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A sequence of glaciation based on relative dating parameters was established

in each of nine mountain ranges located along a northwest to southeast transect

through the northern Great Basin. Each sequence consists of two or three drift units.

Degree of weathering suggests that the younger drift unit in a two-fold sequence and

the intermediate drift unit in a three-fold sequence represents deposition during the

late Pleistocene. The late Pleistocene equilibrium-line altitude (ELA) in each range

was determined by reconstructing the maximum ice extent associated with these drift

units and using the accumulation area ratio technique. Paleo-ELAs increase from

about 2100 m in northeastern Oregon to approximately 3200 m in central Utah.

Paleoclimatic conditions along the study transect were estimated by comparing

modern climatic conditions at the reconstructed late Pleistocene ELAs with climatic

conditions occurring at the ELAs of modem mid-latitude glaciers. Assuming no

change in winter accumulation or in the seasonal distribution of precipitation from

the present, a mean summer temperature depression ranging from about 9.0 °C at the

northern end of the transect to about 4.0 °C at the southern end would have been

necessary to sustain glaciers in these ranges during the late Pleistocene. To simulate

possible changes in late Pleistocene precipitation patterns, a change in winter

accumulation between 0.5 and 2.0 times the modem value resulted in a respective

increase or decrease in temperature depression by approximately 2.0 °C. These

results suggest that increases in precipitation during the late Pleistocene alone could

not have sustained glaciers in the mountain ranges of the study transect, except

possibly at its southern end, in the central Great Basin. An increase in precipitation

in this area during the late Pleistocene agrees with the interpretation of other

paleoclimatic records and paleoclimatic model simulations for the Great Basin.
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RECONSTRUCTION OF LATE PLEISTOCENE PALEOCLIMATIC
CHARACTERISTICS IN THE GREAT BASIN AND ADJACENT AREAS

CHAPTER 1: INTRODUCTION

Accurate reconstruction of late Quaternary paleodlimatic conditions on a regional

scale is a necessary first step in the identification and quantification of processes of

climate change on a global scale. The western United States represents one such region

in which these conditions are poorly understood. Two late Quatemary paleoclimatic

interpretations for the Great Basin and adjacent areas suggest significantly different

controls over climatic circulation patterns. In this thesis, I reconstruct late Quatemary

alpine glaciers to provide a physical basis for assessing the nature of climate change in the

western United States. These estimates are then used to evaluate the contrasting

paleodimatic interpretations.

The modern climate of the western United States includes an air-mass boundary at

about 40° N between moist Pacific maritime influences to the north and dry continental

conditions of the "Great Basin High" to the south that is best developed during winter

(Houghton, 1969; Mitchell, 1976). A reconstructed surface of late Pleistocene

equilibrium-line altitudes (ELA5) for the northern Great Basin (Zielinski and McCoy,

1987), based on cirque-floor altitudes (Moran, 1974; Porter et. al., 1983), steepens

southward in the vicinity of the 'winter boundary'. Zielinski and McCoy (1987)

suggested that paleo-ELAs were significantly lower north of the winter boundary because

of greater winter accumulation associated with the moist Pacific climate relative to the

drier continental conditions south of the winter boundary. Although present-day climatic

conditions in this region may have been intensified during the last glacial cycle, their

model shows a close correspondence between modern and late Pleistocene circulation

patterns and moisture sources.
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In contrast, computer models simulating climatic conditions for the late Quaternary

(Kutzbach and Guetter, 1986; COHMAP, 1988; Kutzbach et al., 1993), coupled with

recent compilations of vegetational histories for the western United States (Barnosky et

al., 1987; Van Devender et al., 1987; Thompson, 1990; Thompson et al., 1993), indicate

that climate may have fluctuated regionally as well as temporally during the past 18,000

years. These studies describe a late Pleistocene climate that was cool-dry in the

northwest and cool-moist in the southwest, changing to warm-dry in the northwest and

warm-moist in the southwest by the early Holocene, and to warm-moist in the northwest

and warm-dry in the southwest by the middle Holocene.

11 Objectives

The purpose of this investigation was to reconstruct paleodimatic characteristics in

the northern Great Basin and adjacent areas from the glacial-geologic record, and then to

test the contrasting hypotheses that either (1) modem circulation and precipitation patterns

can be extrapolated back through the late Pleistocene in this region (although the

precipitation may have increased), or (2) that climatic conditions during the past 18,000

years represent significant departures from the present-day, both in magnitude and

direction. Research for this study focused on: 1) establishing a sequence of glaciation in

nine mountain ranges along a general northwest to southeast transect through the northern

Great Basin and correlating the late Pleistocene deposits among the ranges based on

relative dating techniques; 2) reconstructing equilibrium-line altitudes (ELAs) for late

Pleistocene glaciers in each range and estimating paleoclimatic conditions along the study

transect by comparing modern climatic characteristics at reconstructed paleo-ELAs with

the range of climatic conditions occurring at ELAs of modern glaciers worldwide. By

establishing glacial chronosequences in each range along the transect, and by identifying

more accurate late Pleistocene ELA estimations for each range, this study also provides

valuable information on the Quaternary geology of the western United States. In
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addition, the investigation tests the concepts of the soil lithosequence (Birkeland, 1984)

by segregating the RD parameter data into groups based on parent material lithology, and

the soil climosequence by establishing existing weathering trends for RD parameters, and

by evaluating these trends as indicators of fluctuating precipitation and temperature

patterns in the region.

1.2 Geographic and Geologic Setting

The region encompassed by this investigation (Fig. 1.1) includes much of the

northern and central Great Basin in Oregon, Nevada, and Utah, and extends westward to

the Pacific Ocean in southern Oregon and northern California, northward to the Columbia

Plateau of eastern Washington, and eastward to the Rocky Mountains of central Utah.

The western extension of the study area includes the southern Cascade Range and the

Kiamath Mountains, and the eastward extension includes a portion of the Wasatch Front

of the Rocky Mountains, while the northern extension includes the Blue Mountains.

The Great Basin refers to a region of predominantly internal drainage within the

basin-and-range province of the western interior of the United States. It encompasses

broad valleys and plateaus interspersed with elongate, fault-bounded mountain ranges.

The ranges are generally 8-24 km wide and trend north to northeast across the Great

Basin, rising 300-1500 m above intervening valleys of similar width. Mountain ranges

in the northern Great Basin reach elevations between 1800 and 3050 m. South of

approximately 38° N, the mountains and valleys are generally 600-900 m lower in

elevation than their northerly counterparts. The Great Basin is bounded on the west by

the Sierra Nevada and Cascade Range, on the east by the Wasatch Front of the Rocky

Mountains, on the north by the Snake River Plain, and to the south by the Colorado

Plateau.

The southern Cascade Range and Klamath Mountains of northern California and

southern Oregon is an area of relatively low (1800- 2200 m), north-south trending
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Figure 1.1. The Great Basin and adjacent areas of the western United States.
The hachured line indicates the approximate areal extent of the Great Basin.

ranges with occasional high elevation peaks located between a more contiguous string of

higher peaks in the central and northern Oregon Cascades to the north and the extensive

high elevation zone of the Sierra Nevada to the south. The Blue Mountains province of

northeastern Oregon has generally east-west trending ranges that reach elevations

between 2400 and 2900 m. The Wasatch Range in Utah is a series of connected north-

south trending, high relief mountain ranges, bounded on the west by normal faults. The

4
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between 2400 and 2900 m. The Wasatch Front in Utah is a series of connected north-

south trending, high relief mountain ranges, bounded on the west by normal faults. The

ranges have an average elevation of 2800 m, about 1300 m above the bordering Great

Basin valleys to the immediate west.

Numerous mountain ranges in the Great Basin and adjacent areas are known to

have been glaciated during the Pleistocene. Nine mountain ranges in this region that

exhibit features of past ice ages, defming a transect from the Pacific northwest to the east-

central Great Basin, were examined in detail for this investigation (Fig. 1.2). Drift units

established in these ranges were often correlated with Sierra Nevada or mid-continental

glaciations and/or the oxygen-isotope record. Stratigraphic nomenclature and

approximate ages for glaciations and oxygen-isotope stages, as referred to in this study,

can be found in Table 1.1.

1.2.1 Siskiyou Mountains

The Siskiyou Mountains, which lie in the northwestern Kiarnath Mountains

province, is the westernmost range in the contiguous lower 48 states to exhibit features of

past glaciation. The Clear Creek watershed in northwestern California, located at

approximately 41050 N and 124 020 W, about 20 kilometers east of Crescent City and

just south of the California - Oregon border (Fig. 1.3), contains the greatest extent of

glacial deposits within the Siskiyou Mountains.

The highest peak in the Siskiyou Mountains is Preston Peak (2228 m); the range

crest averages 1860 m in elevation. Snoke (1972) mapped the bedrock geology of this

area as a Triassic or older ophiolite thrust plate, intruded and metamorphosed by the Bear

Mountain batholith during the Late Jurassic Nevadan orogeny. The ophiolite sequence

consists of a basement of tectonized mafic and ultramafic rocks including peridotites,

serpentinites, and gabbro, capped in places by a cliabase layer grading upward into

brecciated and pillow basalt. In the Clear Creek watershed, the sequence lies to the

northeast of Doe Creek and Clear Creek (Fig. 1.3). The Bear Mountain batholith is
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hornblende-rich diorite and gabbro, with lesser amounts of biotite diorite, granodiorite,

and quartz monzomte.

Diller (1902) and Hershey (1903) first recognized evidence of past glaciation in the

Klainath Mountains. Wells and Carter (1950) interpreted stream terrace deposits in the

Kiamath Mountains to be associated with past glaciation. Sharp (1960) recognized four
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TABLE 1.1
North American Stratigraphic Nomenclature

Adapted from Sibrava et al., 1986.

periods of glaciation in the Trinity Alps of the Kiamath Mountains, and correlated them to

pre-Wisconsin, and early, middle, and late Wisconsin glaciations. Lee (1973) interpreted

glacial deposits in the Marble Mountains to include an early and a late Wisconsin event.

Within the Siskiyou Mountains, Maxon (1933) inferred at least two stages of

glaciation. While completing a soil reconnaissance survey for the United States Forest

Service, Lanspa (1968) recognized glacial deposits within the study area. West of the
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Time
Divisions

Time
Scale

Glacial/Interglacial Intervals
Sierra Nevada Mid-continental

Oxygen-isotope
Stage

Holocene 1

Late
Pleistocene

10 ka Late
Tioga Wisconsin

2

35 ka Middle
Wisconsin

3

65 ka

75ka

Early
Tahoe Wisconsin

4

5a

5b

5c

5d

122 ka Sangamon 5e

Late Middle
Pleistocene

132 ka lllinoian 6
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Siskiyou divide, Young (1976) interpreted glacial deposits near Sanger Lake to represent

an early, middle, and late Wisconsin glaciation. Long (1980) interpreted four possible

tills in the Siskiyou Mountains as representing a pre-Wisconsin, and an early, middle,

and late Wisconsin glaciation. He further interpreted talus on the northeast side of

Preston Peak, the highest peak in the range, as a product of neoglacial activity.

Bevis (1989) mapped the glacial deposits of the Clear Creek watershed, and reinterpreted

them to represent two periods of glaciation correlated with the late Wisconsin and

flhinoian. The last glacial maximum was subdivided into two interstadial advances.

1.2.2 The Aspen Butte Area, Southern Oregon Cascades

The Aspen Butte area of the southern Oregon Cascade Range lies about 35 km

northwest of Kiamath Falls at about 42° 20' N and 122° 05' W (Fig. 1.4). The study

area encompasses several interconnected glaciated basins near the center of a cluster of

eroded volcanoes just east of the main Cascade divide. Aspen Butte itself is 2502 m in

elevation and adjacent peaks average about 100 m lower in elevation.

Beginning in the late Pliocene and continuing through the Pleistocene, a number of

large andesitic stratovolcanoes developed along the axis of the modern Cascade Range

(Williams, 1942). One such volcano was erupted from vents near the center of the study

area. Eroded remnants of this volcano make up most of the peaks in this area. Four

distinct lava types that represent different phases of the volcano's history define a

mappable unit informally named the Mountain Lakes formation by Carver (1973). The

lowermost member of the formation is exposed on the lower northeast and southwest

flanks of the former volcano and consists of pyroxene-bearing basalt. Overlying the

basalts are flows of hypersthene andesite that crop out on the flanks of the volcano and in

the walls of many cirques. This member makes up the thickest portion of rocks erupted

from the volcano. A sequence of tuffaceous and scoriaceous basalt and andesite

9



00
c'Jc'j-
0
c.'j

Ashland0

Oregon

.

California0
Yreka

Klamath
Falls
0

Study Area .... 50Km

Scale 1:93,600

1 0 ikilometer

Contour Interval 200 Feet

122° 230

10

Figure 1.4. Topographic map of the Aspen Butte area in the southern Oregon Cascades.



11

interbedded with basalt flows overlies the andesite member. The youngest member of the

series consists of small trachyte dikes and plugs and local pyroxene-bearing basalts and

andesites. The youngest members crop out in the upper portions of most glacial valleys

eroded into the volcano.

Carver (1973) recognized four distinct drift units from this area that he correlated

to late Wisconsin, llhinoian, and two pre-Illinoian glaciations. Glacial deposits of two

neoglacial advances were also mapped. Farther to the north, Scott (1977) recognized

three glaciations in the Mt. Jefferson area of the central Oregon Cascades and correlated

them to late Wisconsin, Illinoian, and pre-Illinoian glaciations. Neoglacial deposits were

also identified in that area.

1.2.3 Elkhorn Mountains

The Elkhorn Mountains of northeastern Oregon form a portion of the Blue

Mountains province. They are located at approximately 45° 50' N and 118° 15' W,

about 25 km northwest of Baker, Oregon (Fig. 1.5). The study area lies in the higher

central and northern portion of the range that consists of three principal drainages: 1) the

North Fork John Day River to the west, 2) the Grande Round River to the north, and 3)

the Powder River to the east. Peaks along the crest of the Elkhorn divide average

approximately 2600 m in elevation.

The Blue Mountains province is defined by a complex of allochthonous terranes

accreted to the North American craton during the late Mesozoic. The accreted terranes are

of oceanic origin and are comprised of Devonian to Jurassic island-arc volcanic rocks,

ophiolite, and fore-arc graywacke turbidites, capped by carbonate and metasedimentary

units (Brooks and Valuer, 1978). These rocks were intruded and partially

metamorphosed by Jurassic and younger granitic plutons. Much of the accreted terranes

are overlain by Cenozoic volcanic rocks, with lesser amounts of terrestrial sediments. Of

these rocks, the Columbia River Basalt Group is dominant in the northern part of the
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province (Hooper and Swanson, 1990), while the middle to late Miocene Strawberry

Volcanics and other volcanic units occur to the south and southeast both within and

marginal to the Blue Mountains province (Walker, 1990). The area underwent

deformation and uplift through the Cenozoic due to northwest - southeast compression

(Walker and Robinson, 1990b).

The bedrock of the Elkhorn Mountains is complex. The southernmost portion of

the range, lying outside the study area, consists of a thick sequence of Permian age

metavolcanic and metasedimentary materials (the Elkhorn Ridge Argihite) associated

with the accreted terrane rocks (Switek, 1967). This sequence was intruded by the Bald

Mountain batholith during the early Cretaceous. The batholith is predominantly

composed of diorites and gabbros (Taubeneck, 1957), and crops out over much of the

central and northern part of the range which lie within the study area.

Bently (1974) described glacial deposits and erosion features in most of the

drainages of the Elkhorn Mountains and interpreted them to represent at least two

Pleistocene glaciations. To the northeast of the Elkhorn Mountains, Crandell (1967)

suggested that four glacial events occurred in the Wallowa Mountains, Oregon. Burke

(1979) differentiated the glacial deposits of this range into only three drift units of

late Wisconsin, lllinoian, and pre-Illinoian age. Richmond (1986) suggested that a late

Wisconsin, two llhinoian, and a pre-lllinoian glaciation was represented.

1.2.4 Strawberry Mountains

The Strawberry Mountains also occur in northeastern Oregon within the Blue

Mountains province. They are located southwest of the Blkhorn Mountains, about 27 km

southeast of John Day, Oregon, at 440 20' N and 118° 40' W (Fig. 1.6). The study area

lies in the eastern part of the range where elevations average 2600 m. Strawberry

Mountain is the highest peak in the range at 2755 m.
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The western half of the Strawbeny Mountains is made up of the Triassic Canyon

Mountain Complex, composed of peridotite, gabbro, and serpentinite (Brown and

Thayer, 1966). The eastern half of the range is composed of much younger late Miocene

Strawbeny Volcanics (Walker, 1990) that overlie rocks of the Eocene Clarno Formation

(Walker and Robinson, 1990a). The Strawberry Volcanics consist of basalts and

andesites, while the Clarno Formation contains basaltic to rhyolitic flows, volcanic

breccias, tuffaceous deposits, and fine-grained sedimentary rocks.

Glacial deposits have been mapped in northern drainages of the western

Strawberry Mountains (Thayer,1956a) and adjacent Aldrich Mountains (Thayer, 1956b),

and Brown and Thayer (1966) identified glacial deposits in Big Creek on the south side

of the western Strawberry Mountains. Bently (1974) described the glacial morphology

of all major watersheds in the Strawberry and Aldrich Mountains and inferred deposits of

at least two Pleistocene glaciations.

1.2.5 Steens Mountain

Steens Mountain, located in southeastern Oregon at 43° 40' N and 118° 35' W

about 170 km southeast of Burns, Oregon (Fig. 1.7), is the northernmost range in the

Basin and Range province. The range is an uplifted fault-block, tilted gently to the west

and bounded on the east by a spectacular 1700 m escarpment that extends northeast-

southwest for nearly 100 kilometers. The highest portion of the range rises about 1800

m above its surrounding grabens. The Steens block is divided into the South Steens and

High Steens by a northwest trending fault scarp about 600 m high.

The study area includes several stream valleys with their source in the High Steens

(Fig. 1.7). These are Kiger Creek and McCoy Creek to the northwest; Fish Creek,

Blitzen Creek, and Big and Little Indian Creeks to the west; Wildhorse Creek to the

south, and several small streams flowing off the steep eastern escarpment. The drainages

expose Miocene and Pliocene bedrock consisting of the following units from bottom to
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top: tuffaceous sediments of the Alvord Creek Formation; tuffaceous sediments,

rhyolites, dacites, and volcanic breccias of the Pike Creek Formation; flows and breccias

of basalt and andesite of the Steens Mountain Volcanics; and the Steens Basalts (Fuller,

1930; Baksi and others, 1967; Langer, 1991). The strata dip toward the northwest and

the Steens Basalts unit is the only one exposed in the north- and west-facing stream

valleys. Uplift of the Steens block began after eruption of the Steens Basalt in the late

Pliocene and has continued through the Quaternary.

Bentley (1970) interpreted tills on Steens Mountain to represent two glaciations,

and correlated them with the Tioga and Tahoe glaciations of the Sierra Nevada. The

Sierra Nevada glaciations were initially correlated to late Wisconsin and early Wisconsin

mid-continental glaciations (Blackwelder, 1931). More recently, however, they have

been interpreted by some as late Wisconsin and Illinoian age (Burke and Birkeland, 1979;

Dom et al., 1987) and by others as representing oxygen-isotope stage 2, either 4 or 5,

and 6 (Phillips et al., 1990; Bursik and Gillespie, 1993).

1.2.6 Pine Forest Range

The Pine Forest Range is located in northwestern Nevada at 42° 40' N and 118°

45' W , about 38 km due south of the Oregon-Nevada border (Fig. 1.8). The average

relief is approximately 1100 meters, with Duffer Peak, the highest elevation in the range,

attaining 2864 m. Several stream drainages that exhibit features of past glaciation radiate

in all directions from the higher portions of the range.

Bedrock units in the Pine Forest Range consist mainly of late Jurassic and

Cretaceous granodiorite intruded into metasedimentary and metavolcanic rocks associated

with an island- arc terrane of late Paleozoic to Triassic age (Wyld, 1992). Granodiorite

crops out in all of the glaciated valleys of the study area, while the island- arc rocks are

exposed at lower elevations, mainly south of the study area. The range was uplifted

along northerly trending normal faults beginning in the Pliocene (Smith, 1967). Fault
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scarps that cut across Holocene alluvial fan deposits in Leonard Creek Meadow just

southeast of the study area suggest that faulting is potentially active(Rennie, 1987).

Smith (1967) first recognized glacial deposits in the Pine Forest Range. He

mapped areas exhibiting features of glacial erosion and moraine crests, but did not

differentiate drift units of multiple glaciations. Rennie (1987) described two glacial

advances in the Pine Forest Range and correlated them with the Tioga and Tahoe

glaciations of the Sierra Nevada of California (Blackwelder, 1931) and the Lamoille and

Angel Lake glaciations of the Ruby Mountains of Nevada (Sharp, 1938; Wayne, 1984).

1.2.7 Ruby Mountains

The Ruby Mountains form the extensive southern portion of the northerly trending

Ruby Mountains - East Humbolt Range about 40 km south and east of Elko, Nevada, at

400 30' N and 115° 30' W (Fig. 1.9). Glacial features in three drainage basins on the

western slope of the mountains were mapped in detail, including from north to south,

Lamoille Creek, Long Creek, and Smith Creek (Fig. 1.9). The watersheds head in

cirques at elevations ranging between 2900 and 3300 m.

The entire mountain range is a fault block composed of an igneous and

metamorphic complex in the north that is separated from quartzites, carbonates, and shale

to the south by granitic plutons (Howard et al., 1979). Bedrock exposed in the Lamoille

Creek and Long Creek drainage basins is composed of Precambrian and early Paleozoic

amphibolite facies metasedimentary rocks (mainly quartzites, schists, gniesses, and

marbles) and undifferentiated igneous rocks (Howard, 1980; Snoke, 1980). These were

intruded by granite and granite pegmatite in the central Ruby Mountains during the

Jurassic and Cretaceous (Kistler et al., 1981). These granitic rocks crop out over the

entire Smith Creek watershed of the study area.

