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Abstract
Canyon Ferry Lake, east of Helena in Broadwater County, Montana was formed in 1954 when
Canyon Ferry Dam was constructed across the Missouri River. Lakeshore residents have reported
excessive erosion during recent years. In 2012, the Bureau of Reclamation produced a management
report with recommendations for erosion mitigation, but no studies have been done on Canyon Ferry to
determine relative erosion risk and site-specific factors driving shoreline processes. This study is an
analysis of shoreline erosion around Canyon Ferry Lake. The first component of this work included the
classification and mapping of shoreline morphotypes lake wide. This allowed for the identification of
areas subject to higher erosion risk based upon the driving forces that resulted in differing shoreline
morphology. The Steep Cliff and Sloped collectively accounted for 46.9% of shoreline length lake wide,
highlighting the need for erosion mitigation. The shoreline morphotypes were then mapped in relation
to geology or rock type, and also beach aspect to determine whether these two factors are influencing
the presence of given morphotypes, and by extension, whether these factors influence relative erosion
risk at Canyon Ferry Lake. The strongest relationship was between Steep Cliff and Tertiary sedimentary
rocks. Relationships between morphotype and aspect (wave energy) were inconclusive.

1. Background and Previous Research
1.1 Shoreline Geomorphology
Geomorphology, in an incredibly broad sense, is the study of landscape formation through
erosion, transport, and deposition of sediments. These processes require some form of energy to pick
up sediments and move them to new locations. For shoreline systems, the most powerful mechanism of
energy delivery is waves (Easterbrook 1999, p. 429). Studies of shoreline erosion therefore demand an
understanding of waves and how wave energy impacts shorelines. Waves are largely formed by wind,
and therefore properties of waves are intertwined with their interactions with wind (Darbyshire, 1952).
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In general, wave properties are derived from the driving forces of wind velocity, duration of wind, and
fetch, fetch being the distance over which wind is in contact with water (Easterbrook 1999, p. 429). The
direction that the beach is facing (heretofore referred to as beach aspect) is an important determinant
of how a given section of beach is impacted by the wave generating factors above. If there is a dominant
wind direction, then beaches facing directly toward that wind direction will receive the energy much
more directly. The factor of fetch becomes critical, and even controversial when studying shoreline
systems. In an open ocean system, fetch is functionally limitless. In a sheltered coastline or a lake’s
shoreline, differences in fetch become critically important to wave formation. A great illustration of the
difference between fetch-limited systems and non-fetch limited systems is the fact that two entirely
different equations are used to calculate wave height in these two different systems (Easterbrook 1999,
p. 429). The scientific literature has therefore seen a divide in the last few decades, as geomorphologists
are now studying low-energy fetch limited systems on their own, rather than assuming mechanistic
similarities with open ocean systems (Travers, 2007).
The amount of wave energy is not the only important component. The location and
concentration of wave energy distributed along the shoreline is also a critical factor. Wave distribution
can become relevant in a couple of different ways. For example, Benumof found that peninsulas of more
resistant rock types were eroded at higher rates than loose, less resistant materials in protected bays.
This was because wave energy and refraction of waves concentrated erosional forces on prominences
and deflected from protected bay (Benumof et al., 2000).
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Figure 1: Diagram showing how
refraction causes wave energy to
be concentrated on headlands
(erosion), and dispersed in bays
(deposition)
erosion

Modified figure reprinted from Earth
Science (15th ed, p. 463) Tarbuck et. al.
2018. Pearson)

Furthermore, extensive research has been done on the impact of water levels and erosion. In
both coastal systems (Zhang et al., 2003) and lake systems (Lorang et al., 1993), water surface rising to
new shoreline position can accelerate erosion by delivering wave energy to an entirely new section of
shoreline that has not reached equilibrium with the energy dynamics of this system.
While the amount, direction, and dispersion of wave energy cause erosion by delivering energy
to the shoreline, relative wave energy is not the sole arbiter of erosional patterns. Lithology of the
shoreline itself is important to determining erosion rates and patterns. It is well-known that different
types of rock and sediments have variable resistance to erosion. Previous studies have allowed the
development of ‘erodibility indices’ to describe erodibility (Annandale, 1995). In fact, there is evidence
suggesting that lithology is more important than wave energy in determining rates of erosion (Benumof
et al., 2000).
The methodologies employed by scientists investigating shorelines vary widely depending on
their purpose. For example, some studies classify shoreline morphotypes and relate them to various
factors or driving forces to draw generalized conclusions about how different factors alter shorelines
(Travers, 2007). However, other studies are less about morphology, and are more practical in their
focus. A number of different methodologies have been developed for the purpose of calculating erosion
rates and predicting risk to coastal communities and coastal economic assets. A great example of this
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type of research is May, Dolan, and Hayden’s paper “Erosion of United States Shorelines,” in which they
compiled data and calculated erosion rates at shorelines throughout the nation (May et al., 1993).
Furthermore, with the advent of aerial imagery came the ability to retroactively calculate erosion rates
using historical images, even if ground-based monitoring did not previously exist at a given site.
Research on the practicality of this methodology (Dolan et al., 1978) became important to the field and
helped researchers establish best practices on this new form of data analysis.
However, these methods are more descriptive than they are predictive. While knowing
historical rates is important, there is no guarantee of these rates remaining stable as time progresses.
For this reason, there is an entire other group of shoreline geomorphologists who focus on
mathematical modelling of shoreline systems to preemptively predict and manage erosion.
Mathematical modelling is a powerful tool for the shoreline scientist, as it can inform management
plans in systems such as dammed lakes where factors such as lake level are controllable (Lorang et al.,
1983). Technological innovation in this field continues to this day, as advanced remote sensing methods
are being used as tools to understand erosion and deposition as they happen. A great example is the use
of satellite imagery to determine sediment loads and model erosion and deposition in the Adriatic Sea
(Benincasa et al., 2019). All of this combined is to say that shoreline systems are incredibly complex with
a variety of factors converging to cause the erosion, transport, and deposition that humans seek to
understand. Due to the complexity, understanding the geomorphology of a given shoreline requires sitespecific research on how the factors converge in that unique area.
This brings us to the chosen study area for this thesis research.

