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ABSTRACT

Several valleys on the southern slopes of theestern Uinta Mountains exhibit
stepped erosionalprofiles. Theseprofiles consist oftall, steep, cliffs (~10m high)
separated bylow relief areas, whichare often occupied by lakes. [Dectly opposite these
valleys, on the northern slopes of the rangé¢he profiles arequite different. Here, the
terrain is less steepwith intermittent short cliffs (~1m) separating broad, low relief areas.
| propose that the difference in morphology betweerhese areas is a direct result of the
contrasting angles at whth the beddingplanes intersect the valley floor.To test this
hypothesis, | examined three pairs of valleys, each to the north and south of an LGM local
ice divide, and made up of quartzite beds dipping ~G8NW. In the south valleys, this results
in bedsdipping up-valley, while in the north they dip downvalley. | hypothesize that this
makes south valley more suseptible to erosion by quarryingbecause the opposing angle of
the bedding makes the valley floor more prone toavities. In contrast, the north valley is
more prone to abrasion, sincahe ice generally slides along the beating planes, abrading
the surfaces. Field observations and GIS analysis show a prevalence of steep cliff features
in the south and lowslope polished surfaces in the north; fatures that support the
dominance of quarrying and abrasion respectively. Furthermore, | use a numerical model
of glacial erosion to examine the roles of spatial variability of resistance to erosion and
bedding slope on an idealize@nvironment, with results showing that the slope of weaker

beds with respect to the ground surface has an effect on the resulting morphology.
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INTRODUCTION

)T 01 AAUGO ET OAOCIT AA-Elholof tHe% A 6 aBds@facA AEA OO
primarily near the poles and in high mountains During the last ice ageglacierscovered
nearly 30% of the land, severely altering climate patterns and drastically changing
topography in many parts of the world(U.S. Geological Survey, 2012Pespite the
importance of ice on our planetve lack a complete understanding of how glaciersrode. A
majority of studies of glacial erosion focus on charaetistics of the ice even though
properties of the bed, as well as the ice, influence the resulting morphology.

A glacier erodesbedrock primarily by abrasion, quarrying, or subglaciaffluvial
erosion. Abrasion is slow polishing by smalfrains entrained in the base of the ice which
creates flat smooth, glacially polished bedrock. @rrying involves entrainment of larger
piecesof rock, resulting in steep, blocky cliffs and ledgesThe removal oflarge blocks of
material makes quarrying more efficient than the slow, grinding process of abrasion
(Bennett, 2009). Quarrying is highly dependent on the presence or creation of cracks in the
bedrock to allow water to seep in and freeze annd blocks (Krabbendam, 2011). For this
reason, quarrying tends to occurwhere cavities exist beneath the iceputting concentrated
pressure on the bed ugglacier from the cavity andacceleraing crack propagtion (Hallet,
1996; Iverson, 1991). Therefore,when cavities are not present, quarryings unlikely and
abrasion will be the dominant erosionalprocess Abrasion can also dominate if the ice is
very thick, slow, or highly plastic allowing it to flow into the depressions(Bennett, 2009).

Spatial vaiability in quarrying rates within a landscape is suggested byhe
juxtaposition of large cliffsand flatter areasalternating down valley like a series okteps.
How thesefeatures form is the subject of ongoing debatdn several theoriesspatial
variability in erosionis driven by spatial variability in ice characteristics Many of these
theories postulate that areas of increased erosion rateorrelate with areas experiencing
faster sliding speeds such as from a constriction in the flav field (Merrand, 1998;
MacGregor, 2000 z or from increased ice volume, such as at a tributary junction
(Gutenberg, 1956).

There is also an important relationship between bedrock character and glacial

erosion. For example, @rturbations on the bed surfice can cause fluctuations in basal
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water pressure, whichsignificantly affect erosion rates (Hooke, 1991). Specifically, by
on the bed cause convexity othe ice surface, inducingrevasses, whictfocus water input
to the bed and foster increased watepressure variability. Changes in water pressure
generaterepeated loading and unloading of the bed, encouraging fracture propagati@amd
allowing for quarrying. This erosion deepens theconvexity causing further crevassingand,
therefore, further erosion, leading to a positive feedback system that perpetuates
overdeepenings (Hooke, 1991).

