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Abstract

Glacial deposits are identified from within and near Sinks Canyon, southwest of Lander,
Wyoming, representing 6 first-order Pleistocene glaciations. Relative-age analyses of the
deposits (including moraine morphology and soil development characteristics) indicate
that they correspond to 4 glaciations previously identified from the Wind River Range
(Pinedale, Early Wisconsin, Bull Lake, and Sacagawea Ridge) and to 2 older glacial events
(Younger and Older Pre-Sacagawea Ridge). '°Be and *°Al exposure ages associated with
recessional Pinedale deposits are similar to those associated with recessional Pinedale
deposits elsewhere in the range. '°Be and 2°Al exposure ages also support the identification
of Early Wisconsin deposits here. The Early Wisconsin deposits represent the second
locality where O-isotope stage 4 glacial deposits are described from the Wind River Range.
Preliminary analysis of '°Be exposure data from the Older Pre-Sacagawea Ridge deposit
suggests that a glacial advance occurred here before O-isotope stage 18 (>800 ka). If true,
then Sinks Canyon contains the most complete record to date of glaciation in the Wind
River Range and the only reported record of Pleistocene glaciation prior to O-isotope stage

18 in the Rocky Mountains.

Introduction

No single locality contains a complete record of the Pleistocene
glacial history of the Rocky Mountain region of the United States. Until
recently, however, it was thought that 5 first-order Pleistocene
glaciations were represented by surface moraines, buried moraines,
and lake deposits at the Cedar Ridge section above the north shore of Bull
Lake on the northeastern flank of the Wind River Range of Wyoming and
that these deposits represented most of Pleistocene time (Richmond,
1964, 1986a). The deposits at Cedar Ridge purportedly represented
(from youngest to oldest) the Pinedale, Bull Lake, Sacagawea Ridge,
Cedar Ridge, and Washakie Point glaciations (Blackwelder, 1915;
Richmond 1964, 1965, 1983, 1986a, 1986b; Richmond and Murphy,
1989; Hall and Shroba, 1995). Recent work by Hall and Jaworowski
(1999) suggests that the Cedar Ridge and Washakie Point deposits were
misidentified at Bull Lake and that deposits here represent glacial activity
that is no older than Sacagawea Ridge (~600-770 ka). Thus, only
Pinedale, Early Wisconsin, Bull Lake, and Sacagawea Ridge deposits
are presently identified from the Wind River Range.

This study reports evidence of as many as 6 glaciations in
a canyon ~55 km south of Bull Lake on the northeastern flank of the
Wind River Range. The study describes a series of inner canyon-to-
piedmont glacial deposits identified from Sinks Canyon, southwest of
Lander, Wyoming (Fig. 1). The main stratigraphic issues addressed by
this study include (1) the number of glaciations documented by
deposits here, (2) correlation with previously identified glaciations in
the Wind River Range, and (3) identification of glacial deposits in or
near Sinks Canyon that are related to older glacial events than those
presently identified in the range.

Relative-age data (RA) indicate that 6 morphostratigraphic units
are present in the canyon; each of these units are interpreted to
represent a Pleistocene glacial advance. A limited amount of numeric-
age data supports the presence of Pinedale, Early Wisconsin, Bull
Lake, Sacagawea Ridge, and Pre—Sacagawea Ridge glacial deposits.
Based on the data presented here, Sinks Canyon is the second locality
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in the Wind River Range from which Early Wisconsin deposits are
identified. The oldest 2 surficial units described here are Pre—
Sacagawea Ridge deposits previously not described in the Wind River
Range. These deposits may are the only reported surficial record of
Pleistocene glaciation prior to O-isotope stage 18 reported in the U.S.
Rocky Mountains.

Study Area and Methods

Sinks Canyon is a 19-km? area 15 km southwest of Lander,
Wyoming, near the southern flank of the Wind River Range (Fig. 1).
The canyon is the most southerly of 4 canyons along the northeastern
slope of the Wind River Range where piedmont glacial deposits have
been described (Murphy and Richmond, 1965; Richmond and Murphy,
1965, 1989; Richmond, 1986a; Shroba, 1989; Chadwick et al., 1997;
Phillips et al., 1997; Applegarth and Dahms, 2001). Sinks Canyon was
the single outlet for glaciers that accumulated in the Middle Popo Agie
(Po-po’-zhuh) basin in the southeastern Wind River Range. Sinks
Canyon is the only one of the four of which the glacial sequence
consists predominantly of inner-canyon deposits.

Sinks Canyon is carved into a nearly complete section of the
Paleozoic limestones, dolomites, and sandstones described for this
region of Wyoming (Love et al., 1992). The upper one-fourth of the
canyon is in Precambrian granite of the Louis Lake Formation (Frost et
al., 2000), whereas the walls of the lower canyon are Paleozoic
limestone, dolomite, and sandstone. The glacial deposits described here
(Figs. 2, 3) generally are within the canyon walls. Only the oldest 2
deposits are identified on or beyond the canyon rims. The lithology of
most of the Sinks Canyon deposits differs from that previously
reported for northeastern flank localities because the tills above the
canyon’s mouth contain no primary carbonate.

Elevation of the Middle Popo Agie River ranges from 2500 m
(8200 ft) a.s.l. near the western (upstream) edge of the study area to
1824 m (5980 ft) at the mouth of Sinks Canyon where the Middle
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FIGURE 1.

Map of the Wind River Range showing the location of
Sinks Canyon on the northeastern flank of the range. The locations of
other localities important to the Rocky Mountain glacial succession
are provided for reference.

Popo Agie river enters the Lander Valley (Figs. 2, 3a). The highest and
lowest elevations for units mapped in this study are 2800 m (9184 ft) and
1751 m (5760 ft), respectively. Mean January and July temperatures at
Lander (1636 m a.s.l.) are —7° and 22°C, respectively. Mean annual
precipitation (MAP) at Lander is 30.7 cm; most of this is spring
snowmelt and early-summer thunderstorms. In general, temperatures are
lower and precipitation is higher with increasing elevation in Sinks
Canyon due to orographic effects. MAP is estimated to vary within the
canyon from ~38 cm at the mouth to ~64 cm near the west edge of the
study area at Popo Agie Falls (R.W. Scott, personal communication,
2002).

The map units described here were identified from a combination
of walking unit boundaries and mapping each unit’s geomorphic
characteristics and position relative to adjacent units. Unit contacts
were placed on topographic maps. Boulder weathering data and
moraine morphology were described at locations that were represen-
tative of the overall morphology of each map unit. Soil pits then were
excavated at locations where there was good likelihood that intact,
representative profiles might be exposed.

RELATIVE-AGE METHODS

Relative-age (RA) methods historically are the primary data used
to differentiate glacial deposits in the Wind River Range (e.g.,
Blackwelder, 1915; Richmond, 1986a). Few numeric ages were
available prior to 1995 for the Late Pleistocene deposits of the Wind
River Range. The most critical of these numeric ages are summarized
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elsewhere (Gosse et al., 1995a, 1995b; Chadwick et al., 1997; Phillips
et al., 1997; Hall and Jaworowski, 1999; Dahms, 2004). I relied on the
RA characteristics used by previous studies in the Wind River Range,
as few numeric ages were available to this study (e.g., Richmond 1965,
1976, 1986a, 1987; Shroba and Birkeland, 1983; Dahms, 1991, 1994;
Hall and Shroba, 1995; Hall, 1999; Applegarth and Dahms, 2001).

Moraine Morphology and Boulder Weathering Characteristics

Previous descriptions of Pleistocene glacial deposits have shown
that surface expression(s) of moraines change and boulders weather in
a more or less predictable way with time (e.g., Blackwelder, 1915;
Richmond, 1973, 1986a, 1987). Boulder weathering varies widely
because of fire-induced spalling and variations in granular disintegra-
tion and erosion here. Boulders also become partly buried by loess in
places (Richmond, 1987; Shroba and Birkeland, 1983). Boulder
weathering characteristics used in this study include (Table 1) amount
of polish and preservation of striae, maximum weathering pit depths
(>100 boulders of >1-m diameter), % split boulders, and the
estimated surface boulder frequency (boulders per unit area).

Soil Development

Soils are established tools for estimating the relative ages of
Quaternary deposits and their associated landforms (e.g., Birkeland,
1999; Birkeland et al., 1991). Soils data generally are difficult to use
without other RA data because soil characteristics commonly vary
widely across the landscape. Thus, it is often difficult to use soil devel-
opment data alone to constrain the ages of the morphostratigraphic units
in this area because soils are often under both forest and sagebrush/grass
cover and tills often contain material derived from bedrock of different
lithology (Hall, 1983). Soils data generally must be combined with other
independent information (such as the moraine morphology and boulder
weathering data) to create a more useful (although generalized)
representation of local or regional age relations.

Soils were described and sampled from hand-dug pits using
standard methods and horizon nomenclature (Birkeland et al., 1991;
Soil Survey Staff, 1994, 1999; Birkeland, 1999). Bw and Cox horizons
were distinguished either by texture (usually sandy loam versus loamy
sand) and/or differences in Munsell color; Bw horizons have a 10YR
hue and Cox horizons have a 2.5Y hue. The designation Btj (National
Soil Survey Committee of Canada, 1974) is used here for horizons that
contain translocated clay in insufficient amounts to meet minimal
requirements for argillic (Soil Survey Staff, 1999).

Laboratory analyses used standard techniques modified from
Jackson (1969), Klute (1986), and Singer and Janitzky (1986). Particle-
size distribution was determined by the sieve and pipette method with
prior oxidation of organic matter by 30% H,O,. Pedogenic carbonate
and exchangeable divalent cations were removed by dissolution with
0.5N HCL on heat (~80°C). Particle-size distribution is reported as
weight percent (USDA grain-size scale). Bulk density was determined
by the paraffin-clod method for gravel-free peds using an estimated
gravel density of 2.6 g/cm . Bulk density values were obtained from
the average of at least 2 peds where the soil matrix was sufficiently
cohesive. When cohesive peds were not available, bulk density
estimates were obtained from the mean values of similar soil horizons
in Sinks Canyon or from other Wind River Range locales (Dahms,
1991, 1993, 1994, 2004; Applegarth and Dahms, 2001).

Simple calculations of soil characteristics were used to portray
the range of soil development on the glacial deposits in Sinks Canyon.
Soil characteristics used for RA correlations and age assignments
include horizonation, solum thickness, depth to Cox/C boundary,
clay percentage data (accumulation index [AI], maximum clay in
B horizon, profile weighted mean clay [PWM]), pedogenic clay,
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FIGURE 2. Map of Pleistocene glacial deposits in and near Sinks Canyon. Elevations of contour lines are in feet and are generalized from those
on the Cony Mountain, Fossil Hill, Mt. Arter SE, Lander, and Wolf Point U.S. Geological Survey 7.5-ft topographic maps (Wyoming).

rubification and texture indices, and profile development index (PDI)
(Tables 2 and 4).

Solum thickness and the depth to the Cox/C boundary measure
the progressive weathering of the deposits as soils develop over time.
Solum thickness measures the thickness of the A + B horizons,
whereas depth to the Cox/C boundary includes the oxidized portion of
the upper C horizon in many soils of the region (Shroba and Birkeland,
1983; Birkeland, 1999), so this number is usually the larger of the two.

Clay accumulation data calculated for Sinks Canyon soils include
the maximum percent clay in the B horizons, accumulation index (Al),
the profile weighted mean (PWM), and the total accumulation of clay
(here called pedogenic clay). The Al and the PWM were calculated
using the methods described by Hall and Shroba (1995). Pedogenic
clay is the sum of clay (both translocated and authigenic) that has
accumulated in all horizons of each soil (profile g cm 2. The
calculation follows the method described in McCalpin and Berry
(1996):

gcm? /profile = Z {[(% clay, X BDy, X Tp,) — (% clayym X BDpm X Tp)]
X (1—vol% Gp)} (1)

where h is horizon value, BD is gravel-free bulk density, T is horizon
thickness, pm is parent material value, and G is gravel (Taylor, 1986);
vol%Gy, = (Wt.%Gh/3G)/[(Wt.%G/0Gy) + {(1 — wt.%Gy)/BDp},
where 0 is density (Soil Conservation Service, 1972). T attribute much
of the clay in the soils of Pinedale and Bull Lake deposits and in A
horizons of soils in all deposits to additions of aeolian dust (Birkeland
et al.,, 1991; Dahms, 1993; Dahms and Rawlins, 1996), so that
relatively little clay in late Pleistocene profiles is due to in situ
weathering. I consider clay derived from aeolian dust to be pedogenic,
since dust-derived fines generally are regarded to have a considerable
influence on soil genesis (e.g., Muhs, 1983; McFadden and Weldon,
1987; McFadden, 1988; Reheis and Kihl, 1995; Reheis et al., 1995;
Harden et al., 1991; McCalpin and Berry, 1996). Clay contents of C

horizons were used to estimate parent material values used to calculate
values for AI, PWM, and pedogenic clay.

