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ABSTRACT

Shoreline .erosion at Lake Sakakawea has exceeded ocriginally
predicted rates. This thesis is a continuation of a project, begun in
1983, to study erosion rates, causes, and prediction; the purpose has been
ﬁo describe variations in fracture patterns in shoreline banks and assess
their affects on erosion rates.

During the first phase of this project (1983-1986), average bank
recession was rapid (l.5m/yr}) and factors related to wave action,
including fetch, bank orientation, and beach composition, were most
impertant. Since 1986, lcQ lake levels have persisﬁed and wave action has
neot been a factor; however banks continue to recede, but at a glower rate
{0.2m/yr), and bank properties, including fracture patterns, height,
slope, and compasition have become more important. Banks are not yet
stabilizing, and factors related to lake levels, wave action, and bank
preperties must all be considered in predicting future bank rescession
rates,

Fracture patterns were described at each erosion station. The
fractures result from regional stresses related to crustal uplift and NE-
SW plate moticn, stress release agsociated wiﬁh vertical and lateral
unloading, subglacial deformation, and/or desiccation. Differences in
average fracture size and abundance correspond to changes in lithology.
Vertical fractures are smaller and more closely spaced where strong
horizontal bedding or fracturing exists. Size and abundance are also
affected by grain size, consolidation, weathering.

Consistently oriented N-$, E-W, NE~SW, and NW-SE orthogonal sets of

straight, vertical fractures with matte surfaces are dominant in the

Paleoccene bedrock. Korizontal fracturing also occurs wheére bedding is




 well-developed; it is especially intense in and pear lignite layers. The
Upper Medicine Hill till ceontaing sets of -short, straight, vertical
fractures, separated by near-horizontal fractures with straight or curved
gurfaces; most are sealed with mineral coatings. A columnar jointing
pattern in the Upper Snéw School and Upper Horseshoe Valley tills results
from dominance of orthogonal sets of open vertical fractures with rough
gurfaces and the absence of horizontal structures.

The most important failure mechanisms affecting these cohesive bank
sedimenté‘are toppling and high-angle sliding along large vertical bank-
parallel tension fractures. Sediments with well-developed horizontal
structures are more resistant to this type of failure because the
fractures,‘formed by stress release aleng the exposed bank, cannot extend
as deeply. Thus, Upper Medicine Hill till panks are receding 50% slower
than other till banks. Bedrock banks with hard interkedded limestone
lenses and strong lithological variations have alsc receded slower.,

Vertical fracture orientations and abundance also affect erosion
mechanisms and rates. However, because of the numerous other erosional
factors, the multiplicity of fracture sets in the bedrock, and the high

dispersion of fracture orientations in some of the tills, it is difficult

to correlate these factors directly to variations in erosion rates.




INTRODUCTIGN
Geperal

Lake Sakakawea is a large man-made reservoir on the Missouri River
in western North Dakota (Fig. 1). The area studied includes the eastern
end of the lake (Fig. 2). This reservoir was created by the U.S. Army
Corps ©f Engineers (Corpa) in 1953 as part of a system to reduce the
effects cf flooding and to maintain navigation routes on the lower
Missouri and Mississippi Rivers. After closure, the water level continued
to rise until 1969 when the reservoir first reached its maximum operating
level of 564 metres above sea level. Since then, bank erosion, which has
" been more rapid than originally anticipated, has claimed a substantial
amount of land, precipitating land-use management problems surrounding the
lake. In fact, by 1979 the Corps determined that at 80% of the sites they
were manitoring bank recession had already exceeded ultimate predictions
(Cordero, 1982).

This thesis, which is mainly a study of the effects of bank
ﬁractures and lake level fluctuation on bank recession rates, is part of
a4 larger project which began in 1983 when the Corps contracted the
University of North Dakota to study bank recession rates and processes on
Lake Sakakawea. It is hoped that the results of this study will
contribute to a better understanding of bank recession processes so that
future rates can be predicted more accurately.

In 1983, when this project_was initiated, 20 bank recession stations
were_established so that bank recession rgtes could be monitored and site-

specific geoclogic and geographic characteristics could be correlated to

these rates (Fig. . 2). During the initial phases of this project, which
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ended in 1986, wave erosion was the most important ercsicnal process;
thus, factors related to wave energy, including effective fetch, bank
orientation with respect to the dominant wind direction, beach
composition, beach width and .slope, and the frequency, duraticon and
direction of storm-driven waves, were recognized as impoxtant variables
associated with bank recession rates. The importance of wave erosion and
related factors during the first three years of this study is attributed
to the high lake levels during the summers of 1984, 1986, and briefly in
1883.

Since 1986, lake levels have been too low for direct wave erosion of
banks to occur. Nevertheless, these banks, which have been oversteepened
due to wave erosion, have coentinued to recede, but at a slower rate. Bank
recession is now mainly the result of bank failure along vertical fracture
planes that are weakened and opened by tension due to horizontal unloading
and chemical and physical weathering; therefore, during the recent low
lake levels, factcré such as lithology, bank height and slope, and bank

structures, including fractures and bedding, are most important.

Pu se

This thesis involves continuing activities begun during the initial
phases of this project, such as menitoring current kank recession rates,
assessihg the effects of lake level fluctuations and cther'factors, and
estimating trends of future bank erosion rates. The focus, heowever, was
to describe variations in bank fracture patterns and to assess their
influence on bank failure mechanisms and bank erosion rates. During
earlier phases of this project it was recognized that fractures

contributed to decreased bank stability and probably increased short-term

bank recession rates at Lake Sakakawea. - It was also apparent that
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fracture patterna varied between sites and among differing lithologies.
This study was undertaken to investigate these fractures, including their
origin, factors coﬁtrolling their formation and characteristics, and their
influence on bank étability and short-term recession rates.

Slope stability is strongly influenced by the presence of fractures
and characteristics such as orientation of sets, length, density, and
resistance to failure. Failure of slopes composed of fine-grained
sediments‘ and consolidated materials often occurs as intact blocks
bounded by fractures break away from steep bank surfaces. Most of the
bank recession at Lake Sakakawea can be attributed to thié type of
failure.

The most Iimportant fracture characteristic with regard to slope
stability is the orientation of fracture gsets. For example, McGown and
others (1974) attributed slope failure at éxcavations in a till near
Hurlferd, England to the presence of vertical fractures. Excavations that
were parallel to vertical fracture sets were prone to shallow failures
which initiated along fracture pianes. No failure occurred in excavations
not oriented parallel to these vertical fracture sets. At Lake Sakakawea
most of the bank fractures are nearly horizontal or nearly vertical, and
at all of the sites studied there were two to four vertical fracture sets
present.

" This study is also intended to investigate factors contrelling
variations in fracture patterns. Differences in average size and density
of fractures, the distribution of fracture orientations, and their surface
Characteristics are related mainly to fracture-forming processes,
lithology, and changes in topography. It is important to understand how
these factors affect variations in fracture patterns so that meaningful
intefpretations of the fracture data can be made and the probable fracture
Patterns at other locations éround the lake can be inferred. For example,

it is desirable to know whether fracture patterns are consistent




&
throughout the éntire regicn, or if they vary locally with changes in
topegraphy, litholegy, or weathering history. It is also important to
understand what types of variations in fracture patterns to expect between
differing lithologies and what variations to expect in a similar litholegy
at different loecaticns. Thié reguires an understanding of fracture

genesis and the area geolegy, climate, and geolegical history.

Regional Geclogy and Climate

The climate in western North Dakota is semi-arid continental with
approximately 40 cm of annual precipitation. Although most of the
precipitation cccurs during the summer, the weather during that season is
normally warm and dry and the frequency and abundance of summer rains is
sporadic; thus, this regicn is prone to droughts. Fall and spring are
cool with variable precipitation, and winters are cold and dry with
preciﬁitation averaging about one centimetre per month. The frost season
begins in mid October and normally ends in late April or early May
{Hillsop, 1985, p. 9).

The surface geclogy in this area consists mainly of Quaternary
glacial sediments deposited directly by moving ice (ground moraine} or
deposited during ice stagnation (Fig. 3. These sediments vary in
thickness from zero to approximately 100 metres (Bluemle, 1988). Glacial
outwash and eclian silt deposits are also exposed locally in this region,
and Tertiary bedrock is widely exposed along the shores of Lake Sakakawea.
The topegraphy ranges from gently undulating in areas underlain by ground
moraine to hilly in areas underlain by stagnation moraines (Bluemle,
1988). The topography of the land within several kilometres of the
Missouri river valley has been dissected by stream erosion.

The banks of eastern Lake Sakakawea are 2 to 25 m high and are
typically nearly vertical. They consist of Tertiary and Quaﬁernary

sediments and sedimentary rocks, The lowest stratigraphic unit in the
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Bank Recession Station Lithologies.
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area is the Paleocene Sentinel Butte Formation which consists of
interbedded mudstone (ranging from silt to claystone), sandstone, lignite,
and clinker (Ulmer and Sackreiter, 1973). This formation is present in
the lower portion of many banks, and at a few locations it comprises the
entire baﬁk. Glacial sediments of the Pleistocene Coleharbor Group and
ealian silt of the Holocene Oahe Formation (Ulmer and Sackreiter, 1973}
overlie the Sentinel Butte Formation and comprise the upper portion of the
entire bank at many locations. Glacial sedimenté are the dominant

litholeogy at most of the banks studied.

Definitions

The terms fracture, fissure, and joeint are often used
interchangeably to describe sediment and rock discontinuitieé, and they
are often given specific meanings that pertain to their origin or
appearance. Other terms, such as shear fracture, fault, and joint plane,
have also been used to describe specific types of discontinuities. The
term fracture is most often used as a general term to describe all
structural discontinuities resulting from mechanical failure, while the
term Jjeoint is most often restricted to rock units that show no
displacement across the joint surface ({Bates and Jackson, 1980Y).

Because the terminclogy pertaining to discontinuities is
inconsistent and confusing, it is necessary to define how some of these
terms are used in this paper. Terﬁinclogy proposed by Pollard and Segall
{1987) is used in the following manner here: Fracture is a general term
referring to all discontinuities regardless of their origin and current
characterigtics, wheresas joint specifically denctes fractures formed by
tensile stress. Fractures resulting from differential displacement across
a fracture boundary are termed faults. PFracture will be used to identify

all discontinuities and joint and fault will be used only when the origin

of the fracture has been identified and is being discussed.
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Some other terms are fracture set and fracture system. Fracture set

refers to a group of nearly parallel fractures and fracture system is used
+o describe a fracture pattern consisting of more than one set. As an
example, the Sentine]l Butte Formation usually contains one set of
herizontal fractures and twe to four sets of vertical fractures oriented
45° or 90° apart. When two sets of vertical fractures are separated by

right angles they are referred to as an orthogonal system of vertical

fractures.

Previpus Work

Bank Recession

The geology of the banks exposed 5long the eastern end of Lake
Sakakawea was first mapped and described by Ulmer and Sackreiter (1973);
Earlier, the engiheering properties of the Sentinel Butte Formation and
some of the glacial tills in the area were tested by Banks {1972), and by
the United states‘Army Corps ©of Engineers (1981). Also, before this
project began in 1983, two studies of shoreline erosion on Lake Sakakawea
were conducted by the Corps. One evaluated unsuccessful attempts to
predict ultimate bank recession distances by applying a conceptual model
based on the conservation of volume (template method) (Cordero, 1982}.
Another Corps study (Gatto and Doe, 1983), using air photos to estimate
bank recession rates from 1958 to 1976, demonstrated the futility of
using such methods for measuring bank recession rates accurately.

The template procedure evaluated by Cordero (1982) is based on the
assumption that material ercded from a bank will be redeposited in the
immediate offshore zone, near the toe of the bank; then, continued
accumulation of bank sediment in the offshore zone will eventually result
in the.formation of a stable offshore platform protecting the bank from
further wave ercsion (Fig. 4). Because the banks along Lake Sakakawea are

composed primarily of fine-grained sediments which are easily transported
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Figure 4. Template Method. Conventional procedure used by U.S.
Army Corps of Engineers to predict ultimate shoreline
recession (from Cordero, 1982).
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to deeper water, this model proved to be inappropriate for this lake.
only 13 years after the maximum pool level had been reached, bank
recession had already exceeded the ultimate recession predicted by this
model at over 80% cof the sites (Cordero, 1%82).

With air photos, Gatto and Doe {1983} concluded that the primary
cause of "bank recession” from 1958 to 197§ was reservoir inundation and
wave erosion. They also attempted to determine the correlation between
hank recession rates and cther factors, including water level and bank and
reservoir characteristics. Because of the small scale of the air photos
used, the bank recession measurements made from them were relatively
inaccurate and no significant correlations between bank recession rates
and factecrs thought to be associated with bank recession were found.

Millsep (1985) studied bkank recession mechanisms, rates, and the
controlling geolegic factors. He determined that wave acticn was the
primary cause of bank erocsion on Lake Sakakawea and the.mcst important
factors associated with wave erosion were lake level and wind direction,
velocity, and duration. Other important factors were bank orientation,
bank geology and geometry, beach compeosition and geometry, offshore
bathymetry, shoreline topography, and the presenée of offshore islands
(Reid and others, 1988). These studies alzo indicated that banks shorter
than five metres, facing north to northeast, and composed of well-jointed
till or mudstone, were receding the fastest. ‘

Sandberg (1986) found that the rate of bank recession from 1983 to
1986 ranged from 0.2 to 4.3 m per year, and that approximately 78% of the
bank recession occurred during the warm season months (May—Octobe#).
Primarily from wave ervosion. He also concluded that bank recession during
the cold season months (November~2pril) was mainly the result of thaw
failure during-March and April. In addition, he developed two seasbnally-
dependent equatibns for esﬁimating site-gpecific bank recession rates.

These egquations were the result of multivarate regression analyses based
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an data obtained during the first three years of the study. Bank
recessicn rates were used as the dependent variébles, and geological
factors conasidered to be closely associated with recession rates,
including bank height, effective fetch, offshore slope angle, beach width,
mean grain size, percentage of coarse beach clasts, angle between the
shoreline and dominant wind direction, and bank orientation with respect

to the sun, were tested as independent variables,

Fractures

Although there has been no previous research regarding fracture
' characteristics of banks along Lake Sakakawea, several studies pertaining
to fracture corientations of Tertiary and Quaternary units throughout the
region are relevant to this study. Two sets of near-vertical fractures,
trending NE-SW and NW-SE, are persistent throughout all types of Cenczoic
bedrock and sgzediments in eastern Montana, western North Dakota and
southern Saskatchewan (Erickscon, 1%70; Stone and Snoeberger, 1977; and
Stauffer and Gendzwill, 1986). Both sets are interpreted to be the result
of tensile stress associated with vertical uplifting and horizontal
movement of the North American Plate (Stauffer, and Gendzwill, 1986).
Analyses of fracture characteristics and Anisotropic hydraulic properties
cf coal and related garth materials at the Garrisoh, Falkirk, Center, and
Indian Head coal mines, located near the easterﬁ end of Lake Sakakawea,
indicate that these NW-SE and NE-SW fracture sets are deominant in this

area also (Rehm and cothers, 1980).




PROCEDURES

Bank Recession Measurements

Since 1983, bank recessicon rates at 20 stétions along the eastern
shores of Lake Sakakawea have been moniteored regularly (Fig. 2). These
stations weré located at sites that were both easily ;ccassible and
appeared tc be experiencing active bank recession. Most of the stations
were located along headlands where relatively rapid bank recession rates
were expected, and a few control stations wers established in bays where
active bank recession is slower.

Each station consists of a series of pins (15 cm-long nails marked
with flagging) driven inteo the ground. The pins are arranged in sets of
two, and they are ;paced on &4 line perpendicular to the bank at that peoint
{(Fig. S). The pin farthest from the bank is the reference from which bank
recession is measured; an alignment pin is set between this pin and the
bank to mark the direction of the measurement line. Currently there is an
average of 6 sets of pins at each station (Appendix I).

The amount of bank recession that occurs between measurements at
gach station is determined using methods employed by Reid and others
{1988), where the distances from the pins to the bank edge are measured

and compared to distances from the previous measurement (Appendix I}.
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® - Alignment pins
A - Measuring pins

Bank Recession Station showing measurement and
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Fractures
Bank-Top Fractures

Ground surface fractures above the bank were described at each
station. The descriptions included measurements of orientations, lengths,
locations, and aperture widths for bank-top fracture intersected along
tpansects parallel and perpendicular to the bank edges (Appendix IV}. -

Bank~top fractures, criented parallel or suh-parallél to the bank
edge, were descriﬁed as kank recession measurements were being taken.
Each transect began at the bank edge and extended 8 metres inland. The
number of transects at eaéh station coincided with the number of recession
pin sets at the station. The orientations of the fracture surface
intersections were measured with a compass, and the distances from the
bank edge and the aperture widths were measured by taping. Fracture
lengths were measured by taping or pacing.

Fractures intersected along transects parallel to the bank edges
were also described. This procedure provided a representative number of
fractures oriented at a high angle or perpendicular to the bank edge.
Each of the four bank-parallel transects extended the length of the

station and were spaced at 1, 3, 5, and 8 metres from the bank edge.

Bank-Face Fractures

" In addition to the bank-top fractures, bank-face fractures were
described. The fresh bank-face exposures provided a clearer and more
complete view of bank fractures. Therefore, they were studied more
extensively, and the majority of the fracture data analyzed pertain tp

these fractures,

Orientation: Bank-face fracture orientations were measured by determining

the strike and dip of fracture planes. Fracture strike and dip

inclinations were determined  using a compass and inclinometer. The
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magnitude of the random error expected for dip angles measured using this
technique rangés from 2.9? for high~angle fractures in hard rocks (Renca
and Chalvre, 1977) to 5.0° (Connell, 1984) for low-angle fractures in
;‘ poorly consolidated sediments. Ronca and Chaivre (1977) also demonstrated
that the magnitude of the expected random error for measuring high-angle
fracture plane azimuths is approximately 3,29, The majority of the
fractures measured during thig study were in fine-grained unconsolidated

sediments and were dipping at a high angle. Therefore, the random

S 2SR o

measurement error associated with these fracture orientations is predicted

ol

to be between 3% and S° for both the strike and dip measurements.
Even thcugh the expected error associated with measuring fractures
is small, obtaining a truly representative set of orientationsg is

difficult. The main problem affecting fracture orientation data is blas

{1 i e e sl e S £ ey gt S el

related to exposure orientation. Obvicusly, a fewer number of fractures
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s

will intersect the exposure from a fracture set oriented at a low-—angle to

an exposure face than fractures from a set oriented at a high angle to the

itk g fd o 2

exposure surface. PBRecause sampling procedures are limited by exposure

..

extent, height, and orientation, completely eliminating this type of bias
ig difficult. In most situations geologic data must be collected using

less than ideal statistical sampling conditions, and often the best way to

g deal with these difficulties is to recognize the problems and toc account
for it while conducting analyses and making interpretations.

The fracture orientations were measured for all non-horizontal

fractures (fractures inclined at » 10° from horizontal) that intersected

the surfaces of approximately rectangular quadrats along the bank faces.

Due to inconsistencies related té exposure quality, the size and number of
quadrats at each site varied. Sampling bias related to the hank
Qrientation was reduced by sampling exposure faces along at least two

different bank orientations at each site. However, because of the limited

B R I

@xposure extent it was not always possible to apply this technique.
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Length: The ﬁpparent length of fracture traces intersected during the
collection of fracture orientation data was also recorded. In addition,
a visgual estim&ticn was made of the maximum and mean fracture length for
each geoclogic unit at each station. These data were obtained so
variations in apparent fracture lengths for each station and geologic unit
could be studisd and peossibly correlated to differences in bank recessicn
rates.

Even though the error associated with measuring lengths of exposed
fracture traces is low (Wheeler and Helland, 1981), obtaining
represeﬁtative length data can be difficult when entire trace lengths are
‘not always observable. This is due to the fracture trace extending beyond
the exposed area of the outcrop or into another material. When this
situation is encountered, the mean fracture length and variance will be
less than true values. If one or both ends of a fractqre intersection
with an exposure are obscured, the fracture length measurement is said to
be censored (Fig. 6} (Baecher, 1980}. Because longer traces have a
greater probability of being censored, these incomplete observations were
not ignored. By noting the number of fracture ends visible, corrections
were made to the censored data allowing a better estimation of the true
mean fracture length to be calculated. After the set of observations is
partitioned into groups composed of trace lengths with both ends visible,
cne end visible, and no ends visible, the distribution cf the trace
lengths can be derived (Baecher, 1980; Laslett, 1582).

Experimental data indicate that most data sets of fracture lengths
have an exponential distribution (Baecher, 1980; Connell, 1984, p-62; and
Laslett, 1982). Because of this, and the fact that closed form solutiocns
are easily calculated for this type of distribution, an exponential
distribution is usually assumed for fracture lengths (Coﬁnell, 1984, p.

€3). Examination of fracture length distributions for various lithologies
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cover material

Type X - fracture traces with both ends visible
Type Y - fracture traces with one end visible
Type Z - fracture traces with no ends visible__

Figure 6. Fracture Trace Types.
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at Lake Sakakawea {(Appendix VII} reveals that assuming a log-normal
distribution to determine statistics for thése data is a wvalid
approximation.

A procedure for estimating the mean and the variance of log~normal
distributed fracture lengths from censored-data collected along line
gransects (Laslett, 1982) was adopted for estimating mean fracture lengths
cf-data.seté pertaining te this project. Thig involved measuring the
visible length of each fracture intersected along rectangular herizontal
transects. The number of ends visible were alsc noted so that the
technigue described by Laslett (1982) could be applied.

The log-normal standard deviations for these data are so small that
they are misleading. Because of this the standard deviations reported in

the Results section are based on normal distribution statistics and are

caleculated for the "type X" fractures only. These values are not valid
for making statistical inferences; however, they give a more meaningful
indication of variations in relative dispersion between data sets.

Another problem regarding measurement of fracture lengths is that
surface trace lengths do not represent a three-dimensional view of the
true fracture surface size. For example, very long fractures may
intersect the bank surface for a relatively short distance. Pollard and
Aydin (1988} maintain that when fractu#e growth is limited in the vertical
direction by bedding, the longest dimension of fracture propagation will
most likely be parallel to bedding. Thus, the resulting measurement may
not ke representative of the true size.

This problem should not be ignored when collecting fracture data.
However, these data, which represent average vertical f{racture trace
lengths, are an important bank stability facter. When considering the .
effecté of fracture size on bank stability, the vertical dimension is most
important. This is because failure normally occurs along vertical planes

which often initiate along vertical fractures,




I U
i ko Bt et 2t 2

20

gracture Abundance: Vertical and horizontal fracture abundance was
estimated for each accessible geclogic unit at each of the stations by
determining the fracture frequency (Appendix V, VI}, this was accomplished
py counting the total numbex of fractures from all fracture sets
intersected along vertical apd horizontal tranéect lines.

The number, length, and orientation of the transects needed to
accurately determine fracture freguency depends on the average fracture
epacing and the orientation of the exposure with respect to fracture set
orientations. Because fracture spacing is often variable, transects of at
ljeast 50 times the estimated mean fracture spacing, &s recommended by
Wwheeler and Dixon (1980), were used to ensure a more reliable estimation.
fracture frequency; Also, to reduce bias related to bank corientation,
frequencies were measured along at least two nearly orthogonal bank faces
at each site. At several sites the limited extent andfor peoor
accessibility of the exposure made it impossible to collect the desired

amount of data (Appendices V, VI).

Geometry and Surface Characteristics: Modification of a scheme for

qualitatively describing fracture geometry and surface roughness (Fookes
and Denness, 1969) was employed for this project. Fracture surface
geometries were characterized as being straight, curved, or irregular, or
as péssessing a combination of these geometries. Fracture surface
roughness was described as either being smooth, matte, or rough. Fracture
surfaces with a polished appearance were described as being smooth; even
surfaces with a dull, granular, or unpolished appearance were described as
being matte; and bumpy irregular surfaces were described as being rough
(Appendix III}. The presence of surface markings such as pits, plumose
structures, and slickensides were aléo looked for and noted if present.

The occurrence and type of mineral coatings on fracture surfaces was also

- noted (Appendix IXI}.
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petection of a Préferred Orientation

Directicnal wvariations of strength are influenced by preferred
fracture orientations; therefore, the testing for a non-random fracture
pattern is an essential step in most geotechnical investigations of
fractured soils. The distributicn of fracture set orientations alseo
reveals information pertaining to the fracture-forming processes. Various
statistical methods based on randem and independent measurements of
fractures can be used to determine the probability that a preferred
orientation exists.

Most statistical methods for detecting clustering of three-
dimensional orientation data involve the use of a Schmidt projection
{Hobbs, Means, and Williams, 1976, p. 483~501). When poles are plotted on
Schmidt net, the distance between individual observations and the area
represented by clusters of cbservations is not distorted; thus, the data
can be contoured to determine if a preferred orientation exists.
contouring is typically done using computer programs based on an algorithm
that counts the number of points that lie in an egqual area of the plot.
The number of points is then converted to a percentage and centour lines
are drawn around areas of egqual density, allowing fracture sets to be
differentiated visually. Orientations for this project were analyzed
using a stereonet contouring program called MicroNet (Guth, 1987). This
contouring algorithm caleculates concentrations of observations per 1% area
en a Schmidt net.

If many poles are concentrated in one area of the plot, the
fractures represented are interpreted to have a preferred orientation.
From an equal-area plot, a three~dimensional version of the Poisson Test,
which tests directional data for a non~uniform spherical distribution,
called Fisher's distribution (Fisher, 1953}, can be used to determine if

signifjcant concentrations of points are present (Davis, 1986, p; 341).
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To do this, the plet is subdivided into small areas and the observed
number of points in each area is tested against the number that represents
a statistically significant concentration of points.

The number of points needed to constitute a statistically
significant cluster depends on the total number of observations, the
dispersicn of observations, and the number of significant clusters
representing fracture sets. Data sets obtéined during +this project
congist of 55 to 400 chservations and two to four clusters of points. For
similar data sets analyzed by Connell (1984, p. 74~94.), using the program
PATCH (Mahtab and others, 1972), it was determined that clusters
‘ccntaining 5% or more of the total observations in an area equal to 1% of
the total area of the plot were usually statistically significant at a 95%
level of confidence or above. This concentration was used as a guideline
when using contoured diagrams to identify fracture sets.

Because all of the significant clusters detected represented near-
vertical fracture sets, it was not necessary to use spherical statistics
to determine both the average strike and inclination of the identified
fracture sets. Instead, the mean strike direction and disperaion were
determined, while an approximate dip direction was estimated visually from
the stereonets. Equal-angle rose diagrams, which include only high-angle
fractures (> 50%), were also constructed to show orientations of near-
vertical fracture sets. These diagrams consist of "petals" that represent
10° class intervals. On this type of rose diagram (equal-angle) the length
of each “petal"” is proportional to the number of ﬁbse;vations in each
class.

In theory, the distribution of randemly oriented directional data
can be represented by a unit circle (Vaﬁ Mise frequency distribution)
(Davis, 1986, p. 321}, and the_procedure used for determining the mean

a&zimuth, and dispersion involves calculating the resultant vector, which

represents the sum of all fracture orientations in the set. This is
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accomplished by'detefmining the sums and sums of sguares of the direction
cosines ©f the observations so that the resultant vector can be resolved.
The mathematics used to perform these procedures is discussed in more
detail in Davis (1§86, p. 316 and chap. 3} and Koch and Link (1271, p.
132}). .

It is also desirzble to be able to identify statistically
significant vertical fracture sets (peaks) represented on the rose
diagrams. The method used here involves analyzing the frequency of any
orientational class independently to determine the significance of a
single cluster of observaticns. Becausé the samples analyzed here are
large, the Poisgon distribution is used to approximate the binomial
frequency distribution as suggested by Abdel-Rahman and Hay (1978). This
method involves identifying peaks by calculating the minimum number of
peints in one class needed to yreject the hypothesis of a random
distribution.

The Poisson p?obability for a specific number of peints falling in

an observational c¢lass (n) is represented by,
p(n) = e”x/nt Equation 1

where n is the number of points falling in the observaticnal class of
intsrest, x is the mean number of observations in each class (the total
numbey of observaticons divided by the number of classes), and e is the
natural logarithm base {Abdel-Rahman and Hays, 1978). With this equation,
the value of p{n) can be calculated for any size observaticonal class to
determine if it has the desired level of significance to repfesent a peak.

This system was applied to some of the data as a guideline to help

identify fracture sets.
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RESULTS

Bank Erosicn Rates

Since 1983, bank erosion rates have been monitored at least two
times a year at 20 bank erosicn stations established along the shorelines
of eastern Lake Sakakawea. From these measurements, seasonal and annual
bank erosion rates and the cumulative bank erosion have been determined
for each station. Rlong with determining cumulative bank erosion,
variations in seasonal and yearly erosion rateé ware also identified.

Cumulative bank erosion data for all 20 stations from 1983-1990
(Table 1) show a large variation in erosion rates from station to station.
For example, <during this period the bank at station 55 in Fort Stevenson
State Park has receded nearly 20 métres while at station 50 there has been
less than two metres of erosion. These data also show a large variation
in bank erosion rates from year to year at a given station; the erosicn
history for station 1 demonstrates this wel)l (Table 1). Over three metres
of bank erosion cccocurred at this site in 1986, but since then the average
bank ercsion rate has been less than two centimetres per year.

Frequent measurements made during the first three years reveal that
bank  ercsion is highly variable and tends to be more rapid during the
warmer months of May-Octcber, and is especially rapid during summer high
lake level conditions when waves erode these banks (Fig. 7) (Appendix I}.
Conversely, during the colder months, when water levels are typically
lower and the banks are usually frozen, very littfle erosion occurs. Most
of the erosion that does take ﬁlace during the cold season is during March

and April when the banks become weakened by cycles of freezing and
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TABLE 1

(Yeﬁrly!Cumulative Bank Recession cm)

Station 1983/84 84785 85/86 86/87 §7/88 88/89 89/90
1 70/70 2907359 747433 3487781 . 17784 2/786 iITBT
2 ﬁ4/14 2087223 731296 1557450 2/453 267677 127488
3 272 3477349 45/394 131/52% -6/518 0/518 11/52%
4 12/12 2147226 407266 362/628 -1/626 37630 17630
5‘ 5/5 203/208 5/213 115/328 7/335 -3/332 -15/317
6 43745 189/234 2004434 3394773 10/783 -3/778 27/805
7 1727172 266/436 133/568  169/737 &/743 157/%00 0/900
50 /79 8s87 227109 197128 117139 19/158 21,178
51 48748 2?0/3%# 247341 236/578 374614 77621 8629
52 55/55 2417295 137309 280/58? 157604 -6/598 29,627
53 17717 &2479 17796 1017197 127208 32/240 16/256
54 142/142 373/515 51/565 349/914 /T L8/966 17/983
5% 2744274 545/818 121/939 72871667 -12/1656 13071735 75/1859
56 2407240 3757814 1007715 37371087 12711214 21871432 1171444
57 25/25 127/152 357184 1467332 234355 -2/353 -8/346
58 &/6 5T/63 43/106 1174224 37227 52/279 167294
59 12712 88/100 44144 202/346 247369 6/37T3 87367
.60 61761 -4/57 35792 200/292 -6/288 27288 -&/282
&1 201/201 72/273 - 52/325 3777?0é 1,703 184718 -7
&2 71471 &g/159 /174 169/342 56/398 f1l399 20/419°
Avereage 76 208 7 246 16 35 12
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thawing. Thus, for the purposes of monitoring seascnal rates, a warm
geason (May 1 to October 31) and a celd season (November lrto April 30)
were established (Reid and others, 1588), and bank erpsion measurements
were taken at least two times a year (at the end of each season) so that
seasonal rates could be determined.

The variation in average seasconal rates from station to station is
considerable (Table 2). For example, at staticens 1 and 59, 100% of the
erosion has occurred during the warm seascn, and at station 60, 75% of the
cumulativé erosion has coccurred during the cold season. However, the
majority of bank erosion {77%) takes place during the warm season (Table
2).

Seascnal variations in bank ercsion are relatively minor compared to
variatidns associated with lake level fluctuations (Fig. 7). The
relationship between high lake levels and increased bank ercsion rates
(Fig. 7) illustrates that rapid bank erosion is associéted with lake
levels that equal or exceed 562 metres above sea level for an extended
time. This relationship is the basis for aefining the "critical lake
level” at the S562-metre elevation and above. Even though there has been
a total of 72 months c¢f low lake level c¢onditions compared to
approximately only 12 months of high lake level conditions since this
study began, 56% of the total bank erosion has occurred during the high

lake level conditions (Table 3).