1.2 Study Area
Canyon Ferry Lake, approximately 32 kilometers east of Helena, Montana, was formed in 1954
with the construction of Canyon Ferry Dam across the Missouri River (Bureau of Reclamation, 2003).
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Figure 2: Location map
showing the city of Helena,
represented by the dot,
within the State of
Montana.

Figure 3: Map showing
location of Canyon Ferry
Lake relative to the city of
Helena.

The geology surrounding Canyon Ferry Lake is complex, and the shorelines of the lake intersect
a variety of geologic units that display a corresponding range of lithologic/physical characteristics
inherent to different rock types. For example, to the northwest are hills made of deformed Paleozoic
rocks and Cretaceous aged granite (Vuke, 2011). These metamorphosed or crystalline rocks are
considerably different from other units such as the White Earth Formation, which contains deposits of
relatively easily weathered and eroded Tertiary ash deposits and gravels (Vuke, 2011). The east side of
the lake is dominated by large alluvial fans coming from the Big Belt Mountains, and the west side
evidences tectonic influence with faulted units as young as the late Tertiary (Vuke, 2011).
7

Canyon Ferry is an important site to residents of Helena and the surrounding area for several
reasons. First, it is largest body of water in a roughly 200-kilometer radius and an important recreational
site for many residents of central Montana. Managed by the Bureau of Reclamation, a variety of
campgrounds and boat launches can be found on the lake’s shores, and fishing and boating are popular
in the summer months. Second, it is an important agricultural resource: multiple farmers own land along
the shore of lake that is used for ranching and other agricultural activities. The lake provides a vital
source of irrigation water to many farms and in fact much of their land could not be productive without
water from the reservoir. Third, the shores of Canyon Ferry are important habitat for various species.
There have been confirmed sightings of both cliff swallow and bank swallow nests on beach cliffs (see
Appendix B). Fourth, it is an important source of flood control. It is the only dam on the upper Missouri
that actively changes its storage to accommodate runoff.
Despite the importance of the lake’s shorelines, there is a disappointing lack of research on
shoreline erosion and deposition on Canyon Ferry. A report by Bureau of Reclamation in 2003 vaguely
identified shoreline erosion as a problem across the whole lake and noted limited mitigation efforts in
specific recreational sites (Bureau of Reclamation, 2003). This study aims to address this research
deficiency and provide a more comprehensive understanding of shoreline dynamics around Canyon
Ferry Lake.
The overarching question of this study is: what are the shoreline processes occurring around
Canyon Ferry Lake and what factors are driving varying levels of these processes? This study, more
specifically, seeks to answer the question of which shorelines around Canyon Ferry Lake are eroding,
stable, or growing, and if it is possible to determine the factors acting where the shoreline processes are
most active.
There are many potential hypotheses as to what factors are most dominant in this specific
system: wind velocity, fetch, geology, land use, water depth, and lake level are all possibilities. While it is
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not reasonable to address all of these hypotheses in this study, I attempt to address two factors:
lithology of shoreline, and exposure to wave energy.

2. Objectives
To assess the risk of erosion and shoreline dynamics around Canyon Ferry, for this project I:
2.1 Compiled a map of shoreline types and relative erosion risk around Canyon Ferry lake.
2.2 Assessed potential factors acting on shoreline processes and determine if certain factors are
dominant at specific sites.

3. Methods
3.1 Shoreline Mapping
In order to understand where erosion and other shoreline processes are occurring around
Canyon Ferry Lake, I devised a classification of shoreline types (heretofore referred to as morphotypes)
that were identifiable from aerial imagery and also are indicative of whether the shoreline is stable,
eroding, or depositing. Five morphotypes were identified and each is defined and described in detail in
the following section. Briefly, they are:
•

Steep Cliffs - actively eroding

•

Sloped - moderately eroding

•

Depositional – growing shorelines

•

Stable Flat - stable low angle surfaces

•

Stable Steep - cliff forms, not rapidly eroding shorelines

First, Steep Cliffs. Many of these cliffs, as confirmed through targeted field visits, show evidence of
rapid erosion on relatively short time scales. For example, along the beaches near White Earth
9

Campground, there are boulders on the beach that match the lithology of the cliffs, suggesting that
erosion is causing boulders to fall from the cliffs. The cliffs have steep erosional faces, undercut blocks of
Tertiary volcanic tuff falling onto the beach, as well as active talus slopes of gravels from the unit above.
The ‘white earth’ rocks there are very poorly consolidated and weather easily once on the beach, so
their presence indicates rapid (likely yearly) shoreline retreat and bluff erosion. Furthermore, cracks
and other evidence of weathering can be seen on the cliff surface.

Figure 4: Aerial image (left) and ground image (right) illustrating Steep Cliff morphotype. Ground photo
by David Lange.

Secondly, the Sloped morphotype are slopes of a lower gradient than the Steep Cliffs. They are
characterized by sparse vegetation and exposed sediments, which represents evidence of ongoing
erosion but likely at a less rapid rate than the steeper cliffs.

10

Figure 5: Aerial image (left) and ground image (right) of typical Sloped shoreline morphotype representing
moderate erosion. Photo by David Lange.