Rubification and texture indices are quantitative measurements of
redness and textural changes in a soil profile relative to its C horizon.
Procedures here follow those of Hall and Shroba (1993, 1995) and Hall
(1999). The profile development index (PDI) converts soil field
properties into numerical values by which soil development might be
compared among stratigraphic units (Harden, 1982; Birkeland et al.,
1991). Properties used here to calculate the PDI include moist and dry
rubification, moist and dry melanization, total texture, wet/moist/dry
consistence, structure, and clay films. Procedures for calculating
Accumulation Index, PWM clay, and rubification and texture indices
follow those of Hall (1999) and Hall and Shroba (1995). Index
calculations for PDI followed those of Harden (1982) and Birkeland
et al. (1991).

Glaciation of Sinks Canyon

The glacial succession described in Sinks Canyon generally
corresponds to that previously described in the Wind River Range
(Blackwelder, 1915; Richmond, 1976, 1986a, Hall and Jaworowski,
1999; Dahms, 2004). Additionally, I describe deposits of 2 older
glacial events that currently have no recognized correlatives in the
Rocky Mountain region. The field data are summarized in Table 1.
From youngest to oldest, I identify these deposits as Morphostrati-
graphic units 1-6.

STRATIGRAPHY OF THE MAP UNITS
Morphostratigraphic Unit 1

Characteristics of unit 1 deposits correspond to those of deposits
assigned to the Pinedale glaciation elsewhere in the Wind River Range.
A complex of 5 terminal-recessional-lateral moraines lies along the
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FIGURE 3. (a) View toward the southwest from the north rim of Sinks Canyon. A prominent bedrock step is at right center. The trees on the south
canyon wall obscure the morphology of the Pinedale, Early Wisconsin, Bull Lake, and Sacagawea Ridge moraines. (b) View of the Pinedale, Early
Wisconsin, Bull Lake, and Sacagawea Ridge moraines mapped in the southwest portion of the canyon as seen from the point labeled “George” in
Figure 2. (c) View from “George” toward the northeast to the mouth of the canyon. Lander is near top center. Large grassy area above the valley at
upper right is part the Younger Pre-Sacagawea Ridge morphostratigraphic unit. (d) View from the north rim of Table Mountain toward the
southwest showing the mouth of Sinks Canyon and two Younger Pre-Sacagawea Ridge moraine remnants mapped beyond the mouth of the canyon.

TABLE 1

Moraine morphology and weathering data for glacial deposits in and near Sinks Canyon, Wyoming

Pit Depths (cm)

Surface Boulder

Moraine Boulder (>100 boulders; % Split Frequency (per 10* m?)
Map Unit Morphology Weathering >1 m dia.) Boulders Minimum size = 1 m

Pinedale Sharp crests Many polished <2 <5 268-299 (NW wall)

and striated 195-267 (SE wall)

Early Wisconsin Sharp crests Occasional polish, 2-3 5-10 231-242 (NW)

few striated 175-194 (SE)
Bull Lake Rounded crests; inner No polish or 345 30-40 252-264 (NW)
margin of moraines striations noted 87-98 (SE)
typically covered
by Early Wisconsin
or Pinedale till.
Sacagawea Ridge Moraine topography No polish or striae 5-10 95-100 4-20 (NW and SE)
barely recognizable. preserved.
Younger Little till remains. No polish or striae Boulders too 100 4
pre—Sacagawea Ridge Preserved locally only preserved. fragmented for
on canyon rims or meaningful pit
beyond canyon mouth. measurements.

Older Little till remains; No polish or striae Boulders too 100 2

pre—Sacagawea Ridge

Preserved locally only
on canyon rims or

beyond canyon mouth.

preserved

fragmented for
meaningful pit
measurements.
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TABLE 2

Morphologic characteristics for soils in Sinks Canyon, Wyoming

Color
Locality Horizon  Depth (cm) Moist Dry Texture® Consistency® Structure®  Clay Films® Comments
Pinedale soils
FC-4 A 0-7 10YR3/1 10YR4/2 SL so/po-lo-so 0.5-f-gr — Very few stones weathered to grus stones
(<5 cm dia); most could be incorporated
from older till.
Bw 7-33 10YR4/3 10YR5/3 SL ss/ps-fr-so 1-m/f-sbk vl-f-br
2Bw 33-52 10YRS5/3 10YR6/3 LS ss/ps-fi/fr-sh 1-c/m-sbk vl-f-br
2Cox 52-100 2.5Y4/2 2.5Y7/2 LS s0/po-vir-so 0.5-f-gr —
2C 100+ 2.5Y4/2 2.5Y7/2 LS so/po-lo-lo sg —
PAF-1 A 0-5 10YR3/2 10YR4/2 SL so/po-lo-lo 0.5-vf-gr —_
BW 5-25 10YR3/3 10YR6/3 SL ss/po-fr/vir-so 1-f-sbk —
Cox 25-50 10YR5/3 10YR7/3 LS so/po-fr/vir-sh 1-m/f-sbk —_ Veins of oxidized, clay-rich material
~3 mm wide appear below 25 cm.
Cx 50-75 10YR5/3 10YR7/2 LS so/po-fr-h 0.5-f-sbk —
C 75-100+ 10YR5/3 10YR7/2 LS so/po-lo-lo sg — 10-15% of stones weathered to gruss.
PAF-2 OA 0-10 10YR2/2 10YR4/2 SL so/po-vfr/lo-so/lo 0.5-vf-gr —_
A 10-25 10YR2/3 10YR4/3 SL so/po-vft/lo-so/lo  0.5-f-sbk/gr —
Bw 25-48 10YR6/3 10YR6/3 SL ss/po-fr/vfr-sh 1-m/f-sbk —
Cx 48-60 10YRS5/3 10YR7/3 SL so/po-fr-h/sh 1-m/f-sbk —
C 60-100+ 10YR5/3 10YR7/2 SL so/po-lo-lo sg —
G-8 [0} 0-2 — — — — —
A 2-6 10YR2/2 10YR4/2 L s0/po-vir-so 1-vf-gr —
Bw 6-20 7.5YRS5/4 10YR6/4 SL ss/ps-vir-so 1-f-sbk — Purplish-red color of Flathead SS
detritus affecting color.
2Cox 20-50 10YR5/3 10YR7/3 LS s0/po-vfr-so 1-mf-sbk —
2C 50+ 10YR5/3 10YR7/3 LS so/po-lo-lo sg —
PLR-2 A 0-10 10YR3/2 10YR3/3 SL s0/po-vir-so 1-vf-gr —
AB 10-20 10YR2/2 10YR3/3 SL s0/po-vir-so 1-mf-sbk/gr —
Bw 20-30 10YR4/3 10YRS5/3 SL so/po-vfr/lo-so/lo  1-mf-sbk/gr —
Cox 30-50 10YR4/2 10YR7/2 SL so/po-lo-sh 1-m/f-sbk —
2C 50+ 2.5Y5/3 2.5Y7/3 LS so/po-lo-lo sg —
SC-2 A 0-15 10YR2/2 10YR4/3 SL s0/po-vir-so 1-vf-gr —
Bw 15-30 10YR3/4 10YR4/3 L ss/ps-fr-so 1-f-sbk —
BC 30-65 10YR3/6 10YR4/4 SL so/po-vir-so .5-f-sbk —
Cox 65-120 2.5Y5/4 2.5Y7/4 SL so/po-vfr-lo .5-f-sbk —
2C 120+ 2.5Y4/4 2.5Y7/4 LS so/po-lo-lo sg —
Early Wisconsin soils
FC-3 OA 0-3 10YR2/2 10YR3/2 SL so/po-lo-lo 0.5-f-gr —
E 3-15 10YR5/3.5 10YR6/3 SL so/po-vfr/lo-so 0.5-f-gr —
Btl 15-30 10YR4/3 10YR5/3 SL ss/po-fr-so 1-m/f-sbk 1-d-br/po
Bt2 30-50 10YR4/3 10YR5/3 SL ss/po-fr-so 1-m/f-sbk 1-d-br/po
Cox 50-75 10YR4/2 10YR7/3 SL s0/po-vir-so 1-m/f-sbk —
Btb 75-90 10YR4/4 10YR6/4 SL vs/vp-fi/fr-h 2-m-sbk 1-d-cobr
Coxb 90-130 2.5Y4/4 10YR6/3 SL so/po-vir-sh 1-f-sbk —
Cb 130-140+ 2.5Y5/4 2.5Y7/3 SL so/po-lo-lo sg —
SC-1 A 0-5 10YR3/3 10YR5/3 SL so/po-lo-lo S-f-gr —
Bw 5-20 7.5YR3/2  7.5YR5/4 SL ss/ps-vfr-so 1-m-sbk —
Btl 20-35 7.5YR3/4 7.5YR4/4 SL ss/ps-fr-so 2-m-sbk vl-f-po
Bt2 35-80 7.5YR4/4  7.5YRS5/6 SL s/p-fr-sh 2-m-sbk vl-f-po Stones completely weathered to
grus begin to be found in this horizon.
Cox1 80-100 10YR5/4 10YR6/4 SCL s/p-fr-so .5-m-sbk — Approx 50% of stones below 40 cm
are completely disintegrated.
Cox2 100-135 2.5Y4/4 2.5Y6/4 SCL s/p-fr-so .5-m-sbk —
C 135+ 2.5Y4/4 2.5Y7/4 SL ss/ps-fr-so sg —
FC-5 A 0-7 10YR2/2 10YR3/2 SCL so/po-vf/lo-lo sg —
Btl 7-25 7.5YR3/2 10YR5/3 SCL ss/ps-fr/vir-sh/so 1-m-sbk 1vI-f-pf
2Bt2 25-50 7.5YR4/3 10YR6/3 SL ss/ps-vir-vh/h 2-c-sbk 1/2-d-br
2Coxx 50-85 10YR4/2 2.5Y7/2 SL so/po-fr-vh/h 1-m/f-sbk —
2C 85+ 2.5Y4/3 5Y7/1 SL so/po-lo-lo sg —_
FC-6 A 0-5 10YR2/2 10YR3/1 SL so/po-lo-lo 0.5-f-gr —
Bw 5-15 7.5YR2.5/2  7.5YR4/2 SL s0/po-vir-so 1-m-sbk —
Btl 15-30 7.5YR3/2  7.5YR5/2 SL s/p-fr-sh 2-c/m-sbk 2-d-cobr
Bt2 3045 10YR4/3 10YR5/3 SL ss/ps-fr/vir-sh 2-c/m-sbk 1-d/f-po
Coxx 45-65 10YR4/3 10YR6/3 SL ss/po-fr-h 2-m/f-sbk —
*C(FC-5) 65+ 2.5Y4/3 5Y7/1 SL so/po-lo-lo sg —
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TABLE 2

(Cont.)
Color
Locality Horizon Depth (cm) Moist Dry Texture®  Consistency” Structure® Clay Films® Comments
G-7 A 0-20 7.5YR2.5/2 7.5YR5/2 SL s0/po-vir-so 1-m/f-sbk/gr —
Bt 2040 7.5YRS5/4 7.5YR6/4 SL ss/ps-vir-so 1-f-sbk vl-f-br/po

2BC 40-70 7.5YR4/3  7.5YR5/3 LS so/po-vfr/lo-so 1-f-sbk/gr —

2Cox 70-140 7.5YR4/3 7.5YR6/3 LS so/po-vfr-lo 1-f-sbk/gr — Cobbles weathered to grus are present at ca.
100 cm. Main difference from BC
horizon is pockets of parent material color
appear.