Geology
The overall strength of a bank, the mechanisms associated with bank
failure and, ultimately, rates of bank erosion are largely controlled by
bank geology (Doe, 1%980; Edil and Va;lejc, 1980). This ism particularly
true wheﬁ external processes such as wave action are insignificant.' On
Lake Sakakawea, wave action is the primary cause of bank erosion; however,

because of recent low lake levels, wave action has not been a factoﬁ since
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TABLE 2

SEASONAL RECESSION RATES
{May 1983 - May 1990)

Total Average Percent
Btaticn Wazrm Cold Warm Cold ] Warm Cold
{cm) (cm) {em/mo) (cm/mo) % %
1 792 -1 12 0 100 G
2 370 119 9 3 78 24
3 511 24 12 1 g5 5
| 4 583 49 14 1 g2 8
| 5 287 30 7 1 3l 9
& 577 228 14 5 72 28
| 7 594 07 14 7 &6 34
‘ S0 104 74 2 2 |9 41
| 51 - 551 77 13 2 88 12
52 573 54 14 1 g1 9
53 140 116 3 3 55 45
54 853 130 20 3 87 13
55 1182 689 28 16 63 37
56 97% 469 23 11l 87 33
57 188 157 4 4 54 46
5B 254 41 6 1 86 14
59 373 -5 9 Q 100 Q
60 72 216 2 =) 25 75
61 590 128 14 3 82 18
62 . 337 - 82 8 2 80 20
Average 485 131 12 4 77 23
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TABLE 3

HIGH AND LOW LAKE RECESSION RATES
(May 1983 ~ Qctocber 1989)

| Total Rate ' percent
|
| Station High  Low High  Low High  Low
| {em} {cm) {cm/mo) {cm/me) % %
| 1 641 150 53 2 81 19
| 2 275 214 23 3 56 44
| 3 451 84 38 1 g4 16
| 4 568 64 47 1 =10 10
| 5 283 34 24 0 89 11
6 405 400 34 & 50 50
’ 7 243 657 20 g 27 73
s0 32 146 3 2 18 82
51 465 183 39 2 74 26
52 498 129 42 2 79 21
53 84 172 7 2 33 67
54 789 293 57 4 70 30
55 817 1085 68 15 44 56
56 489 G55 41 13 34 66
57 158 188 13 3 46 54
5B 169 126 14 2 57 43
59 284 83 24 1 77 23
60 -7 295 -1 4 0 100
i 61 449 269 37 4 63 37
.; 62 219 200 i8 3 52 48
$. Average 361 284 30 4 56 44
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the fall of 1986. Despite these recent low lake level conditions, bank
recessicn has continued, but at much slower rate (Fig. 7))} thus,
identifying those geological factors influencing recession rates during
low lake level periods and assessing their importance is appropriate.

Bank geology consists of all internal characteristics of shoreline
banks, including the bank geometry (height, slope, and orientatioen), the
compositicn of the bank material, and physical properties of the material,
such as grain size, strength, and drainage characteristics. The current
study, involves describing and assessing the affects of structural
featureg such as fractures, bedding, and concretions which are also
important components of bank geolegy. Other factors and processes related
to wave and frost action and bank and beach geometry were assessed during

earlier phases of this project (Reid and others, 1988).

Sentinel Butte Formatiom

General

The Sentinel Butte Formation {Paleccene), is the oldest geologic
unit exposed along the shoreline of eastern Lake Sakakawea, (Fig. 3). The
Sentinel Butte Formation is not litholegically homogeneous; it is a
repetitive sequence consisting primarily of grey and light-brown to tan
poorly-consolidated mudstone, sandstone, 1lignite, and concretionary
limes£one lenses. Bedding is well-developed at most of the locations, and
in the study area beds are all nearly horizontal and typically 10 to 25 cm
thick. They are defined mostly bylslight chaﬁées in color and texture;
however, this unit also contains many highly-fractured lignite layers,
relatively well-indurated limestone lenses, massive clay-rich layers, and
large channel-gshape deposits cf poorly consolidated, cross-bedded, and
poorly sorted silty sand. Other structures in the mudstone include large

spherical limonitic and calcareous concretions which may be up to twe
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metres in diameter, and pieces of white petrified wood that are

cencentrated in lignite layers. The Sentinel Butte Formation is described
in greater detail by Crawford (1967) and Jacob (1976).

For the purposes of discussing various types of fracture patterns,
the Sentinel Butte Formation exposures included in this study have been
separated into three informal subunits: mudstone, sandstone, and lignite.
Fracture lengths and densities are considerably different in each of these
subunits.

The most abundant Sentinel Butte lithology in this study area is a
poorly consolidated bedded silty clay (mudstone). This is the dominant
lithology at seven of the 20 bank erosion stations. Bedding in this
material is defined by slight color changes and by weakly-developed
horizontal fractures which have developed along bedding contacts,
Textural analyses (Millsop, 1985, p. 54} revealed average sand-silt-clay
percentages of 2, 47, and 50 %, respectively. ARdditional textural and
physical data are ;lso reported by Millsecp (1985, Appendix A). X-ray
diffraction analyses (Millsop, 1985) indicate that smectite is the
dominant clay mineral in the clay-size fraction of the mudstone.

channel sandstone deposits were studied at two sites, near station
§7, in Fort Stevenson State Park, and near the Government Bay launch
facility, approximately one mile northeast of Riverdale. Theze are large
channel-shape deposits of poorly-consolidated light-grey, thinly cross-
bedded silty sands. Thin small-scale cross beds are ubiquitous upon close
inspection; however, these deposits appear massive and homogeneous from a
distance. Becausge it is the dominant lithology only at station §7, this

subunit is relatively unimportant with regard to this study, but is

. ~ important at other locations arcund the lake.
.; Highly fractured lignite layers, usually less than a metre thick,

are interbedded with Sentinel Butte mudstone at many exposures. The

1 lignite is a brittle and moderately consolidated low-grade coal which
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centains scatte?ed silicified pieces of white petrified wood. Lignite is
not a dominant litholcgy at any of the bank erosion stationsg; the layers
may be significant, howewver, in that they appear to be associated with
greatly increased fracture depsities in the adjacent mudstone, and because

they are a horizontal discontinuity.

Fractures

General: Due to the presence of relatively evenly spaced intersecting
horizaontal and vertical fractures, the Sentinel Butte mudstone typically
has a blbcky appearance (Fig. 8 and 9). The blocky pattern is not as
épparent where bedding and horizontal fracturing is absent or very weakly
developed; however, well-developed vertical fractures still persist at all
locations. The frequency of both horizontal and vertical £fractures
increases greatly near and in lignite layers and tends to decrease in
zecnes containing more sand. Horizental fracture parallel and appear to be

controlled by the frequency of bedding contacts in thig unit (Fig. 8 and

93.

Horizontal Frequencies: The results for seven Sentinel Butte Formation
sites (Table 4) are typical of horizontal fracture frequencies'observed at
other sites where the trend of fewer fractures in sandy litheclogies and

greater fracture densities in and near lignite layers is also ohserved.

Vertical Freguencies: Sets of near-vertical tvertical) fractures are well
developed in the Sentinel Butte Formation at all of the cobserved sites.
As with the horizontal frequencies, the vertical fracture frequencies are
low for the sandstone exposures (1.9/m and 1.&/m} and high for the lignite
exposure {Table 5); the frequencies (4.2-5.0/m} for the mudstone exposures

are rather similar. Again, these fracture frequencies appear to be

typical of most other Sentinel Butte exposures in this area.
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Characteristic Fracture Patterns for the Dominant
Bank Lithologies.
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4 TABLE 4
&
: HORIZONTAL FRACTURE FREQUENCIES
v Locaticn/Unit Number of Frequency
: Fractures
Sentinel Butte Sandstcone
Station 50 46 3.1/m
Station 57 3B 1.8/m
3 TOTAL 84 2.3/m
3
? Sentinel Butte Mudstone
9 Station 2 44 8.8/m
; Statjon 53 18 4.5/m
b Stations 54 and 55 46 4,2/m
& TOTAL 108 5.4/m
= - Sentinel Butte Lignmite
4 Station SO 46 23.0/m
g Stationsg 60, 61, and 62 55 15.7/m
E TOTAL 101 17.6/m
3 Upper Medicine Hill Till
3 Station 51 97 8.8/m
4 Station 53 50 4.5/m
b Station 58 50 5.0/m
b Station 59 46 3.6/m
5 TOTAL 243 5.7/m
E er Borseshoe Valley Till)
# station 51 18 0.8/m
. Station 52 22 0.9/m
1 Stations 60, 61, and €2 11 0.9/m
k. TOTAL 52 0.8/m
.% Upper Snow Schogl Till
of Lake Sakakawea State Park 54 1.2/m
3 Stations 6 and 7 38 2.5/m
3 TOTAL 92 1.4/m
_% ' ~+  Oahe Formation
o Lake Sakakawea State Park 45 2.9/m
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TABLE 5

BEIGH-ANGLE FRACTURE FREQUENCY

Location/Unit Number of Fregquency
Fractures
Sentinel Butte Sandstone
Station 50 29 1.9/m
Station 57 8 1.6/m
Total 37 1.9/m
Sentinel Butte Mudstone
Station 2 50 4.2/m
Staticon 53 28 4,7/m
Stations 54 and 55 84 4.4/m
Station 56 61 5.0/m
Total 219 4.5/m
Sentinel Butte Lignite
Staticn 50 46 23/m
Upper Medicipe Hill Till
Station S1 48 5.3/m
Station 53 19 2.5/m
Stations 58 and 59 154 6.7/m
Total 221 5.6/m
Uppey Horseshoe Valley Till
Station 51 30 2.0/m
Station 52 58 2.7/m
Total 88 2.4/m
Upper Snow School Till
Station 1 48 3.2/m
Station 3 62 3.1/m
Station 4 95 4.5/m
Staticon 5 71 4.2/m
Stations 6 and 7 73 2.4/m
Stations 60, 61, and 62 23 2.6/m
Total 372 3.3/m
Cahe Formation
Station 1 120 8.0/m
Station 3 50 10/m
Station 4 13 i0/m
Total 243 9.0/m




37

vartical Lengths: The average vertical fracture lengths for the four
nudstone sites (16, 3%, 58, and 63 cm) (Table 6) vary considerably,
suggesting that the average length of such fractures is controlled by
factors that are not consistent among different exposures of this unit;
thus, estimates of vertical fracture lengths for this unit at a given
location should not ke based on data from other sites. The high standard
deviations are a refiection of the large wariation in vertical fracture
lengths. Individual fractures range from about 5 to 500 cm long, but the
majority are 20 to 60 cm long (Appendix VII).

The average vertical fracture lengths in the three sandstone

‘exposures (64, 229, and 39 cm) vary even more than the mudstone averages.

The dominance of large vertical fractures in the massive thinly cross-
bedded silty channel sands near the Government Bay launch facility has not
been observed elsewhere in this area. Still, even excluding this site,
vertical fractures tend to be longer in sandstone litholegy. The lower
than average lengths at station 57 are not representative of lengths in
most channel sand outcrops. $maller lengths here are the result of
relatively strong interbedded lenses of concretionary limestone at this
site. Vertical fracture lengths were not measured in any of the lignite
layers; however, they tend to be small and closely spaced in this unit

(Fig. 8}.

Orientations: Orientations of over 500 Sentinel Butte fractures were

measured at four different areas along the shorelines of eastern Lake
Sakakawea. As discussed earlier, only the orientations of nenhorizental
fractures (fractures dipping at an angle greater than 10° from horizontal)
were measured and included in-these data sets. The results of these
measurements are represented both as points, which are poles to fracture

planes (Fig. 10a), and as density contours of these points (Fig. 1i0b}.
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TABLE 6

HIGH~ANGLE FRACTURE LENGTHS

Lecatien/Unit Number of{ Mean Length |Standard
Fracturesi (centimetres) Deviation

Sentinel Butte Sapdstone

Lake Sakakawea State Park 15 64 59

Gov. Bay Launch Facility 46 229 120

Fort Stevenson State Park 62 39 29
Total 123 101 83

Sentinel Butte Mudstone

2 Lake Sakakawea State Park B1 39 50
A Station S0 18 63 57
5 Fort Stevenson State Park 121 58 36
h Stations 60, 61, and 52 50 1s 12
;i Total 270 43 41
4 Upper Medicine Eill Till
Statjion 51 88 34 36
Station 53 a5 32 29
Stations 58 and 59 114 30 48
Total 297 32 39
Upper Horseshoe Valley Till .
Station 51 57 &8 82
Station 52 39 118 45
Station 60 54 72 37
Total 150 81 46
Upper Snow School Till
Lake Sakakawea State Park 129 39 26
Stations 6 and 7 82 38 38

Total 212 39 32




|
3% 5% 7%
n= 383 n = 383

n= 568

Sentinel Butte Formation Fracture Orientations,
Eastern Lake Sakakawea, (a = lower hemisphere
equal-area sterecnet projection of pcles to
fracture planes, b = resulting contours of the
percent total number of points for each ocne
percent area, ¢ = equal~angle rose diagram
showing the azimuths of high-~angle (>50° dip)
fractures). -
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These data indicate an absence of persistent sets of obliquely
oriented fracture sets in the Sentinel Butte Formation. Therefore, only
the average strike direction was determined for each fracture set, and the
dips are reported as near-vertical {vertical). This same procedure was
used to identify fracture set orientations in the other till units which
contain mainly high-angle fractures as well. Part ¢ of these diagrams
include enly high-angle fractures with dips of > 50® and may include
additional strike directicns of fracture surface traces exposed on the
wave-eroded beach surfaces, thus, explaining the difference in numﬁer of
observations listed for the rose diagrams.

At Lake Sakakawea State park there are two dominant sets of vertical
fractures, one striking roughly E-W with an approximate orientation of
93°, and one roughly N-S, with an approximate orientation of 10° {Fig.
11). Most of the remaining fractures are also vertical and there is one
less well-defined met at approximately 149°.

The majority of fractures measured near the Government Bay launch
facility and station 50 are NE-SW trendiﬁg and are vertical (Fig. 12).
The average strike of this set is approxiﬁately 30°. The resulting
diagrams also show the presence of three other relatively weakly developed
vertical fracture sets trending approximately N-S, E-W, and NW-SE at about
173¢, 86°, and 1369, respectively.

" At Fort Stevenson State Park {Stations 53, 54, 55, 56, and 57} most
of the fractures are vertical or nearly vertical. There are four major
fracture sets oriented roughly N-5, E-W, NW-SE, and NE-SW with average
azimuths of 6°, 91°, 48°, and 139° (Fig. 13). The NE-SW, N-3, and E-W
sets, consist mostly of vertical fractures and fractures dipping steeply
to the SE. The NW-SE trending set consists mostly of fractures dipping

steeply to the SW.
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Figure 11. Sentinel Butte Formation Fracture Orientations,
B Lake Sakakawea State Park. ‘
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Fi e 12. Sentinel Butte Formation Fracture Orientations,
Station 50 and Government Bay Launch Facility.
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Sentinel Butte Formation Fracture orientations,
Fort Stevenson State Park.
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Even though four separate fracture sets are easily distinguishable
from these data, the overall distribution is essentially random when
asgessing its affect on the directional variations in strength of banks in
this area. Because there are four fracture sets oriented approximately
45° from each other, the orientation of any bank face will be nearly
suhparailel £o at least one of the fracture sets,

Most of the Sentinel Butte Formation fractures near stations 60-62
argsa a2lso horizontal or nearly vertical (Fig. 14). In this vicinity,
there are also four main sets of vertical fractures which have approximate
orientations of 3°, 92°, 429, and 140°. Again, the effect is to weaken
ﬁank resistance to failure nearly equally for all bank directions.

There is, therefore, a similar pattern of fracture orientaticns at
each of the Sentinel Butte sites studied. Nearly all of the nonhorizontal
fractures have vertical or near-vertical crientations, and four sets of
vertical fractures criented approximately N-S, E-W, NEQSw, and NW-SE are
consistently represented in this area. Even though some sets are more
strongly developed at particular sites (e.g., the NW-SE set at the
Government Bay launch facility and the N-S and E-W sets at Lake Sakakawea
State Park), orientations from each of these four sets are represented at

each of the sites.

Other: 1In addition to measuring fracture lengths and orientations, the
geometry and surface characteristics were also recorded. (Appendix III).
Most horizontal and vertical fractures ocbserved in the Sentinel Butte
Formation are straight, as opposed to having a curved or irregular'
geometry, and most have matte surfaces, and very few surfaces are
smooth, irregular, or rough. BAlso, the presence of mineral coatings was

seldom observed, and no surface markings such as plumose structures,

‘slickensides, or pits were seen on any of the Sentinel Butte fractures.
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jgure 14. Sentinel Butte Formation Fracture Orientations,
Stations 60, 61, and 62.
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Upper Medicine Hill) Till]

General

The Medicine Hill Formation, which is part of the Pleistocene
Coleharbor Group (Ulmer and Sackreiter, 1973), consists of two distinet
members. The lower member is unconsolidated sand, pebbles, and cobblea
that is locally cemented {(Ulmer and Sackreiter, 1973). This member is not
expogsed at any of the bank recession staticons or other locations studied
during this project. Exposures of the upper member, however, are up to 15
m thick along the shoreline bluffs of e@astern Lake Sakakawea. This member
is the dominant lithology at stations 53, 58, and 59, and is alsc exposed
at station 51.

The upper member, interpreted to be a till (Millsop, 1985, p. 54},
ig a light brownish-grey to light grey dense pebble loam. The average
sand-silt-clay fractions are about 25, 45, and 30%, respectively,
(Millsop, 1985; Ulmer and Sackreiter, 1273). This till unit also contains
scattered pebbles, cobbles, and boulders which form lag deposits on the
beaches as bank erosion proceeds and the finer material is carried away
(Fig. 15). The samples tested by Millsop (1985, p.55) had higher dry
densities than the other till units in this area. The Upper Medicine Hill
till also contains large inclusions of thinly-bedded and cross-bedded
sandy silt. Several of these silt inclusicons are incorporated into the

till exposure at station 58 (Fig. 16}.

Fractures

General: From a distance, silt inclusions and scattered boulders can be
seen in the Upper Medicine Hill till, but otherwisze it appears to be
homogenecus. Upon closer examination, from a few metres away, however,
this till appears highly fractured. From a casual observation the
fracture patferns appear to be random or complex (Fig. B). There are many

slightly curved low-angle and nearly-horizontal fractures which are
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Figure 16. Upper Medicine Hill Till with S5ilt Inclusions,
Station 58.
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intersected or cut by seemingly randomly oriented coblique and steeply
dipping straight and irregular fractures of variocus lengths. In many
cases, series of near-vertical short subparallel fractures can be seen
between longer low-angle slightly curved fractures (Fig. 17).

Nearly all of the fractures in this till unit are filled or coated
with depaosits of carbonateg and gypsum, and many of the fracture surfaces
and mineral depeosits in the fractures are stained with red or yellowish~
orange iron oxides. The majority of the fractures in this dense till are
closed or have been sealed by mineral coatings. Because nearly all of the
fractures are sealed or are coated or stained with mineral material, it
qually was not possible to examine fracture surfaces for textures or

markings.

Horizontal Frequencies: The horizontal fracture frequencies in the Upper
Medicine Hill till at stations 51, 53, 58, and 59 varied considerably.
They ranged from 3.6/m at station 59 to 8.8/m at station 51 {(Table 4}.
This is similar to the variations obtained for the Sentinel Butte
mudstone, and again, slight compositional variations from site to site
might be causing these variations, or they might be accounted for by the
presence of associated structures such as silt or gravel lenseg or largé
poulders. Even though these data show a considerable degree of variatiocn
in herizental fracture frequencies from site to site, they do clearly
indicate that the average horizontal fracture density in this till is
consistently higher than in the Upper Snow School and the Upper Horseshoe

Valley tills (Table 4}.




50

,-.::-u " i L

Figure 17. Close-Up of Upper Medicine Hill Till Fractures,

Station 51.
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Yertical Fyreguencies: Vertical fracture freguencies were measured in the

Upper Medicine Hill till at statiens 51, 53, 58, and 59. Again, there is
a rather large variation of frequencies (Table 5) which may be due to
litholegic wvariations and the presence of structures, especially

horizontal fractures.

Lengths: The average vertical fracture lengths in the Upper Medicine Hill
till at station§ 51, 53, 58, and 59 are all relatively low; they ranged
from 30 to 34 cm {Table 6). Variations in average fracture lengths from
site te site In this unit are small. Nevertheless, as is the case for
each of the other units, the standard deviations for these data sets are
high, indicating a wide range of fracture lengths at a given location.
Most of the fractures in this unit are between 20 and 60 cm long, but
range from less than 5 to over 400 cm; however, when compared to some of
the other lithologies, there are relatively few fractureg over 100 cm in

length (Appendix III}.

Orientations: The dispersion of fracture orientations in the Upper
Medicine Hill till at station 51 is high (Fig. 18). Whereas most of the
. fractures at this site are oriented vertically or nearly vertical, many
are also dipping at low or oblique angles. There is only one well-defined
high~angle fracture set, oriented N-NE'to S-~SW at approximately 14° (Fig.
18). Most of the fractures in this set are dipping steeply to the NW at
55°-80°. The rose diagram and the sterecnet plot (Fig. 18a,c) suggests
the possibility of two more weakly developed sets, one with fractures
striking at abkout 75%° and the other striking at approximately 148°;
however, these sets have a low statistical significance.

At station 53, 96 fracture orientations were measured in the Upper

Medicine Hill till., These are mostly high-angle fractures, distributed in

tighter clusters than at station 51, except for a relatively weakly
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defined cluster dipping at a low angle to the W and SW (Fig. 19j. Aalso,
these diégrams show the presence of two vertical sets, both consisting of

high-angle fractures and with a high degree of directional dispersion.

The N-NW te 5-5E set hag an approximate average orientation of 161? and
E' the E-W set has an approximate orientation of é?”.

At staticns 58 and 59, again, there is a high degree of directional
dispersion for this till (¥ig. 20)., The Upper Medicine Hill t£ill in this
area conﬁains mostly vertical and near-vertical fractures and also hosts
a large number of fractures dipping at oblique angles (Fig. 20). There
are also two distinct steeply dipping fracture sets, one oriented nearly
E-W at approximately 85%, and the other NE-SW at approximately 47°. A
third more poorly defined NW-SE trending set of high~angle and oblique
fractures, dipping to the SW and NE, is also apparent on these diagrams.
However, the statistical significance of this set is low (Fig. 20b).

The distributions of fracture orientations at these three Upper
Medicine Hill till sites (Fig. 18-20) are dissimilar. The interpretive
diagrams do indicate a high degree of dispersion of fracture orientations.
Although near-vextical and vertical fractures are dominant at each site,
there -are many fractures dipping at cbligque and loew angles, too. BEach
site hasg at least oﬁe significant set of steeply dipping fractures; the

orientationg of these sets vary between sites, however.

Upper Horseshoe Valley Formation

Genperal

The Horseshoe Valley Formation (Ulmer and Sackreiter, 1973), which
is the middle formatioh in . the Pleistocene Coleharbor Group, is
stratigraphically above the Medicine Hill Formation and below the Snow
School Formation (Fig. 3). This formation also has an upper and é lower

member, The lower member is a discontinuous bedded iron-stained

coriglomerate overlain by a poorly scrted, medium-grained, cross-bedded,
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Figure 19. Upper Medicine Hill Till Fracture Orlentatlons,
station 53.
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light-yellowish-brown sand (Millsop, 1985, p.50}. Where present, the
lower member averages less than a metre thick (Ulmer and Sackreiter,
1973), and the thin layer at Station 51 represents the only occurrence of
this geclogic unit at the bank recession stations.

The Upper Horseshee Valley till is a light brownish-grey to light-
yellowish-brown poorly sorted pebble loam, interpreted as a till (Millsop,
1985, p.61). This £ill is less dense than the Upper Medicine Hill till
and consists cf ‘roughly equal amounts of sand, silt, and clay (Millsop,
1985, p.61 and Ulmer and Sackreiter, 1%73}. It also contains widely
scattered small sand and gravel lenses and scattered boulders, cobbles,
and pekkles.

Where it is present along the shorelines of eastern Lake Sakakawea,
the thickness of the Upper Horseshoe Valley till ranges from two to five
metres (Millsop, 1985, p. 61). It is exposed at stations 51 and 52, where
it ig the dominant bank lithology. Another exposure of this till was
studied at statioﬁ 60 and along a shoreline bank approximately 200 m

northeast of station B0.

Fractures

General: The Upper Horseshoe Valley till can be distinguished from a
distance by its characteristic large~scale "columnar jointing pattern"
(Killsop, 1985, p. 61) which is the result of.large intersecting vertical
fractures (Fig. 21)}. Active bank failure in the form of high-angle slides
and topples occur readily along these large vertical planes of weakness.
Other than the large joints, this till unit appears more homogeneous than
the underlying Upper Medicine Hill till which contains more sand, sili,

and gravel lenses and more boulders and cobbles.




Figure 21. Upper Horseshoe Valley Till with Strong Colimnar
Jointing Overlying Upper Medicine Hill Till,
Station 51.
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gorizontal Frequencies: Horizontal andlvertical fracture frequencies were
measured in the Upper Horseshoe Valley till at stations 51 and 52. The
horizontal fregquencies of 3just leas than one fracture/metre for both
stations are the lowest frequencies cbtained for any of the geologic units
examined (Table 4). Most of the herizontal fractures in this uniﬁ were
weakly developed. These low horizontal frequencies are consistent'with
other Upper Horseshoe Valley exposures observed in this area which are

dominated by large well-defined vertical fractures (Fig. 8).

Vertical Freguencies: Although vertical fractures in the Upper Horseshoe

valley £ill are large and well-defined, they are relatively widely-spaced
compared to the other units. The average vertical fracture freguency at
stations 51 and 52 is just over two/metre (Table S§)}. These values are
typical of the lowlfracture frequencies in other Upper Horseshoe Valley

till banks in this area.

Lengths: High-~angle fracture lengths in the Upper Horseshoe Valley till
were measured at stations 81, 52, and 60 and at one other shoreline bank,
approximately 200 m northeast of station 60. Average lengths at these
siteg (Table 6) are considerably longer than those in the Upper Snow
School and Upper Medicine Hill tills (Table 6). Again, like the other
geologie units, the standard deviations are relatively high, reflecting a
wide variation of fracture lengths at each gite (fractures measured in
this till ranged from 10 to cover 700 cm in length). Most of the
fractures were between 30 and 100 om long; however, +the number of

fractures over 100 cm was much higher in this till (Appendix VII}).

~Qrientations: The majority of the fractures measured in the Upper

Horseshece Valley till at stations 51 and 52 had vertical or near~vertical

dipg2 and the overall dispersicn of strike directions was large
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(Fig. 22). Thére are also two distinct high-angle orthogonal fracture
gsets, A NE~SW set with an approximate orientation of 28° and a NW-SE set
with an approximate'orientation of 130°.

In the area of station 60,(§E:ﬁost of the Upper Horseshoe Valley
till. fractures are aléo vertical and there are two distinet vertical
fracture sets oriented N-NW to S-SE at approximately 152°, and NE-SW at
approximately 35° (Fig. 23).

The distribution of fracture orientations in the Upper Horseshoe
valley till are similar at both of these areas. Both data =ets contain
mostly vertical and near—#ertical fractures and both indicate the presence
of vertical and nearly orthogeonal fracture sets oriented NW-SE and NE-SW.
The large columnar jointing pattern seen in this till is formed by the

intersection of these orthogonal sets.

Other: Nearly all of the fractures in the Upper Hofseshoe Valley till
have rough surfaces and straight to irreqular geometries. Gypsunm,
calcite, and clay coatings or fillings, and iron-oxide sgtains, were
cbserved in few of the fractures, but the majority were free of mineral
deposits. Surface markings, such as plumose étructures, pits, or
elickensides, were not observed on any fracture surfaces in this till

{(Appendix IIX).

Upper Snow School Formation
General
The Snow School Formation, which consists of upper, middle, and
lower members, is the youngest of the three formations comprising the
Coleharbor Group (Fig. 3). The lowq&fmember, expogsed at stations 5 and?,
congists of iron-stained conglomerate and flat-bedded and locally cross-

bedded light brownish-grey to pale brown, poorly sorted dirty sand.

Abundant lignite fragments are concentrated along bedding planes {(Millsop,




Figqure 22. Upper Horseshoe Valley Till Fracture.
’ Orientations, Stations 51 and 32.
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Figure 23. Upper Horseshoe Valley Till Fracture
Orientations, Station 60.
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1985, p. 62). At station 7, this member makes up the lower two to three
metres of the bank and is very poorly-consolidated; thus it is susceptible
to wave erosion during high lake levels. At staticn 5, the lower twe to
three metres of the bank is.comprised of this lower member of the Snow
schoel till. At this site it is moderately well-consolidated and,
therefore, is more resistant to wave ercsion and bank failure,

The middle member of the Sncow School Formation i3 not represented at
any of the bank recession staticns, but it is exposed at several other
locations along the shorelines of eastern Lake Sakakawea, and due to its
reddish~brown coler, it is an excellent marker bed where present.

The upper member of the Snow School Formation is a dense pebble lecam
(Millsop, 1985, p. 62) that locally displays a columnar jointing pattern
gimilar to that in the Upper Horseshoe Valley till (Fig. 24). This unit
is also interpreted to be a till (Millscp, 1985, p. &2). This and the
Sentinel Butte Formaticon are the two most commonly exposed units along the
shorelines of easte?n Léke Sakakawea; it is the dominant lithology at
stations 1, 3, 4, 6, and 7, and is cne of the two dominant ljithologies,
along with underlying Sentinel Butte Formation, at stations 55, 56, and
57. The Upper Snow Scheel till iz as much as six metres thick in this
area and is typically overlain by the Oahe PFormation, a Heolocene loess
depocsit.

' This till is a light brownish-grey to pale olive pebble loam that
contains scatferéd bouldars and cobbles and lenses of sand and gravel
which are more abundant near the surface. The average sand-silt-clay
fractions are about 26, 41, and 32%, respectively, (Millsop, 1985, p 63;
Ulmer and Sackreiter, 1973). The higher silt content is an important
criterion used to distinguish it from the Upper Horseshoe Valley till.
Alsao, aQerage density of this till is much higher than that of the Upper

Horseshoe Valley till, but it is still slightly lower than the Upper

Medicine Hill till (Millsop, 1985, p. 63).




Figure 24. Columnar Jointing in Upper Snow School Till.
Upper unit shown here is Upper Snow School till.
Lower unit is Sentinel Butte Formation mudstone.

(Fort Stevenson State Park)
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Fractures

Horizontal Freguencies: Horizontal fracture fregquencies measured in the
Upper Snow Scheool till at Lake Sakakawea State Park and stations & and 7
are low compared to those in the Upper Medicine Hill till and the Sentinel
Butte Formation mudstone (Fig. 8}. These low hoerizontal fregquencies
correspond well with wvisual observations of this till unit at other
locatiaons where it typically appears to be characterized by well-defined

near-vertical fractures that are intersected by widely scattered and

weakly developed horizontal discontinuities.

Vertical Frequencies; The range of vertical fracture frequencies in the

Upper sSnow Schoel +ill (2.4/m at stations 6 and 7 to 4.5/m at station 4)
(Table 5) is relatively small and indicates a tendency for higher vertical
fracture frequencies than horizontal freguencies in this unit. Also,
these frequencies tend to be lower than the vertical fregquencies in the
Upper Medicine HAill till and the Sentinel Butte Formation mudstone and

slightly higher than the frequencies measured in the Upper Horseshoe

Valley till and the Sentinel Butte Formation sandstone.

Lengths: Fracture lengths were measured in the Upper Snow School Formation
at Lake Sakakawea State Park and at staticens & and 7. (Table 6). The
average lenath at these two areas is consistent{ 38 and 39 cm), but as
with other units the variaticn of lengths for individual fractures, freom
less than 10 to over 300 ecm, is large.

From casual observations, the overall appearance of the Upper Snow
‘SChOOl till is similar to that cf the Upper Hérseshoe Valley till. Both
of these tills have long vertical fractures forming a columnar joihting

pattern. Despite this similar appearance, the a#erage vertical fracture

length of 39 cm for the Upper Snow School till is considerably lower than
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the overall a#erage length of 82 cm determined for the Upper Horseshoe
valley till. The Upper Horseshoe Valley till contains more long fractures
tha£ are 100 to 500 cm in length, but most fractures in this till are
petween 30 and 100 cm; whereas in the Upper Snow School till most of the
fractures are 20~80 cm long (Appendix VII). In c¢ontrast to these two
tills, the Upper Medicine Hill tili contains many chlique fractures and
very few vertical fractures that are over 100 cm long; most of these

fractures range from 20-60 cm in length.

Orientations: As in the Upper Horseshoe Valley till, most of the

fractures in the Upper Snow School till at Lake Sakakawea State Park are

vertical or nearly veftical. However, there is a large dispersion among
strike directions (Fig. 25). Despite the high dispersion, two distinct
vertical fracture sets can be identified from these data, a N-NE to S-8W
set, with an approximate orientation of 18°%, and an E-W set, with an
approximate orientation of 86°.