The Ruby Mountains contain deposits of two glacial advances (Angel Lake and

Lamoille) (Sharp, 1938). He correlated these drift units with late and early Wisconsin
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glacial advances, while Wayne (1984) reinterpreted the older deposits as representing an

Illinoian advance. Richmond (1986) suggested that the older deposits represent an early

and a late advance during the Illinoian, while the younger deposits are late Wisconsin in

age.

1.2.8 Deep Creek Mountains

The Deep Creek Mountains are a block-faulted range in east-central Nevada, only

12 km due east the Nevada-Utah border at about 39° 50' N and 113° 50' W (Fig. 1.10).

Relief in the range is considerable, with peak elevations averaging at least 1800 meters

above the surrounding valley floors. Ibapah Peak, at an elevation of 3684 m, is the

highest point in the range. The west flank of the range has relatively short, steep

valleys, while its eastern flank is dissected by long, deep canyons with more gentle

gradients. Watersheds on both sides of the range show typical features of former

glaciations.

The Deep Creek Mountains are the northernmost extension of the Snake Range

metamorphic core complex, which consists of Precambrian to Permian metasedimentary

and metavolcanic miogeoclinal strata (Gans et al., 1990). These rocks were intruded by

the Tungstonia and Skinner Canyon granitic plutons during the late Cretaceous and

Oligocene (Robinson, 1987). Metamorphic core complex rocks and intrusive rocks were

uplifted and overprinted in the Tertiary by sillimanite-grade metamorphism and mylonitic

deformation along a high- angle detachment fault (Robinson, 1987; Gans et aL, 1990).

Final uplift was accomplished by a younger, cross-cutting range front fault (Gans et al.,

1990).

Bick (1958) mapped glacial deposits in drainages on the east and west slopes of

the Deep Creek Mountains. The deposits are undifferentiated and the age or ages of

glaciation are not known.
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1.2.9 Tushar Mountains

The Tushar Mountains are located in west-central Utah, approximately 25 km east

of Beaver, Utah at 38° 25' N and 112° 30W (Fig. 1.11). The study area straddles both

the east and west slopes of the range, and encompasses the valleys of Deer Creek, Beaver

Creek, Pine Creek east of the divide and the valleys of Merchant Creek, and North Creek

west of the divide. The range crest averages 3500 m in elevation.

Bedrock in the Tushar Mountains is the product of many local volcanic centers that

coalesced into a broad volcanic plateau surmounted by the crests of several large

volcanoes. These volcanic rocks record multiple episodes of extrusion of what is

collectively refened to as the Marysville volcanic field (Steven et al., 1979; Cunningham

et al., 1984; Steven et al., 1984).

Calc-alkalic volcanic rocks, including the Bullion Canyon Volcanics, were erupted

from scattered stratovolcanoes in Oligocene to early Miocene time (Steven et al., 1979).

The Bullion Canyon Volcanics, consisting of intermediate-composition lava flows,

volcanic breccia, and monzonitic to quartz monzonitic stocks, crop out in the Mt.

Belknap, Bear Valley, and Pine Valley areas. Beginning in the early Miocene and

continuing into the Pleistocene, a bimodal assemblage of basaltic lava flows and rhyolitic

lava flows and pyroclastic rocks were erupted (Steven et al., 1979). Monzonitic stocks

in the Tushar Mountains intrude both the calc-alkalic volcanic rocks and younger

volcanics of the bimodal phase of igneous activity (Cunningham et al., 1984).

Calderas formed at different places in the volcanic field in response to episodic

eruptions of silicic ash-flow tuff of both the calc-alkalic and bimodal volcanic suites

(Steven et al., 1984). The Three Creeks Tuff, Osiris Tuff, and Delano Peak Tuff

Members of the Bullion Canyon Volcanics were erupted in the earlier calc-alkalic phase

of volcanism, while the rhyolites and tuffs of the Mt. Belknap Volcanics (Joe Lott Tuff,

Red Hills Tuff, and Mount Baldy Rhyolite Members) that crop out over the Big John Flat

area were erupted during the bimodal phase of volcanism.
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Glacial deposits in the Tushar Mountains were recognized by several investigators,

most recently Steven et al. (1979, 1984). No attempt was made to differentiate drift units

or to ascribe ages to possible multiple glaciations.

1.3 Modern and Late Pleistocene Climatic Conditions

Modem climatic variations in the Great Basin are caused by changes in global

atmospheric circulation that result from changes in the strength of the circumpolar vortex

and the wavelength and amplitude of long (Rossby) waves in the mid-latitude westerlies

(Benson and Thompson, 1987a). The pattern of these waves determines the

development, movement, and intensity of synoptic-scale features of circulation such as

cyclones, anticyclones, fronts, and jet streams. Synoptic-scale circulation in any given

area is modified by physiographic conditions, including orientation, elevation, and areal

extent of mountain ranges.

1.3.1 Modern Regional Climate

The Great Basin is characteristically dry, as it is situated in the rain shadow of the

Sierra Nevada and Cascade Range. Precipitation has a high seasonal variation, and an

uneven spatial distribution due to local elevational gradients and rain shadows. The

region has a continental climate dominated by cool-season precipitation (September to

May) that is derived primarily from air masses flowing westerly off the northern Pacific

Ocean (Houghton et al, 1969; Mitchell, 1976). The eastern and southeastern sections of

the Great Basin receive a substantial (30%) proportion of their mean annual precipitation

in July and August from southerly, monsoonal sources. The central Great Basin is

usually arid because anticyclonic flow centered over southern Nevada prevents moist air

masses from entering this area.

Houghton (1969) identified three principal precipitation regimes that occur within

the Great Basin, each of which is characterized by a dominant air-mass trajectory
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(Fig. 1.12) that is best developed during winter (Mitchell, 1976; Fig. 1.13). Although

these regimes occur throughout the basin-and-range province, each has a subregional and

seasonal dominance

Precipitation from November to April is strongly influenced by successive low-

pressure centers that follow the westerlies from the North Pacific across the northwestern

United States (Houghton and others, 1975). These storm tracks shift southward

whenever subtropical high-pressure cells contract toward the equator. The development

of the thermally-induced, stagnant "Great Basin High" creates a stationary air-mass

boundary in the north-central Great Basin during much of the winter season, forcing

storm tracks north of about 40 °N (Houghton, 1969; Mitchell, 1976). The frontal

position is expressed generally by a steep temperature gradient, coupled more specifically

with a zone of surface streamline wind confluence. The Great Basin High dissipates

several times during a typical winter, allowing the path of migratory cyclones to shift

southward into the central Great Basin. Houghton (1969) refers to this pattern as the

Pacific component, under which the western Great Basin receives most of its

precipitation (Fig 1.1 2a).

Rainfall from April to June and October through November is usually associated

with development of successive low-pressure cells in the western Great Basin in the lee

of the Sierra Nevada. These cold cyclones entrain moisture from the Pacific Ocean and

migrate eastward. The central, eastern, and parts of the southern Great Basin receive

much of their annual precipitation under this regime, referred to by Houghton (1969) as

the continental component (Fig. 1.12b).

During July and August, the westerlies are weaker, and Pacific storm tracks move

far north of the Great Basin (Mitchell, 1976). The eastern and southern peripheries of the

Great Basin have convective storms in summer that bring moisture from the Gulf of

California and/or the Gulf of Mexico. Houghton (1969) refers to this precipitation

regime as the Gulf component (Fig. 1.1 2c).
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Cold month precipitation is more important than summer precipitation with respect

to runoff and groundwater recharge, and hence to lake level, in this region (Mifflin and

Wheat, 1979). Snowpacks in the mountains store enough moisture to permit runoff to

overcome high evapotranspiration rates in the warmer summer months. Much of the
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warm season precipitation is lost to the atmosphere through evaporation and transpiration

in a matter of hours or days.

Orographic precipitation in the surrounding mountains may be the primary control

on current lake size in many closed basins (Mifflin and Wheat, 1979). Generally,

piedmont and valley portions of these basins receive less than 20 cm of moisture per

year. Most mountain ranges greater than 1000 m in elevation receive more than 35 cm

per year, and the highest ranges receive more than 50 cm per year.

SCALE KILOMETERS
I I I I I I

0 500

Figure 1.13. The winter air-mass distribution pattern for the western
United States (modified from Mitchell, 1976). Region I is dominated
by a Pacific component, region II by a continental component, and region
III by a Gulf component. The wavy pattern indicates mountainous
barriers to air flow.
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The accuracy of available precipitation data in the Great Basin is limited by the

distribution of measurement stations with long-term records (Mifflin and Wheat, 1979).

Most stations are located in basin lowlands. Only a few are located in passes or mountain

valleys, and even fewer in crestal portions of mountain ranges. Therefore, areas

receiving the most important amounts of precipitation are those with the least data. River

discharge data are even less abundant and where data from gaging stations are available,

they are often impacted by diversion for agricultural or consumptive use (Benson and

Thompson, 1987a).

In some basins, the local climate near the lake may significantly influence the lake

level. The contribution of precipitation on the lake surface to total water input ranges

from low, where a great number of perennial streams enters a basin, to high, where the

surface area of modern perennial lakes is large relative to the drainage basin area.

The Great Basin is an elevated plateau with a continental temperature regime of

cold winters and hot summers and a large diurnal range in temperature. Winter

temperatures in the western Great Basin are moderated by warm downslope winds off the

Sierra Nevada (Houghton and others, 1975), while central and eastern Nevada, lying

well beyond the range of these winds, are much colder in winter. Extreme cold

conditions may result from night-time radiative cooling under the stagnant air of the Great

Basin high. Although temperature generally decreases with increasing altitude, the steep

mountain topography promotes cold-air drainage, which may make the valley bottoms

cooler than lower mountain slopes (Dohrenwend, 1984). Daytime summer temperatures

at lower altitudes in the Great Basin frequently exceed 40 °C. Temperatures increase

southward as valley-bottom altitudes decrease.

Similar to the trend in summer temperature, mean annual lake-evaporation (MAE)

in the Great Basin ranges from 1.0 m at the northern boundary to 2.2 m at the southern

boundary (Farnsworth et al., 1982). In the Lahontan basin, Harding (1965) calculated a



MAE of 1.2 m for Pyramid Lake and a MAE of 1.3 for Winnemucca Lake, while

Stauffer (1985) calculated a MAE of 1.1 m for Great Salt Lake.

1.3.2 Regional Late Quaternary Paleoclimatic Interpretations

Moran (1974) observed that the contour pattern of a map depicting the altitude of

the lowest cirque floors in glaciated mountains of the western United States (Flint, 1971)

displays an abruptly steepening gradient to the south in the vicinity of the modern winter

air-mass boundary. Moran (1974) noted that the age of cirque formation is unknown,

but is probably contemporaneous with the last major glacial maximum, implying a

glacial-age climatic boundary across the northern Great Basin similar to the modem one.

He used the apparent anchoring of the modern and glacial-age boundaries at the northern

edge of the Sierra Nevada on the west and the Colorado Rocky Mountains on the east to

infer that the contrast between glacial-age and modern circulation characteristics in the

Great Basin was not sufficient to overcome montane anchoring of the air-mass boundary.

Porter et al. (1983) suggested that relative values of the snowpack water-

equivalent extrapolated to the elevation of the late Pleistocene ELA may provide an

estimate of relative moisture conditions among mountain ranges during the last glacial

maximum. Eastward transects in the northern Cascades and Rocky Mountains (Porter et

al., 1983) and San Juan Mountains (Leonard, 1984) exhibit an inverse relationship

between paleo-ELA and winter accumulation, suggesting that late Pleistocene circulation

patterns were similar to those of the present in the Pacific Northwest and southern Rocky

Mountain regions of the western United States.

Zielinski and McCoy (1987) compared late Pleistocene and modem equilibrium-

line altitudes (ELAs) of mountain ranges in the Great Basin to evaluate possible

similarities between modem and last-glacial-maximum climatic patterns. A surface

defined by the lowest cirque-floor altitudes (Porter et al., 1983; Fig. 1.14) was believed

to approximate the actual late-Pleistocene ELA across the Great Basin. Due to a lack of
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Figure 1.14. The late Pleistocene ELA trend surface for the western United
States based on lowest cirque-floor altitudes (adapted from Porter et al., 1983).
Contour interval is 300 meters.

modern glaciers in the Great Basin, modern ELA was determined by extrapolating

modem altitudinal distribution of snowpack as a proxy for the ELA. A trend in

snowpack water-equivalent gradients for individual mountain ranges across the Great

Basin indicates low gradients north of 400 N and steep gradients south of 40° N. Wetter

conditions in the northern Great Basin probably reflects its location north of the winter

convergence zone, and the greater consistency of winter moisture sources from the
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Pacific Ocean than in the south, due to the anticyclone developed over Nevada during

winter (Houghton, 1969; Mitchell, 1976).

Zielinski and McCoy (1987) determined a similar relationship between paleo-ELA

and modem winter accumulation for a southeasterly transect through the Great Basin

using data from 22 mountain ranges throughout the region. However, when using data

from only 12 ranges that fell within 10 of the winter boundary of Mitchell (1976), they

found that snowpack water-equivalent increased with increasing paleo-ELAs. They

noted that modem winter accumulation is too low in the mountain ranges of the

northwestern Great Basin to have resulted in late Pleistocene ELAs at such low levels

relative to ranges in the eastern Great Basin. They suggested that although precipitation

patterns probably remained similar between the late Pleistocene and present-day, the

magnitude of the ratio of late Pleistocene precipitation to that of the present was larger in

the northwestern Great Basin relative to the east. They indicated that the likelihood of

large temperature decreases in the northwest could be ruled out by a low probability of

cold polar air-mass movement into this region with increasing proximity to the Pacific

Ocean.

Residual values that represent the difference between the late Pleistocene ELA

estimated from lowest cirque-floor altitudes and the late Pleistocene ELA predicted from a

regression equation of modem (April 1st) snowpack water equivalent versus paleo-ELA

altitude (Zielinski and McCoy, 1987), indicate a close spatial correspondence to the

winter air-mass convergence zone. Additional work by Zielinski and Davis (1990)

indicates that the paleoclimatic winter boundary, much as the modem one, extends across

the northern Great Basin, then southward down the east side of the Sierra Nevada, and

across that range in the Sonora Pass area. This suggests that circulation patterns during

the late Pleistocene were similar to modern conditions, although the magnitude of

precipitation changes may have been greater north of the boundary. The apparently wetter

climate of the northwestern Great Basin during the late Pleistocene may be a result of



intensified circulation and increased frontal-storm activity during glacial periods in that

area.

Paleoclimatic interpretations from models that simulate orbital variations and

surface boundary conditions for the past 18,000 years (Kutzbach and Guetter, 1986;

COHMAP Members, 1988, Kutzbach et al, 1993), supported by recent interpretations of

paleobotanical data (Barnosky et al., 1987; Van Devender et al., 1987; Thompson, 1990;

Thompson et aL, 1993) and periglacial features (Malde, 1964; Mears, 1981; and

Bamosky, 1985), argue against the conclusions of Moran (1974) and Zielinski and

McCoy (1987). Late Pleistocene climatic simulations show a split in the jet stream over

North America due to the presence of the Laurentide Ice Sheet (Fig. 1.15), with the zone

of maximum westerly winds shifted south to approximately 35° N latitude. A 'glacial

anticyclone "developed as a result of low surface temperature over the ice sheet and

produced easterly winds along the southern margin of the ice sheet, a condition that had

maximum surface expression during winter. These factors may have caused significant

temperature and precipitation reductions in the northwestern United States during the late

Pleistocene, while precipitation may have increased coincident with more moderate

temperature decreases and an increased westerly flow in the southern Great Basin.

Model similations of post-glacial climate show a steady shift to modern climate as

boundary conditions adjust to deglaciation (Fig. 1.15). Substantial decreases in the size

of the North American ice sheet, gradual increases in summer insolation and radiation,

less effective moisture in the northwest, and stronger summer monsoons in the southwest

culminated in warm-dry conditions in the northwest and warm-wet conditions in the

southwest during the early to middle Holocene. Modern climatic characteristics appeared

in the middle to late Holocene throughout the Pacific Northwest and Great Basin.
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CHAPTER 2: PALEOCLIMATIC INTERPRETATIONS FROM
LATE QUATERNARY PALYNOLOGICAL RECORDS

IN THE GREAT BASIN AND ADJACENT AREAS

2.1 Present-day Vegetation Patterns

The modern vegetation of the Great Basin and adjacent areas is zoned into a series

of horizontal altitudinal bands that coincide with elevational gradients in temperature and

precipitation (Kuchier, 1964; Thompson, 1990; Thompson et al., 1993) (Table 2.1).

Shadscale - greasewood dominated desert occurs in the lower valley elevations such as

the Lahontan Basin of western Nevada and Bonneville Basin of western Utah.

Sagebrush steppe covers adjacent alluvial fans, bajadas, and piediment surfaces, such as

the intervening plateau area between the Bonneville and Lahontan Basins, and as

understory in the wooded communities at higher elevations. Pinyon-juniper woodland

occurs on the lower mountain slopes in the eastern and central Great Basin, while

junipers occur in pure stands in northern portions of the region. The eastern and

southern sections of the Great Basin contain montane forests of ponderosa pine, white

fir, and Douglas fir above the pinyon-juniper woodland. These montane forests are

lacking in the central and northwestern Great Basin where an upper sagebrush grassland

dominates. Subalpine coniferous forests are present on many of the higer mountain

ranges in the Great Basin. Bristlecone pine, limber pine, and Engelmann spruce are

common in this altitudinal zone in the eastern Great Basin, while spruce is not present in

the western subregion, probably due to lower annual moisture.

The Blue Mountains and the Cascade Range to the north and west of the Great

Basin, respectively, have similar vegetational zones to the Great Basin with some

exceptions. Lodgepole pine and some sugar pine, together with ponderosa pine, white

fir, and Douglas fir occur in the montane forests of the east slope of the Cascade Range
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TABLE 2.1
Plant common names and modem ranges of taxa

within vegetation zones of the Great Basin

Common Name D LS WL US MF SA

Bristlecone pine - - - A
Budsage A P - -

Cliff-bush - P P P

Creosote bush A P - -

Desert peach P A P -

Douglas fir - - A

Engelmann spruce - A

Fembush - A P P

Gambell oak A -

Grasses A P A

Greasebush - - A -

Greasewood A P -

Greenmolly A -

Horsebrush - A P

Joshua tree - - A

Joint-f ir P A

Leather-leaf
mountain mahogany A P P

Limber pine - - P A

Little-leaf
mountain mahogany A

Lodgepole pine - - A A

Lupine P A P

Mock-orange P P P

Mountain spray P P P

Plains prickly pear P A - -

Ponderosa pine A
Pnckly pear P A
Prostrate juniper - P A

Quaking aspen - P A
Rock spiraca A
Rocky Mountain juniper - P - A
Rocky Mountain maple - P P A
Sagebrush A A A A P

Service-berry A P P

Shadsoale A P - -

Single-needle
pinyon pine A

Snake-weed P A P - -

Snowberry P P A P

Sticky rabbitbrush P A P P -

Subalpine fir - P A

Utah juniper A - -

Western juniper A

White fir P A -

Whitebark pine - - A
Yucca P A P P -

Key to vegetation zones: D = shadeshale desert; LS = lower sagebrush-grass
steppe; WL = woodland; US = upper sagebrush steppe; MF = montane forest;
SA = subalpine forest. (A) denotes an abundant species within a zone and
(P) denotes a species that is present, but not abundant (adapted from
Thompson, 1990).
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Basin-and-range topography creates a situation where montane vegetation

(especially alpine and subalpine zones) is discontinuous and separated into habitat islands

of various sizes by extensive areas of steppe and desert vegetation (Thompson and Mead,

1982). The lower limits of montane vegetation are at higher elevations in the northern

and western reaches of the Great Basin due to cooler and drier conditions, respectively,

and montane habitat islands are smaller and more isolated. There is considerable

disparity between the stock of montane conifers present in the eastern versus western

ranges of the Great Basin. The eastern ranges are larger and more continuous and

contain nearly the full range of flora typically associated with the Rocky Mountains,

while western ranges have fewer, or in some cases, no montane conifers. The montane

forests of the eastern Great Basin ranges apparently display a dynamic equilibrium

between extinction and immigration of montane conifers. In the montane forests of the

western ranges, conifer extinction appears to have occurred without replacement by

subsequent immigrations, probably due to the smaller size and greater isolation of these

forest zones in this area.

2.2 Vegetation History

The period from approximately 22 ka to the present-day represents the last glacial

to interglacial transition recorded on global and continental scales, encompassing the

intervals of maximum glaciation, waning of continental and alpine glaciers, and the

establishment of modern climatic conditions. The vegetation pattern of the Great Basin

and adjacent areas of the western United States responded to these environmental

variations by undergoing significant altitudinal and latitudinal alterations.
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2.2.1 Late Pleistocene Vegetation

22-14 ka (full-glacial)

The full glacial interval is not well represented by pollen and packrat midden

assemblages in and adjacent to the Great Basin. A pollen record from Battle Ground

Lake in southwestern Washington (Fig. 2.1) indicates that sagebrush and grasses with a

lesser component of spruce dominated this area prior to 17 ka, but between 17 and 15 ka

small percentages of Douglas fir and red alder pollen become apparent (Barnosky,

1985a). Pollen spectra from Carp Lake, on the western edge of the Columbia Basin in

south-central Washinton (Fig. 2.1), show a dominance of sagebrush and grass

throughout this period, with only a minor component of spruce (Barnosky, 1985b). A

pollen assemblage from Grays Lake in southeastern Idado contains a high percentage of

sagebrush prior to 30 ka, but percentages of conifer pollen increase and become

codominant by 11.5 ka (Beiswenger, 1991). In the Yellowstone basin area of

northwestern Wyoming, pollen assemblages from several lakes and ponds show high

percentages of sagebrush and grasses with some spruce prior to 13 ka (Baker, 1976;

Baker, 1983; Gennett and Baker, 1986).