*2C(G-5) 140+ 10YR5/3 10YR7/3 LS so/po-lo-lo sg —
Bull Lake soils
G-1 O/A 0-10 7.5YR3/2  7.5YR4/2 SL so/po-lo-lo 1-vf-gr —

A/E 10-16 10YR3/2 10YR5/3 SL ss/ps-vfr-sh/so 1-m/f-gr —

Btlb 16-43 7.5YR4/3  7.5YR5/4 SL s/p-fi-h 2-c-abk/sbk 1-f-br/po

2Bt2b 43-80 7.5YR5/4  1.5YR6/4 LS ss/ps-vfr-so/lo 2-c-sbk vl-f-br

*2C(G-8) 10YR5/3 10YR7/3 LS so/po-lo-lo sg —_
G-3 OA 04 7.5YR3/1  7.5YR3/1 LS s0/po-vir-so 1-f/vf-gr —
E 4-8 7.5YR4/3  7.5YR6/3 SL so/po-fr/vir-so 1-f-sbk/pl —

Btl 8-25 7.5YR4/4  7.5YR6/4 SL ss/ps-fi-h 2-m-sbk vl-f-br/po

Bt2 2545 7.5YR5/4  7.5YR6/4 LS s/p-vfi-vh/h 2-c/f-abk/sbk 2-f/p-cobr

2Bt2b 45-90+ 5YRS5/4 5YR6/4 SL ss/ps-fi-h 2-m-sbk 1-d-co/br

*2C(G-8) 10YR5/3 10YR7/3 LS so/po-lo-lo sg —
G-5 OA 0-6 — — — — — —

ABw 6-25 10YR4/3 10YR6/3 SL ss/ps-fr-sh 1-m/f-gr —

Btl 25-60 7.5YR5/4  7.5YR5/4 SCL s/p-fi-h 2-m-sbk 1-f-br

Bt2 60-90 7.5YR6/4  7.5YR6/4 LS s/p-fi-h 2-m-sbk 1-f-br

Cox 90-140 10YR5/4 10YR7/4 SL ss/po-vir-so 1-f-sbk/gr —

2C 140+ 10YRS5/2 10YR7/2 LS so/po-lo-lo sg —
PLR-1 A 0-8 10YR2/2 10YR4/2 LS so/po-lo-lo 1-f-gr —

Btlb 8-30 7.5YR3/2  7.5YR4/2 LS ss/ps-fr-sh 1-m/f-sbk 1-d-pf/br

Bt2b 30-50 7.5YR4/4  T1.5YR5/4 LS s/p-fi-h 2-c/m-abk/sbk  2-d-pf/cobr

Bt3b 50-85 7.5YR4/4  7.5YRS/4 LS s/p-fi/vfi-h 2-m-abk 2-d-po/cobr

2Coxb 85-100+  7.5YR3/4 7.5YR5/4 SL so/po-lo-lo sg —
*2C(PAF-1) 10YR5/3 10YR7/2 LS so/po-lo-lo sg —
FC-1 Ak 0-8 10YR3/2 10YR4/3 L so/po-lo-lo 5-f-sbk/gr —_ Weak effervescence

Abk 8-20 10YR3/3 10YRS5/3 L ss/ps-vir-so 1-m/f-sbk — Weak effervescence

Bwk 2040 10YR5/4 10YR7/3 L ss/ps-fr-sh 1-f-sbk — Moderate effervescence;
stage 1(-) carbonate.

Btkl 40-62 10YR6/4 10YRS/2 L ss/ps-fr-sh 2-m-sbk vl-f-br Strong effervescence, Stage 1.

Btk2 62-130 10YR5/3 10YR7/3 L ss/ps-fi/fr-h 2-c/m-sbk vl-f-br/pf  Strong effervescence, Stage 1-2. All stones
have CaCO3 rinds. Granitic clasts are
occasionally weathered to grus. No clasts
>30 cm in diameter.

*2C(FC-4) 130+ 2.5Y4/2 2.5Y7/2 LS so/po-lo-lo sg —
HR-2 Ak 0-15 7.5YR3/2 10YRS5/3 SL s0/po-vir-so 1-vf-gr — Very slight effervescence.

Btk 15-45 7.5YR4/4  7.5YR5/4 SL s/p-fr-h/sh 1-m/f-sbk 1-d-cobr

BCk 45-90 10YR4/3 10YR5/3 SL ss/ps-fr-h 1-m/f-sbk —

Coxk 90-170 2.5Y4/4 10YR6/3 SL so/po-fr-sh 1-f-sbk — Stage 1 carbonate

Ck 170-300+ 2.5Y4/2 10YR7/3 SL so/po-lo-lo sg —
Sacagawea Ridge soils
G-2 AE 0-30 7.5YR5/4 7.5YR7/4 SL so/ps-vir-sh 1-vf-pl/gr —

Btl 30-60 7.5YR5/4  7.5YR6/4 SL vs/vp-fi-h 3-f-sbk 2-d-pf

Bt2 60-100 7.5YR7/6  71.5YR4/6 L vs/vp-fi-vh 3-m-abk/sbk 2-d-pf

Bt3 100-160 7.5YR5/6  7.5YR6/6 SL s/p-fi-h 3-m-abk/sbk vI/I-f-br Sampled at 120 cm.

All same as Bt3 except for appearance
of pockets of yellowish material
(3 cm diameter).

Bt41 160-200 7.5YR4/6  7.5YR6/6 SL s/p-fi-h 2/3-m-sbk vl/I-f-br A boulder at 200 cm is completely
weathered to grus (40 X 60 cm).

Bt42 200-300 7.5YR5/6  7.5YR6/6 SL s/p-fr-h 1-f-sbk 1-d-po/br  Sampled at 250 cm directly beneath
large disintegrated boulder.

BC 300-350 7.5YR5/6  1.5YR6/6 SL ss/ps-fr-sh 1-f-sbk — Sampled at 310 cm.

CB1 350400 7.5YR5/4 7.5YR6/4 SL ss/ps-fr-sh 1-f-sbk — Sampled at 360 cm.

CB2 400-450 7.5YR5/4  71.5YR6/4 SL ss/ps-fr-sh 1-f-sbk — Sampled at 410 cm.
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TABLE 2

(Cont.)
Color
Locality Horizon Depth (cm) Moist Dry Texture®  Consistency” Structure® Clay Films® Comments
CB3 450-500 10YR4/4  10YR6/4 SL ss/ps-fr-sh 1-f-sbk — Sampled at 460 cm; material surrounds
completely disintegrated clast.
*2C(G-8) 550+ 10YR5/3  10YR7/3 LS so/po-lo-lo sg —
FC-2 A 3-5 10YR3/1 10YR4/2 SCL so/po-lo-lo 1-f-gr —_
Btl 5-23 S5YR3/3 5YR4/6 SL s/p-fr-sh 1-mf-sbk 1-d-br/pf
2Bt2b 23-45 5YR3/3  7.5YR4/6 SL ss/ps-fi/fr-sh 2-c/m-sbk 1/2-d-br
2Bt3b 45-130 5YR3/3 7.5YR4/6 SL ss/ps-fr-sh 1-m-sbk 1-d-br/pf Weathering rinds on disintegated
stones have 7.5YR5/8 Munsell
color. Clay films described from
surfaces of intact stones.
2Coxb 130-210 2.5Y7/2 2.5Y8/4 SL ss/ps-fr-so 1-m-sbk —
2Cb 210+ 2.5Y7/3 2.5Y8/4 SL so/po-vfr-so sg —
HR-1 A 0-15 10YR3/3 10YRS5/3 SL ss/ps-vir-lo-so 1-m/f-gr —
Btl 15-60 5YR3/4 5YR4/6 SL s/p-fr-h 2-m-sbk 2-p-po/cobr
2Bt2 60-100 7.5YR4/4  7.5YR5/6 LS ss/ps-fr/vir-sh 1-f-sbk 1-f-br
2Cox1 100-120 10YR4/4  10YR6/4 LS so/po-vfr-so 0.5-f-sbk/gr — Cobbles descrease in size upward
from 120-180 cm.
2Cox2 120-230 10YR4/4 10YR6/4 LS so/po-vir-lo 1-f-sbk-sg — From 140 cm, sands coarsen upward.
*2C(HRC-2) 230+ 2.5Y4/2 2.5Y7/3 LS so/po-lo-lo sg —
Younger pre-Sacagawea Ridge soils
DS-1 A 0-11 7.5YR3/2  10YR4/3 SL ss/ps-vfr-so 1-f/vf-sbk —
Btlb 11-30 5YR3/4 SYR4/4 SCL vs/vp-fi-h 2-m-sbk 1-f-br/po
2Bt2b 30-85 S5YR3/4 5YR4/4 SCL vs/vp-fi-h 2-m-sbk 1-f-br/po
2Bt3b 85-150 5YRS5/5 5YR4/4 SCL vs/vp-fr-h 2-m-abk/sbk 3-p-pf Clay film colors: 5YR4/4; 1/2 mm
clay films on clasts. Desc’d from
soil matrix surrounding comp’ly
gruss’d stones. Gruss’d stones make
up ~80% of horizon.
*2Cb(TM-1) 150+ 2.5Y6/2 2.5Y7/4 LS so/po-lo-lo sg —
WD-1 Ak 0-5 5YR3/3 5YR4/4 SL so/po-vfr-so 1-f-gr —
Btk 5-30 5YR3/4 5YR4/6 L s/p-vfi-h 3-c-sbk/pr 2-d-po/pf
Btkb 30-55 5YR4/6 SYRG6/4 L ss/ps-vfi-h 2-m-sbk 1-d-po/br Stage 2-3 carbonate — appears broken;
eroded in places?
BCkb 55-80 5YR4/6 S5YRS5/6 L ss/ps-vir-so 1-f-sbk/gr — Stage 1—carbonate.
Coxkb 80-140 2.5YR5/6 2.5YR5/6 L ss/ps-fr-h/sh 1-m/f-sbk — Stage 1+ carbonate; abundant frags
of Chugwater.
Cb 140+ 2.5YR5/6  2.5YR5/6 L ss/ps-fr-h/sh 1-m/f-sbk —
Older pre-Sacagawea Ridge soils
TM-1 A 0-12 2.5Y4/4 2.5Y6/4 SL s0/po-lo-so 1-f/m-sbk —
B/C 12-20 10YR4/4  10YRS5/4 SL so/po-vir-lo 2-m/c-sbk —
Btlbl 2045 10YR4/4 10YR5/4 SL ss/ps-fr-h 2-m/c-sbk 1-f-cobr
Bt2bl 45-60 10YR4/3 10YRS5/3 SL ss/ps-fr-h 1-f/m/sbk 1-f-cobr
Coxbl 65-85 10YR5/6  10YR4/6 SL ss/ps-vfr-sh 1-f/m-sbk —
ABb2 85-115 7.5YR3/2 7.5YR4/2 SL so/ps-vir-h 2-m/c-sbk —
Btlb2 115-150 7.5YR4/4  7.5YR5/4 SL s/p-vfi-vh 2-m/c-sbk 2-d-pf
Bt2b2 150-200 10YR4/6  10YRS5/8 SL s/ps-vfi-vh 2-m-sbk 2-d-pf
Bt3b2 200-300 10YR5/6  10YRG6/6 SL s/ps-vfi-h 2-m-sbk 2-d-pf
Cox1b2 300400 2.5Y5/4 2.5Y6/4 SL s/ps-fr-sh 1-c-sbk — Pockets of matrix 7.5YR4/6M & 7.5YR5/8D
Cox2b2 400-500 2.5Y6/2 2.5Y6/4 SL s/p-fr-sh 2-c-sbk —_ Pockets of matrix 7.5YR4/6M & 7.5YR5/6D
Cox3b2 500-600 2.5Y6/2 2.5Y6/6 SL s/ps-vfr-sh 1-m/c-sbk — Pockets of matrix 7.5YR4/6M & 7.5YRS5/6D
2Cox4b2 600-900 2.5Y6/2 2.5Y6/6 LS s/ps-vir-so .5-m-sbk — Pockets of matrix 7.5YR4/6M & 7.5YR6/6D
2Cb2 900-1000 2.5Y6/2 2.5Y7/4 LS ss/ps-vir-so .5-m-sbk —
3Bb3 1000+ 10YR5/6  10YR6/6 SL s/p-fl-h 1-m/c-sbk —

TEXTURE: S, sand; LS, loamy sand; SL, sandy loam; SCL, sandy clay loam; L, loam; CL, clay loam; SiCL, silty clay loam; SiL, silt loam; Si, silt; SiC, silty clay.
® CONSISTENCY VALUES: Wet—so, soft; ss, slightly sticky; s, sticky; vs, very sticky; po, non-plastic; ps, slightly plastic; p, plastic; vp, very plastic. Moist—lo, loose; vfr,

very friable; fr, friable; fi, firm; vfi, very firm. Dry—lo, loose; so, soft; sh, slightly hard; h, hard; vh, very hard; eh, extremely hard.