The orientation data for Upper Snow School fractures at stations &
and 7 indicate that in this area, at Lake Sakakawea State Park, there are
mostly vertical or near-vertical fractures with high degree of directional
dispersion (Fig. 26). O©One distinct vertical fracture set, oriented N-NW
to S5-5SE at approximately 172%, can be clearly identified from thege data,
and another more weakly-defined and highly dispersed W-NW to E-S5E trending
"set, with an approximate orientation of 111°, is also evident (Fig. 26).
Neither of these fracture set orientations corresponds to the orientations

of Upper Snow School till fracture sets identified at Lake Sakakawea State

Park.

other: Even though banks at stations 55, 56, and 57, in Fort Stevenson

State Park are composed of the Upper Snow School till, which overlies the

Sentinel Butte Formation, direct measurements of fractures could not be
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Figure 25. Upper Snow School Till Fracture Orientatiohs,
Lake Sakakawea State Park.
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Upper Snow School Till Fracture orientations,
Station 6 and 7.
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made for this unit in this area. This is because the exposures in Fort

stevenson State Park are too high above the beach level to access for
detailed study. Visual observations do suggest similarities, though. The
Upper Snow School till here also containg long straight vertical fractures
which intersect, forming a columnar jointing pattern. B&And like the Upper
snow Schocl till on Ehe scuth side of the lake, this till, on the north
side of the lake, appears to contain mostly vertical fractures and few
horizeontal discontinuities.

The fracture patterns in the Upper Snow Schoﬁi till are more similar
to those in the Upper Horseshoe Valley till than those of the Upper
Medicine Hill till. The Upper Snow School and Upper Horseshoe Valley
tills are characterized by long intersgecting vertical fractures which form
a columnar jointing pattern {Fig. 8). Also, in contrast to the fracture
patterns of the Upper Medicine Hill till, there are very few oblique and
horizontal fractures. And like the fractures in the Upper Horseshoe
Valley till, fractﬁres in the the Upper Snow School till tend to be
straight with rough or matte surfaces free of mineral coatings. The
difference in fracture patterns between the Upper Snow Schocl and Upper
Horseshoe Valley tills is higher average vertical length for the Upper

Horseshoe Valley till and a higher dispersion of fracture orientaticns for

the Upper Snow School till.

Oahe Formation

General

The Oahe Formation is a Holocene, light grey to dark grayish-brown,
and poorly sorted Qindublown silt (loess} depusit {Millsop, 1985, p. 83).
It is the youngest and the higﬁest stratigraphic unit in this study area

{Fig 3}} Textural, physical, and compositional analyses are reparted by

Millsop {1985, Appendix A}.
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This unit ig discontinuous and where expeosed it is up to 100 cm
thick. The bank tops at many of the bank recession stations are underlain
by a thin discontinuous layer of Oahe loess; however, the cnly significant
accumulations are at stations 1, 3, 4, and 52 where a persistent 10-100 cm
thick layer is exposed. Because it is not the dominant bank-forming
lithology at any of the bank recession stations, it  is relatively

unimportant with regard to bank recession.

Fractures

+

This loess unit exhibits strongly developed, closely spaced vertical
fractures which extend through the entire unit and intersect, forming a
columnar Jointing pattern (Fig. B). Despite the strong development of
such vertical fractures, it appears to be more resistant to erovsion than
the underlying tills (Fig. 27). This is due to the extensive root
development which holds the sediment together.

Fracture frEqueﬁcies were measured in the Qahe Formation at stations
1, 3, and 4 in Lake Sakakawea State Park. Horizontal fractures are weékly
developed, short, and widely spaced (Table 4). The well-developed
vertical fractures that extend through it are more closely spaced, with
frequencies ©of about 10/m (Table S}.

A Because most of the fractures in the Oahe loess are cut off by
extending through the entire unit and into the underlying till or up to
the ground surface, the ends of most fractures cannct be seen, and
therefore, their complete length cannot_be determined. Due to these

circumstances, the average fracture lengths were nct determined for this

unit. Most of the incomplete fractures ranged in length from 10 to 60 cm.
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Figure 27. Relatiﬁely Resistant and Densely-Rooted Qahe
Formation Overlying Upper Snow School Till;
Lake Sakakawea State Park.

b
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Bank-Top Fractures

Many of the banks along the sherelines of Lake Sakakawea are failing
along large vertical fractures that have formed parallel to the bank edge.
Bank-top fractures examined at each of the bank ercsicn stations are the

" surface expression of these large cracks (Fig. 28). At each of the
erosion staticons an attempt was made to evaluate the size, abundance,
location, and orientation ¢f these fractures (Appendix IV) to assess
possible correlations of the degree of their development with bank
lithology, geometry, and recession rates.

Most of the bank-top fractures examined were oriented yroughly
parallel to the bank faces and were within two metres of the bank edge.
The few bank-top fractures not parallel t£o the bank edge were smaller and
extended only as far as intersecting bank-parallel fractures. The
variation in abundance and size of the bank-parallel fractures from gite'
to site seems to bke the most significant characteristic of these
fractures. These.variations may be asscciated with bank height, bank

“litholeogy, and the direction and size of primary fractures in the bank
material. The advanced development of bank-top fractures ét éome sites is
undéubtedly related to bank instability.

The density of bank~tep fractures ranged from O to 19 per 10 m
transect, average lengths ranged from about twc‘to six metres, and the
longest fractures were over 15 m long (Table 7}. Banks composed of the
Upper Snow School and ipper Horseshoe Valley tills, which contain more
long vertical fractures, have the highest bank~top fracture densities and
fracture lengths whereas banks composed of the thickly rooted COahe loess
and the horizontally fractured and Upper Medicine Hill and Sentinel Butte
units tended to have fewer and smaller bank-top fractures. These data do

not - suggest a relaticnship between the maximum distance of bank-top

fractures from the bank edge and bank geometry or lithology.




Lake Sakakawea

Parallel Bank-Top Fracture,

Bank-
State Park.

Figure 28.
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TABLE 7
BANK-TOP FRACTURE CHARACTERISYTICS
Station Underlying' Density Mean/Max Max Distance
Lithology - #/10m Length cm metres
1 cah 1 2.5/3 .75
3 cah 1 2.0/2 .78
4 uss 5 2.3/3 1.6
6/7 uss B 5.8/9 1.6
56 uss 0 | —=me 1.7
57 uss 14 ——— 2.0
52 uhv 19 5.6/15 1.9
S1 uhv is 3.8/17 4.0
60~62 uhv ] 3.5/5 2.7
2 sb 9 §5.2/18 1.8
50 sh 5 4.0/4 .75
54 sh 0o | mm———— ————
53 uhm 2| e ————
58 uhm 3 6£.3/8 1.4
59 uhm 3 4.0/4 1.4
EXPLANATION
cah— ©Oahe Formation
uss— Upper Snow Schoal till
uhv- Upper Horseshce Valley till
umh- Upper Medicine Hill till

sb-

Sentinel Butte Formation




DISCUSSION

Fracture Genesis

General

Although much can be inferred about the origin of the Lake Sakakawea
fractures- from tha data collected, more information regarding cross-
cutting relationships, displacement directions, surface markings, and
spatial distribution is still needed before some of the fracture patterns
in this area can be'explained fully. But in or&er to gain a better
understanding of the variationé in the fracture patterns being described,
the available data should be used to infer as much as possible about their
origins.

Fractures represent strain accommodation by brittle failure when a
material is subjected to tensile or shear stresses associated with
processea such as crustal uplift, crustal compression, volume changes
{during changes in meisture, temperature, or chemistry), unloading, or
subglacial deformation.

Determining what processes are responsible for a given fracture or
a given set of fractures is difficult. Most earth materials have been
subjected to more than cne fracture-forming process. And while fractures
formed by different processes will often have the same characteristics,
fractures formed by the same process in different materials will often
display different characteristics.

This section includes a brief discussion of some of the fracture-
forming mechanisms that have likely influenced tills and bedrock in this
study area. More completé discussions of fracture-forming mechanisms are
found in Pollard and Aydin (1988), Connell (1984), Boulteon and Faul

(1976), Price (1966), and Hodgson (1961).
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Regional Stress

Regional fracture set; are the result of forces that influence
large areas ©f the earth's crust over relatively long periods. Some
proposed sources are wide-spread crustal unloading, uplift, subsgidence, or
shortening, plate motion, and possibly earth tides.

Fractures that form dﬁe to regional stress fields can usually be
grouped into sets with distinct orientﬁtions traceable over wide
geographic areas independent of wvariations in bedrock structure and
lithology, and they often persist through great stratigraphic thicknesses,
representing geclogic time intervals of tens and even hundreds of millions
of yvears (Stauffer and Gendzwill, 1987; Holst, 1982; Babcock, 1973; and
Hodgson, 1961). In many cases, vertical fractures from regional sets can
be seen extending across horizontal discontinuities including fractures,
bedding planes, and even major lithologic boundaries (Stauffer and
Gendzwill, 1987; Grisak and Cherry, 1975; and Secor, 1965).

Experimental resultas (Daubree, 1879; Mohr, 1900; in Pollard and
Aydin, 1988) and field relationships (Bucher, 1920, in Peollard and Aydin,
1588; Boulton and Paul 1976, Price, 1966) indicate that fractures
resulting from shear stress induced by compressive forces tend to form a
pattern of conjugate fracture sets with an acute intersect;ng angle
bisected approximately by the direction of the maximum principal stress
(o4) (Pollard and Aydin, 1%88; Secor, 1965)., Fractures formed due to shear
stresgs or faults ({Pollard and Segall, 1987) are also recognized by
displacement across the fracture boundary and by slickensided surfaces, if
preserved.

Regional extensional fractures ("joints”, Pollard and Segali, 1987)
tend to be straight and rectangular in shape and are usually oriented
pefpendicular.to bedding in layered Sediﬁents {Pollard and Aydin, 1988;

Fooked and Denness, 1969). Plumose surface structures and rib marks are

characteristic of joints (Pollard and Aydin, 1988; Price, 1966). However,
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these structures are seldomly preserved well on near-surface Jjoints.
Holst and Foote (1982) and Babcock (1973) reported seeing only a few of
these surface structures after examining many thousands of joints.

Price (1566) contends that extensicnal fractures (joints) are more
 irreqular and tend to terminate at lithologic boundaries, whereas
fractures formed by shear stress (faults) have more planar surfaces and
tend to cut acroés litholeogic boundaries. Although this may be true for
tensional jeints formed near the earth's surface, recent studies (Qlsen
and Pollard, 1988) suggest that straight extengicnal fractures can form at
depth under large confining pressures if tensile stress aided by pore
water pressure exceeds the magnitude of the least principal stress (oy)
aleng the boundaries of void spaces or other incompatible flaws. Failures
of this type propagate parallel to the direction of oy, resulting in the
formation of straight fractures.

Although many regional fracture sets are repcrted to be unrelated to
area tectonic structures, such as the Williston Basiﬁ {(Stauffer and
Gendzwill, 1%87) and the Michigan Basin (Holst, 1982), others do appear to
be related to structures. Holst and Foote (1982) and Babcock (1973)
reported regional orthogenal joint sets parallel and perpendicular to a
series of parallel fold axes. Some of the regional joint sets in the
Appalachian Mountains are consistently parallel to the direction of
maximum compresgion associated with regicnal bedrock structures (Engelder
and Geiser, 1980).

Regional joint sets, consisting of one or two vertical crthogonal
systems, are widely reported in flat-lying sedimentary rocks of the North
american midcontinent (Peter and others, 1988; Stauffer and Gendzwill,
1987; Holst, 1982; and Babcock 1973).

| In central Alberta, there  are two orthogonal joint systems,

consisting of four well-defined vertical regicnal joint sets. They are




77
interpreted to be the rassult of crustal extension related to epeirogenic
uplift and from the regional folding that occurred during the Laramide
orogeny (Babcock, 1974).

Holst (1982) contended that one of the two orthegonal joint systems
in the Michigan Basin area is related to plate motion which is parallel to
the direction of maximum horizontal stress in that region. Thig gystem
consists of joint sets oriented parallel and perpendicular to this
direction; these sets are also parallel and perpendicular to a series of
parallel folds in this region. Stauffer and Gendzwill (1987) have made a
similar ;nterpretaticn tor the regional orthogonal joint system in the
northern great plains.

| In each of these cases, vertical joint sets are oriented parallel
and perpendicular te the direction of maximum horizontal stresa in the
earth's crust. Figure 29 shows the direction of maximum horizontal
compression in the earth's crust for various locations in North America
{Zokack and ZobaFk,'1980) and the directions of major regienal joint sets

determined in these areas.

Stress Relief

t

Vertical or lateral unloading due to erosion can cause tensiocnal or
shear streeses that lead to fracturing. Tensional fractures, resulting
from stress release, form parallel to an exposure face or erosional
surface. When these fractures form near an exposure face, they typically
have a rough surface and a non-planar geometry (Fockes and Denness, 19£9).
Shear stress large encugh to cause failure may occur when rapid erosion of
material and subseguent stress relief ip one direction increases the state
of differential stress (Nichols-and others, 1986}).

Fookes and Denness (196%) and Kazi and Knill (1973) reported that
vertical fracture sets, consisting of curved and irregular-shape fractures

oriented parallel to bluff faces, were present at nearly all bluff

exposures that they studied, regardless of bluff orientaticns. They
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Figure 29. Directions of Crustal Stress and Selected
Regional Vertical Joint Sets in the United
States, (modified from Zoback and Zoback, 1980).
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interpreted these to be the result of stress relief parallel to the
e;cding\banks. Also, the density of these fractures slowly increased with
time {Fockes and Denness, 1969).

Closely spaced horizontal fractures that are common in many
overconsolidated tills usually form during rapid deglaciation. If high
pore water presgures and subsequent low effective strengths are maintained
in these impervious materials during deglaciation, tensional forces
associated with overburden removal can result in failure (Boulton and
Paul, 1976).

Horizontal fractures parallel to bedding planes are common in many
flat-lying hedded sediments affected by vertical unleoading. Cretaceous
sediments of southeast England, influenced by vertical unlocading,
centained horizontal fractures only where well-developed horizontal
bedding was present (Fookes and Denness, 1969}, Evidently inherent
discontinuities separating these beds served as natural planes of
weakness.

Conditions favorable for the formation of horizontal fracture zones
were found in the Pierre shale in South Dakota. In situ hydrostatic
stress conditions were measured below 15 m deep; however, in areas
affected by rapid lateral or vertical erosion, ratios of horizontal to
vertical stress were high enough for failure to occur along low-angle
shear planes. Additional horizontal tension cracks form when this process
is combined with the weakening effects of weathering (Nichols and dthers,

1586).

Yolume Change and Weathering

Many chemical and physical weathering processes influence rock and
soil located near the earth's surface. Weathering processes asscéiated
with volume change are espacially effective in creating new fractureé and

exploiting pre-existing zones of weakness, thus causing the fracture

density near the surface to increase'with time (McGown and others, 1974;
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fookes and Denness, 1969). Fractures are formed during volume changes
associated with wetting and drying or freezing and thawing cycles and
pecause of chemical changes such as leaching or cation exchange with clay
minerals. As moisture is logt from a fine-grained sediment sghrinking
gecurs and associated tensional stress is accommodated by fracturing
{Kindle, 1917; Lachenbruch, 1962; Sleeman, 1%63; Corte and Higashi, 1964).
sediments containing double-layered clay minerals are affected by drying
to a greater extent. As water is removed from the inter-layer bonds of
these clay molecules, their size may decrease as much as 20 to 30%,
depending on the clay minerals present in the sediment (Post, 1981),

During desiccation, randemly oriented fractures develop
perpendicular to a drying surface to form a four- to six-sided polygonal
neﬁwork, if the material i3 homogenecus and no outside diffefential
stresses are involved (Corte and Higashi, 1964; Lachenbruch, 1%62). These
tensieon joints are straight and rectangular in shape and are usually long
in the direction normal to the drying surface (Pollard and Aydin, 1988).
The formation of near-vertical joints intersecting to form polygonal
surface patterns has been observed in both flow and lodgement tills during
rapid drying after deglaciation {Boulton and Paul, 1976).

Stregses associated with water freezing in sediment voids also can
be large enough to cause failure (Fahey, 1983). These stresses result
from increases in volume as water turns to ice and by Suétion from the
attraction of water to the freezing front (Chamberlain, 1981). This
process ig more effective at exploiting pre-existing zones of weaknesses
than creating new fractures.

In addition to the above processes, chemical weathering can
influence fracture formation by causing a change in volume. Oiidation of
clay in fracture zones in the Pierre shale by circulating groundwater is

partly responsible for its increased instability (Nichols and others,

1986). Volume loss associated with carbonate leaching may be responsible

for well-developed contraction joints in pre-Illincian tills of eastern
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Icwa {Conpnell, 1984, p. 24). BAlso, cation exchange, involving smectites,
can influence the swelling potential of clay-bearing sediments. Swelling
potential has been found to be directly proporticnal teo the density of

desiccation fractures (Post, 1981).

subglacial Deformation

Oblique and conjugate sets of vertical fractures are commonly
observed in subglacial tills (Connell, 1984; Derbyshire and Jones, 1980;
McGown and Derbyshire, 1977; Boulteon and Paul, 1976; and Kazi and Knill,
1973) leading to the'speculation that their formation is associated with
subglacial deformation. Because glacial ice is unable to withstand shear
gtress in excess of 150 KPa (Paterscn, 1981, p. 86) it is thought that the
mechanical properties of ice will limit the amount of basal shear stress
that can be transmitted teo subglacial sediment. However, due to large
fluctuations in pore water pressures and consolidation conditions beneath
temperate glaciers; it is conceivable that stress conditicns conducive to
brittle deformation could cccur under conditions of low effective stresa.
For example, the stress conditions beneath the Breidamerkurickull in
Iceland exceeded the strength of the sediment below the ice in a narrow
zone near the ice/greound interface only, In this zone, the effective
strength of the sediment was lower than normal because of high pore water
pressured built up between the relatively impermeable ice and underlying
sediment (Boulton and Paul, 1978&).

Pressure associated with compressive flow, which otcurs when the
flow of icelis directed into a ground surface or where velocity or loading
conditions suddenly change, may be great enough to cause deformation
{Banham, 1975; Shaw, 1979). Nye {1952) determined that planes of maximum
shear At the base of a glacier during compressive flow are coriented either
perpendicular to the direction of flow or paraliel to the ice surface.

Boulton and Paul (1976) found slickensided horizontal fractures in

till beneath the Nordengkioldbreen, Svalbard, along wiih conjugate sets of
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near—-vertical fractures separated by a 656 angle and bhisected by the
direction of ice flow. Similar conjugate vertical fracﬁure patternsg
described by McGown and Derbyshire (1977) and Kazi and Knill (1973) were

also attributed to subglacial deformaticn.

Genesis of Lake Sakakawea Fracture Patterns

Sentinel Butte Formation: Although the fracture fregquency and fracture
lengths in the Sentinél Butte Formation vary from site to site, depending
on lithologic énd structural differences, fracture orientations are
consistent throughout this study area. Fractures in each of these
subunits are nearly horizontal and parallel to bedding or are nearly
vertical. In the Sentinel Butte mudstone and sandstone there are four
vertical sets at approximately 45° to each other that are consistently
present. At each of the four areas studied, two to four of these vertical
fracture sets make up cne or two crthogonal fracture systems. Because of
their straight geometry, the lack of surface textures or displacements
indicating shear, and the consistent orientations, these are interpreted
to be regional extensicnal Jjoints.

Two vertical orthogonal joint sets trending NW-SE and NE-SW persist
throughout western North Dakota, eastern Montana and Wyoming, and southern
Saskatchewan and Alberta (Stauffer and Gendzwill, 1986; Exikson, 1870;
Stone and Snoeberger, 1977) (Fig. 30). The average azimuth of these sets
is (499 and 139°%), and in this region they exist in all types of bedrock
and glacial and alluvial sediments, fanging in age from Cretaceous to the
present (Stauffer and Gendzwill, 1986). A similar orthogeonal vertical
joint system was found in cecal seams at the Falkirk coal mine,
approximately 25 kilometres southeast of Riverdale, North Dakota (Rehm'and
oﬁhers, 1980).

The consistently oriented fracture sets found throughout this
region are interpreted to be regional extensional~type joints resulting

from the combined effects of a crustal stress with NE-SW maximum
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Figure 30.

Regional Vertical Joint Set Orientations,
Northern Great Plains. (1 = data from Stauffer
and Gendzwill (1986), 2 = data from lignite
layers in the Falkirk mine (Rehm and others,

1980), 3 = data for eastern Lake Sakakawea from
this study.
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herizontal compression (Zoback and Zoback, 198B0) and crustal extension
associated with regicnal uplift. At least 600 metres of uplif£ hasg
occurred in this region since the Late Cretacecous when seas last covered
this area (Stauffer and Gendzwill, 1%86). A similar interpretation has
peen made regarding the origin of NW-SE and NE-SW orthogenal joint systems
that persist throughout the entire northern part of the Michigan Basin
{Bolst, 1982).

This interpretation does not account for the formation of the N-S
and E-W sets of Jjoints that also prevail in this study area. Holst
(Michigan Basin, 1982) and Babcock (Rlberta, 1973) both described similar
regional joint patterns consisting of two orthogonal systems. Although
they presented possible explanations for the formation of the NW=SE and
NE-3W orthogenal sets, neither speculated on the origin of the N-S and E-W
trending sets.

Many minor structural trends in the Willisteon Basin, such as the
Nesson Anticline, the Billings Anticline, and the Little knife Anticline,
trend almost directly N-5 (Gerhard and others, 1982). The N-S and E-W
joint sets may comprise an orthogonal system that is related to a local
tectonic structure, possibly a N-S trending fold. Unfortunately, the
bedrock structure in the eastern part of the Williston Basin, which this
gtudy area overlies, has not been well defined.

Based on what is currently known about regional jeoints in western
North Dakota, orthogonal seta of NW-SE and NE-SW vertical joints are
likely to occur in the Paleocene bedrock througheout the Lake Sakakawea
region. The N-5 and E-W sets, however, may be a local orthogonal system,
posaibly related to a relatively small-scale bedrock structure. More
study is needed to define the extent of this system,

. ‘Although four regional joint sets are well-defined in this area,
there is still a considerable variation of vertical fracture orientations.

This can be explained by fractures resulting from other processes;
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including lateral tension following bank erosicn and desiccation.' A
comparison of fracture geometries and orientations might be used to

distinguish between different types of fractures.

Horizontal fractures in the Sentinel Butte Formation are all

parallel to bedding. The most likely cause of these horizontal fractures
is vertical tension assocciated with vertical unleading during deglaciation
or overburden erosion. Horizontal fractures are common in uplifted

overconsolidated sediments, especially if bedding planes are well-

developed and parallel to the eroding surface (Fookes and Denness, 1969).

Uppeyr Medicine Hill Till: The Upper Medicine Hill till consists of

closely spaced, short, straight, and near-vertical fractures (dipping 60~

90%), clcsely spaced straight and curved horizontal fractures (dipping 0-

10%), and straight and curved obligue fractures (dipping 10-60°). The

suwemmz ez

complicated fracture pattern in this till ia probahly_tﬁe result of

several fracture-férming processes including subglacial deformation,

regional crustal stress, unloading, and desiccation.

Some of the fracture characteristics in the Upper Medicine Hill till

LaFRESA AT g

are similar to characteristics in tills of Iceland, Great Britain,
Ireland, and the egastern United States that have been interprgted to be
the result of subglacial deformation {Derbyshire and Jones 1%80; Boulton
and Paul, 1976; Banham, 1975; Kazi and Knill, 1973;). Fracture patterns
consisting of straight near-vertical conjugate fracture sets separated by

an acute angle and intersected by curved near-~horizontal and obligue

fractures in these tills were attributed to shear-stress deformation
during compressive ice flow, under conditions of low confining pressure
Bk - and_high pore water pressure. Also noted for these tills, was that the
direction of ice flow, which presumably corresponds to the direction of

maximum horizontal stress during deformation, bisects the acute angle

separating these sets.
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The characteristic high density, deformed silt lenses, and the low
gtratigraphic position suggest that the Upper Medicine Hill till may have
been deposited subglacially or was overridden and deformed by later
glacial advances. In this till it is common to see short, straight, and
near-vertical fracturee that intersect or terminate at larger curved or
straight subhorizontal fractures (Fig. 8). This pattern is similar to the
fracture patterns described by the above authors; however, the
orientations of the dominant vertical fracture sets (Fig. 18-20) do not
reflect a pattern of conjugate sets arrayed arcund the presumed directien
of ice flow in this area, which is from the north (Clayton et al., 1980Q).
Instead, the vertical fracture sets (Fig. 18-20}) show an E-W and N-§S
orthogonal system at statioﬁ 53, At stations 51 and 58/59 there are three
sets separated by 45° angles. Therefore, fracturing due to subglacial
shear stress is probably not responsible for the formation of most of the
vertical fractures in this till.

The curved oblique and subhorizaontal fractures, however, may be
related to subglacial shear stress during compressive flow. Calculations
of probable stress fields at the base of glaciers during such flow (Nye,
1952) suggest that subhorizontal and obligque shear planes would form
slightly curved paths convex toward the direction of flow. It is also
possible that these fractures are result of tensional stress of shear
stress associated with rapid loading and unloading events during
glaciation (Lafluer, 1980; HNichols and others, 1986). More fracture
measurements and an attempt .to isolate types of fractures based on
geometry and surface markings are needed to confidently determine if the
origin of some of these fractures is related to subglacial deformation.
More detailed information on iée flow directions and till fabric would
alsﬁ be helpful.

Other fracture-forming processes, including regional stress,

dewatering during deglaciation, recent desiccation, and lateral unloading

asgociated with bank erosion, have also affected this till, and these
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certainly must have contributed to the wvariation of fracture types and
orientations observed,

Stauffer and Gendzwill (1986) and Grisak and Cherry (1%75) both
reported that orientations of vertical fractures in Pleistocene tills and
other younger sediments in this region coﬁmonly correspond to the
arientationg of regional {joint sets in the underlying bedrock. This
impliearthat processes related to the formation of these regional joint
sets have continued up through modern times or that bedrock fractu;es tend
to propagate up inte overlying sediments.

There are two or three dominant vertical fracture sets in the Upper
Medicine Hill till at each of three sites studied. The crientations of
these sets do not correspond from site to site; however, the orientation
of each of these‘éets iz close encugh to one of the four regional bedrock
joint sets that it is possible that they are the result mainly of
processes also responsible for regional joint sets observed in the

Sentinel Butte bedrock (Fig. 18-20 and 10-14}.

Upper Horseshoe Valley and Upper Snow School Tills: The Upper Horseshoe

Valley and Upper Snow School tills, which can geasily be distinguished from
the Upper Medicine Hill till from their characteristic columnar jeinting
pattern, show little evidence of subglacial deformaticon. Most of the
fractures in these +ills are wvertical, have a straight to slightly

irregular geometry, and have rough or matte surfaces. Horizeontal and
obligue fractures are poorly defined and are widely scattered to absent.
Although from a distance, a columnar jointing pattern consisting of

long vertical fractures is apparent in both of these tills, these long
fractures make up only a small percentage of the vertical fractures that

can be seen close-up. The long vertical fractures probably form as pre~

existing fractures are extended during desiccation and lateral unlecading.
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i; pecause there are few horizontal discontinuities to disrupt propagation of
vertical fractures, more long vertical fractureg are able to form by this
mechanism.

Vertical fracture sets are more tightly ciustered in the Upper
Horseshoe Valley till than in the Upper Snow School till. At both of the
Upper Horseshoe Valley till sites studied there are strong NW-SE and NE-SW
sets (Fig. 22 and 23). These are parallel to two of the regional joint
sets in the underlying Sentinel Butte Formation; thus, most of fractures
in the Upper Horsesghoce Valley till may be related to regional forces that
also have affected the bedrock. -Other fracture—~forming processes, such asg
desiccation and lateral unleoading, ceontinue to expleoit pre-existing
fractures and continﬁe to form new fractures in this till.

In the Upper Snow School till there are also two distinct vertical
fracture sets at both of the areas studied (Fig. 25 and 26). However, the
directional dispersion of these sets is high and the orientations do not
correspond between sites, Also, ﬁhey do not correspondAwith any of
regicnal Sets in the Sentinel Butte bedrock. From ¢lose-up, the shorter
vertical fractures in this till have a pattern similar to the fractures
described in the Nordenskioldbreen lodgement till by Boulton and Paul
{1976) where they were able to chserve the formation of desiccation cracka
immediately folleowing deglaciation as drying progressed downward from the
surface. |

This till may have become fractured during or immediately following
deglaciation due to horizontal extension associated with unlcading or from
rapid desiccation. If these f{fractures sets are the result of these
processes, development of weakly defined preferred crientations could be
controlled by site-gpecific confining cenditions related to topography.

Later desiccation, lateral unlcading, and possibly regicnal crustal stress

also continue to exploit pre-existing fractures and create new fractures.
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oashe Formation: The Oahe Formation i3 a wind-blown silt with strongly
develcped, closely spaced, and randomly oriented vertical fractures and
widely spaced and poorly developed horizontal fractures (Tables 4 and 5}.
It also displays a columpar jointing pattern. This fracture pattern is
the result of being exposed to continual shrinking and swelling associated
with cycles of freezing and thawing and wetting and drying at the ground
surface. A similar pattern of closely spaced vertical fractures is alsc

present near the ground surface in some of the other lithclogies.

Factors Affecting Fracture Length and Freguency

General
Variations in fracture patterns among sites can often be explained
by differing fracture-forming processes. However, physical and lithologic
properties are the most important factors controlling fracture length and
density. For example, fracture orientations are consistent throughout the
study area in all three of Sentinel Butte subunits, and each of thege
units presumably has been influenced by the same fracture~forming
processes. Nevertheless, the average fracture freguencies and fracture
lengths are considerably different in each lithology (Tabkles 4, 5, and 6).
Babcock (1973) and Stauffer and Gendzwill (1986) also noted strong
correlations between fracture fregquency and lithology during studies of
regional jointing im Cretaceocus and Tertiary sediments of southern Canada
and the northern great plains of the U.S. They reported highest fracture
frequencies in coal, followed by shale, with the lowest frequencies in
sandstones. Fookes and Denness {1969) also found that the size and
frequencf of fractures were controlled by lithelogy and not fracture-
forming processes.
ﬁield observation at Lake Sakakawea Suggeét that physical and
lithologic properties inherent to the bank materials, such as the
abundance of horizontal discontinuities (bedding contacts and horizontal

fracfures), grain size, and compressibility and stiffness, are significant

’
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factors controlling fracture fregquencies and average fracture lengths.
Exposure +to weathering is another significant factor; however, the

magnitude of its effects are controlled by grain size and clay mineralogy.

Bedding and Horizoental Fractures

In rocks with similar properties, vertical fracture spacing and
length is controlled by bedding thickness (Huang and Angelier, 1989;
pollard and Aydin, 1988; and Ladeira and Price, 1981). This relationship
was also observed at Lake Sakakawea where the abundance and prominence of
horizontal discontinuities appears to be the most significant factozr
affecting vertical fracture length and frequency.

Experimental evidence indicates that under confining conditions,
joint propagation energy increases with joint length if all cother facfors
remain censtant; however, propagation may terminate when the joint reaches
a stiffer or more compressible material, another discentinuity, or pore
water pressure 1is dissipated {Segall, 1984). This explains why many
fractures end at intersections with other discontinuities. Additional
experiments (Segall, 1984) indicate that joint propagaticn energy is lower
for closely spaced overlapping joints and propagation energy is even lower
for shert joints that are adjacent to longer joints. These observations
may explain the commonly observed positive relationship of fracture
spacing and fracture length. 7

In the Sentinel Butte Formation mudstone and the Upper Medicine Hill
till vertical fractures are relatively short and are more closely spaced.
Sentinél Butte Formation mudstone lithology is characterized by strong
horizontal bedding. These lithologic boundarieé and the horizontal
fractures that have developed along them are.responsible for limiting the
vertical extension of many fractureé in this unit. Strong horizontal
fracturing in the Upper Medicine Hill till has had a similar effect. In

both of these units many vertical fractures extend across horizontal

structures; however, the overall effect has restricted a&erage vertical
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fracture length. - On the other hand, the Sentinel Butte channel sand and
the Upper Snow School and Upper Horseshoe Valley tills, which contain
fewer and more weakly defined horizontal discontinuities, have longer,

more widely spaced vertical fractures.

grain Size

Field observations indicate that fractures tenﬁ to be longer and
more widely spaced in coarser-grained lithologies and shorter and more
closely spaced in finer-grained litholeogies. For example, in the Sentinel
Butte Formation, the relatively ccarse-grained channel sands have low
fracture frequencies (Table 4 and 5); relatively high fracture frequencies
and shorter fractures are found in the mudstone lithology. The smallest
and most closely spaced fractures are in the lignite and adjacent
carbonaceous clay-rich mudstone.

As diascussed earlier, this relationship in the Sentinel Butte
Formation is partly controlled by bedding, which is poorly developed in
the channel sands but well—developéd in the mudstone lithology. The
influence of texture, however, may alsoc be a factor. The influence of
texture can ke seen in the Upper Medicine Hill and Upper Snow School tills
where there is a sharp contrast of higher fracture fregquencies in the
loamy till matrix and lower frequencies in the fine-sand and silt lenses.
The lengths, howevér, are controlled by the size of any inclusions.

