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ABSTRACT

An integrated interpretation of gravity and seismic data
was undertaken for an area of southern Alberta to determine the
feasibility of using integrated data to model the density and
structure of the Precambrian basement and overlying sedimentary
sequence. A gravity survey was conducted along three 60-kilometre
long profiles in an area east of Claresholm, Alberta. The survey
indicates Bouguer anomalies of up to 50 gravity units. Seismic
profiles were obtained for the survey lines for use as control
data in an integrated interpretation. These data show basement
fault-block structure and faults of up to 300 metres throw. The
average depth of these basement features is 3000 metres.

Gravity modelling was undertaken with initial models con-
structed from the seismic time sections and well velocity data.
However, these simple models proved to generate gravitational
responses which did not agree with the observed anomalies. It
was found necessary to vary the density of the upper and lower
Cretaceous layers laterally across the sections in order to
match model response and observed anomalies.

Interpretation of the final models shows that rapid changes
in Bouguer anomaly value occur across faults with throws of more
than 150 metres, however the density variation of the Cretaceous
sequence obscures the gravitational effects of the smaller faults.
Relative elevation changes in the basement are reflected in
the overlying strata and cause variations in the observed Bouguer
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anomalies by creating relative mass excesses and deficiencies.
Structural and stratigraphic interpretations indicate
recurrent motion along pre-existing parallel basement faults,
vertically oriented with an average strike of 330 degrees. This
fault activity is interpreted to be late Paleozoic and late
Cretaceous in age, based upon comparison of fault throws within
the sections and thickness variations in the upper Cretaceous
sequence. These thickness variations were found to be directly
related to the relative motion of basement fault blocks; e.q.,
thickness increases over downthrown blocks and thinning over
upthrown blocks. A general relationship between basement struc-
ture and sediment density was also found and was attributed to
compaction in response to varying depth of burial within the
clastic wedge caused by vertical motion of the fault blocks.
The study illustrates that basement tectonics have affected
overlying stratigraphy and that the gravity method is capable
of delineating larger faults and regional structural trends of

the basement in southern Alberta.
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CHAPTER ONE - INTRODUCTION

1.1 - Introduction.

The purpose of gravity surveys in exploration is to define
and interpret variations in the gravitational potential field of
the earth which are generated by variations in the near-surface,
(less than 10 kilometres deep), density structure. Such structu-
ral variations are caused by faulting, folding, intrusion, sed-
imentary patterns and other dynamic processes involving mass.

The gravity method involves interpreting anomalies in the earth's
gravity field in terms of subsurface geology and structure.

A limiting aspect of the gravity method is that a unique
solution cannot be presented, i.e., there is always an infinite
number of mass distributions which will generate the observed
gravity anomaly. In comparison, the seismic reflection methad
does not depend as heavily upon additional control data. However,
there are uncertainties such as velocity aberrations which may
lead to erroneous interpretations. Integration of the seismic
and gravity methods is therefore mutually beneficial as each
diminishes the uncertainties which are inherent in the other. The
two methods are complimentary and provide detailed information

about the subsurface.

1.2 - Purpose of the Study.

The study has two objectives:
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(1) To determine whether or not the gravity method is capable
of detecting variations in the earth's gravitational field
caused by subsurface block-fault structures in southern
Alberta.

(2) To undertake a regional study of an area of southern Alberta
to determine:

(a) The fault-block structure of the Precambrian
basement and overlying sedimentary rocks.

(b) The density structure of the Mesozoic clastic
wedge.

(c) The relationship between basement block faulting
and gross sedimentary/stratigraphic variations.

These objectives were accomplished by means of an integrated
gravity and seismic interpretation. The major component of this
study was the collection and interpretation of gravity data. In
addition to these data, seismic reflection sections were obtained
in processed form for use as control in the integrated inter-
pretation. These seismic sections are not included in an appendix
because of constraints put upon their use by their supplier,

however, general examples are included in the text.



CHAPTER TWO- BACKGROUND

2.1 - Gravitational Theory.

Newton's law of gravitation provides the basis for explor-
ation by use of the gravity method. This relationship describes
the gravitational effect of an ideal, spherical, non-rotating

earth upon a unit mass:

9 = GMP/R? (2-1)
Where: @ = The acceleration experienced by a unit mass due
to the gravitational potential of the earth, (m/s?).
M = The mass of the earth, (kg).
R = The radius of the assumed spherical earth, (m).
G = The Universal Gravity Constant, (6.67 x 107'! NM2/kg2).

However, in the case of the real earth, axial rotation causes
centrifugal acceleration which opposes gravitational acceleration.
In addition, the earth's non-sphericity results in varying

radius, R, as a function of latitude, ¢. Therefore, a measured
acceleration at the earth's surface is affected by additional
terms which modify equation (2-1). The equation which applies

to the real earth is the 1967 International Gravity Formula

given by Telford, et. al., (1976):
6¢ =8 { 1+ 0.0053024(sin%¢) - 0.0000058(sin%2¢)} (2-2)

Where: & = The equatorial value of gravity, 9.780318 m/s?.
¢ = The latitude of the station.
6¢ The latitude-corrected gravity station reading

W mnon
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From an exploration standpoint, the most important component
of the earth's gravitational potential field arises from inhomogen-
eities in the density structure of the earth's crust which affect
the magnitude of the local observed gravity field. The effects of
crustal density variations represent one part in 10® of the
total gravitational field, and can only be interpreted after

reduction of the effects of latitude and elevation.
2.2 - Anomalies and Their Sources.

In gravity investigations, an anomaly is defined as the
difference between a theoretical value and an observed value.
The observed value is the drift-corrected field measurement
with the calibration constant of the meter applied. The
theoretical value is the value at the geoid level, calculated
by means of equation (2-2) and corrected for elevation and
terrain effects. The expression for calculation of Bouguer

anomalies is:

(2-3) A%houg * Jobs - { 8¢ * Btop * L9710y * A951ab)s

The observed bouguer anomaly.

The observed gravity reading.

The terrain correction, always negative.
The free-air correction = -3.085(h).

The bouguer slab correction = 0.4188(h)(p).

0
d-
Q
o
wn uw nn

The geoid value of gravity at latitude ¢.
The density of reduction = 2.67 x 10° kg/m?.
The height of the station above sealevel datum, m.

©
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In an absolute gravity survey, gravity station readings
are tied into one or more of a world-wide systém of measured
gravity stations. However, in a relative survey, only station-
to-station variations are of interest, and the gravity values
have no meaning apart from each other. In such a relative
survey, §, is a constant for a base station, and Agjat accounts
for the variation of the latitude effect over the survey area.
This latitude correction is obtained by differentiating

equation (2-2) which results in equation (2-6) below:
(2-6) Ag1at = (0.00812)(sin224),(g.u./m)

This expression is not linear, but may be approximated as
such over distances of up to four kilometres. With this lati-

tude correction factor, equation (2-3) becomes:

(2-7) A9boug = 9obs - Adelev - A3s1ab - A9top - Adyat-

for relative surveys.

The source of an anomaly lies in the relative mass
excesses and deficiencies which arise from structural and
density variations in the subsurface. Structural variations
are the result of faulting, folding, or intrusion and density
variations are caused by differential solution, differential
compaction or varying depositional patterns. Anomaly wave-
Tength is directly proportional to the depth to the anomaly

source and anomaly amplitude is inversely proportional to depth.
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2.3 - Gravitational Effects of Basement Structures.

At the start of this project, it was expected that basement
block faulting would be found to generate gravitational anomalies
by vertical movement of fault blocks relative to each other,
since basement rocks were assumed to be of higher density than
the overlying sediments. As seen in figure 2.1, upthrown fault
blocks raise deeper, higher density rocks to create mass excesses
in shallower, less dense layers. The result is the opposite in
the case of down-thrown blocks which create relative mass
deficiencies.