¢ STRUCTURE: Grade—m, massive; sg, single grain; 1, weak; 2, moderate; 3, strong. Size—vf, very fine; f, fine; m, medium; c, coarse; vc, very coarse. Type—g, granular; pl,

platy; pr, prismatic; abk, angular blocky; sbk, subangular blocky.

4 CLAY FILMS: Amount—v]1, very few; 1, few; 2, common; 3, many. Distinctness—f, faint; d, distinct; p, prominent. Location—pf, ped faces; po, pores; br, bridges between

grains; co, colloid coats on grains; cobr, coats and bridges.

* C horizon not sampled; characteristics estimated from nearby soil profile. Profile used for estimate is shown in parentheses.
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upper 9 km of Sinks Canyon (Fig. 2). This valley-floor complex extends
from a terminal moraine at 2037 m (6700 ft) directly upvalley from the
Sinks to recessional moraine unit P5 at 2462 m (8100 ft), about 1 km
upvalley from Popo Agie Falls. End moraines here are steep and sharp-
crested. Kettles are not common on unit 1 moraines in Sinks Canyon,
probably because of the limited ice volume and limited till thickness.

Lateral moraines of unit 1 are steeper and have sharper crests than
the end moraines. Because the lateral moraines were deposited against
steep valley walls, they have undergone more intense erosion and mass
wasting than the end moraines. The lateral moraines of unit 1 extend
along the valley walls from the Pinedale 1 terminal/end moraines at ca.
2037 m (6700 ft) near the Sinks to 2736 m (9000 ft), northwest of Popo
Agie Falls (Fig. 2). They are closely inset within (and in places overlap)
older deposits mapped here as morphostratigraphic units 2 and 3.

Boulders on moraines of unit 1 are relatively unweathered and
unpitted except where boulders from older till have been incorporated
locally into the till of unit 1. Granite boulders show no evidence of
weathering to grus. Boulders often exhibit polished and faceted
surfaces and little burial by loess. Boulders exhibit only slight pitting,
surface boulder frequencies are high, and the number of split boulders
is low (Table 1).

Morphostratigraphic Unit 2

Characteristics of unit 2 deposits correspond to those assigned to
Early Wisconsin deposits in the Rocky Mountains (Colman and Pierce,
1986; Hall and Shroba, 1995). Moraines assigned to unit 2 are
identified at 3 locations in Sinks Canyon. Two lateral moraines are
located on the north and south walls of the canyon above the Missouri
geology camp (Fig. 2). The crests of both moraines have elevations of
approximately 2220 m (7300 ft). A third Early Wisconsin deposit is
identified adjacent to and downvalley from the Pinedale terminal
moraine (P1) on the north side of the Middle Popo Agie River.

The Early Wisconsin moraines exhibit RA characteristics similar
to the Pinedale moraines. Boulders on Early Wisconsin moraines are
nearly as unweathered and unpitted as those on the Pinedale moraines.
Boulders on Early Wisconsin moraines show little postdepositional
burial by loess. Boulders exhibit only slight pitting, surface boulder
frequencies are relatively high, and the number of split boulders is low
(Table 1). Buried small-diameter granite boulders show only slight
weathering to grus.

Morphostratigraphic Unit 3

Unit 3 deposits in Sinks Canyon are correlated with deposits
identified as Bull Lake elsewhere in the Wind River Range (Richmond
and Murphy, 1965). Bull Lake moraines in Sinks Canyon exhibit more
subdued morainal topography than the Early Wisconsin and Pinedale
moraines. Bull Lake deposits are above (on the valley wall) or
downvalley from the Pinedale and Early Wisconsin moraines (Fig. 2).
The highest Bull Lake deposits are identified on the north and south
canyon walls at 2797 m (9200 ft) and 2368 m (7790 ft), respectively.
Two adjacent lateral moraines are mapped at each of these localities.
The innermost Bull Lake lateral moraines locally are partially buried
by the Early Wisconsin and Pinedale units. In this area of the canyon,
the Early Wisconsin and Pinedale deposits may have incorporated Bull
Lake—age material, because Early Wisconsin and Pinedale soils have
slightly redder hues and contain slightly more clay than elsewhere. A
Bull Lake deposit is identified further downvalley on the south canyon
wall where it is preserved between several talus deposits. Bull Lake
deposits are not exposed on the north wall of the canyon downvalley
from the Missouri geology camp.

Deposits that represent the downvalley limit of Bull Lake ice are
mapped just beyond the mouth of Sinks Canyon. Bull Lake ice
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apparently advanced only slightly beyond the mouth of the canyon
where it stagnated and deposited a mixture of till and outwash. This
material is mapped from 1885 m (6200 ft) to 1763 m (5800 ft) on both
sides of the Middle Popo Agie River. These deposits exhibit subdued
knob-and-kettle topography, but the kettle sides have been breached
(or the kettles filled) and drainages between depressions are integrated,
so the original topography is now obscured. These stagnant-ice
deposits are inset into similar material deposited by the Sacagawea
Ridge ice advance.

Boulders are more weathered on Bull Lake deposits than on the
Early Wisconsin and Pinedale deposits. Boulders are often imbedded
in a 50-cm-thick deposit of loess and in till that is characteristic of
Bull Lake moraines in this region (Richmond, 1986a; Shroba and
Birkeland, 1983). Surface boulder frequencies are lower and split
boulders are more common than on Pinedale and Early Wisconsin
moraines (Table 1). Boulders on lateral moraines along the south
canyon wall are not as deeply buried because erosion maintains very
steep slopes inside the canyon. Pits are deeper on granite surface
boulders and where buried approximately 50% of boulders are
weathered to grus.

Morphostratigraphic Unit 4

RA characteristics described for unit 4 generally correspond to
those deposits previously assigned to the Sacagawea Ridge glaciation
in the Wind River Range (Richmond, 1986a; Hall, 1999; Hall and
Jaworowski, 1999). Mapped Sacagawea Ridge deposits are the oldest
deposited by ice that was entirely within Sinks Canyon. Sacagawea
Ridge deposits are identified only on the north and south walls of the
upper canyon above the Missouri geology camp and beyond the
canyon mouth (Fig. 2).

Sacagawea Ridge units are identified as separate, indistinct
deposits that exhibit only subdued morainal topography. In the upper
canyon, Sacagawea Ridge deposits are identified as lateral moraines
that are indistinct farther downvalley because they are buried by till of
the Bull Lake glaciation and talus. The Sacagawea Ridge unit beyond
the canyon mouth also is an indistinct diamicton but consists of
stagnant-ice deposits (both till and outwash) that lie outside and above
adjacent Bull Lake deposits.

Boulder weathering is more pronounced and pit depths are much
deeper on Sacagawea Ridge deposits than on the younger tills. Surface
boulder frequency is very low, and most buried granitic boulders are
completely disintegrated in these deposits (Table 1). All surface
boulders, when present, are split and spalled. Weathering pit depth is
not a reliable measure of boulder weathering on the older deposits,
because weathering rinds tend to weaken the rock between adjacent
pits and cause rinds to spall off the boulders.

Morphostratigraphic Units 5 and 6

Deposits corresponding to morphostratigraphic units 5 and 6 are
not identified within Sinks Canyon; these deposits are identified only
on or near ridge crests beyond the canyon rims. These units are
identified only from scattered and isolated diamictons that are gently
rounded and have indistinct morainal topography. These deposits
would have been deposited by ice that not only filled Sinks Canyon but
also flowed above and beyond it.

Morphostratigraphic units 5 and 6 are identified at 6 locations.
Only preliminary cosmogenic dates are available that might constrain
the ages of these units. Based on the stratigraphic relations to the other
glacial deposits in Sinks Canyon and the preliminary 10 ages
discussed below, I tentatively identify these units as Younger Pre—
Sacagawea Ridge and Older Pre—Sacagawea Ridge.
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Younger Pre-Sacagawea Ridge

1. A remnant of a lateral moraine (or kame terrace) extends from
2280 to 2310 m (7500 to 7600 ft) along the north canyon rim
northeast of the Missouri geology camp.

2. An extensive remnant of till is located from 2341 to 2250 m
(7700 to 7400 ft) on a wide upland area on the south rim of
Sinks Canyon between Sinks and Sawmill canyons. Remnants
of at least 3 moraine crests trend roughly southwest-northeast
from the center of the unit to its eastern and northeastern
boundaries. The northwest portion of the unit consists of slope
deposits that extend about 120 m (400 ft) down along the inner
wall of Sinks Canyon. Near the southwestern extent of the unit,
a smaller portion is separated from the main unit by a small
stream valley. No obvious areas of outwash were found here.
This unit is thought to be the remains of recessional features
that formed when the ice body noted in (4) below retreated
back across the mesa now occupied by Sawmill Canyon from
its terminal position below Table Mountain.

3. Two remnants of moraines lie on a narrow ridge that separates
Sawmill Canyon from Sinks Canyon just above their
confluence. These remnants are thought to be associated with
ice that remained within the main canyon during the time that
ice flowed over the south rim, as noted above (2) and below (4).

4. Two remnants of moraines are located from 2158 to 1825 m
(7100 to 6000 ft) and from 1945 to 1825 m (6400 to 6000 ft)
below the southwest end of Table Mountain. These units are
thought to be the remains of lateral moraines formed by ice
that advanced across the area just south of the present
confluence of Sawmill and Sinks canyons during the time that
ice occupied the area discussed above in (2).

5. A remnant of a lateral moraine is mapped from about 2067 to
1976 m (6800 to 6500 ft) west of and immediately above the
mouth of Sinks Canyon. The largest remnant lies at the same
elevation as the largest moraine remnant below Table
Mountain noted above in (4).

6. Extensive areas that contain scattered and isolated granitic
boulders are associated with the Younger Pre—Sacagawea
Ridge units discussed in (4) and (5) above (Fig. 2). These
scatters of erratic boulders are devoid of surrounding till; the
boulders sit directly on bedrock of the Park City Formation
(Permian).

Older Pre-Sacagawea Ridge Unit

1. Two small (25-50 m across) remnants of till overlie the
Bighorn Dolomite just northeast of the feature named
“George” on the rim of the south canyon wall.

2. A southwest-northeast-trending remnant of till along the north
edge of Table Mountain consists of boulders as large as 4 m in
diameter in a coarse, sandy matrix. Except for the intense
weathering this till is indistinguishable from younger tills in
Sinks Canyon. The unit locally has subdued morainal
topography.

The origin of the older Pre—Sacagawea Ridge unit on the north
rim of Table Mountain is equivocal. Similar diamictons in the Rocky
Mountains that consist of boulders in a poorly sorted, sandy matrix on
ridge crests have been interpreted as landslide, alluvial-colluvial,
periglacial, or glacial deposits (Madole, 1982). The deposits covering
Table Mountain have been interpreted as remnants of a boulder
conglomerate facies of the Eocene Wind River Formation (Keefer,
1965; Love et al., 1979; Love and Christiansen, 1985). Although the
Older Pre—Sacagawea Ridge diamicton may be nonglacial in origin, I

interpret this deposit to be till that was deposited by ice that advanced
beyond the walls of Sinks Canyon for the following reasons.

1. The deposit exhibits subdued morainal topography muted by
erosion.

2. The nearest source of bouldery granitic material is Late
Archean granite (Love et al., 1979; Frost et al., 2000), which is
exposed in outcrops >18 km southwest of Table Mountain
near Frye Lake (Fig. 2). Many of the boulders on Table
Mountain are granodiorite clasts 1-4 m in diameter that were
transported ~25 km northeastward from the core of the Wind
River Range. The size and distance of transport of these
boulders suggest transport by glacial ice rather than by fluvial
Or mass movement processes.