Grain size is thought to an important factor affecting fracture
length and frequency because it is also related to consolidation
properties and permeability. The effective strength of rock or sediment
is reduced as pore water pressure increases (Secor, 1965). This is
important because joint propagation energy increases with joint length
{Segall, 1984), but termination of propagation can occur when pore water

pressure along the joint face decreases enough for propagation to

terminate. Because joint propagation energies can be maintained at a
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higher rate for longer periods in more permeable materials, it should be

expected that longer and more widely spaced joints will form in these

materials.

consolidation

Consolidation properties also affect fracture frequencies and
lengths. When stress is applied to a material centaining void space some
of the strain is accommodated by consclidation. The ability of a material
to relieve stress by this means depends on the amount of wvoid space
avallable and the rate of conscolidation, which is propertional to the
permeability of the material (Das, 1985, Chapter 7). Therefore, poorly
consolidated and relatively coarse-grained materials, such as the Sentinel
Buﬁte channel sand, have a greater ability to relieve rapidly applied
stress (such as stress induced by glacial leading) through compression,
whereas finer-grained facies, such as the Sentinpel Eﬁtte_mudstone, may be
more likely to expérience brittle failure, explaining the higher fracture
frequencies in the mudstone and lignite.

The Sentinel Butte  lignite facies and adjacent carbonaceous
mudstones have the highest fracture frequencies of the litholeogies
studied. This is mainly because the lignites are weak and brittle, and
the adjacent carbonaceous clay is impermeable and susceptible to

fracturing during desiccaticn because of the high clay content.

Weathering

Fracture frequencies increase and average lengths decrease in rock
and soils exposed to weathering. This process has a varying degree of
influence depending on the lithology; generally fine-grained sediments and
material containing expandable clays are affected to a greater degree.

In the fresh bank exposures at Lake Sakakawea fracture frequencies

are highest near the ground surface and decrease downward to approximately

one to two metreg below the surface. Below this level fracture
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frequencies are nearly constant in any cone lithology. This depth
presumably represents the depth te which weathering processes have a
significant influence on creating fractures and exploiting preexisting
fractures.

The outer surface of weathered bank faces that are composed of till
and Sentinel Butte mudstone and lignite are covered with closely spaced
desiccation cracks oriented perpendicﬁlar to the bank. Fookes and Denness
(1969) reported that bank-perpendicular desiccation cracks began to form
in till and mudsteone banks within hours on new exposures, but these cracks

rarely extended more than about 30 cm into the bank.

Bank Failure Mechanjisms
General

Bank recession at Lake Sakakawea and other reservoirs results from
a combination of maﬂy erosional processes including bank failure, wave
ercsion, rain splash, runcff, and freeze-thaw cycles. Failure of unstable
banks, the mest significant erosional process (Millsop, 1985; Reid, 19B4;
and Doe 1980), occurs when the shear or tensile stress applied to a kank
is greater than the strength ef the bank material.

There are a variety of bank-failure mechanisms clagsified according
to type of material and type of movement involved (Hansen, 1984; Varnes,
1878). Millsop (1985) observed that most bank recession at Lake Sakakawea
results from mass movements of large blocks of bank material as slides,
falls, and topples along high-angle fracture planes. He also concluded
that the direct results of other active erosional ?rocesses, such as wave
and frost action, are relatively minor. These forces do, however, play a

major role in the oversteepening and weakening of banks, thus indirectly

causing eventual failure.
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During the most recent staée of this study (1988-1990), despite very
low lake levels, banks at Lake Sakakawea continued to recede. Banks at
all of the erosion stations are still oversteepened, and at most stations
there is evidence of recent large-scale failures aleng vertical bank-
parallel tension fractures (Fig. 31). "There is no evidence, however, of
slumping or failure along low-angle or cblique surfaces. Ercegion from
freeze-thaw cycles and associated earth flows and from overland flow is
still ocecurring, but the presence of blocks of material that have broken
away from kanks and the ccntinued development of large vertical bank-
parallel fractures suggests that most of the erosion is still the result

of high-angle slides, topples, and falls.

High~Angle Toppling and Slidinghuechanisms

Goodman and Bray ({1976} and Evans {1581) have discussed mechanisms.

asscciated with toppling, rocks falls and high-angle sliding. Some of
these mechanisms are also regponsible for bank failures at Lake Sakakawea
. (Fig. 32). <Conditions that promote development of such failures include:
high steep banks composed of cohesive material, rapid lateral unloading,
the presence of open or weak near-vertical fracture sets oriented
subparallel to an exposure face, near-horizonal or oblique fractures
dipping ocut of the bank face, and undercutting by weathering of relatively
soft material underlying fractured bank material (Woodward, 1988; Edil and
Vallejo, 1980).

Many of these conditions exist for Lake Sakakawea banks. Theze
banks are composed of fine-grained cochesive sediments that contain
uniformly oriented vertical fracture sets, and have been subjected to
undercutting and rapid lateral unloading. Upper Snow School and Upper
Horseshoe Valley till banks, which contain large vertical fractures, and
the Sentine)l Butte Formation mudstone, which contains relatively weak

horizontal and vertical fractureg, are especially susceptible to failure

by toppling and and high-angle slides along large vertical bank-parallel
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Figure 31.

Failure Along Large Vertical Bank-FParallel
Tension Fractures in Upper Snow School Till and
Underlying Sentinel Butte Formation; Fort
Stevenson State Park.
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.4 - Figure 32. Toppling Mechanisms (after Evans, 19381}, (1 =

. . Tension- crack toppling where new vertical
fractures form parallel to a steep bank face
after lateral unlecading. 2 = Flexural toppling;
failure occurs along pre-existing, near-
vertical, bank-parallel fractures. 3 = Tension
fracturing and toppling of fractured material .
after weathering of relatively weak underlying
material).
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fractures. These types of failures are not occurring as readily in Upper
Medicine Hill till which contains relatively short and strong fractures

that are sealed with mineral deposits.

Bank-Parallel Tansion Cracks: Most bank failure at Lake Sakakawea is

oceurring along large bank-parallel tension cracks which extend from the
kank top downward. This type failure involves sliding or toppling of
large slaba of bank material which break away from or slide along these
cracks. These fractures form parallel to the bank face as stress normal
to the bank is relieved during ercsion. Because of the lack of horizontal
discontinuities to disrupt vertical propagation of these cracks, they are
especially well-developed in the Upper Snow Schoel and Upper Horseshoé
Valley tills, and most ercsion at these gites is the result of failure

along these cracks.

Block Falls and Topples: Because of the blocky fracture pattern, block
toppling and block falls are common modes of failure in banks composed of
Sentinel Butte Formation mudstone. MNear the bank surface horizontal and
vertical discontinuities are weakened by chemical alteration of clay and
from physical weathering related to wetting and drying and freezing and
thawing. The result of these processes is a bank face with loose blocks
of mudstone bounded by weak or open horizontal and vertical fractures.
Subsequent failure due to block falls and toppling readily occurs during
and after banks are undercut by wave erosion. This type of failure occurs
in the Sentinel Butte mudstone in conjunction with failure aloﬁg large
bank-parallel vertical tension cracks that also form in these banks,

although not as readily as in the Upper Snow Schocl and Upper Horseshoe

Valley tills.
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Bapk Undercutting: Instability related to undermining of relatively weak
or erodible material that underiies vertically-fractured till units may
alsc be contributing to the develcepment of high-angle slides and topples
at several sites. At station 51 the Upper Horse Valley till, which haz a
strong columnar jointing pattern and alsoc contains large bank-parallel
tension cracks, overlies an approximately 50 cm thick layer of loose sand
and gravel. Undercutting aleong this sand unit has contributed to
instability in the overlying Upper Horseshoe Valley till at this site.
This site has both the largest and the most numerous bahk-top tensien
cracks of all the stations {Table 7).

Toppling along large bank-parallel tension cracks at stations 55 and
56, which have experienced the most rapid bank recessicn, probably is
promoted by instability of the underlying clay-rich Sentinel Butte
Formation. At these stations the banks are composed of columnar-jointed
Upper Snow School till and underlying Sentinel Butte mudgtone which is
particularly clay-rich in this area. Instability of the mudstone due to
weathering processes might lead to differential settling and subsequent
failure along fractures in the overlying till formation, as suggested by
the unusually large recession rates at these sites. Tests of variations in
bearing capacity at different depths into the weathered bank surface are

needed to verify the likelihood of this process, however,

Fractures and Bank Recession

General

During this study much was learned about factors controlling
variations in fracture pétterné at different sites and in different
lithologies, and much was also learned about how these fracture patterns
affect bank stability. Nevertheless, fracture characteristics are just a

part of the large number of interrelated factors affecting bank erosion

rates, including lake levels, waves and wind, microclimate, bank and beach
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geometry, and inherent bank strength; thﬁs, it is still difficult to
correlate fracture patterns to differences in bank erosion rates.

_ For example, cne geclogic factor that shows a strong correlation
with low lake level erosion rates is bank height, Overall bank recession
gince 1983 is independent of bank height (Fig. 33a), but Figure 33b
indicates that most of the recession for low banks occurred during high
lake levels, whereas most erosion for high banks occurred during low lake
levels. Therefore, if water levels remain low high banks will probably

continue to erade longer and eventually farther back.

Fracture Orientations

Banks oriented subparailel to consistent vertical fracture sets fail
more easily, and therefore are expected to recede faster. Figure 34 shows
the difference between bank orientation and the crientation of the nearest
consistent vertical fracture set for stations with banks compbsed_of Upper
Snow School and Upper Horseshoe Valley till plotted against total bank
recession. This graph reveals no obvious correlation, suggesting that
crientations of consistent vertical fracture set= with regpect to bank
orientation is not a dominant factor controlling variations in recession
rates for these tills.

The orientation of vertical fractures sets do not correlate with
differences in erosion rates in other units either (Appendix II). For
example, bank erosion rates are similar for each of the three stations
with Upper Medicine Hill till banks and are largely controlled by
variations in lithology at stations consisting of Sentinel Butte Formation
banks.

Even though there is not a significant correlation.seen between bank
ercsion. rates and orientation of fracture sets for all of the siteg
studied, this is still an important erosional factor at some locatioens.

For example, the highest bank erosion rates were recorded at stations 54,

S5, and 56 in Fort Stevenson State Park where banks are composed of Upper
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snow School till everlying the Sentinel Butte Formation (Fig. 35). The

banks at these sites are nearly parallel to strongly developed NW-SE

vertical fracture sets in the Sentinel Butte Formation.

Exrosion Rates of Tills

Banks composed of Upper Horseshoe Valley and Upper Snow School tillg
have receded 5.3 to 2.0 m between 1983 and 1990 while those composed of
Upper Medicine Hill till have receded only 2.6 to 3.6 m during the same
period (Fig. 35). Thig difference can be attributed mainly to differences
in fracture patterns. The Upper Horseshce Valley and Upper Snow School
tills have more long vertical fractures that serve as vertical failure
planes. Due to a lack of horizontal discontinuities in these tills, large
tension cracks that initiate aleng vertical fractures extend the entire
depth of the bank in scme locations (Fig. 31). Bank-parallel tension
fractures are exposed as long surface cracks at the bank tops at all of
the stations underlaiﬁ by these tills (Table 7).

Horizontal fractures are well-developed and more abundant in the
Upper Medicine Hill till; thus, vertical fractures are shorter on average
and large bank-parallel tension fractures do not develop as well. Also,
fractures in the Upper Medicine Hill till are stronger, so failure is less
likely teo occur aleng them. Although the strength along these fractures
has not been tested, nearly all of the Upper Medicine Hill till fractures
are sealed with mineral coatings, whereas many of the wvertical fractures
in the other tills are visibly open (Appendix III).

There are other factors besides fractures that might be affecting
the differences in erodibility of these tills. The density of the Upper
Medicine Hill till is considerably higher than that of the Upper Horseshoe
Valley tiil and on average is slightly higher than the density of the
Upper Snow School till (ﬁillsop, 1985). Because ©of this the Upper

Medicine Hill till might be more resistant to weathering, wave erosion,

and the development of'bank-parallel tension fractures. The Upper
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Medicine Hill till also contains more boulders than the other two tills.
Therefore, the beaches at Upper Medicine Hill staticns are armored by

poulder lag deposits which protect them from wave erosion.

Sentinel Bytte Formation

The large variations in bank ercsion rates for the three stations
composed of the Sentinel Butte Formation (Fig., 35, stations 2, 50, and 54)
can be explained by differences in lithology. During this study, the
total recession at station 2 of five metres is about $verage for all of
the stations. Station 50, however, has undergone the least amount of
erogion (< 2 h), and station 54, which has eroded back nearly ten metres,
represents one of the fastest receding banks.

The bank at station S0 is steep and nearly 20m high. Although it
appears to be unstable, it has undergone the least erosion of all
gtations. The Sentinel Butte Formation here consists of interbedded
mudstone, lignite, and well-indurated limestone lenses (Fig. 26). The
abundant limestone lenses add to the overall strength of this bank and the
cccurrence of. repetitive bedding separating distinct lithologies has
prevented the formation of long vertical fractures and bank-parallel
tension fractures here. Also, the beach at this site is protected from
wave erosicn by massive glabs of concretionary limestone that have erocded
out of the bank.

Station 54, which has experienced rapid recession, consists of a
clay-rich facies of the Sentinel Butte Formaticon that is highly fractured
due to desicecatien, indicating its susceptibility to weathering. Host of
the recession (70%) at this site occurred during high lake levels when
thig relativel§ weak sediment was subjected to wave erosion. In addition,

the beach here is not protected by'boulder or concretionary riprap as at

statien 5Q.
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7ill Overlying the Sentinel Butte Formation

The large variations in recession rates for bankg composed of the
Upper Horseshoe Valley or Upper Snow School tills overlying the Sentinel
Butte Formation (Fig. 35) are more difficult to explain. For these
stations, recession was lowest at station 57 {2.8 m) where the underlying
sentinel Butte Formation consists of interbedded chanpel sand and well-
indurated lenses and spherical concretions. Horizontal bedding of
distinct lithologies, together with the well-indurated limestone lenses,
probably account for the slower erosion rate here.

The unusually large recession rates at stations 55 and 56 remain
uwnexplained (Fig. 35). Thase sites are near each other in Fort Stevenson
State Park and the bank geclogy is similar at both sites. Bank ercsion
has been rapid at these sites throughout the project history, duripng warm
and cold seasons, and during high and low lake levels (Table 1). It is
uncertain whether these high ercsion rates are a net result of many
favorable conditicng, such as a large fetch, an unprotected beach, high
steep banks, and sympathetically oriented vertical fracture sets, or if
these high rates can be attributed partly to some other factor that has
not yet been recognized. One possibility is differential settling of
vertically fractured and relatively rigid overlying Upper Snow School till
on underlying ¢lay-rich Sentinel Butte Formation mudstone which has become

unstable due to weathering.

Current and Future Bank Recession Trends
General
The previous section considered some of the factors that influence
site-specific variations in sort;term bank recession rates, especially the

effects of fractures. This section i3 a discussion of trends in average

bank recession rates observed from 1983 through 1990 which have been

strongly influenced by lake level Ffluctuations. Speculation regarding

future bank recession rates is also included.

S




107

Lake Level Fluctuations

Seasonal observations of Lake Sakakawea bank recessicn rates during
the last eight years show that rapid bank erosion {averaging over 2.0
m/yr} occurs when lake levels reach or exceed an elevation of 562 m above
sea level, the "critical level”, for an extended time. During low lake
levels, erosion continues but at much slower rate (averaging less than
0.5m/yr) (Fig. 7}. Thus, knowledge of the magnitude and duration of water
level fluctuations iz essential tcrpredicting rates of erosion. The
reason for this relationship is that during high lake levels wind-driven
waves are able to ercde the base of shoreline banks directly, causing
,oversteépeﬁing and relatively rapid large—scalelfailures. After lake
levels fall, the oversteepened banks continue to fail, hut at a slower
rate, until an equilibrium profile is achieved. Similar correlations
between lake levels and bank ercsion rates have been documented during
studies on the Great Lakes (Larson, 1973; Mickelson and cthers, 1977}.

In light of. the above relationship, several impﬁrtant questions
remain to he answered:

~How often will high lake levels be reached in the future?

-What will the magnitude and duration these conditions be?

-How long and how far will bank recession proceed if lake

levels remain low?

Unlike natural lakes, the level of Lake Sakakawea is not controlled
primarily by regional weather patterns. Instead, the level is controlled
by the U.S. Army Corps of Engineers (Corps) which regulates the amount of
water flowing through the Garrison Dam. Their decisions are based on
conditions affecting the entire Miasouri“and Missisgippi River drainage
basins, with little regard to local concerns; thus, attempting to predict
future lake level fluctuations is difficult. According to Corps records

(Garrison Dam Operations Monthly Reports), lake levels have exceeded the

"critical level* for pericds ranging from three to six months five times
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in the last 12 years {1979-1991}. If this is representative of subseguent
fluctuations, bank erosion may continue indefinitely at about the same
rate as it has during the eight years of this study.

The Corps originally assumed that even under constant high lake
levels shoreline banks would eventually reach a quasi-stable condition,
thus limiting total bank recession (Cordera, 1982). This assumption was
Pased on the template theory which assumes that the material eroded from
these banks would be depcsited and conserved in the foreshore and
immediate offshere zones, allowing stable shelves to build up, protecting
banks from continued wave ercsion, and allowing them to backwaste to a
stable angle.

This template theory ig not valid for Lake Sakakawea, however. The
till and mudstone banks along this lake are composed primarily of clay and
silt-size particles that are readily transported away from the nearshore
zone. Steep drop-offs exist parallel to most of the shorelines and waves
and associated currents easily carry this fine-grained material to deep
water where it settles out. Also, sediment eroded from headlands by
longshore current is transported into the many deep bays found along the
shorelines of this lake. These bays act as sediment traps, resulting in
sediment starvaticn of headland be;ches.

Because of these processes, ercsion of Lake Sakakawea shorelines
could continue indefinitely or at least until headlands are eroded and
bays are filled in. Historical studies on the Great Lakes indicate that
bank ercsion has been occurring there at rates of 0.4 to over 3.0 m/yr for
at least 150 years (Quigley and others, 1277; Buckler and Wintérs, 1983).
Erosion rates of these shorelines are alse higher during periods of high
lake levels when direct wave action is a factor. Then, following high

iake levels, ercsion continues due to bank_instability but at slower rate

{Larson, 1973; Quigley and others, 1977).
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Lake levels at Lake Sakakawea have been too low the last four years
(1987-1990) for direct wave erosion of banks to occur. Navertheless,
these banks, still unstable from wave erosion in 1986, have continued to
recede at a relatively slow rate. One might expect that these banks
eventually will erode to a stable profile if water levels remain low; but,
even if water levels do remain low, they may still experience continued
wave ercosion in the future. After testing underwater erosion measuring
techniques, Robin and Davidson-Arnott (1986) reported that tili undeflying
cffshore and foreshore wave zones erodes more than enough to keep up with
receding banks, and Kamphuis and Asce {1987) demonstrated that where
abrasive sediment was available, recession rates of glacial bluffs along
Lake Erie were controlled more by foreshore erosion rates than by lake
level fluctuations.

Although the water level along Lake Sakakawea is presently far from
the wave-cut banks, small ercsicnal scarps are forming in the primary
beach material at the wave breaking zone in many places. This is an
indication that wide beaches now separating banks from the water edge
could eventually erode down far enough to allow the lower water levels to
once again reach shereline banks. The rate of this beach erosion has not
been determined, but most beaches are presently 50 to 75 metres wide and
the lake level is currently about 6 metres below normal. Therefore, the
most erodible beaches would probably take at least 10 years to recede to
the base of their existing banks. Beaches veneered with large beoulders
eroded from the Upper Medicine Hill till or with concretionary lenses from
the Sentinel Butte Formation would ercde back at a slower rate. Records
of past lake level fluctuations, however, suggest that water levels will

rise again before beach levels are eroded down to the current water

levels. -
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Bank Recassion Prediction

The U.S5. Army Corps of.Engineers initiated this project in 1%83 to
study bank recession rates, erosion processes, and contrelling factors,
It was also hoped that a model for predicting site-specific bank recession
rates cduld be developed to aid in land-use planning and the selling and
purchasing of lake-side real estate. Since then, bank recession rates
have been monitored at least yearly and several equaticns bkased on
regression analyses were developed to predict site-specific bank recessicn
rates (Reid and others, 1988; Sandberg, 1986).

Agsuming that recession rates similar t¢ what we have measured
during the past eight years continue into the future, the ability to
predict site-specific ercsion will be an important part of area land-use
management. At the present, average yearly bank recession rates
determined during this eight-year study for areas exposed to wave erosion
range from 0.25 to 2.65 m/year, The design operating life of this
reservoir is approximately 500 years {Sandberg; 1986, p. 108);: therefore,
if bank ercesion continues at its current rate, the maximum recession that
will occur during the life of this reservoir is approximately 1.3
kilometres (0.8 miles).

The areas of most concern are raﬁidly receding headlands and other
shorelines exposed to wave erosion. Erosion of inlet sho:eline; is
relatively minor,. and it is assumed that these bays will fill in with
sediment, perhaps eventually resulting in progradation of shorelines in
these areas. Many of the headlands at the eastern end of Lake Sakakawea
are one to two kilometres long (Fig. 2); therefore, it is possible that
these will continue to recede throughout the entire life of the reservoir
with ultimate recegsicn of as ﬁuch as one kilometre,

Some of the.approaches used to predict shoreline bank recession are:
slope =stability analyseg, which are based on current physical

characteristics of a bank (Edil and vallejo, 1980), stafistical analyses,

where observed bank recession ratas are correlated to site-specific
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factors asecciated with bank ercsion (Sandberg, 1986; Spoeri and others,
1985; Gatto and Doe, 1983), and other studies that have dealt with
historical trends over large tracts of shoreline {Buckler and Winters,

1983; Quigley-and cthers, 1977; and Larson, 1973).

Slope Stability Analyses: Slope stability analyses are used to assess
the stability of natural slopes and to design stable excavated slopes at
a minimum cost. Attempts have also been made to use stability analyses to'
predict wvariations in shoreline ercsion rates (Edil and Vallejo, 1980).
They are based on the physical properties of the bank, including strength
and density, and elements of the bank geometry (height and the slope
angle).

Traditional stability analyses involve the estimation of shear
stress due to gravitaticnal forces aleng the most probable failure
surfaces and comparing it to the strength of the swoil. Because the
distribution of stresses in a bank varies with distance from the slope
face and bank top, most procedures assume that failure will occur along a
curved surface dipping between 30° and 50° (Das, 1983, p- 442). These
methods are intended to test the stability of slopes that are near the
threshold of slumping along rotational slip planes and do not apply to the
banks at Lake Sakakawea which are steep and actively eroding along high-
angle failure planes.

Slope stability analyses still might be useful in assessing
variations in short-term recession rates. At Lake sSakakawea these
analysges must assume that vertical fracture planes are the most prob;ble
failure surfaces and that failure will occur by foppling and high-angle
sliding after fracture surf#ceg are weakened by tensional forces and
weathering. The strength of these banks is, therefore, dependent on the
frequency, éize, and orientation of vertical fractures and on the strength
along their surfaces. Due to this study, more is known about variations

these fracture properties, but strength parameters aleng fracture planes
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for different lithologies must be determined, and the effects of
#eathering on these stéength parameters must alsc ke aszessed. Even with
these considerations, predicting ercsion rates at Lake Sakakawea by this
means will be difficult.

Woodward (1988) concluded that a procedure he developed for
predicting the likelihood of toppling aleng vertical fracture planes was
limited because other factors, such as lateral stress relief,
undercutting, and changes in fracture strength due to wéathering,
compromise the validity of any equation that does not take into account
changes in étrength and bank geometry over time. A similar problem was
encountered in designing safe slopes in the fractured Harlford till
(McGown and others, 1974). Tests indicated that this till would most
likely fail along vertical fractures that had a design strength of about
60kN/m?. After the slopes were completed, however, numerous small-scale
failures occurred along fracture surfaces weakened by weathering.

Edil and Vallejo (1980} had difficulties in attempting to use slope
stability models to predict bank recession on the Great Lakes. Their
models were somewhat successful for short-term predictions under
controlled conditions; however, dynamic shoreline conditions continually
caused changes in bank geometry and strength parameters of near-surface
bank material.

At Lake Sakakawea more engineering data are alsc needed before
meaningful slope stability analyses can be conducted. For example, the
Corps (1981, p. 27-28) reported the design shear strength for the glacial
tills in the area as having the following average parameters: cohesion
equal to 29 kN/m2 and an internal angle of friction equal to 20°. Dry
densities of the tills range from 12 to 17 kN/m3, the moisture content
ranées‘from 11 to 34%, cchesion ranges from 4.8 to 144 kN/m2, and the

internal angle of friction ranges from 8 to 34°. These wide-ranging

values reflect the heterogeneity of the tills and the need for more
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accurate site-specific testing of engineering properties. Large
lithologic variations in the Sentinel Butte Formation merit more detailed
site-specific testing for this geologic unit also.

Slope stability analyses take into account only the internal
physical properties of the bank; thus, this type of procedure alone cannot
pe used to explain all slope stability differences and variatiocns in bank
recession rates at Lake Sakakawea where external forces, such as wave
action, climate, topography, lake level changes, vegetation, and the
affects of weathering, also play a major role in bank failure processes
and rates, Because it is difficult to assess the effects of these factors
and processes quantitatively, statistical procedures have been the favored

approach to predicting shoreline recession.

Regression Analyses: Regression analyses used to correlate bank recession
rates with erosional factors were attempted at Lake Sakakawea. (Gatto and
Doe, 1983; Millsop, 1985; Sandberg, 1986; Elliott and Reid, 1989).
Millsop, and Gatto and Doe, were unable to generate statistically
significant models; however, Millsop's (1985) analyses showed that
variahles mogt cleosely associated with bank recession, listed in order of
importance, were lake levels, wind speeds, and wind directions. Because
of high lake levels during Millsop's stuay (1983-1984), these factors were
all related to wave ercsion.

Sandberg (1986} used regression analyses to develop separate
equations for predicting warm- and cold-season bank recession rates. The
warm-season equation was based cn the following independent variables:
offshore slope, beach width, bank orientation with respect to the dominant
wind‘direction, and bank height; the independent variables for the celd-
season equation were bank height and bank orientation with respect Fo the
sun. Both of these equations were statistically significant in that the

probability that the independent variables were explaining random

dependent variables was < 5% for the warm-season equation and < 1% for the
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'cold—season equation; howéver, the ability of these equations to explain
the variations in the dependént variable was too low to predict site-
gpecific bank recession accurately.

Similar results were cbtained in subsequent attempts to use these
types of eguations for predicting high and low lake level recession rates
(Elliott and Reid, 19%89). The independent variables used in these
analyses for the high lake level periodsg were: effective fetch, percentage
of beach clasts greater than cobble-size, bbank height, and beach
composition; and independent variables for the low lake level equation
were: bank height and bank orientaticon with respect to sun. These
analyses Qere also based on two additicnal years of bank recession
measurements which were used to determine the dependent variables (bank
recession rates).

This type of statistical approach might be more euccessful-in the
future when variables such ag lithology, fracture patterhs, strength
parameters, and Susceptibility to weathering are considered. Although no
single fracture characteristic by itself can be directly correlated to
variations in bank ercsion rates, the present study has demonstrated that
these factors do influence bank failure mechanisms and bank erosiocn rates
and must be incorporated inteo statistical models or sloﬁe stability models
used to predict variatiops in recession rates.

If the most important variables could be isolated, statistical
appreaches such as menticned here are probably still unreliabkle in the
short term. This is because of the numerous random variables that cannot
ke incorporated inte such equations, including the occurrence of storms
during relatively short high lake levals, heavy rainfall, or variations in
the magnitude of cycles related to weathering. Also, ercosion due to bank
failure results in sporadic erosion rates that must be monitored over long

pericds to determine a representative rate. This problem is illustrated
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by the yearly recession for station 58 where it is apparent that continued
bank recession monitering is needed before representative rates are
available (Fig. 37).

Slope stability and statistical models for predicting bank erosion
might be-useful in thé future after more data are collected, but at the
present, where determining accurate erosicn rates is critical, such as at
state parks, reliable data still must be cbtained from direct measurements
of bank ercsion. Directly measuring bank ercsion rates along the entire
shoreline of the lake would ke a monumental task, and this is not
recommended. However, where predicting magnitudes of future bank
recession rates is critical, erosion rates should be meonitored using
techniques similar to those employed for this project. This procedure is
very simple and inexpensive. At other sites it is recommended that
estimates of future short~term bank ercsion rates be baged on the maximum
recession rate determined during this study and from Corps® sediment
rangaline surveys for banks with similar geology. For example, banks
composed of mainly Upper Horseshoe Valley and Upper Snow School tills have
receded at fairly constant rates, ranging form 0.75 to 1.3 m/year during

this study (Fig. 35), while erosion rates of banks composed of the Upper
Medicine Hill till have ranged from about 0.35 to 0.50 m/year. Erosion of
banks composed primarily of Sentinel Butte Formation mudstone vary
considerakly, however. These rates ranged from about 0.60 to over 2.5

mfyear.

Recommendations for Further Studies

This thesis is part of an ongoing project, bequn in 1983, to study

bank recession on Lake Sakakawea. The uvltimate goal is to learn enough

about bank ercsion processes and factors so that eventually variations in

site-specific erosion rates and ultimate bank recession can be predicted
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accurately. During the first eight years of this study much has been
learned about xecession rates and the associated ercosional processes, but
continued work is néeded to achieve the goals of this project.

Continued menitoring of established bank recession stations will
‘improve the accuracy of estimated site-spacific and average erosion rates.
Bank erosion events at Lake Sakakawea occur sporadically, especially
during low lake levels; thus longer periods of monitoring will improve the
agecuracy of bank recessicn rate data. '

Bank erosion stations are inexpensive and easy to establish and
monitor. Increaging the number of stations would yield more information
on variations in site-specific erosion rates. The Corps' sediment
rangelines, along which surveys of bank positions and lake profiles are
made periodically, can also be a valuable scurce of bank recession data if
they are conducted at a higher level of accuracy in the future.
Determining site-specific variations in rates of beach eresion might also
be important in the future. This will be especially important if lake
levels remain low for long periods. Under these conditions, sites with
more erodible beaches will be voinerable to beach downcutting followed by
direct bank-toe wave erosion.

More detailed testing of textural, physical, and strength properties
of bank-forming litholegies is needed before meaningful slope stability
analyses can be used to predict site-specific variaticns in bank erosion,
Determining average strength parameters ayong fracture surfaces for the
major lithologies represented will be important if these analyses are to
be used. The reliability of statistical bank recession medels based .on

regression analyses could also be improved if more accurate and detailed

data pertaining to these properties are incorporated.
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Determining how much total sediment ercded from shoreliné banks is
being deposited in the lake, where it is being deposited, and at what
rates, would also be helpful in predicting long-term erosion rates and

maximum recession. This type of information could be cbtained from cores

of lake bottom sediments,
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CONCLUSIONS
Fractures

> Variatiocns in bank fractures characteristics such as length,

frequency, and corientations of sets correzpond to changes in litheology.

» The Sentinel Butte Formation bedrock typically consists of bedded

mudstone with a blocky fracture pattern composed of well-developed
straight vertical fractures intersecting and cutting across horizontal
fractures and bedding planes. Most vertical fractures belong tc one of
four persistent sets; average azimuths are 59, 4¢5°, 95°, and 140D°,
Sandstone facies have long widely spaced vertical fractures and few
horizontal fractures. In lignite and adjacent <¢lays vertical and
horizontal fractures are small, well-developed, and very closely spaced,
> Upper Medicine Hill till vertical fractures are short and closely
spaced. Most terminate at intersections with well-developed obligue and
horizontal fractures. At the sites studied there are two to four vertical
fracture sets; their orientations do not change between sites. Nearly all
of these fractures are closed or sealed with mineral coatings.

> The Upper Borseshoe Valley and Upper Snow School tills contain few
horizontal fractures and vertical fractures are straight, long, and widely
spaced. Most Upper Borseshoe Valley till vertical fractures belong to
well-defined NW-SE or NE-SW orthogonal sets. Upper Snow S5chocl till
fractures are shorter on average, more directionally dispersed, and
orientations of sets do not correspond between sites.

» - Orthogonal vertical sets in the Sentinel Butte Formﬁticn and the
Upper Horseshce Valley till are likely Ehe result of crustal stresses
related to uplift and maximum NE-SW horizontal compression. Horizontal

fractures in the Sentinel Butte Formation and the Upper Medicine Hill till

119
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were likely caused by stress release during deglaclation. The greater
variation in fracture types and directions in the Upper Medicine Hill and
upper Snow School tills suggests other processes, such as dewatering upon
deglaciation, stress release, weathering, and pesaibly subglacial
deformation had a greater influence on these sediments.

> Vertical fracture iengths and frequency are controlled mainly by

abundance and development of horizontal discontinuities and less so by
factors such as grain size and degree of consolidation. Longer and more
widely spaced fractures exist where horizontal structures are absent or
poorly developed, and where horizontal structures are well-developed and
frequent, vertical fractures are closely spaced and shorter. Fracture
frequencies increase near the top few metres of banks due to weathering
processes. Desiccation fracturing is especially intense in clay=-rich
material.