Thirdly, the Depositional Shorelines. These shorelines characterized by wide gravel beaches
(even at high water), often with ridges and sometimes obviously prograding points or spits, suggesting
the addition of sediments. These areas sometimes form small bay mouth bars.

Figure 6: Aerial image (left) and ground image (right) example of the depositional morphotype. Ground
photo by David Lange.
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Fourth are the Stable Flat Shorelines. These shorelines were identified and mapped primarily by
using established dense vegetation as a proxy. This was done for two reasons: first, it is conventional
wisdom confirmed through scientific research that vegetation helps protect against erosion (Bureau of
Reclamation, 2012). Therefore, in a predictive sense, it is likely that these shorelines will be stable, or
eroding at rather slow rates. Furthermore, not only does vegetation protect against future erosion, it
also is indicative of a general lack of recent erosion. A thriving plant community is not likely to survive in
an area where the wave energy is eroding the ground out from underneath them (Roman & Nordstrom,
1987). Any highly vegetated area with minimal slope and no exposed sediments was therefore classified
as Stable Flat.

Figure 7: Aerial image (left) and ground image (right) of the Stable Flat morphotype (at low water). Ground
Photo by Patricia Heiser.

Lastly are the Stable Steep shorelines. This morphotype classifies areas that show limited
evidence of active erosion but are neither heavily vegetated nor flat. These morphotypes typically lack
broad beaches, meaning limited sediment is being added from the cliff. There are no clearly exposed
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sediments in the cliff-forming material and often there is some vegetation, suggesting long-term
stability for the same reasons discussed in the last paragraph.

Figure 8: Aerial image showing the Stable Steep morphotype. Photo by Patricia Heiser

Once the five morphotypes were identified, defined, and described, the entire natural shoreline
of Canyon Ferry was classified and then mapped as one of the five morphotypes. Due to the ease of
navigation and ability to rotate viewpoint easily, this mapping was done in Google Earth Pro using the
path (line) tool. First, a shoreline segment was examined and then classified as one of the five
morphotypes. Then a line was drawn over the distance of the given morphotype and assigned a
corresponding color and attribute. The resulting Google Earth KML file of coded line segments was
converted to a layer in ArcGIS Pro.

3.2 Assessing Shoreline Processes, Factors and Erosion Risk
In an effort to determine if specific factors such as rock type, wave exposure, or wind direction
might increase shoreline erosion risk, the variable of morphotype (a proxy data set for relative erosion
risk) was analyzed for independence from two potential factors: rock type, and beach aspect (a proxy
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data set for wave exposure). The following several sections will discuss the details of the methodology,
statistical tests, and definitions of the terms used above.

3.2.1 Geology
In order to assess the importance of rock type (lithology) on shoreline processes and erosion in
particular, the shoreline morphotype map was overlaid with a geologic map to see if there was a
relationship between rock type and shoreline type. To do this, I used ArcGIS Pro to overlay the geologic
map of the Canyon Ferry Lake Area (Vuke, 2011) onto the mapped shoreline morphotypes. I then used
ArcGIS Pro ‘Intersect’ tool to create a new layer in which shoreline segment morphotype lines were
paired with specific geologic units. The length of each line segment of a paired morphotype/rock type
was then measured in meters using ArcGIS Pro ‘Calculate Geometry’ tool. The result was a series of line
segments each with an attribute of rock unit, morphotype, and length.
There were a total of nineteen different geologic units that intersect the shoreline of Canyon
Ferry Lake. These rock units range in age from Mesoproterozoic to Quaternary, and vary in lithologic
characteristics from crystalline granite to poorly consolidated sand and gravel (Vuke, 2011). To simplify
the data, the nineteen units were grouped into three main ‘lithoypes’ of similar lithology and physical
characteristics expected to exhibit similar resistance and/or erosional patterns. The first category is
Bedrock, which consists of the units Kqm, Mmc, *Msr, and Ye. From youngest to oldest, Kqm is
Cretaceous age, *Msr is Pennsylvanian age, Mmc is Mississippian age, and Ye is the Mesoproterozoic
age (Vuke, 2011).
Despite differing in age and rock type, these older Bedrock units are either crystalline igneous
rocks or metamorphosed and collectively are more resistant to erosion than the other geological
categories present around the Lake (Vuke, 2011).
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The second category is rocks of the Tertiary age, which includes the units Tca, Tdc, Tscl, Tsct,
Tscu, and Twe. These rocks represent a period of valley filling throughout the Tertiary, particularly from
the Eocene to the Pliocene (55.8 million years ago to 2.6 million years ago) and lithologies range from
welded volcanic tuff to course gravels and sand (Vuke, 2011). Accordingly, resistance to weathering and
erosion in these rocks is variable. It is also important to note that collectively, these Tertiary units have
been faulted and tilted since their deposition (Vuke, 2011). The third lithotype is comprised of generally
finer grained Quaternary sediments identified by Vuke (2011) as recent alluvium, alluvial fans, colluvium,
and a few small areas of landslide deposits. This category consists of the units Qac, Qaf3, Qal, Qdf, Qc,
Qls, Qp, QTs, and Qwi. See Appendix C for detailed descriptions and lithology of each unit.
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Figure 9: Geologic map of Canyon Ferry Lake (Vuke, 2011) overlain on shoreline. Key shows the
three main lithotypes.
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3.2.2 Wave Exposure
In order to assess the potential impact of wave exposure on shoreline processes (and resulting
morphotype), I used shoreline aspect and wind direction as a way to identify areas of potentially greater
wave energy (and thus greater erosion risk). As discussed during the Background and Previous Research
section, the direction a beach is facing can influence wave exposure due to variable fetch depending on
the distance of open water perpendicular to the beach and how directly the beach is facing the
dominant wind direction. Rather than collecting an aspect data point at every inch of shoreline for the
entire lake, larger shoreline segments were targeted using several criteria: first, all segments had to be a
part of the Tertiary lithotype. Keeping all data points within the same lithotype would control for
lithotype, which would be a potential influencing factor on erosional patterns in and of itself. Secondly,
the segments chosen were relatively straight sections of beach that are not within inlets or bays.
Shorelines that met the previous two criteria were selected if they were facing the general direction of
northwest, northeast, southwest, and southeast. The off-cardinal directions were selected because the
lake itself generally runs in the northwest-southeast direction. To test how beach aspect might influence
wave exposure and relative erosion risk, the length of each morphotype within each category was
measured, and independence between beach aspect and morphotype presence was analyzed using the
statistical test discussed in the next section.

