latham, T.S., Best, J., Chaimov, J.O., Brown, L., and Kaufman, S., 1988, COCORP 

profiles from the Montana plains: The Archean cratonic crust and a lower crustal 

anomaly beneath the Williston Basin: Geology, v. 16, p. 1073-1076. 

Lefever, R.D. and Crashell, J.J., 1991, Structural development of the Williston Basin in 

southwestern North Dakota; in Sixth International Williston Basin SYmposium, 

J.E. Christopher and F.M. Raidl (eds.). Regina, Sask. Geol. Soc. Spec. Pub. no. 

11, p. 222-233. 

Lefever, J.A., Lefever, R.D. and Anderson, S.B., 1987, Structural evolution of the 

central and southern portions of the Nesson Anticline, North Dakota; in Fifth 

International Williston Basin SYmposium, C.G. Carlson and J.E. Christopher 

(eds.). Regina, Sask. Geol. Sur. Spec. Pub. 9, p. 147-156. 

Lemieux, S., Ross, G.M., and Cook, F.A., 2000, Crustal geometry and crustal evolution 

of the Archean crystalline basement beneath the southern Alberta Plains, from 

new seismic reflection and potential-field studies: Canadian Journal of Earth 

Sciences, v. 37, p. 1473-1491. 

Lemke, R.W., 1960, Stratigraphy, structure, and vertebrate fossils of the Oligocene 

Brule Formation, Slim Buttes, Northwestern South Dakota: Geological Society of 

America Bulletin, v. 81, p. 831-850. 

Lewry, J.F., Rajnal, Z., Green, A., Lucas, S.B., White, D., Stauffer, M.R., Ashton, 

K.E., Weber, W., and Clowes, R., 1994, Structure of a Paleoproterozoic 

197 



continent-continent collision zone: a LITHOPROBE seismic reflection profile 

across the Trans-Hudson Orogen, Canada: Tectonophysics, v. 232, p. 143-160. 

Lewry, J.F., Thomas, D.J., Macdonald, R., and Chiarenzelli, J., 1990, Structural 

relations in accreted terranes of the Trans-Hudson orogen, Saskatchewan: 

Telescoping in a collisional regime?; in The Early Proterozoic Trans-Hudson 

Orogen ofNorth America, Lewry, J.F. and Stauffer, M.R., eds., Geol. Assoc. 

Can. Spec. Paper, 37, p. 75-94. 

Lidiak, E.G., 1971, Buried Precambrian rocks of South Dakota: GSA, v. 82, 

p. 1411-1420. 

Lucas, S.B., Green, A., Hajnal, Z., White, D., Lewry, J., Ashton, K., Weber, W., and 

Clowes, R., 1993, Deep seismic profile across a Proterozoic collision zone: 

Surprises at depth: Nature, v. 363, p. 339-342. 

Majorowicz, J.A., Jones, F.W. and Jessop, A.M., 1986, Geothermics of the Williston 

Basin in Canada in relation to hydrodynamics and hydrocarbon occurrences: 

Geophysics, v. 51, p. 767-779. 

Mayne, W.H., 1962, Common-reflection point horizontal data stacking techniques: 

Geophysics, v. 27, p. 927-938. 

McBride, J.H., Kolata, D.R. and Hildenbrand, T.G., 2003, Geophysical constraints on 

understanding the origin of the Illinois basin and its underlying crust: 

Tectonophysics, v. 363, p. 45-78. 

McCaslin, J.C., 1982, Remote east Williston wildcat reported: Oil and Gas Journal, 

Sept 20, 1982, p. 189-191. 

Meyer,M.T., Bickford, M.E. and Lewry, J.F., 1992, The Wathaman batholith: An 

198



Early Proterozoic continental arc in the Trans-Hudson orogenic belt, Canada: 

Geological Society ofAmerica Bulletin, v. 104, p. 1073-1085. 

Miles, W.F., Roest, W.R., Kelley, L., and Gent, M.R., 2000, Rationalized detailed 

gravity data southern Saskatchewan: Geological Survey of Canada Open File 

D3883 / Saskatchewan Energy and Mines Open File 2000-1, CD-ROM. 

Mueller, P.A., Heatherington, A.L., Kelly, D.M., Wooden, J.L. and Mogk, D.W., 2002, 

Paleoproterozoic crnst within the Great Falls tectonic zone: Implications for the 

assembly of southern Laurentia: Geology, v. 30, p. 127-130. 