Palynological data from sediment cores from the Ruby Marshes in eastern Nevada

indicate that sagebrush steppe was dominant from about 40 ka to 7 ka (Thompson,

1992). Midden assemblages from the Snake Range in the eastern Great Basin (Fig. 2.1)

are dominated by bristlecone pine, and have the highest abundance of Englemann spruce

of any interval (Wells, 1983; Thompson, 1990). These assemblages also contain pollen

from Utah juniper and joint fir. Assemblages from Carlin's Cave in the eastern Great

Basin (Fig. 2.1) that date between 20 and 16.2 ka indicate that bristlecone pine was the

only conifer present (Thompson, 1990). The eastern Great Basin sites show that

bristlecone pine grew with a suite of montane and steppe shrubs, including rabbitbrush,

fernbush, snowberry, and mountain mahogany.
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Pack rat middens found as low as 725 m in Death Valley have a high percentage of

juniper macrofossils, with chaparral yucca and a minor component of Joshua tree

becoming dominant below 425 m from at least 19 to 13 ka (Wells and Woodcock, 1985).

This indicates a treeline lowering of between 1200 and 1500 m during the late

Pleistocene. The record from Meadow Valley Wash in the southeastern Great Basin

(Fig. 2.1) shows that limber pine, Douglas fir, rose, and juniper were dominant between

20.1 and 16.2 ka (Wells, 1983; Thompson, 1990). Spaulding's (1985) midden

chronology from the Eleana Range at the southern edge of the Great Basin reveals that

limber pine grew in association with fernbush, mountain mahogany, and sagebrush, with

only minor variations in abundance from 17.1 to 13.2 ka.

14-10 ka (late-glacial)

The latest Pleistocene is much better represented by pollen and midden

assemblages throughout the Great Basin and nearby areas. This period is marked by

significant changes in vegetation types that occurred between the full-glacial and late-

glacial at several sites, particularly in the southeastern Great Basin, while more northerly

sites apparently changed little prior to the Holocene.

Pollen records from sites in the Okanogan Highlands of north-central Washington

(Big Meadow, Mud Lake, Waits Lake, and Bonaparte Meadows; Fig. 2.1) indicate that

late-glacial vegetation was relatively uniform during this period, marked by high

percentages of sagebrush and grass and low values of haploxylon pine (whitebark and

western white pine) (Mack et al., 1979; Baker, 1983). The pollen records at Battle

Ground Lake and Carp Lake show little change from the full-glacial interval, although

percentages of conifers at Battle Ground Lake begin to increase around 12 ka and are

dominant by 11.2 ka (Barnosky, 1985a), while the abundance of spruce pollen peaks

during the latter half of this interval at Carp Lake (Barnosky, l985b). Pollen spectra

from Grays Lake indicate the codominance of sagebrush and pine during this interval,

with a peak in spruce pollen abundance at about 10.5 ka (Beiswenger, 1991). The pollen
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assemblages in the Yellowstone area show increased percentages of spruce after 13 ka,

with a peak around 12 ka. Spruce percentages remain high between 12 and 10.5 ka,

while pine pollen increases. The abundance of sagebrush remains relatively high

throughout this interval. A pollen assemblage at Snowbird Bog in the Wasatch

Mountains of central Utah (Fig. 2.1) records vegetation that was predominantly

sagebrush with a minor component of spruce and pine between 13 and 8 ka (Madsen and

Curry, 1979).

A site from the northeastern Snake River Plain (Rattlesnake Cave; Fig. 2.1) has a

pollen assemblage dominated by sagebrush between 12 and 10.5 ka, with an increasing

abundance of spruce and both haploxylon and diploxylon (lodgepole and ponderosa) pine

toward the end of this period (Barnosky et al., 1987). In contrast, a pollen record

dominated by spruce-haploxylon occurred at Swan Lake in southeastern Idaho (Fig. 2.1)

throughout this interval (Bright, 1966). Increasing amounts of sagebrush and

composites are registered after 11.4 ka, while lodgepole pine and Douglas fir values are

higher between 10.8 and 10.3 ka. Murphey's Rockshelter on the western Snake River

Plain has a pollen assemblage dominated by grasses prior to 9.9 ka (Barnosky et al.,

1987).

At Fish Lake and Wildhorse Lake, Steens Mountain, Oregon (Fig. 2.1),

sagebrush steppe is inferred from the pollen record to have followed retreating glaciers up

valley after 12 ka, where it still exists today (Mehringer, 1985). Four sites from the

western Great Basin (Guano Cave, Fishbone Cave, Leonard Rockshelter, and Hidden

Cave, Fig. 2.1) contain pollen assemblages and plant macrofossils that show bristlecone

pine and sagebrush percentages at a maximum prior to 15 ka (Sears and Roosma, 1963;

Mehringer, 1985). All sites indicate decreasing percentages of pine to lowest levels by

10 ka, replaced by the more xerophytic species, saitbush and shadscale. Plant

macrofossils from the Winnemucca Lake basin (Fig. 2.1) in western Nevada, reveal that

western juniper grew with sagebrush, desert peach, prickly pear, and greasebush near the
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close of the late Pleistocene (12.4-11.2 ka) (Thompson, 1990). Pollen spectra from

Osgood Swamp (Adam, 1967) and Balsam and Exchequer Meadows (Davis et aL, 1985;

Davis and Moratto, 1988) in the Sierra Nevada of east-central California (Fig. 2.1) are

marked by low pine and high sagebrush percentages between 15 and 10.5 ka.

Midden assemblages from several sites in the Snake Range of east-central Nevada

indicate that mesophytic plants occurring prior to 13 ka were absent by 10 ka, particularly

on south facing slopes; whereas more xerophytic species increased in abundance during

this period (Thompson, 1990). Prostrate juniper, Engelmann spruce, cliffbush, and

buffaloberry, present at 17.3 ka, were gone by 11 ka from Streamview rock shelter.

Limber pine, fernbush, clifibush, currant, and buffalobeny were abundant between 18

and 13.2 ka, but were absent by 11.1 ka from Ladder Cave. Smith Creek Cave shows a

sharp decline in bristlecone pine after 11 ka. Conversely, Utah juniper, present only in

trace amounts prior to 13.2 ka at Ladder and Smith Creek Caves, was abundant by 10.5

ka. Shadscale and netleaf hackberry appeared by 10.5 ka at Smith Creek Cave.

Midden assemblages from the Garrison site in Snake Valley (Fig. 2.1) support

evidence of vegetational changes in the nearby Snake Range (Thompson and Mead,

1982). The mesophytes, clifthush, rose, and buffaloberry were present at 13.5 ka, but

were gone by 12.2 ka. Concurrently, several xerophytic plants (Utah juniper, shadscale,

squawbush, and winterfat) appeared by 12.2 ka. Packrat middens also provide evidence

that bristlecone pine and limber pine were both absent by 11 ka in the Snake Valley

(Thompson and Mead, 1982), but were still present at relatively low elevations in the

Snake Range (Wells, 1983; Thompson, 1990). Midden data from Granite Wash in the

Deep Creek Mountains of western Utah (Fig. 2.1) indicate limber pine grew with

prostrate juniper, Rocky Mountain juniper, currant, buffaloberry, and sagebrush at 13.6

ka (Thompson, 1990).

In the Confusion Range of west-central Utah (Fig. 2.1), bristlecone pine

disappeared between 11.9 and 10.3 ka, although limber pine, Douglas fir, Rocky
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Mountain juniper, and prostrate juniper persisted at higher elevations (Wells, 1983).

New species apparently arrived in the eastern Great Basin as bristlecones declined, such

as Douglas fir in the Confusion Range (Wells, 1983), and Rocky Moutain juniper in the

Confusion (10.5 ka) and Wah Wah (10.3ka) Ranges (Thompson, 1990).

Sites in the southern Great Basin record an even greater magnitude of vegetational

changes. Marcofossil assemblages from Death Valley show a time-transgressive shift

toward modern vegetation between 13 and 9 ka (Wells and Woodcock, 1985). Under the

modern vegetation regime, elevations below 1200 m are dominated by creosote bush,

while relict juniper woodland occurs above 2000 m. A midden assemblage from

Meadow Valley Wash in southeastern Nevada shows rose disappearing by 15.2 ka, as

single-leaf ash, squawbush, and Gambel oak became abundant (Thompson, 1990).

Limber pine and Douglas fir persisted until at least 12.6 ka, but were absent by 8.3 ka,

when Utah juniper and oak dominated. The most pronounced late-glacial vegetation

change occurred at the southern edge of the Great Basin in the Eleana Range (Spaulding,

1985). Between 13.2 and 11.7 ka, limber pine, fernbush, mountain mahogany, and

sagebrush drastically declined in abundance. Midden assemblages indicate the new

vegetational regime was dominated by Utah juniper, single-needle pinyon pine, purple

sage, and prickly pear. A woodland with little compositional difference from the present-

day was established by 11 ka.

2.2.2 Holocene Vegetation

10-7 ka (early Holocene)

Significant changes in vegetation occurred in the northern Great Basin during this

period, while many of the vegetational changes initiated during the late-glacial interval in

the southern Great Basin culminated by the end of the early Holocene. Pollen

assemblages from most sites in the Okanogan Highlands show increasing percentages of

xerophytes at the expense of mesophytic conifers beginning between 10.6 and 9 ka
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(Baker, 1983; Mack et aL, 1979). Grass, sagebrush, and diploxylon pine replaced

haploxylon pine, fir, and spruce. The maximum abundance of more xerophytic plants

occurred at about 7 ka in this area. The pollen record at Battle Ground Lake shows

increasing percentages of oak and grasses after 10 ka, with oak becoming codominant by

about 8 ka and remaining essentially unchanged until 4.5 ka. (Bamosky, 1985a). Pollen

spectra from Carp Lake indicate abrupt increases in shadscale, composites, and

thermophytic aquatic plants during this interval (Barnosky, 1985b). Sagebrush and grass

remain abundant until 8.5 ka. Spruce declined gradually over this period, while

diploxylon pine rapidly increased after 8.5 ka. During this period, the pollen record at

Grays Lake is characterized by high percentages of sagebrush, composites, grasses, and

chenopods, decreasing percentages of pine, and increasing percentages of juniper

(Beiswenger, 1991). The percentage of spruce pollen decreases rapidly after 10 ka in

sediment cores from the Yellowstone area (Baker, 1976; Baker, 1983; Gennett and

Baker, 1986). Sagebrush pollen decreases somewhat, while lodgepole pine pollen

increases and becomes dominant by about 7 ka.

The pollen record from all sites on the Snake River Plain show similar shifts in

plant assemblages at this time. Pollen assemblages from Rattlesnake Cave have greater

abundances of sagebrush and diploxylon pine between 10.5 and 7.3 ka (Barnosky et al.,

1987). Murphey's Rockshelter shows higher percentages of sagebrush, shadscale, and

composites, while grasses decrease between 9.9 and 6.3 ka (Barnosky et al, 1987).

Swan Lake apparently lagged behind other sites to the northeast of the Great Basin as

pollen assemblages document high values of shadscale and diploxylon pine only after 8.4

ka (Bright, 1966). Plant macrofossil records from Hogup Cave and Danger Cave in

northwestern Utah (Fig. 2.1) indicate the dominance of sagebrush and pine prior to 7.8

ka (Kelso, 1970, Mehringer, 1985). High percentages of shadscale, greasewood, and

Utah juniper replace more mesophytic plants after 7.8 ka. The pollen assemblage from

Snowbird Bog in the Wasatch Range was essentially unchanged from late-glacial pollen
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percentages until 8 ka. After this period, the frequency of conifer pollen increases

sharply, replacing sagebrush as the dominant species in the record (Madsen and Currey,

1979).

Three sites in the northwestern Great Basin (Kiamath Lake, Warner Lake, and

Chewaucan Marsh, Fig. 2.1) (Hansen, 1947) contain pollen chronologies constrained by

the Mazama ash deposited at 6840 '4C yr B.P. (Bacon, 1983). Each record significant

increases in ponderosa pine, grass, shadscale, and composites prior to and following

deposition of the Mazama ash. Records from Fish and Wildhorse Lakes in southeastern

Oregon indicate that grass pollen was dominant between about 9.7 and 8 ka, but

sagebrush (a more xerophytic plant) increased sharply relative to grass between 8 and 4

ka (Mehringer, 1985). The vegetation change at Wildhorse Lake apparently lagged

behind that of Fish Lake by nearly a millennium, probably due to its location at a higher

elevation near the upper limit of sagebrush temperature tolerance. Holocene pollen

spectra from these lakes are distinguished from those of the late glacial by significantly

larger values of juniper.

A packrat midden assemblage from Gatecliff Rockshelter in central Nevada

(Fig. 2.1) shows that aspen and rose grew with sagebrush and grasses from 9.5 to 9 ka,

but sagebrush became dominant by 7 ka (Thompson, 1990). Pollen records from sites in

the western Great Basin (Fishbone Cave, Guano Cave, Hidden Cave, and Leonard

Rockshelter) indicate that sagebrush declined during the early Holocene, replaced by

shadscale (Sears and Roosma, 1963; Mehringer, 1985). The early Holocene pollen

record at Osgood Swamp and Balsam and Exchequer Meadows was distinguished by

high percentages of pine and fir, with a low abundance of sagebrush (Adam, 1967; Davis

et al., 1985; Davis and Moratto, 1988).

Palynologicai data from the Ruby Marshes in northeastern Nevada (Fig. 2.1)

indicate that sagebrush dominated steppe persisted at lower-than-modern elevation until

about 8 ka. Shadscale steppe replaced sagebrush between 8 and 6.5 ka (Thompson,
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1990). Packrat midden assemblages from the Snake Range of eastern Nevada dated

between 10 and 9 ka reveal that limber and bristlecone pine remained belowmodern

limits into the early Holocene (Wells, 1983; Thompson, 1990). As subalpine conifers

decreased during this interval, quaking aspen, Rocky Mountain maple, serviceberry, and

other mesophytic species joined the high elevation vegetational regime. Pollen spectra

from Council Hall Cave, also in the Snake Range, have extremely low frequencies of

pine, while aspen, desert peach, mountain mahogany, and Mountain spray attain their

highest percentages at this time. A midden assemblage from a north facing slope in the

Snake Range indicates Utah juniper and Rocky Mountain juniper as codominants by

7.4 ka, with low levels of limber and bristlecone pine and prostrate juniper (Thompson,

1990).

In the nearby Confusion Range of western Utah, Rocky Mountain juniper grew in

the absence of limber pine, bristlecone pine, and prostrate juniper by 8.6 ka, all of which

had been present at 11.9 ka (Wells, 1983). Slightly to the southwest, a similar

progression is apparent at Carlin's Cave, where bristlecone and limber pine were present

at 12.8 ka, but absent by 8.6 ka, when Rocky Mountain juniper, Utah juniper, and

fernbush grew without pines (Thompson, 1990). Limber pine and Douglas fir become

uncormnon in midden assemblages dated between 12.6 and 8.9 from Meadow Valley

Wash in the southern Great Basin, but Utah juniper and Gambel oak increase in

abundance (Thompson, 1990).

7-4 ka (middle Holocene)

Rapid changes in vegetation occurred within the Great Basin between 7 and

6 ka, with the exception of sites in the southernmost periphery of the basin (Death Valley

and the Eleana Range, Spaulding, 1985; Wells and Woodcock, 1985) which had changed

radically at the end of the late-glacial. Sites lying to the north of the Great Basin changed

little during this period.
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Pollen assemblages from Mud Lake, Waits Lake, and Bonaparte Meadows in the

Okanogan Highlands show peaks in grass and sagebrush, while more mesic sites, such

as Big Meadows, reverted to diploxylon pine (Baker, 1983; Mack et al., 1979). The

present-day Douglas fir forest at these sites was established by 5 ka. The pollen record

from sites on the Snake River Plain in southern Idaho indicate that sagebrush-shadscale

steppe prevailed over the entire area during the middle Holocene (Bright, 1966; Baker,

1983). The early Holocene plant assemblage developed at Battle Ground Lake and Carp

Lake remained essentially unchanged throughout this interval (Barnosky, l985a and b).

Pollen assembages at Grays Lake show peaks in sagebrush and juniper during this

interval, while other species remained essentially unchanged (Beiswenger, 1991). The

pollen record from the Yellowstone area indicates that a mixture of Douglas fir and

lodgepole pine, with high percentages of sagebrush and grasses existed by 7 ka, which

remained unchanged until about 2 ka (Baker, 1976; Baker, 1983; Gennett and Baker,

1986).

Several vegetational changes occurred at Snowbird Bog during this period

(Madsen and Currey, 1979). Conifer forest reached its maximum during the mid-

Holocene. Between 6 and 3.5 ka, spruce pollen increased considerably relative to limber

pine. Slightly before 5 ka, conifer pollen was somewhat reduced and the percentage of

sagebrush increased. The pollen record from Hogup and Danger Caves in northwestern

Utah were unchanged in the middle Holocene, with shadscale, greasewood, and Utah

juniper dominant (Kelso, 1970; Mehringer, 1985).

Pollen assemblages from the northwestern Great Basin are similar to those of the

early Holocene during this interval. Sagebrush and juniper pollen percentages were high

at Fish and Wildhorse Lakes until 4.7 and 3.2 ka, respectively (Mehringer, 1985).

Ponderosa pine, grasses, composites, and shadscale remain dominant at Warner Lake

and Chewaucan Marsh (Hansen, 1947). At this time, pollen spectra and midden
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assemblages from the Diamond Pond area (Fig. 2.1) indicate that juniper, grass, and

sagebrush were abundant (Mebringer and Wigand, 1990).

The pollen sequence at Leonard Rockshelter in western Nevada indicates a

dominance of saltbrush during the mid-Holocene (Mehringer, 1985). A pollen

assemblage at nearby Hidden Cave shows xerophytic plants, such as saltbrush and

greasewood, dominate the record between 7 and 3.8 ka. Guano Cave and Fishbone

Cave, also in western Nevada, contain pollen spectra dominated by shadscale desert

vegetation between 7.3 and 3.2 ka (Sears and Roosma, 1963). Pine pollen percentages

remained relatively unchanged through the middle Holocene at Osgood Swamp, and

Balsam and Exchequer Meadows (Adam, 1967; Davis et al., 1985; Davis and Moratto,

1988). Pollen data from several valley settings in the Great Basin, such as Esmeralda,

Eureka Valley, Snake Valley, and Ruby Marshes (Fig. 2.1) indicate a regional expansion

of shadscale steppe at the expense of sagebrush after 7 ka (Thompson, 1990 and 1992).

Essentially modern woodland vegetation was established throughout the central

and eastern Great Basin and bordering areas by the end of the middle Holocene. The

arrival of single-needle pinyon pine from south and east of the Great Basin marks the

most significant vegetation transition during this period. Packrat midden assemblages

dated between 6.5 and 6.1 ka from the Schell Creek Range (Fig. 2.1) show single-needle

pinyon pine and Utah juniper intermixed with montane conifers, such as limber pine and

Rocky Mountain juniper (Thompson, 1990). Midden assemblages from Gatecliff

Rockshelter and Mill Canyon in central Nevada indicate a codominance between single-

needle pinyon pine and Utah juniper from 5.3 to 2.4 ka. Single-needle pinyon pine

appears in other midden chronologies of the southern Great Basin (Meadow Valley

Wash, Westgaard Pass Cave, and Bodie Canyon) between 7 and 6 ka. The first records

of ponderosa pine and white fir in eastern Nevada, dated to 6.1 ka, appear at Calm's

Cave (Thompson, 1990). Palynological data from sediment cores from the Ruby
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Marshes indicates pinyon-juniper woodland was established in the southern Ruby

Mountains by 4.7 ka.

4 ka - present (late Holocene)

The data available from packrat midden and pollen assemblages suggest that few

changes in floristic composition occurred in the Great Basin and adjacent areas during

this interval. Several notable exceptions to this rule do occur. While late Holocene

vegetation has been floristically similar to the modem vegetational regime, there were

considerable variations in abundance of some species through this period.

Little fluctuation in forest composition occurred at sites in eastern Washington

since establishment of the Douglas fir - ponderosa pine forest at about 5 ka (Baker, 1983;

Mack et al., 1979). Increases in spruce pollen are recorded in pollen assemblages from

Bonaparte Meadows and Big Meadow between 3.5 and 1.5 ka. Pollen assemblages

show that the modem Douglas fir - western red cedar forest at Battle Ground Lake and

the ponderosa pine - Douglas fir forest at Carp Lake developed after 4 ka (Barnosky,

1985a and b). The pollen record from Grays Lake indicates that by 2.5 ka there were

significant increases in the percentages of pine, spruce, fir and poplar, while sagebrush

juniper, composites, and Chenopods decrease (Beiswenger, 1991). Peaks in the

abundance of pine pollen occurred between 3.1 and 1.7 ka at Swan Lake, although the

pollen record indicates that sagebrush steppe was still dominant through the late Holocene

(Bright, 1966).

Pollen spectra from Snowbird Bog in central Utah indicate that the percentage of

conifer relative to sagebrush was reduced after 4 ka, along with a reduction in spruce

relative to pine (Madsen and Currey, 1979). Pollen and marcofossil data from Hogup

and Danger Caves in northwestern Utah show a decrease in xerophytic plants, such as

shadscale and juniper, after 3.2 ka, concurrent with an increase in sagebrush and grasses

(Kelso, 1970; Mehringer, 1985). A midden assemblage from Mission Cross Bog in the
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Jarbidge Mountains of northeastern Nevada (Fig. 2.1) reveals a maximum in pine and fir

pollen dated at 4.2 to 3.7 ka (Thompson, 1990).

Sites in the northwestern Great Basin (Fish Lake, Wildhorse Lake, and Diamond

Pond) at Steens Mountain contain pollen chronologies that indicate an expansion of

western juniper into sagebrush steppe between 4 and 2 ka (Mebringer, 1985; Mehringer

and Wigand, 1990). Hansen (1947) provides pollen records from Chewaucan Marsh

and Klamath Lake that indicate significant increases in the percentage of lodgepole pine in

the late Holocene. Similar vegetation trends are reflected in the pine pollen maximum

between 3.5 and 2.5 ka at Gatecliff Rockshelter in central Nevada (Thompson, 1990).

Cat-tails and sedges are recorded in macrofossil assemblages from Hidden Cave in

western Nevada, while this site and other nearby sites (Fishbone Cave, Guano Cave, and

Leonard Rockshelter) show increasing percentages of pine, juniper, and sagebrush pollen

after 3.5 ka (Sears and Roosma, 1963; Mehringer, 1985). A rise in fir pollen at Osgood

Swamp after 2.8 ka (Adam, 1967), and after 1.8 ka at Balsam and Exchequer Meadows

(Davis et al., 1985; Davis and Moratto, 1988), indicates a similar trend toward

mesophytic vegetation at the westernmost edge of the Great Basin. Joint fir, an indicator

of mesic conditions, became established in the Toquima Range of central Nevada (Fig.