3.3 Statistical Tests for Independence of Variables
To determine if there is a relationship between the factors of geology/lithology or shoreline
aspect with the type or risk of erosion, I performed a statistical test between the variables of shoreline
morphotype and lithotype, as well as between the variables of morphotype and beach aspect.
To test independence and statistical significance, a G-test of independence was performed. The
term independence will be used in two different ways for the remainder of this thesis: independence of
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observations, and independence of variables. Independence of observations means that one
observation does not impact the probability of the next observation. Independence of variables means
that one variable does not impact another. If morphotype and lithotype are determined to be
independent of one another, then lithotype of a given shoreline section does not influence in any way
what morphotypes will form.
The purpose of this statistical test was to determine independence of variables: are lithotype
and morphotype independent, and are beach aspect and morphotype independent? The G-test of
independence was selected as the correct statistical test rather than the G-test for goodness of fit
because the G-Test for independence accounts for differences in observations. Because there were
varying numbers of observations between Quaternary rocks, Tertiary rocks, and Bedrock (for example,
there was substantially more Tertiary shoreline than Bedrock shoreline), the test for independence was
necessary. That being said, the individual observations of morphotype were likely not independent,
violating one of the underlying assumptions of the G-test of independence. A G-test of independence
only works if the observations are independent. The dataset here likely violates this assumption, as an
observed meter of Steep Cliff for example, means that it is more likely the meter on either side will also
be Steep Cliff. Therefore, in order to confirm the results and make the observations sufficiently
independent, for each lithotype, 1000 observations were randomly sampled. Each observed meter was
considered an observation for the purposes of resampling.

4. Results
4.1 Map of Shoreline Morphotypes
The entire shoreline was classified and mapped as continuous line segments, each one assigned
one of the five morphotypes.
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al

Figure 10: Map of Canyon Ferry with shoreline morphotype classifications
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Large section of Depositional can be seen on the north central shoreline, and Stable Steep
morphotype appears to be exclusively on the northwest corner of the lake. Steep Cliff is present
throughout the lake’s shorelines but seems to be more common on the east shore.
Table 1 shows the total (cumulative) length of each shoreline morphotype mapped around the
entire lake, as well as the percentage of the entire shoreline classified as that morphotype. Stable Flat is
the most dominant at 36.9% of total shoreline. Depositional was the least common of the five
morphotypes at 11.2%.

Shoreline
Morphotype Meters
Steep Cliff
Slope
Depositional
Stable Flat
Stable Steep
Total

35871
26435
14882
49067
6646
132901

Percentage
of Total
Shoreline
27.0
19.9
11.2
36.9
5.0
100

Table 1: Total length and percentage of shoreline mapped as each shoreline morphotype class.

4.2 Geology
While a map provides a view of general patterns of beach type in relation to geology, the
measure of total distance of each shoreline morphotype within each lithotype allows quantitative and
statistical analysis.
Overall, the Quaternary lithotype is dominated by the Stable Flat shoreline morphotype, Tertiary
lithotype is nearly evenly split between Steep Cliffs and Stable Flat, and Bedrock contains an
overwhelming amount of Stable Steep. This all makes intuitive sense based on generally understood
principles of erosion. Quaternary units contain active alluvium (Vuke, 2011), which supports the riparian
zones that often are indicative of the Stable Flat morphotype. The Tertiary lithotype contains a lot of the
poorly consolidated gravel deposits (Vuke, 2011) that have been observed to fall apart and create steep
cliffs. Bedrock, meanwhile, has the hard, igneous and crystalline intrusions that erodibility indices might
20

be more likely to classify as resistant to erosion (Vuke, 2011), in which case the Stable Steep
morphotype is a logical result. The following tables provide further data on how each of the five
morphotypes were related relative to the lithotypes. Table 2 shows the length of each shoreline
morphotype within each lithotype in meters. Table 3 represents the percentage of each shoreline type
within each lithotype. Figure 10 graphically represents percentages of shoreline type in each lithotype.
Steep Cliff

Sloped

Depositional

Stable Flat

Stable Steep

2395
29924
3552

9977
13465
2993

7755
7065
62

16424
28894
3749

175
24
6447

Quaternary
Tertiary
Bedrock

Table 2: Distance in meters of each shoreline morphotype occurring within lithotype

Steep
Cliff
6.5
37.7
21.1

Quaternary
Tertiary
Bedrock

Slope
27.2
17.0
17.8

Stable
Flat
44.7
36.4
22.3

Deposition
21.1
8.9
0.4

Stable
Steep
0.5
0.03
38.4

Total
100
100
100

Table 3: Percent of lithotype shoreline length that was mapped as that morphotype.