Boulders associated with the Pre-Sacagawea Ridge units com-
monly are split into several pieces and are deeply pitted (Fig. 4c, 4d).
Most boulders barely protrude above the ground surface due to
a combination of granular disintegration and erosion of these boulders.
Most boulders that have tops that are level with the present ground
surface characteristically have red to orange-yellow Munsell colors
(10R 5-6/8 and 7.5YR 5-6/8). Larger (whaleback) boulders commonly
are weathered into mushroom-like shapes that are extensively undercut
to ~1 m above ground level. This characteristic emphasizes the
importance of the deflation and abrasion of the Pre—Sacagawea Ridge
moraine surfaces here. The intensity of boulder weathering and soil
truncation indicates that erosion has removed at least 1-2 m and possibly
as much as 4 m of material from the Pre—Sacagawea Ridge deposits.

SOIL DEVELOPMENT CHARACTERISTICS

Soil profiles on Pinedale moraines have A-Bw-Cox-C horizons.
Pinedale soils have the thinnest sola (Fig. 5), the least amount of
illuvial clay, and generally are the least developed in the Sinks Canyon
chronosequence (Tables 2, 3, 4). Colors of B horizons usually have
10YR hues, although 7.5YR hues are locally present where till of the
Pinedale glaciation has incorporated Early Wisconsin or Bull Lake
materials. Pinedale soils have the lowest values for all measures of
clay accumulation and for all indices of profile development (Table 4;
Figs. 7, 8).

All soil profiles on Early Wisconsin moraines have A-Bt-Cox-C
horizons (Tables 2, 3). Soils on Early Wisconsin deposits are slightly
thicker (Fig. 5) and B horizons are redder than those of Pinedale soils.
Early Wisconsin and Pinedale soils have similar B horizon textures.
Early Wisconsin soils have higher values for all measures of clay
accumulation and for all indices of profile development than Pinedale
soils (Table 4; Figs. 7, 8).

Soil profiles described on Bull Lake moraines in Sinks Canyon
have A-Btl1-Bt2-Cox-C horizons. Soils on Bull Lake moraines are
thicker, have thicker sola, and thicker B-horizons that are redder
(7.5YR hues) and have finer textures than soils on Pinedale and Early
Wisconsin moraines (Tables 2, 3, 4; Fig. 5). Soils on Bull Lake
deposits have larger values for all measures of clay accumulation
compared to Pinedale soils. Values for Accumulation Indices and
pedogenic clay also are greater for Bull Lake soils than Early
Wisconsin soils, but clay maxima and PWM values for Bull Lake and
Early Wisconsin soils are similar (Fig. 6). All indices of profile
development are greater for Bull Lake soils than for the soils in
Pinedale and Early Wisconsin deposits (Table 4; Figs. 7, 8).

Soils developed in Sacagawea Ridge deposits have at least A-Bt1-
Bt2-Cox horizons. Soils on these deposits generally are severely
eroded and often have relict B horizons that are welded to modern
surface horizons (A, AB, BA). Where uneroded, soils are much deeper
than those on younger deposits (Tables 2, 3). B horizons are much
redder (as red as 5YR hues) and their textures are finer than those of
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a Fossil Hill

FIGURE 4. Representative morphology of granite boulders on Pleistocene deposits in Sinks Canyon. (a) Boulders on Bull Lake moraine north of
PLR-2 (Fig. 2). Backpack indicated for scale. (b) Split and weathered boulder on the Younger Pre-Sacagawea Ridge map unit shown on the south
rim of Sinks Canyon in Figure 3c. (c) Scatter of erratic granite boulders between Table Mountain and the Younger Pre—Sacagawea Ridge moraine
remnant southwest of Table Mountain shown in Figure 3d. View is from the highest (southwest) end of the moraine remnant. All of the boulders that
are clearly visible in the distance (such as the one indicated) are >3 m in diameter and lie directly on the dipslope of the Permian Park City
Formation; they are thought to have had all surrounding till eroded from around them. (d) View of two of the granite boulders on the Older Pre—
Sacagawea Ridge deposit mapped on Table Mountain (Fig. 2) from which preliminary °Be exposure ages were obtained. Hat and backpack for
scale. These boulders yielded exposure ages of 783 kyr (TM-1) and 135 kyr (TM-2). View is from Table Mountain looking north toward Lander.

younger soils. Soils in Sacagawea Ridge deposits exhibit multiple
stacked Bt horizons that surround large stones that are weathered to
grus. The B horizons are clay rich and generally have distinct or
prominent clay films. Nearly all of the subsurface boulders below
a depth of 70-80 cm are disintegrated and weathered to grus, even
those with little or no biotite. I attempted to use hornblende weathering
values as a quantitative measure of weathering in this study but found
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FIGURE 5. Solum thickness (A + B horizons) and depths to Cox-C

horizon boundaries of soils plotted against estimated age of the glacial

parent material in Sinks Canyon. Early-to-mid-Pleistocene age
estimates are used for the Pre—Sacagawea Ridge deposits.
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no hornblende in soils on Sacagawea Ridge and Pre—Sacagawea Ridge
deposits. The hornblendes, evidently, have been completely weathered
from these soils, because hornblende was present in soils on all
younger glacial deposits.

Soils in Sacagawea Ridge units commonly are more than 2 m
thick, although it is difficult to determine soil depths due to the
presence of extensively weathered boulders. At soil site G-2, for
example, no solid granitic boulders were present in the profile to
a depth of 4.5 m. Such intense weathering in the Sacagawea Ridge
soils make it difficult to distinguish illuvial from authigenic clay.
Profiles FC-3 and DS-1 show evidence of erosion and subsequent
addition of eolian material. Evidence for these processes is indicated by
abrupt changes in color, texture, or structure between adjacent upper
soil horizons (Table 2).

Values for the soil development indices (rubification, texture, and
PDI) are much greater for Sacagawea Ridge soils than for soils in the
younger deposits (Table 4; Fig. 7). Values for the measures of clay
accumulation are more equivocal (Fig. 6). The values for pedogenic
clay and the AI are more than twice those of younger soils, while the
values of clay maxima and PWM are similar to those for soils on Bull
Lake moraines. The similarities in clay maxima and PWM values may
be due to the greater erosion described for Sacagawea Ridge soils
because of the age of the Sacagawea Ridge deposits and of their
positions along the valley walls that make them vulnerable to high rates
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TABLE 3

Laboratory data for soils in and near Sinks Canyon, Wyoming

Particle Size (mm)

Pedogenic Silt & Clay (g cm™?)

Clay % Indices™®

Depth Sand % Silt% Clay% Vol % Bulk Total profile Total profile
Locality Horizon* (cm) (2-0.5) (0.5-0.002) (<0.002) % Gravel Gravel Density (g/cm3) Silt  Clay Silt Clay Al PWM
Pinedale soils
FC-4 A 0-7 68.2 20.8 11.1 16.9 9% 1.26 0.31 0.00 23.8 78
Bw 7-33 67.4 234 9.2 21.8 13% 1.45 2.82  0.00 39 239
2Bw 33-52 77.0 17.3 5.7 31.4 21% 1.57 0.86 0.00 108
2Cox 52-100 75.8 20.8 34 44.8 35% 1.77 6.79  0.00 231
2C 100+ 80.7 11.7 7.7 39.6 31% 1.83 0.00 0.00 10.78 0.00 62.8 1.31
PAF-1 A 0-5 714 19.0 9.6 16 8% 1.26 0.00 0.00 14 48
Bw 5-25 72.1 20.7 72 24.7 15% 1.45 0.00 0.00 8 144
Cox 25-50 75.9 18.7 55 334 25% 1.77 0.00 0.00 138
Cx 50-75 75.7 19.1 52 34 26% 1.83 0.94 0.00 364
C2 75-100+  75.1 18.1 6.8 53.1 44% 1.83 0.00 0.00 0.94 0.00 22 1.39
PAF-2 OA 0-10 61.7 26.1 12.2 10.8 5% 1.2 0.00 0.57 75 122
A 10-25 66.2 23.6 10.2 25.1 14% 1.26 0.00 0.55 82.5 153
Bw 25-48 70.8 222 6.9 26.9 17% 1.45 0.00 0.27 50.6 159
Cx 48-60 734 21.1 55 332 26% 1.83 0.00 0.78 57.6 396
C 60-100+  73.7 21.6 4.7 32.8 25% 1.83 0.00 0.00 0.00 2.18 265.7 1.66
G-8 (¢] 0-2 — — — —
A 2-6 51.3 335 15.2 24.8 14% 1.26 040 0.54 53.2 61
Bw 6-20 60.1 28.2 11.6 21.2 13% 1.45 1.24 1.63 135.8 162
2Cox 20-50 78.5 174 4.1 38.9 30% 1.77 0.04 2.65 220 410
2C 50+ 81.3 16.8 1.9 41.5 33% 1.83 0.00 0.00 1.67 4.82 409 1.27
PLR-2 A 0-10 58.3 273 14.5 20.5 11% 1.26 0.05 0.94 103 145
AB 10-20 62.5 25.0 125 23.1 13% 1.35 0.00 0.80 83 125
Bw 20-30 69.1 22.7 8.2 40.7 27% 1.45 0.00 0.31 40 82
Cox 30-50 74.0 20.7 52 41.6 32% 1.77 1.70  0.93 90 468
2C 50+ 713 18.5 4.2 52.8 44% 1.83 0.00 0.00 1.75 2.97 316 1.64
SC-2 A 0-15 68.0 17.0 15 13.4 7% 1.26 0.00 1.08 133.5 225
Bw 15-30 50.1 29.4 20.5 42.7 29% 1.45 146 198 216 308
BC 30-65 71.0 10.8 12.2 50.7 38% 1.6 0.00 1.80 2135 427
Cox 65-120 66.2 15.1 18.7 39 30% 1.77 0.00 8.45 693 1029
2C 120+ 78.1 15.8 6.1 27.8 21% 1.83 0.00 0.00 1.46 13.32 1256 3.98
Early Wisconsin soils
FC-3 OA 0-3 — — — —
E 3-15 63.9 26.7 9.4 19.6 11% 1.4 0.02 033 46.8 113
Bt 15-50 70.9 222 7 36.3 25% 1.54 0.00 0.19 525 245
Cox 50-75 72 22.5 5.5 64.6 55% 1.77 0.30 0.00 0 138
Btb 75-90 55.3 27.8 16.9 21.1 14% 1.67 1.19 233 171 254
Coxb 90-130 71.7 22.1 6.2 23.1 17% 1.77 0.82 0.38 35 310
Cb 130-1404+ 742 20.3 5.5 44.7 36% 1.83 0.00 0.00 2.34 3.23 305.3 2.12
SC-1 A 0-5 56.3 30.3 134 5 3% 1.35 1.20  0.00 67
Bw 5-20 73.6 11.9 14.5 45.8 31% 1.42 0.06 0.00 218
Btl 20-35 72.6 11.4 16 53.2 40% 1.54 0.11  0.00 3 240
Bt2 35-80 66.1 14.5 19.4 53.1 40% 1.59 1.81 0.52 162 873
Coxl1 80-100 64.5 15.3 20.3 54.9 45% 1.77 1.19 0.77 90 406
Cox2 100-135 71.7 8.8 19.6 52 2% 1.77 0.00 1.34 152 784
C 135+ 75.3 8.9 15.8 472 38% 1.83 0.00 0.00 3.18 2.63 407 5.18
FC-5 A 0-7 58.7 19.2 22.1 16.2 8% 1.26 0.18 0.88 100.8 155
Btl 7-25 65 14.8 20.3 27.3 18% 1.54 020 2.54 226.8 365
2Bt2 25-50 70.3 12.6 17.1 26.3 18% 1.59 0.00 2.70 235 428
2Coxx 50-85 68.9 16.3 14.8 325 24% 1.77 5.07 8.24 639 1332
*2C(FC-4) 85+ 80.7 11.7 7.7 39.6 31% 1.83 0.00 0.00 545 14.36 1201.6 4.56
FC-6 A 0-5 59.5 253 15.1 16.2 8% 1.26 048 0.23 37 76
Bw 5-15 59.3 26.4 14.3 21.6 13% 1.45 1.47 0.58 66 143
Btl 15-30 62.5 24.4 13.1 27.3 18% 1.54 1.99 0.75 81 197
Bt2 30-45 68.7 21.3 10 26.3 18% 1.59 1.54 022 34.5 150
Coxx 45-65 72 20.2 7.8 325 24% 1.77 10.31  0.00 9.5 741
*C(FC-4) 65+ 80.7 11.7 7.7 39.6 31% 1.83 0.00 0.00 15.78 1.78 228 2.61
G-5 OA 0-6 — — — — —
ABw 6-25 60.6 259 135 229 13% 1.35 1.09 1.56 1653 257
Btl 25-60 19.2 29.3 51.5 31.7 21% 1.54 4.62 19.44 1634.5 1803
Bt2 60-90 47 31.3 21.6 27.4 18% 1.59 524  6.25 504 648
Cox 90-140 69.9 21.2 8.9 24.1 17% 1.77 378 2.87 205 445
2C 140+ 79.7 155 4.8 37 29% 1.83 0.00 0.00 14.72 30.13 2508.8 6.30
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TABLE 3