The greatest contribution to the anomalies is generated
where overlying layers of large density contrast are vertically
displaced by block faulting. In southern Alberta a density
contrast exists between the average densities of the upper and
Tower Cretaceous clastic rocks, (Maxant, 198Q). Actual density
values are discussed in chapter five. These vertical density
contrasts are thought to be the major sources of anomalies due
to basement block structure. Precambrian basement to Paleozoic
carbonate density contrast is less than contrasts higher in
the section and thus does not generate a major contribution
to the anomaly. In addition to these structurally-generated
anomalies, density variations in the clastic wedge may affect
lTocal gravity readings. Density variations due to increasing
depth of burial in the clastic wedge and differential compaction
due to sedimentary drape over fault blocks are postulated.

£
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2.4 - Previous Related Work.

Previous gravity surveys in Alberta have been mostly
regional in nature, (Garland, 1961; White, 1976), and specific
studies of the Precambrian basement by the gravity method have
explained regional variations in the gravity field in terms
of broad, lithologic, rather than local, structural variations,
(Burwash, 1957; Garland and Burwash, 1959). The lithologic
variations were found to generate anomalies with wavelengths
of more than 30 kilometres which are greater than the 5-
to 20-kilometre wavelengths expected from the shallower sources
represented by basement block faulting. Borowski's 1975
study of the crystalline basement in Banff and Kootenay Nat-
ional Parks indicates that the basement was probably not
involved in the Cretaceous overthrust deformation of the over-
lying strata. Bally, Gordy, and Stewart, (1966), have also
investigated basement character and structure in the region.
Beyond these examples, little attention has been paid to the
detailed investigation of basement structure with the
gravity method.

However, in recent years, the effect of basement faulting
and relief upon sedimentation and the stratigraphy of overlying
Paleozoic and younger formations in sedimentary basins has
been considered, (Weimer, 1978; and Davis, 1979). On a large
scale, Weimer, (1978), has shown that basement arching exten-
ding from Arizona to Minnesota may have caused thinning of the

B



Niobrara formation in the Denver basin, in that a marked in-
crease in thickness occurs in this formation in a direction
perpendicular to the trend of the transcontinental arch. The
Alberta and Denver basins are similar in that they are both
flanked by positive basement features caused by tectonic
activity which may have occurred during sedimentation. For
this reason, sedimentary variations similar to those found

in the Denver basin are postulated in the transitional area
between the Sweetgrass Arch and Alberta Basin. These vari-
ations may include thinning and thickening of sedimentary
strata over up- and down-thrown fault blocks, and differential
compaction of sediments due to different burial depths created

by block faulting,



CHAPTER THREE - GENERAL INFORMATION
3.1 - Study Location.

The study location is 130 kilometres southeast of Calgary
in an area north of Lethbridge and east of Claresholm, Alberta,
(see fig. 3.1). It is bounded by highway #2 on the west, the
Little Bow River Valley on the east, and includes townships 12
and 13 and ranges 20 through 27 west of the fourth meridian,
(see figure 3.2). This area was chosen for study on the basis
of apparent block fault structure evident in available seismic
reflection profiles.

The area is one of generally subdued topography with a
gradual easterly slope away from the mountain front. An excep-
tion to this gradual gradient is the Blackspring Ridge which
lies just to the west of the Little Bow River, trends north and
south, and is generally about 100 metres above the surrounding
area. This ridge is an erosional remnant of Tertiary clastic
material. Elevations range from a maximum of 1040 metres
above sea level in the western side of the area to 860 metres
above sea level in the eastern side.

Within this area a three-profile gravity survey was con-
ducted along existing section roads, involving a total of 508
gravity stations, (see fig. 3.2). These roads run directly
east/west except for three minor deviations where detours

to the north were necessary to avaid small lakes. The central
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line crosses the Claresholm gas field 12 kilometres east of
Claresholm and the southern profile crosses near the Barons
oilfield one kilometre east of that town. Many producing oil

and gas wells make up these fields, and are also found through-
out the rest of the study area in lesser concentrations. The
profiles, from north to south, are entitled Carmangay, Claresholm
and Barons due to their proximity to those towns. Each profile

is approximately sixty kilometres long.
3.2 - Geology of the Study Area.

The geologic history of southern Alberta has been described,
(McCrossan, 1964), as that of a cratonic basin which has undergone
a change in depositional environment from predominantly carbonate
to predominantly clastic. A generalised stratigraphic column for
the area, (see fig. 3.3), shows the crystalline Precambrian which
will be referred to as basement. The basement 1ies beneath as
much as 4,000 metres of Paleozoic carbonate and Mesozoic clastic
rocks. McCrossan, (1964), and Nelson, (1970), present generalised
geologic histories of the area from which the following discussion
is condensed.

The Precambrian basement in the area consists mainly of
gneissic and granitic rocks which have been dated by the potassium-
argon method to be nearly 1800 million years old. These rocks
are considered to be an extension, both lithologically and structur-
ally, of the Precambrian shield which is exposed to the north and

-13-
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east in Saskatchewan and which forms the core of the North
American craton. Subsequent to the late Proterozoic era, broad
tectonic arching and subsidence belts were formed on the
previously nearly planar basement surface. Subsidence in
southern Alberta allowed for the transgression of an inland sea
in which dominantly carbonate sedimentation was confinuous

up until the early Ordovician. Uplift at that time further
differentiated the tectonic elements of the basement and caused
the erosional loss of much of the Cambrian sequence. Reactivation
of the uplift/downwarp zones was recurrent and eventually the
Alberta Basin and Sweetgrass/North Battleford arch were formed.
The study area lies in the area of transition between these neg-
ative and positive tectonic features.

General subsidence of the area in the Devonian period
resulted in the formation of a large evaporite basin, and
further subsidence in the Mississippian allowed for deep-marine
carbonate deposition through the Permian period. Uplift again at
the end of the Permian eaused a lengthy period of erosion which
led to severe truncation of Permian and Carboniferous strata.
Triassic subsidence led to deposition of clastics, but early
Jurassic erosion removed these beds from the plains areas.
During the later Jurassic there occurred more subsidence, but
the Sweetgrass Arch was not transgressed and remained a low
Tand mass upon which significant erosion took place. According

to Herbaly, (1974), the paleotopography of the Mississippian
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surface is the "mold" over which Jurassic, Cretaceous, and Tertiary
clastics have been deposited. The cause of this irreqular

surface has not been previously discussed, and one objective of this
study is to attempt to relate features within the Paleozoic and
Mesozoic sequences to basement relief due to faulting.

In the Cretaceous era, a major shift from deposition of
carbonate rocks in deep seas to deposition of clastic rocks in
shallow seas occurred within the miogeosyncline. A gradually
retreating sea was the site of deposition of mostly sandstones
until its final retreat allowed for the deposition of only
terrestrial sedimentary rocks. This shallow body, called the
Clearwater Sea, extended from the Arctic Ocean through southern
Alberta to the Gulf of Mexico.

In the late Cretaceous, major tectonic crustal foreshortening
to the west began and at this time the basement elements of the
Alberta Basin and Sweetgrass/North Battleford Arch were completed.
The geology seen today was completed by widespread glaciation in
the Pleistocene when merging continental and alpine ice sheets
Teft thick ti11 deposits which fill valleys to obscure the pre-
Pleistocene topography and drainage patterns.

Structure contour maps published by the Alberta Energy
Resources Conservation Board, (1969, 1978), show that today the
area lies to the east of the disturbed belt of Cretaceous thrust
faulting. This boundary lies forty kilometres west of the town of
Claresholm, (see fig. 3.4, after Herbaly, 1974), in the Porcupine

-16-
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Hills. Beneath the surface the crystalline basement dips west
away from the north/south trending axis of the Sweetgrass Arch
toward the northwest/southeast trending axis of the Alberta Basin.
Above the basement unconformity lie nearly 1,400 metres thickness
of carbonate sediments of Cambrian, Devonian, and Mississippian
age. A layer of Jurassic, Cretaceous and Tertiary clastic rocks
ranging in thickness between 1,200 metres and 2,400 metres lies
unconformably upon the Paleozoic carbonate sequence. Above this,
till deposits of from 0 to 70 metres thickness smooth the
pre-Pleistocene topography to the present-day flat to gently
rolling terrain.

Data collected by Garland and Burwash, (1959), indicate that
the basement under the study area is uniform in lithology, consist-
ing mainly of granitic gneiss. For this reason, observed gravity
anomalies were interpreted in terms of the structures described
above, rather than in terms of a basement lithology/density varia-

tion.
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CHAPTER FOUR - ACQUISITION AND REDUCTION OF DATA
4.1 - Description of Seismic Data.