» The most common erosiconal mechanism of Lake Sakakawea banks is

failure due to toppling and sliding aleng high-angle fracture planes after
banks are weakened and oversteepened by wave action, stress release and
weathering. Banks without abundant horizontal structures and which
contain vertical bank-parallel fracture 'sets (Upper Horseshoe Valley and
Upper Snow School tills) are especially susceptible to this type of
fajlure. Erosion of Upper Medicine Hill till banks, where short vertical
fractures intersect horizontal fractures and which are closed or sealed
with mineral coatings, have eroded about 50% slower. Erosion of Sentinel

Butte Formation banks, with strong vertical lithological variations or

abundant hard concretionary lenses, has been slower also.
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Bank Ercosicn Trends

Bank Erosion lrends
> Rapid bank erosion (>2.0 m/year), resulting from direct wave action,
occurs when lake levels reach an elevation 562 metres. During lower lake
levels bank recession has continued at a slower rate (0.2m/year).

» If lake level fluctuations continue as they have in the past,
ercsion rates will likely remain similar to current rates throughout the
reservoir life. If lake levels remain low, recession rates will decrease
25 banks become more stabkle; however, many beaches will then ercde down,
adjusting to the lower water level, allowing wave erosion to continue.

> Statistical models, used for predicting site-specific recession

rates have not been accurate; however, continued monitoring of established
erosion stations and additional stations, along with incorperating more
data on variations in bank lithology and bank structures, will help to
improve these models.

» currently, the most effective means of predicting bank erosion is

using erosion rates measured during this project and from Corps' sediment
rangeline surveys to estimate maximum rates for banks with similar
characteristics. Wwhere determining accurate bank erosion rates is
critical, stations similar to theose used for this project should be

established. This procedure is inexpensive and continued monitering

requires only minor involvement of time.




ARFPENDIX I

BANK RECESSION STATION HISTORY

EIPLANATION

Recession-

Accumulation-

Pins-

Average Recession-~

Negative Numbers-

Sum of decreases in distance from all of
the measuring pins at a station between
measurements.

Negative sum of increases in distance from
all of the measuring pins at a station
between measurements.

Number of measurement and alignment pin
pairs at the station indicated.

sum of recession and accumulation
divided by the number of pins for a
given station. calculated for each
measurement interval.

Negative numbers indicate a tempcorary
net expansioen of a bank due teo soil
swelling or opening of bank-parallel
tension fractures.
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STATION 1
Average Cumulative
interval Date Recession Accumilation Pins Recession Recession Recession/Year
(cm)} {¢m) (cm) {cm) {cm)
1 &£/21783 14 40 18 -3 -2
2 7/13/83 92 g 15 & 4
3 8/22/83 774 I 14 55 59
4 10/16/83 218 18 14 14 73
5 5/10/84 5 58 14 A &9 70
& 5730784 &5 i6 14 4 73
7 Tr12/84. 2350 0 14 168 241
] - 7/23/84 474 0 7 &8 309
9 B8s23/84 %30 Q 14 45 354
10 9/23/84 o9 ] 14 7 251
11 10413784 29 0 14 2 353 N
12 3711785 5 ¥} 12 -3 340
13 . 4/28/85 g 18 14 -1 359 290
14 6720785 737 1 15 49 L0OB
15 8/3/85 144 3 15 9 417
16 8/31/85% 4 7 3 0 417
17 6/28/86 137 10 8 16 433 74
18 7/16/87 2782 0 a 348 781 348
19 4/30/88 38 18 8 784 3
20 6427788 % 15 8 -1 783
21 8/16/88 20 1 7 3 786
22 10/8/88 8 10 8 Q 788 .
23 5710789 - 15 8 8 1 787 2
24 8/11/89 11 55 8 -5 781
25 10/13/89 53 12 8 5 786
1 24 5/17/90 37 22 8 2 788 2

* negative numbers indicate a net expansion of the bank toward the
lake since the previcus measurement

£
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STATION 2
Average Cumulative
Interval Date Recession  Accumulation Pins Recession Recession Recession/Year
{cm) (em) (em) {cm) (cm)
1 &/21/83 0 g a -~ .-
2 7/13/83 0 1 3 a a
3 7/28/83 8 & 8 .0 0
4 8722783 125 18 a 13 i3
5 10416783 H 13 8 a 13
-] 5/9/84 12 & 8 1 14 14
7 5/30/84 28 0 -] 4 18
8 7112784 277 10 8 33 51
9 7/23/84 120 g 8 15 &4
10 8/23/84 1002 1 8 125 191
1 9/13/84 0 10 -] -1 190
12 10/14/84 .- -- - 190
13 3711785 382 11 8 44 234 ’
14 4728785 61 171 S 14 222 208
15 &/20/85 184 2 i0 18 240
16 8/s30/85 2 29 10 -3 237
7 Bf31/85 188 " 9 19 256
18 &/28/86 3560 20 9 33 294 73
19 7/16/87 1239 0. 8 155 449 155
20 4/30/88 44 26 8 2 451 2.2
21 6/27/88 19 20 8 0 451
22 10/8/88 n 29 8 -2 449 .
3 S/ro8% 215 4 8 26 475 24
: 24 8710789 179 84 8 12 487
o 25 10/13/89 36 14 8 - 3 490
4 % ST 6 29 3 -3 %87 12
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STATION 3
Average Cumdiative
Interval Date Recession Accumilation Pins Recession Recession  Recession/Year

{cm) {cm} {cm} (em) {cm)
1 &6/21/83 10 S é 1 1
2 7713783 8 127 é -1 ]
3 8/22/83 21 0 & 4 4
4 10710/83 1 b é -1 3
5 5/9/84 4 3 6 -1 2 2
& 5/30/84 @ 0 8 2 4
7 T/12/84 345 o & &1 &5
] 773784 747 0 6 125 170
9 8723784 335 1] -1 b1 246
10 9/13/84 514 0 [ 85 332
11 10/13/84 1 0 5 1] 332
12 3/11/85 22 1 -] 4 335
13 4/28/85 90 2 6 15 351 349
16 6/20/85 72 2 g g 360
15 8/3/85 i3 2 a &4 364
16 8/31/85 116 2 8 14 378
17 5/28/86 136 12 7 18 394 45
18 7716787 1048 0 8 LKk} 527 131
19 4/30/88 5 54 8 -6 521 -6
20 8/16/88 k1! 9 7 3 524
21 10/8/88 12 8 8 1 525 )
2e 5/10/89 ot n @ -3 5e2 1
23 8/14/89 36 F 9 4 526
24 10/13/789 &7 1 9 5 s31
25 S5/17490 19 4 8 2 533 11
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STATION &
i Average Cumulative
| interval Date Recession Accumulation Pins Recession Recession  Recession/Year
{cm) {cm) (cm) {cm) (em)
1 &6/21/83 1 3 4 -1 -1
2 7/13783 1 g 4 3 2
3 7/29/83 2 4 4 -1 1
4 8/22/83 3 3 4 0 1
5 10/16/83 1 @ 4 -2 -1
& 5/9/84 50 1 4 12 11 12
7 5/30/84 1 @ 4 1 12
8 7/13/84 285 0 4 Al 83
e 7/25/84 164 0 4 41 124
10 8/24/84 325 Q 4 81 205
11 2/13/84 11 Q 4 3 208
12 10/13/84 65 0 4 & 224
13 4728785 12 7 4 1 225 214
14 &6/20/83 153 1] 4 38 263
15 8/3/85 8 0 4 2 265
16 8/31/85 7 4 [ 1 266
17 6/28/856 1 [ 4 -1 265 &40
18 7/16/87 1446 0 § 362 27 36%1.5
19 4730788 17 22 4 -1 626 -1.2
20 B/1&/88 26 ) 4 5 631
21 10/21/88 4 2 4 1 432
22 5/10/89 3 12 4 -2 630 . 3.2
23 8/12/89 7 3 3 1 8631
24 10/13/89 2 2 3 0 631
25 5/17/90 3 5 [ -3 530 ¢.8
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STATION 5
Average Cumulative
Interval Date Recession Accumsilation Pins Recession Recession  Recession/Year
{cm} (cm} {cm) {cm) {em)

1 6/21/83 1 7 4 -2 -2

2 7713783 1" 19 4 -2 -4

3 B/22/83 14 5 3 (A ' 0

4 10/16/83 g 4 4 1 1

5 5/9/84 20 & 4 4 5 5

& 5/30/84 2 4 4 -1 &

7 7/13/84 395 0 4 99 103

a 7/23/84 110 0 4 28 131

-] B/24/84 21 0 4 53 184

10 9/13/84 16 - I 4 (A 188

11 10713784 1 ¢ 4 0 188

i2 4/28/85 91 1" 4 20 208 203

13 &/20/85 24 0 4 6 214

14 8/3/85 4 1 & 1 215

15 8/31/85 1 3 4 -1 216

16 6/28/84 1 5 4 -1 213 5

V7 7/16/87 459 g 4 115 328 115

18 4/30/88 24, 2 3 7 335 7

19 8/16/58 3 3 1 334

20 10/8/88 1 1" 3 -3 333

21 5/10/8% 0 2 3 -1 332 - -3 '
A 22 8/13/89 4 4 3 0 332

23 10/13/89 10 0 3 3 335

24 5/17/90 0 55 3 -18 317 -15
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STATION &
Average . Cumulative
interval Date Recession Accumulation Pins Recession Recession Recession/Year
{em) (cm) Cem) {cm) {em)
= 1 5/16/83 ) 10 0 .- o
2 6/21/83 85 0 3 28 28
. 3 7/14/83 56 50 3 2 30
] 4 8/22/83 3 4 3 -14 16
5 10/146/83 58 0 3 19 35
: ] & 5/9/84 46 18 3 9 4 44,7
| 7 5/31/84 2 1 3 ) 44
B 7/13/84 13 5 3 3 47
9 B/24/84 1 2 3 0 &7
10 9/13/84 405 0 3 135 182
11 10/13/84 i1 9 3 4 186 -
l 12 3711785 143 0 3 48 234 150
13 &£/20/85 s 0 1 5 239
14 873785 0 0 1 0 239
5 8/31/85 2 5 1 -5 234
16 &/28/86 200 0 1 200 434 200
: ’ 17 T/16/87 339 0 1 339 3 339
] 18 4/30/88 10 0 1 10 783 10
1 19 &/27/88 0 2 1 22 761 |
‘ 20 10/8/88 17 0 1 17 778
i 21 5/10/8% 0 a 1 0 778 -5
L 22 B/15/89 5 0 1 5 783
| 23 10/13/89 a 3 1 -3 780
24 5/17/90 25 b 1 25 805 27




129

; : STATION 7
E Average Cumulative
‘ - E Interval  Date Recession Accumulation Pins Recession Recession  Recession/Year
= (em) em) (cm) (cm) {cm)
1 5/16¢83 75 0 4 19 19
: 2 &/20/83 30 45 4 -4 15
3 714783 260 10 4 &3 73
A RB722/83 109 12 [ 24 102
5 t0/16/83 140 1 4 35 137
& 5/9/84 170 29 4 35 172 171.8
7 5/31/84 76 1] 4 19 191
8 7713784 202 0 4 1 242
| 9 7/23/84 & 1 4 1 243
10 B/24/R4 258 1} & &5 108
11 ¢/13/84 40 13 4 7 315
12 10/13/84 28 1 & 7 32
13 3/11/85 112 17 4 24 346
14 4/28/85 275 0 3 92 438 266
15 4720785 1 0 4 0 438
16 8/3/85 2 0 4 1 439
\7 8/31/85 0 5 4 -2 437
18 6/28/86 536 3 4 133 57D 132
19 7/16/B7 &75 a 4 169 739 168.8
20 4/30,88 39 17 4 & 745 5.5
21 6/27/88 253 6 & &2 807
22 10/8/88 . 258 30 4 57 8564
23 5/10/89 155 i 4 39 903 158
24 8/15/89 27 B 4 2 905
25 10/13/89 1 19 4 -5 Q00
26 5/17/90 11 1 4 3 903 ]
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‘ STATICN SO
| Avergge Cumulative
Interval Date Racession Accumulation Pins Recession Recession  Recession/Year
(cm) {cm} {cm) (cm) {em)
| _ .
i 6/20/83 &7 50 5 3 3
2 8722/83 68 1 5 13, 16
3 10£16/83 75 23 5 10 26
4 5/9/84 212 5 4 52 78 79
5 5/30/84 5 1 5 1 7
& 713784 14 a7 5 -5 74
7 8/23/84 19 2 5 4 78
a 9/13/84 18 a 5 4 a2
¢ 1071384 51 2 5 i0 o2
10 3/12/85 2 28 5 -5 a7 :
11 4725785 2 2 5 0 a7 2
12 &6/20/85 104 0 5 21 108
i3 8s3/85 12 0 5 2 110
% 8/31/85 3 19 5 -1 109
y 15 &/28/86 11 9 S i 109 22
i 16 7715/87 95 2 5 19 128 18.6
E 17 4/30/88 71 18 5 1 139 10.6
18 6/27/88 2 33 5 -6 133
19 10/8/88 63 e 5 -3 130
3 20 5710789 148 & 5 28 158 19
21 B/16/89 ) k1) 5 12 170
=4 22 10/13/89 121 ] 5 24 194
] 23 S£17/90 17 94 5 =18 179 20.4
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STATION 51
Average Cumulative
Interval Date Recession Accumuiation Pins Recession Recession Recession/Year
: {cm) (cm) {cm) {cm) ) (cm)
t 5/16/83 132 0 13 10 10 .
! 2 6/21/83 100 C 179 13 - 4
. 3 7713783 i 4l 12 -4 1]
E [A 7/28/83 393 22 12 3 £ |
3 S B/24/83 125 28 12 8 9
] 4 18/16/83 41 57 12 -1 38
7 5/9/84 138 24 12 i0 48 47.7
8 /31784 39 1 12 3 51
9 7/13/84 578 10 12 ¥4 28
10 7723784 &47 2 12 54 152
E 1" B/2%3/84 1303 0 12 109 261
_ 12 9/13/84 279 10 10 27 288
F 13 10/15/84 118 5 12 9 297
14 4727785 270 21 12 21 318 270
1% &6/1%/85 186 28 14 1" 329
16 B/31/85 1414 34 14 8 337
17 5/28/84 75 8 14 S 342 24
18 7/15/87 2363 €] ) 16 236 578 236.3
19 4428488 440 73 i0 37 615 36.7
20 &/27/88 41 8 10 3 418
21 8/16/88 13 38 1t -3 515
{ 22 10/8/88 149 21 10 -1 614
! 23 5/10/89 w7 7 i0 7 621 8.7
; 2% 8/17/89 7 72 0 -7 514
25 10713289 59 15 10 4 418
26 5/16/90 brd 2 9 18 628 7.9
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STATION 52
Average (Cumulative
interval Date Recession  Accumulation Pins Recession Recession  Recession/Year
{em) {cm) {cm) {em) (cm)
1 6721783 70 15 7 8 8
2 7713783 31 13 7 3 11
3 Tr28/83 156 28 & 21 2
4 826483 131 b & 21 53
5 10716783 5 .3 6 0 53
) $/9/84 19 - 5 ] 2 55 54.8
7 5/31/84 o 0 6 o 55
8 7/13/84 136 S 7 19 74
? 7/23/84 393 0 7 56 130
10 8723784 58% a ' %5 228
" 9/13/84 97 ] 7 14 242
12 10713784 g 0 7 1 243
13 4727785 349 4 7 52 295 2403
1% 6/19/85 133 3 8 1% 311
5 3/3%1/85 1 7 & 1 312
14 6/28/86 3 26 8 - -3 309 13.3
17 7/15,/87 2242 o 8 280 a9 280.3
18 4/28/88 147 24 B 15 604 15.4
19 &/727/88 37 19 a 2 606
20 8716/88 17 36 8 -2 604
21 10/8/88 1 23 7 -3 501
22 5710789 3 21 [ -3 598 -4.3
23 B/19/89 56 4 & 9 607
24 10/13/89 36 1 [ 4 611
25 S/16/90 121 7 7 16 627 29.2
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STATION 53
Average Cumulative :
tnterval Date Recession Accumdlation Pins Recessien pRecession Recession/Year
{cm} {cm) {em) {cm) {cm)

1 6/28/83 7 7 12 0 1]
2 TI13/83 1 35 12 Q 0
3 8/23/83 43 [ 12 3 3
4 10/15/83 15 7 12 1 4
3 5/10/84 158 2 12 13 17 17
& 5/1/84 13 " " 0 AT
7 7/13/84 &7 16 12 4 21
B 7/24/84 116 68 12 4 25
@ 8724/84 301 4 12 25 50
10 9/13/84 14 4 12 1 51
11 10/14/84 1" <] 12 1 52
12 3712/85 S 48 12 -2 50
13 4Lr26/85 358 12 12 29 79 &2
14 £/18/85 160 10 12 13 o2
15 7/29/85 22 2 13 2 94
16 8/31/85 9 15 13 0 Ph
17 &/28/86 94 45 13 4 98 19
18 7/15/87 1318 5 13 101 199 101
19 4/30/88 212 58 13 12 211 12
20 &/28/88 247 93 13 12 223
21 10/8/88 276 29 12 21 244 )
22 5/11/89 . 190 196 12 -1 243 32
23 7/26/89 197 20 13 14 257
24 10/13/8% 46 51 13 0 237
29 5716/%0 &7 17 12 3 240 14
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STATION 54
Average Cumlative
Interval Date Recession Accumulation Pins Recession Recession Recession/Year

tem) {cm) tcm) lcm {cm}
1 6/28/83 0 0 a Q a
2 7/13/83 104 2 4 26 26
3 B8/27/83 115 D & 29 55
4 10/15/83 105 2 5 19 T4
5 5/10/84 342 0 5 48 142 142
& &/1/84 379 a 5 76 218
7 7713784 30 0 5 60 278
8 8/24784 127 g 3 42 320
g S716/84 554 0 3 178 458
10 10/14/84 - .- -- 498
11 6/18/85 - && 0 [ 17 515 ) 373
12 " TF29/85 2 2 4 1 516
13 B/31/85 i3 0 4 3 519
14 Q27186 190 2z 4 Y4 566 51
15 T/15/87 1395 a 4 349 915 349
16 4730788 12 & 2 3 918 3
17 &/28/88 a4 0 3 23 274
18 10/9/88 &3 0 3 22 968
19 5/11/8%9 3 i35 3 -1 Q&7 48
20 7/26/8%9 59 15 4 11 P78
21 10/13/89 29 34 4 -1 977 -
22 5/17/%90 36 -3 4 8 985 17




Interval

Lo Il T

Date

6/28/83
7/13/83
8/23/83
10/15/83
3710/84

6/1/84
7713784
7724184
8/24/84
9/13/84
10/14/84
3/12/85
4/26/85

&6/18/85
7/29/85
a87/31/85
b6/27/86

7/15/87
&/3/88
6/28/88

10/9/88
5/11/89

T/26/89
10/13/89
5/17/90

Recession
{cm}

17
546
613
348
1021

674
P66
524
195
32
269
824
294

408
9

182
554

5093
0

0
edl
220
11

209
0
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STATION 55

Accumulation Pins Recession Recession

{cm)

11
19
4
1
48

22
0
51
0
12
3
21
1

W0 N0 00D

oy OG0 ~O

10
10
10

WA W

WHow M

Average Cumulative

(em) (em)
1 1

59 &0
68 128
39 167
108 2m
72 347
138 485
53 533
22 560
38 598
30 428
134 762
59 821
40 841
4 870
17 BB7
55 Q42
728 1670
-12 1658
-17 1641
74 1715
73 1788
& 1794
79 1864
a 1864

Recession/Year
(cm)

274

S46

121
728

-12

130
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STATION 56
Aversge Cumulative
Interval Date Recession AccumJlation Pins Recession Recession Recession/Year

{cm) {cm) {cm) {em) {cm)
1 &6/28/83 245 9 3 30 30
2 7/13/83 S0 28 a8 3 iz
3 8/23/83 573 0 8 72 105
[ 10715783 N 2 8 39 144
5 5/10/84 783 7 8 o7 241 240
& 671784 174 7 & 28 269
7 7/13/84 441 & -1 3 352
3 7/26/84 ] 2 4 1 343
@ 8/24/84 83 3 7 1 354
10 9/13/84 684 Q 7 98 452
" 10714784 189 2 5 37 489
12 3/12/83 517 15 5 100 589
13 46/18/85 138 & S 26 415 375
14 7729785 86 23 3 12 627
15 8/31/85% 182 3 5 34 663
16 &727/86 274 1 5 53 716 100
17 TFi5/87 1863 a 5 373 1089 373
18 4/30/88 381 . D 3 127 1216 127
19 6/28/88 738 125 5 123 1339
20 10/9/88 291 3 4 72 1411
21 S/11/89 o7 3 4 24 1435 ) 218
22 7/26/89 23 0 4 6 1641
23 10£13/89 37 4 4 7 1448
24 5/17/90 3 g & o -2 1446 11




Interval

WY —

Date

6728783
7113783
8/23/83
10715783
5/10/84

6/1/84
7/13/84
T/24/84
B/24/84
2/13/84
10/14/84
3712785
4720785

6/18/85
7729/85
8/31/85
&/28/85

7/15/87
4/30/88
6/28/88

10/9/88
5/11/89

7/26/89
10/13/89
5/16/90

Recession
(em)

22
16
10
22
141

2
172
141
172
18
1"
273
180

217
60
28

5
68
219
3Q

- 25

(= V]
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STATION 57

Accumelation Pins Recession Recession

(cm)

i = O

— — L Lot (=] E 2 W ] BRI A DR e L~y
-~ £ Do [+ o L] v

o
o

= 0o 09 o oo oo 0o O 0 0 0 a0 R

[+ ¢ -] -] =]

~ =~

Average Cumilative

{cm) {cm)
3 3

2 3

1 &

3 9
17 26
-1 25
17 42
18 &0
21 81
14 95
1 25
32 128
26 154
27 181
7 88
3 191
-3 188
144 334
23 357
2 359
-5 354
2 356
-2 354
-2 352
-4 348

Recession/Year
{em)

23

128

34
146

23
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STATION 58
Average Cunulative
Interval Date Recession Accumulation Pins Recession Recession Recession/Year
{cm) (cm} {em) {cm) {cm}
1 /24783 0 ' 0 0 0 0
2 7/13/83 5 12 8 -1 -1
3 8/23/83 27 1 8 3 2
4 10/15/83 18 9 8 1 3
5 5/10/84 43 24 8 2 5 )
& &6/1/84 5 5 8 0 S
7 7/13/84 1 3 8 1 &
8 7724784 289 2 8 35 42
9 8/246/84 151 1 8 19 61
10 G/13/84 2 1 g 0 &1
ik 10/14/84 4 1 8 0 &1
12 4/26/85 14 [ 7 1 82 57
13 6/18/85 2 3 7 0 62
14 8/2/85 11 8 7 a 62
19 8/31/85 é 4 7 D 52
14 &/28/86 08 9 7 43 105 43
17 7/15/87 704 1} 3 17 222 17
18 5/1/88 1z 94 & 3 225 3
19 &/28/88 6 8 6 225
z0 7/19588 118 g & 18 243
21 10/9/88 177 9 & 28 271 '
22 5/11/89 42 5 3 6 277 52
23 7/27/89 10 4 7 1 278
26 10714489 111 43 7 10 288
25 5/16/90 52 17 7 5 293 16




139

STATION 59
Average Cumulative
Interval Date Recession  Accumulation Pins Recession Recession Recession/ffear
{cm) {em) {cm) {em) {cm
1 &6/24/83 41 1] 4 10 10
2 77/13/83 7 3 4 1 11
3 7/28/83 5 Q 4 1 12
4 8/23/83 1 7 4 -2 10
5 10/15/83 4 2 4 ] 11
) 5/10/84 .- -- 4 0 11 11
7 871784 28 11 4 4 15
3 7/713/84 275 3 4 &8 83
9 7/24/84 2 4 4 -1 82
10 8/24/84 27 ) A 7 ag
1} 9713784 t 5 4 -1 88
12 10414 /84 42 4] A 11 99
13 _ L426/85 3 2 [ g 99 &8
14 ,.6/18/85 2 0 4 1 100
15 872785 [ 0 4 1 101
16 b6/28/856 200 30 4 43 144 44
17 7/714/87 807 0 4 202 E1- 202
18 5/1/88 i1 17 4 24 370 24
19 6/28/88 16 1 4 4 374
20 10/9/88 56 | 4 1 385
21 5/11/8¢% 4 41 4 -9 376 . &
22 7/27/89 3 7 4 -4 372
23 10714789 1 12 4 -3 369
24 5/16/90 0 8 4 -2 367 8
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STATION &0
Average Cumulative
Interval Date Recession Accumulation Pins Recession Recession Recession/Year
{cm) {cm) {em) (cm) {cm)
1 6/1/83 35 [a} 1 35 35
2 7/13/83 21 0 1 21 56
3 7/28/83 0 - 4 1 -4 52
4 8,23/83 4 Q H [ 56
5 10/15/83 0 4 1 -4 52
& 5/10/84 9 0 1 g é1 ’ &1
7 &6/1/84 ] & 1 -6 55
8 7/13/84 0 2 1 -2 53
? 7724784 2 0 1 2 55
10 8/24784 0 1 1 -1 54 .
11 9/15/84 0 0 1 0 54
12 10714/84 0 0- 1 0 54
13 3/12/85 3 0 1 3 37
14 4/26/85 0 0 1 0 57 -4
15 6/18/85 ] 0 1 0 57
16 871785 0 0 1 1] 57
17 8/31/85 0 i 1 v} 57
18 6/28/86 35 q 1 is 92 35
19 T/16/87 200 0 1 200 292 200
20 5/1/88 0 6 1 -6 286 -6
21 6/28/88 3 0 1 3 289
22 10/9/88 ] 1 1 -1 288
23 5/11/8¢9 0 v} 1 0 288 4
24 T/27/8% 0 11 t -1 277
25 10/14 /8% 0 0 1 0 27T
26 5/16/90 5 0 1 5 282 -6




Interval

- ~] O R R -

ok wm bk —k
Vi —O

—_ s —a
O~ o

[} ]
o

21

22
23
24

25
26
27

Date .

6/1/83
&6/23/83
7T/13/83
7/28/83
8/23/83
10715783
5/10/84

6/1/84
7/13/84
7/26784
B/24/84
9/13/84
10/14/84
3/12/85
4/26/85

&6/18/85
8/1/83

8/31/85
6/28/856

7716/87
S51/88

6/28/88
10/9/88
5/11/89
7727789

10714789
5/16/%90

Recession
(cm)

&5
5

2
273
68
s
253

0
432

o0 Q o
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STATION &1

Accumlation Pins Recession Recession

(cm)

~N oGO

<

Average Cumulative

{cm) {cm)
1 &5 &5
1 5 7a
1 1 71
3 46 v
2 0 17
3 -1 116
3 85 201
2 Q 201
3 72 273
.- -- 273
2 0 273
1 0 273
1 1] 273
'] Q 273
o] 0 273 .
0 0 273
5 38 3N
& i n2
5 13 325
s kYad 702
5 1 703
5 -8 495
5 17 e
5 7 719.
S 3 TRé
5 -3 719
5 -1 718

Recession/Year
(cm)

2m

72

52
377

16
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| STATION &2
Average Cumulative
Interval Date Recession Accunulation Pins Recession Recession Recession/Year
(cm) (emy - (cm} (em) {cm)
1 - -m - - - -
z - - - ar atm -
3 7/13/83 39 14 5 5 5
4 7728783 59 7 3 10 15
5 . 8/23/83 156 5 5 30 45
& 10715783 83 & 5 12 a7
7 5/10/84 38 17 5 14 71 71
) 6/1/84 3 12 5 -2 &9
@ 7733784 65 4 5 12 a
10 7/26/84 142 1 5 28 109
1 B/e4 84 5 1 5 19 128
12 9/13/84 7 o 4 2 130
13 10/14 /84 43 0 4 " 141
14 3412785 77 13 [ 6 157
15 4/26/85 48 19 4 2 159 88
16 &£/18/85 55 ] 5 1 170
17 8/1/85 63 4 [ 10 180
18 8/31/85 13 2 & 2 182
19 6/28/86 13 15 & -9 173 14
_ 20 718787 B4 0 5 169 2 169
: 21 s/1/88 310 32 5 56 398 . = 56
22 6/28/88 27 @ 5 4 402
23 10/9/88 16 18 5 [4] 402
24 5711789 15 28 5 -3 199 1
25 7127789 21 ) 33 5 -3 296
26 10713789 132 9 5 25 421
27 " 5/16/90 5 10 5 -1 420 20




APPENDIX 11

BANK RECESSION STATION GEOLOGIC DESCRIPTIONS

EIPLANATION

CCC: - Coarse clast count (areal percent of the beach covered
by sediment that is pebble-size or larger).

Geglogic Units

- Cahe Formation.
ZCB - Upper Snow Schoel till.
%?f%; - Lower Snow School Formation.
[é{ik = Upper Horseshoe Valley till.
000
'?:ﬁé - Lower Horseshoe Valley till,
Fa) aa
IASAl - Upper Medicine Hill till.’
- Sentinel Butte Formation channel sandstone.
SETEs I Sentinel Butte Formation mudstone.
AL :
- Sentinel Butte Formation concretion layers.
-
Sty B Sentinel Butte Formation clay.
- - Sentinel Butte Formation lignite.

143
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gtation #1 ©  tocation: NW,SW,30,T147N,R24N Date: 8/12/89
Current Recession: (1.12 m)/yr. Interval: 13583-1990

Geometry:
Orientation: Northeast (40°)

Beight: 2.4 m
Slope: >85°

stratigraphy:
2. oahe Formation (wind-blown silt}.
1. Upper Snow School till.

Structures:
2. wWell-developed closely spaced vertical fractures forming a
columnar jointing pattern. Vertical fracture freguency of 8/m.
1. Vertical fracture with a frequency of about 3/m. Most are 30-100
em long. Vertical fractures are directionally dispersed in this
area; however, there are two weakly defined preferred orientations

at approximately 18° and B86°.

Bank Top Characteristics:
Slope: Flat.

Topography: Low-lying and flat point extending southeast from Lake
Sakakawea State Park headland.

Vegetation: Long thick grass.

Wave Factors:
Effective Fetch: 7.5 kilometres (northeast)

Beach Riprap: CCC: 75%, pebble stringerd and berms composed of hard
cobble-size flat slabs baked by lignite burns.

Shoreline Geometry: Straight northeast-facing shoreline.

pominant Bank Failure Mechanisms: Minor toppling and high-angle sliding
along vertical bank-parallel tension

fractures.
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station #2 ‘ Location: NE,NE,NE,24,T147N,RB83W pate: 8/10/89
Current Recession: (0.7 m/yr). Interval: 1983-1990

Historical Recession: (1.14 m/yr). Interval: 1964-1979

(0.85 m/yr). Interval: 1979-1888

Geometry:
Orientation: Northeast {47°)

Height: 7.6 m
Slope: 85°

Stratigraphy:
4. Oahe Formation: 0-1 m discontinuous.
3, Upper Snow School.till: 0-1 m thick.
2. Lignite: 0-0.3 m thick.
i. Sentinel Butte mudstone.

Structures:
4. Closely apaced vertical fractures extending through unit.

3. Poorly developed vertical fractures.

2. Dense blocky fracture pattern consisting of short and closely
spaced horizontal and vertical fractures perpendicular to bank
surface. Contains scattered pieces of petrified wood.

1. Well-defined 0.05-0.3 m bedding and a blocky fracture pattern
consisting of poorly developed horizontal fractures and two sets of
short vertical fractures criented at 93° and 149°.

Bank Top Characteristics:
Slope: 5° upslope.

Topography: Flat land sloping gently to the southeast.
Vegetation: Prairie grass and sweet clover.

Wave Factors:
Effective Fetch: 5.1 kilometres northeast.

Beach riprap: CCC: 83%, widely scattered boulders on a clinker pebble
beach, mostly pebbles, approximately 2% boulders.

'Straight northwest to southeast trending shoreline
along large headland‘projectingrnorthward inte the

lake.

Shoreline geometrxy:

Dominant Bank Failure Mechanisms: Top half of bank failing due to high-
angle slides and topples along large

vertical bank-parallel fractures.

Small-scale block toppling is the dominant failure
mechanism for the bottom half.

e e me 357 7t S e i

i <o e L
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Figure 39. .Station 2.
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station #3 Location: NW,SE,NW,24,T147N,RB5W Date: 8/14/89
Current Recession: (0.76 m/yr). Interval: 1983-1950

Geonetry:
Orientation: North facing (350°)

Height: 3.4 m
Slope: 25-90°

Stratigraphy:
2. OCahe Formation (wind-blown silt}y.
1. Upper Snow School till.

Structures:
2. Well-developed closely-spaced vertical fractures forming a columnar
jointing pattern. Vertical fracture freguency 10/m.
1. vertical fractures frequency about 3/m. Most are 30-100 cm
long. Vertical fractures are directionally dispersed in this area;
however, there are two weakly-defined preferred orientations at
approximately 18° and 86°.