(Cont.)
Particle Size (mm) Pedogenic Silt & Clay (g/cm’z)
Depth  Sand %  Silt%  Clay% Vol % Bulk Total profile Total profile C12Y % Indices™”
Locality  Horizon* (cm) (2-0.5) (0.5-0.002) (<0.002) % Gravel Gravel Density (g/cm®) Silt  Clay Silt Clay Al PWM
G-7 A 0-20 62.2 235 14.2 23 12% 1.26 022 1.60 188 284
Bt 20-40 69.8 17.8 12.4 445 32% 1.54 0.00 1.41 152 248
2BC 40-70 87.3 7.6 5.1 52.4 40% 1.6 0.00 0.00 9.0 153
2Cox 70-140 82.8 12 52 32.1 24% 1.77 0.00 022 28.0 364
*2C(G-5) 140+ 79.7 15.5 48 37 29% 1.83 0.00 0.00 0.22 3.23 377 2.10
Bull Lake soils
G-1 O/A 0-10 52.7 31.1 16.2 9.4 4% 1 0.03 122 143 162
A/E 10-16 54.4 29.6 15.9 32.8 19% 1.3 037 083 84 95
Btlb 16-43 62.4 222 15.4 44.6 32% 1.54 0.87 5.10 499.5 570
2Bt2b 43-80+ 79.0 14.3 6.8 49.1 37% 1.59 0.00 5.90 622.3 864
#*2C(G-8) 81.3 16.8 1.9 41.5 33% 1.83 0.00 0.00 1.28 13.06 1348.8 3.38
G-3 OA 0-4 422 38.8 19 14.8 6% 1 0.30 0.58 68.4 76
E 4-8 53.9 353 10.8 14 7% 1.3 0.56  0.39 35.6 43
Btl 8-25 53.9 33.8 12.3 14.4 9% 1.54 330 239 176.8 209
Bt2 25-45 46.3 34.6 19.2 14.4 9% 1.59 441 491 346.0 384
2Bt2b 45-90+ 70.2 19.7 10.1 32.1 22% 1.59 0.56 12.25 1025.0 1263
*2C(G-8) 81.3 16.8 1.9 41.5 33% 1.83 0.00 0.00 9.14 20.54 1651.8 3.95
PLR-1 A 0-8 48.3 36.7 15 18.4 10% 1.26 0.95 047 65.6 120
Btlb 8-30 50.1 325 17.4 16.5 10% 1.54 334 283 2332 383
Bt2b 30-50 49.6 29.7 20.7 12.4 8% 1.59 2.60 3.77 278 414
Bt3b 50-85 33.6 40.6 25.8 7.5 5% 1.59 1049 9.54 665.0 903
2Coxb 85-100+ 729 17.4 9.8 53.1 43% 1.77 0.00 237 2550 833
*2C(PAF-1) 75.1 18.1 6.8 53.1 44% 1.83 0.00 0.00 17.38 18.98 1496.8 531
FC-1 Ak 0-8 — — — — — 1.26 — — — —
Abk 8-20 — — — — — 1.26 — — — —
Bwk 20-40 — — — — — 1.45 — — — —
Btk1 40-62 — — — — — 1.54 — — — —
Btk2 62-130+  — — — — — 1.6 — — — — — —
HR-2 Ak 0-15 72.7 17.1 10.3 18.5 10% 1.26 0.00 0.00 21 155
Btk 15-45 68.2 19.8 11.9 329 22% 1.54 0.00 0.48 90 357
BCk 45-90 70.8 20.2 9 19.6 13% 1.6 0.00 0.00 45 405
Coxk 90-170 70.3 20.8 8.9 16.6 12% 1.77 0.00 0.00 712
Ck 170-300+  70.7 20.3 8.9 19.4 14% 1.83 0.00 0.00 0.00 0.48 115.5 3.26
Sacagawea Ridge soils
G-2 AE 0-30 58.8 29.4 11.9 239 13% 1.3 1.94 312 300 357
Btl 30-60 55.0 25.8 19.2 24.9 16% 1.54 226  6.56 519 576
Bt2 60-100 50.1 29.1 20.8 25.6 17% 1.59 515 9.81 756 832
Bt3 100-160 55.8 26.4 17.7 29.3 20% 1.59 540 11.85 948 1062
Bt41 160-200 67.3 16.9 15.8 51.7 39% 1.59 0.00 5.27 556 632
Bt42 200-300 57.7 24.7 17.6 27.9 19% 1.59 6.92 19.89 1570 1760
BC 300-350 64.8 21.3 13.8 24.1 16% 1.6 1.40 7.81 595 690
CB1 350-400 58.5 27.0 14.5 333 25% 1.77 6.39 832 630 725
CB2 400-450 56.0 26.9 17.1 33.1 25% 1.77 6.34 10.07 760.0 855
CB3 450+ 76.1 15.8 8.1 37.9 29% 1.77 0.00 3.86 310.0 405
*2C(G-8) 81.3 16.8 1.9 41.5 33% 1.83 0.00 0.00 35.80 86.56 6944 15.79
FC-1 A 3-5 56.1 23.1 20.8 11 5% 1.07 0.06 0.16 26.2 42
Btl 5-23 70.1 11.9 18.1 22.1 13% 1.41 0.00 1.79 187.2 326
2Bt2b 23-45 74.4 8.8 16.8 16.3 10% 1.58 0.00 245 200.2 370
2Bt3b 45-130 75 8.5 16.5 12.5 8% 1.59 0.00 9.51 748.0 1403
2Coxb 130-210 76.5 9.4 14.1 2.6 2% 1.77 0.00 39.50 2368.0 5217
2Cb 210+ 80.7 11.7 7.7 39.6 31% 1.83 0.00 0.00 0.06 53.41 3529.6 14.71
HR-1 A 0-15 66 20.2 13.8 27.6 16% 1.36 0.43 087 106.5 207
Btl 15-60 77 8.8 14.2 439 32% 1.57 0.00 3.21 337.5 639
2Bt2 60-100 80 9.7 10.2 29.6 20% 1.62 0.00 1.48 140.0 408
2Cox1 100-120 78.2 14.5 7.3 24.1 17% 1.77 526 3.0 240.0 2920
2Cox2 120-230+  79.7 13.6 6.7 18.4 13% 1.77 0.00 0.00 5.68 9.06 824.0 8.35
Younger pre-Sacagawea Ridge soils
DS-1 A 0-11 60.9 20.3 18.8 14.5 8% 1.31 0.00 2.15 1859 207
Btlb 11-30 60.6 15.4 24.1 20.1 12% 1.47 0.00 5.33 421.8 458
Bt2b 30-150+  65.6 11.6 22.8 36.2 25% 1.53 0.00 98.18 8673.5 9462
*2C(TM-1) 81.3 16.8 1.9 41.5 33% 1.83 0.00 0.00 0.00 105.65 9281.2 20.25
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TABLE 3

(Cont.)
Particle Size (mm) Pedogenic Silt & Clay (g/cm’z)
Depth  Sand %  Silt%  Clay% Vol % Bulk Total profile Total profile _C12y % Indices™
Locality Horizon* (cm) (2-0.5) (0.5-0.002) (<0.002) % Gravel Gravel Density (g/cm3) Silt  Clay Silt Clay Al PWM
WD-1 Ak 0-5 535 34.5 12.1 23.1 13% 1.36 0.00 0.00 1 61
Btk 5-30 50.2 36.3 13.5 19.1 12% 1.57 0.00 0.03 40 338
Btkb 30-55 38.9 46.4 14.7 10.9 7% 1.55 0.00 040 70 368
BCkb 55-80 50 39.8 10.2 222 15% 1.6 0.00  0.00 255
Coxkb  80-140+ 452 43.3 11.5 17.2 12% 1.77 0.00 0.00 4830
Cb 40.2 479 11.9 17.9 13% 1.77 0.00  0.00 0.00 0.43 111 11.70
Older pre—Sacagawea Ridge soils
TM-1 A 0-12 71.8 16.1 12.2 0 0% 1.26 0.00 0.90 94.8 146
C 12-20 75.9 12.8 11.3 0.7 0% 1.83 0.00 1.02 56 90
Btlbl 20-45 68.4 17.5 14.1 0 0% 1.54 0.00 3.46 245 353
Bt2bl 45-60 68.6 17.9 13.5 2 1% 1.59 0.03 4.70 322 473
Coxbl 65-85 72.5 15.5 12 1.2 1% 1.77 0.00 2.65 154 240
ABb2 85-115 66.6 18.1 153 5.2 3% 1.26 0.00 3.34 330 459
Btlb2 115-150 63.0 19.4 17.6 17.9 11% 1.54 047 598 465.5 616
Bt2b2 150-200 724 13.6 14 18.4 12% 1.54 0.00 6.05 485 700
Bt3b2 200-300 67.8 18.6 13.5 11.6 7% 1.59 1.12 12.60 920 1350
Cox1b2  300-400 724 16.7 10.9 18.5 13% 1.77 1.04  9.92 660 1090
Cox2b2  400-500 71.3 16.8 11.9 16.1 11% 1.77 122 11.70 760 1190
Cox3b2  500-600 66.4 19.7 13.9 10.1 7% 1.77 6.05 15.57 960.0 1390
2Cox4b2  600-900 78.4 13.5 8.1 16.5 12% 1.77 0.00 5.71 380.0 810
2Cb2  900-1000  80.2 155 43 11.95 9% 1.83 0.00 0.00 5832.3 17.81
3Bb3 1000+ 713 22.1 6.7 343 24% 1.59 — — 9.93 83.60

* Al = Accumulation Index; see text for methods used to calculate this parameter.

® PWM = Profile Weighted Mean; see text for methods used to calculate this parameter.

* C horizon not sampled; characteristics estimated from nearby soil. Profile used for estimate is shown in parentheses.

of erosion. Note that the values for clay maxima and PWM clay are
calculated simply as measures of clay percents in the A, B, BC, and CB
horizons whereas calculations of the pedogenic clay and Al values
compare the quantities of clay in the above soil horizons to that in the
C horizons. Thus, values for clay maxima in B horizons and PWM clay
decrease due to the loss of soil materials (including clay) when the A
and B horizons are eroded over time.

All measures of profile thickness increase dramatically for Pre—
Sacagawea Ridge soils in the Sinks Canyon area (Fig. 5). Individual
horizons typically are much thicker (e.g., the Cox horizon of TM-1 is
~6 m), and rubification is more pronounced. B horizons in Pre—
Sacagawea Ridge soils always have S5YR hue. Variations in color,
structure, texture, and clay film morphology are more obvious between
adjacent horizons of Pre-Sacagawea Ridge soils than among
Sacagawea Ridge soils, so much so that they resemble disconformities
(e.g., Btl-to-2Bt2 in soil DS-1; Btk-to-Btkb in soil WD-1). The most
obvious cause of this phenomenon is erosion followed by aeolian
deposition, colluvial accumulation, or soil mixing. Over the estimated
>600 ka of their development soils on these deposits may have
experienced numerous episodes of erosion caused by periglacial
desiccation and deflation processes similar to those proposed by Hall
(1999) and by Applegarth and Dahms (2001) on moraines at Bull
Lake, Dinwoody Lakes, and Torrey Lake. The only measures of clay
accumulation that increase from the Sacagawea Ridge to the Pre—
Sacagawea Ridge soils are pedogenic clay and the clay Al (Fig. 6); in
fact, these measures of clay accumulation are nearly identical in all
soils except the younger Pre—Sacagawea Ridge profiles. Similarly, the
PDI is the only soil development index to increase continuously over
time (Fig. 7); all other indices decrease for the Older Sacagawea Ridge
soils. The reasons for the decrease in the rubification index is not clear,
but the low texture index may reflect the amount of grus added to the
soil via boulder weathering.