Other spatial influences of bedrock include the idea thatbaasion is favored in
softer, more massive rock; while quarrying is favaed in harder, more jointed rock
(Krabbendam, 2011). Studies have also shown thathte orientation of roche moutonnée
landforms is more dependent onorientation and pervasiveness of jointsghan on ice flow
direction (Gordon, 1981). Similarly, the orientations of megagroovesre primarily r elated
to joint and fault positions as the ice exploits the areas @feaker rock (Goodenough2009).
Hooyer, et al 012) showed that quarrying occurspreferentially along pre-glacial joints
with little influence from slidi ng direction, and alsonotesthat in sub-horizontal beds
cracks frequently propagate down ® merge with the bedding plane.

Both joints and beddingactas discontinuities in the rockz weaker planes where
failure will preferentially occur (Wylie, 2001). These failures can be faciltated by gravity if
the beds dip downslope as this orientation places the effective strength of the mass entirely
on the friction along the bedding plangSelby, 1982) Effectively, dopes with down-
dipping bedsare weaker, while updip slopes are stronge. This phenomenon is seen in
cuestasz asymmetric ridges formed by gently dipping beds with a dip slope on the down
valley side and a cliff on the upralley side (Marshak, 2008). Additionallyywe often see
streams preferentially flowing along lines of veakness suctas bedding planes (Holtz,
2011), as well as trike valleys occurring when these weakness are exploite{ackson,
1997). These landformsdemonstrate that orientation of bedding can have an important
effect on morphology.

Clearly,there is a stong relationship between bedrock properties and erosion.In
glacial erosion, ce characteristics and flow direction havesome control on the orientation
and shape of erosional features, but other factors are at play, including rock hardness,

bedding andjoint occurrence, and fault locations. In the end, the bed is not a passive



landscape to be carved by the ice; rather, both have influea on the erosional processed.
examine howthe orientation of bedding planes influences glacial erosional morphologmn
an idealized numerical model and a field setting. The numerical model provides insight
into the potential influence of differential rock hardness on glacial erosioal forms and how
this influence depends on bed orientation. The field study documentie difference in
form as a function of bed dip in a setting chosen for its uniformity of rock hardness and

climate.

NUMERICAL MODELING

| explore the impact of spatial variability in resistance to erosion caused by layered
bedrock of variable hardness in an idealized numerical modebpecifically, a flowline
simulation of glacial mass balance, flow, and erosion of a temperate valley glacie
developed by MacGregor (2000) is used. Model runs simulate 1000 yearsodsion under
a stable, idealized climate with diurnal and seasonal temperature variations, as well as
altitude dependent temperature and precipitation rates.Local erosion rate § proportional
to local basal sliding rate and reaches a maximum near the ELA. This model does not
incorporate the water-pressure fluctuation processes that exacerbate erosion at
overdeepenings, so the end profile is likely smoother than would be expected

| modified this model byimposing variable layers on the bed which can badjusted
in terms of thickness, frequency, dip, and resistance to erosiohayers were set to
alternate between two erosion resistance values to examine the effects of intermettt
weaker strata. Model parameters differing from those used by MacGregor (2000) are
found in Tablel.

For variations in erosion resistance | ran models with alternating layers ranging
from 1.25x to 1000x less resistant. Each run shows some level of feeential erosion
where the weaker beds intersect the surface, but as the weaker beds resistance to erosion
decreases the overdeepenings get progressively deeper (Fig. When the weak beds are
about 5x softer the step features grow to reach the bottomfahe weaker bed and stop
preferentially eroding. These results show that spatial variability in resistance to erosion

has a clear effect on the position and depth of eroded step features. Overdeepenings occur



where the weaker layer intersects the erosia surface and the depth of the feature is
related to the weakness of the bed.

| also tested the impact of differenbedding slopes. | tested dips ranging frorr0.03
to 0.03 against the starting valley slope of 0.37 with alternating bedding layers 5x less
resistant to erosion. Whenever the weaker bed intersects the ground surface, excess
erosion occurs. Where bedding dips wpalley, this results in weak beds intersecting the
ground surface steeply at several points causing an overdeepening at each poiFig(2a).
Where bedding dips downvalley, this results in occasional shallow intersections of the
weaker bed with small overdeepenings, but overall the weak beds are dipping similayg
the valley slope and resulin a uniform surface where the ice hasreded away the weak
layer and simply runs along the stronger layer (Figzb). When bedding dip is set to a slope
of Othere is uniform erosion on both sides of the peak. The resulting formation is not an
overdeepening as in the angled beds, but rathersteepened aredeading into a flat area
(Fig. 3. The weaker bed is still being eroded down to its base, but in thes®pe run the
flat beds do not allow for overdeepenings.