Seismic reflection data were acquired for the entire length
of the three gravity survey profiles, however north-south tie lines
were not available. A characteristic example of the seismic data
is shown in figure 4.1. The exact location of the seismic
examples cannot be given due to constraints placed upon the use
of the data by its supplier. The data are in the form of time
sections with a record length of three seconds and are the result
of conventionally-processed Vibroseis data. The data show num-
erous continuous seismic events which can be correlated
throughout the profiles, and which are characterised by
extensive linear sections interrupted by sharp discontinuities
where arrival times abruptly increase or decrease in a step-wise

fashion.

4.2 - Description of Well Data.

Log data were obtained for the wells shown in figure 3.2.
These logs were both sonic and density logs, where available,
and in many cases included driller's records of the contact
depth of marker lithologies. Logs for over 30 wells in the
area were obtained and studied. These wells are all located
within two kilometres of the surveyed profiles.

A limitation arose in that most wells penetrated only to

-19-
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the Mississippian surface. This resulted in poorer control for

the thickness of the section from basement top to the Paleozoic-
Mesozoic unconformity. However, log data from wells just outside
the study area which penetrated to the basement show that carbonate
seismic velocity is nearly constant at 6,100 m/s throughout the
Paleozoic section. The thickness of this section was calculated

by applying this velocity value to the time-thickness of the
Paleozoic sequence.

The well Tog data show rapid, wide fluctuations in clastic
average densities, (see figure 5.11, page 66). For this reason,
accurate determination of average densities within the
section was difficult. However, the few logs which encounter
Paleozoic strata indicate less irregular density variation in

that section.

4.3 - Description and Treatment of Gravity Data.
4.3.1: The Gravity Survey.

Gravity data were obtained in a gravity survey which was
conducted between September 1980 and October 1981 using a
Worden Master Gravity Meter belonging to the Department of
Geoloay and Geophysics at the University of Calgary. The
calibration constant for the instrument is 0.9584 g.u./scale
division. Initially, measurements were made at 250-metre inter-
vals alona the centre profile, but after examination of reduced

anomalies for this Tine it was determined that anomaly wave-

.



lengths were great enough to be sufficiently sampled by a
500-metre station interval. This station interval was used
on the Carmangay and Barons lines, and results in the loss of
higher-frequency variations which were not of interest to

the study due to the fact that they are generated by shallow
density variations. Instrument drift was assumed to be
Tinear in nature and was corrected for by returning to a base
station network every 2.5 hours, thereby allowing drift
corrections to be calculated and removed from the observed
data. Instrument precision is given as +0.5 gravity units

by the manufacturer. Survey reliability was checked by
closure of the two survey loops, which were in error by 1.9
and 1.3 scale divisions, or approximately 1.9 and 1.3 gravity
units. These uncertainties are greater than the precision of
the meter, but are insignificant in comparison to the mag-
nitude of the observed anomalies. For this reason it was not
considered necessary to distribute survey error around the
survey loops. Gravity measurements were taken three times

at every station and were found to be reproduceable to within

0.1 scale divisions or approximately 0.1 g.u.
4.3.2: The Elevation Survey.

The elevation survey was conducted simultaneously with the
gravity survey using a Wild-T4 infrared distomat to obtain

accurate elevations along each profile. Horizontal distances

PP



between stations were measured and elevation differences were
calculated from vertical angle measurements. Absolute elevations
were determined by tying the survey into a Geodetic Survey of
Canada elevation marker. Other Geodetic bench marks, Alberta
Agriculture Survey markers and topographic map data provided
checks on survey reliability.

Error in the elevation survey was determined through
closure of two survey loops. The first loop was 139 kilometres
long, contained 382 stations and closed to within 0.44 metres
elevation. The second loop was 138 kilometres long, contained
383 stations, and closed to within 0.33 metres. These errors
result in maximum uncertainties in Agboug of 1.3 and 1.0 g.u.,
respectively. These errors were not distributed due to their

small magnitude relative to interpretable anomalies.
4.3.3: Reduction to Bouguer Anomalies.

Observed gravity readings were reduced to Bouguer anomalies
by applying terrain, latitude, and elevation corrections according
to equation (2-7). For the topographic corrections, gravitational
effects of topography in Hammer zones (A) through (M), (Hammer,
1939), were calculated according to Bible, (1962), and found to
be approximately zero even in the most topographically severe
areas near Blackspring Ridge.

In that the profiles ran directly east/west, only a single

latitude correction value was necessary for each line, except
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for the three areas where the line deviated north around lakes.
The total north-south separation of stations was 12.8 kilometres.
It was considered satisfactory to assume a linear latitude
correction over this distance, (equation 2-6), using a base
station at the west end of the Claresholm line. Since each line
has only a single-valued latitude correction, errors introduced
by this assumption will generate only a small bulk shift to the
data which is removed by the determination of the regional field.
In equation (2-7), the Ageley term is calculated according
to equation (2-4). The reduction datum was chosen as sea level
and thus (h) values are equivalent to station elevations.
Ags1ap 1s calculated from equation (2-5) where the density of
reduction, (p), was taken as 2.67 x 103 kg/m3 on the basis of
the average density of basement core samples of wells sampled
by Garland and Burwash, (1959). The average basement density
was chosen as the reduction density so that the observed
anomalies could be interpreted in terms of the density contrast
between the Precambrian basement and the overlying sedimentary
rocks. The resulting observed Bouguer anomalies thus reflect
mass deficiency represented by sedimentary rocks with densities
less than 2.67 x 103 kg/m3. A density of 2.20 x 103 kg/m3 was
also employed in the Bouguer reduction process, and the resulting
anomalies were not found to be significantly different than
those calculated using the basement density, probably due to the

generally subdued topography of the area.
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The final computed Bouguer values were filtered by apply-
ing a three-point average filter. The filtering process involves
averaging the Bouguer anomaly values of three adjacent stations,
and then using that average as the filtered Bouguer value at
the middle station. This type of filter was chosen in order
to remove high-frequency variations generated by near-surface
density variations and sharp variations in Quaternary till layer
thickness. In addition, this process reduces the weight given
to spurious variations due to instrument or operator error.
Bouguer wavelengths less than one kilometre were considered
to be noise and were filtered out in this way. The remaining
longer wavelengths are generated by true and deeper mass vari-
ations which are the focus of this study.

The three filtered, observed Bouguer anomaly profiles are
shown in figures 4.2a, b, and c. These profiles show numbers
which are relative Bouguer anomaly values. Al1l three profiles
have a similar character which includes increasing eastward values.
In each profile this regional eastward increase in interrupted
by an area with relatively higher values at about kilometre 12.
This area is followed in each case by an area of lower anomaly
at approximately kilometres 18 through 34, after which a more
constant increase in anomaly value is resumed to the east end
of the profile. The curves are not smooth, as numerous sharp
increases and decreases in Bouguer anomaly level are evident,

specifically between kilometres 28 and 36. The total range
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of anomaly values is approximately 180 gravity units.

The Bouguer profiles data in figure 4.2a, b, and c were
plotted on a map of the study area and contoured to produce
the relative Bouguer anomaly contour map in figure 4.3a. The
map shows 10 g.u. contours with a general northeast/southwest
trend and decreasing values to the northwest. A semi-circular
area of rapid gravity increase is evident surrounding a high
Bouguer anomaly area just southeast of Claresholm. The gradient
in this area is as much as 10 g.u;/ki]ometre, but gradients in
the remainder of the area are consistently less, averaging only
4 g.u./kilometre. A large-scale gravity map of the area by
Buck, (1967), (see fig. 4.3b), is in general agreement with
figure 4.3a as far as range of anomaly values across the map
and the highly anomalous area southeast of Claresholm are
concerned. However, the general trend of contours in the pub-
lTished map is northwest as opposed to a northerly trend in
figure 4.3a. This discrepancy is interpreted to be the result
of a Tow station density of approximately one station per
sixty square kilometres in the published map and also due to

computer smoothing of the data from that source.
4.3.4: Regional Gravity Gradients.