2.1) after 4 ka (Thompson, 1990). Pollen sequences from the Ruby Marshes and

Meadow Valley Wash indicate that sagebrush expanded its coverage as shadscale desert

contracted after 4 ka in the valleys of the eastern Great Basin (Thompson, 1990 and

1992). Shadscale steppe had greater than modern coverage in the Ruby Valley until

about 0.5 ka.

2.3 Vegetation Dynamics and Paleoclimatic Interpretations

Packrat midden macrofossils and pollen assemblages have been used to indicate

changing patterns of vegetation through the late Pleistocene and Holocene in the Great



51

Basin and surrounding areas of the western United States. These changes in floristic

composition through time suggest a time-transgressive sequence of climate variation from

the full-glacial to late Holocene.

A paleoclimatic interpretation of the vegetational history in the Great Basin and

nearby areas is based on two assumptions: 1) climatic conditions were within the

range(s) of tolerance of the species present in packrat midden and pollen assemblages;

and 2) climatic conditions presumably exceeded the environmental ranges of the modern

species that were apparently absent from these assemblages.

Most pollen and macrofossil data from the Great Basin and adjacent areas indicate

that a climate cooler and drier than modern conditions persisted through the late

Pleistocene and even in to the early Holocene along the northern periphery of the Great

Basin (Fig. 2.2). Tundra-like conditions, in which sagebrush and grass dominate the

vegetation record with minor amounts of spruce and haploxylon pine, prevailed to the

north and east of the Great Basin (Barnosky et aL, 1987; Thompson, et al, 1993). More

mesic locations on lower mountain slopes had higher percentages of conifer pollen and

indicate a lowering of treelines by 600-1200 m or more (Baker, 1983, Thompson et al.,

1993). A maximum lowering of temperature of approximately 14 0 C, and less-than-

modem precipitation is inferred from the paleobotanical data for this area (Barnosky et

al., 1987). Winters were much colder than today in the northwest, but only slightly

cooler at the southern extremities of the Great Basin (Thompson et al., 1993).

Precipitation was lower than today in the northwest and in the northern Rocky Mountain

region, but was probably significantly greater than today in the southern Great Basin due

to the southerly position of the jet stream as it passed around the continental ice sheets

(Thompson et al., 1993).

Several exceptions to this climatic interpretationare suggested from pollen records

in the northern periphery of the Great Basin. Bright (1966) interprets the high percentage

of haploxylon pine and spruce pollen, with only a minor component of sagebrush, prior
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to 10.5 ka to indicate precipitation levels higher than today in the vicinity of Swan Lake,

Idaho. Significantly higher percentages of grass pollen relative to sagebrush in the record

from Murphey's Rockshelter imply a similar increase in precipitation (Barnosky et al,

1987). Western juniper grew in the Winnemucca Lake basin of northwestern Nevada

during the late Pleistocene. Modern climatic data collected near this site indicate a mean

annual temperature of 10.6 0 C, and a mean annual precipitation rate of 17.3 cm. While
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the former figure is within the range of temperature tolerance of the western juniper, a

50% increase in precipitation would be required to bring the climate of this site into the

lower range of rainfall tolerance for this species (Thompson, 1990). These vegetational

patterns may indicate a wetter climate in the northwestern Great Basin during the late

Pleistocene that may have resulted from intensified circulation and increased frontal-storm

activity during the glacial period as suggested by Zielinski and McCoy (1987).

However, the timing of precipitation increase is not well constrained and may be related

to localized climatic conditions or perhaps to a northward shift in the paleo-jet stream axis

near the end of the Pleistocene (COHMAP Members, 1988)

The mid-elevations of the Great Basin were dominated by limber and bristlecone

pine, with moderate frequencies of Englemann spruce, prostrate juniper, buffaloberry,

and fembush during the late Pleistocene, while valley floors were covered by sagebrush -

grass steppe. Pine and spruce species only grow at high elevations in the Great Basin

today, suggesting that temperatures were considerably reduced during late-glacial time.

Mean sumn-ier temperatures at present-day locations where bristlecone pine grows

indicate that treeline was lowered between 800 and 1100 m, and temperatures were at

least 10° C cooler during the late Pleistocene (Thompson, 1990; Thompson et al., 1993).

The modern pinyon-juniper woodland was absent from the central and eastern Great

Basin during the late Pleistocene. These plants today grow in climates with July and

mean annual temperatures as much as 10° C warmer than conditions where modern

bristlecone pine forests exist (Thompson, 1990).

The transition from glacial to modern vegetation in the Great Basin area was

accomplished through the processes of extinction and immigration. A warming trend

from the late-glacial into the early Holocene is implied by elimination of subalpine and

montane plant populations from lower mountain slopes and south-facing sites. As these

species died off, their ranges moved upsiope. The major species affected by this process
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include bristlecone pine, limber pine, Englemann spruce, prostrate juniper, buffaloberry,

and fernbush.

The dominance of montane forest plants, such aslimber pine, aspen, Rocky

Mountain juniper, sagebrush, and serviceberry over much of the modern range of

pinyon-juniper woodlands in the Great Basin suggests that early Holocene temperatures,

while significantly warmer than the full-glacial, were still several degrees Celsius below

those of today. Based on modern temperatures necessary for photosynthesis of limber

pine seedlings, the abundance of this conifer in early Holocene montane forests may

reflect about 4 to 5 0 C sunimer cooling relative to today (Thompson, 1990). Pollen data

from valley-bottom settings in the Great Basin indicate that sagebrush steppe remained

well below its modern elevational limits until after 8 ka (Thompson, 1990), providing

additional evidence of cooler-than-modern conditions in the early Holocene. Effective

moisture may also have increased in the northern Great Basin at this time as the core of

the jet stream migrated northward due to the rapid decay of the continental ice sheets

(Thompson et al., 1993).

Warmer, drier climatic conditions during the early Holocene can be inferred for

areas to the north and east of the Great Basin. Sites in the Okanogan Highlands

previously dominated by haploxylon pine and spruce changed to more xeric diploxylon

pine, while sites dominated by sagebrush show increasing percentages of grass and

composites. On the Snake River Plain, grassland steppe was replaced by sagebrush

steppe, and sites at the grassland-forest transition show increasing percentages of

sagebrush. Eastern sites on the Snake River Plain formerly dominated by haploxylon

pine shifted toward the more xeric diploxylon pine. Thompson et al. (1993) suggest that

climatic conditions in the northwest and northern Rocky Mountains may have reached

their driest state during the early Holocene as a response to increased insolation.

Climatic changes by the middle Holocene opened up new habitable areas for plant

species that apparently were absent from the Great Basin during the late Pleistocene.
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Many plants adjusted their geographic and altitudinal ranges during this interval. The

lower and upper treelines of bristlecone pine advanced upward during the middle

Holocene. Douglas fir, Rocky Mountain juniper, and Utah juniper reached the east-

central Great Basin prior to the end of the late-glacial interval. Ponderosa pine, white fir,

mountain mahogany, and quaking aspen arrived in the eastern Great Basin during the

early Holocene, while single-needle pinyon pine migrated into southernmost Nevada by

10 ka and central Nevada by 6 ka (Thompson, 1990).

In the valleys of the central Great Basin, the lower limits of sagebrush steppe

retreated upslope and shadscale-greasewood-dominated vegetation expanded. An

expansion of sagebrush from the upper end of its elevation range at in eastern Oregon and

Washington occurred in the middle Holocene, while diploxylon pine increased at mid-

elevations along the western margin of the Great Basin.

These changes in vegetation patterns point to a general rise in summer

temperatures, and a possible shift in seasonality of precipitation during the middle

Holocene. Greater abundance of Utah juniper in the eastern Great Basin and the

persistence of Rocky Mountain juniper in woodlands of the central Great Basin may have

been due to greater abundance of summer precipitation from monsoonal sources

(Thompson, 1990; Thompson et al., 1993). The immigration of single-needle pinyon

pine, ponderosa pine, and quaking aspen into central and eastern Nevada at this time also

implies increased precipitation.

A general trend toward slightly cooler and moister conditions throughout this

region probably occurred in the late Holocene. While many species were apparently

within their modern distributions by 6 ka, particularly to the north of the Great Basin,

other species were still undergoing range adjustments in the late Holocene. Vegetation in

the eastern Great Basin differs only slightly from that of middle Holocene age. There is

evidence for greater change in the central Great Basin, with Rocky Mountain juniper

declining as pine increased (Thompson, 1990). Joint fir, present along the southern and
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eastern margins of the Great Basin by the late Pleistocene, expanded greatly at this time,

probably as a result of more tolerable climatic conditions, and reached the Toquima

Range in central Nevada after 4 ka. An increase in fir and pine at higher elevations, while

sagebrush expanded at the expense of shadscale at lower elevations indicates a similar

climatic change in the northwestern Great Basin. A shift from saitbush-dominated to

pine-dominated pollen records in the western Great Basin, and an increase in juniper

pollen in midden assemblages to the north, express nearly identical climatic fluctuations.

Areas to the north and east of the Great Basin have pollen chronologies that show an

increasing frequency of the more mesic haploxylon pine and spruce relative to diploxylon

pine during this interval.

Finally, a comparison of vegetational records from several sites across a latitudinal

span of the central Great Basin and adjacent areas to the north suggests that there is a

geographical gradient to the climatic sensitivity of vegetation growing at these sites.

Palynological records from Carp Lake in central Washington (Barnosky, 1985), Swan

Lake in southeastern Idaho (Bright, 1966), and the Ruby Marshes in northeastern

Nevada (Thompson, 1990) contain no evidence of major vegetational changes from at

least 22 to about 8 ka. Packrat midden assemblages from the Snake and Confusion

Ranges in the eastern Great Basin (Thompson, 1990; Wells, 1983) show only modest

vegetational changes from the full-glacial to the early Holocene. Farther south at Carlin's

Cave and Meadow Valley Wash (Thompson, 1990) vegetational fluctuations over this

time period were of greater magnitude. The Eleana Range midden series at the southern

edge of the Great Basin (Spaulding, 1985) displays the largest magnitude of late

Pleistocene changes as an essentially modern floristic regime was established by 11 ka.

The southern sites may have been close to a major boundary between air masses, in

which case a relatively small degree of climatic change could result in movement of this

boundary over these sites, inducing a large vegetation response. Later sequential changes

in the vegetation patterns of the northern Great Basin and nearby areas imply a northward



shift in the degree of climate change, probably associated with a shift in the air mass

boundary and jet-stream axis farther north.
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CHAPTER 3: LATE QUATERNARY PLUVIAL LAKES IN THE GREAT
BASIN AND THEIR PALEOCLIMATIC SIGNIFICANCE

3.1 Lake-level Fluctuations

Nearly a hundred basins in the western United States contained lakes during the

late Pleistocene (Fig. 3.1). The largest group lay within the Great Basin area of Nevada,

Utah, and California, but several lakes also existed in the peripheral portions of the Basin

and Range Province in Arizona, California, Idaho, New Mexico, Oregon, and northern

Mexico. Most lakes formed in basins that were topographically and hydrologically

closed. Today only a few of these basins contain perennial lakes.

Evidence of former lakes in presently dry basins throughout this region has been

used to infer that changes in one or more elements of the climate, such as precipitation,

temperature, evaporation, wind, cloud cover, and humidity, were responsible for most of

the dramatic oscillations in lake level between the late Pleistocene and present-day. Some

may have been due to other factors such as rapid filling of basins with sediment or

erosion of their outlets during overflow events.

The climatically enlarged lakes are referred to by most investigators in the United

States as "pluvial lakes". The literal meaning of this term suggests a relative increase in

rainfall, although the importance of changes in this parameter versus changes in other

climatic controls on lake level is not well understood and is still being debated. The

former pluvial lakes left geomorphic, stratigraphic, and paleontologic evidence of their

existence, while archaeological sites on shorelines also help identify former lake levels.

Careful study of this evidence, along with records of intervening dry phases, provides a

chronology and associated paleoclimatic history of pluvial and interpluvial periods for a

large portion of the western United States.

Lake-level fluctuations in the Great Basin and their value as an indicator of

paleocimate have been recognized for more than a century. Pluvial lakes in this region
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were first documented in classical geomorphic and stratigraphic studies by King (1878),

Russell (1885, 1889), and Gilbert (1890) on two of the largest lake systems, Lake

Bonneville in Utah, Nevada, and Idaho, and Lake Lahontan in Nevada, California, and

Oregon. The chain of pluvial lakes in the Russell-Owens River valley system was later
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studied by Gale (1914). Further work by Morrison (1964, 1965a, 1965b, 1965c)

provided considerable new stratigraphic evidence for multiple fluctuations of Lakes

Lahontan and Bonneville. The regional paleoclimatic implications of these former lakes

were first summarized by Meinzer (1922), who compiled a map of pluvial lakes in the

Basin and Range province. Antevs (1925), and later Morrison and Frye (1965), inferred

relations between these lakes and the record of glacial events in other parts of the world.

More recent work on the pluvial lake history of the Great Basin and surrounding

areas has concentrated on establishing detailed chronologies of lake-level fluctuation

based on amino-acid ratios and radiometric dating of materials, such as wood, tufa, and

gastropods, deposited in or near past shorelines (e.g., Scott et al., 1983; Benson and

Thompson, 1987a), and on an estimation of associated paleoclimatic conditions based on

changes in such characteristics as temperature, precipitation, evaporation, and cloud

cover (Snyder and Langbein, 1962; Mifflin and Wheat, 1979; Benson, 1981, 1986;

Benson and Thompson, 1987a). The variation in the abundance and taxonomic

composition of microscopic plants and animals, sedimentology, and mineralogy of

radiometrically dated cores of lacustrine sediments has also been used to identify past

lake-level and paleoclimatic changes in the region (Spencer et al., 1984).

3.1.1 Factors Affecting Lake-level Fluctuations

The amount of precipitation falling on the drainage area of closed basins is the

most significant factor affecting the supply of water to many lakes, although direct

precipitation onto the lakes surface can be significant if the surface area of the lake is large

relative to the basin area. Variation in the seasonal distribution and intensity of

precipitation and evapotranspiration, proportions of snow and rain, nature of vegetative

cover and soils, mean annual and seasonal temperatures, and topographic relief and slope

angles cause substantial differences in the percentage of basin precipitation that reaches a

lake (Snyder and Langbein, 1962; Mifflin and Wheat, 1979). Evaporation of water from
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the lake surface also directly influences seasonal and annual variation in lake level. The

humidity, air and surface water temperature, and variation in the amount of cloud cover

all affect the rate of evaporation (Benson; 1981, 1986).

Basin bathymetiy and surface hydrology may affect the rate of lake-level change

(Benson and Thompson; 1987a, 1987b). Large lake basins, such as the Lahontan basin,

are comprised of several subbasins, separated from each other by sills of different

altitude. Some of these subbasins are fed by perennial streams, such that lakes in these

subbasins respond rapidly to even small magnitude changes in climate. Subbasins

without perennial streams receive water only when an adjoining subbasin overflows and

spills. These latter subbasins record only large-scale climatic events.

Basin topography also affects rate of lake-level fluctuations (Benson and

Thompson; 1987a, l987b). Lake levels in deep, narrow subbasins sustained by

perennial streams respond quickly to increases in moisture. These subbasins are

potentially excellent recorders of high-frequency, low-amplitude climatic change on a

subregional scale. Lakes with large surface areas sustained by perennial streams, such as

Lake Bonneville, respond more slowly to changes in moisture and tend to be excellent

recorders of high-amplitude, low-frequency climatic events. Chronologies from single-

basin lakes not sustained by perennial streams, such as Spring Valley in east-central

Nevada (Snyder and Langbein, 1962), record more localized changes in the climate and

hydrologic balance.

Nonclimatic phenomena can also affect the level of lakes in closed basins (Smith

and Street-Perrott, 1983). These processes can result in changes in lake levels that are

long lasting compared to fluctuations caused by climatic change. Tectonic events such as

the raising or lowering of catchment areas and outlet sills by faulting or crustal warping

can gradually lead to new lake-basin dimensions and hydrologic regimes, or cause

overlapping of younger lake levels above older levels. Mifflin and Wheat (1979) indicate

that regional tilting to the north in the northern Lahontan basin between the time of the



62

early Lake Lahontan high stand and the younger late Pleistocene high stand caused the

younger lake level to inundate older shoreline features in that area.

Erosion of the outlet can quickly lower or drain a lake in a closed basin. A

spillover associated with the last high stand of Lake Bonneville downcut the outlet by

108 m, probably in less than one year, forming Red Rock Pass 3 km to the south of the

pre-flood barrier (Malde, 1968; Currey and Oviatt, 1985). Local subaerial erosion can

fill a basin with sediment to the level of its sill (Smith and Street-Perrott, 1983).

Headward erosion of nearby streams can lead to stream capture and diversion, creating an

increase or decrease of inflow to a basin. The shape of the current drainage patterns in

the Lahontan basin supports this argument (King, 1978; Davis, 1978, 1982). For

example, the Walker River turns sharply from north to southeast before entering Walker

Lake, and the Truckee River turns sharply from east to northwest before entering

Pyramid Lake (Benson and Thompson, 1987a). Davis (1982) uses geomorphic evidence

to suggest that the Humboldt River flowed into the Quinn River prior to the last lake

cycle. These examples given here do illustrate the need for caution in translating pluvial-

lake changes into climatic histories.

3.1.2 Late Quaternary Lake-level Fluctuations

Shoreline features have been found for 56 paleolakes in Nevada (Mifflin and

Wheat, 1979) and nearly 100 for the basin-and-range province as a whole (Fig. 3.1).

Three distinct shorelines occur in many basins of which two are thought to be of late

Quaternary age. Figure 3.1 shows the known distribution and extent of the major pluvial

lake systems in the Great Basin and adjacent areas assumed to be late Pleistocene in age.

The names and hydrographic characteristics of these former lakes are summarized in

Mifflin and Wheat (1979).

The chronologies of lake-level changes have been studied intensively with

radiometrjc methods in the Bonneville, Lahontan, Russell, and Owens River systems,
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and radiocarbon ages from shoreline materials of several other closed basins in the Great

Basin are known. These have been recently summarized by Smith and Street-Perrott

(1983), Benson and Thompson (1987a), and Bursik and Gillespie (1993) and are

reviewed in the following sections.

Lake Bonneville System

The Bonneville basin consists of three main subbasins separated by sills at

different altitudes, and all major rivers enter the basin along its eastern margin

(Fig. 3.2a). Figure 3.2a shows the maximum extent of late Pleistocene Lake Bonneville.

Correlations among study localities in the basin were made difficult because of the great

distances between outcrops, the similarity in appearance of deposits of different lake

cycles and disconformities in the stratigraphy of exposures, and by abrupt lateral facies

changes along shoreline features of a given age. To overcome these problems, Scott et

al. (1983), Spencer et al. (1984), Currey and Oviatt (1985), McCoy (1987), Benson et

al. (1990), and Oviatt et al. (1992) used amino acid analyses and radiocarbon ages from

shoreline materials, and variation in the abundance and taxonomic composition of

microscopic plants and animals, sedimentology, and mineralogy from cores of lacustrine

sediments in the central portion of the basin.

The resulting chronology for the late Pleistocene lake cycle in the Lake Bonneville

basin is presented in Figure 3 .2b. Spencer et al. (1984) interpret sedimentary, biologic,

and mineralogic data from a core near the center of the basin to indicate that an ephemeral

lake-playa system existed in the Bonneville basin prior to 32 ka (Fig. 3.2b). Oviatt et al.

(1992) indicate a steady rise in lake level from near the modem Great Salt Lake level

(1280 m) beginning after 28ka, reaching the high stand at the Bonneville shoreline (1585

m) by 15 ka. The gradual rise in lake level was interupted by a significant regression

between about 22 and 20 ka associated with shoreline features of the Stansbury level

(1370 m) (Currey and Oviatt, 1985; Oviatt et al., 1992).
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Lake Bonneville remained at 1585 m until about 14.5 ka, after which it fell about

108m during catastrophic downcutting of the Zenda threshold (Oviatt et al., 1992).

Spencer et al. (1984) suggest that lake level dropped rapidly to the modern level between

15 and 14 ka due to a combination of catastrophic downcutting of its outlet and

deterioration of the glacial climate. Benson et al. (1990) report a radiocarbon date of

15,250±160 years B.P. from charcoal collected just below the highest Lake Bonneville

shoreline. Dorn et al. (1990) obtained a radiocarbon date of 14,050±130 from rock

varnish on boulders at the Zenda threshold, which agrees with other radiocarbon ages

that indicate the flooding occurred about 14.5 ka (Cuney and Burr, 1988). The lake

remained near a level of 1480 m until about 13 ka, building the Provo shoreline, and had

fallen to near the present level of Great Salt Lake by 11 ka (Oviatt et al., 1992). Currey et

al. (1988) suggest that the Great Salt Lake was at very low levels between about 13,000

and 12,000 years B.P., as indicated by extensive pre-Gilbert red beds containing

abundant desiccation cracks and desert pavement. A slight rise in lake level by about 12

m between 10.9 and 10.3 ka, built shoreline features of the Gilbert stage (1290-1295 m)

(Benson et al., 1990; Oviatt et al, 1992). Lake level in the Sevier subbasin remained at

its threshold (1400 m) between 13 and 11 ka (Oviatt, 1988), spilling over into the Great

Salt Lake subbasin.

Great Salt Lake fluctuated around its historic level (1280 m) throughout the

Holocene, but rose to its highest post-Provo level (1287 m) twice during the late

Holocene at 3.5 and 2.3 ka (Spencer et al., 1984). Oviatt (1988) indicates that the lake in

the Sevier subbasin remained below an altitude of 1381 m during the early and middle

Holocene, but expanded to its maximum late Holocene level (1382 m) at about 2.5 ka

Lake Lahontan System

The bathymetry of the Lahontan basin is complex, consisting of seven subbasins

separated by sills of different altitude (Fig. 3.3a). Six rivers terminate in the Lahontan
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basin, with the Truckee, Carson, Walker, and Humboldt rivers contributing 96 percent of

the total surface inflow (Fig. 3.3a) (Benson, 1986). The Truckee, Carson, and Walker

rivers have their headwaters in the Sierra Nevada on the west side of the Great Basin,

while the Humboldt River drains mountain ranges in the northeastern Great Basin.