The model results show that variations in rock resistance and bedding slope haag
effect on the formation of step features. Preferential erosion occurs where weaker layers
intersect the ground surface and the slope of the bedding influences the number and shape
of these intersections. When bedding dip is perfectly horizontal botkides of the divde
show the same features, butas bedding starts to dipdifferences arise. Beds dipping
similarly to the erosion surface show gentler, longeprofiles in contrast to the steeper,
more frequent features where the bedding intersectshe surface at a steeper angle.

Given the potential importance of bedding dip on glacial erosional forms suggested
by the numerical model, | evaluate the potential for beddinglip control of the glacial
morphology of the western Uinta Mountains. As describeldelow, the field area is not
characterized by differences in rock hardness similar to those included in the numerical
model. Nevertheless, it is reasonable to assume that bedding dip alone might influence
glacial landforms as it has a profound effect oslope stability and fluvial landforms (Selby,
1982; Jackson, 1997; Haoit, 2011).



FIELD SETTING

The Uintas are a mountain chain imortheastern Utah,unusualin their east-west
trending orientation (Fig. 4a). They are aboutlOOkm long, 5%m wide, and have a
maximum relief of approximately 2100m. The mountainswere formed during the
Laramide Orogeny whena thick sequence of Precambrian clastic sedimentary rocks was
folded into a gentle anticline(Atwood, 1907). Thefield area consists othree sets of valleys
on the wegern end of the range Fig. 4b). Each valleypair is north-south striking with a
divide in the middle where ice flowed down to the north and south during the last glacial
maximum. Each area is designated by the name ofnajor lake in the valley. Easternmost
is Wall Lake, then Kamas Lake, and BuLake is furthest west Fig.5). Coordinates of fiet
locations are found inTable 2.

The Uinta range was last glaciated in the Pleistocene in two advances locally called
the Blacks Fork (186128ka) and the Smiths Fork (2412ka) (Laabs, 2005). In the field
area the local Last Glacial Maximum (LGM) has been determined as 16.8+0.7ka, consistent
with the Smiths Fork timing. According to glacial reconstructions, the equilibrium lia
altitude (ELA) of the ice in the field area was 2873m (x£30) at the LGM (Refsnider, 2007).
Some studies suggest that the proximity of the western edge of the Uintas to glacial Lake
Bonneville caused an unusual condition in which the west half of the rapgvas glaciated
under wetter conditions, while the eastern half was drier (Laabs, 2005). Consistent with
this theory, ELAs are generally higher in the east (approximately 3008200m) and lower
in the west, where the field area lies (Munroe, 2006).

The northwe st Uintasprimarily consist of the Mount Watson formation, a 980m
thick stratum made up of arkose and quartzitenterbedded with thin, discontinuous shales
(Wallace, 1972) Observations show that he field area ispredominantly quartzite of
variable grain size (fine to coarse sand) and variable bed thickness (approximately 0.5 to
10m), with intermittent occurrences of fine grained, thinly bedded (32cm) sandstones.
The bedding hasa general strike in the northeastirection ¢ ¢ v )itdnd an average dip of
~51 NW (Table 3, Fig.6). On the north side of the study valleys the beds dip nearly paralle
to the valley slope and exhibilow-slope, polished areas separated by some short ledges

(Fig. 7). In contrast, the sath side of the slopeshowsbedsintersecting the surfaceat an



oblique angle; resulting in high, steep cliffsKig. 8). Thesedifferences can also be seen in
the different shapes of the elevation profiles on each side of the dividgif.9). Though
both sides are steep near the divide, the south sidestaysteep further down valley due to
the greater prevalence of cliffs, while the north side flatten out considerably due to the
prevalence of lowangle polished beds.In terms of overall slope, not inclaling the divide,
the south valleys areapproximately 1.5 to 2.5 times theslopesof the north valleys (Fig.10).