To obtain residual Bouguer anomalies, the regional field
must be subtracted from the observed Bouguer anomalies. This
regional field is caused by deeper-seated crustal inhomogeneities

which are not of interest to the study. The regional gravity
-29-
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fields were approximated by constant gravity gradients which
extend over the lengths of the profiles. The depth to the source
of regional fields results in long-wavelength anomalies which

are assumed to be linear over the lengths of the profiles. These
fields were established by actually defining the regional anomaly
where good control was available from wells; i.e., by calculating
the theoretical anomaly generated by Bouguer slabs at the end

of each profile. The thicknesses and densities of these slabs
were obtained from logs of wells near the ends of each profile,

and anomalies were calculated with the following formula:

Ag = 2nGAph (4-1),

where: Ap = The density contrast of the Bouguer slab with
respect to the density of reduction,
(2.67 x 10°% kg/m?).

A sample calculation of the regional field value at one point

at the western end of the Barons profile follows:

Layer Thickness(m) Dens.Contr. Total(g.u.)

Till Layer 20 -0.72 - 0.60

U. Cret. Clastics 1350 -0.39 -21.06

L. Cret. Clastics 675 -0.15 - 4.05

Paleo. Carbonates 1340 -0.02 - 1.07
-26.78

Subtracting the total of -26.78 from the observed gravity value
at the western end of the Barons profile establishes the local
magnitude of the regional field. Calculations at the two

endpoints of the profiles establish the linear gradient

32



across the entire profile. The residual fields are those values
which would be observed if the entire sedimentary section was
replaced by material of basement density.

Figures 4.4a, b, and ¢ show the observed Bouguer profiles
of figures 4.la, b, and ¢ in relationship to the regional
gradients calculated for each profile. The regional gradients
dip gently to the east with changes of no more than 50 g.u.
over the 60-kilometre long profiles. A steeper gradient is
evident along the Barons profile than in the other two. This
is due to the comparatively shallow basement depth at the
eastern end of this profile which causes the total anomaly
in that area to be less than at the eastern ends of the other
profiles.

The residual Bouguer anomaly profiles obtained by subtract-
ing regional field values from the observed anomalies are seen
in figure 5.13a, 5.14a, and 5.15a for the Carmangay, Claresholm
and Barons profiles, respectively. These figures show curves
similar to those in figure 4.2a, b, and ¢ but with negative
values. The residual Bouguer anomalies are negative because
the sediment densities are less than the basement reduction
density. Thus, the residual anomalies can now be interpreted

in terms of density and structure in the sedimentary wedge.

-33-
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CHAPTER FIVE - DATA ANALYSIS
5.1 - Analysis of Seismic Data.
5.1.1: Initial Model Construction.

The residual Bouguer anomaly curves presented in figures
4.4a, b, and c show amplitudes of as much as 50 g.u. and a
variable character due to the subsurface density and structu-
ral variations. Interpretation of these data was accomplished
by means of investigating the gravitational response of
geologic cross-sectional models which were varied until their
responses were in agreement with the residual Bouguer data.
The first models were constructed from seismic control data,
but further refinement led to more complex structure and
density make-up.

Construction of the first models initially required
identification of the continuous events seen in time sections.
Geologic marker depth data and average velocity data from
well logs allowed arrival times for individual markers to
be predicted. Comparison of these predicted times with the
arrival times in the time sections allowed events to be
identified. The continuous nature of the reflections further
allowed them to be traced through the length of the profile.

Three events were identified in the time sections; the
upper Cretaceous Milk River Sand, the Turner Valley carbonate
surface, i.e., the Paleozoic unconformity, and the reflection

«37=



off the top of the Precambrian basement, (see fig. 4.1).

Time-depth conversion of data was undertaken with the
combined time section data and velocity data estimated from
well logs. Average velocities to the upper Cretaceous Milk
River Sand and Mississippian Turner Valley markers were found
to be higher at the eastern end of each profile and lower at
the western ends. To account for these variations, a linear
eastward decrease in velocity was established along each
profile. This approximation of linear velocity value changes
was verified by logs of wells along the profiles. As stated
in chapter four, carbonate layer thickness was obtained from
a constant velocity which was applied to the time thickness
measured in the section. The thickness calculated was added
to the section below the Mississippian Turner Valley marker
top.

Published structure contour maps of the Paleozoic surface
and the lower Cretaceous Fish Scale member, based on well data,
were obtained from the Energy Resources Conservation Board,
(1969, 1978). Contour intervals on these maps are 100 feet

and the maps confirm the accuracy of the initial models.
5.1.2: Features of the Seismic Data and Initial Model.

The seismic time sections show extensive linear events
which are interrupted in a step-wise fashion by sharp to
smooth variations in arrival time. These steps are as great
as 0.12 seconds two-way travel time over the space of a

-38-



kilometres, (see fig. 5.1). Arrival time increases, generally,
for all events from east to west, indicating a general westward
dip. Evidence of faulting, in the form of diffraction and
termination of events is seen at many of the discontinuities
and in some areas listric normal faults are seen in the
Cretaceous clastics above the larger vertical faults, (see fig.
5.2). In the Paleozoic carbonate sequence a reflection is seen
to terminate against another reflection, indicating the
depositional or erosional edge of a Paleozoic formation, (see
fig. 5.3).

The initial model interpretations of these seismic data
are shown in figures 5.4a, b, and ¢ for all three profiles. 1In
general, the sections show a block-faulted Precambrian basement
of horst and graben structure. For the purpose of this study,
the sedimentary wedge overlying the basement has been divided
into three units; Paleozoic carbonates, lower Cretaceous clastics,
and upper Cretaceous clastics. The faults bounding the basement
blocks are continueus through the Paleozoic carbonates and
terminate within the Cretaceous clastics. The basement and
overlying strata slope away from an area of horizontal strata
near the eastern end of the profiles, but this constant slope
is interrupted occasionally by upthrown and downthrown areas.

In the Carmangay profile, nine faults are evident. A
concentration of five faults surrounds an upthrown area near
kilometre 26. To the east of this, a relatively downthrown area
is evident, and a fault of larger than average throw is apparent

=30
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at kilometre 39.

The Claresholm section shows more faulting than the Carman-
gay section, with a total of twelve evident. An interpreted
portion of this profile is shown in figure 5.5. Here, five of
the concentration of seven faults which surround an upthrown
area at kilometre 14 are shown, and this is the location of the
Claresholm gas field. A downthrown area flanks this to the
east as in the Carmangay profile and another larger than
average fault throw is evident at kilometre 40.

The Barons profile is markedly different from the two
proviously-discussed profiles in that only six widely-spaced
faults are seen in section. The regional dip of the marker
horizons in this profile is more constant, with no greatly
upthrown or downthrown areas. Faults along this profile
generally have smaller throws than faults in the other

profiles.
5.1.3: Time Thickness Profiles and Isochron Maps.

Travel time data from the seismic sections were used to
plot time thickness profiles for the upper and lower Cretaceous
clastics and Paleozoic carbonate layers. In addition, for each
Tayer an isochron map was constructed, showing points of equal
time thickness.

Figures 5.6a, b, and ¢ compare time thickness variations
in the upper and lower Cretaceous clastic and Paleozoic carbon-
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ate layers. Time thickness was measured at intervals across
the seismic section and plotted along the profile. The
curves are not smooth, partially due to the sampling frequency
of approximately one sample every three kilometres and partially
because of rapid thickness variations within the layers. The
Paleozoic carbonate and lower Cretaceous clastic data indicate
only minor variation in time thickness across the profiles.
However, the upper Cretaceous clastic data show a general thin-
ning through the clastic wedge along with local thickness
increases of as much as 0.1 seconds two-way seismic travel
time which interrupt the gradual easterly thinning. Figure
5.7 compares the upper Cretaceous clastic layer in all three
profiles and shows that areas of increased thickness occur
at nearly the same points in each profile, establishing a north-
northwesterly trend to the thickness variations.