Nelson, K.D., Baird, D.J., Walters, J.J., Hauck, M., Brown, L.D., Oliver, J.E., Ahem, 

J.L., Hajnal, Z., Jones, A.G. and Sloss, L.L., 1993, Trans-Hudson orogen and 

Williston basin in Montana and North Dakota: New COCORP deep-profiling 

results: Geology, v. 21, p. 447-450. 

Nisbet, E.G. and Fowler, C.M.R., 1984, A review of some models for the formation of 

the Williston Basin; in Oil and Gas in Saskatchewan, J.A. Larsong, and M.A. 

Wilson (eds.). Regina, Sask. Geol. Soc. Spec. Pub. 7, p. 1-3. 

O'Neill, J.M., 1998, The Great Falls tectonic zone, Montana-Idaho: An early 

Proterozoic collisional orogen beneath the south of the Belt Basin; in Berg, R.B., 

ed., Belt Symposium III - 1993: Montana Bureau ofMines and Geology Special 

Publication 112, p. 222-228. 

O'Neill, J.M. and Lopez, D.A., 1985, Character and regional significance of Great Falls 

tectonic zone, east-central Idaho and west-central Montana: American 

Association ofPetroleum Geologists Bulletin, v. 69, p. 437-447. 

Oppenheim, A.V., 1978, Applications of digital signal processing: Prentice-Hall, Inc. 

199



Palmer, D., 1980, The generalized reciprocal method of seismic refraction 

interpretation. Tulsa: Society of Exploration Geophysicists. 

Peterman, Z.E., 1981, Dating ofArchean basement in north-eastern Wyoming and 

southern Montana: Geol. Soc. America Bull., v. 92, p. 139-146. 

Peterman, Z.E. and Futa, K., 1987, Is the Archean Wyoming province exotic to the 

Superior craton? Evidence from Sm-Nd model ages ofbasement cores: 

Geological Society ofAmerica, Abstracts with Programs, v. 19, p. 803. 

Pilkington, M., Grieve, R.A.F., Rupert, J.D. and Halpenny, J.F., 1992, Gravity anomaly 

map with shaded relief of gradient ofNorth America: Geological Survey of 

Canada, Map 1807A, scale 1:10000000. 

Porath, H., Gough, D.L and Camfield, P.A., 1971, Conductive structures in the 

northwestern United States and south-west Canada: Geophys. J.R. Astron. Soc., 

v. 23, p. 387-398. 

Porter, J.W., Price, R.A., and McCrossan, R.G., 1982, The Western Canada 

Sedimentary Basin: Phil. Trans. R. Soc. Lond., v. 305, p. 169-192. 

Potter, D. and St. Onge, A., 1991, Minton Pool, south-central Saskatchewan: a model 

for basement induced structural and stratigraphic relationships; in Sixth 

International Williston Basin Symposium. J.E. Christopher and F.M. Haidl (eds.). 

Regina, Sask. Geol. Soc. Spec. Pub. no. 11, p. 21-33. 

Pratt, T., Culotta, R., Hauser, E., Nelson, D., Brown, L., Kaufman, S., and Oliver, J., 

1988, Major Proterozoic basement features of the eastern mid-continent ofNorth 

America revealed by recent COCORP profiling: Geological Society of America 

Abstracts with Programs, v. 20, p. A386. 

200 



Pu, Renhai, Qing, H., Kent, D.M., and Urban, M.A., 2003, Pool characterization of the 

Ordovician Midale field: Implication for Red River play in northern Williston 

Basin, southeastern Saskatchewan, Canada: American Association ofPetroleum 

Geologists Bulletin, v. 87, no. 11, p. 1699-1715. 

Rankin, D. and Pascal, F., 1990, A gap in the North American Central Plains 

conductivity anomaly: Phys. Earth Planet. Inter., v. 60, p. 132-137. 

Redly, P., 1998, Tectonostratigraphic evolution of the Williston Basin: Unpublished 

Ph.D. Thesis, University of Saskatchewan, 360p. 

Redly, P. and Hajnal, Z., 1995, Tectono-stratigraphic evolution of the Williston Basin

a regional seismic stratigraphic study; in Seventh International Williston Basin 

Symposium, L.D. Vern Hunter and R.A Schalla (eds.). Billings, Montana, N.D., 

Sask. Geol. Soc., p. 341-350. 

Reitzel, J.S., Gough, D.L, Porath, D.L and Anderson, C.W., 1970, Geomagnetic deep 

sounding and upper mantle structure in the western United States: Geophys. 

J.R. Astron. Soc. V. 19, p. 213-235. 

Roscoe, S.M. and Card, K.D., 1993, The reappearance of the Huronian in Wyoming: 

rifting and drifting of ancient continents: Canadian Journal of Earth Sciences, 

v. 30, p. 2475-2480. 