Thefield area shows some similaritiego the numerical model. In both we see
gently dipping bedsintersecting valleys at different anglesalong with similar morphology
with steep overdeepenings in upvalley dipping areas and gentler slopes where beds dip
down-valley. The variable resistance to erosion used in the model is not present in the
field, butthe observation of comparable featuren the consistently resistant field area
suggests that hardness contrast is not necessary to create steps, but can be made by
differing slopes alone.

The uniform climatic and bedrock character and structureof this field area make it
an ideal place toexamine the relationship of structure and glacial morphology The broad,
gently sloped parallel beds allowfor study the effects ofsimilar beds intersecting the
valley floor at contrasting angles. The uniform rock type allowsfor focus on the structure
asthe variable becausethe overall strength and hardness of the rok is consistentthrough
space. Additionally, preipitation over the range variesprimarily in an east-west direction,

with minimal variability between the north and south sides of the range

HYPOTHESIS

| hypothesize thatthe orientation of bedding with relation to valley slopeaffects
glacialerosional processes andandforms in the Uintas Specifically; where bedslip in the
up-valley direction cavities occur,quarrying is favored andsteep faces and overdeepenings
are common. Where bedding dips in #a down-valley direction abrasion dominates,
smooth polished slopedorm, and valley long profiles includefewer, smaller steps(Fig. 11).
| explore the relationship between beddingdip and landforms in the Uintas using field
observations of lithology, structure, and hardnessas well asGIS anajsis of step and flat

features.



GISANALYSIS

| validate and quantifyfield observations using a GISLooking atthe field area,|
observethat step featuresare more prevalent on the south side and &#s more prevalent
on the north. GIS analysis allows for quantification of the prevalence of steps and flats
across the landscape.

A 5m resolution auto-correlated digital elevation model (DEM) prodwced by the
Utah Automated Geographic Reference Center is used for quantifying the occurrence of
different landforms in different portions of the study area (freely available at
http://gis.utah.gov/elevation -terrain -data/5-meter-auto-correlated-elevation-model-
dem). This DEM uses the UTM coordinasystem, whichpreserves shapes locally, making
it appropriate for geomorphic inquiry. Using ArcGIS v. 10, modern watersheds are defined
on the north and south sides of three drainage divides. Modern watersheds are used to
estimate the icesheds at thé GMas these areas approximate the areas of influencé the
alpine glaciers flowing from theice divides at the head of these valleys.

Based on field observationghe step featuresare definedas having aslope of at least
301, occurring at an elevation lower than 3200m, andeing at least 700n® in area(Fig.
12a). For the quantification of the flat, polished areas | creategolygons based on data
from aerial photos and field observations Fig. 12b).

In all three study areas thesouth valley hasa higher percentage of stps than the
north valley, while the north valley hasa higher percentage oflats than the south(Fig. 13).
Steps are a small fraction of the basin areas both sides of the divide; bwever, they are
nearly twice as prevalent on the southern sides as on the northern sides of the valleys
Flats represent a greater proportion of the landscape than steps and are much more
common on the northern sides as compared to the southern sides of the Wall Lake and
Ruth Lake areas.The difference in occurrence of landforms on the north and south fag
slopessupports the hypothesis that the angle between valley slope and bedding slopmn

be an important factor in glacial morphology.



DISCUSSIOMND CONCLUSIONS

Characteristics of the ice, such as discharge and basal water pressure, influence the
glacial morphology of an area; but characteristics @dhe bed, such as joints antiedding,
have an effect as well Specifically, the dip of the beds in relation to thegund surface
influences the morphology and possibly thefficiency of different erosional mechanisms.

There is a clear differere in the morphology of two sids of the Uintasdiffering
only in the way the bedding intersects the land surface. In the sowm valleys the surface
is intersected by gently dipping quartzite beds, resulting idarge step features comprised of
levels of steep, blocky ledges. Between these steps there are patches of flat, abraded rock,
often partially filled in by a lake. The kevation profiles of these southern valleys show that
the slope is overall steeper than the northern sideof the same peak This stegness is due
to the prevalenceof steep cliffs in this area. GIS analysis step features in the
approximate LGM iceshd area show that all three study areas have a higher percentage of
stepsin the south than the north.