The isochron maps shown in figure 5.8a, b, and ¢ show
extrapolated contours in the areas between profiles. The
upper Cretaceous clastics map reflects the general east to
west thinning and shows two areas of very rapid thinning, one
just south and west of Carmangay, and one midway between
Carmangay and Claresholm. The trend of these contours is
slightly west of north. Maps of the Tower Cretaceous clastics
and Paleozoic carbonates show less pattern. The lower Cret-
aceous clastic layer is thickest along the Claresholm

profile and thins to the north, south and east. The Paleo-
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zoic carbonate contour trend is similar, but thickening occurs

away from the Claresholm profile to the north and south.
5.1.4: Error Limits on the Structure Sections.

Average velocity values were calculated from sonic logs
at two well sites on each profile and velocity gradients between
these values were calculated and used in conjunction with
arrival times to obtain depth values throughout the section.
Accuracy of this method was confirmed as marker depths known
at other well sites were within 100 metres of those predicted
with average velocity and arrival times calculations.

Velocity logs were also examined to aid in determining
accurate average velocities. Averages of interval velocities
obtained from these logs were in agreement with the calculated
velocity figures, to within 150 m/s. This uncertainty in
estimated interval velocities results in depth uncertainties
of from +40 metres at the east end of the profiles to +70
metres on the west for the upper Cretaceous Milk River Sand
as increasing arrival time magnifies the uncertainty. Sim-
ilarly, Turner Valley depth uncertainty varies between +75
metres on the east and +110 metres on the west. Logs show
Paleozoic carbonate velocities to be nearly constant with
depth and thus basement depth values are probably of similar
accuracy. These values support a figure of +100 metres as an
accurate upper limit of structural uncertainty within the

profiles.
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5.2 - Analysis of Gravity Data.
5.2.1: Density Data for Model Construction.

Density logs from well records provided approximate
average bulk densities for use in the gravity modelling process.
These values, by layers, are:

Upper Cretaceous Clastics above Milk River Sand: 2.25

Upper Cretaceous Clastics below Milk River Sand

and Lower Cretaceous Clastics : 2.49

Paleozoic Carbonates : 2.65
These values are in units of kg/m® x 10%. Trott, (1981), deter-
mined an average density of 1.95 x 10® kg/m® for glacial till in
central Alberta and this value was used in this study. Maxant,
(1975, 1980), provides maps of density distributions in western
Canada with data obtained through well logs. Telford, et. al.,
(1976), was another source of density information. The values
obtained from well log data are consistent with these sources
however well log data fluctuate over short intervals and accurate

averages are difficult.
5.2.2: Gravitational Response of the Initial Model.

A gravitational analysis of the initial structural
model for the Claresholm profile, (see fig. 5.4b), was under-
taken. Density values used in this model were the average
upper and lower Cretaceous clastic and Paleozoic carbonate values

listed in the previous section of this chapter. A comparison
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of the residual Bouguer anomaly data of the model response and
field survey is shown in figure 5.9. This illustration shows
discrepancies as large as 50 g.u. between the two profiles. The
fit of the two profiles is very close at kilometres 12 and 64,
which is expected since data at the end of the profile and kilo-
metre 12 were initially used to define the regional field.
However, between kilometres 20 and 56 a large section is evi-
dent where the initial model output disagrees with the

residual curve. Similar results were obtained with the Carm-

angay and Barons data.

5.2.3: The Gravity Modelling Process.

The failure of the initial model's response to closely
match the data observed in the field necessitates varying the
model in one or more of the following ways:

(1) Varying structure within the 1imits discussed in

section 5.1.4.
(2) Increasing the detail of the model.
(3) Varying the density structure within the clastic
and carbonate layers.
The first option, varying the structure, is the least reason-
able in that control is greatest over the elevation data for
the marker horizons. In addition, it was found that this
approach was inadequate. Adjusting the marker horizons by

the 100-metre elevation uncertainty resulted in maximum
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changes of only 15 g.u. in model output values, which are
insufficient to reconcile the 50 g.u. discrepancies of the
initial model.

Increased detail was gained in two ways. Firstly,
a greater sampling frequency of depth data was taken. Secondly,
an additional layer was added to the model which represents
the thickness of Quaternary surficial deposits above bedrock.
In general, this layer is made up of glacial till and alluvial
outwash gravel deposits. Data for the thickness profile of this
layer were obtained from the Alberta Research Council, (Geiger,
1967), which has published maps of bedrock structure contours
for the area. The large scale profiles in figures 5.10a, b,
and ¢ are constructed from data in Geiger's map and topographic
maps from the Department of Energy, Mines and Resources.
These profiles indicate that the pre-Pleistocene topography
in the study area includes paleo-stream valleys which cross
the profile lines and have been infilled with as much as
70 metres of Quaternary till deposits. A density of 1.95 x 103
kg/m*® was assigned to these till deposits after Trott, (1981).

The density structure of the clastic wedge was varied by
dividing layers into density regimes or prisms with assigned
values representative of the average bulk density in that area
of the profile. The upper and lower Cretaceous clastic layers
in each profile were individually divided into approximately

twelve prisms of 3 to 12 kilometre east/west extent.
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Gravity modelling was undertaken by means of a program
written by Talwani, et. al., (1959). This program calculates
the summed effect of all density prisms in the profile at
each gravity station for comparison to field data. The model-
ling process is iterative, and involves varying the density
of each prism from the initial, laterally-constant average
value. The result is a model with many prisms of differing
densities which generates a response which is in agreement
with the residual Bouguer anomalies. The criteria for density
variations were:

(1) Relative difference between values of residual
Bouguer anomalies and model output.
(2) Wavelength of anomaly.

(3) Amplitude of anomaly.

The relative difference between values indicates whether
density values must be increased or decreased to achieve
agreement. Anomaly wavelength is influential in that process
since it is directly proportional to the depth of the anomaly
source; thus long wavelength discrepancies generally call for
deep source adjustment. Anomaly amplitude is indicative of
the magnitude of density adjustment required.

In this study, Paleozoic carbonate density was assumed
to be constant for two reasons. Firstly, well logs show the
density of this sequence to be nearly constant from top to
bottom. Secondly, the largest variation reasonably expected,

-64-



(+0.10 x 10° kg/m?®), would generate very low frequency, low
amplitude anomalies due to the depth of the density variation.
These anomalies would be negligible when compared to those
generated by the clastic wedge. In the process of modelling,
the validity of such a constant-density assumption was
investigated by varying the density of large, (3 to 5 kilometre
width), sections of Paleozoic carbonate material within a
+0.10 x 10° kg/m® range. Such density variations generally
resulted in Bouguer variations at the surface of less than

10 g.u. which 1ies within the range of uncertainty caused by
till layer variations and elevation error.

An attempt was made to check prism density data in the
final model against data from wells in the respective prisms.
This check proved inconclusive due to the large uncertainty
associated with average densities estimated from well logs
in this area. The uncertainty from well logs is at least
¢ 0.05 x 10° kg/m® and the entire range of density values
is a little more than twice this figure. Thus, average
densities from well logs are too uncertain to reflect the
density structure indicated by gravity data. An example
of well log density data is shown in figure 5.11, and figure
5.12 illustrates the general density variation with depth

in the area.
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5.2.4: Description of the Final Models.

Figures 5.13, 5.14, and 5.15 show the final cross-sectional
models and comparisons of field data and model response. In
general, these profiles show structure sfmilar to that seen in
the initial models, but with additional complexity due to
increased detail and due to the addition of density structure
within the clastic wedge. The Carmangay profile shows the base-
ment surface at an elevation ranging from 1,800 to 3,000 metres
below sea Tevel and overlain with approximately 1,400 metres
of Paleozoic carbonate strata and 1,400 to 2,600 metres of
Cretaceous and Tertiary clastics. The Precambrian basement
and Paleozoic carbonate tops are nearly parallel and fault
throws at both surfaces are within 20 metres of each other.