Boulder weathering and pedogenic carbonate characteristics vary
widely in Pre-Sacagawea Ridge soils. All boulders below 80 cm in
profile DS-1 are weathered to grus whereas boulders in profile WD-1
are only slightly weathered. Also, varying amounts of pedogenic
carbonate have accumulated in horizons of soil WD-1. Carbonate
morphology is discontinuous and ranges from stage 1 to stage 3
(Birkeland, 1999). Wedge-like bodies of materials similar to the
overlying horizon are present between fragments of the carbonate-rich
horizon (Btkb). This morphology suggests some combination of severe
desiccation or periglacial activity may have affected this deposit. The
only other soil described in this study that contains pedogenic
carbonate is HR-2 (developed in Bull Lake—age material), which
exhibits a continuous Stage 1 carbonate morphology. The pedogenic
carbonate in these 2 profiles apparently are most likely due to their
location at the beyond the canyon mouth, where microclimate
conditions are warmer and drier than those within Sinks Canyon.

Comparing RA Characteristics to Those at
Other Localities in the Wind River Range

BOULDER WEATHERING

Descriptions of boulder weathering on Pleistocene moraines are
limited to a few locales in the Wind River Range. Blackwelder (1915)
and Richmond (1986a, 1987) described general characteristics of
boulders for Pinedale and Bull Lake moraines, but neither of them
applied quantitative techniques. Hall’s unpublished work (1989)
provides the only quantitative measures for clast weathering on
Pleistocene moraines in the Wind River Range. Hall’s data for clast
frequency, surface clast weathering, and weathering pit depth on the
Pinedale and Bull Lake moraines at Fremont Lake and Big Sandy
Opening show that boulders on Bull Lake moraines are more
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TABLE 4

Relative development characteristics for Sinks Canyon soils

Clay % Data

Solum Depth to Cox/C Pedogenic Clay®  Rubification Texture

Stratigraphic Unit Thickness (cm)***  boundary (cm) AT* Clay Max (B) PWM* (Profile g cm™?) Index® (PWM) Index® (PWM) PDI®
Pinedale *4(0 76 389 10.5 1.9 39 59 9.2 14.7
“(2(%52) (50-120) (22-1256) (7-20.5) (1.3-4.0) (0-13.3) (2.2-10.5) (2.6-16.7) (10.5-16.3)
*17.7 29 450 5.1 1.04 5.0 3.7 6.1 2.2
Early Wisconsin 59 111 833 17.5 3.8 8.9 24.2 239 27.1
(45-80) (65-140)  (228-2509)  (7-203)  (2.1-6.3) (0.9-30.1) (102-37.7)  (8.9-574)  (19.8-33.3)
15.2 34 892 14.5 1.78 11.5 9.7 18.1 5.1
Bull Lake 94 118 1153 18.1 4 13.1 36.3 47.5 44.7
(85-130) (100-170) (115-1652) (12-52) (3.3-5.3) (0.5-20.5) (24.4-48.1) (23.3-59.3) (31.4-58.7)
18 34 702 6 0.94 9.3 8.7 14.1 9.9
Sacajawea Ridge 193 330 3766 17.7 13 46.6 111.9 130.7 111.6
(100-500) (210-500) (824-6944) (14-21) (8.4-15.8) (9.1-86.6) (47.2-161.1)  (38.9-238.9) (82.8-159.7)
136 191 3066 33 4.02 43.7 58.5 101 41.9
Younger 115 145 7557 18.8 16.9 63.1 184.6 293.3 148
pre-Sacagawea Ridge (80-150+) (140-150) (111-9281) (15-24) (11.7-20.3) (0.4-105.7) (139.5-229.6) (148.2-438.3) (34.5-257.5)
50 7.1 6484 6.6 6 74.0 64 205 158
Older 300 900 5832 17.6 17.8 84.0 0 5.6 152

pre-Sacagawea Ridge — — — — — — _ _ _

* Mean; *Variation; *Standard deviation.
# Procedures follow those used by Hall and Shroba (1993, 1995) and Hall (1999).
® Procedures follow McCalpin and Berry (1994) and Dahms (2002).

¢ Profile Development Index. Procedures follow Harden (1982) as modified by Birkeland et al. (1991).

PWM = Profile Weighted Mean.

weathered than those on Pinedale moraines (usually by at least a factor
of 2). Hall points out that these results generally agree with the
conclusion of Burke and Birkeland (1979) that a change in RA data by
a factor of 2 is preferred before assigning deposits to different first-
order glaciations rather than as second-order fluctuations within a first-
order glaciation.

Although different methods were used to obtain boulder
weathering data in Sinks Canyon than those of Hall (1989) at Fremont
Lake and Big Sandy Opening, the results are similar. In Sinks Canyon,
weathering pit depths and the percent of split boulders are the most
useful boulder weathering parameters (Table 1). These data show that
pit depths generally increase by a factor of 2 from Pinedale to Bull
Lake moraines, while the percent of split boulders increases by a factor
of 6 to 8 (Table 1). These weathering characteristics increase by at least
a factor of 2 from the Bull Lake to Sacagawea Ridge deposits. Note
that the weathering parameters increase by less than 2 from Pinedale to
Early Wisconsin deposits and that weathering has progressed on Pre—
Sacagawea Ridge boulders to the extent that these parameters are not
easily measured due to erosional loss off of the boulders.

Moraine morphology is a useful parameter in Sinks Canyon only
for differentiating Pinedale from Bull Lake deposits and Bull Lake
from all older deposits. Surface boulder frequencies are not useful in
Sinks Canyon because the inner slopes of the moraines are steep,
promoting exhumation of subsurface boulders on the moraine slopes.

SOIL DEVELOPMENT

Soil development is the most common form of RA data used to
differentiate Pleistocene moraines in the Wind River Range. Variability
among soils developed on piedmont moraines in the range is described
in several studies (e.g., Birkeland 1973; Burke and Birkeland, 1979;
Mahaney, 1978; Shroba and Birkeland, 1983; Sorenson, 1987; Hall,
1989; Dahms, 1991; Hall and Shroba, 1993, 1995; Hall, 1999).

Local variability among soils on similar-age moraines in Sinks
Canyon is attributed mainly to erosion of their slopes as the moraines
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lie against the steep canyon wall, and to variations in microclimate and
vegetation cover along the ~12-km length of the canyon (Fig. 3). Soils
also vary across the canyon according to slope aspect (northwest versus
southeast). Loess is ubiquitous here, so that A horizons on all units
often contain more fine materials than the underlying B horizons.

Regionally, soil characteristics on similar-age glacial deposits
vary widely from the northeast to the southwest flanks of the range.
This is chiefly due to differences in till composition between these
areas. The lithology of the parent till of the moraines is important in
these areas, because it controls the initial content of carbonate and clay
in the C horizons.

Piedmont moraines on the northeast flank of the range are
dominantly composed of till with a fine-grained (silty) matrix that
contains abundant carbonates from the Paleozoic sedimentary rocks
that form the walls of the lower canyons through which the valley
glaciers flowed (Fig. 1). Thus, the most useful relative-age character-
istics of soils on moraines on the northeastern slope moraines is the
carbonate contents of B and C horizons (Murphy and Richmond, 1965;
Richmond and Murphy, 1965; Richmond, 1986a; Shroba, 1989; Hall
and Shroba, 1993; Hall, 1999; Applegarth and Dahms, 2001).

Most piedmont moraines along the southwestern flank of the
range generally are composed of quartz-rich tills with a coarse-grained
sandy matrix (derived chiefly from sediments derived from granodi-
orite and granite), which usually contain no detectable primary
carbonate. With few primary carbonates in the C horizons, moraine
soils on the southwestern flank of the Wind River Range accumulate
carbonate only by aeolian influx so that carbonate characteristics are
useful only to generally differentiate tills of the Pinedale glaciation
from tills of the Bull Lake glaciation (soil development has not been
reported from older tills). Thus, previous studies on the southwestern
flank of the range report that the most useful soil RA characteristics are
loess and solum thickness, a number of B horizon weathering
parameters, contents of illuvial clay, and PDI (Shroba, 1977; Shroba
and Birkeland, 1983; Sorenson, 1987; Hall, 1989; Dahms, 1991, 1993,
1994; Hall and Shroba, 1993, 1995).
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FIGURE 6. Plot of the various methods used to estimate clay
accumulation in soils described in Sinks Canyon. Clay data is plotted
against age of the parent material using early-to-mid-Pleistocene ages
for the Pre-Sacagawea Ridge deposits.

As noted previously, the lithology of most of the Sinks Canyon
deposits differs from that previously reported for northeastern flank
localities because the tills above the canyon’s mouth contain no
primary carbonate. Only 3 soils of the Sinks Canyon chronosequence
contain carbonates from the local Paleozoic bedrock (Table 2): soil
profiles HR-2, WD-1, and FC-1. Because of the common lack of
carbonates in the tills in and near Sinks Canyon, the most useful RA
characteristics of soils here are more similar to those described from the
southwestern flank of the range (Tables 4, 5).

SINKS CANYON SOILS VERSUS SOUTHWEST FLANK SOILS

I compared the above clay indices, solum thicknesses, and PDI of
Sinks Canyon soils with those reported from the southwestern flank of
the range through the use of ratios between the average values of each
measurement from both regions. The values from the southwest flank
of the range were taken only from published data for soils developed in
Pinedale, Early Wisconsin, and Bull Lake tills (Table 5; Fig. 8; Hall,
1989, 1999; Hall and Shroba, 1995). The southwest flank soils data are
of 2 kinds: (1) direct measures of soil characteristics (solum thickness,
clay maxima in B horizons), and (2) profile weighted means of percent
clay (PWM) and whole-profile indices where the values for a single
characteristic (Al) or a set of characteristics (PDI) are derived for entire
profiles based on the known or inferred values of the parent material.

The above measurements show little difference with time among
areas. Soils of all ages vary in similar ways for all measurements
except for the clay Al (Fig. 9). Ratios for solum thickness (Tables 4, 5;
Fig. 9) vary around 1.0, indicating soils on similar age deposits have
similar thicknesses on both sides of the range. The ratios for PWM and
PDI for nearly all soils are <1.0, indicating that soils develop slightly
faster on the southwest flank moraines. The only soils in Sinks Canyon
with larger PWM and PDI values than those of the southwestern flank
of the range are those on Bull Lake moraines. However, Sinks Canyon
soils have consistently larger values for clay maxima in B horizons
than the southwest flank soils. The differences apparently do not result
from higher clay contents of the Sinks Canyon tills. Clay contents of
till considered to be of Early Wisconsin age at Fremont Lake varies
from 3 to 4% (Hall and Shroba, 1995), whereas the Early Wisconsin
till in Sinks Canyon contains from 5 to 16% clay. C horizons of the
Sinks Canyon Pinedale and Bull Lake soils average 5 and 9.5% clay,
whereas C horizons of soils on Pinedale and Bull Lake moraines of the
southwestern flank average 4.3 and 12% clay, respectively. Thus,
other pedogenic factors such as aeolian influx rates or microclimate
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FIGURE 7. Plot of soil development indices that are most
representative of the relative ages of the glacial deposits in Sinks
Canyon. Index values are plotted against ages of the deposits using
early-to-mid Pleistocene ages for the Pre-Sacagawea Ridge deposits.

variables must be responsible for the higher clay contents in Sinks
Canyon soils.