In the northern valleys of the field area the ground surfag slopesin the same
direction and at a similar angleto the dip of the quartzite beds. The primary featuresin
these valleys are brod, low-slope, polished surfaces. ®all ledge featuresoccur where the
ground surface is steeper than the beds causing the beds to intersect the land surface.
These ledgesare most common near the divide where therofile is steeper than the rest of
the valley, as seeln the valley elevation profile(Fig. 9). The profile also showshat the
northern valleys are much gentler in slope than the south valleys due to the lack of cliffs
and prevalence of flatter areasGIS analysis confirmdield observations byshowing that
these flat areas tle up a larger percentage of the iceshexdn the north than in the south.

Numerical model results exploring the relationship of hardness, bedding dip, and
valley slope corroborate these results. Modeling runs show similar overdeepened features
where gently dipping up-valley beds intersect the land surface, exposing their weak points
to preferential erosion. Model results also mimic field observations as beds dipping down
valley show only a few overdeepenings where weaknesses occasionally intersect the land
surface, but overall show the valley sloping at approximately the same angle as the beds.

The model examines the influence of variable erosiomesistance as well as dip. Dpite the



fact that variable resistance is not seen in the field area, the observation similar features
regardless suggests that bedding slope alone has an effect on morphology.

There is evidence folarge amounts of quarrying in the south valleys in ta
observation of the blocky, steep cliffs. Similar evidence for dominant abrasion in the north
comes from the large areas of glacial polish and the flatter, unplucked surfacésosit that
the many intersections of bedding with the erosion surface in # south caused an uneven
ground surface rife with subglacial cavities allowingpre-existing joints to propagate and
guarrying to flourish. Contrastly, on the north side, the lack of bedding intersections did
not support cavities and quarrying, leaving abasion to dominate. However, | have no
direct evidence of these processes, only inferences made from the resulting morphology.

Previousstudies of bed influence on morphologymainly focus onthe prevalence
and position ofpreglacial joints ascontrols on location and amount ofquarrying (Hooyer,
2012; Krabbendam, 2011). | suggestthat the orientation of bedding planesneeds to be
considered andfurther note that bedding planescommonly control the orientation of joints
(Park,1997). Though different joint sets may affect localized morphology, the long profile
of the valleyis likely to be influenced by the primary joint set, whichis, in turn, dictated by
the bedding.

Asymmetric cuesta formations show a structure and morphology vegrsimilar to the
field area. It is possible that this area of the Uintas washaracterized bycuestas before
glaciation, and erosion by the ice simply exacerbated these features. By definition, a cuesta
does not causesevere overdeepeningsmerely a steg cliff face on the upvalley side. Could
the presence & overdeepenings be the glaciemodifying a cuesta formation? Other studies
have shown how glacierautilize a positive feedback loop to exploit small bed perturbations
and create large overdeepening (Hooke, 1991) perhaps this is what occurred here.
Overall, it is possible thatglacial erosion could merely have enhanced the morphology
originally emplaced on the landscape by slope stability controls.

In the future, | hope to develop a more accura model that could betterrepresent
the field area. This would require increasing the spatial resolution to better represent the
step and flat features. Additionally, a representation of the bedding planes as a preferred
orientation for fracture would im prove the model. A model built specifically to predict

guarrying would be useful, such as the one proposed by Hooyer, et al (2012). This model



would require a thoroughly mapped joint set, which is another potential future research
area. Many studies ofjlacial erosion (Gordon1981; Goodenough2009; Krabbendam,
2011) find that preglacial jointing is a very important factor is resulting morphology, and
certainly worth investigating in the area. Additionally, more detailedmapping of the
current study basins could better define the presence of step and flat featureg-inally, the
hypothesis should be investigated in additional field sites.

| demonstrate thatcharacteristics of the bed, as well as the ice, have an influence on
the morphology of glacial ebsion. Numerical models highlight the importance of rock
hardness variability and bedding dip in controlling the presence and geometry of steps and
glacial overdeepenings.In the western Uintasthe relationship between bedding dip and
the valley floor orientation influences prevalence of specific glacial landformsOn the
south sides of thestudy valleys the bedding dips upvalley, and high cliffs, large
overdeepenings, and limited areas of glacial polisitre observed This steep, blocky
morphology represents an area of erosion dominated by glacial quarrying. On the north
sides of the valleys the bedding dips dowrvalley and large areas of glacial polish separated
by short, steep jumpsare present | posit that the adverse slope of bedding planes ithe
south favors the creation of subkglacial cavities, which are a prerequisite for quarrying;
while the uniform bedrock surfaces in the north do not support quarrying, causing

abrasion to be the dominant erosion tool.
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FIGURES AND TABLES

Tablel. Numerical model parameters, from MacGregor et al, 2000.