Percentage of Morphotype within Lithotype
Percenage

50
40
30
20
10
0
Quaternary

Tertiary

Bedrock

Lithotype
Steep Cliff

Slope

Depositional

Stable Flat

Stable Steep

Figure 11: Percentage of each shoreline morphotype occurring in each lithotype
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In testing the relationship between shoreline type and lithotype, the calculated p-value was
rounded to 0 in Excel, suggesting an extremely low p-value well below the alpha value of 0.05, meaning
there is a statistically significant relationship between morphotype and lithotype. The p-value in a G-test
of independence is the probability that one would get results as extreme or more extreme assuming the
null hypothesis. Therefore, a rounded p-value of 0 means that there is a near 0 probability that we
would get results this extreme if the two factors (morphotype and lithotype) were independent and not
influencing one another. This extremely low likelihood means we can reject the null hypothesis and
conclude a statistically significant relationship between these factors. In eight out of the ten random
samples, the p-value was once again rounded down to zero. The two samples with p-values large
enough for Excel to report the true value had p-values of 6.74 x 10-304 and 1.10 x 10-302, respectively. The
samples therefore continue to have very small p-values, and therefore confirm that there is a
statistically significant relationship between lithotype and morphotype.

4.3 Wave Exposure
The next goal of the study was to analyze potential importance of beach aspect on risk of
erosion. The hypothesis being tested was that: aspect (the direction a shoreline segment faces) and
dominant wind direction (during high lake levels) could influence exposure to wave energy and thus
erosions risk.
It became clear that it was not particularly feasible to analyze beach aspect for statistically
significant data. The shoreline is highly irregular, and therefore, for certain beach aspects, it was very
difficult to acquire morphotypes of significant sample size to comfortably draw conclusions about
relationships between morphotype and aspect. For example, only one southeast facing stretch of
Tertiary shoreline of less than 1500 meters facing could be identified, a far smaller sample size than the
other three aspect directions. This shoreline segment was roughly half Stable Flat and half Sloped.
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Because much larger sample sizes were taken of the other thee directions (southwest, northwest, and
northeast) they contained four morphotypes in each, and therefore G-test analysis was showing
statistically significant differences amongst aspect. Given approximate similarities between the other
three aspect categories, and the abnormality that could be attributed to small sample size that likely
affected the p-value, this study will not make any claims about the relative importance of beach aspect.
Steep
Stable
Stable
Cliff
Sloped Depositional
Flat
Steep
Total
NW
3833
43
0
120
0
3996
NE
6144
451
846
467
0
7908
SW
3833
43
0
120
0
3996
SE
613
0
0
643
0
1256
Total
14423
537
846
1350
0
17156
Table 4: Total distance in meters of each morphotype found on selected shorelines of given aspect.

However, despite the difficulty of quantifying and testing the relationship of beach aspect and
erosion risk, there is still some information that can be gleaned from pre-existing data. It is a wellstudied phenomenon that varying lake levels can impact erosion rates. For example, rising lake levels

Figure 12: The beach of Canyon Ferry Lake
near White Earth campground. The lake level
is low enough that it is interacting just with
the lower beach, and not the actively
eroding cliffs. Photo by David Lange.
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can deliver energy to an entirely new section of rock that has not reached equilibrium with the energy
dynamics of the system (Lorang et al., 1993, Bureau of Reclamation, 2012). Furthermore, site visits to
Canyon Ferry show that at the lower range of potential lake levels, the water is resting well below the
cliff line. Therefore, high energy circumstances when the lake level is at the lower end of the range will
be delivering energy at the beach rather than at actively eroding cliffs (Figure 12).
According to the Bureau of Reclamation data, the forebay lake surface elevation (measured by
the dam) is highest in June and July. It therefore follows that the dominant erosive energy would be
delivered in those two months. The question therefore becomes, which beaches are most exposed to
wind generated wave energy during these high lake level months. The dominant wind direction during
this two-month period is coming from the east-northeast (Windfinder, 2021), meaning beaches facing
the east-northeast direction are likely exposed to the most wind energy at high water level, where that
energy is less likely to be dissipated.

Mean

Jan
3785

Feb
3784

Mar
3781

Apr
3782

May
3787

Jun
3795

Jul
3793

Aug
3790

Sep
3788

Oct
3788

Nov
3789

Dec
3788

Annual
3787

Table 5: Average forebay elevation at the end of the month and mean annual forebay elevation at
Canyon Ferry Lake (Bureau of Reclamation 2021).
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Figure 13: Bar graph expresses difference between average forebay elevation at the end of the
month for the given month and the mean annual forebay elevation (Bureau of Reclamation, 2021).
Arrow show wind direction with average wind speed (Windfinder, 2021).

While this prediction is substantiated with historical data and generalized shoreline research,
there are quite a few assumptions that are built into the argument presented in the previous paragraph.
Firstly, while the lake level is highest during these months, the total range in mean lake level is just 14
feet (Bureau of Reclamation, 2021). A site-specific study needs to be performed to determine what lake
level elevation is the tipping point, so to speak, in which the water is touching the cliffs and is delivering
erosive energy. Without this kind of investigation, it is an assumption to say only the two highest lake
level months are important. Secondly, the month of highest average wind energy does not coincide with
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the month of highest water level. April is the month of highest wind energy (Windfinder, 2021).
Therefore, if the previous assumption on lake level is incorrect, and April is both a) is sufficiently free of
ice and b) the lake level is sufficiently high to deliver erosive energy to the cliff, then the northnorthwest winds of April (Windfinder, 2021) are likely of greater concern. Thirdly and lastly, this analysis
was based upon monthly averages. The monthly temporal resolution was a somewhat arbitrary decision
based upon the existing easily accessible data. However, there is a fair amount of variability in wind
strength, wind direction, and lake level within the month. A finer resolution of daily statistics likely
would result in more accurate predictions of erosion risk based on these wave-generating mechanisms.
In summary, this study attempted, but was unable to perform a definitive analysis on whether beach
aspect was a major erosive factor. While some predictions can be made based upon the data acquired in
pursuit of aspect analysis, these predictions are by no means definitive and must be tested over the
course of further studies.