The upper Cretaceous Milk River Sand surface is characterised
by more subtle changes in contrast to the Paleozoic carbon-
ate and Precambrian basement tops, and in places throws are
60 metres less at this horizon than at deeper horizons. The
Claresholm profile is similar, but shows more complex topo-
graphy due to additional faults and more subtle topography due
to smaller fault throws. The Precambrian basement in this
profile is, on the average, higher than in the Carmangay pro-
file. The Barons profile shows the basement at an elevation
of nearly 3,200 metres below sea level at one point near
kilometre 12. A more constant dip is evident here in all
horizons due to the fact that only six faults are evident.
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The density structure of the models indicates density
variations of as much as 0.13 x 10°® kg/m?® across the length of
a profile in the upper Cretaceous clastic layer. The lower
Cretaceous clastic layer shows less variable densities, as
Tittle as 0.03 x 10° kg/m?® across a profile. In the Carmangay
profile, (see fig. 5.13b), two areas of high density are
evident near kilometre 14 and at the eastern end of the pro-
file. A Tow density area is evident near kilometre 40.
Density values range from 2.21 to 2.31 x 10° kg/m® in the
upper Cretaceous clastics and between 2.46 and 2.49 x 10? in
the Tower Cretaceous clastics. The density pattern in the
Claresholm cross-section, (see fig. 5.14b), shows upper
Cretaceous clastic densities decreasing from west to east
from 2.30 to 2.17 x 10° kg/m®. Lower Cretaceous clastic den-
sities are nearly constant at 2.50 x 10° kg/m® in the western
half of the profile, with a low density area between kilometres
32 and 52. In the Barons profile, (fig. 5.15b), both upper
and lower Cretaceous clastic layers show an area of high
density near kilometre 8. From this area, densities decrease
until the vicinity of kilometre 36 and then increase to the
end of the profile. Density values range between 2.18 and 2.31
x 10° kg/m® in the upper Cretaceous clastics, and between
2.45 and 2.51 x 10° kg/m® in lower Cretaceous strata.

Figures 5.16a, b, and ¢ show 100-metre structure contours

which have been constructed from elevation data in the final
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model profiles. A general northwesterly trend is character-
istic of contours at all three stratigraphic levels, reflec-
ting the transition between the Alberta basin to the west and
the Sweetgrass Arch to the east. Structure contours on the
upper Cretaceous Milk River Sand show high areas northwest
of the towns of Claresholm and Barons. The variable spacing
of the structure contours indicates a step-wise change in
elevation for this marker. The trend of structure contours
on the Mississippian Turner Valley top is less consistent.
High areas are noted west of Carmangay and in the vicinity
of the Claresholm gas field, 12 kilometres east of Claresholm.
The step-wise elevation changes are seen here, also, as in
the basement where contours near the ends of the profiles
depart from the north-northwesterly trend common in the
younger strata.

A gravity analysis of the final models was undertaken to
determine the contribution of each stratigraphic layer to
the totdl Bouguer anomaly. Typical results of this analysis
are shown in figure 5.17 for the Claresholm line. The approx-

imate contribution for each layer, in percent, is:

Quaternary Till Layer : 3
Upper Cretaceous Clastics: 64
Lower Cretaceous Clastics: 29
Paleozoic Carbonates - 4
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5.2.5: Error Limits on the Density Interpretation.

Due to limited computer program capacity, the models
cannot be divided into an unlimited number of prisms in order
to achieve a perfect fit of model data to residual Bouguer
data. Rapid changes in density over a short area were necessar-
ily contained within two or three bodies, thus density figures
for prism centres are more accurate than those near the edges
of the prisms where an abrupt density change is a poor approx-
imation.

An attempt was made to achieve model to field data fit of
within +3 g.u. This was achieved for more than 90% of the
gravity stations. Most of the remaining stations were in
areas of high frequency variation where further modelling would
only result in changes to near-surface densities. Likewise,
refinement to agreement within +3 g.u. would require division
of the till layer into density prisms and would provide no
additional information about deeper structure which is
accurately modelled.

Accuracy of the density values relative to each other
is estimated as +0.02 x 103 kg/m*® in upper Cretaceous clastic
prisms and #0.04 x 10® kg/m® in the lower Cretaceous clastics.
These are the relative uncertainties in density values as the
result of a structural uncertainty of £100 metres. By exper-
imentation with the models it was found that density changes
of this magnitude had a gravitational effect similar to a
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100-metre change in the Turner Valley and Milk River Sand
elevations at the centre of the profile. Increased and
decreased depths to horizons at the ends of the profiles

make these uncertainties greater to the west and slightly

less to the east.
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CHAPTER SIX - DATA INTERPRETATION

6.1 - Stratigraphic Interpretation.
6.1.1: General Stratigraphic Description.

Stratigraphic interpretation is based on isochron profiles
which are seen in figure 5.6a, b, and c. The time-thickness
profiles show the thinning of the upper Cretaceous clastics updip
in the clastic wedge. The Paleozoic carbonate and lower Cret-
aceous clastic layers appear nearly uniform in thickness in
these profiles, but since velocities generally decrease from
west to east, true-thickness in reality also decreases
slightly from west to east in the lower Cretaceous clastics.
The time-thickness profiles for these layers also show rapid
thickness variations. However, the amounts of time-thickness
variation in the Paleozoic and lower Cretaceous layers are
Tess than 30% of the large time-thickness changes seen in
the upper Cretaceous clastic layer. The Claresholm profile
is notably different from the Carmangay and Barons profiles
in that the Tower Cretaceous clastic layer here is thicker,

and the Paleozoic carbonate layer thinner, than in the other

two profiles.

6.1.2: Effect of Faulting on Sediment Thickness.
The effect of the movement of the faulted basement is seen
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in figures 5.6a,b, and ¢, which show the time-thickness variations
of the upper Cretaceous clastics. Also shown in the figures is
the relationship of thickness to relative fault block motion. Here,
a definite pattern of thickness variation is evident in the

upper Cretaceous clastics. Significant, sharp increases and
decreases in thickness are evident which represent anomalies

with respect to the constant regional west to east thinning

of the layer. Examples of anomalous areas of the thickness pro-
files are seen at kilometres 16 and 32 of the Claresholm profile,
(fig. 5.6b), and kilometres 20 and 32 of the Carmangay profile,
(fig. 5.6a). While these variations are most common and pro-
nounced in the upper Cretaceous clastic sequence, they appear
with lesser frequency and magnitude in the lower Cretaceous clas-
tic and Paleozoic carbonate layers.

Thickness variations in the upper Cretaceous clastics are
determined by the motion of basement fault blocks. Sharp varia-
tions in thickness occur consistently above fault block boundaries.
The thickness of the upper Cretaceous clastics increases above
relatively downthrown blocks, and conversely decreases over up-
thrown blocks. These variations are interpreted as having been
caused by erosion and depositional infilling on the paleotopography
induced by block faulting. These processes have transferred.
eroded sediment from the tops of upthrown blocks and deposited
it on the adjacent lower blocks, resulting in a layer of variable

thickness. The fact that thickness variations are not evident
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in the lower Cretaceous clastic and Paleozoic carbonate layers
indicates that these sequences were less affected by the basement
tectonism; that is faulting was less common and severe during the
deposition of these sequences. In places, an inverse relationship
is evident between block motion direction and thickness, i.e.,
thickening over upthrown blocks, (kilometres 46-55, fig. 5.6c).
This suggests that the faults were active during Paleozoic and
lower Cretaceous deposition but that relative motion in some

cases was the reverse of that which occurred during the late

Cretaceous era.

6.2 - Structural Interpretation.
6.2.1: Vertical Extent and History of Faulting.

It is the relationship between block fault motion and sed-
iment thickness variations which indicates that motion has occurred
along basement faults as recently as the late Cretaceous era.
Vertical extent, and thus the absolute age of this fault activity
cannot be determined from examining the seismic sections alone,
as the vertical continuity of the faults in seismic data is
uncertain. Faults are easily identified in the Precambrian base-
ment top and Paleozoic carbonate top where they result in discon-
tinuity of seismic events and diffraction patterns. However,
higher in the sections, discontinuities are replaced by smoother,

continuous transitions between arrival times. This change in
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transition character can be interpreted in two ways: (1) By
sedimentary drape of clastic Cretaceous strata over topographically-
reflected fault motion prior to deposition, or (2) By faulting

of clastic Cretaceous strata in response to basement motion
subsequent to deposition. Lower Cretaceous clastic strata show
little thickness variation which is consistent with the latter
interpretation. Variations in the upper Cretaceous clastics
thickness are consistent with the first interpretation, thus

fault motion occurred probably after deposition of the upper
Cretaceous Milk River Sand formation.