Model Equation or value
Reference temperature {J -3x /
Yearly temperature amplitude | 12.5x /
Precipitation maximum 2.0m
Valley wdth 1000m
Sliding coefficient ( 0.006 mPa B’
Bedding slope -30¢ +30
Erosion resistance (normal) 0.2
Erosion resistance (variable 0.00002¢ 200
Bedding width 100m

3000

£ 2500

2000
40 B0 g0 100 120 140 160 180 200

Figure 1 (above)Numerical modeling results for varying hardness contrasts in
alternating beds, white stripes being weaker. Resulting lines represent the land
surface (solid) after 1000 years of erosion and the ice surface (dashed) in the
corresponding color. Green shewa resistanceontrast of 1.25x, red shows 2.5x,
and blue shows 5xVertical exaggeration = 60x.
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Figure 2. Numerical modeling results with alternatingesistancebedswith slopes dippingdown-valley (left) and upvalley
(right). The green line shows the eroded land surface after 1000 years of glacial activity, the blue line shows theace surf
and white layers are 5x more susceptible to erosion than gray. (a) Shows bedslapa 0f0.01 On thdeft side beds dip only
slightly steeper than the eroded valley slope resulting in one small overdeepeibugan overall gentle profile that follows the
bedding plane. On thight side, weak beds intersect the erosismrface more frequetty, resulting in severaloverdeepenings
(b) Show bedsit a slope of 0.004In the left valley, the beds dip dowmalley, very similar tahe dip of the eroded valley slope,
resulting ina uniform surface with no overdeepenings. @ right, the beds igh up-valley, causingnly three
overdeepenings. These steps are slightly wider and shallower tharsteepeisiope due to the size and shape of the
intersections. Vertical exaggeration = 60x.
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Figure 3 Numerical modeling results with bedding slope of The green line shows the eroded land surface after

1000 years of glacial activity, the blue line shows the ice surface, and white layers are 5x more susceptible to erosion
than gray. Note the steepenediff feature where the weak bed intersects the erosion surface. This cliff then leads

into a flat area where the weak bed has been eroded away and the valley slope is dictated by the stronger bed. With
no dip the beds intersect both sides of the divadehe same angle, resulting in the same features on each side.

Vertical exaggeration = 60x.
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- i N X Figure 4 (a) Location of the Uinta Mountains,
i circled in red. (b) Location of the field sites in
relation to the Uinta range, in the red square.

0 375 750 1,500

Figure 5 (above)Location of the three study valleys, Wall Lake, Kamas Lake, and Ru
Lake, shown wittblue lines indicating approximate position of the ice divides dnlde
arrows indicating generalice flow direction.
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Table 2 Field sites GPS locations and descriptions