5. Discussion
This study aimed to address a general deficiency of research on erosion concerns around
Canyon Ferry Lake. With highly significant relationships found between lithology and morphotype, very
generalized erosion risk predictions can be made based upon the geology of the shoreline. In general,
and perhaps not unexpected, the poorly consolidated and stratified sedimentary rocks are at greater
risk of eroding. This is in line with previous research by Benumoff et al., 2000, and follows the wellunderstood concept that varying substrates have wildly different ability to disperse energy or erode
(Annandale, 1995). The role of aspect and wave exposure is still an area of active research, and this
study was unable to definitively make conclusions regarding the role of aspect and wave exposure at
Canyon Ferry. Further research could potentially include higher resolution measurements of aspect and
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fetch and higher quality wave energy data. This study, due to practical constraints, had to rely on several
assumptions.
While there is ample opportunity for more detailed and higher resolution research on sitespecific factors of erosion risk, this research still provides early and valuable data on overall erosion
concerns lake wide. Given the huge importance of lithology, both private landowners and Bureau of
Reclamation employees ought to focus mitigation efforts on Tertiary geologic units, and to a lesser
extent Quaternary geologic units. Campgrounds such as White Earth Campground and Hellgate Gulch
Campground, for example, are sites where the lithology combined with high popularity warrant erosion
mitigation considerations. Previous research shows the importance of varying lake levels as an erosion
mitigation strategy (Lorang et al., 1993). April is the month of strongest winds, and therefore lake levels
might want to be kept low during this month to avoid excessive erosion, particularly if early ice thaw
results in an unfrozen lake by April. Overall, this study provides the first map of shoreline types and
assessment of areas at highest risk of erosion, with some initial analysis of factors. While there is much
research left to be done on Canyon Ferry Lake, this thesis provides some baseline knowledge that can be
used by lake managers and future researchers.
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Appendix A
Total shoreline distance of a given shoreline morphotype within all mapped geological units (which were
grouped into lithotypes for analysis). Geologic units arranged in alphabetical order.

Kqm
Mmc
*Msr
Qac
Qaf3
Qal
Qc
Qdf
Qls
Qp
QTs
Qwi
Tca
Tdc
Tscl
Tsct
Tscu
Twe
Ye
Total

Steep
Cliff
1276
0
1436
900
0
33
493
520
0
0
121
328
3136
1928
3949
15213
1207
4491
840
35871

Slope
2171
66
219
679
217
400
304
32
293
0
1
8051
5277
2254
1061
3296
682
895
537
26435

Deposition
31
31
0
479
529
0
441
43
0
4238
20
2005
1158
40
84
3338
1140
1305
0
14882

Stable
Flat
2630
366
753
9885
281
1201
250
0
0
342
178
4287
5674
2436
3723
10959
5615
487
0
49067

Stable
Steep
4543
1774
130
0
0
0
0
0
0
0
175
0
0
24
0
0
0
0
0
6646

Total
10651
2237
2538
11943
1027
1634
1488
595
293
4580
495
14671
15245
6682
8817
32806
8644
7178
1377
132901
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Appendix B
Part of this research was funded by Last Chance Audubon and focused on rock units and lithology that
was conducive to Bank Swallow and Cliff Swallow nests. The report on this side study is included here.

Swallow Nests, Shoreline Type, and Geology at Canyon Ferry Lake
(Report Prepared for Last Chance Audubon Society)
Knowledge of both geomorphology and shoreline erosion has implications not just for
management of campgrounds, agriculture, and other human concerns, but also for ecological and
wildlife management. For example, the figure and table below describe sightings of bank swallow and
cliff swallow nests on the Canyon Ferry Shoreline. Since both bank swallows (Heneberg, 2001) and cliff
swallows are known to nest on or in cliffs, knowledge of shoreline morphotypes is critical to
understanding the potential habitat for a given bird species. A field survey of swallow nests was
conducted in late January 2021 near White Earth Campground. The location of nesting sites was mapped
and type of swallow (Bank or Cliff) noted as well as number of nests present.

Figure 1. Confirmed swallow nests sightings during January 31, 2021 field visit. Yellow markers
represent bank swallow (Riparia riparia) nests, green markers represent cliff swallow (Petrochelidon
pyrrhonota) nests, and red markers represent possible, but unconfirmed sighting of bank swallow
nests.

31

Each nest site mapped included field observations on the type of nest, cliff form and rock type at
each site. That information is summarized in Table 1.
Point
1 (Bank Swallow)

Description
Largest Colony. Focused primarily in sandy unit
(see figure 1)
2 (Bank Swallow)
Nests found in small strips of a muddy unit
3 (Bank Swallow)
Nests found in small strips of a muddy unit
4 (Bank Swallow)
Nests found in small strips of a muddy unit
5 (Bank Swallow)
Few nests in a new, orange-tan colored layer
6 (Bank Swallow)
Section in which muddy strips and orange-tan
colored unit overlap. Nests found in both units.
7 (Cliff Swallow)
Nests found on tough ash unit, eroding into
blocks. Allows an underside for the nests to build
on.
8 (Bank Swallows)
Possible thin sand layer with a few bank swallow
nests
9 (Cliff Swallows)
Two cliff swallow nests found on same massive
ash unit with similar weathering pattern.
10 (Bank Swallows)
Possible bank swallow nests at the top of the
massive ash unit.
11 (Cliff Swallows)
Several cliff swallow nests on several
12 (Bank Swallows)
Unconfirmed Sighting
13 (Cliff Swallows)
Several Cliff Swallow nests found on same
massive ash unit with same weathering pattern.
14 (Bank Swallows)
Return of sandy unit, abundant nests
15 (Bank Swallows)
Return of sandy unit, abundant nests
16 (Bank Swallows)
Several cliff swallow nests
17 (Bank Swallows)
Unconfirmed Sighting
Table 1: Transcribed field notes for each confirmed or likely sighting of bank or cliff swallows