Bank Top Characteristics:
Slope: Flat.

Topography: Flat to gently sloping disgected headland.
Vegetation: Short grass (picnic and camping site).

Wave Factors:
Effective Fetch: 1.9 kilometres (northeast).

Beach Riprap: CCC: 15%, scattered stringers of gravel.

o0

AR

Shoreline Geometry: Short neorth~facing section of an irregular,

dissected, and low-lying shoreline on the Lake
Eﬁ ' Sakakawea State Park headland. This shoreline
s is protected from wave action by several islands
to the neorth.

s

Dominant Bank Failure Mechanisms: Minor toppling and high—angle sliding
along vertical bank-parallel tension

fractures.
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Figure -40. Station 3,
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station #4 Location: 5SW,NW,25,T147NH,R35W Date: 2/12/89

current Recession: (0.90 m/yr). Interval: 1983-1990

Geoketry:
orientation: North

Height: 30 m

Slope: 70-80°

strLtzgraphyz

2
1

Thin discontinuous Qahe Fcrmatlon {wind-blown silt}).
Upper Snow School till.

Structures:
;T Well-developed closely spaced vertical fractures forming a columnar

Bank

jeinting pattern. Vertical fracture fregquency is approximately
10/m.

Vertical fractures with a frequency of about 4.5/m. Most fractures
are 30 to 100 cm long. Vertical fractures are directicnally
dispersed in this area; however, there are two weakly defined
preferred orientations at approximately 18° and 86°.

Top Characteristics:

Slope: Flat

Have&

Ef

Bar

Tdpography: End of a flat point extending northwest. This area is

in a protected bay used for the Lake Sakakawea State
Park Boat Marina. Topography is flat to slightly
gloping and disgected.

Vﬂgatatiﬂn: Short grass in a parking area and short-grass prairie.

Factors:
ective Fetch: 1.0 kilometres {(northwest).

ch Riprap: CCC: 50%, depositional beach composed of sand and gravel
with scattered cobbles and boulders.

Shoreline Geometry: Tip of a narrow northwest-facing peint in a

protected bay.

Dominant Bank Failura Mechanisms: Toppling and high-angle sliding aleng

vertical bank-parallel tension

fractures.
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Figqure 41. Station 4.
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station #5 Location: NW,NE,SW,25,T147N,RBSW Date: 8/13/89

Current Recession: (0.45 m/yr). Interval: 1983-1990Q

cecnetry:
Orientation: West-northwest

Height: 4.6 m

Slope: 75-90°

stfatigraphy:
2. Upper Snow School till.
1. Lower Snow School Formation (thinly cross-bedded sand}.

Structures: )
2. Wertical fractures with a frequency of about 3.0/m. Most fractures

are 30-100 cm long. Vertical fractures are directionally
dispersed; however, there are two weakly-defined preferred
orientations at 8° and 86°.

1. Thin (<1~3 cm) near-horizontal cross-beds. Vertical fractures
mostly 30-100 cm leong. Vertical fracture frequency approximately
4,0/m. Vertical fractures are directionally dispersed, but there
are two preferred orientations in this area at 18° and 86°.

Bank Top Characteristics:
Slope: Upslope from bank 3-5°. :

Topography: Flat dissected headland sloping slightly to the west
toward a flooded tributary valley.

Vegetation: Short-grass prairie.
Wave Factors:
Effective Fetch: 0.5 kilometres (west).
Beach Riprap: CCC: 70%. Mainly a depoeitional beach composed of

layers of sand and gravel with scattered stringers of
flat cobble size pieces of hard mudstone baked by

lignite burns.

Shoreline Geometry: Low west-facing shoreline in a narrow bay.

Dominant Bank Failure Mechanisms: Minor toppling at the top one to two
metres of the bank in the Upper Sne

‘School till.




S metres

Figure 42. Station 5.
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station #6 location: SE,NE,NE,21,T147,R35W Date: 8/15/89

Current Recession: (1.15 m/yr.} Interval: 1983-1%90

Gaometry:
orientation: North-northeast (015°)

Height: 18 m
Slope: 70-B0°
Stratigraphy: 1. Upper Snow School till.

Structures:

1. Well-developed vertical fractures, columnar jointing pattern is
apparent in the upper third of the bank, poorly developed
horizontal fractures, and scattered silt inclusions and sand and
gravel lenses. Vertical fractures frequency approximately 2.4/m.
Horizontal fracture frequency approximately 2.5/m. Most vertical
fractures are 30-100 cm long. Some are up to 500 cm loang.
Vertical fractures are directionally dispersed; however, there ia
one well-defined fracture set oriented at 172° and a dispersed set
oriented at approximately 111°.

Bank Top Characteristics:
Slope: Flat in the direction away from the bank edge and steep down
slope in either direction parallel to the bank. '

Topegraphy: Crest of a steep hill. This area is hilly and dissected.
Vegetation: Short grass. Area formerly grazed and cultivated.

Wave Factors:
Effective Fetch: 5.0 kilometres (north).

Beach Riprap: CCC: 50%, mainly cobble and boulder lag from eroded
till.

Shoreline Geometry: Middle of a small nerth-facing bay along a
scuthwest to northeast trending dissected
~shereline. The bay is exposed to a northerly
fetch.

Dominant Bank Failure Mechanisms: Toppling and high~angle sliding along
' large vertical bank-parallel tension

cracks.
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Figure 43. Station 6.
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station #7 Location: SE,NE,NE,21,T147,R85W Date: B/f15/89

current Recession: (1.29 m/yr.) Interval: 1983-1990

ceometry:
Oorientation: North-northeast (15°)

Height: 15 m
Slope: 70-80°

Stratigraphy:
2. Upper Snow School till.
1. Lower Snow School formation.

Structures:
2. Well-developed vertical fractures. Columnar jointing pattern is

apparent in the upper third of the bank. Poorly developed
horizontal fractures. Scattered silt inclusion and sand and
gravel lenses. Vertical fracture frequency approximately 2.4/m.
Horizontal frequency approximately 2.5/m. Most vertical fractures
are 30-100 cm long. Some are up to 500 cm long. Vertical
fractures are directionally dispersed; however there is one well-
defined fracture set oriented at 172° and a dispersed set oriented

at approximately 111°.

1. Thin (<lcm-Scm} cross-bedded sand and silt with larger lignite

clasts. Fractures are not well-developed in this unit.

Bank Top Characteristics:
Slope: Upslope from bank edge 2°-5°,

Topography: Side of a steep hill. The topography is hilly and
digsected. C

Vegetation: Short grasas, formerly grazed.

Wave Factors:
gffective Fetch: 5.0 Kilometres (north).

Beach Riprap: CCC: 50%, mainly cobble and boulder lag from eroded
till.:

Shoreline Geometry: Middle of a small north facing bay along a
southwest- to northeast-trending dissected

shoreline. The bay is exposed to a northexly
fetch.

Toppling and high-angle gliding along
vertical tension cracks.

‘Dominant Bank Failure Mechanisms:
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station #50 Location: SW,SW,34,T147,R84W Date: 8/16/8%
Current Recession: {0.25 m/yr). Interval: 1983-1990

Bistorical Recession: (1.9 m/yr). Interval: 1969-1979
(0.2 m/yr). Interval: 1979-1988

Geocmetry:
Orieantation: West-northwest (290%)

Height: 18 m

Slope: 75°

Stratigraphy:
4. Pebble till 0-2 m thick and discontinuocus.
3. Interbedded Sentinel Butte formation mudstcone, limestene,
mudstone, and concreticnary limestone lenses and channels,
2., Sentinel Butte Lignite.
1. sentinel Butte mudstcne. Clay-rich facies highly desiccated.

sandy

Structures:
3. Strong bedding and short vertical fractures well-indurated

limestone beds and cencretions.,
2. Dense blocky fracture pattern consisting of closely spaced
herizontal and vertical fractures scattered pieces of petrified

wood. :
1. Closely spaced bank-perpendicular desiccation cracks forming a

block fracture pattern.

Bank Top Characteristics:
Slope: 15° uphill for 30 m then flat.

Topography: Steep slopé up from river valley to gently sloping flat
land. Landscape is dissected near valley.

Vegetation: Short-grass prairie including cactus and buckbrush.

Wave Factors:
Effectiva Fetch: 4.5 miles (northwest wind).

Beach Riprap: CCC: 62%, mostly large well-indurated limestone and
sandstone slabs weathered from bank. Alseo, glacial

boulders and petrified wood.

Shoreline Geometry: Steep dissected NNE to SSW trending shoreline.

Dominant Bank Failure Mechanisms: Small block falls and larger high-
angle topples along vertical bank-parallel fractures at

the top few metres of the bank.
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Figure 45. Station 50.
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station #51 Location: NW,NE,NW,22,T147N,R84W Date: 8/17/89
Current Recession: (0.90 m/yr}. Interval: 1983-1990
Eistorical Recession: (5.85 m/yr). Interval: 1969-1879
Geometry!:
Orientation: Scuth-facing side of point 175°. west-facing side 268°,
Height: 6.7 m
Slepe: Stepped slope 70-390°.
Stratigraphy:
3, Upper Horseshoe Valley till.

2. Lower Horseshoe Valley Formation (locse sand and gravel).
1. Upper Medicine Hill till.

Structures:

3. Ccolumnar jointing pattern consisting of large, well-developed, and
+ widely spaced vertical fractures. Two vertical fracture sets here
"4 are oriented at 28° and 150°., The average vertical fracture

frequency is approximately 2.0/m. Many vertical fractures are

over 100 cm long.
; 1. well-developed horizontal, obligue and vertical fractures.
¥ Horizontal fracture frequency 5.3/m. Vertical fracture frequency
' 8.8/m. One dominant vertical fracture set oriented at 10°, and two
more vertical fracture sets at 75° and 148°. Most of the vertical
fracture are 20- 60 cm long.

Bank Top Characteristics:
Slope: Flat

Topography: Small point extending out from Wolf Creek headland.
Gently undulating landscape.

_ﬁ Vegetation: Short grass.

Wave Factorxs:
Effective Fetch: 9.2 kilometres (northwest).

Beach Riprap: CCC: 44%, 20% boulders 24% cobbles and pebbles.

E Shoreline geometry: Small point extending westward.

Dominant Bank Failure Mechanisms: Toppling and high-angle sliding along
vertical fractures in the Upper Horseshoe Valley till.
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Station #52 Location: NE,NE,NW,22,T147N,R84W  Date; B/19/89

Current Recession: (0.%0 m/yr). Interval: 1983-1990

Geometry:
orientation: Bank faces south-scuthwest to northwest 195°-300° aleng

a small point.
Height: 7.0 m
Slope: B85°

Stratigraphy:
2. Cahe Formaticn (Wind-blown silt).
1. Upper Horseshoe Valley Till.

Structures:
2. Columnar jointing pattern consisting of well-developed, closely

spaced vertical fractures. .
1. Columnar jointing pattern consisting of long, well-developed, and

widely spaced vertical fractures. Two vertical fracture sets and

oriented at 28° and 150°. Average vertical fracture

frequency 2.0/m. Many vertical fractures are over 100 cm long.

Bank Top Characteristics:
slope: Slightly up hill slope 1° to 2° away from bank.

Topography: Gently rolling topography. Dissected neay lake.
Vegetation: Short-grass prairie. .

Wave Factors:
Effective Fetch: 9.2 kilometres (northwest).

Bedch Riprap: CCC: 70~75%, 1-5% boulders, 30~50% cobbles, 15~40%
pebbles.

Shoreline Geometry: Small point extending westward from the Wolf Creek
Point headland. The shoreline configuration is
irregular in this area. Small bays on either side

of this station.
Dominant Bank Failure Mechanisms: Toppling and high-angle sliding along

large vertical fractures in the Upper Horseshoe
Valley till.
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} : Station #53 Location: SW,NW,4,T147,R84W Date: 8/20/89
current Recession: {0.37 m/yr). Interval: 1983-1890
Bistorical Recession: (0.14 m/yr). Intervai: 1979-1988

Geometry:
Orientation: Southwest {(230°)

Height: 13.7 m
Slope: 80°

“stratigraphy:
2. Upper Medicine Hill tiil.
1. Sentinel Butte Formation mudstone.

Structures:
2. Well-developed vertical, horizontal, and obligue fractures.
Horizental fracture frequency 4.5/m. Vertical frequency is 2.5/m.
Two vertical fracture sets oriented at 87° and 161°. Most vertical
fracture are 20-60 cm long. Scattered gravel lenses.

1, Blocky fracture pattern consisting of clesely spaced, well-developed
vertical fractures interesting weakly developed horizontal fracture.
Horizontal and vertical fracture frequencies about 4.5/m. Most
vertical fracture are 30-80 cm long. Four vertical fracture sets
oriented at 6°, 91°, 48°%, and 139°,

Bank Top Characteristics:
Slope: Flat.
Topography: Flat headland.
Vegetation: Short-grass prairie,

Wave Factors:
Effective Fetch: 6.6 kilometres (South and southwest).

Beach Riprap: CCC: 71%, bouldexrs 50%, pebbles and cobbles 31%.
Shoreline Geametry: Tip of southeast extending point extending from

the Fort Stevenson State Park headland. Mostly
straight southwest-facing shoreline.

Dominant Bank Failure Mechanisms: Minor toppling and high-angle slides
at the top few metres of the bank. Thaw failure
and runoff at bank surface.
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station #54  Location: SE,31,T14BN,R84W pate: 8/20/89

Current Recession: (1.40 m/yr). Interval: 1983-1990

Gecometry:
Orientationt: Southwest

Height: 3.7 m
Slope: 75-80°

Stratigraphy:
1. Sentinel Butte mudstone (clay-rich facies) with several thin (5-10
cm) lignite beds.

Structures:
1. very closely spaced desiccation cracks on bank surface. Because of

the highly weathered character of this clay-rich material it was
not possible to observe primary bank fractures at this site.
Vertical fracture sets are oriented at 6°, 91°, 48°, apd 139°.

Bank Top Characteristics:
Slope: First 10 metres from bank edge flat, then steep rise up to

flat highland.
Topography: Flat headland, slightly dissected near lake.

Vegetation: Thick grass and alder brush.

Wave Factors:
Bffective Fetch: 2.0 kilometres (southwest).

Beach Riprap: CCC: 1-3%, cobbles, pebbles, and small pieces of
petrified wood. Discontinucus patches of sgand,
mudstone, and lignitq beach.

Shoreline Geometry: Straight northwest to southwest trending
shoreline.

Pominant Bank Failure Mechanisms: Frost action, sheet wash, and
chemical weathering of clay.
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station #55 Location: SE,31,T148N,RBAW Date: B/21/89

Current Recession: (2.86 m/yr). Interval: 1983-1990

Geometry:
Orientation: Scuthwest

Height: 1l m
Slope: B80-85°

Stratigraphy:
3. Thin {0-40 cm) discontinuous layer of Cahe Formation (wind-blown
gilt).
2. Upper Snow Scheool till.
1. Sentinel Butte mudstone.

Structures:

3. Well-developed closely spaced vertical fractures with a columnar
jointing pattern.

2, Vertical fractures with a columnar jointing pattern.

1. Blocky fracture pattern consisting of well-developed vertical
fractures intersected by bedding planes and poorly developed
horizontal fractures. Vertical and horizental fracture frequencies
are four to five fractures/metre. Most vertical fractures are 30-
80 cm long. Well developed 2-15 cm bhedding. Four vertical
fracture sets in this area are oriented at 6°, 91°, 48°, and 139°,

Bank Top Characteristics:
Slope: Flat.

Topography: Slightly dissected headland

Vegetation: Short grass and gravel. Park maintenance facility was
formerly located here,

Wave Factors:
Effective Fetch: 9.0 kilometres (southwest}.

Beach Riprap: CCC: 1-3%, cobbles, pebbles, and small piecea of
petrified wood,

' Shoreline Geometry: Straight northwest to southeast trending
shoreline,

Dominant Bank Failure Mechanisms: Toppling and high~angle sliding along
large vertical bank-parallel tension cracks.
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Station #56 deation: NE,SW,31,T148N,R84W Date: 8/21/89

Current Recession: (2.06 m/yr). Interval: 1983-1990

_ Geometry:
"y Orientation: Southwest (225°)

Height: 12 m
Slope: 20-85°

| '~ Stratigraphy:

3. Upper Sncw School till.

2. Sentinel Butte Formation lignite and clay. s
1. Sentinel Butte Formation mudstone.

. Structures:
ﬂ 3. Prominent columnar jointing pattern consisting of long vertical
q fractures greater than 100 cm. Most vertical fractures are 30-100
cm. Vertical fracture frequency approximately 2.5/m.

¥ 2. Very closely spaced bank-perpendicular horizontal and vertical
desiccation fractures.

1. Blocky fracture pattern consisting of well-developed vertical
fractures intersecting horizontal bedding planes and poorly
developed horizental fractures. Vertical and horizontal fracture
frequencies are approximately 5.0/m. Most vertical fractures are
30-80 cm long. Four distinct vertical fracture sets are oriented
at 6°, 91°, 48°, and 139°.

Bank Top Characteristics:
Slope: Flat. ‘

Tepography: Flat to slightly-sloping and dissected highland.on the
Fort Stevenson State Park headland.

Vegetation: Long grass.

Wave Factors:
Effective Fetch: 9.9 Kilometres (southwest).

Beach Riprap: CCC: 20%, cobble pebble stringera 10%. Scattered large
' spherical concretions and boulder lag 10%.

Shoreline Geometry: High straight southwest-facing‘shoreline along the
' Fort Stevenson State Park Headland.

Dominant Bank Failure Mechanisms: Toppling and high-angle sliding along
large vertical bank-parallel fractures
in the Upper Snow School till
extending down into the Sentinel Butte
Formation.
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station #57 ' Location: SE,NW,31,T148N,R84W Date: 8/24/89
| Current Recession: (0.49 m/yr}. Interval: 1983-1990
Gecmetry:

Orientation: West-scuthwest (255°)
Height: 12 m
i ‘. Slope: 80-85°

Stratigraphy:
3. Upper Snow Schocl till,
2. Sentinel Butte Formation channel sandstone and interbedded
concreticnary lenses.
1. Sentinel Butte Formation mudstone and interbedded lignite at beach

level.

Structures=:

3. Prominent columnar jointing pattern consisting of vertical
fractures greater than 100 cm long. Most vertical fractures are
30-100 cm long. -Vertical fractures frequency about 2.5/m.

2. 5-50 ¢m near-horizontal cross-bedding. Horizontal fractures very

; poorly developed, frequency 1.8/m. Vertical fractures are well-

3 developed, freguency 1l.6/m. Most vertical fractures are 30-80 cm
' long and terminate at intersections with bedding contacts or 15-50
cm thick concretionary lenses. Four distinet vertical fracture
sets oriented at 6°, 91°, 48°, and 13%9°¢.

Bank Top Characteristics:
Slope: Flat. )

Topography: Flat dissected upland sloping gently westward.
Vegetation: Sheort grass.

Wave Factors:
Effective Fetch: 9.0 Kilcometres (South and southwest)

Beach Riprap: CCC: 25%, cobble and boulder lag from eroded till
about 10%.

Shoreline Geometry: Straight west-southwest facing shoreline near the
tip of a small northwest-facing point on the Fort Stevenson

State Park peninsula.

Deminant Bank Failure Mechanisms: Toppling and high-angle sliding along
large vertical bank-parallel tensicn fractures in the Upper
Snow School till and extending down inteo the Sentinel Butte

Formation,
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Station #58 Location: NW,NW,NW,3,T147N,R85W . Date: 11/25/8%9
Current Recession: (0.42 m/yr). Interval: 1983-199Q
Historical Recession: (<0.10 m/yr). Interval: 1964-1%979

(<0.10 m/yr). Interval: 1977-1988

Geometry:?
Orientation: South (170°)

HEeight: 5.5 m

Slope: 68°

Stratigraphy:
2. Large Upper Medicine Hill silt inclusien.
1. Upper Medicine Hill till.

Structures:
2. Thin bedding and pocrly developed and widely spaced vertical

fractures.

1. Scattered silt lenses; well-developed horizontal, coblique, and
vertical fractures. Herizontal and vertical fracture frequencies
approximately §/m. Three vertical fracture sets consisting of (10-
60 cm) fractures of oriented at 47°, 85°, and 147¢. Mineral
coatings on most fracture surfaces.

Bank Top Characteristics:
Slope: Slight, 2-3°, upslope.

Topegraphy: Side of small ridge with a shallow valley to the east.
Vegetation: Prairie-grass.
Wave Factors:
Effective Fetch: 4.6 mileg (south wind).
Beach Riprap: CCC: 65%, boulders 5%, cobbles 60%.

Shoreline Geometry: Straight and south facing.

Dominant Bank Failure Mechanisms: ¥inor toppling and high-angle slides
at the top one to two metres. Thaw failure and

sheet wash.
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statiomn #59 Lacatiogz NE,NE,NE,4,T147H R85H Date:; 11/25/8%9
Current Recession: (0.52 m/yr). Interval: 1883-1990Q
Geometry:
Orientation: South
Height: 7.6 m
Slope: 80-90°

Stratigraphy!
1. Upper Medicine Hill till.

structures:

1. Weil-develeped horizontal, vertical, and cblique fractures, most
are cleosed and filled with mineral material. Horlzontal fracture
frequency 3.6/m. Vertical fracture frequency 6.7/m. Most vertical
fractures are 20-60 cm long. There are three near-vertical sets
oriented at 85°, 47° and 130°. Scattered small silt and gravel

lenses.
Bank Top Characteristics:
Slope: Flat.
Topography: Gently rolling dissected.
Vegetation: Short-grags prairie.
Wave Factors!
Effective Fetch: 6.9 kilometres (southeast to southwest).
Beach Riprap: CCC: 70%, cobbles 10-70% boulders 5-10%.

Shoreline Geometry: Point of a small headland along a dissected
shoreline.

Dominant Bank Failure Mechanisms: Minor toppling and high-angle sliding
aleong small bank-parallel tension cracks at the
top one to two metres. Sheet wash and thaw

failure.
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station #6860 lLocaticn: NE,NE,6,7147N,RB5W Date: 10/14/8%

Current Recession: (0.40 m/yr). Interval: 1983-1990

Geometry:
Orientation: East-northeast {(707)

HBeight: 7.6 m

Slopes 75°

Stratigraphy:
3. Upper Hor=zeshoe Valley till.

2.
1.

Sentinel Butte Formation Lignite and clay.
Sentinel Butte Formation mudstone.

Structures:

3.

Large widely spaced vertical fractures (columnar jointing
pattern}. Horizontal fracture frequency <1l/m. Vertical fracture
freqgquency 2.6fm. Many vertical fragtures >100 cm long. Two
vertical sets at 152° and 35° and a third weakly defined set at 0°.
Closely spaced horizontal and vertical desicecation cracks in
lignite and adjacent clay. vertical and horizontal frequencies
about 20/m.

Blocky fracture pattern with well-developed vertical

fractures intersected by bedding conducts and weak horizoental
fractures. Most vertical fractures 30-80 cm long. Vertical and
horizontal frequencies about 5/m. Four vertical sets at 3¢, 9z2°,
420, 140°,

Bank Top Characteristics:
Slope: Side of hill, upslope 10-20°.

Topography: Hilly dissected headland.

Vegetation: Short-grass prairie, minor buckbrush.

Wave Factors:
Effective Fetch: &.0 kilometraes (southeast).

Beach Riprap: CCC: 10%, pebble stringers 5%, cobbles and small

petrified wood pieces 5%.

shoreline Geometry: Straight east-facing shoreline of a small point

Domipant Bank Failure Mechanisms: Minor toppling and high-

extending south from a hilly digsected headland.

angle sliding

along bank-parallel tensicn cracks at the upper 1-2
metres. Mostly thaw failure and sheet wash.
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‘ "_~ ) Station #61 Location: NE,NE,6,T147N,R85W Date: 10/14/89

‘ 1 Current Recession:rtl.oj m/yr). Interval: 1983-13990

Gecmetry?:
Orientation: South (180°)

Heightt 7.9 m

Slope: 80°

Stratigraphy:
3. Upper Horseshoe Valley till.
2. Sentinel Butte Formation lignite and clay.
1. Sentinel Butte Formation mudstone.

Structures:
3. Laxge vertical fractures {columnar jointing pattern). Horizontal

fracture frequency <l/m. Vertical frequency 2.6/m. Many vertical
fractures >100 cm. Three vertical sets at 152°¢, 35°, and 0°.
2. Closely spaced horizontal and vertical desiccation cracks (20 /m).
1. Blocky fracture pattern with well-developed vertical fractures
intersected by bedding contacts and weak horizontal fractures.
Most vertical fractures (30-80 cm). vertical and horizantal
frequencies 5/m. Four vertical sets at 3°, 92°, 42°, and 140°.

Bank Top Characteristics:
Slope: Upslope from bank 1-3°.
Topography: Hilly dissected headland.

Vegetation: Sheort-grass prairie.

Wave Factors:
Effective Fetch: 6.0 kilometres {south and southeast).
Beach Riprap: CCC: 5%, boulders, cobbles, and petrified wood.

Shoreline Geometry: Tip of south-facing point extending from a large
dissected and hilly headland.

pominant Bank Failure Mechanisms: Toppling and high-angle sliding along
large bank-parallel vertical fractures in the
Upper Horseshoe Valley till extending down into
the Sentinel Butte Formation. '
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Station #62 Location: NE,NE,6,T147N, RBSW Date: 10/14/8%9
Current Recesgion: (0.60 mfyr). Interval: 1983-1990

Geometry:
Orientation: West

Height: 11 m

Sloper B80-90°

Stratigraphy:
2. Upper Borseshoce Valley till.
1. Sentinel Butte Formatlon mudstone with minor interbedded limestone

lenses.

Structures:
2. Large vertical fractures (columnar jointing pattern). Horizontal

fracture frequency <l/m. Vertical fequency 2. 6/m. Many vertical
fractures >100 cm. Three vertical sets at i52°, 35°, and 0°.

1. Blocky fracture pattern with well-developed vertical fractures
intersected by weak horizontal fractures and bedding. Most
vertical fractures are 30-80 cm long. Vertical and horizontal
frequencies about 5/m, and much higher in the lignite. Four
vertical fracture sets at 3°, 92°, 42°, and 140°.

Bank Top Characteristics:
Slope: Slight upslope from bank edge 1-5°,

Topography: Side of a hill on a hilly headland.
Vegetation: Short-grass prairie. Abundant cactus.

Wave Factors:
Effective Fetch:

Beach Riprap: CCC: 5%, scattered boulders,cobbles, and petrified wood.

Shoreline Geometry: West-facing bank along a point extending southward
from a hilly dissected headland. Large shallow

bay to the west.

Dominant Bank Failure Mechanisms: Toppling and high-angle sliding aleng
large vertical bank-parallel fractures in the
Upper Horseshoe Valley till extending down into

the Sentinel Butte Formation.
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EXPLANATION

APPENDIX III

BANK-FACE FRACTURE CHARACTERISTICS

Geologic Units

oah.
uss
uhv
umha
umhb
shma
shss
sbcr

- oahe Formation

- Upper Snow School till

- Upper Horseshce Valley till

- Upper Medicine Hill till

-~ yUpper Medicine Hill £ill silt lenses

- Sentinel Butte Formation mudstone

- Sentinel Butte Formation Sandstone

- sentinel) Butte Formation concretionary lenses

Fracture Trace Length Types

Type
Type
Type

¥ - both fracture ends visible
vy - one fracture end vigsible
7 - no fracture ends visible

Fracture Trace Geometry
crv - curved
str - straight
irr - irregular

Fracture Surface Description

sm
rgh
mt
ayp
Caco
FeO
cly

- smooth

- rough

~ matte

- gypsum coated

- ealeium carbonate coating
- iron oxide coating

- clay or mud coating

Width - fracture aperture width to the nearest millimetre
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SENTINEL BUTTE FORMATION; LAXE SAKAKAWEA STATE PARK

strike/dip length geometry surface width unit strikesdip length geometry surface width

{cm) (mmn} {cm) Cam)
270 S0V 78X st m 2 soms 104 B7S 36X cv mn 1
357 BOE 7% st m 2 shmns 35  TéuW 152¢ cv r 1
271 SOV 51X st ] 2 sbms 14 BoW 8% st m ¢
280 SOV 23X st m 2 sbms 20 BAwW . 43X st m 2
180 9OV 23% st m 2 sbms 117 17N &3Y eV m 0
188 T3INW 17X st m 3 sbms 18 84y &3X st m a
266 TBNW BLY st m 1 sbms 104 85N 25X st m 1]
289 45M 64Y st m 1 sbms 28 83w 13% st mn 2
184 8% 64Y st m -- shne 9 854 18% st m 0
165 B0W 25Y st m .- shs 50 90V 30% st ] 0
262 TIN 140Y st -~ -- shms 52 90v 25% 34 m o
263 T4N &oX st -- .- shs ¢ 654 20% st - m 0
263 85N 58X st -- - sbms 24 B3W 18% st m 0
175 85E 28y st .- -- sbs 15 87w 102X st ® 1
263 88 - 20Y st - -- sbns 175 B4W 20X st m 2
193 B&W 13% .- -- -- sbms &3 50 Ioxn st m ]
274 TBN (A} .- .- -- sbms 180 T3 18% 5t m 0
160 T6M 28% .- -- -- sbms 77 808 23% st m v}
275 7BN 2292 -- - .- sbms 24 SOV 18Y st m o
245 B&E 178y .- - .- sbms 105 83N 36Y st m 0
194 90V 13X .- -- -- soms 19 B80E 30x st m 1
195 81E 19% -- -- .- stms 98 8™ Séx st n 3
272 T9W 3182 - .- - sbms 103 £35 28Y st r 2
173 87 318z -- -- “= shis 142 90V 127 st m &
275 BOH 91X -- -- “- shms 88 - - -- -- --
264 T 102% - -- .- sbms 174 -- -- -- -- --
184 83w a9 - -- .- shms 172 -- .- .. -- .-
178 814 107X .- - .- sbms 180 -- -- I .- --
154 B&N 30X st m 2 sbms 178 -- -- -- -- --
110 90V 356X zz n 2 sbms 84 <~ -- -- -- -~
95 77N 89% 34 m 3 sbms B -- .- -- -- --
158 0V 152Y oV, ir r & sbms 95 -- - -- - -~
153 710 116X st m 2 sbms 176 -- -- -- - --
104 81N 25X st,ir m 2 sbms 176 -- - .- - --
55 90V 38X st L] 0 shbms 19 -- -- .- .- .-
G4 O5N 1276 st m g sbms 185 -- .- .- ~- --
153 0V 38x% st m 0 sbns 91 -~ -- -- .- .-
70 SON 23X st m 1 sbms 190 -- .- -- --
65 90V 78X st m 1] sbms 195 -- - .- -- --
172 S0v - st m - sbms 35 -- - -- - -
7% o0V 25X st m 0 sbms 95 -- e - .- -=
106 77N 18x st m 0 shms 89 .- .- -- - --
36 BEN - 3D st m o sbms S0 -- .- -- -~ --
55 90V 30% st m 3 stns 131 -- - .- -- --
138 7BN- 23y st m 1 sbms 45 -- -- .- .- --
131 87 3 st m 3 shms 85 -- .- .- -- .-
154 RSN 1LY st m 4 sbms 105 -- -~ .- -- --
105 81 51X st m 2 sbms 115 -- -- -~ -- -
190 &N 7% st m 2 sbms 180 -- ~- -- -~ -
30 87s 190Y st sm 1 sbms 120 -- .- -~ -- .-
145 90V 152Y st fir r [ sbms 94 -- -- - -- --
18 §1s T6X st,ir - 1 . sbms 100 -- - - -- --
1 81 11X st -- 1 skms 92 -- -- -- -- .-
32 7N 127X st fe 0 sbms 106 -- .- -- - -
2 B&E 102Y st gy 1 soms 116 -- -- -- .- Coew
15 72W S1Y cv sm 2 sbms 150 -- -- - -- .-
10 Sov b4y st m 2 sbms 180 -~ - - . -
70 3is 252 st sm 2 sbms 109 -- - - -- -
170 87w 203X st sm 2 -stms 89 .- -- -- -- --
20 TON 38X st sm, Fe 0 " sbms 100 -- - - .- --