Label | Latitude (m) | Longitude (m) | Valley | Description
1A 0503075 4504839| Wall Cliff on Wall Lake
2 | Notch 0503355 4506272| Wall the Notch
3|B 0503530 4505456 Wall Cliffs aroundVall Lake
4| D 0511103 4509196 Ruth Ruth Lake Trail, beginning, S side
5| E 0510512 4509285| Ruth Past cliffs and waterfall, Ruth trail, N side
6|F 0509492 4508806| Ruth Trail up to the saddle above Hayden
716G 0509424 4508491 | Ruth Top of saddle abovidayden
8| H 0509308 4507242| Kamas | First cliffs on Lofty Lake trail
9|1 0509486 4508058| Kamas | Furthercliffs up Lofty Lake trail
10|J Kamas | Gentle slops up Lofty Lake trial
11| K 0508425 4509075| Kamas | Saddle above Cutthroat Lake
12| L 0508376 4509009| Kamas | Saddle above Kamas Lake
13| M 0508267 4508583| Kamas | Kamas Lake
14| N 0508366 4508369| Kamas | Trail down from Kamas Lake
15| O 0503461 4505588| Wall NE shore of Wall Lake
16| P 0503269 4505625 Wall SW shore of Wall Lake
171 Q 0503250 4505697 Wall N ofshore of Wall Lake
18| R 0503458 4505687 Wall E of Q on Wall Lake
19(S 0503088 4505539| Wall NW shore of Wall Lake
20 T 0502910 4505341| Wall SW side of Wall Lake?
21| U 0510390 4509298 Ruth Ruth Lake Trail, S side
22|V 0510083 4509258| Ruth Hayden Lake, Bhore
23| W 0510143 4507856| Ruth Above Castle Lake
24| X 0509321 4507483| Kamas | Further up Lofty Lake tralil
257 0504135 4507150 Wall MUST BE A GPS ERRSAME AS PREVIOQ
26| h 0503467 4506090/ Wall Cliffs between Twin and Wall Lakes
27 | 0503524 4505938| Wall Cliffs below Hope Lake
28| < 0503629 4505852| Wall Near Hope Lake
29|\ Hayden | Slate/cliff contact S of Hayden Overlook
30|° 0509839 4509304| Ruth SE shore of Naomi Lake
31| m 0509684 4509562| Ruth NW of Naomi, before Jewel Lake
32| > 0509888 4509611| Ruth Looking N at Fir Lake Hill
331 0509562 4509126| Ruth Hammerhead Lake E
34| * 0510050 4509021| Ruth S side of Hayden Lake
35(n 0503972 4505443| Wall Cliffs above Hope Lake
36| C 0507876 4503922| Bald Bald Mountain Overlook
371Y 0509303 4508454| Kamas | Trail just below Lofty Lake saddle
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Table 3 Strike and dp measurements from field sites

Site Average Strike| Average Dip| Direction
* 278.1 55N
A 229.2 6 | NW
B 234 24.5| NW
i 236.6 10.2 | NW
Bald Mt 203.1 49|W
D 237.8 6 | NW
n 206.3 11.3| W
E 296.6 4.6 | NE
G 285 6 | NE
H 261.2 1.7 | NW
Hayden 91.7 3.6|S
I 301.9 6.5| NE
J 336 179 E
K 226.9 4 | NW
L 299.6 9.5| NE
M 268.7 9.4| N
M2 303.5 10 | NE
> 302.4 8.5| NE
Notch 228.9 9| NW
@] 244 .4 8 | NW
P 234.3 4 | NW
{9 301.7 3.4| NE
{ 133 44 4| SW
1 151.2 11.4| SW
T 226.9 4.3 | NW
U 308.3 15| NE
Vv 265 5|N
w 315.7 2.3| NE
X 174.7 35| W
Y 331.9 14.5| NE
z 223.1 7 | NW




Equal Area
Lower Hemisphere

Figure 6. Stereonet data plot of the poles of field strike and dip measurements of o
bedding planesBedsare generally subhorizontal with an average strike® ¢ wtT @ Al A
an average dip of 4@W. Local average plane is plotted along with poles.
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" North side

Figure 7. (a) View of a lowslope area in the northern Ruth Lake valley showing polished bedrock surfaces on flat bedding
planes with a covering of glacial erratics. (b) View looking east across northern Wall Lake valley, close to the ice diite o
right side of thephoto. This view shows the occasional small, vertical ledges resulting from the difference in slope betwe:
bedding plane and the valley floor. Particularly near the steeper divide the dawadtey dipping beds still manage to intersect

the ground suface.

18



South side South side

Figure 8. (a) View of southern Wall Lake valley, looking north towards the ice divide. Note the sets of cliffs leading up th
slope. Wall Lake is in the foreground occupying a large overdeeperand above the first few sets of cliffs lies the Twin Lak
in another overdeepening, followed by another set of cliffs leading up to the divide. (b) View from Kamas Lake in the south
valley looking northeast with the ice divide to the left. Steep ledglesb down from the divide to the lake, which is also
located in an overdeepening. Here the-uglley dip of the beds is apparent.
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Figure 9. (above) These lines show the elevation profiles of each valley at 10x vertical
exaggeration, approximately nortksouth, with the ice divide in the middle. The green line

is the Ruth Lake area, red is Kamas Lake, and blue is Wall Lake. The total relief shown is
about 250m. Near the drainage divide, both the north and south slopesqaiite steep, but
further down valley the north facing slopes become shallower while the south facing slopes
remain steep due to the differing morphologies on either side of the valleys.

Figure 10. (above)Overall valley slope for the nortand south side of each
valley, not including the steep divide. The south valley slopes are consistently
steeper than the north.
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