In the Steep Cliff shoreline morphotype near White Earth campground, seventeen confirmed or
possible nests were identified. The cliff swallow nests were largely seen built in the massive ash layer
that is common in the White Earth Unit, as it often erodes into blocky shapes that create sharp
overhangs that the cliff swallows colonize.
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Figure 2: Cliff swallow nests at the
White Earth Unit, Canyon Ferry Lake.
Nests are in the massive ashy unit,
and are formed on the steep
overhangs thar are formed by blocky
weathering. Photo by David Lange.

Meanwhile, the bank swallows tended to form in the finer-grained layers. They avoided the hard
ash layers and the gravellier layers that exist within the White Earth Unit, and instead went to sandier or
muddier layers. This is generally in agreement with the literature, which finds bank swallows prefer finegrained, sandy substrate (Heneberg, 2001).
Figure 3: A bank
swallow nest colony in
the White Earth Unit at
Canyon Ferry Lake. The
nests are focused
exclusively in the finegrained sandy unit, and
completely avoided the
gravelly layers both
above and below.
Photo by David Lange.
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Appendix C
Detailed descriptions of each geologic unit that intersects with the Canyon Ferry shoreline. All
descriptions direct quotations from Vuke 2011. Units arranged by age from youngest to oldest.

Qal
Alluvium (Holocene)—Unconsolidated gravel, sand, silt, and clay in modern stream valleys. Clasts
generally cobble size and smaller, but boulders abundant in some mountain stream valleys.
Qac
Alluvium and colluvium, undivided (Holocene)—Argillaceous silt and sand with lenses of coarser
sediment, generally pebble size or smaller.
Qls
Landslide deposit (Holocene)—Mass‐wasted deposit that consists of stable to unstable, unsorted
mixtures of clay‐ to boulder‐size sediment. Includes rotated or slumped blocks of bedrock and surficial
sediment, earthflow deposits, and mudflow deposits. Color and lithology reflect that of transported
parent rock and surficial materials. Northern Elkhorn Mountains (Stickney, 1987)—Unsorted,
unstratified mixture of soil and angular volcanic boulders as much as 1.5 m (5 ft) in diameter.
Qaf
Alluvial‐fan deposit (Holocene)—Unconsolidated gravel, sand, silt, and clay in deposits with fan‐shaped
morphology at break in slope. Some alluvial‐fan deposits dominantly fine‐ grained, others dominantly
coarse‐grained. Moderately well sorted in channels to poorly sorted and matrix‐supported in debris‐
flow component.
Qaf3
(Description of Qaf)
Alluvial‐fan deposit (Holocene)—Unconsolidated gravel, sand, silt, and clay in deposits with fan‐shaped
morphology at break in slope. Some alluvial‐fan deposits dominantly fine‐ grained, others dominantly
coarse‐grained. Moderately well sorted in channels to poorly sorted and matrix‐supported in debris‐
flow component.
Alluvial‐fan deposit (Holocene and Pleistocene?)—Younger than Qaf2, older than Qaf4.
Qc
Colluvium (Holocene)—Unconsolidated angular to subrounded clasts, boulder size and smaller, derived
from adjacent rock dominantly by sheetwash and creep.
Qdf
Debris‐flow deposit (Pleistocene) Northern part of map area. Angular and rounded locally derived
boulders and cobbles of Paleozoic limestone and quartzite, and locally derived Proterozoic rocks,
floating in a5 fine‐grained, light‐colored matrix; or clast‐supported boulders and cobbles in lenses.
Matrix includes abundant flat clasts of Belt Supergroup rocks. Pleistocene gastropods on north side of
Chinaman Cove (K. Constenius, written communication, 2010).
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Southeastern part of map area. Angular and rounded boulders and cobbles floating in fine‐grained
matrix. Coarse clasts almost exclusively granodiorite in some deposits. Coarse clasts of other deposits
are Paleozoic limestone and quartzite and local Proterozoic rocks.
Qwi
Winston map unit (Pleistocene)—Pinkish gray and orangish brown silt and fine‐grained sand, silt, and
clay that alternate with coarser clasts including rounded and subrounded duriclast cobbles and
subordinate pebbles and small boulders. In some areas fine‐ grained sediment is sharply cut by
channels of the coarser fraction. Coarse clast composition quartz, quartzite, and granitic rock in a sandy.
Qp
Pediment deposit (Pleistocene)—Veneer of unconsolidated locally derived clasts that range from
boulder size near source to sand, silt, and clay. Subangular to subrounded clasts from locally derived
sources. Thickness equivalent to largest clast size in immediate area.
QTs
Sediment, undivided (Pleistocene and/or Tertiary)—Deposits along northwest shore of Canyon Ferry
Lake that rest on quartz monzonite (Kqm). Grayish orange and yellowish gray, fine‐grained tuffaceous
silt and fine‐grained sand with floating coarse sand grains and small granules. Rubble zone at contact
with underlying intrusive rock. Good exposure near Lorelei Picnic area on northwest side of Canyon
Ferry Lake. May be same unit as Ts. Deposits patchy and generally less than 6 m (20 ft) thick.
Tscu
Sixmile Creek Formation, upper (Tertiary: Miocene and Pliocene?)—Pinkish tan to locally reddish brown
silty deposit that may have either lenses or homogeneously distributed larger clasts that are typically
angular flat clasts derived from the Belt Supergroup, including Greyson, Newland, Spokane, Helena, and