It is curious that while the PWM values for clay are smaller in
Sinks Canyon soils (Tables 4, 5; Figs. 9, 10) the clay Al is
considerably larger. This difference most likely is related to the
procedure by which each parameter is calculated. PWM values relate
clay percent as a function of solum thickness while the Al values relate
the amount of clay accumulation to the original clay content in the
parent material. Thus, the small PWM values of Sinks Canyon soils
may reflect higher erosion rates of the soils, whereas the larger Al
values suggest that clays accumulate faster in the soils than the soil
horizons are thinned by erosion. Such an interpretation is supported by
the high clay maxima values in the Sinks Canyon soils noted above and
by the ratio of the Al values for the Sinks Canyon and southwest flank
soils (Fig. 9). The largest Al ratios for Sinks Canyon are for the soils in
Pinedale deposits (>3X the values for the southwest flank), but Al
values decrease over time in Sinks Canyon so that Al ratios for soils on
Bull Lake deposits in Sinks Canyon essentially match the Al values for
soils on the southwest flank Bull Lake moraines. Many Sinks Canyon
soils have more clay in A horizons than in the underlying B horizons

20 7| ——8——  Southwest flank Clay Masima in B L00
o Soutlwest Tk Frofile Wivighted Mean %
= B — & —  Souythwest fank clay Accumulation Index 1400
<
= 16 4 L1200 }
z © =
B 14 Foloon =
= =
= ~ .§
= ]2 o
] v =
= e L -
=10 — PO L oo E
2 8 7~ 40 E
~ 8 b 400
z - ,,a/
O 64 B T L 200
-
4 T v T T T T T ]
0 20 40 60 80 100 120 140 160

Estimated Age ( x 10%)

FIGURE 8. Plot of clay accumulation data for soils developed on
moraines of the southwestern slope of the Wind River Range vs. ages of
moraines. Note that soils on Pinedale and Early Wisconsin deposits
exhibit similar values, whereas soil on Bull Lake deposits have values
from ~2-3X those of soils on the younger deposits. This phenomenon
may represent the processes noted by Hall (1999) whereby the soil sola
on older glacial deposits undergo periglacial erosion during sub-
sequent full glacial conditions. Data taken from Hall (1989), Hall and
Shroba (1993, 1995), and summarized in Table 5.
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TABLE 5
Soil Relative Age data compiled from localities on the SW flank of the Wind River Range®

Clay %

Solum B Horizon Rubification
Moraine Age Thickness (cm)* Thickness (cm)* Clay Max** PWM+* AT Index* PDI**
Pinedale 38 28 10 (7-15) 6 (2.4-11.2) 122 (32-264) 8-20 25 (14-32)
Early Wisconsin 58 45 11 (9-13) 6 (5-7.2) 324 (161-443) 10-20 28 (16-35)
Bull Lake >125 >78 19 (16-22) 15 (11.4-9.6) 1452 (1021-2131) 12-17 39 (27-51)

# Localities include the Fremont Lake, Boulder Lake, and Big Sandy areas of Hall (1989), Hall and Shroba (1993, 1995), and Hall (1999).

* Data in bold indicate averages.
# Data in parentheses indicate the range of data.
PWM = Profile Weighted Mean.

(Table 3). Since no dust influx data exists for the northeast flank that is
comparable to the southwest slope data (Dahms, 1993; Dahms and
Rawlins, 1996), the role of dust influx to Sinks Canyon soils cannot yet
be estimated. It is possible, however, that the addition of clay through
dust flux to soils on younger deposits eventually is nullified by other
pedogenic factors (erosion, etc) over time. It also is possible that
chemical weathering rates are higher in the southwest slope soils so
that more authigenic clays are produced in these soils over time than in
soils of the same age in Sinks Canyon. Mean annual precipitation is
similar for each area (22 cm yr~'
estimate of 25 cm yr’1 noted earlier near the Missouri geology camp).
Because Sinks Canyon is on the leeward slope of the range, adiabatic
processes may cause temperature and evapotranspiration to be higher
in Sinks Canyon so that chemical weathering rates actually are higher
on the southwest flank of the range.

near the town of Pinedale versus an

Numeric Age Data

Although none were analyzed specifically for this study, a limited
number of cosmogenic radionuclide exposure ages are available for
Pinedale, Early Wisconsin, Bull Lake, and older Pre—Sacagawea Ridge
deposits in the study area. Sampling, laboratory, accelerator, and
analytical procedures for these samples were described previously
(Fabel et al., in press; Dahms et al., 2002).
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FIGURE 9. Ratios of clay accumulation and soil development index
values for soils on Sinks Canyon moraines versus values for soils on
moraines of the southwest slope of the Wind River Range (Fig. 8). Data
are plotted against moraine ages. Ratios compare soil development
characteristics for the two areas. Note that Sinks Canyon values are
within =0.5 of the western slope values for most characteristics when
profile depth is used to weight the values. Ratios that plot outside the
above range (PWM and Al) are for characteristics that are not
weighted for profile depth. Early-to-mid-Pleistocene age estimates are
for the parent materials of the Pre-Sacagawea Ridge soils.
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Fabel et al. (in press) report '°Be exposure ages from samples of
polished and striated bedrock surfaces along 2 side-valley transects
near Popo Agie Falls (Fig. 2). All samples were taken from below the
mapped elevations of Pinedale deposits in this portion of the canyon.
The samples fall into three main groups. Mean 10B¢ exposure ages of
the youngest samples (nearest the valley floor) of 15.4 = 1 ka and
17.5 = 1.0 ka fit well with those reported from Pinedale recessional
deposits elsewhere in this region (Gosse et al., 1995b; Chadwick et al.,
1997; Phillips et al., 1997). Mean exposure ages of the oldest (and
highest) samples along these transects are statistically indistinguishable
at 82.6 = 5.2 ka. Finally, a single 10B¢ exposure age of 67.6 = 4.2 ka
was reported from a sample of polished bedrock at 2440 m, between
the lowest (younger) samples and the highest (older) samples along the
transect NE of Popo Agie Falls (Fig. 2).

Fabel et al. suggest the progressively older exposure ages
represent incomplete abrasion from lower to higher transect elevations
by Pinedale ice of bedrock whose cosmogenic signal was last reset by
Bull Lake ice. This interpretation was made before lateral moraines
with intermediate weathering characteristics were identified between
Bull Lake and Pinedale moraines. Note that exposure ages from erratic
boulders on Bull Lake deposits in this region fall between >130 ka and
95 ka (Chadwick et al., 1997; Phillips et al., 1997), so that abrasion of
exposed bedrock in Sinks Canyon by post—Bull Lake ice must account
for an exposure age difference of from ~130 to ~12 ka. The exposure
ages reported by Fabel et al. apparently represent the bedrock abrasion
accomplished by 2 post—-Bull Lake glaciations in Sinks Canyon.

Preliminary '“Be exposure ages of 4 split and weathered granitic
boulders on the Older Pre—Sacagawea Ridge deposit (Fig. 2) suggest it
is a middle Pleistocene deposit. Exposure ages from the boulders of
783 ka (boulder TM-1), 135 ka (TM-2), 351 ka (TM-3), and 180 ka
(TM-4) were calculated using a production rate of 5.1 '°Be atoms g-1a-
1 and an estimated erosion rate of 2.0 mm ka~' (sample preparation
and AMS measurements by PRIME lab, 2002; production rate from
Stone, 2000; age estimates by J. C. Gosse, personal communication).

The exposure age calculations do not account for the possibility
that the boulders may initially have been buried. It is possible that at
least 3 m of material may have been eroded from the Sacagawea Ridge
deposits (600 to 770 ka; Hall and Jaworowski, 1999) inside Sinks
Canyon, based on the different thicknesses (5.5 m versus 2.1 m) of the
2 most complete soils described on this map unit (soils G-2 and FC-2,
Tables 2, 3). By extrapolation, it is possible that at least 4 to 6 m of
material initially buried some of the boulders now found at the surface
of the Younger and Older Pre—Sacagawea Ridge deposits. If these
boulders initially were buried and subsequently were exhumed, then
the age of the deposit could be much older than the above exposure
ages. No exposure ages are available for granitic corestones from the
unglaciated part of the Wind River Range that we might compare to old
glaciated boulders, so it is uncertain what ages such corestones might
yield. Nevertheless, the combination of elevation above the adjacent
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Younger Pre—Sacagawea Ridge deposit, the preliminary exposure ages
of the boulders, and the possibility that the exposure ages do not
account for burial of the boulders suggests the Table Mountain deposit
is older than O-isotope stage 18 (>770 ka).

Conclusions

Relative and numeric age-data indicate that morphostratigraphic
units are present in Sinks Canyon that correspond to the 4 Pleistocene
glaciations previously identified in the Wind River Range. Deposits
above the canyon also suggest that 2 previously unidentified glacial
advances occurred here. Sinks Canyon presently is the only locality in
the Rocky Mountains where deposits that correspond to Pinedale,
Early Wisconsin, Bull Lake, Sacagawea Ridge, and Pre—Sacagawea
Ridge glaciations are all reported from one locality.

Pinedale glacial deposits in Sinks Canyon include a complex of 5
terminal-recessional-lateral moraines, all of which consist of till on the
canyon floor and along the walls of the upper canyon above and
southwest of the Missouri geology camp. Pinedale deposits exhibit
characteristics indistinguishable from similar deposits described
elsewhere in the range.

Early Wisconsin moraines are mapped here only as lateral
moraines between the Pinedale and Bull Lake moraines. Early
Wisconsin moraines exhibit characteristics similar to those described
previously at Fremont Lake (Hall and Shroba, 1995). These character-
istics include soil development and boulder weathering characteristics
that generally fall between those described for tills of the Pinedale and
Bull Lake glaciations.

Bull Lake moraines are the highest glacial deposits near the
southwestern edge of the map, where the deposits form 2 moraine
crests on the north canyon wall south of Fairfield Creek. Till of the Bull
Lake glaciation is covered by younger talus deposits along the northern
wall of the lower canyon below (north of) the Missouri geology camp;
Bull Lake moraines remain exposed along the south canyon wall to the
mouth of the canyon. Bull Lake deposits are mapped on both sides of
the Middle Popo Agie River immediately inside and outside the
canyon mouth. Deposits of the Bull Lake glaciation are the youngest to
have extended beyond the canyon mouth. Bull Lake deposits exhibit
more strongly developed soils and boulder weathering than the
adjacent Pinedale and Early Wisconsin deposits.

Pre—Bull Lake morphostratigraphic units in Sinks Canyon all are
extremely weathered and fragmentary. The Sacagawea Ridge and the
Younger Pre—Sacagawea Ridge moraines exhibit extremely subdued
topography whereas the Older Pre-Sacagawea Ridge deposits are
only remnants of till units. Large surface boulders on all of these
deposits are split into several pieces, and soil profiles show evidence
of extreme weathering—as suggested by high contents of pedogenic
clay, shallow depths to clay-rich B horizons, and complete weathering
to grus of boulders below ~80 cm. Older Pre—Sacagawea Ridge
deposits are preserved at only two localities: on the south canyon rim
above the Missouri geology camp and on the north rim of Table
Mountain. Both localities are ~150 m above the nearest Younger
Pre—Sacagawea Ridge unit.

Evidence of Pinedale, Early Wisconsin, Bull Lake, and Older
Pre—Sacagawea Ridge striations here is supported by '°Be exposure
ages from erratic boulders and polished and striated bedrock
surfaces. Bedrock surfaces exposed behind Pinedale recessional
moraines produce mean exposure ages from 15.4 to 17.5 ka. The
presence of Early Wisconsin ice here is supported by an exposure
age on polished bedrock of 67.6 = 4.2 that is thought to represent
incomplete removal of bedrock by post—Bull Lake ice abrasion.
9Be exposure ages are still being refined from boulders on the
Older Pre-Sacagawea Ridge diamicton on Table Mountain. Four
preliminary exposure ages of from 135 to 783 ka suggest that if we

account for initial burial of the boulders and subsequent erosion of
the deposit and of the boulders, the diamicton could have been
emplaced during the early-to-middle Pleistocene, or at least prior to
O-isotope stage 18 (>770 ka; Hall and Jaworowski, 1999; Brown et
al., 1994).

Sinks Canyon is one of four localities in the range where
Sacagawea Ridge deposits are identified (the others are Dinwoody
Lakes, Fremont Lake, and Bull Lake). If no deposits are older than
660-770 ka at Richmond’s Cedar Ridge section (Richmond, 1964;
Hall and Jaworowski, 1999) and the Younger and Older Pre—
Sacagawea Ridge deposits in Sinks Canyon represent separate
glaciations, then Sinks Canyon contains the most complete record of
glaciation to date in the Wind River Range and has the only surficial
record of Pleistocene glaciation prior to O-isotope stage 18 in the
Rocky Mountains.
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