Fault throws across the Precambrian basement top and the
Mississippian Turner Valley top are nearly the same for most
faults. Fault throws were calculated from average velocities
of 3,000 m/s in the upper Cretaceous clastics, 3,300 m/s in the
Tower Cretaceous clastics, 6,100 m/s in the Paleozoic carbonates,
and the arrival time difference across the fault. Elevation
changes of the Milk River Sand event are calculated to be 20
to 40 metres less than those deeper in the section. The equivalent
Precambrian and Paleozoic fault throws indicate that the
basement and Paleozoic carbonates were faulted simultaneously
in most places. Therefore, the faults were generally inactive
during the Paleozoic, if they existed at that time. The reduced
fault throws across the upper Cretaceous clastic strata indicate
a growth-fault nature of recurrent activity in the upper Cret-

aceous.
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The aeneral strike direction of the faults is 330 degrees,
(see section 6.2.2), and this closely parallels the strikes of
the major thrust planes caused by tectonic foreshortening in
the Rocky Mountains, (McCrossan, 1964). These thrust sheets
begin only 50 kilometres to the west of the study area and the
parallelism of regional tectonic features here suggests a
common genesis and age. These data further support the inter-
pretation of Tate Cretaceous motion along the faults.

A synoptic history of the basement faults in the Claresholm
area, based on results of the study, assumes initial formation
of the faults in the late Precambrian uplift, (McCrossan, 1964).
The faults were aenerally inactive until the end of the Paleo-
zoic when reactivation displaced both the Precambrian surface
and the Paleozoic carbonate sequence. The faults then remained
inactive durinag the deposition of the lower Cretaceous clastics,
allowing deposition of a rather uniform layer. Tectonism
associated with Laramide overthrustina to the west reactivated
the faults, which cut the lower Cretaceous strata. The Paleo-
topography created by this reactivation during deposition of
the upper Cretaceous clastics has determined the thickness

variations in the upper Cretaceous strata.

6.2.2: Active Length and Orientation of Faultina.

A study of the known locations of faults was undertaken

to determine the active Tenath of these vertical faults. Rel-
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ative movement and fault throws were compared between lines

to determine if specific faults are continuous between profiles.
A large fault appears in all three sections beneath the area

of the Blackspring Ridge. This fault was interpreted to trend
northwest/southeast throughout the profiles on the basis of its
larger throw and characteristic associated listric faults in
the Cretaceous clastics above, (see fig. 5.2). Other faults
were interpreted to be continuous across the three profiles

on the basis of throws and similar relative motion seen in

each section. Another factor which tends to confirm the
continuity of these faults is that fault trace intersections
with the profiles form nearly straight lines on a map of the
study area, which strongly suggests linear continuity.

A map is shown in figure 6.1 which shows the interpreted
system of parallel faults. The faults range in size from a
throw of more than 300 metres, (kilometre 41, figure 5.6b), to
faults with very Tittle net relative motion. These values
were obtained using the same velocities as in section 6.2.1.
The trend of these faults is very consistent, varying only
between 310 and 345 degrees. The average is approximately 330
degrees. This trend is in agreement with published maps by
Herbaly, (1967), which show a single fault with similar trend
which crosses the study area. This fault cuts the Cambrian,
Devonian, and Mississippian carbonates, was interpreted from

evidence based on fluid contacts in reservoir rocks, and is
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also indicated in figure 6.1.

Fault throws along individual faults are in some cases
very consistent, but in others vary quite substantially,
indicating in the latter case that some degree of rotation
or other differential motion occurred. Faults are shown to
be as much as 15 kilometres in northwest/southeast extent.
However, many faults seen in the northern two profiles die

out before reaching southward to the Barons profile.

6.3 - Density Variation Interpretation.

6.3.1: Description of Density Structure.

Density data from prisms in the three profiles were used
to construct maps of density distribution within the upper
and lower Cretaceous clastic sequence. These maps, (figure
6.2), show contours which divide areas of different subsurface
density.

The upper Cretaceous clastics maps, (fig. 6.2a), show
a circular area of lower density sediments which covers the
eastern two-thirds of the study area. This low density area
is flanked on the west by north-south trending areas of
varying density. Moving west, these areas increase to their
highest density near the beginning of the surveyed profiles

and then decrease in value.
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The Tower Cretaceous clastics map of figure 6.2b shows
an area of higher density clastics at the east end of the
Barons profile. To the east of this, roughly north-south
trending areas decrease in density value to a minimum at about

kilometre 40 and then begin increasing again.
6.3.2: Effect of Faulting on Sediment Density Variation.

Block faulting affects both depth of burial and thickness
of Cretaceous layers by vertical movement of strata. These
variables, in turn, affect the density of a given layer. The
map patterns and values seen in figure 6.2a and b suggest a
relationship between fault-structure and sediment density
variations in that the contour trends parallel fault trends
and areas of increasing depth and thickness tend to be areas
of higher density. In the western half of the study area,
densities increase toward the west in the upper Cretaceous
clastics in accordance with the increasing structural depth
evident from structure contours. The broad, Tow-density area
in the eastern half of the upper Cretaceous clastics map
coincides with the structurally high area here. Only a general
relationship is seen here, and the anticipated changes in
density over local structural highs and lows are not evident
in the density distribution maps.

To investigate these structural/stratigraphic relationships,

graphs were made of prism average bulk density vs. prism average
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thickness, and of prism average bulk density vs. prism centre
depth, for prisms in both the lower and upper Cretaceous clastic
layers. These graphs are seen in figures 6.3 and 6.4. A
general relationship between increasing depth or thickness
and increasing density is evident. While this trend appears
somewhat linear when certain sections of the profiles are
considered, the overall scatter of the data is too great to
allow any quantitative conclusions to be made. The cause of
these density variations is interpreted to be the basement
faulting process which controls variations in depth and
thickness. Increases in both of these variables cause an
increase in average density due to compaction in response to
additional depositional load. The scatter of the data illus-
trates that this variable stratigraphic load is not the only
factor which affects prism average bulk density. Varying
sedimentation patterns and differential compaction probably

have also affected densities throughout the sections.
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CHAPTER SEVER - CONCLUSIONS
7.1 - Summary.

The Claresholm gravity survey was conducted in an area where
detailed control data were available from seismic profiles and
well logs. Access to these data made possible a more in-depth
study of the geologic structure of an area of southern Alberta
than would otherwise have been possible. This integrated study
allows the following conclusions to be made:

Relative Bouguer anomaly data in the Claresholm area exhibit
variations which must be interpreted not only in terms of Pre-
cambrian basement block faulting, but also in terms of a variable
density structure within the overlying Mesozoic clastic wedge.
Models interpreted from integrated data indicate basement fault
block structure including faults with throws of up to 300 metres,
and upper Cretaceous clastic density variations of as much as
0.13 x 103 kg/m3 within an area of 60 x 13 kilometres. Both
of these geologic variations contribute to the observed gravity
anomaly and one cannot be considered apart from the other with-
out access to independent information about basement depth
or Cretaceous density variations.

The Precambrian basement and overlying strata are shown
to be cut by a series of parallel faults trending north-northwest.
Late Precambrian, late Paleozoic, and late Cretaceous motion
along these fault planes is interpreted on the basis of fault
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throws, comparison of tectonic trends, and thickness variation
patterns in upper Cretaceous clastic strata. Stratigraphic
thinning and thickening in this sequence have been determined
by continued growth of these faults during deposition. Paleo-
topography induced by fault activity has resulted in upper
Cretaceous thickenig over downthrown blocks and vice versa.
Density variations are also shown to be in part affected by
fault block motion. Differential displacement of fault blocks
creates variation in burial depths and compaction occurs in

response to this variable load.
7.2 - Significance of the Gravity Study.

Without the use of control data, the gravity method is found
to be incapable of providing a unique model. This is because of
distortion due to the interfering effects of upper and lower
Cretaceous clastic density variations. Figures 7.1a and b show
final models based on gravity modelling with depth control limited
to two well logs. Also included for comparison are horizons
interpreted from seismic data.