Russell, B., Hampson, D., and Chun, J., 1990, Noise elimination and the Radon 

transform, Part 1: The Leading Edge, v. 9, p. 18-23. 

Sawatzky, H.B., 1972, Viewfield - a producing fossil crater?: Jour. Can. Soc. 

Exploration Geophysicists, v. 8, no. 1, p. 22-40. 

Sawatzky, H.B., 1974, Astroblemes in the Williston Basin: C.S.E.G. Journal, v. 10, 

201



p.23-38. 

Schneider, W.A., 1978, Integral formula for migration in two and three dimensions: 

Geophysics, v. 43, p. 49-76. 

Sheriff, R. and Geldart, L.P., 1995, Exploration Seismology, 2nd ed.: Cambridge 

University Press, 608 p. 

Sims, P.K. and Peterman, Z.E., 1986, Early Proterozoic Central Plains orogen: a major 

buried structure in the north-central United States: Geology, v. 14, p. 488-491. 

Sims, P.K., Peterman, Z.E., Hildebrand, T.G. and Mahan, S., 1990, Precambrian 

basement map of the Trans-Hudson orogen and adjacent terranes, northern Great 

Plains, U.S.A.: U.S. Geological Survey, Stanford, CA. 

Sloss, L.L., 1963, Sequences in the cratonic interior ofNorth America: Geological 

Society of American Bulletin, v. 74, p. 93-114. 

Sloss, L.L., 1988, Tectonic evolution of the craton in Phanerozoic time; in The Geology 

ofNorth America Vol. D-2, Sedimentary Cover-North American Craton: U.S., 

The Geological Society ofAmerica, p. 25-51. 

Stauffer, M.R., 1984, Manikewan: An early Proterozoic ocean in central Canada, its 

igneous history and orogenic closure: Precambrian Research, v. 25, p. 257-281. 

Stauffer, M.R. and Gendzwill, D.J., 1987, Fractures in the northern plains, stream 

patterns, and the midcontinent stress field: Canadian Journal of Earth Sciences, 

v.24,p.1086-1097. 

Stolt, R.H., 1978, Migration by Fourier transform: Geophysics, v. 43, p. 23-48. 

Stolt, R.H., and Benson, A.K., 1986, Seismic Migration: theory and practice: 

Geophysical Press. 

202 



Thomas, G.E., 1974, Lineament-block tectonics: Williston-Blood Creek Basin: 

American Association ofPetroleum Geologists Bulletin, v. 58, p. 1305-1322. 

Thomas, M.D., Sharpton, V.L. and Grieve, R.A.F., 1987, Gravity patterns and 

Precambrian structure in the North American Central Plains: Geology, v. 15, 

p.489-492. 

Todd, J.E., 1885, The Missouri Coteau and its moraines: American Association for the 

Advancement of Science, Proceedings, p. 381-393. 

Toop, D.C. and Toth, J., 1995, Hydrogeology and the distribution of oil pools, south

central Saskatchewan; in Seventh International Williston Basin Symposium, L.D. 

Vern Hunter and R.A Schalla (eds.). Billings, Montana, N.D., Sask. Geol. Soc., 

p.303-312. 

Van Schmus, W.R. and Bickford, M.E., 1981, Proterozoic chronology and evolution of 

the mid-continent region, North America, in Kroner, A., ed., Precambrian plate 

tectonics: Amsterdam, Elsevier, p. 261-296. 

White, D.J., Lucas, S.B., Hajnal, Z., Green, A.G., Lewry, J.F., Weber, W., Bailes, A.H., 

Syme, E.C., and Ashton, K., 1994, Paleo-Proterozoic thick-skinned tectonics: 

Lithoprobe seismic refraction results from the eastern Trans-Hudson Orogen: 

Canadian Journal of Earth Sciences, v. 31, p. 458-469. 

Yilmaz, 0., 2001, Seismic data processing: Society ofExploration Geophysicists, 

p.837-976. 

Zhu, C., 1992, A seismic study of the northern Williston Basin: Unpublished Ph.D. 

Thesis, University of Saskatchewan, 395p. 

Zhu, T. and Brown, L.D., 1986, Consortium for continental reflection profiling 

203 



Michigan Surveys reprocessing and results: Journal of Geophysical Research, v. 

91, p. 11477-11495. 