Several of the seven subbasins are fed by these perennial streams, such that lakes in these

subbasins rise and fall with relatively high frequency, small amplitude changes in climate

through time. The subbasins without perennial streams receive water only when an

adjoining subbasin overflows and spills and record only large-scale climatic events

(Benson and Thompson, 1987a). Radiocarbon data from materials such as wood, tufa,

and gastropods, deposited in or near past shorelines of Lake Lahontan, provide a

chronology of lake-level variation for the past 50,000 yr. (Benson, 1978; Thompson et

al., 1986; Benson and Thompson, 1987a; Lao and Benson, 1988; Benson et al., 1990;

Benson, 1992).

Walker Lake is thought to have risen to its sill level (Adrian Valley, the highest in

the Lahontan basin) and spilled to the Carson Desert subbasin between 50 and 45 ka

(Fig. 3.3b) (Benson and Thompson, l987a). Lao and Benson (1988) suggest that the

three western Lahontan subbasins, including the Smoke Creek-Black Rock Desert,

Pyramid Lake, and Winnemucca Dry Lake subbasins (Fig. 3.3a), may have contained a

single connected lake system from about 45 ka to 16.5 ka (Fig. 3.3b), an interpretation

that is supported by the water-lain Marble Bluff tephra dated at about 50 ka that is present

in the bottoms of each subbasin. Benson et al. (1990) presented a revised interpretation

in which they suggest that these subbasins contained oniy small- to moderate-size lakes

between until about 25 ka, based on the sparseness of age determinations from tufa

between 50 and 25 ka and a lack of lake sediments older than 25,000 years B.P. in the

Smoke Creek-Black Rock Desert subbasin. Lake level in these basins probably rose to at

least 1260 m by about 24 ka, as the Trego Hot Springs tephra, dated at 24,300 years

B.P., crops out in lake sediments at this elevation in all three basins (Davis, 1978).
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By 20 ka, lake level rose to about 1265 m, where it remained for at least 3,500 yr.

(Fig. 3.3b) (Benson and Thompson, 1987a). The sill (Darwin pass) that connects these

western subbasins with the Carson Desert subbasin also has an altitude of 1265 m, which

suggests that lake levels in the western subbasins were stabilized by spillover from the

Pyramid Lake subbasin to the Carson Desert subbasin until 16.5 ka. However, a more

gradual rise in lake level between 40 and 23 ka, followed by a sharp rise in lake level

from 23 to 20 ka, has been suggested by a correlation of the Trego Hot Springs tephra

(23.4 ka) with a tephra that crops out at 1251 m in the Black Rock Desert (Fig. 3.3b)

(Davis, 1983).

A radiocarbon date from a buried soil in the Astor Pass area (Fig. 3.3a) indicates

that lake level fell to approximately 1240 m around 15.6 ka (Fig. 3.3b) (Thompson et al.,

1986). This recession is inferred to be synchronous with a complete desiccation of

Walker Lake (Benson and Thompson, 1987a); however, the lowering of water-level in

the Walker Lake subbasin may have been caused by diversion of the Walker River rather

than by climate change (Davis, 1978, 1982; King, 1978). After 15 ka, lake levels rose

rapidly in all subbasins, so that Lake Lahontan became a single body of water by 14.2 ka

(Fig. 3.3b) (Benson, 1992). Apparently, the high stand of 1330 m was reached by 13.8

ka, persisting only until about 13.7 ka, at which time lake level fell more than 100 m in

less than 500 yr. This fall may have occurred as much as 1,300 years later, as indicated

by radiocarbon dates of 13,260±200 years B.P. from gastropods (Benson et al., 1990)

and 12,680±105 years B.P. from rock varnish (Dorn et al., 1990) associated with

highstand terraces. In either case, Thompson et al (1986) indicate that the last highstand

of Lake Lahontan terminated before 12,070±210 year B.P. based on radiocarbon ages

from packrat middens in the Winnemucca Dry Lake subbasin.

Currey (1988) determined that the final shallow-lake oscillation in the Carson

Desert subbasin (Fig. 3.3a) occurred about 11 ka. From Currey's (1988) data, Benson

(1989) demonstrated that the level of Pyramid Lake was stabilized at 1207 m by spill over
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at Astor Pass at approximately the same time. This interpretation is supported by rock

varnish radiocarbon ages ranging between 10,900 and 10,100 years B.P. (Dorn et al.,

1990) from an eros:ional terrace located at an elevation of about 1202-1220 m on Anaho

Island in Pyramid Lake. These data suggest the presence of a lake connecting the

Pyramid Lake, Winnemucca Dry Lake, and the Smoke Creek-Black Rock Desert

subbasins around 11,000 years B.P. By about 10 ka, Pyramid Lake had fallen to the

altitude of Mud Lake Slough Sill (1777m) which connects this subbasin with the

Winnemucca Dry Lake subbasin (Benson et al., 1990).

During the Holocene, the Lahontan basin contained several shallow lakes, with

many subbasins being the site of one or more periods of complete desiccation. The

chemistry of pore fluids extracted from sediment cores taken from Walker Lake show

that this subbasin has been dry at about 16, 5, and 2 ka (Benson, 1978; Benson and

Thompson, 1987a), Evidence exists that such extreme periods of aridity did not occur

since the last highstand in the Pyramid Lake subbasin. Born (1972) dated wood at 8.8

to 9.7 ka contained in deposits of the ancestral Truckee River delta, indicating that

Pyramid Lake stood at an elevation of 1168 to 1219 m at this time. Historic records

indicate that Pyramid Lake stood at 1177 to 1180 m prior to irrigation, thus the lake

level was at or above modern levels during the early Holocene. Persistence of endemic

fish in Pyramid Lake until historic times indicates that the lake did not decrease in size

to the point that the fish could no longer survive. Artificial desiccation of the lake since

1904 caused by diversion of water for irrigation has dropped the lake level below

1153 m. Endemic fish did not survive this change in water-level, which indicates that

Pyramid Lake remained above this level throughout the Holocene. Benson (1978) used

geochemical concentration trends in pore fluids beneath the sediment-water interface of

Pyramid Lake to indicate that the lake had decreased in size, but never completely

desiccated since the last high stand.



Russell Lake and the Owens River System

Late Pleistocene Lake Russell in the Mono Lake basin, located on the western edge

of the Great Basin, was situated in a relatively small basin separated from the Owens

River system to the south by a high-altitude sill (Fig. 3 .4a). Russell (1889) concluded

that the late Pleistocene lake occupying the Mono Lake basin had two major highstands,
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but only the older highstand had spilled southward into the Owens River drainage.

Lajoie (1968) completed the first detailed stratigraphic study in Mono basin. He

concluded that two prominent delta terraces cropping out at altitudes of 2095 m and 2035

m were formed during the glacial last maximum when Lake Russell stood at intermediate

levels. The lake rose to its last highstand (2155 m) well after glaciers had receded from

the lower reaches of adjacent valleys (Lajoie, 1982). Lajoie (1968) indicated that most of

the Pleistocene age lacustrine deposits in Mono basin occur below 2075 m. The most

widely distributed rock-stratigraphic unit is the informally named Wilson Creek beds,

which consist of three silt units and two coarse-grained units that laterally inteffinger with

terrace sands at elevations of 2075 and 2035 m. Lajoie (1968) interpreted the silt beds to

represent deposition during relative highstands and he correlated the upper silt bed and an

erosional terrace at 2155 m with the last highstand of Lake Russell.

Benson et al. (1990) published two possible chronologies for the last lake cycle

from this basin based on the detailed stratigraphic work of Lajoie (1968) supplemented

by lake level estimates based on ostracode assemblages, tephrochronology, and

radiocarbon ages on tufa and ostracodes that range in age from 34.9 ka to 12.8 ka (Fig.

3.4b). The preferred chronology (thin solid line) assumes radiocarbon ages of tufa

samples to be correct and resembles an earlier chronology suggested by Lajoie (1982).

Lake Russell was at a low level prior to 35,000 years B.P. and rose to highstands at

about 34 ka and 26 ka (correlated with the lower and intermediate silt units of the Wilson

Creek beds). Lake level fell to about 2035 m prior to 20,000 years B.P. where it

remained for approximately 6,000 years, allowing the formation of a prominent glacio-

deltaic terrace at that altitude (Lajoie, 1968). Lake Russell rose again between 15 and 13

ka to its highest level (2155 m). It fell to about 1965 m by 10 ka and remained at

relatively low levels during the Holocene. A minor transgression or stillstand of the lake

may have occurred between 11 and 10 ka (Benson and Thompson, 1987a) based on

radiocarbon ages of tufa deposits found at an elevation of 2012 m. The alternate lake-
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level chronology (thick solid line) is based on possible errors inherent in some of the

radiocarbon ages of tufas (Benson et aL, 1990).

Lake Russell overflowed at its highest level into Adobe Valley, which is connected

to the Owens Valley system (Fig. 3.4a). Lake Adobe attained a depth of more than 24 m

during the late Pleistocene before overflowing into the Owens Valley. Benson and

Thompson (1987a) indicate the lake was shallow at 11 ka, but increased gradually until

about 8 ka, when it shrank rapidly. A shallow marsh existed in the basin until 4.4 ka,

after which it expanded to form a small lake.

The Owens River system was a chain of lakes occupying a succession of

subbasins along the east side of the Sierra Nevada (Fig. 3.4a). The only detailed studies

from this system were conducted at Searles Lake, the third lake in the chain of five

permanent lakes receiving water from the Owens River (Stuiver, 1964; Smith, 1979;

Stuiver and Smith, 1979; Smith and Street-Perrott, 1983; Benson et al, 1990). The late

Pleistocene chronology of Searles Lake presented here is based on radiocarbon dating of

core sediments and nearshore materials, interpretation of the subsurface record of

interbedded salts and mud layers, and an interpretation of d1 8 analyses of carbonates

(Stuiver and Smith, 1979; Benson et al, 1990). In general, the salt layers were deposited

over a short time interval of relatively shallow lake level, while the muds are associated

with deep-water lake phases of longer duration. The source of the mud was considered

to be spillover from the China Lake basin to the west (Fig. 3.4a). The presence of

dolomite in core sediments suggests moderate lake levels (Benson et al., 1990).

Searles Lake apparently fluctuated between shallow and moderate levels prior to

about 24 ka, remained at an intermediate or slowly rising level between 24 and 17 ka, and

rose rapidly to its highstand at about 16,000 years B.P (Fig. 3.4c). The Searles Lake

highstand may have lasted for several thousand years, but sedimentologic data suggest

shallow lake conditions between 13 and 11 ka. After 11 ka, Searles Lake rose rapidly to

an intermediate level, but receded again by about 10 ka. Radiocarbon dates from rock
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varnish on deposits associated with the highstand terrace in the Searles Lake basin

indicate that Searles Lake had receded from its highstand the prior to 13,500 years B.P.

and did not rise to this level again.

Other Pluvial Lakes in the Great Basin

Lake Franklin on the eastern flank of the Ruby Mountains in northeastern Nevada

flooded the basin now containing the Ruby Marshes to a depth of 35m (Mifflin and

Wheat, 1979; Benson and Thompson, 1987a). A 40,000-year paleolimnologic record

based on analyses of aquatic plants, pollen, diatoms, and ostracodes indicatesa shallow

saline lake occupied this basin until about 18.5 ka (Thompson; 1990, 1992). This was

followed by a deep-water period from before 18.5 ka to at least 15.4 ka. A change from

lacustrine clays to coarser sediments immediately above a sample dated at 15.4 ka from

one core suggests desiccation of the lake. Other sediment cores contain no record of

sedimentation between 15 and 11 ka probably due to lake desiccation. Fine-sediment

deposition resumed after the lake rose to modern levels by 10.8 ka, and deeper-than-

modern conditions lasted until 6.8 ka. The middle Holocene was characterized byvery

shallow or completely dry conditions. Water levels in the marsh system rose after 4.7 ka

and fresh-water conditions have persisted to the present-day.

No evidence has been found for deep-water lakes of late Quaternary age in

southern Nevada (Mifflin and Wheat, 1979). Lacustrine sediments in Las Vegas Valley

are considered to be paludal or playa deposits. Stratigraphic studies from marshes and

wet meadows in the upper Las Vegas Valley indicate a greater extent between 30 and 15

ka, with progressive desiccation of the marsh complexes between 13.5 and 7.2 ka

(Quade, 1986). Many other closed basins in the northern portion of Nevada have

shoreline features or lacustrine sediments that document the presence of late Pleistocene

lakes (Mifflin and Wheat, 1979), but none have been studied in detail.

Pluvial lakes occupied all of the closed basins in the Oregon segment of the Great

Basin. Lake Chewaucan occupied the basins now containing Abert and Summer Lakes
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in south-central Oregon (Allison, 1982). Fort Rock Lake, lying just north of Lake

Chewaucan, covered the present Fort Rock Lake and Christmas Lake Valleys. Similar

elevations reached by high stands in both lakes suggest these pluvial lake systems

probably had a subsurface hydrologic connection. Radiocarbon age dates from the base

of lacustrine sediments in Fort Rock Lake average 30 ka (Smith and Street-Perrot, 1983).

Evidence for pluvial lakes also occurs in the Warner Valley (Weide, 1976) and in the

upper Kiamath River valley (Smith and Street-Perrot, 1983).

3.2 Paleoclimatic Implications of Lake-level Chronologies

A number of workers have attempted to estimate the paleoclimatic conditions

responsible for creation and maintenance of pluvial lakes in closed basins of the western

United States (e.g., Broecker and On, 1958; Snyder and Langbein, 1962; Galloway,

1970; Brakenridge, 1978; Mifflin and Wheat, 1979; and Benson, 1981, 1986).

Galloway (1970) and Brakenridge (1978) argued that times of lake maxima were

relatively cold and dry. High lake levels were interpreted to result from increased runoff

due to reduced evaporation throughout the Great Basin, combined with regional

precipitation rates similar to or even less than present values. However, Snyder and

Langbein (1962) and Mifflin and Wheat (1979) suggested that calculated temperature

reductions for the late Pleistocene were insufficient to cause decreases in evaporation

large enough to maintain lake-level maxima. Therefore, substantial increases in

precipitation must have occurred.

Attempts to derive paleoclimatic characteristics from lake-level fluctuations have

limitations, largely because of the difficulties involved in estimating past rates of

evaporation and the percentage of precipitation that becomes runoff, and their relationship

to changes in temperature. Two methods, an empirical approach and energy-balance

models, have been used extensively by various researchers to estimate these parameters;

their results are summarized in Benson and Thompson (1987a).
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Based on the empirical method, several investigators have derived estimates of the

change in mean annual temperature, precipitation, and evaporation necessary to sustain

late Pleistocene pluvial lakes. Broecker and On (1958) suggested a 5 °C drop in

temperature, an increase in precipitation by 20 cm, and a 30% decrease in evaporation to

maintain lake levels in the Lahontan and Bonneville basins. Snyder and Langbein (1962)

studied the pluvial lake in Spring Valley, Nevada, and suggest at a temperature

depression of 5 °C with an associated increase in precipitation of 20 cm and evaporation

reduced by 21.5 cm. Spring Valley is near the Bonneville basin and these values

compare well with estimates made by Broecker and On (1958). Galloway (1970) and

Brakenridge (1978) inferred temperature reductions between 7 and 11 °C, precipitation up

to 20% less than modern values, and evaporation as much as 50% less than present

values for much of the Great Basin. When using the method devised by Snyder and

Langbein (1962), Weide (1976) found that an average drop in mean annual temperature

of 5 °C, and an increase in average annual regional precipitation of 10 cm would be

sufficient to restore Lake Warner and adjacent pluvial lakes in south-central Oregon.

Mifflin and Wheat (1979) suggested a mean drop in temperature by only 2.7 °C and a

corresponding increase in precipitation by 68% for the Nevada portion of the Great

Basin, while evaporation was reduced by only 10%.

Estimates of paleoclimatic conditions in the Great Basin vary widely depending on

the original assumptions of the investigators (Benson and Thompson, 1987a). These

assumptions may be inaccurate because 1) full-glacial cooling has not been shown to

occur evenly at both high and low elevations (Pleistocene lapse rates may have differed

from present-day lapse rates), and 2) the extrapolation of modern air-temperature

evaporation-rate correlations to full-glacial periods implies that all other climatic

parameters that affect evaporation (cloud cover, humidity, water-surface temperature,

etc.) are correlated with past temperature distributions in the same manner as they are

correlated with present-day temperature distributions.
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Benson (1981, 1986) considered the energy-balance method to be the most

appropriate for determinating the sensitivity of evaporation rate to variation in the amount

and type of cloud cover, air temperature, water temperature, humidity, and solar radiation

in the upper atmosphere. His sensitivity analyses showed: (1) evaporation rate decreases

strongly with a decrease in the difference in temperature between air and water; (2) use of

solar radiation values for 18 ka and 14 ka, the times of maximum continental glaciation

and lake-level rise, respectively, results in relatively small changes in the calculated

evaporation rate relative to modem conditions; (3) large absolute changes in relative

humidity result in small changes in the calculated evaporation rates; and (4) changes in the

fractional distribution and absolute amount of cloud cover can reduce the evaporation rate

considerably.

Historic mean annual discharge to the Lahontan basin has been calculated to be 1.8

rn/yr (Benson, 1981), by using an evaporation rate of 1.25 rn/yr (Harding, 1965) and the

total surface area of lakes as measured within the basin observed by Russell (1885).

Benson (1981) determined that evaporation rates of between 0.10 and 0.20 mlyr and

0.14 to 0.29 rn/yr during the late Pleistocene would be necessary to maintain high stands

in the Lahontan basin at 1330 m (highest level) and 1270 m (intermediate level),

respectively. This calculation assumed that discharge into the basin would be 2.2 to 4.5

km3/yr based on an estimated mean snowfall in the Sierra Nevada for the late Pleistocene

which was 1.2 to 2.5 times that of present-day values, depending on the degree of cloud

cover (Curry, 1969). These evaporation rates could be achieved with absolute monthly

sky cover increases of 10% and mean annual air temperature decreases of no less than 10

°C, while precipitation remained at modem levels.

Rates of lake-level rise and fall associated with the last pluvial cycle in the

Lahontan basin impose additional constraints on the permissible range of evaporation

rates (Benson, 1981). An evaporation rate of 0.20 rn/yr and a discharge rate of 4.5

km/yr. would be more than sufficient to account for a lake-level rise of 100 m in 2,000
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years beginning at 15 ka. Historic evaporation and discharge rates are adequate to

account for the net reduction in lake volume that occurred in approximately 1,000 years

beginning at about 1 ika.

More recently, Benson (1986) used historical maximum lake levels in the

Lahontan basin (Russell, 1885) and the recorded maximum annual discharge of rivers

(2.45x the mean), combined with an evaporation rate of 1.25 rn/yr (Harding, 1965), to

determine that the mean annual basinwide evaporation rate must have been reduced to

0.63 rn/yr to maintain the maximum high stand in the basin during the late Pleistocene.

Energy-balance calculations (Benson, 1986) indicate that reducing the modern mean

annual air temperature by 7 °C would result in a decreased evaporation rate of 0.64 to

0.72 rn/yr Thus, a reduction of 7 °C in mean annual air temperature is sufficient, when

combined with the maximum historical discharge, to achieve the 1330 m Lake Lahontan

high stand.

Several lake/climate feedback processes are known to aid in the growth and

maintenance of large lake systems (Benson and Thompson, 1 987a) and may have

affected pluvial lake-level fluctuations. A lowering of modern monthly water

temperatures by 7 to 10°C in the Great Basin would have allowed ice formation on

pluvial lakes during the winter and early spring. The presence of ice would decrease

evaporation by enhancing reflection of short and long-wave radiation. Additional heat

normally used in the evaporation process would be expended during melting of the ice in

spring, thus reducing annual evaporation further. The presence of glaciers in

surrounding watersheds may also have contributed to reduction in the lake-evaporation

rate. Discharge from glaciers would have occurred at temperatures near 0 °C. Heat

transport to rivers during flow of water to lake basins would have been reduced as well

due to shorter transport distance (glaciers extending down mountain valleys reached

closer to the lake margins and the lake surface areas were larger) and transport under
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lower ambient temperatures relative to today. Colder discharge to a lake would in turn

have suppressed evaporation by decreasing the air-water temperature difference.

Large lakes also exert significant effects on weather in the surrounding areas.

Lake-induced snow storms occur when cold air masses move across the relatively warm

surface of the lake. Storminess also increases when the jet stream is located near or just

south of large lakes and where winds are dominantly from the northwest or southwest,

such as in the Great Lakes region of the United States. These are two conditions that

have been postulated for the late Pleistocene weather patterns in this region due to the

presence of the continental ice sheets to the north of the Great Basin (Kutzbach and

Guetter, 1986; COHMAP Members, 1988; Kutzbach et al., 1993). In addition,

precipitation may have been enhanced locally on the lee sides of many Great Basin

mountain ranges as winds carrying lake-effect moisture were forced over these

orographic barriers, while increased lake-effect storm frequency may have been

accompanied by increases in cloud cover, causing decreases in evaporation rate.

3.3 Regional Climatic Patterns and Lake-level Fluctuations

High lake levels in the Great Basin result from reduced air-water temperature

differences, increased discharge, increased cloudiness, and lake-climate feedback

mechanisms. Lake-level rises may also result from increased cool-season precipitation

produced by enhanced cyclonic flow, Houghton (1969) indicated that the primary source

of this moisture is the Pacific and continental circulation regimes, and that the strength of

these two regimes is primarily affected by the position of the polar jet stream.

The physiography of the Great Basin and adjoining mountain masses along its

western margin channel the modern flow of moisture-laden westerly air masses along

predictable routes (Mitchell, 1976) (Fig. 1.13). The distribution of glacial features and

associated equilibrium-line altitude pattern in the Great Basin also suggests that the
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anchoring effects of physiography acted during the late Pleistocene to channel westerly

flow along these pathways (Zeilinski and McCoy, 1987) (Fig. 1.14).