Figure 7.1a shows a one-body model which includes the
entire sedimentary sequence above basement with an average
density of 2.48 x 103 kg/m3. The elevation of the basement
surface was varied to achieve agreement between field data and
the model's gravitational response. The basement surfaces
interpreted from gravity and seismic data disagree substantially

as elevation discrepancies of as much as 900 metres are evident.
7.
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A similar example in figure 7.1b involves a two-body model
where basement elevations interpreted from seismic control are fixed
and the elevation of the Paleozoic carbonate surface is varied
to achieve agreement between observed anomalies and model response.
Again, there is disagreement, as much as 500 metres, although it
is evident that increasing control here contributes to greater
accuracy than that seen in figure 7.1a.

Control data are necessary for detailed interpretations of
gravity data. However, general interpretations are possible in
the absence of such data. A comparison of Bouguer profiles
to final models indicates that high gravity gradient areas of
the profiles, (kilometres 16, 34, Carmangay:; 28, 31, Claresholm;
and 42, Barons), correspond to transition areas across faults.

It is evident that Cretaceous density variations do not com-
pletely obscure the gravitational effects of basement faults

and that the location of larger faults, (greater than 150 metres
in throw), may be interpreted on the basis of gravity data alone.
Comparison of the model to Bouguer data also indicates that
regionally upthrown and downthrown areas are reflected in the
observed data by the lower-frequency characteristics of the data.
These findings encourage the use of the gravity method alone

to delineate major faults in and regional trends of the basement

surface.

7.3 - Significance and Application of Integrated Studies.

Integrated studies of this nature are appropriate in that
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they allow additional detail in model interpretation. For
example, depth control in this study allows density interpret-
ations to be made. Conversely, density control in gravity
studies results in greater reliability in depth determinations.
Control data in this way allow the anomaly of interest to be
isolated from other sources.

While reconnaisance of basement faulting structure has
been shown to be viable here, gravity surveys are best suited
to integration in the manner of this study. This generally
would involve follow-up of areas of interest delineated by

seismic methods.

7.4 - Implications of the Study to the Tectonic History of
Western Canada.

The normal or reverse orientation of faulting in the base-
ment near Claresholm is difficult to determine with certainty
from the seismic data. However, block faulting generally indi-
cates a tensional tectonic regime which is paradoxical in consid-
eration of the major compressional thrust-fault zone of the
Rocky Mountain foothills, Front, and Main Ranges just to the
west. Two explainations are considered here:

Firstly, load applied to the basement beneath the front
ranges and foothills by overthrust build-up has depressed the
basement, and created a fore-deep area which extends east of

the disturbed zone. A tensional regime existed during the late
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Cretaceous for the basement in this area as the load was

applied and the basement was depressed, more to the west and less
as one moves away from the loaded area. These tensional stresses
were resolved along the pre-existing faults formed during late
Precambrian warping of the basement surface and thus down-faulting
was predominant.

A second possibility is that the compressive stresses inferred
from thrust faulting of the Mesozoic wedge were transferred through
the basement and again were resolved via reactivation of basement
faults. The faults represented the easiest way of resolving
compressional stress in the late Cretaceous, by up-thrusting of
fault blocks.

Borowski's 1975 study of the basement within the disturbed
belt supports a thin-skinned tectonic model where compressional
stresses were not resolved in deformation of the basement, thus
also supporting the former case here. Alternatively, Molnar and
Tapponier, (1978), have found high-angle faults oriented roughly
parallel to thrust fault trends in the compressive zone between
India and Asia. They interpret these steep faults to be due
to transmission of stresses through Tibet to the north where
stresses are resolved in an area of weaker crust by high-angle
compressive block faulting with a strike-s1ip component. This
model is similar to the second case above. However, since
the absolute motion of the fault blocks cannot be determined

there is no data in this study to support either theory as
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predominant in southern Alberta.

The location of the Claresholm gas field with respect to
basement structures suggests a relationship between basement
block faulting and hydrocarbon entrapment. The Claresholm gas
field, located at kilometre 12 of the Claresholm profile, (see
fig. 5.12b), is an area of active gas production from Mississ-
ippian carbonate strata. The reason for this is evident in
figure 5.12b where an anticlinal structure is evident in the
Mississippian Turner Valley marker just above the producing
depths. This structure is a reflection of a similar basement
feature deeper in the section, and is interpreted as having
been caused by relative uplift of the fault block beneath
the field and the adjacent block to the west. The hydrocarbon
trap is the result of these blocks being relatively higher
than their surroundings and is probably enhanced by subtle drag
folding of strata which completes an anticlinal trap for migrat-
ing hydrocarbons.

In contrast, the Barons oilfield, located at kilometre 39
in figure 5.13b, is located within nearly-horizontal strata
and no structural trap is evident. However, the example of the
Claresholm field shows that basement tectonics have contributed
to hydrocarbon entrapment in southern Alberta. In addition,
the effect of basement tectonics upon stratigraphic and density
patterns discussed in this report implies a relationship between

basement faulting and stratigraphic traps. This is a possible
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explaination in the case of the Barons oil field where no

structural trap is evident.

7.5 - Recommendations for Further Study.

Further study of the effects of basement block faulting may
be carried out to delineate basement faulting elsewhere in
Alberta. Of special interest would be interpretation of Paleozoic
and Mesozoic stratigraphy. Investigation may be extended into
the disturbed belt of thrust faulting to test the method's
applicability in complexly thrust-faulted areas. This additional
study may also provide information about the involvement of the
basement in the thrust-fault deformation of that area. Studies
of this problem have indicated uncertain and conflicting results.
Lastly, further study of this method's applicability in areas
of hydrocarbon production may indicate its value in exploration

where basement-related traps are likely.
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APPENDIX I - FIELD GRAVITY DATA

CARMANGAY PROFILE

Residual Theor.
Station Bouguer Bouguer  Bougquer
Station Distance(x) Elevation Anomaly Anomaly Anomaly
Number (metres) (metres) (G.U.) (G.U.) (G.U.)

500 0.0 1036.9 3350 -326 -322.3
501 534.0 1033.0 3355 -321 -319.3
502 1054.1 1029.3 3359 =317 -316.2
503 1545.1 1026.7 3363 -312 -313.6
504 2012.4 1023.4 3367 -308 -310.3
505 2531.3 1023.6 3370 -305 -305.5
506 3029.0 1023.5 3374 -301 -301.3
507 3530.1 1020.1 3377 -297 -295.5
508 4034.8 1017.4 3381 -293 -292.8
509 4519.1 1013.6 3384 -290 -289.2
510 4990.4 1012.8 3387 -287 -287.4
511 5510.3 1017.3 3389 -285 -288.2
512 6016.1 1019.0 3392 -281 -285.4
513 6521.7 1019.2 3391 -282 -281.5
514 6977.6 1022.9 3393 -280 -282.2
515 7498.9 1010.4 3395 -278 -275.0
516 8000.1 1004.7 3398 -274 -272.4
517 8457.1 1003.9 3399 =273 -273.0
519 8953.8 1001.3 3403 -269 =272.7
520 9473.8 1000.6 3403 -269 -275.7
521 9965.5 990.8 3404 -268 -269.6
522 10475.6 988.6 3402 -269 -269.0
523 10958.4 986.4 3402 -269 -268.8
524 11434.2 985.2 3403 -268 -269.4
525 11933.2 983.2 3403 -268 -269.7
526 12406.9 981.4 3404 -267 -270.2
527 12914.1 980.8 3404 -266 -268.9
528 13425.6 976.7 3405 -265 -267.4
529 13894.0 971.2 3405 -265 -266.0
530 14444 .4 969.3 3404 -266 -265.9
531 14895.6 964.1 3403 -266 -263.7
632 15413.6 966.9 3402 -267 -266.4
533 15879.9 969.1 3399 =270 -267.1
534 16106.6 962.3 3405 -264 -265.2
535 16298.8 964.2 3404 -265 -267.4
536 16811.3 963.6 3401 -268 -269.3
537 17299.6 961.4 3398 =270 -269.7
538 17832.8 963.9 3396 =272 -271.1
539 18276.9 969.0 3395 -273 -273.8
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55402.4
56666.9
56158.4
56393.7
56615.7
56864.2
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