204



APPENDIX

205








	closson0001
	closson0002
	closson0003
	closson0004
	closson0005
	closson0006
	closson0007
	closson0008
	closson0009
	closson0010
	closson0011
	closson0012
	closson0013
	closson0014
	closson0015
	closson0016
	closson0017
	closson0018
	closson0019
	closson0020
	closson0021
	closson0022
	closson0023
	closson0024
	closson0025
	closson0026
	closson0027
	closson0028
	closson0029
	closson0030
	closson0031
	closson0032
	closson0033
	closson0034
	closson0035
	closson0036
	closson0037
	closson0038
	closson0039
	closson0040
	closson0041
	closson0042
	closson0043
	closson0044
	closson0045
	closson0046
	closson0047
	closson0048
	closson0049
	closson0050
	closson0051
	closson0052
	closson0053
	closson0054
	closson0055
	closson0056
	closson0057
	closson0058
	closson0059
	closson0060
	closson0061
	closson0062
	closson0063
	closson0064
	closson0065
	closson0066
	closson0067
	closson0068
	closson0069
	closson0070
	closson0071
	closson0072
	closson0073
	closson0074
	closson0075
	closson0076
	closson0077
	closson0078
	closson0079
	closson0080
	closson0081
	closson0082
	closson0083
	closson0084
	closson0085
	closson0086
	closson0087
	closson0088
	closson0089
	closson0090
	closson0091
	closson0092
	closson0093
	closson0094
	closson0095
	closson0096
	closson0097
	closson0098
	closson0099
	closson0100
	closson0101
	closson0102
	closson0103
	closson0104
	closson0105
	closson0106
	closson0107
	closson0108
	closson0109
	closson0110
	closson0111
	closson0112
	closson0113
	closson0114
	closson0115
	closson0116
	closson0117
	closson0118
	closson0119
	closson0120
	closson0121
	closson0122
	closson0123
	closson0124
	closson0125
	closson0126
	closson0127
	closson0128
	closson0129
	closson0130
	closson0131
	closson0132
	closson0133
	closson0134
	closson0135
	closson0136
	closson0137
	closson0138
	closson0139
	closson0140
	closson0141
	closson0142
	closson0143
	closson0144
	closson0145
	closson0146
	closson0147
	closson0148
	closson0149
	closson0150
	closson0151
	closson0152
	closson0153
	closson0154
	closson0155
	closson0156
	closson0157
	closson0158
	closson0159
	closson0160
	closson0161
	closson0162
	closson0163
	closson0164
	closson0165
	closson0166
	closson0167
	closson0168
	Binder3.pdf
	closson0001
	closson0002

	Binder4.pdf
	closson0003

	Binder5.pdf
	closson0004

	Binder6.pdf
	closson0005

	Binder7.pdf
	closson0006

	Binder8.pdf
	closson0007

	Binder9.pdf
	closson0008
	closson0009
	closson0010
	closson0011
	closson0012

	Binder10.pdf
	closson0013
	closson0014

	Binder11.pdf
	closson0015
	closson0016
	closson0017

	Binder12.pdf
	closson0018

	Binder14.pdf
	closson0019
	closson0020
	closson0021

	Binder15.pdf
	closson0022

	Binder16.pdf
	closson0021

	Binder17.pdf
	closson0023

	Binder17.pdf
	closson0023

	Binder18.pdf
	closson0024

	Binder19.pdf
	closson0025

	Binder20.pdf
	closson0026

	Binder21.pdf
	closson0027

	Binder22.pdf
	closson0021
	closson0022

	Binder23.pdf
	closson0028
	closson0029

	Binder24.pdf
	closson0030

	Binder25.pdf
	closson0031

	Binder26.pdf
	closson0032

	Binder27.pdf
	closson0033

	Binder28.pdf
	closson0034

	Binder30.pdf
	closson0035

	Binder31.pdf
	closson0036

	Binder32.pdf
	closson0041

	Binder33.pdf
	closson0038

	Binder34.pdf
	closson0039

	Binder35.pdf
	closson0040

	Binder36.pdf
	closson0041

	Binder37.pdf
	closson0042

	Binder38.pdf
	closson0043

	Binder39.pdf
	closson0044

	Binder40.pdf
	closson0045

	Binder41.pdf
	closson0046

	Binder42.pdf
	closson0047

	Binder43.pdf
	closson0048

	Binder44.pdf
	closson0049
	closson0050

	Binder45.pdf
	closson0045

	Binder46.pdf
	closson0051

	Binder47.pdf
	closson0052
	closson0053

	Binder48.pdf
	closson0054
	closson0055
	closson0056

	Binder49.pdf
	closson0121

	Binder49.pdf
	closson0121

	Binder50.pdf
	Binder37
	closson0042


	Binder51.pdf
	Binder37
	closson0042


	Binder53.pdf
	closson0038