Empire Formations. Exposed thickness about 180 m (600 ft).
Tsct
Sixmile Creek Formation, Toston member (Tertiary: Miocene)—Gray and light gray, fluvial, cross‐
bedded gravel/conglomerate of dominantly rounded and subrounded cobbles and pebbles of Belt
Supergroup quartzite, mafic volcanic and granitic intrusive rock, and well‐cemented sandstone with
sandy, tuffaceous matrix. Both clast‐supported and matrix‐supported with subordinate boulders and
pebbles. Prominent white ash bed in many locations or rip‐up clasts composed of white ash bed. Other
rip‐up clasts of pinkish siltstone. Locally crossbed sets are as much as 3 m (10 ft) high. Pebbly
sand/sandstone in some places, especially to north. Fossils that could be as old as Hemingfordian but
are likely Barstovian (A. Tabrum, written communication, 2010) have been found in this unit in the map
area. Thickness 30‐75 m (100‐250 ft).
Tscl
Sixmile Creek Formation (lower) of Robinson (1967) (Tertiary: Arikareean)—Alternating coarse‐ and
fine‐grained beds and lenses that range from 1 dm (4 inches) to 20 m (65 ft) thick. Coarse beds and
lenses are matrix‐supported or clast‐supported and poorly size‐ sorted with clasts as large as boulders.
Dominantly flat clasts of siltite, and blocky clasts of limestone. Fine‐grained beds are grayish orange,
argillaceous siltstone and fine‐ grained sandstone, and grayish brown coarser‐grained sandstone. About
60 m (200 ft) exposed in map area.
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Twe
White Earth map unit (Tertiary: Oligocene and Miocene?)—A variety of lithologies that include grayish
orange, silty mudstone, locally with breccia lenses and tuff and tuffaceous mudstone; gray, fine‐grained
sandstone that may be porous or tightly cemented; many orangish brown, irregular silicified beds;
brown and black paper shale with local exceptionally preserved insects and plants (CoBabe and others,
2002); subordinate light gray marl beds, and calcareous paleosols with abundant plant material.
Arikareean fossils have been identified from the map unit (CoBabe and others, 2002). About 50 m (160
ft) exposed in map area.
Tdc
Dunbar Creek Formation (Tertiary: Oligocene and Eocene)—Grayish orange, yellowish gray, tuffaceous
siltstone and subordinate yellowish gray, calcareous, fine‐grained sandstone, and occasional very light
gray tuff with floating sand‐size glassy grains. Includes closely to widely spaced lenses of coarser,
angular to subangular clasts that range to boulder size and are primarily derived from local Belt
Supergroup rocks and secondarily from local Paleozoic limestone. Lenses are the color of the coarse
clasts. Formation contains large nodular concretions in the Court Sheriff area. Chadronian and Orellan
fossils have been identified from the Canyon Ferry, Court Sheriff, and Cemetery Island areas at the north
end of Canyon Ferry Lake (White, 1954). Thickness 45‐60 m (150‐200 ft).
Tca
Climbing Arrow Formation (Tertiary: Eocene) Upper: White, light gray, gray, yellowish gray, and
yellowish brown altered tuff and lapilli tuff; gray, brown, and olive brown bentonitic mudstone; and
tuffaceous sandstone, conglomerate, and breccia with many brown or black thin beds of carbonaceous
shale, locally with plant impressions, and chert.
Lower: Red, greenish gray, and brown tuffaceous or
bentonitic mudstone and brown or gray granule‐pebble conglomerate and sediment, and greenish gray
sandstone or sand. Chadronian fossils have been identified from north of Beaver Creek along the lake
shore (White, 1954). Thickness of formation approximately 600 m (2000 ft).
Kqm
Spokane Hills (Mertie and others, 1951). Gray, coarsely crystalline granitic rock mottled by light‐colored
crystals of quartz and feldspar and dark‐colored crystals of biotite and9 other mafic minerals. Some is
porphyritic with tabular crystals of feldspar. To the south, grades to darker more mafic nonporphyritic
rocks of medium granularity.

*Msr
Snowcrest Range Group (Pennsylvanian and Mississippian)— Spokane Hills (Lower Quadrant Formation
of Mertie and others, 1951). Amsden Formation–red mudstone and subordinate gray limestone;
underlain by Tyler Formation equivalent tightly cemented, resistant, fine‐grained, clean sandstone;
underlain by Lombard Limestone–light gray crinoidal, thinly and irregularly‐bedded limestone; underlain
by Kibbey Formation– grayish red, fine‐grained, clean quartz sandstone. Thickness about 60 m (200 ft).
Mmc
Mission Canyon Limestone (Mississippian)—Elkhorn Mountains (Klepper and others, 1971; Smedes,
1966). Medium to light gray or pale grayish yellow, fine‐ to coarse‐crystalline limestone with thin layers
of gray chert. One or more zones of solution breccia in upper part with siltstone or shale matrix.
Thickness 245‐300 m (800‐1,000 ft).
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Spokane Hills and Big Belt Mountains (Mertie and others, 1951). Light gray to dark gray, massive, poorly
bedded fine‐grained to coarse‐grained, fossiliferous limestone. Altered to coarse‐crystalline marble in
Spokane Hills.

Ye
Empire Formation (Mesoproterozoic)—Spokane Hills and Big Belt Mountains (Mertie and
others, 1951). Light to dark greenish gray, hard, dense, siliceous shale or argillite that is
thinly bedded and banded. Some red shale in lower 60 m (200 ft) that is transitional
with Spokane Formation. Thickness 245‐300 m (800‐1,000 ft).
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