The progression of maximum precipitation along the western coast of North

America is associated with the movement of the mean position of the polar jet stream

(Benson and Thompson, 1987a; Thompson et al., 1993). Maximum precipitation is

concentrated near the axis of the jet stream, with precipitation decreasing rapidly

southward away from the axis and less rapidly north of the axis. The presence of the

Cordilleran-Laurentide ice sheets created anticyclonic air flow, bringing cold dry

continental air into the northwestern United States from the northeast, forcing the jet

stream southward (Kutzbach and Guetter, 1986; COHMAP Members, 1988; Kutzbach et

al., 1993). This caused the position of the moist, westerly flow to shift southward,

reducing its intensity in the Northwest, but possibly enhancing it over much of the Great

Basin. In addition, the temperature difference between the ice sheets to the north and the

relatively warm sea-surface temperatures to the south should have contributed to the

intensification of the summer jet stream (Benson and Thompson, 1987a).

A combination of these factors could have produced the changes in paleoclimatic

conditions necessary to produce high lake levels as estimated from the energy-balance

models of Benson (1981, 1986). A repositioning of the jet stream to the north as the

continental ice sheet decayed during the late Pleistocene and changing latitudinal

distribution of solar radiation would substantially decrease the amount of precipitation in

the Great Basin and increase evaporation rates at the same time. A northward shift in the

westerlies associated with the northward migration of the jet stream would have allowed

summer monsoons from Gulf sources to penetrate farther north, but because evaporation

is highest in summer, this precipitation would have been less effective at maintaining

paleolakes in this region than the cool-season precipitation of the late Pleistocene. These

factors are thought to account for the rapid decrease in water-level in most pluvial lakes of
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the Great Basin during the latest Pleistocene (Benson and Thompson, 1987a; Thompson

et al., 1993).

Accurate estimates of the timing of basin highstands is of interest because of the

inferred linkage of highstand climates with the proximity to the polar jet stream. The

short duration of the Lahontan highstand (Fig. 3 .3b) is interpreted to indicate that the core

of the southern branch of the polar jet stream remained only briefly over the Lahontan

basin during the late Pleistocene (Benson, 1992). This inference can be extrapolated to

include pluvial lake highstands throughout the Great Basin and suggests the dominance

of precipitation increases rather than temperature decreases on pluvial lake fluctuations

(Benson and Thompson, 1987a; Thompson et al., 1993).

The asymmetry of precipitation associated with the jet stream axis implies that the

axis was probably located over the southern portion of the Great Basin through most of

the last glacial cycle and migrated northward through the region around 14 ka, thereby

affecting pluvial lake systems for a short period of time. Northward migration of the jet

stream was probably in response to the rapid decay of the Laurentide-Cordilleran ice

sheets after 15 ka (Thompson et al., 1993).

A comparison of lake-level chronologies of the last major pluvial lake-cycle from

the Bonneville, Lahontan, Mono and Searles lake basins (basins with the most accurate

age constraints) (Benson et al., 1990) indicates certain similarities and differences: 1)

Lake Bonneville and Lake Lahontan were at low levels about 35,000 years B.P., while

Lake Russell and Searles Lake were at moderate levels; 2) lake-level rises occurred

gradually in all four basins, beginning at least 30,000 years ago, although the gradual rise

may have been interrupted by a possible recessional event prior to 16 ka; 3) maximum

lake levels were reached between 15 and 13.5 ka in these basins, followed by near

synchronous recession in all four basins; 4) lake levels either stabilized or rose slightly

between about 11.5 and 10 ka in the Lake Bonneville and Lake Lahontan basins, while

the Searles Lake basin may have risen between 12.5 and 11.5 ka, and again at 10.5 ka,
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5) lakes in all four basins remained at low levels during the Holocene, and 6) during the

time period, 35 to 14 ka, Lake Bonneville and Lake Lahontan had one major oscillation

(highstand) in contrast to several major oscillations of Lake Russell and Searles Lake.

Initial lake-level increases were in part controlled by moisture increases related to

the gradual southward shift of the jet-stream and westerly moisture sources caused by

growth of the continental ice sheets, but maximum levels may not have been reached until

the jet-stream axis migrated into the region in response to the collapse of the continental

ice sheets to the north. Lake-level oscillations occurring between about 12 and 10 ka may

have been in response to climatic cooling associated with the Allerocl/Younger Dryas

climatic intervals expressed in vegetational and glacial records of western and central

Europe (Benson et al., 1990), indicating this event may have been at least hemispheric in

scale. Slight discrepancies in highstands between basins may be a complex response to

northward retreat of the jet stream and local climatic and/or topographic conditions

causing more rapid advance and recession of lake levels.

Several investigators have indicated the importance of surface area as a gage in

determining the response of a lake to changes in its hydrologic balance (Mifflin and

Wheat, 1979; Smith and Street Perrott, 1983; Benson et aL,1990). Comparison between

lakes requires a normalization of their surface areas because the time it takes for each lake

to reach its equilibrium-surface area depends on the shape and size of the lake basin

(Benson and Thompson, 1987a; Benson et at, 1990). After normalizing the last major

highstand surface areas of four late Pleistocene pluvial Lakes Bonneville, Lahontan,

Russell, and Searles Lake), Benson et al. (1990) found that the surface areas of Lake

Bonneville and Lake Lahontan increased by a factor often, while those of Lake Russell

and Searles Lake increased by a factor of only 4 to 6. These differences in surface area

increase may be explained by differences in effective wetness of climate between the

basins. If the mean track of the jet stream passed over Lake Bonneville and Lake
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Lahontan but passed north of Lake Russell and Lake Searles, Lake Bonneville and Lake

Lahontan would have continued to grow in size beyond a factor of 5.

3.4 Montane Glaciers and Lake-level Fluctuations

Late Pleistocene glaciers were present in many of the Great Basin mountain ranges

(Richmond, 1986). No clear evidence exists to indicate that the maximum extent of late

Pleistocene glaciers and pluvial lakes occurred together in the Great Basin. However, the

presence of pluvial lakes in some basins upwind of these ranges during the last glacial

maximum may have provided increased moisture for growth of glaciers in the form of

lake-atmosphere feedback processes such as lake-effect storms.

Antevs (1925) deduced that glaciers had reached their maximum extent along the

Wasatch Front and had withdrawn prior to the maximum level of Lake Bonneville, based

on the occurrence of moraines beneath deltas and deltaic sediments in gaps between

lateral moraine sets where they exit the mountains. Scott et al. (1983) found a soil

developed on the Pinedale till at the mouths of Bells and Little Cottonwood canyons

which had been eroded and subsequently buried by sediments from the rise of Lake

Bonneville. At Mono Lake, Russell (1889) concluded that glaciers had retreated before

the highest level of the pluvial lake was reached, where he found geomorphic evidence of

shoreline features overlying till thought to be of the last glacial maximum. This evidence

was later confirmed by Lajoie (1968).

Pleistocene lakes in the Great Basin did not reach their highest levels until

approximately 14 ka. On the western edge of the Great Basin, alpine glaciers reached

their late Pleistocene maxima at about 18 ka and had retreated significantly by 13 ka

(Effiott-Fisk, 1987; Dorn et al., 1990). Radiocarbon dating of recessional features of the

last glaciation in two mountain ranges of the Great Basin indicates that ice had retreated

before maximum lake levels were reached. Wayne (1984) obtained a radiocarbon age of

13,000 ± 900 yr. B.P. on basal sediments from a bog in the Ruby Mountains of
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northeastern Nevada. The bog was thought to have formed after a valley glacier had

retreated nearly to its headwall. In the Wasatch Mountains of central Utah, Madsen and

Currey (1979) obtained a radiocarbon age from Snowbird Bog in Little Cottonwood

Canyon that constrains mid-canyon deglaciation (well above the late Pleistocene Pinedale

terminal moraine) to greater than 12,300 ± 300 yr. B.P.

Stratigraphic and radiometric data on lake-glacier correlations in the Great Basin is

limited, but the evidence generally indicates that deglaciation occurred several thousand

years prior to the pluvial lake maximum. Maximum expansion of montane glaciers may

have been in response to maximum temperature depression and was not synchronous

with pluvial lake level increases because temperature changes rather than precipitation

changes more strongly influenced the glacier's growth and decay. Apparently there was

increased moisture availability at a time when glaciers were retreating or absent in the

higher altitude portions of watersheds. The northward migration of the jet-stream due to

decay of the continental ice sheets probably increased precipitation in this region greatly.

Melting of glaciers during rapid deglaciation would have significantly increased discharge

to lake basins. Benson and Thompson (1987a) suggested that the winter season became

warmer (or that the seasonality of precipitation shifted to wanner months), accompanied

by increased annual cloudiness to compensate for the higher warm-season evaporation.

The warm-season precipitation probably occurred under a westerly (low-latitude jet

stream) regime where evaporation levels are lower relative to a monsoon regime. These

factors would effectively starve the montane glacier systems in the winter, maintain low

evaporation rates, and provide sufficient input to pluvial lakes at the same time. Thus,

late Pleistocene lake levels in closed basins were maintained or increased beyond the time

of deglaciation.
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3.5 Summary

Lake-level chronologies of the last major pluvial lake-cycle from several basins in

the Great Basin indicate that pluvial lake levels rose gradually beginning at least 30,000

years ago. The gradual rise may have been interrupted by a recessional event around 16

ka, followed by maximum lake levels between about 15 and 13.5 ka. An energy-balance

model used to estimate paleoclimatic characteristics that would have been necessary to

sustain pluvial lakes at their maximum late Pleistocene levels suggests: 1) a mean annual

discharge that was about 2.5x the modem value, implying an increase in precipitation, 2)

a mean annual evaporation rate that was reduced by about 50%, and 3) an air temperature

depression that was about 7-10 °C lower than modem values.

The subsequent lake-level declines in each basin were uniformly rapid, although

the timing may have been somewhat different. Lake levels either stabilized or rose

slightly between about 12 and 10 ka in the Lake Bonneville, Lake Lahontan, and Searles

Lake basins, while evidence for such an oscillation in the Mono Lake basin has not been

found. These lake-level oscillations may have been in response to a hemispheric wide

climatic cooling event associated with the AllerodtYounger Dryas climatic intervals.

The stratigraphic sequences and radiometric chronologies are similar across much

of the Great Basin, suggesting that lake-level fluctuations and associated changes in

paleocimatic characteristics may have been relatively synchronous throughout this region

during the late Pleistocene and Holocene. The last major pluvial lake cycle in the Great

Basin may have resulted from increased precipitation, reduced air-water temperature

differences, and lake-climate feedback mechanisms related to the northward migration of

the polar jet stream as continental ice sheets decayed. Slight differences in the timing of

highstands among basins probably represents a complex response to a northward shift of

the jet stream and to local climatic and/or topographic conditions.

Montane glaciers appear to have begun their recession prior to the last pluvial lake

highstand. Montane glaciers may have advanced in response to maximum temperature
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depression, but such advances were not synchronous with pluvial-lake advances because

temperature changes rather than precipitation changes more strongly influenced their

growth and decay. The presence of pre-highstand pluvial-lakes upwind from some

glaciated mountain ranges may have provided a source of lake-effect moisture that would

have contributed to glacier growth. The lag between the alpine glacial maximum and

pluvial highstands may also have been caused by a combination of increased discharge to

pluvial lakes by rapid melting of alpine glaciers, a shift in seasonality which increased

summer precipitation relative to that of winter and/or increased winter temperatures, and

maintenance of low evaporation rates due to increased annual cloudiness and westerly air-

flow across the region.



CHAPTER 4: LATE PLEISTOCENE PERIGLACIAL FEATURES
AND THEIR PALEOCLIMATIC IMPLICATIONS

4.1 Introduction

The term 'tperiglacial" designates nonglacial processes and features of cold

climates on land that are characterized by unique displacements of soil material and

development of terrain features that are related to freezing and thawing of water in the

ground, regardless of their age or proximity to glaciers (Washburn, 1980). Such an

environment is almost everywhere uniformly underlain by perennially frozen ground

(permafrost). Permafrost is defined exclusively on the basis of temperature (Muller,

1945) as a thickness of soil or other surficial deposit, or even bedrock, that has been

colder than 0°C for more than one year. The existence of permafrost and features related

to intense frost action can be used to infer regional paleoclimatic characteristics by

extrapolating modern periglacial conditions to areas where geomorphic evidence indicates

these phenomena occurred in the past.

4.2 Evidence for Late Pleistocene Periglacial Conditions in the Western
United States

The northwestern United States displays many periglacial features developed

during the last glacial maximum The continental climate of the interior and the Arctic

climate of the polar region extended much farther south at this time and the distribution of

permafrost was widespread in alpine areas and intermontane basins throughout the

Cordilleran region (Fig. 4.1).

Ice-wedge casts, inactive sand wedges, and associated patterned ground are the

best indicators of former permafrost and a rigorous periglacial environment. All known

casts in the contiguous United States occur within 100 km of the former continental ice

sheet borders or in areas of former alpine permafrost. Mears (1981) identified many
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ice-wedge and sand-wedge cast localities developed on various substrates on the high
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Based on the presence of these features Mears (1981) suggested a mean annual air
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tops to infer microclimatic conditions; ice wedges developing in slightly wetter situations

and sand wedges on surfaces that were higher, drier, and windswept.

Schafer (1949) and Black (1976) described ice-wedge casts in central Montana.

Malde (1964) reported patterned ground features in the western Snake River plain of

Idaho, and suggested that at least an 8.5 °C temperature depression was necessary for

their formation. Sand mounds (in some places surrounded by stone nets) possibly

representing the relatively undisturbed center of rings of ice-wedge polygons that have

melted and subsequently collapsed are reported from north-central Oregon (Retallack and

McDowell, 1987) and southeastern Washington (Jenkins, 1925; Kaatz, 1959; Alwin,

1970). Washburn (1988) presents an intensive study of the mima mounds of the Puget

Sound area, and concludes that these features are not related to permafrost and therefore

did not form in a periglacial environment.

Many permafrost features indicate the expansion of the alpine permafrost zone

during the late Pleistocene. Patterned ground is also reported from alpine areas in the

western United States, including the Wind River Mountains, Wyoming (Richmond,

1949); Medicine Bow Peak, Wyoming (Mears, 1962); Bear River Range, Utah (De

Graff, 1976); and the Colorado Front Range (Pewe, 1983a). Cryoplanation terraces have

been studied at several locations in the western United States. Well developed terraces

occur in the Colorado Front Range (Pewe, 1983b), and in the mountains of the western

Great Basin (Dobrenwend, 1984). Inactive rock glaciers and solifluction lobes exist in

many of the high mountains of the western United States, although few have been

studied except in the south. Blagbrough and Farkas (1968) and Blagbrough (1976)

report late Pleistocene rock glaciers in the San Mateo and Captain Mountains of New

Mexico. Solifluction deposits occur in the Chuska Mountains (Blagbrough, 1976) and

San Francisco Peaks (Pewe, 1 983a) of Arizona and the Sacramento Mountains, New

Mexico (Galloway, 1970). A paleoclimatic reconstruction by Galloway (1970) indicates

a temperature depression in the southern Great Basin of at least 10 °C below the modern
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level during formation of permafrost features dated between 23 and 17 ka. Rock streams

are described in the La Sal Mountains, Utah (Richmond, 1962), and the Sangre de Cristo

Mountains, Colorado (Johnson, 1967).

The lower limit of late Pleistocene alpine permafrost in northern Montana was

about 1500 m, rising to 2000 m in Wyoming (Pewe, 1983b). In southern Colorado, it

reached 2500 m and in Arizona and New Mexico its lower limit attained 2600 m. The

mean latitudinal gradient was about 80 rn/degree of latitude, similar to the modern

gradient except it was about 1000 m lower in altitude. This indicates that the 0 °C

isotherm was lowered by approximately 1000 m. The uniform lowering of the

permafrost zone in the western United States implies a relatively uniform temperature

depression throughout the region (Pewe, 1983b).

4.3 Summary

Evidence indicating the existence of permafrost and landforms associated with the

freezing and thawing of water in the active layer in areas where periglacial conditions no

longer exist can be used to infer regional paleocimatic characteristics assuming present-

day periglacial climates are similar to those of the past. Most permafrost landforms in

modern periglacial environments develop where the mean annual air temperature is at

least -6 °C. Regional temperature depression during the late Pleistocene can be

determined assuming most recognizable permafrost features were formed during the last

glacial maximum and knowing the modern mean annual air temperature. Microclimatic

characteristics associated with the permafrost features can be interpreted from the

topographic distribution of the features and their association with paleo-vegetation and

paleo-moisture sources.

The widespread occurrence of many relict permafrost landforms indicates that the

alpine permafrost zone was greatly expanded during the late Pleistocene. The mean

southerly latitudinal gradient of the lower limit of alpine permafrost was about 80
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rn/degree of latitude during the last glacial maximum, similar to the modern gradient

except about 1000 m lower in altitude. This indicates the 0 °C isotherm was uniforrnly

lowered by about the same amount, corresponding to a temperature depression of nearly

10°C throughout much of the western United States.



CHAPTER 5: DIFFERENTIATION AND CORRELATION
OF DRIFT UNITS

The glacial history of many mountain ranges in the Great Basin and adjacent areas

of the western United States is not well established. I selected nine mountain ranges in

this region for study (Fig. 1.2) that exhibit geomorphic evidence of past ice ages (Figs.

1.3-1.11). These ranges define a general northwest to southeast transect that passes

through the present-day zone of air-mass convergence (Fig. 1.13) and the possible late

Pleistocene jet stream position in the Great Basin (Fig. 1.15). The glacial deposits in

each range are divided into distinct drift units and correlated among study areas on the

basis of relative dating parameters, including surface- and subsurface-boulder weathering

and soil development. Several environmental factors that may influence the rate of

development of these parameters, and thus affect their use as tools for differentiation and

correlation of glacial deposits, are also discussed.

5.1 Methodology for Establishing a Glacial Chronology

Morphostratigraphic relationships among glacial deposits were examined in a

given field area and used to establish an initial set of drift units for that mountain range.

The morphostratigraphy of the glacial deposits was examined in relation to their

topographic position, degree of post-depositional modification, and relative volume. The

use of these relationships has been established and refined by such authors as

Blackwelder (1931), Nelson (1954), and Sharp (1972).

The topographic position of moraines was described by their relative distance

down valley relative to the cirque headwall of probable origin, and to their elevation

above the valley floor. Both indicators assume that the emplacement of moraines

normally causes the obliteration of any evidence of older, less extensive glacial advances.

The result is a succession of moraines that becomes progressively younger in the

91
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direction of the source area and toward the valley floor, but which is often an incomplete

record of past advances(Gibbons et al., 1984).

The degree of modification of moraine morphology was described, including

general shape, relative amount of gullying, and depth of dissection by axial streams.

Mass-wasting events were identified as an important process in the burial and/or removal

of morainal material. The use of these relative-age indicators assumes that the moraine

will become increasingly modified through time, progressively losing its initial sharp

crest and steep slopes (Kaufman and Calkin, 1988). The relative size and volume of a

moraine has been used to indicate a unique length of time of glacial stability

(Blackwelder, 1931), and thus, may indicate the relative age of the deposits. Younger,

less extensive glaciations presumably deposited less material in their terminal positions as

they were shorter-lived events.

Glacial erosion features identified by Blackwelder (1931) and Sharp (1972) to

have potential use in differentiating glacial advances were used with some success in

several of the study areas. The morphology of cirques was qualitatively compared,

including aspect, overall shape and size, and relative freshness or sharpness of erosion

surfaces. Erosion surfaces were noted for presence and areal extent of polish, striations,

and ice-sculpted forms. Generally, larger, more perfectly formed cirques with northern

orientations and steep ragged headwalls are thought to have been occupied by glaciers in

a more recent time period, or were occupied more frequently, relative to other cirques.

Erosion surfaces with polish, striations, and stoss-and-lee forms also indicatemore

recent coverage by ice than for surfaces without such features.

Several semi-quantitative relative-dating (RD) parameters were used to test the

accuracy of the relative-age divisions obtained from morphostratigraphic relationships,

to assess the need for revision of the drift-unit chronology, and to provide a basis for

correlation of deposits among mountain ranges. I expected that no single relative-dating

technique would be universally useful in differentiating the glacial deposits from site to
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site within a mountain range, or among ranges, but that some would be more consistent

than others. The amount of data collected for each deposit in a given study area was

limited in the repetition of sites, but I felt that gathering data on a variety of parameters at

fewer sites would prove as effective in age differentiation as measuring just a few

parameters at a greater number of sites.

For a given drift unit, I selected representative sites on moraine crests that I

considered to have undergone a similar degree of post-depositional modification. RD

parameter data were collected in the field on surficial weathering of boulders, including

(1) % of boulders pitted (%P), (2) average maximum pit depth (MPD), (3) % of boulders

oxidized (%O), (4) % of boulders split (%S), (5) % of fresh boulders (%F), and (6)

surface-boulder frequency (SBF), as defined by Burke and Birkeland (1979). In order to

standardize measurements among sites, these boulder-weathering parameters are

determined by averaging values obtained from 30 surface boulders chosen at random

along a segment of moraine crest estimated to have the highest surface-boulder frequency

of the entire moraine. Soil profiles were described at each site by standard field

techniques (Soil Survey Staff, 1975; Birkeland, 1984) for use of the soil profile-

development index (PDI) (Harden, 1982), and sampled at each site for laboratory

analyses of soil particle-size distributions (Singer and Janitsky, 1986). Weathering rinds

(WR) on subsurface cobbles (Colman, 1980; Colman and Pierce, 1981) were also

measured and an average thickness calculated for each location from 30 randomly

selected clasts.

The RD data from each moraine crest location within a given range are compared a

to various morphostratigraphic criteria related to the moraine in question. RD data sets

from different moraine crest locations are grouped together based on similarities among

RD parameter values and morpho-stratigraphic criteria, and mean values of development

are calculated for each parameter in the group. Significant differences identified between

these mean RD values of groups are then used as a basis for differentiating among the
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deposits of separate glaciations within each mountain range. A chronosequence of drift

units is thereby established for each study area.