18%

SEXTINEL BUTTE FORMATION; LAKE SAKAKAWEA STATE PARK (Continued...)
‘ unit strike/dip length geometry surface width unit strike/dip length geometry surface width
{ {cm) {mm) (cm) ¢rmy
shss 38 T75M 30% st ;] 0 sbms 114 -- -- -- -n -
gbss 3  BeE 51Y st r.9Y ] sbms 105 -- .- .- - --
sbss 1 T4E 89Y st sm, Fe 3 sbms 105 -- - - .- .-
sbss 53 87 30X st,ir r 0 sbms 180 -- . -~ -- .- -
sbms 25 89S 46X st m 2 sbos 100 -- -- .- -- -
sbms 15 87 56X% st m 2 sbms 145 -- -- -- - .-
sbms 104 SOW 64X st m 2 sbms 90 -- - - - -
sbms 106 BOM 127X st m 2 skems 40 -- .- -- .- —-
sbms 73 865 30% st in 1 sbms 3& -- -- .- -- --
sbms 30 90V 10ex% st r 2 sbms 180 -- - -- .. .-
sbms 16 T 28% st m 0 sbms 110 -- .- - - .-
sbms & YOV 36X st m 2 sbos 162 -- . - .- .-
sbs 28 84 127Y st m 2 sbms BY -- -- S -.
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SENTIMEL BUTTE FORMATION: STATION 50

unit strike/dip length gecmetry surface width unit strike/dip length geometry surface width

shms 142 SOV a8z st - ) shss 31 85MW 7Y st m 0

shms 202 BOW say st - 3 shss 12 3 30Y st sm 1

sbms 265 B3N 5% st .- 3 sbss 177 7T 215X cv m 1

sbms 123 87sW 55X st .- 0 sbss 172 77w = 254Y st,ir r 2

sbms 137 88NE 25X st -- 0 sbss 175 85w 254X st m 2

shms 179 SOV 382 st 0 shgs 3B 90V 381z ev,ir r 3

shbms 130 9OV o6Y st - 0 shss 40 POV 7622 St sm,Fe O

sbms 189 B4E 9oY st - 12 shss 160 845w 10162 stir r 2

| soms 206 B7E 177X st -- 3 shss 40 BISE 37Y  stir ¢ 3
sbms 170 78E 75Y st - 0 shss 42 T9SE 114X cv,ir r 1

sbms 137 B4sSW 83y st -- 0 shss 31 B8BNW 190X st,ir r 1

. shns 206 90V 582 st -- 0 shss 51 T77SE 1270Y st m 2

| cbms 168 90v 632 st - D cbes 31 SOV 2542 st,ir ¢ 1
‘ shms 260 90V 30X st .- 1] sbss. 57 BONW  203Y st r 2
sbms 144 90V 362 st -- 0 sbss 171 83 178Y st r 0

sbms 161 90V 41Y st -- 1} cbss 43 87SE 1782 st r i}

sbms 270 S0V 42y st .- 0 shss 8 9OV 279Y st,ir ¢ 3

shms 265 Y0V 317 st .- 0 shss ¢  83W 635Z st k 2

* shms 212 -~ -- - .- -- shss 26 85NW 642 st m &

\ . sbms 208 -- -- -- -- -- shas 33 B4NM  T6L st m a
| sbms 215 -- -- .- -- .- shsg 27 B4NW 30X st m 0
sbms 219 ~-- - .- .- -- sbss 32 834 1402 st m a

sbms 209 -- -- - -- -- shss 37 VoMW 4EX st m 2

sbms 220 -- -- -- -- -- sbss 35 B8INW 15X st m g

sbms 222 -- -- -- .- -- shes 30 BINW 23X st m Y,

sbms 210 -- - .- -~ .- sbss 29 85SE 30X st m 0

shms 211 -- .- -~ -- .- shss 35 8INW 25X st m 0

sbhms 214 -- -- --- -- .- sbss 20 32MW  76Y st r o

sbss 32 B4NUW 191X st m 3 shss 7B 86SE  229Y st m 0

sbss 32 SOV 10162 st m é shes 26 B7HM 2162 st m ]

sbss 24 BiNW 279Y st m 0 shss 94 &SN 203Y st,ir m 3

shss 30 9OV 203X st,ir m 2 sbss 87 75N 89X st,ir r 1

shss 25 B5SE 161Y st m 3 shss 180 80W 203z st r 0

shss 173 76W 114X st m 0 sbss 85 &N 140X st m 0

sbss 149 BESW S08% L34 r 2 shes 95 63M 1782 st m 0

shss 170 BBE 63X% st m 2 shss 5% 9OV oY st m 2

shss 85 BE&N 2162 st sm 0 shss 36 S0V 207 st,ir r 3
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i SENTINEL BUTTE FORMATION; FORT STEVENSON STATE PARK

‘ - unit strike/dip length geometry surface width unit strikesdip tength geometry surface width

‘ sbss 136 F0V -- -- -- -- sbns 74 7BS  S1X crv r 2

| shes 140 9OV -- ~- -- .- sbms 79 7BS B4 crv,ir 2
shss 140 Y0V -- - -- - shms 105 725 30x% st sm 1
sbss 145 9OV -- .- - - sbms 143 B5S5W 38X st T . 3
sbss 180 90V .- .- -- -- sbms §3 90V 25% cry qy,Fe  --
sbss B4 9OV ~- .- .- -- sbms 134 875w 15X st ir,r 2
sbss . 155 90V - -- -- .- sbms 14D B3SW  3X st r 3
shss 134 %P0V .- -- -- -- sbms & TV 25X st,ir -- 4
sbss 140 90V .- - .- -- sbms 98 &9 191X st,ir r 3
sbss 140 7ONE 51y st fa -- stens 153 9OV 25% st,ir r 3
sbss 104 85N 28X st .- 0 sbms 92 TOH 307 st m 0
sbss 105 BSH T6Y st m 2 sbms 171 83E 76X st ay,k 0
sbss 125 7SNE 18X 34 m 2 sbms 172 7ToW 182 st m 1]
shes 45 GOV S1Y st m 2 sbms 100 9OV &42Z st m 0

. sbss 93 S0V 36N st m 2 sbms 174 SOV 76Y st Ol 3

' sbss 78 B2N 38X st - 2 sbms 90 9OV 38Y st,ir r 3
sbss 145 87sW 30X st -~ 1 sbms 95 <OV 14y cv,ir + 4
sbss 94 B&S 20X st -- 1 sbms 35 448 38% st gy 0
sbse 131 BOsW 18% st m 2 sbms 13 808 127Y st cy 0
shss 135 7ésM 23X st m 2 sbms ¢ T4SE 192X st cy 2
sbss 92 85% B4Y st -- 1 shms 144 B7SW  19Y st m 3
sbss 165 873 51X st m . 3 shms 44 &5NW 127X st m 3
sbss 104 88s 51y 5t m,fFe 0 shms 48 BASE 2162 cv -- o]
sbss 50 36NW 15Y st m 1] stanis 95 YOV - st e 0
sbsg 52 9OV 25% 5% m [ sbms 43 BISE 1912 st m 3
sbssg 48  BSNW 307 st -- 0 sbms 456 BASE  TEX st m 2
shss 86 S0V 165Y 5% -- 1 sbms 44 B4SE SMX st m 1
shss 140 75sW 23X st m, Fe ] shms 5  BQSE -~ st m 1
shss 145 90V 38 st m 0 sbms 51 B4ASE 44T st m 2
sbss 138 8554 15Y st m a sbms 55 G68SE 114X st m 2
sbss 145 @OV 25Y st m 1) sbas 175 83ME  -- st -- 1]
shss 45 | BANW 20Y st m 0 sbms 45 90V 36X St r 3
shss 140 90V 102x% st m 2 sbns B8 83NMM 41X st r 3
sbss 174 &6W 64Y st .. o sbme 173 TENE 38X crv .- 0
sbss 10 85E 38X 8T -- g sbms 55 BSSE  36Y st - 0
shss 45 S0V 50y st -- 1] sbms & T9SE 51X st -- 0
sbss 12 78w 76Y st - L] sbms 161 B2NE 20X 34 -- 1
shss 41 B&SE  T1X st - 2 sbms &7 90V 64X st r 3
sbss 180 74W 64X st -- Q shms & 90V 302 1 r 1]
sbss SO TVSE 51% st m 3 sbms 147 85N 2542 st r 0

] stms 8BS 78§ 30% st v 3 sbms 35 B8NW 512 st r 0
T sbms 75 B4S 23X st m 0 sbms 35 B8OSE  152Y st r 2

sbms 95 84§ 18% st m ) shms 55  B&HW 30X st,ir r 3
sbms 90 57 38X st m 2 sbms 20 828 114X st r 2
sbms 94 4TS 25% st m 2 shme 28 T2SE T&X st r 3
sbms 195 50sW 3ax st m 2 sbms 45 B8QSE -~ st r 0
sbmg B3 88N 20% st m 1 stees 20 T7SE -~ st r 0
shms 171 90V 3ax st m 0 sbms 145 BSSW .- st r ]
skms 79 8N 28% st m 2 sbms 13 82SE -~ st r o]
sbms 81 S0V 1142 st m 3 sbms 136 795W - st r a
shms 144 B58W 482 st -- 0 sbms 290 83sW 114X st -- Q
sbms 263 73N L3¢ st -- 0 sbrs 200 785W 89X st - 19
shms 136 72sMW 61y st .- )] shins 210 83SE 318X st -- .1
sbms 162 45E LE% st -- ] shms 215 8&3SE 28X st -- 1]
sbms 205 B4SE 49X st - ] sbms 220 71SE 33X st -- 0
sbms 216 67N 46Y st -- 2 shms 240 VASE  36% st -- ]
shms 147 Bésu Rl st -- 0 sbms 277 855 51X st -- 0
sbms 1346 SOKE an st .- R sbms 120 90V 76Y st .- 3
shms 186 B4W 387 st .. 2 sbms 200 90V 4452 st .- 1}
sbms 189 90v 76Y st .- 2 sbms 215 835E 23X st .- 0
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SENTINEL BUTTE FORMATION; FORT STEVENSON STATE PARK (Continued...)

unit strike/dip length geometry surface width unit strike/dip Llength geometry surface width

sbms 193 OV S6Y st .- sbms 224 78SE 13X st -
sbms 270 8SM  51Y st -- sbms 170 8OW 102X st --
sbms 280 855  S559Y st - sbms 175 600 76X st .-
sbms 230 70SE 102X . st -- sbms 180 87W 102X st .-
sbms 290 82§ 46X st - sbs 140 785W 30X st .-
sbms 190 720 33X st -- sbtms 230 78S€  381Y st --
sbms 268 9OV 41X st -- sbms 236 B0SE  18Y st --
sbms 180 88w 109X st -- sbms 224 77SE 25 st --

sbms 17B 799 284X st --
sbss 250 90V 1912 st --
sbss 257 8S5KW 114X st -~
sbss 155 90V 28X st --

sbms 120 85NE 23Y st --
sbms 136 B4NE 3302 st --
sbms 128 B5NE 94Y st .n
sbms 230 S52NW 1607 st .-

sbms 267 878 79X st .- sbss 155 f0V- 18X st .-
sbms 160 S0V 15X st -- sbss 125 B&SE  8X st --
sbms 278 B5S 15% st -- sbss 148 SOV 13x% st --
‘ skas 236 90OV 30x% st .- shss 164 SOV TaX cv --
? sbms 150 23NW 58X st -- shss 260 30N 0% st --

sbss 280 77N 203y st --
sbss 192 77E 2162 st --
sbes 130 B25W  97Y st --
shss 138 BOSW  173Y st -
shss 120 77s5W 174X st .-
sbss 185 A3 28X st --
sbhss 240 90V 1272 st --
sbss 215 OV E1.3 4 st --

| .sbms 173 BSW 343Y 5t -
‘ ‘ sbms 134 17NW 43X st --

sbms 240 20NW SX st .-

130 4ONW 102y st .-
sbms 268 89S 53X st,ir .~
sbms 274 B80S 48Y st .-
sbms 180 80E a2 st .-
sbms 196 90V 178Y Y --

‘5‘
COOOQWNOCOMNMOCOCODODOOoOOROIHLWAWLIGKWONMOMNSORNRMOMNMBMORMNOWO W
NOoONMNONOOOOOCOOO0OOOOCOOONNODDONOOOONNOSONDODAOAOD OO

shms 220 87SE 43 st -- shes 225 25HW 20X 2z .-
sbms 274 858 109Y st -~ shss 218 SOV 81X st --
sbms 204 73S 122% st -- sbss 190 85W 18y st --
sbms 240 90V 178y st -- sbss 181 73W 102x% st .-
shms 287 84S 4452 st AR sbss 185 90V 8Y st --
shms 190 B84E 347 st -- sbss 185 9OV B8X st .-
sbms 2906 G0N 53x oy -- sbss 188 o0V 10X st --
she 149 835W 1602 st - sbss 230 85%%E 51Y st .-
3 sbms 151 7ésW  61Y st - sbss 235 73SE 23X st --
’ sbms 240 BSSE 381z ST -- sbss 245 &3INW  18Y iz --
sbms 210 BOSE 48X [14 .- shss 255 81INW  2BY st -
sbms 273 &4SE 18% st - sbes 130 74SW 2542 st --
sbms 255 B0SE 13X st -~ shss 240 785E 46X st --
shms 142 SOV 36X st .- sbss 204 YOV 33X st --
sbms 280 84SE 15X st -~ sbss 290 73S 287 st -
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SENTINEL BUTTE FORMATION; STATIORS &0, &1, AND 62

unit strike/dip Llength geometry surface width unit strike/dip length geometry surface width
I sbas - 320 878 202 st .- 0 sber 169 == - .- .- .-
1 sbms 318 7 10Z st -- 0 sber 93 -- .- -- -- --
‘ 1 sbms 315 TBE 8% st ~- 1) sber 94 -- .- -- - .-
sbms 325 SOV 18Y st .- 0 sber 91 -~ -- -- -- .-
) sbms 225 T3M 15Y st -- a sbher 37 -- -- . -- -
| skbms 226 82N 207 st ~- 0 sber 90 -- .- .- .- -
‘ shms 315 B4E 13Y st .- a sber 5 0 -- -- -- - .-
“ sbms 227 90V 15% st -- 0 sber 91 -- -- -- - .-
] sbos 314 YOV 82 st - -- 0 sber 2 -- -- -- -~ .-
sbms 260 90V my it .- a sber 82 -- - - - --
sbms 253 TSN 43X st -- v] sber 172 -- - - -~ -
sbms 355 90v 4L6% st -- ] sber 140 -- -- -- - .-
sbms 216 9OV 38% st ’ - [ sber 111 -- .. -5 - --
‘ sbms 245 B7S A% st -- 0 sber 100 -- -- .- .- --
sbms 270 78N 49% st -- 0 sher 145 -- -- -- .- --
sbms 190 B4E 10% st -- 0 sber 150 -- -- - -- -
: sbms 271 8DN . 13X st -- 0 sber 33 -~ -- - - .-
sbms 270 80W 13X st -- 1 sber 90 -- -- -- -- .-
sbms 256 YOV 18X st -- 1 sber 91 -- -- .- -- -
sbms 177 87€ 15X st -- -0 sher 94 -~ - .- -- .-
sbms 272 BON 15X st .- i sber 85 -- -- -- - --
sbms 305 B&W B9Y st .- 0 sber 89 -- -- o-- -- -
shms 340 S0V 13X st -- 0 sber 105 -- - -- - --
sbms 256 77N 23y st .- 0 sber 111 -~ .- -- ~- --
! sbms 266 TSN 0% cv .- o sber 118 -- -- -- -- --
shms 262 0V 13Y st -- 0 sber 142 -- .- -- - .-
sbms 180 YOV 357 st -- o sber 143 -~ -- .- .- -
sber B4 -- -- -- - .- sber 132 -~ -~ -- - .-
sber 171 -- .- -- -- -- sber 22 -- .- - -- .-
sber 18 -- .- .- -- - sbms 89 S8 20 st,ir r 2
sher 132 -- - -- .- .- sbms 85 75 23 st,ir r 2
sber 46 -~ -- -- .. -- shms 75 B3 20 st,ir r 3
sbcr B2 -- - -- -- -- sbms 131 88 33 st m 2
sher 172 -- .- - .- .- shms 77 &1 20 st sm 1
sber 15 -- -- -- .- .- sbms 80 358 15 st -- g
sber 27 -- -- -- -- .- sbms 31 &5 28 st - 1]
sber 78 -- - .- -- -- sbms 145 78 23 st .- a
sber 81 -- .- .- .- -~ sbms 109 B9 20 st m 1
sher 145 -- -- -- -- - sbees 104 86 25 st m 1
sber 23 -- -- -- .- .- sbms 98 86 18 Cost m 3
sber 111 -- -- -- -- .- shns 41 33 15 st m 2
sber 1863 -- -- -- .- -- sbms 45 B89 15 st,ir r 2
sber 145 -- -- == -- .- shns 89 79 30 st r 0
sber 90 -~ .- -- -- -- sbms 141 B85 25 st r Q
sber 17 -~ .- .- - .- sbms 39 38 ig st r 2
sber BS -~ -- -~ -- .- sbms 115 83 38 st r 1
sber 90 -- -~ -~ - -- sbms 97 88 15 st m 0
sber 104 -- - -~ .- -- sbms 138 84 18 st -- 1
sber 170 -- .- -~ - - sbms 115 B0 30 st m )
sber 50 -- -- -- -- -~ sbms 39 &5 25 st m 0
sber 35 -- -~ -- -- -- sbms 47 87 3 st m Q
sber 32 - -- - -- .- sbms 146 B 28 st m 0
sber 162 -- .- -- -r .- sher 10 -- -- .- .- --
sbcr 115 -- - - .- ~- sber 1795 -- .- -- -- -
b sber 135 -- .- -- -- .- sher 183 -- - -~ -- --
sher 45 - -- - -- .- sher & -- -- -- .- .-
sher 45 -~ -- - -- sber 5 -- - -- .- --
sber 48 - R .- -- - sber 15 -- -- -- .- .-
sber 120 -- .- -~ -- - “sber 12 -- -- .- .- .-
sber 145 -- -- . - -- sbecr 20 -- -- - -- --




1%

SENTINEL BUTTE FORMATION; STATIONS 60, 61, AND 52 {Continued...)
unit strike/dip length geometry surface width unit strike/dip length geometry surface width

sber 96 - -- -- .- .- sber 10 -~ -- -- - --
sbcr 50 -~ - - - - sber 173 -- .- .- -- .-
sber 155 - -- -- - .- sber 176 -- .- -- -- --
sher 146 -- - -- .- - sber 177 -- - - - --
sher  B7 - - -- -- -- sber 182 -- -- -- .- --
sher B4 .- -~ .- .- -- sher 5 -- -- - -- --
sber 172 -- .- - -- - sber 104 -- -- -- -- .-
sher 175 -- -- - -- - sber 102 -- - - -- -
sher 82 -- -~ -- -= -- sber 98 .- -~
sber 15 -- .- .- - - sber 101 -- - -- -- .-
sber 15 -- .- - -- -- sber 86 -- - -- .- -
“sber 103 -- -- -- -- - sber 95 .- -- -- .- .-
sber 100 -- .- .- .- .- sber 43 .- - -- -~ --
sber 101 -- -- -- -- -- sher 142 -- -- o .- --
sber 170 -- -- -- .- .- sber 47 -- -- -- -- --
sber 90 - -- - -- -- -- sher 40 -- -- -- -- --
sber 90 -- -- -- - -- sber 178 == -- - -~ --
sber 93 .- -- -- .- - sber 2 -- .- .- -- -
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UPFER MEDICINE HILL TILL; STATICN 51

: unit strike/dip lemgth geometry surface width unit strike/gip length geometry surface width
I umha 270 755 &4 X st Fe,gy o - urha 50 %0v 202 st gy 0
urha 130 48KE 18% v Fe,gy 0 umha 115 85N 1912 st 5Y 0
unha 145 74NE  8X st fe 0 umha 190 Qv 252 st gy ]
umha 258 OV 109y st Fe,ay 2 urha 100 7BNE 33X st,ir r.Fe @
umha 185 B5W £55 4 v Fe, gy 0 utha 30 7384 13X st Fe 0
unha 147 SME 28X st Fe Q umha 156 78sW 18X st Fe 0
utha 145 S55NE 18% st .- a umha 7 82NW 10X st Fe 0
utha 202 T2NW 46X oy Fe o utha 71 B&NW 30X st ~ Fe ]
urha 204 42NW 38X st Fe,gy g umha 53 B8&SE 23X st Fe 0
umhs 166 72W 13X st Fe, gy ] umhra 120 &4NE 8% st Fe 0
unha 154 784 43% st Fe,gy o usha 25 7iSE 10X st Fe 0
umha 154 74W 36X st Fe,qy 0 urha &2 &8NW 38X st,ir gy 0
urtha 166 78W 109X st Fe,agy 0 utha 70 T79NW 25X st,ir Fe,gy 0
‘ umha 189 T3 36X st Fe 0 umha 37 79sE 51X st.ir  Fe.gy O
unha 195 75W isx st Fe 0 utha 36 T75SE 13X st Fe 0
umha 185 Bé6W 158y st " Fe, gy 0 utha 55 T8SE 122X st Fe D
‘ umha 150 $Qv 127 st Fe,gy 0 urha 152 49NW 38X cv Fe Q
‘ umha 144 BANE P97 st Fe,gy 0 utha B84 88MW 64X cv,ir fe 0
f wrha 2035 B1W 114X 44 Fe 0 unha 102 BINE 13X st Fe 0
utha 194 75W £9X st fe 2 utha 88 79SE 38X st Fe 0
unha Z0& T78W 1192 st Fe ] unha 73 79%E B9X st,ir Fe n
umha 190 794 40X st Fe 0 umha 130 68KE 30X st Fe 0
urha 197 78 28% st Fe,gy 0 umha 5 64NW 25X eV Fe 0
utha 175 21E 4L4Y, st Fe,ay a utha {42 SOV 20% st Fe 0
unha 198 21N 28X st Fe 0 utha 73 77SE 10X st Fe 0
unha 137 26NE  138% st Fe 0 umha 174 43SW 25X st Fe 0
uvha 239 57NW 203X v Fe 0 umha 143 325 25X st Fe 0
umha 291 &43NW 192X cov fe,gy a urha 16 45NW 23X st Fe 0
unha 256 Z22WW 101X ev Fe,gy ¢ umha 80 87sE - st Fe i
" utha 131 SOV 101y st gy 3 uvha 96 3I9NE 38X cv sm,Fe O
upha 90 758 76X st Fe 0 unha . 10 68wW 18X . st Fe 0
usha B1 798 38% st Fa 0 urha %8 79sW 1522 st,ir r,Fe 1
urha 180 %OV 25X st Fe 0 umha 128 T&NE  &4X st fe 0
upha 135 78sW 30X st fe 0 unha 378 755w 20X st Fe 0
umha 160 %0V 20X st Fe 1 unha 5 7iNW 23X cv Fe 0
uprha 05 SOV 1912 st m 5 utha 172 &475W 20X st Fe 0
urha 100 80N 20X st Fe,qy Q umha - 155 455W 15X st Fe 1]
usha 190 90V 1912 ov m & utha 165 90V 18X cv Fe 0
uths 195 90V 2292 st,ir Fe 3 utha &4 S4NW 20X st Fe . 0
umha 185 90V 102y sr Fe 2 ugha 149 90V 30X st Fe 0
usha 200 S0V 76X cy m 3 urhs 48 3OSE -- st Fe g
uweha 110 78S 18X st Fe 0 urha 178 84S 13X st Fe a
umha 130 82sW 127 st Fe g umha 5 TOSE 30X st Fe 0
umha 110 B5% 152y st gy 0 umha 9 60SE  1BX st Fe 0
umha 150 808 102y st gy 0 urha 20 10NW 51X cy Fe 0
utha 183 30NW 15X st sm 0 unha 163 B7NE 13X st Fe o
unha 194 S0V 18% st Fe 0 wnha 205 &0NW 46X cv r,Fe )
utha 154 70NE 33X st fe Q utha 166 B2NE 41X st r,fe 0
i
9
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‘ UPPER MEDICINE MILL TILL; STATION 533

‘ unit strike/dip length geometry surface width unit strike/dip length geometry surface width
urha 270 76N 43X ev -- 0 umha 45 B&SE 13X st “- 0

| utha 210 755 10X sT - 2 umha 82 &0N 38X ev Fe 0

] utha 127 SOV 102y st,ir -- 3 utha 45 82SE 28X st,ir r 1
umha 162 &BE 23X st,ir - 0 umha 90 84S 232 st m 0
utha 270 74N 3&x st -- i+ umha 134 B4NE 20X st Fe a
P umha 175 &5# 43X st,ir -- 0 . umha 180 90V 3éx cv Fe a

umha 265 82M 15X st .- 0 umha 155 BONE  25Y st -- Q
unha 163 7%E 28Y cy,ir -- 0 umha 145 TON 257 st -- 0
urha 180 754 t8x st -- i uwtha 1 5%  38Y st .- 0
utha 177 84W a8x st B 0 umha 160 57W 36X st Fe 0
unha 271 895 A19Y st -- 1 utha 7 90V 257 cv Fe 0
unha 280 708 140Y st -- z umha 158 &6SW 38X st fe [t}
umha 171 658 382 st - 0 umha 157 90V 18X cv r, Fe 0
unha 292 7SN 10X st -- 1] umha 145 90V 15% st fe 0
umha 230 T3NW 132y st -- & unha 140 63sW 15X st Fe 0
umha 142 4150 43X ev .- 2 umha 177 75§ 38X ev,ir r,Fe O
upha 134 4554 36Y v k 0 umha 149 B2SW  64Y stir r,Fe Q
umha 265 84N 4327 st qy 2 unha 121 20V 34X st Fe 0
unha 166 90V 25X £34 Fe 0 umha 9 S0V 43y stir r [y}
umha 140 &0 10% st ay o umha 5 37 36X st Fe 0
unha 170 82 282 st gy, Fe ] umha 157 72W 30x st sm,Fe Q
umha 262 168 o st .- 1 utha &0 82NW 20X st .- 0
umha 166 24RW 101X st -- 2 umha 85 90V 20% st,ir r 0
unha 175 36NW 15X st -- 1 utha 110 10sW 38X cv,ir r,Fe 0
unha 164 88 25% st gy, Fe i utha 85 B4NM  B9X st,ir Y.k ¢
urha 270 85N BLx st .- ] unha 170 1456 41X cv,ir gy,.k 1]
unha 83 78N 36X st r,Fe ] umha 173 84sW 23X st,ir r, Fe 0
umha 43 70sW 23X st,ir r,Fe Q utha 125 80SW 51X st,ir Fe,gy @
utha 84 648 25X sT,ir r,Fe o uvha 138 775W 23X st fe 0
umha B1 54M 20%, st,ir r,Fe i amha 100 B0sM 25X st,ir m 2
umha 148 63sWw 25X st r,Fe a umha 115 85NE 38X st,ir  gy,k 3
umha 83 9OV 30 st,ir r,Fe 0 unha 129 72sW 25X st,ir m, Fe 0
utha 5 85 28X st,ir r,ay 0 umha 28 79SE 28Y st r,Fe D
umha 95 S0V 8% st m a unhs B3 7BSE 38X st r fFe 1
unha 15 9OV 152¢ ev,ir r,fe a umha 100 0V 330z st r Q
unha 70 B87SE 102Y st,ir r 0 umha 161 &6¥HE 102X st -- 0
umha 150 B6NE 38x st r,Fe 0 uvha 170 80SW 30X st -- 0
umha OB 845 20% st -- 0 unha 74 7BEW 23X st,ir r b
unha &0 83%E 20% st sm,Fe ¢ wunha 65 TONW 18X st,ir m 2
umha 110 90V 25X ev gy 0 unha &85 &1sW 15X st,ir m g
urha 140 90V 20% st -~ [ unha 73 78SW 23X st,ir m 0
unha 31 8&1SE 97X st r.oy 2 umha 170 90V 41X st,ir m 0
umha 26 66SE 36X st r.gy 0 wmha 85 BIsW 30X st v 0
unha 32 7esE 43X ev, ir gy. k 3 umha 78 9OV 140v st r 2
umha 148 87sW 76X st,ir m 1 utha 106 165W 25X cv ay 0
upha 121 73sW 23 st r,fFe 0 umha 40 55E 191X st Fe,gy @
umha 29 &8sSE 23X st r,Fe o umha 129 185W 71X st gy a

|
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UPPER MEDICINE HILL TILL; STATICHS 58 AMD 59

|

unit strike/dip length geometry surface width unit strike/dip length geometry surface width
unhb 194 A1E 127Y st -- 0 umha 225 20V 20% st -- 2
unhb 125 %0V 38Y cv,ir v 25 umha 260 TEM  &4Y oV -- 9
umhb 180 59E 108% st .. Q umha 288 76N 36X st -- 0
unhb 238 S8NW ax st -~ s] umha 132 7954 28Y st -- 1
umht 234 85SE 28% st - 1] umha 154 B8SNE 15X st .- 2
umhd 204 B85St ax st .- a urha 141 B4NE 13X st - 0
umhbt 224 4BNW 13% st .- 9 urhe 128 &0SW 33X st -- 0
umhbh 222 71SE 30x% st .- 0 urha 1356 7354 25X st - [t]
umhb 256 78sSE 13X st -- q utha 145 70sw 10X st .- 0
umhb 229 SOV 18% st -- 0 umhe 154 B4NE 18X st - 1
umhb 220 90V 58Y 5T -- a utha 135 56SW 15X st - 0
umhb 270 SO0V 1407 cv .- 1 urha 140 4ONE 43X st .- Q
umhh 203 B8BSE 33X st -- 4] urhe 150 S8NE  38Y st .- Q
umhb 145 765W L&Y st m 0 umha 135 70SW  Z20Y st -- 0
urhb 154 85SW 25X 34 -- 1] utha 130 &2sw 23X st -~ [¢]
umhb 255 B85SE g7z st m 0 unha 132 375w 28X st -- o
uthh 199 74N 23¥ st -- 0 umha 82 9SOV 38X st ™ \]
‘umhb 202 78H 76Y st m Q umha 155 90V 38X st,ir r 0
4 uthb 256 T4NW  69Y st r 2 umha 45 5288 56X st .- 0
umhb 206 7O0NW F4Y st -- 0 utha B0 35S 76X st m t]
umhb 212 78NW 25% st -- 1 umha BS 70N 15% st m 0
umhh 256 72SE 140% st -~ ] umha 105 70N 0¥ st -- Q
umhb 250 78SE 76Y st r 2 utha 45 838w 20Y st,ir r 1]
umhb 260 75SE 76% st -- 1 umha 104 90V 23X st,ir r 0
umhb 255 B3SE 23X 14 .- 0 umha 144 90V 20X st Fe 0
wha 163 SOV 10% st,ir - 0 utha B3 635 43X st,ir  Fe,gy 0
umha 245 90V 20% st Fe,gy 0 utha 136 &SNE 41X st sm,fe O
utha 191 90V 5X st .- 0 upha 145 B4NE  B9X st Fe 0
utha 166 81W 33Y st Fe,gY 2 umha 135 &4NE 127X st,ir r,fe 0
urha 2B7 90V 282 st - 0 upha 95 78BM 46X st r 0
umha 228 B3SE 252 st Fe 0 umha 115 82HE 25X st .- 0
umha 135 90V 3oy st,ir .. 2 utha 145 B4NE 15X st sm,Fe @
unha 206 B&SE 15Y st -- 0 urha 143 70NE 25X st .- a
utha 180 T4E 28y st m 1 utha 77 42NN 76X st,ir Fe,gy 0
utha 114 90V 23y st m 0 umha 105 TSN 33X st m 0
umha 230 69SE kXY st Fe 0 unha 127 83NE 36X st,ir .- 0
3 umha 225 T73SE 15X st . .. 0 urha 19 &1E 75Y st - 0
1 unha 220 B3SE 38X st Fe 0 unha 99 79N 18X st Fe 1]
umha 117 BIRE 28X st - 1] umha 70 T74SE  B4Y ev,ir - 0
umha 177 83E 13X st - ¢] ucha 36 B55SE -- I r ¢
utha 157 76NE 33X st - 0 urha 131 B32NE  25Y cv -- 0
umha 272 72NW 13X st -- 0 umha 107 70N 13¥ cv - 0
unha 119 46SW 13X cyY Fe ¢] unha %8 31N 15X cv .- 3
umha 193 20 aey v r 2 anha 85 833 1ay st -- i}
utha 189 20E 41X cv - a umhg 82 858 28Y 5¢ . 0
uvha 222 30NMW 30X cv Fe 0 wrha 100 64N  8X st Fe i}
umha 233 26SE 15% ev Fe 0 umha 40 73SE 203X ev,ir r 3
umha 120 S0V 102% st -~ 1 uvha 55 76SE 78X st r,Fe 1]
urha 225 %0V 25X % -- 0 umha 70 B80SE &4X cv,ir Fe,gy O
utha 170 535 13% cv - o avha 88 485 102X st ay,k 0
wha 230 75NW 0% st -- 0 umha 80 828 25% ST gy, fe 0
- urha . 278 86N 101X st -- 1 usha 70 B7SE 30X st,ir rk O
umha 177 789 46X cv r 3 umha 48 90V 25X st,ir r.k 0
unha 181 80W 445Y st - 3 umha 35 70SE 102X st,ir r. k 1]
umha 250 85s€ 305Y st -- 2 umha 175 754 78X st - a
utha 137 T3ME 20% st -- 0 utha 41 82SE 64X st - a
1] umha 82 & 5% st fe 0