Environmental factors have a significant influence on rates of weathering (Jenny,

1941; Birkeland, 1984). Five factors are usually used to define the weathering system in

soils, but they can be readily extended to include surficial-boulder weathering (Birkeland,

1984). The factors include climate, vegetation, parent material, topography, and time,

although other factors may be important locally. If variations in RD parameters are to be

considered time dependent, and thus useful for age differentiation of glacial deposits,

then the effects of climate, vegetation, topography, and parent material must be held

constant.

Birkeland and Burke (1988) indicate topographic position may have

a significant influence on subsurface weathering processes. Topographic variation was

minimized in all in this investigation by selecting representative sites on moraine crests

corresponding to a given drift unit that I considered to have undergone similar degrees of

post-depositional modification.

Changes in rates of RD parameter development have been attributed to climatic,

vegetational, and lithologicall differences (Sharp, 1969 and 1972; Burke and Birkeland,

1979; and Birkeland, 1984). Other, local environmental influences, such as the presence

or absence of forest fires (Blackwelder, 1927; Birkeland, 1984; Bierman and Gillespie,

1991) are known to affect rates of surface-boulder weathering. In this investigation,

these factors were nearly equal from site to site within a given study area and were

considered to have little effect on the rate of RD parameter development. However, these

factors changed significantly among mountain ranges along the Great Basin transect, and

RD parameter development was carefully examined to determine the affects of these

changes on correlation of drift units among study areas.
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5.2 The Results of RD Analyses for each Study Area

The RD parameter data collected for this investigation are summarized in

Appendix 1, Appendix 2, and Table 5. The summaries are subdivided into nine sections

(0.1-0.9), one for each mountain range of the study transect. Description of the ranges is

generally arranged geographically from north to south along the transect in both of these

summaries and the following discussion. Appendix 1 contains complete descriptions of

soil profiles from each RD site, and these data are used to derive the profile development

indices (PDIs) of Table 5. Appendix 2 shows particle-size-distribution data (PSDs) for

selected soil profiles from each range. Table 5 describes the surface and subsurface RD

data for individual sites and mean values of RD parameter development for each drift unit

within each range.

5.2.1 Siskiyou Mountains

I initially identified three sets of moraines in the upper Clear Creek watershed of

the Siskiyou Mountains (Fig. 5.1). The youngest set is generally confined to cirque

basins on north-facing slopes and extends down to an average elevation of 1370 m

(4495 ft) and an average distance of about 0.8 km from cirque headwalls. These

moraines are well preserved, with sharp crests and steep slopes that show little sign of

gullying. Axial stream dissection occurs to a depth of several meters, but never to

bedrock. Lateral moraines can often be traced upvalley to their cirque of origin.

The next older set of moraines occurs downvalley, often at the juncture of tributary

streams with Clear Creek, at an average elevation of 1130 m (4317 ft) and at an average

distance of 2.3 km from cirque headwalls. This set of moraines is generally well

preserved, although crests are often more rounded than moraines of the younger set and

slopes exhibit more gullying. Axial stream dissection is more pronounced and may

extend to bedrock and/or to depths exceeding 10 m. Lateral moraines are usually

preserved well enough to be traced intermittently upvalley toward their cirque of origin.
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Explanation: P01 - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency
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The oldest moraines occur in the main valley of Clear Creek at an elevation of

about 880 m (3660 ft) and a distance of over 12.0 km beyond the uppermost cirque

headwalls. These moraines have well rounded crests and gentle slopes. Gullying and

mass-wasting is extensive, while axial stream dissection cuts entirely through terminal

moraines and several meters into underlying bedrock. Lateral moraine preservation is

poor on the steep, unstable slopes of the watershed.

I collected RD data at 19 locations in the watershed (Fig. 5.1) (Bevis, 1989).

Table 5.1 presents the data from 10 of those sites that are dominated by granitic parent

material. Glacial deposits from sites located north of Doe Creek (Fig. 1.3) on Clear

Creek are composed mainly of mafic and ult,ramafic rock and are not treated further in this

investigation. Soil-profile data are shown in Appendix 1.1, and soil particle-size

distributions from each of the sites are shown in Appendix 2.1.

TABLE 5.1
SISKIYOU MOUNTAINS, CALIFORNIA

Mean Values of Surface and Subsurface Weathering Criteria (Granitic Parent Material)

Drift
Unit

RD Site RD Parameters
PDI WA (mm) % P MPD (cm) % 0 % S % F SBF

RDS 7 8.6 1.20±0.60 62.0 1.3±0.7 4.0 24.0 0.0 221

RDS8 9.2 1.18±0.43 56.0 1.1±0.7 8.0 26.0 0.0 155

RDS 9 14.3 1.33±0.60 60.0 1.2±0.7 8.0 20.0 2.0 118

RDS 11 10.2 1.26±0.38 56.0 1.0±0.6 4.0 24.0 8.0 70
RDS 12 10.0 1.19±0.40 66.0 1.3±0.7 6.0 16.0 8.0 111

RDS 13 14.2 1.37±0.49 68.0 1.4±0.6 10.0 30.0 2.0 56
RDS 14 10.4 1.13±0.46 68.0 1.1±0.5 4.0 44.0 0.0 123

RDS 15 12.1 1.32±0.52 64.0 1.2±0.5 4.0 26.0 6.0 121

Mean 11.1 1.20 62.5 1.2 6.0 26.0 4.0 122
Std. Dev. 2.2 0.47 4.9 0.6 2.4 9.0 4.0 60

RDS6 71.0 3.26±2.23 78.0 1.6±1.0 28.0 36.0 0.0 99

RDS 10 64.0 2.26±0.55 74.0 1.6±0.9 20.0 34.0 0.0 58
Mean 67.5 2.76 76.0 1.6 24.0 35.0 0.0 79
Std. Dev. 4.9 1.39 2.0 0.9 4.0 1.0 0.0 30



98

A comparison of mean values in the degree of development for each RD parameter

(Table 5.1) and soil particle-size distributions (Appendix 2.1) indicates that there are two

distinct groups, with data from the youngest and intermediate moraine sets being nearly

equal (for example, compare RD sites 7 and 8 with 9). The differences in weathering

between the two drift units is especially well expressed by the subsurface weathering

data, where mean PDI values are 11.1 and 67.5 and mean WR thicknesses are 1.2 and

2.8 mm, respectively. Clay content in soil B horizons increases three-fold from drift unit

II to I.

RD parameter development is interpreted as representing two drift units (II and I)

that correspond to a two-fold sequence of glaciation in the Siskiyou Mountains. Fig. 5.1

shows the areal distribution of these units mapped on the basis of the RD data and

morphostratigraphic relationships. The relative differences in the degree of RD parameter

development, particularly among the subsurface weathering data (PDIs, WRs, and

PSDs), which all show a greater than two-fold increase between groups, suggest that

drift unit I is significantly older than drift unit II. The differences in degree of surface-

boulder weathering are less pronounced, but still detectable (Table 5.1).

5.2.2 Aspen Butte Area

I initially identified four sets of moraines in watersheds of the Aspen Butte area of

the Cascade Range (Fig. 5.2). The youngest set is composed of moraine crests that are

confined to the upper portion of cirque basins on north-facing slopes. The set extends to

an average elevation of 1872 m (7152 ft) and to an average distance of about 02 km from

cirque headwalls. These moraines are well preserved, with sharp crests and steep slopes

that show no sign of gullying or axial-stream dissection.

The next older set of moraines occurs downvalley, often at the outermost edge of

cirque basins at an average elevation of 1800 m (6880 ft) and at an average distance of

0.8 km from cirque headwalls. This set of moraines is well preserved with sharp crests
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and steep slopes only slightly modified by gullying. Axial-stream dissection is limited to

a few meters and never cuts to bedrock. Lateral moraines can often be traced into the

cirque of origin.

The next older set of moraines occurs much farther downvalley at an average

elevation of 1520 m (5810 ft) and at an average distance of 3.9 km from cirque

headwalls. This set of moraines is generally well preserved, although crests are often

more rounded and slopes exhibit more gullying than the next younger set. Axial stream

dissection is more pronounced and may occur to depths exceeding 10 m. Lateral

moraines are usually preserved well enough to be traced intermittently upvalley for one or

two kilometers.

The oldest moraines occur at the mouths of each major watershed at the break in

slope from Aspen Butte proper to its surrounding lowlands. They are located at an

average elevation of about 1309 m (5000 ft) and at an average distance of 5.5 km from

cirque headwalls. These moraines have well rounded crests and gentle slopes. Gullying

is extensive and axial stream dissection cuts deeply into moraines to depths exceeding

20 m, although lateral moraines are well preserved in several watersheds.

RD parameter data were collected at 19 locations from three watersheds in the

Aspen Butte area (Fig. 5.2). These data are presented in Table 5.2 and Appendix 1.2.

Soil particle-size distributions from selected sites are shown in Appendix 2.2. Parent

material at all locations is dominated by basaltic and andesitic lithologies.

Three distinct groups are indicated by most of the mean RD values (Table 5.2).

Apparently, the two intermediate moraine sets are similar in age because they have nearly

the same RD values (for example, compare RD sites 8 and 9 with site 1). Soil profiles

generally increase in thickness from one group to the next downvalley (Appendix 1.2),

but there is no apparent increase in B horizon-clay accumulation (Appendix 2.2). The

RD groups are easily distingished on the basis of PDI SBF values, although relatively

little change in WRs or MPD occurs between the youngertwo sets of moraines. These



TABLE 5.2
ASPEN BUTTE, OREGON

Mean Values of Surface and Subsurface Weathering Criteria (Basaltic Parent Material)

Explanation: P01 - Profile Development Index, WA - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

differences suggest a three-fold sequence of drift units (ill, II, and I) in the Aspen Butte

area (Fig. 5.2), each representing a distinct period of glacial advance. The relative

differences in the degree of RD parameter development imply that drift unit I is much

older than drift units II and ifi, and that drift units II and ifi are separated by a shorter

weathering interval. For example, WRs and MPDs show greater change between the

older units than between the younger units. Changes in surface-boulder weathering are

less pronounced than subsurface RD parameters, but are still significant (Table 5.2).
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Drift RD Site RD Parameters
Unit PDI WA (mm) % P MPD (cm) % 0 % S % F SBF

RDS 10 5.7 0.28+/-0.13 43.0 1.9+/-0.5 33.0 23.0 30.0 720
ADS 11 3.5 0.22+/-0.09 33.0 2.3+/-1.2 33.0 13.0 33.0 880
ADS 18 4.0 0.25+1-0.15 37.0 1.8+/-0.7 37.0 43.0 23.0 616
Mean 4.4 0.25 38.0 2.0 34.0 26.0 29.0 739
Std. Dev. 1.2 0.12 5.0 0.8 2.0 15.0 5.0 133

RDS 1 8.6 0.21+/-0.11 67.0 3.0+1-1.4 40.0 27.0 13.0 163
RDS 6 6.2 0.22+/-0.09 70.0 2.2+/-0.8 37.0 23.0 17.0 106
RDS 7 10.0 0.26+/-0.11 63.0 2.3+1-1.1 40.0 37.0 10.0 224
RDS 8 11.1 0.26+/-0.11 63.0 2.51-1.0 43.0 43.0 17.0 204
RDS 9 8.8 0.25+/-0.13 50.0 2.3+1-0.8 37.0 27.0 17.0 277
RDS 12 4.7 0.26+/-0.12 60.0 2.3+1-0.9 37.0 40.0 23.0 229
ADS 13 8.8 0.26+/-0.12 70.0 2.11-0.6 43.0 27.0 13.0 141
RDS 15 11.1 0.41+/-0.16 43.0 1.81-0.9 47.0 40.0 0.0 110
RDS 16 8.4 0.36+/-0.12 53.0 1.5+1-0.4 37.0 23.0 3.0 132
RDS 17 4.9 0.40+/-0.27 63.0 2.2+1-0.9 40.0 47.0 0.0 141
Mean 8.3 0.29 58.0 2.2 40.0 33.0 11.0 173
Std. Dev. 2.3 0.13 12.0 0.9 3.0 9.0 8.0 58

RDS2 12.2 0.39+/-0.25 77.0 3.9+1-1.5 53.0 47.0 7.0 43
ADS 3 49.0 0.66+/-0.20 80.0 3.71-1.6 53.0 40.0 0.0 27
RDS4 18.2 0.34+1-0.18 77.0 2.4+/-0.9 57.0 33.0 3.0 51
RDS 5 15.8 0.31/-0.16 70.0 3.2+/-1.9 57.0 37.0 10.0 44
RDS 14 16.7 0.65+/-0.31 53.0 2.4+/-1.5 33.0 63.0 0.0 61
ADS 19 21.9 0.50+/-0.22 53.0 1.9+/-0.8 37.0 57.0 0.0 30
Mean 22.3 0.44 65.0 2.8 47.0 47.0 4.0 46
Std. Dev. 13.4 0.22 14.0 1.3 12.0 13.0 4.0 11
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Soil development at RD site 3 in drift unit I (Fig. 5.2, Table 5.2) is considerably

greater than at other sites in this drift unit and this site may represent drift of a still older

glaciation. Drift units I and II are blanketed in places by volcanic ash which probably

represents the Mazama ash deposited about 6,850 14C yr B.P. (Bacon, 1983). Drift unit

ffi was not found to be covered by ash at any of the sites that I examined, although the

extremely high SBF and relatively poor soil development (Table 5.2, Appendix 5.2)

suggests that drift unit III is young and probably represents a neoglacial event.

5.2.3 Elkhorn Mountains

I initially identified three sets of moraines in the watersheds of the Elkhorn

Mountains (Fig. 5.3). The youngest set is generally found in the uppermost portions of

watersheds terminating in cirques with north-facing slopes. Terminal moraines occur at

an average elevation of 1898 m (7253 ft) and at an average distance of about 0.9 kin from

the cirque headwalls. These moraines are well preserved, with sharp crests and steep

slopes that show little sign of gullying. Axial stream dissection occurs to a depth of

several meters, but never to bedrock and lateral moraines can often be traced directly to

their cirque of origin.

The next older set of moraines occurs much farther downvalley, often at the sharp

break in slope where the mountain front merges with the surrounding lowlands, at an

average elevation of 1224 m (4677 ft) and at an average distance of 10 7 km from cirque

headwalls. This group of moraines is generally well preserved, although crests are often

more rounded and slopes exhibit more gullying. Axial stream dissection is significant

and may occur to depths of tens of meters. Lateral moraines can often be traced hundreds

of meters upstream.

The oldest moraines occur only slightly beyond those of the intermediate moraine

set at an average elevation of 1157 m (4420 ft) and at an average distance of 11.6 km

from cirque headwalls. These moraines have well rounded crests and more gentle
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slopes. Gullying is extensive on some moraines, while axial stream dissection usually

cuts entirely through terminal moraines and several meters into bedrock. Lateral moraine

preservation is generally good beyond the confines of the canyons.

I collected RD data at 17 locations from east and west slope drainages of the

Elkhorn Mountains (Fig. 5.3). Table 5.3, Appendix 1.3, and Appendix 2.3 show a

complete listing of the data obtained from each site. The parent material is composed of

granitic lithologies at all locations in the study area.

Mean RD values (Table 5.3) and B horizon-clay -accumulation trends (Appendix

2.3) indicate that there are two distinct drift units (II and I). These drift units are best

TABLE 53
ELKHORN MOUNTAINS, OREGON

Mean Values of Surface and Subsurface Weathering Criteria (Granitic Parent Material)

Explanation: P01 - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - JOO of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

Drift
Unit

RD Site RD Parameters
PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

RDS 1 7.5 1.4±0.7 33.0 1.6±0.4 7.0 23.0 7.0 182
RDS4 11.0 1.1±0.6 37 1.6±0.5 7.0 23.0 10.0 143
RDS 5 11.0 0.9±0.5 30 1.8±0.3 7:0 27.0 7.0 201
RDS 6 6.3 0.7±0.4 40 1.7±0.4 13.0 27.0 13.0 168
RDS 8 6.3 0.8±0.4 33 1.7±0.3 0.0 20.0 13.0 123
RDS 9 9.0 1.0±0.5 37 1.7±0.4 10.0 13.0 13.0 188
RDS 10 6.5 0.8±0.4 30 1.7±0.4 7.0 13.0 13.0 113
RDS 11 5.1 0.9±0.3 33 1.8±0.4 13.0 17.0 10.0 211
RDS 13 3.2 0.8±0.3 33 1.6±0.3 13.0 27.0 10.0 117
RDS 14 8.0 0.7±0.4 37 1.5±0.3 7.0 10.0 10.0 161
RDS 15 7.0 0.7±0.4' 33 1.6±0.3 0.0 13.0 10.0 200
RDS 16 6.2 0.7±0.4 33 1.6±0.4 3.0 13.0 7.0 79
Mean 7.3 0.9 34 1.7 7.0 19.0 11.0 126
Std. Dev. 2.4 0.4 3 0.4 5.0 7.0 3.0 34

RDS 2 29.9 1.6±0.6 63 2.3±0.6 43.0 23.0 0.0 9
RDS 3 23.3 2.1±0.9 67 2.5±1.0 47.0 27.0 0.0 6
RDS 7 18.4 1.7±0.7 70 2.4±0.7 27.0 17.0 0.0 11
RDS 12 32.3 1.4±0.7 67 2.3±0.6 43.0 27.0 0.0 2
RDS 17 22.5 1.7±0.7 67 2.5±0.7 33.0 30.0 0.0 4
Mean 25.3 1.7 68 2.4 38.0 25.0 0.0 6
Std. Dev. 5.7 0.7 3 0.7 9.0 5.0 0.0 6
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differentiated by PDI values. Nearly all of the RD values from each moraine set is very

different (for example, compare RD site 1 with site 2). Nearly all of the parameters show

a greater than two-fold increase in development between drift units. The relative

differences in the degree of RD parameter development and soil PSDs suggest that drift

unit I is significantly older than drift unit II.

Soil development and accumulation of clay in the B horizon of the soil profile at

RD site 12 in drift unit I (Fig. 5.3, Table 5.3, and Appendix 2.3) is much greater than at

other sites in this drift unit and this site may represent drift of an older glaciation.

5.2.4 Strawberry Mountains

I initially identified four sets of moraines in watersheds of the Strawberry

Mountains of eastern Oregon(Fig. 5.4). The youngest set is composed of moraines that

are confined to the upper portion of north-facing cirque basins. They extend downvalley

to an average elevation of 1945 m (7430 ft) and to an average distance of about 0.2 km

from cirque headwalls. These moraines are well preserved, with sharp crests and steep

slopes that show no sign of gullying or axial stream dissection. Lateral moraines can be

traced into the upper portions of cirques.

The next older set of moraines is often multicrested and occurs at the outermost

edge of cirque basins at an average elevation of 1870 m (7144 ft) and at an average

distance of 1.2 km from cirque headwalls. This set of moraines is also well preserved

with sharp crests and steep slopes only slightly modified by gullying. Axial stream

dissection is limited to a few meters and never cuts to bedrock. Lateral moraines can

often be traced to their cirque of origin.

The next older set of moraines occurs downvalley at an average elevation of

1400 m (5347 ft) and at an average distance of 5.8 km from cirque headwalls. This set

of moraines is generally well preserved, although crests are often more rounded and

slopes exhibit more gullying than the next younger set. Axial stream dissection is more



0
N.)0
00

0

01

00

,EiP2

LEGEND

Dnft Unit 3 1

Drift Unit 2

Drift Unit 1

Moraine Crest

RDS 1 Relative Dating Site

118°42'30 118°37'30'
I I

S

DS

Scale 1:79,300

1 1/2 0 lkjlometer

Contour Interval 400 Feet

Figure 5.4. The glacial deposits of the Strawberry Mountains. Moraine crests and RD
parameter collection sites are indicated.

1 06



107

pronounced and may occur to depths exceeding 10 m. Lateral moraines are generally

well preserved and can be traced intermittently upvalley for several kilometers toward

their cirque of origin.

The oldest moraines occur just beyond the second intermediate moraine set, often

at the mouths of each major watershed where the slope breaks onto the surrounding

lowlands. They are located at an average elevation of about 1350 m and at an average

distance of 6.9 km from cirque headwalls. These moraines have well rounded crests and

gentle slopes. Gullying is extensive and axial stream dissection cuts deeply into moraines

to depths exceeding 20 m. Lateral moraines are well preserved in several watersheds.

I collected RD data at 20 locations in six watersheds of the Strawberry Mountains

(Fig. 5.4). The data from each site are presented in Appendix 1.4, Appendix 2.4, and

Table 5.4. All locations in the study area are dominated by basaltic parent material.

Three distinct groups are recognized for nearly all of the RD parameters (Table

5.4), although only two groups of soils with distinct differences in B horizon-clay

accumulation are recognizable (Appendix 2.4). Changes in PDIs are well expressed

(4.6, 15.0, and 30.7), but surface-boulder-weathering data, particularly MPDs (1.8, 1.9,

2.6), are little changed between the younger two groups. These differences suggest a

three-fold sequence of glaciation in the Strawberry Mountains (Fig. 5.6) that is

represented by three distinct drift units (ifi, II, and I). The relative differences in the

degree of RD parameter development (Table 5.4) and soil PSDs (Appendix 2.4) suggest

that drift unit I is significantly older than drift units II and ifi, and that drift units II and

ifi are separated by a shorter interval of weathering than I and II. For example, the

MPDs show a significant change between drift units II and I, even though little change

occurs between the younger units. Drift unit II comprises both intermediate moraine sets

identified by morphostratigraphy.