1, umha 178 72E aox st --
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? UFPER HORSESHOE VALLEY TILL; STATIONS 51 AND 52
I unit strike/dip length geometry surface width unit strike/gdip length geometry surface width
] uhv 200 gov 305 st r 1 vhy 240 40NW 12X st -- 1
' uhy 206 9oV 28X st .- 0 uhv 194 41SE 28X st -- 2
uhwv 140 S0V 8352 st,ir r é uhy 195 34SE 26X st r 3
uhv 190 90V 203X cv,ir r 1 uhy 200 328w 13X st r 3
uhv 189 9ov 27.94X st -~ g uhv 25 T9NW TEY st,ir m &
vhy 186 89E 17y st,ir Fe,ay 3 uhv 100 90v 38X st,ir r 3
uhv 124 90V 41X st r 2 uhvy 122 87NE  89Y st,ir r 2
uhv 190 9OV 48Y st Fe,gy Q vhy 131 B4NE  114Y st m 0
uhv 204 Qv 51Y st r 1 vhy 82 B84NW 127X st,ir r 3
uhv 122 S0V 572Y st ir - 2 uhy 142 90V 216Y st r 3
uhv 177 &7 46X st r 2 why 117 20V 216Y st r 2
uhy 210 71NW = 89X st r ¢ uhv 141 855w 33X st r 2
vhv 161 90V 43X cv r 2 uhv 1 Bakd 2297 5t,ir gy, fFe 3
uhv 215 80 102y ov,ir r 16 uhv 152 B6SW  T14Y st r 3
uvhv 203 9ov P4X st - 1 vhvy 148 B83sW 38X st,ir r 0
uhv. 195 74U 762 st -- 0 uhvy 165 A8W 191x% st,ir m 3
uhv 224 SOV 64Y st 2 uhv 155 S7NE 78X st,ir r 2
. uhwv 197 85W 89X st r 2 uhvy 15 POV 4352 st,ir r,cy 4
uhy 210 gav 41% st .- 1 uhv 3 B&W 7622 st r,ay,k 2
uhv 212 9OV 1097 st r.ay 2 uhv 64 BASE 56X st r 1
uhv 250 90V L4582 st,ir r 19 uhv 45 @OV 330z st,ir r,cy &
uhv 135 90V 107X st .- 0 uhv 57 SOV 76X st n a
uhv 136 %oV 127X st,ir - 0 vhy 95 @OV 25% st m 0
uhv 2171 SOy 39z st r 0 uhv 105 0V 38% st m 4]
uhv 114 S0V 41X st -- 0 uhy 1B A7SE  114Y st r 0
uhv 130 Qv 356Y st,ir -- 0 uvhvy 174 7OE 8% st r 0
uhv 260 Qv 20X st -- 1] uhv 150 79NE 78X st,ir r 1
uhv 231 90V LEX st -- o uhv 140 9OV 25X st,ir r i}
uhy 112 S0V 191¥ 5t .- 0 uhy 139 90V 254X% st,ir r 1
uhv 115 S0V 140X st -- a yhy 149 70sW  203Y st,ir r 0
uhv 225 Sov 56X st "= 1 uhv 25 90V 1652 cv,ir r 2
uhv 134 S0V 1637 st -- & uhvy 22 B3SE 140Y st r 2
uhv 217 90v 1022 st r 3 vhy 145 S0V 127K st MnO 0
uhv 1856 90V 33X st - 1] uhv 131 BIsW 89X st r 1
! uhy 213 B&NW 292 st ¢ 1 uhy 145 85SW 76X st,ir MmO 2
i thy 145 9OV SIX  ev .- 2 uhv 10 84w 127X st r 2
i uhv 219 B4NE 158Y 34 - ¢] vhv 13 BZE 76X st m. 4]
uhy 217 BENE 1372 st r 2 whv 5§ 84E 89x st r 0
uhv 235 sQv 76X st -~ 1] uhvy 22 B4E 165Y st ir r 2
uhv 213 58NW 8&X st - 0 uhvy 34 B4E &4X st,ir m 2
uhv 290 64N 76Y st,ir - 0 uhv 138 90V 127y st r 0
uhv 225 gov s1X st .- 0 uhv 170 SOV 127Y st m 0
uhv 212 32nu 4BY st -- Q vhvy 85 gQ0v 89Y st m 0
uhv 240 90V 63Y st r 3 uhvy &0 SOV 51X st [ 3
whv 157 16NE 40% st,ir ay,fe 10 uhv  j00 80 33X st r 2
uhv 1460 15KE 2 4 st Fe 0 uhv 135 90V 25Y st m,Fe 0
uhv 1486 40SW 21Y st r 3 vhy 80 90V 3ay st m 0
uhv 75 o0V 25Y st m 0 uhvy 85 90V E{1)4 st m 0

i
{
k]
|




196

] : UPPER HORSESHOE VALLEY TILL; STATION &0
i unit strike/dip length geometry surface width unit strike/dip length geocmetry surface width

uhv 320 S0V 122Y st -- 2 uhvy 144 B4SW  T7EY st r 0
uhv 20 SOV 36Y st - i uhv 150 S45W 3BIY st r 3
uhv 335 90V L1Y st -- 0 uhv 44 POV 127Y st r 3
uhy 350 84M &6Y cv .- 1 uhy 3 90V 5082 st r &
uhv 335 61W 43X st -- 0 vhy 147 675w 89X st,ir r &
uhv 310 74E 1402 st - 1 uhy 172 S0V 33X st,ir r Y]
uhv 340 78w 76Y st -- P4 uhv 45 858 38X st,ir r 0
uhv 3¢ 73E 28X st -- 0 uhvy 35 BONW 30Y st r 0
uhv 338 B4W &4Y st - H uhy 19 79MW 25X st r 1]
uhy 358 79W 1402 st k 2 phv 19 78N 191Y st r,ay 2
uhv 290 OV 1407 5t. .a 2 uhy 175 25NE 33X ir r 2
uhv 326 67W 78Y st -- 2 uhv 36 87N 51Y st r 0
uhv 285 Sav 38X st -- 2 uhv 141 BOSW  T&Y st r 3
uhv IIB TEM 43X cv -- 1 uhy 486 TONW 25X st r 0
uhv 305 9ov 33X st .- 0 uhv 171 B6SW 178X v r 1
uhv 280 90V 1407 st .- 1 uhv 34 T4NW 51X st r 0
uhv 326 wov 1522 st -- 2 uhy 4% T9NW 114X st,ir r 3
uhv 327 94w 178Y 34 .- 2 vhy 45 7SNW  51Y st r 2
uhv 335 90V 102X cov .- 2 uhvy 144 685W 36X st r 3
uhv 240 0V 91X st - 2 uhv 147 755W  &4Y st r 2
uhv 335 BVE 2542 st .- 2 uhw A3 BTN 382 st r 0
uhv 15 79sE 25x% st r 1 uhv 185 83sW  114Y st r o
uhy 175 BOsSW 28X st v 1 uhv 8  BONW  203Y st r &
uhv 31 B88SE 127y st r 3 uhv 31 SOV L6Y st r 2
vhv 5S4  BASE 102% st,ir r P uhy 168 78sW 51X st r 1
uhv 133 BSNE 1147 st r [ vhv 33 T7BHW 48X st r 0
uhv 150 BANE 33X st r 3 uhv 2 9V 51X st r 3
uhv 145 87NE .- st r 0

[T
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UPPER SNOW SCHOOL TILL; STATIONS & AHD 7

unit strike/dip length geometry surface width unit strike/dip length geometry surface width

1
],

uss 230 78E 43y st -- @ uss 166 SOV 13X st -- 0

uss 160 90V 20Y - -- 1 uss 274 798 76Y -- -- 0

Uuss 284 88H &1X cv -- 3 uss 105 73S 81y st -- 1}

uss 318 TEN 38Y st -- 2 uss 275 888 89Y st -- D

uss 230 78E 43Y st .- 1 uss 155 B2w 58Y st == 3

uss 195 7BE 997 st e 1 uss 140 895w 114Z st -- 6

uss 260 358 81X st .- 1 uss 265 838 18X st - 1

| uss 268 OV 152 st - 0 uss 273 87 13N st - 2
| uss 180 B3W 43X 5t -- 1 uss 253 84S 15X st .- 2
uss 195 87E 202 st -- 2 uss 260 758 23X st - 2

uss 188 B81s 3ax st .- 0 uss 140 B2sMW 1402 st .- 0

uss 196 BSW 33X st -- 1 uss 245 88% &4Y st -- 0

uss 190 B9E 20X st .- 0 uss 137 89NE  T&Y st mt 0

1 uss 178 B9E 13X st -- 0 uss 54 75SE  38Y st mt 0

uss 195 90V 18X st -- a uss 57 T7SE 25X st mt o

uss 227 9uv 25X st -- Q uss 20 %av 20% st mt 0

‘ uss 110 90V 13 st -- 0 uss 174 BOSW 30X st r 0
UsS 190 87w 64X st .- 0 uss 25 T7BSE 36X st,ir r 0

b uss 109 8w &4% st -- 3 uss 9 B4NW 25X st,ir r h]

uss 215 B4E 10% st -- 0 uss 145 87sW 28X st,ir mt 0

uss 115 90V 18Y st -- ¢ uss 45 T7SE 13X st mt 0

uss 204 SO0V 362 st -- 0 uss 171 81sW 23X st,ir r 0

uss 135 875 222 st -- 2 uss B4 BN 642 ev,ir r 3

uss 180 73 13x st -- 0 uss 81 90V 18y cv sm i)

uss 185 9oV 28¥ st -- Q uss 175 B8sW 114y st mt 2

uss 250 BOsW 20Y st .- 0 uss 140 735W 25X st mt a

uss 245 775W 10Y 14 -- 0 uss &3 BOSE 28X ev,ir r 0

uss 247 BI1sW 15Y 5t .- ] uss 14 BISE 12X cv,ir r 0

uss 171 BSW 33X st -- 1 uss 3% 79SE 20X st mt 0

uss 195 854 25X 5t -- Q uss 108 B4SW  114Y st,ir r 2

uss 265 87N 58X st .- 1 uss 20 9OV 36X st mt Q

uss 190 72E 20% st .- 0 uss 12 84&SE  46Y st mt o}

uss 104 S7§ 43Y st - 0 uss 138 85sW 12X st,ir mt hj

‘ uss 185 85N 84X st - 0 uss 40 OV 18X ev, ir r 0
| uss 161 83W 38y st -- ] uss 28 T65W 3182 st mt 2
| ] uss 169 BBE 41 st .- 1] uss 155 B&sW 28X st,ir mt g
[ uss 204 SOV 76Y st -- ) uss 134 Ba4sW 23X st mt 0

J uss 209 S0V 89z st -- 12 uss 95 BoN 76X st,ir r 0

uss 199 o0V 46X st -- 0 uss 143 74NE 18X cv r 0

uss 203 BSE 58X st -- 0 uss 152 63NE 28X st r a

uss 157 Sov o1y st .- 0 uss 100 9oV 25X st,ir r v}

uss 171 a8 1022 st -- 2 usg 135 S0V 25X st mt 0

uss 214 90V 38X st -- g uss 127 B7NE 38X st mt 1]

uss 216 wOv 41X st -- Q uss 76 B4NW 44X st me 0

uss 235 85N &4Y st -- 0 uss 70 7SSE  76Y cv - a

uss 263 S0V 33X st -- ] uss 70 BOSE 51X st -- 0

uss 257 8% 8%Y st -- 3 uss 48 HOV 25X st -- 1}

uss 199 78M 4oy st - i uss 79 BOSE 35X st .- ]

uss 225 85€ 58X st - 0 uss 33 S0V 12y eV -- 0

uss 270 SOV 114Y cv -- 2 uss 15 7SSE 8% cv - 2

uss 199 9N 1140 5T .- IV uss 15 S0V 64X 114 -- 1

uss 220 %0v 76Y st -- 2 uss 41 BINW  TEX st,ir - 0

uss 260 9OV 252 st -- o uss 55 83S8E S51r st - 0

uss 255 90v . 1272 st .- 12 uss 8B 7FINW 64Y st,ir -- 0

‘ uss 193 90V 61y st -- 0 uss B2 H0v 46X st,ir - a
| uss 197 90V 1787 st .- 1 uss 95 85N 122 ev,ir - 3
uss 256 B89N 84y st -~ 3 uss %6 85K 20% st - 0

; uss 261 &N 102y st -- 0 uss 65 BONW 12X st mt 2

uss 110 90v a9z st . 0 uss 100 9OV BYX ev,ir -- 3

| uss 102 SOV 38x st -~ 1 uss 81 9OV 11eY  cv .- 3
| ; uss 235 T0S 38X eV .- 2 uss 76 B&3NW 36X st sm 1

1
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].
]

j unit strike/dip length geometry surface width unit strike/dip length geometry surface width
uss 200 S0V 25X v -- } uss 180 7SW 20% st,ir mt 0
uss 210 B4E 23X st -- ] uss 30 848 38X st -~ 1
uss 158 BAW 102X st - Q9 uss 210 BOSE 3232 .- b 1]
uss 130 73w 114Y (3 - Q uss 120 24N 28X st -~ 0
uss 14 135 18X st .- Q uss 70 12NW 10X st -- 3
uss 230 78e 43Y st -- g uss 1566 0V 13X st -- s}

UPPER SNOW SCHOOL TilL; STATIONS & AND 7 (Continued...)

i
!
i




199

| -‘, ' UPPER SNOW SCHOOL TILL; STATIONS 6 AWD 7

‘ ‘ unft strike/dip length geometry surface width unit strike/dip length geometry surface width

1 uss 209 T4W 25X Y -- uss 168 80uW 76X ST, T cy
| uss 215 76M 20% st - uss 29 TBMW 15X st r
uss 104 oV 101 st .- uss 145 7BME 30X st,ir r
uss 18G B&M 165Y 5T .- B uss 124 TasW 12X st r,cy
uss 328 90V 152Y st .. 0 uss 152 T72sW 35X st r,cy
uss 103 aNE 139% st -- uss 95 SW 20X st r,Ly
uss 250 84N 12X st -- uss 135 80sw 30X st,ir r,C¥
uss 23z 39NW 279t 5% -- 2 uss 47 BTN S0Y st ‘m
uUss 305 &8NE 25X st - uss 166 84V 279Y st sm
1 uss 260 90V BB% st —- uss 178 88y L5y st m
uss 291 Sov 602 st .- uss 168 87W 38X st r,cy
uss 293 B&N 3ax st - uss 112 628w 12X st r.fe
uss 312 oov 152X ev - uss 145 BSsW 63X st m
uss 270 Y0V 2F22 st .- uss 165 86sW  20Y st r
uss 300 85M 114Y st -- uss 40 65SE 30X st r,fe
uss 285 B4 10Y st .. uss 144 S0V 501 st m,fe
uss 207 7INW 25X st - uss 70 705 12X st m
uss 180 &5W 77 st .- uss 105 TSRE 25X st m
uss 268 S0V 50% st - uss 107 TONE 20X st m
uss 200 90V 15% st - uss 162 S4NE 83X s¢,ir m
uss 182 83W 38% st . uss 135 TAHNE 17X st r

uss 199 60M 43X st -- uss 70 POV 194Y st,ir r, gy

O =000 = =200 42k =200 Qo000 WUWOOOOOD 2O WW2OO0O0
=000 O0 OO0 oOOUOLORLAOCOROOMNOIOQOOOO02NONONLONOOLRNC

Usg 155 42sW 254Y st - ussg 108 BBSW 20X st m,Fe
uss 174 B1E 144% st -- uss 134 B%sW 20X st m,fe
uss 185 %0v 25X st -- uss 63 BISE 25X st m, Fe
uss 148 40sSW 101X st -- uss 5 TIE 2% st mFe
uss 194 5% 35X st -- uss 135 SONE 76X st,ir r,Fe
uss 274 T9s 33r ‘st -- uss &1 B8SE 43X ev,ir r,Fe
uss 297 87s 7Y st -~ uss 135 BONE 101X st m,Fe
uss 202 70W 40K st - uss 160 7SNE 63X st m, Fe
uss 1465 8aW 152Y st -- uss 80 B5SE 20X st m,Fe
uss 145 SOV 139X st - uss 125 655W 25X ev m,Fe
usg 141 73w 22X st .. uss 90 43N 38X st m,Fe
uss 100 78S 25% cv s uss 70 B85S 29X st m, Fe
uss 133 B3SW 53X st - uss 175 52NE 15X st m, Fe
Uss tes 70sw 43X 5t -- uss 170 A0NE 7X st sm, Fe
uss 137 588W 165X cv -- uss 160 A9NE 20X 14 m, Fe

‘ uss 104 4ON a8x cv - uss 162 B3NE 25X st ir,r

P uss 129 9sW 30% st .- uss 95 S0V 15% st m

f uss 163 16NRE 8x st -- uss 110 80ME 25X st m
uss 151 BASH 43X st m uss 165 B2sw 1012 st r
uss 140 Z21NE a8X ST -- uss 171 20NE 13X st --

St L A
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DAHE FORMATION, LAKE SAKAKAWEA STATE PARK

l unit stike/dip length geometry surface width unit stike/dip length geometry surface width

oah 240 848 532 st - 3 oah 68 -- -- -- - .-

oah 140 9OV 582 st -- & cah 48 -- -- -- -- e

‘ oah 210 90V 582 st -- 3 cah 77 =-- .- -- Coe --
| cah 274 B8% 28y st -- 0 oah 15 -- .- -- - --
| cah 187 TBE 15Y st .- 0 oah 24 -~ -- -- -- --
| | oah 187 77E 14X st -- 2 cah 31 -- -- - -- .-
| osh 210 87WW 581 st - 3 osh 163 -- -- .- .- --
oah 195 B7E LeY st .- 2 oagh 0 -- -- -- .- --

oah 196 BBE 487 st -- 1 oah & -- -- -- -- --

oah 150 OV 742 st .- 2 cah 72 -- -- - e .-

oah 225 BESE b6Y st -- 0 cah 66 - -- -- -- .=

oah 238 89SE L&Y st -~ 0 cah 7B -- - .- -- -

cah 126 BENE 30y st . .- 0 oah 32 -- .- - -- --

oah 160 90V S3Z st -- 0 osh 17 -- -- -- .- -

ozh 230 9oV 53Z st -- 1] cah 107 -- . .- .- -

oah 155 90V 36Y st -- Q cah S0 -- .- . .. -

cah 135 90V 20Y st -- 0 cah 145 -- .- .- .a -

cah 123 83sW 38y st -- Q csh 3 -- -- -- .- -

oah 225 S0V 482 st - 0 cah  1&7 -- -- -- -- --

oah 20z oV 4BZ st - ] osh 135 -- -- - .- -

oah 134 9OV 482 st -- 0 esh 2% -~ -- - .s --

cah 195 Qav 562 st .- 0 osh 2 -- -- .- .- -

oah 227 yOV 25Y st .- 0 oah 124 -- - .- - —-

cah 215 90v 152 st -- 1 cah 19 - . .- - wa

cah 257 8as 362 st -- 0 cah &3 -- «a - .- .-

oah 267 898 432 st .- 0 oah 2 -- - -- - -

oah 117 S0V 36Y st -- o osh 11 -- .- -- .- --

oah 234 SOV &Y st -- 0 oah 55 -- - - . --

oah 265 84S 152 st -- 3 vah 92 -- -~ -- -- --

oah 140 SO0V 41Y st -- f cah 148 -~ -- -- -- -

oah 195 90V 23Y st -- 0 oah 159 -- - - - .-

oah 154 90V 18y st -- 1 oah 42 -- .- - .- .

oah 220 Y0V 38y st - 1 cah 154 -- .- - .a .-

oah 165 9Qv 25% st -- 1 ocah 133 -- .- -- .- .

oah 180 9OV 18y st .- 0 gah 171 -- -- - -~ -

vah 195 9Qv 252 st - 0 cah 143 -- .- - -- .-

oah 110 SOV 13X st -- 0 oah 152 -- .- .- .. .-

pah 130 SOV 412 st -- 0 oah 153 -- - - .

oah 250 SOV 412 st -- 2 osh 170 -- -- - .- -

oah 55 -- .- - .- -- oah 63 -~ -- -~ -- --

aah g5 .- -- -- .- -- cah 165 -- - .- -- --

oah 52 -- -- -- .- . oah 162 -~ we - - .-

aah 7o-- - .- -- -- osh 70 -- -- - .- -

aah 165 -- -- .- .- -- gah 40 -- -- .- - -

oah w7vo-- .- -- -- - osgh 73 -~ -- -- -- -

oah 3 -- -- -- -- - oah &2 -- -- - . .

ogh 33 -- .- - - .- osh 77 -- - -- -- --

oah 55 -- - -- -- -- pah 85 -- - - .- --

oah 45 .- - - - - oah &g == - - -- --

oah 55 -- -- -- -- o = czh 101 -- - - -- -

oah 23 -- -- -- -- -- osh 95 -- -- .- - -

oah 17 -- - -- -- .- osh ~ ¢0 -- -- -- .- --

Toah 70 -~ - - - - osh B2 -- - - .

i
%
i
a
3
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] ) OAHE FORMATION, STATION 52

oha B3 -- .- .- .- -- oha 122 -- - -- -- .-
cha 115 -- -- - -- -- cha 144 -- .- -- -
cha 131 -- - -- -- - cha 35 -- .- - .- --
oha 156 -- .- -- -- -- oha 49 -- -- -- - -
‘ cha %8 -- .- - .- - oha 155 -- - -- -- --
cha 85 -- .- - -- -- cha 135 -- - -- -- --
oha 48 -- -- .- -- -- cha &8 -- .- -- -~
w ocha 135 -- .- -- - -- oha 145 -- .- .- -- -
oha 160 -- .- - -- -- cha 119 -- -- - -- -
oha 133 -- - -- - .- oha 177 -- - -- .- --
cha 115 -+ .- e - -- cha 92 -- -- -- -- --
| cha 35 -~ .- -- - .- cha 85 -- -- .- -- --
cha 55 -- .- - -- -- chs 92 -- - = -- --
cha 133 -- .- -- -- -- cha 131 -- -- -- -- --
oha 136 -- -- -~ - -- cha 120 -- .- .- -~ --
oha 110 -- -- -- -- -- cha 162 -- -- - - --
cha 77 -- - - -- - cha 104 -- -- -- .- --
cha 128 -- .- -- -- -- cha & -- .- -- -- .-
oha 54 -- -- -- - - oha 2 - -- -- --
, oha 103 -- - e -- -- cha 7 -~ -~ “- --
| oha T7 -~ . - - .- cha 140 -- -- -- -- -
cha 95 ~- -- -- -- -- cha 14 -- -- -- -- -
cha 4 -- .- - -- -- cha 172 -- -- == -- --
oha 137 -~ - - -~ .- cha 1469 -- -- - -- ..
cha 75 - -- - -- -- oha 169 -- -- -- -- -

‘ unit stikesdip length geometry surface width unit stikesdip length geometry surface width
|
|




APPENDIX IV

BANK-TOP FRACTURE CEARRCTERISTICS

EXPLANATION
Headings
Station ~ Bank recession station number.
Ping - Measuring pin number to indicate location. Not listed for
fractures measured along bank-parallel transects.
Position - Distance from bank edge in metres.
Width - Fracture aperture width in centimetres.
Length - Fracture length in metres.

Orientation - Fracture orientation degrees from north.
- bp = approximate bank-parallel orientation
- p = approximate bank-perpendiculax

Lithology - underlying geclogic unit.

Underlying Geologic Unif

cah -~ Qahe Formation

uss - Upper Snow School till
uhv -~ Upper Horseshoe Valley till
umh - Upper Medicine Hill till

sbma - Sentinel Butte Formation mudstone
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Bank-Top Fractures

Staticon Ping# Position width Length Orientation Lithology

1 8 0.74 2 2.5 149 cah
2 1 0.79 0 0.6 165 : sbms
2 1 0.9%0 9 15.0 140 sbms
2 2 1.12 1 0.5 130 sbms
2 2 1.66 1 3.0 135 2 sbms
2 3 0.86 1 7.0 138 sbms
2 3 1.80 2 15.0 134 shms
2 4 1.50 10 15.0 134 sbms
3 5 0.70 8 2.0 095 cah
4 2 0.24 3 3.0 235 uss
i 4 3 1.60 2 1.5 225 ussg
: 5 2 Q.49 3 2.5 040 uss
' 7 1 C.8B6 6 3.0 063 - uss
: ) 1 —-—— - 8.0 130 uss
7 2 0.97 1 0.5 110 uss
&0 2 0.75 - - bp sbms
! 50 4 0.74 2 4.0 035 bp sbms
} 51 1 0.86 1 1.4 090 bp uhv
51 1 1.43 5 2.0 bp uhv
; 51 1 2.23 2 17.0 bp uhv
51 2 0.21 3 17.0 bp uhv
S1 2 2.77 3 5.0 105 bp uhv
51 3 Q.29 2 2.0 bp uhv
51 3 2.96 2 9.0 by uhv
| 51 5 3.80 3 3.5 109 bp uhv
51 5 1.92 1 2.6 bp uhwv
51 6 2.03 18 9.0 bp uhv
51 6 3.28 2 5.0 107 bp uhv
] 51 7 1.34 2 1.5 108 bp uhv
] 51 7 2.87 2 0.5 i08 bp uvhv
E 51 8 0.73 4 1.1 030 uhv
51 8 1.38 21 8.0 070 bp uhv
51 10 .91 9 3.5 060 bp uhv
51 - 1.0 1 7.0 174 uhv
51 — 1.0 2 3.0 163 uhv
51 e 1.0 2 0.4 040 uhv
51 -— 1.0 2 1.5 Q25 . uhv
51 - 1.0 2 2.0 034 uhv
51 - 3.0 0 2.0 058 uhv
sl - 3.0 1 4.0 180 uhv
51 - 3.0 1 1.7 006 uhv
51 - 3.0 o 1.5 170 uhv
51 -- 3.0 0 1.3 012 uhv
51 - 3.0 1 2.5 13s uhv
51 - 3.0 1 1.5 045 uhv
51 -— 3.Q 0 1.0 042 uhv
51 - 3.0 v 0.4 015 uhv
51 -— 5.0 1. 0.8 160 uhv
51 -- 5.0 0 2.0 160 uhv
52 1 0.59 1 1.3 185 bp uhv
52 1 1.11 1 0.4 -=- bp uhv
52 2 1.10 2 2.2 170 bp uhv
52 2 1.90 2 3.0 -- bp uhv
52 3 " 1.06 12 14.0 194 bp uhv
52 5 0.26 5 4.0 -~ bp uhv
52 5 0.4% 2 2.2 -~ bp uhv
52 5 1.37 2 10.0 187 bp uhv
52 6 0.81 2 '10.0 187 bp uhv
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J ‘ Bank-Top Fractures
Station Ping# Positicn Wwidth Length Orientation Lithelogy
52 5 1.79 1 1.5 187 bp uhv
52 7 1.08 2 12.0 028 bp _uhv
52 8 0.54 7 11.0 022 bp uhv
52 8 1.55 7 12.0 028 bp uhv
52 - 1.00 1 0.2 -- p uhwv
52 - 1.00 2 1.1 -—— p uhv
52 - 3.00 1 0.5 -— P uhv
53 1 1.35 2 - -= bp umh
53 7 0.25 1 - -= bp umh
: 53 9 1.37 1 - -—- bp umh
i . B3 - 1.00 0 0.3 227 umh
] 53 -- - 3.00 0 0.8 258 umh
53 - 5.00 0 0.7 207 umh
54 - 3.00 1 0.4 218 sbms
54 e 8.00 1 c.2 220 sbms
56 i 1.29 2 ~-- -=- bp uss
e 1 2.30 5 - -- bp uss
56 3 D.74 4 -~ -- bp uss
56 3 1.69 3 - -- bp uss
56 2 5.00 0 0.4 282 uss
57 1 0.35 & —_— -- bp ussy
57 i 1.34 5 - -- bp uss
57 2 1.12 2 - -= bp uss
57 4 0.50 10 - == bp uss
j 57 é 0.73 1 - -=- bp uss
57 6 1.37 1 - ~=- bp ussg
57 7 1.05 3 e -- bp uss
57 7 1.73 4 - -~ bp ussyg
57 ] 1.05 3 — -~ bp uss
57 8 1.21 5 -- -=~ bp uss
57 - 1.00 4 1.0 180 uss
58 ] 1.58 1 B.0 250 bp umh
58 7 0.78 3 4.5 145 bp umh
! 58 3 1.00 3 1.0 235 umh
58 4 1.00 1 2.5 180 umh
58 5 1.00 1 0.5 205 umh
’ 58 & 8.00 1 1.2 030 - umh
59 4 1,36 1 6.0 115 bp umh
j 59 4 1.00 2 1.7 074 umh
; 59 3 1.00 3 2.0 180 umh
‘ 59 3 3.00 1 0.3 158 umh
59 2 1.00 2 2.0 145 umh
59 2 1.00 1 0.5 160 umh
&0 1 0.98 4 4.0 160 bp uss
61 1 0.28 2 3.0 220 bp uss
61 1 2.67 1 1.0 225 bp uss
61 5 0.9%9 1 4.0 0%0 bp uss
62 3 1.96 1 0.5 -~ bp ussg
&2 5 0.52 4 4.0 165 bp uss
62 4 1.00 1 0.5 200 . uss
62 4 1.00 i 0.5 254 uss
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EIPLANATION

Headings

APPENDIX V

HORX ZONTAL FRACTURE FREQUENCY

Unit/Station~ geologic unit and station number
Orientation - transect orientation {degrees from narth}

Length - transect length in metres
Number - number of fractures counted along transect
Frequency - number of fractures intersected per metre

Geologic Units

oah
uss
uhv
umh
spbma
shss
sblg

Oahe Formation

Upper Snow School till

Upper Horseshoe valley till

Upper Medicine Hill till

Sentinel Butte Farmation mudstone
Sentinel Butte Formation gandstone

Sentinel Butte Formation lignite
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Horizontal Fracture Frecmencx'

!
|
o ‘
Unit/Staticon Crientation Length Number Freguency
‘ uss 1 149 5.00 9 1.80
uss 3 080 13.00 8 0.62
uss 4 245 5.40 14 2.60
1 uss 5 225 10.00 9 0.90
! uss 5 235 5.00 9 1.80
| uss 5 180 8.00 5 0.63
i uss 6/7 17% 10.50 21 2.00
‘ ] uss 6/7 242 4.50 17 3.80
' ‘uhv 60 185 8.25 9 1.10
_ uhv 60 245 5.25 2 0.38
:j umh 51 272 7.00 49 7.00
umh 51 231 4.00 48 12.00
1 umh 53 143 8.00 41 5.10
) umh 53 195 3.00 g9 3.00
umh 58 | 298 4.50 31 6.50
umh 58 131Q 3.75 19 5.10
umhs 58 110 10.50 0.86
1 umhs 58 258 " 6.00 2 2.00
; umh 5% 275 a.2% 26 3.20
i umh 59 240 4.50 20 4.40
; uhv 51 258 ’ 23.00 19 0.83
uhv 52 205 17.00 18 1.06
“uhv 52 160 9.00 4 0.44
cah 1 14¢ 5.00 10 2.00
cah 3 080 5.50 14 2.50
cah 4 245 5.00 21 4.20
sbms 2 140 5.00 44 8.80
sblg EO 235 2.00 46 23.00
sbsa S0 235 i5.00 46 3.10
sbms 53 282 4.00 18 4.50
sbms 54/55 147 8.00 32 4.00
sbms 54/5% 290 1.00 4 4.00
gbmes 54/55 153 2.00 10 5.00
sbhlg 60 185 3.75 55 15.70
¥ shss 58 —-— 9.00 11 1.22
: shss 57 154 £.75 8 1.90

sbms 57 132 5.25 19 - . 3.60
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EXPLANATION

Headings

cah -~
usg -
uhvy -~
; umh -
: ° sbms -
sbasg -
sblg

G el i b e+ . M1 a1 b 7 b A SABA s AT el

Geologic Units

APPENDIX VI

VERTICAL FRACTURE FREQUENCY

Unit/Station- geologic unit and station number
Orientaticn - transect corientation {(degrees from north)

Length - transect length in metres
Number - number of fractures counted along transect
Frequency - number of fractures intersected per metre

Cahe Formation

Upper Snow School till

Upper Horseshoe Valley till

Upper Medicine Hill till

Sentinel Butte Formation mudstone

-Sentinel Butte Formation sandstone

Sentinel Butte Formation lignite
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Unit/Station

uss
uss
uss
uss
uss
uss
uss
uss
uss
uss
uss
uss
‘uss
uhv
umh
umh
uhv
uhv
umh
umb
umhs
umh
umh
umhs
umh
umh
sbms
shss
sblg
sbms
shms
sbms
sbms
gsbms
shssg
oah
©ah
oah

53
58
58
g8
58
59
59

1
3
4
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Vertical Fracture Fregquency

Orientatiocn

149
080
i05
245
290
175
128
242
225
235
180
185
258
272
231
205
160
143
195
110
258
110
258
275
240
140
235
23%
282
147
290
153
140
147
149
080
245

Length

15.0
12.0
8.0
15.0
6.0
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APPENDIX VIT

VERTICAL FRACTURE LENGTH DISTRIBUTIONS

EXPLANATION

‘ Type X - fracture lengths with both ends visible

Type ¥ - fracture lengths with one end visible

Type Z - fracture lengths with no ends visible

i
H
H
i
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Figure 58. Vertical Fracture Length Distribution, Sentinel
Butte Formation Mudstone.
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