Soil development at RD site 14 in drift unit ifi (Fig. 5.4, Table 5.4) is

considerably greater than at the other two sites (10 and 12) in this drift unit, but still much



TABLE 5.4
STRAWBERRY MOUNTAINS., OREGON

Mean Values of Surface and Subsurface Weathering Criteria (Basaltic Parent Material)

Explanation: PDI - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

less than mean soil development for drift unit II. Surface-boulder frequency is also much

lower. A buried soil is also present at this site, covered by Mazama ash. This suggests

that drift unit III may represent multiple Holocene glacial events with the moraine at site

RDS14 deposited after drift unit II, but prior to 6,850 4C yr B.P., and that moraines at

sites RDS 10 and 12 deposited during a neoglaciation. Significantly greater soil

development at RD sites 3 and 7 of drift unit I (Fig. 5.4 and Table 5.4), relative to other

sites in this drift unit may indicate deposits of an older glacial advance, although surface-
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Drift
Unit

RD Site RD Parameters
PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

RDS 10 3.6 0.20+/-0.07 53.0 1.7/-0.5 23.0 17.0 27.0 690
RDS 12 3.5 0.21+1-0.10 47.0 1.8/-0.6 27.0 23.0 30.0 584
RDS 14 6.5 0.24+/-0.11 53.0 1.8/-0.5 30.0 20.0 33.0 259
Mean 4.6 0.22 51.0 1.8 27.0 20.0 30.0 511
Std. Dev. 1.7 0.09 3.0 0.6 4.0 3.0 3.0 225

RDS 1 8.9 0.25+/-0.15 63.0 1.91-0.5 37.0 30.0 10.0 50
RDS 2 25.0 0.43+/-0.27 60.0 2.1/-0.7 37.0 43.0 0.0 26
RDS4 16.6 0.39+1-0.20 70.0 2.01-0.6 33.0 40.0 0.0 51

RDS 6 15.6 0.29+/-0.15 63.0 2.01-0.6 30.0 37.0 7.0 38
RDS 8 9.7 0.31 ±7-0.16 70.0 2.0/-0.6 33.0 27.0 7.0 102
RDS 9 15.3 0.32+/-0.16 63.0 1.9+1-0.7 23.0 20.0 7.0 33
RDS 11 6.7 0.26+/-0.13 40.0 1.71-0.6 27.0 43.0 17.0 124
RDS 13 9.3 0.29+/-0.15 57.0 2.01-0.7 33.0 43.0 13.0 98
RDS 15 7.6 0.27+7-0.12 43.0 1.8+/-0.6 30.0 40.0 7.0 95
RDS 16 8.6 0.33+7-0.16 60.0 2.0+1-0.6 30.0 37.0 17.0 142
RDS 19 10.0 0.36+7-0.17 57.0 2.0+1-0.8 37.0 37.0 7.0 141

RDS 20 10.5 0.32+7-0.18 50.0 1.81-0.8 47.0 27.0 13.0 81

Mean 15.0 0.32 58.0 1.9 35.0 35.0 9.0 81
Std. Dev. 5.1 0.17 9.0 0.6 8.0 8.0 6.0 42

RDS 3 43.8 0.45+7-0.23 70.0 2.1+1-0.7 53.0 40.0 0.0 66
RDS 5 32.4 0.41 +7-0.18 77.0 2.51-i .2 43.0 43.0 0.0 48
RDS 7 38.7 0.60+/-0.41 70.0 2.51-1.1 53.0 50.0 0.0 31

RDS 17 23.4 0.59+7-0.39 67.0 2.4/-0.5 77.0 53.0 0.0 45
RDS 18 24.2 0.47+/-0.21 70.0 2.6/-0.8 80.0 47.0 0.0 38
RDS 21 22.0 0.59+7-0.25 67.0 3.1+1-1.5 70.0 50.0 0.0 54

Meanl 30.7 0.51 70.0 2.6 62.0 47.0 0.0 44
Std. Dev. 9.1 0.27 4.0 1.1 14.0 4.0 0.0 13
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boulder-weathering data (Table 5.4) and clay accumulation (Appendix 2.4) do not appear

to support this possibility.

5.2.5 Steens Mountain

I initially identified four sets of moraines in the watersheds of the Steens Mountain

(Fig. 5.5). The youngest set is composed of one or more moraine crests that are entirely

confined to the upper portion of cirque basins on north-facing slopes. They extend

downvalley to an average elevation of 2203 m (8420 ft) and to an average distance of

about 0.3 km from cirque headwalls. These moraines are well preserved, with sharp

crests and steep slopes that show no sign of gullying or axial stream dissection.

The next older set of moraines is apparently only preserved in the watersheds

draining the northwestern portion of Steens Mountain (McCoy Creek and Fish Creek)

(Figs. 1.5 and 5.5). They occur at an average elevation of about 1952 m (7460 ft) and at

an average distance of 2.8 km from cirque headwalls. This set of moraines is well

preserved with sharp crests and steep slopes only slightly modified by gullying. Axial

stream dissection is limited to a few meters.

The next older set of moraines occurs much farther downvalley, often at the

mouths of canyons draining Steens Mountain, at an average elevation of 1612 m

(6120 ft) and at an average distance of 7.2 km from cirque headwalls. The terminal

moraines are generally well preserved, although crests are often more rounded and slopes

exhibit more gullying. Axial stream dissection is more pronounced and may occur to

depths exceeding 20 m. Lateral moraines are not preserved on the steep, unstable slopes

within the canyons draining Steens Mountain.

The oldest moraines often occur slightly beyond the second intermediate moraine

set at an average elevation of about 1516 m (5792 ft) and at an average distance of 8.8 km

from cirque headwalls. These moraines have well rounded crests and gentle slopes.

Gullying is extensive and axial stream dissection cuts entirely through moraines and
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Explanation: PDI - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency
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several meters of bedrock below. Lateral moraines are well preserved in the watersheds

of the northwestern portion of Steens Mountain.

I collected RD data at 22 locations on Steens Mountain (Fig. 5.5). Soil profile

descriptions, particle-size distributions, and RD data are presented in Appendix 1.5,

Appendix 2.5, and Table 5.5, respectively. Basaltic to andesitic lava flows comprise the

parent material at all locations.

TABLE 5.5
STEENS MOUNTAIN, OREGON

Mean Values of Surface and Subsurface Weathering Criteria (Basaltic Parent Material)

Drift RD Site RD Parameters
Unit PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

RDS 14 5.7 0.27+/-0.16 50.0 3.8+/-1.2 37.0 10.0 30.0 447
RDS 15 3.7 0.26+/-0.15 43.0 3.6+1-2.1 50.0 10.0 37.0 468
Mean 4.7 0.27 47.0 3.7 44.0 10.0 34.0 458
Std. Dev. 1.0 0.16 5.0 1.7 9.0 0.0 5.0 15

RDS 3 10.8 0.40+/-0.21 67.0 4.0+1-1.9 53.0 10.0 17.0 188
RDS4 14.4 0.50+1-0.21 67.0 3.7+/-1.9 43.0 13.0 20.0 191
RDS 6 14.6 0.42+/-0.21 70.0 3.5+/-1.7 47.0 7.0 13.0 252
RDS 13 9.4 0.37+/-0.25 63.0 3.6+/-1.5 50.0 13.0 23.0 182
RDS 16 8.3 0.40+/-0.37 57.0 3.3+1-2.2 30.0 10.0 30.0 207
RDS 17 9.9 0.27+/-0.21 70.0 3.6+1-i .6 50.0 10.0 13.0 223
RDS 19 6.1 0.31+/-0.23 67.0 3.6+/-1.8 47.0 3.0 17.0 155
RDS2O 4.5 0.36+/-0.26 67.0 3.5+1-1.8 43.0 7.0 20.0 144
RDS22 14.4 0.35+/-0.27 77.0 3.9+1-1.9 63.0 7.0 10.0 159
Mean 10.3 0.37 67.0 3.6 47.0 9.0 18.0 189
Std. Dev. 3.7 0.25 5.0 1.9 9.0 3.0 6.0 35

RDS 1 26.4 0.43+/-0.24 67.0 6.0+1-4.9 53.0 20.0 17.0 87
RDS2 27.3 0.39+/-0.19 80.0 5.6+1-4.3 70.0 23.0 7.0 122
RDS 5 20.2 0.42+/-0.28 70.0 3.9+1-2.0 60.0 23.0 13.0 179
RDS 7 22.1 0.58+/-0.53 70.0 5.6+1-2.5 63.0 30.0 7.0 116
RDS 8 20.1 0.42+/-0.28 90.0 5.3+1-4.2 70.0 20.0 3.0 89
RDS 9 17.6 0.46+/-0.45 80.0 5.7+1-3.1 70.0 20.0 7.0 39
RDS 10 21.0 0.51+/-0.37 87.0 5.8+1-3.6 70.0 27.0 10.0 103
RDS 11 20.1 0.46+/-0.24 83.0 6.2+1-4.1 63.0 30.0 10.0 155
RDS 12 22.7 0.56+/-0.44 83.0 6.4+/-4.0 70.0 20.0 7.0 103
RDS 18 39.0 0.41+/-0.28 87.0 5.5+1-3.1 60.0 17.0 3.0 144
RDS21 18.7 0.53+/-0.40 83.0 5.3+1-4.4 63.0 20.0 3.0 73
Mean 23.2 0.47 80.0 5.6 65.0 23.0 8.0 110
Std. Dev. 6.0 0.33 8.0 3.6 6.0 4.0 4.0 40
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A comparison of mean RD values (Table 5.5) indicates three distinct groups for

most of the weathering criteria, except the MPD, %O, and %S data, and clay

accumulation trends (Appendix 2.5), which indicate little change from one moraine set to

another downvalley. Changes in PDI values (4.7, 10.3, and 23.2) are well expressed.

Each stage represents a distinct drift unit (ifi, II, and I), suggesting a three-fold sequence

of glaciation on Steens Mountain (Fig. 5.5). Weathering on the two intermediate sets of

moraines identified by morphostratigraphy is nearly equal (for example, compare RD

sites 20 and 19), suggesting that both sets are associated with drift unit II. The relative

differences in the degree of RD parameter development (Table 5.5) and particle-size

distributions (Appendix 2.5) suggest that drift unit I is significantly older than drift units

II and ifi, and that these latter two units are separated by a much shorter weathering

interval, a pattern similar to Aspen Butte and the Strawberry Mountains. The MPD, %O,

and %S data also show significant differences between drift unit II and I.

The high clay content present in the A horizons of soils from RDS 14 and 15 of

drift unit three (Fig. 5.5, Appendix 2.5) may represent incorporated distal Mazama ash.

This feature, combined with the extremely high surface SBF and relatively poorly

developed soils (Table 5.5), suggests that this drift unit was deposited during a neoglacial

event. Soil development and accumulation of clay in the B horizon of the soil profile at

RD site 18 in drift unit I (Fig. 5.7, Table 5.5, and Appendix 2.5) is much greater than at

other sites in this drift unit and this site may represent drift of an older glaciation.

5.2.6 Pine Forest Range

I initially identified three sets of moraines in watersheds of the Pine Forest Range

(Fig. 5.6). The youngest set is generally confined to cirque basins on north-facing

slopes and extends to an average elevation of 2087 m (7975 ft) and to an average distance

of about 1.0 km from cirque headwalls. These moraines generally have sharp crests and

steep slopes that are well preserved and show little sign of gullying. Axial stream
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dissection may occur to a depth of 10 meters, but never to bedrock. Lateral moraines can

often be traced upvalley to their cirque of origin.

The next older set of moraines occurs downvalley at an average elevation of

1903 m (7272 ft) and at an average distance of 2.1 km from cirque headwalls. This set

of moraines is also well preserved, although crests are often more rounded and gullying

of slopes is more advanced than the youngest set. Axial stream dissection is more

pronounced and may occur to bedrock and/or to depths exceeding 10 m. Lateral

moraines can often be traced several hundred meters upstream.

The oldest moraines usually occur slightly beyond those of the intermediate set at

an average elevation of 1822 m (6960 ft) and at an average distance of 2.7 km from

cirque headwalls. These moraines have well rounded crests and gentle slopes. Gullying

is extensive and axial-stream dissection may cut tens of meters into the moraines. Lateral

moraines of this group are generally poorly preserved except on the Alder Creek

watershed.

I collected RD data at 16 locations in the glaciated valleys of the Pine Forest Range

(Fig. 5.6), all with granitic parent material. The data from each RD site are presented in

Table 5.6, Appendix 1.6, and Appendix 2.6.

Comparison of mean RD parameter values (Table 5.6) from these glacial deposits

defmes two distinct groups, with the intermediate and youngest set of moraines

comprising one group (for example, compare RD sites 13 and 12). %F and clay

accumulation (Appendix 2.6) show little or no change between deposits of both groups.

WRs are particularly well expressed, with mean values of 1.24 and 4.45 mm for each

group. Each of these groups represents a separate drift unit (II and I), corresponding to

a two-fold sequence of glaciation in the Pine Forest Range (Fig. 5.6). The relative

differences in the degree of RD parameter development (Table 5.3) generally suggest that

drift unit I is significantly older than drift unit II.



TABLE 5.6
PINE FOREST RANGE, NEVADA

Mean Values of Surface and Subsurface Weathering Criteria (Granitic Parent Material)

Explanation: PD! - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

Soil development is significantly greater at RD site 1 in drift unit I than mean

development for this drift unit (Fig. 5.8, Table 5.6). The site is on a moraine that must

be younger than other drift unit I moraines at RD sites 4 and 5, even though soil

development is much less at these latter locations. This suggests post-depositional

modification at RD site 1 was considerably less than at other drift unit I RD sites, and

weathering here more accurately reflects the age of drift unit I.

5.2.7 Ruby Mountains

I initially identified two sets of moraines in the watersheds of the Ruby Mountains

(Fig. 5.7). The youngest set is generally found at an average elevation of 1934 m
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Drift
Unit

RD Site RD Parameters
PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

RDS 2 16.4 1.86±0.89 57.0 3.9±1.7 33.0 10.0 0.0 33
RDS 3 9.2 1.70±0.61 60.0 3.4±1.5 17.0 7.0 0.0 45
RDS 9 11.0 1.64±0.55 63.0 4.9±2.3 13.0 13.0 0.0 111
RDS 10 10.7 1.16±0.82 50.0 2.8±1.5 7.0 3.0 0.0 174
RDS 11 10.3 0.86±0.70 50.0 3.1±1.0 0.0 3.0 0.0 163
RDS 12 10.9 1.03±0.51 63.0 4.0±1.6 23.0 7.0 0.0 71

RDS 13 10.8 1.23±0.82 50.0 3.3±1.9 0.0 3.0 0.0 192
RDS 15 15.5 0.89±0.68 63.0 4.4±1.7 0.0 10.0 0.0 82
RDS 16 10.6 0.80±0.49 60.0 4.2±1.3 13.0 0.0 0.0 100
Mean 11.7 1.24 57.0 3.8 12.0 6.0 0.0 108
Std. Dev. 2.5 0.67 6.0 1.6 11.0 4.0 0.0 57

ADS 1 43.6 5.63±2.80 73.0 5.6±2.8 60.0 20.0 0.0 8
RDS4 18.1 4.55±1.57 77.0 4.6±1.6 43.0 23.0 0.0 27
RDS 5 16.0 4.39±2.44 73.0 4.4±2.4 40.0 30.0 0.0 39
RDS 6 12.1 2.65±1.20 63.0 2.7±1.2 30.0 7.0 0.0 37
RDS 7 20.9 3.86±2.03 67.0 3.9±2.0 43.0 17.0 0.0 24
RDS8 17.6 3.99±1.86 67.0 4.0±1.9 20.0 17.0 0.0 42
RDS 14 23.3 6.11±1.89 77.0 6.1±1.9 27.0 17.0 0.0 68
Mean 21.66 4.45 71.0 4.5 38.0 19.0 0.0 35
Std. Dev. 10.31 1.97 5.0 2.0 13.0 7.0 0.0 19
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(7390 ft) and at an average distance of about 4.7 km from cirque headwalls. These

moraines are generally well preserved, with somewhat rounded crests and steep slopes

that show little sign of gullying. Axial stream dissection occurs to a depth of several

meters and lateral moraines can often be traced upstream for several hundred meters.

The oldest set of moraines occurs downvalley, often at the break in slope where

the mountain front merges with the surrounding lowlands, at an average elevation of

about 1782 m (6810 ft) and at an average distance of about 6.6 km beyond cirque

headwalls. These moraines have well rounded crests and more gentle slopes. Gullying

is extensive on some moraines and axial stream dissection is significant and may occur to

depths of tens of meters, often into underlying bedrock. Lateral moraine preservation is

generally good only beyond the confines of the canyons.

I collected RD parameter data at 12 locations in watersheds on the west slope of

the Ruby Mountains (Fig. 5.7). Parent material was composed of granitic and/or

gneissic lithologies at each location. RD parameter data for the study area are shown in

Table 5.7 and soil profile descriptions and particle-size distributions appear in Appendix

1.7 and 2.7, respectively.

Two distinct groups of RD values (Table 5.7) are recognized from a comparison

of the data sets (for example, compare RD sites 1 and 2). This agrees with the initial

division of moraines into two sets. Each group is interpreted to represent a separate drift

unit (II and I) corresponding to a two-fold sequence of glaciation in the Ruby Mountains

(Fig. 5.7). The relative differences in the degree of RD parameter development (Table

5.3) and soil PSDs (Appendix 2.7) suggest that drift unit I is significantly older than drift

unit II, with at least a doubling of development from drift unit II to I as expressed by

nearly all of the parameters.

Soil development is significantly greater at RD site 2 in drift unit I than mean

development for this drift unit (Table 5.7, Appendix 2.7). Although the same distinction

cannot be made for any of the other RD parameters, this feature suggests a longer interval



TABLE 5.7
RUBY MOUNTAINS, NEVADA

Mean Values of Surface and Subsurface Weathering Criteria (Granitic Parent Material)

Explanation: P01 - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

of weathering of glacial deposits at this location and may indicate a glacial advance older

than that represented by the rest of drift unit I.

5.2.8 Deep Creek Mountains

I initially identified three sets of moraines in watersheds of the Deep Creek

Mountains (Fig. 5.8). The youngest set is confined to the upper portion of cirque basins

on north facing slopes. They extend downvalley to an average elevation of 2693 m

(10290 ft) and to an average distance of about 0.4 km from cirque headwalls. These

moraines are well preserved, with sharp crests and steep slopes that show no sign of

gullying or axial stream dissection.

The next older set of moraines occurs farther downvalley at an average elevation of

2136 m (8160 ft) and at an average distance of 2.4 km from cirque headwalls. This
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Drift RD Site RD Parameters
Unit PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

RDS 1 13.3 0.63±0.35 50.0 3.2±1.3 30.0 7.0 17.0 117
RDS3 21.1 0.61±0.30 60.0 3.4±1.0 27.0 3.0 13.0 126
RDS4 13.1 0.52±0.30 53.0 3.9±1.6 17.0 0.0 17.0 147
RDS7 11.7 0.51±0.29 53.0 2.9±0.8 13.0 0.0 13.0 113
RDS 9 15.3 0.43±0.26 47.0 2.8±0.9 3.0 0.0 13.0 168
RDS 11 10.3 0.59±0.29 57.0 3.4±1.2 20.0 7.0 13.0 133
Mean 14.2 0.55 53.0 3.3 18.0 3.0 14.0 134
Std. Dev. 3.8 0.30 5.0 0.4 10.0 3.0 2.0 21

RDS2 48.6 2.81±1.03 73.0 4.9±2.5 63.0 23.0 0.0 25
RDS5 20.4 2.94±0.94 77.0 7.9±4.1 13.0 3.0 0.0 94
RDS 6 24.8 3.02±1.12 80.0 7.6±4.0 20.0 3.0 0.0 29
RDS 8 29.8 3.33±1.05 70.0 6.0±2.4 43.0 7.0 0.0 0
RDS 10 26.3 1.79±1.07 73.0 6.3±3.0 47.0 13.0 0.0 46
RDS 12 35.9 2.68±1.01 80.0 6.9±2.9 33.0 17.0 0.0 82
Mean 31.0 2.76 76.0 6.6 37.0 11.0 0.0 55
Std. Dev. 10.1 1.04 4.0 3.2 18.0 8.0 0.0 31
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group of moraines is generally well preserved with sharp crests and steep slopes only

slightly modified by gullying. Axial stream dissection is limited to a few meters and

never cuts to bedrock. Lateral moraines can often be traced several hundred meters

upstream.

The oldest moraines lie just beyond the intermediate set at an average elevation of

2019 m and at an average distance of 3.0 km from cirque headwalls. These moraines

have well rounded crests and gentle slopes. Gullying is extensive and axial stream

dissection cuts deeply into moraines to depths exceeding 20 m. Lateral moraines are well

preserved in several watersheds.

I collected RD data at 17 locations in the Deep Creek Mountains

(Fig. 5.8). Table 5.8 presents a summary of the RD parameter data for each location.

Soil-profile data are shown in Appendix 1.8, and soil particle-size distributions from

selected sites are shown in Appendix 2.8. Parent material was composed of granitic

lithologies at all locations.

Mean RD values (Table 5.8) define three distinct groups for most of the

weathering criteria (for example, compare RD sites 14, 17, and 16). This agrees with the

initial division of moraines into three sets. Although the distinction is less obvious

between the younger deposits (for example, PDIs are not significantly different), these

differences are considered to represent three drift units (ifi, II, and I). Soil profiles

generally increase in thickness among these units (Appendix 1.8), but PSDs (Appendix

2.8) show little change in B horizon-clay accumulation. Identification of drift unit ifi is

based primarily on the position of its well-developed moraines within protected cirques

(Fig. 5.8) and much higher surface-boulder frequencies on moraine crests (Table 5.8)

relative to drift unit H. Significant differences in the degree of development among all of

the RD parameters (Appendix 2.8 and Table 5.8) occur between drift units I and II and

suggest that the former is significantly older than drift unit II. Soil development at RD

site 2 in drift unit 1 is significantly greater than the mean development for this drift unit



TABLE 5.8
DEEP CREEK MOUNTAINS., NEVADA

Mean Values of Surface and Subsurface Weathering Criteria (Granitic Parent Material)

Explanation: P01 - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

(Table 5.8, Appendix 2.8) which suggests a longer interval of weathering at this location

and may indicate a glacial advance older than that represented by drift unit I elsewhere.

5.2.9 Tushar Mountains

I initially identified four sets of moraines in watersheds of the Tushar Mountains

(Fig. 5.9). The youngest set is composed of two distinct moraine crests that are confined

to the upper portion of cirque basins on north-facing slopes. The outermost crest of this

set extends to an average elevation of 2773 m (10594 ft) and to an average distance of
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Drift RD Site RD Parameters
Unit PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

ADS 13 6.7 2.6±1.0 57.0 1.9±0.5 0.0 3.0 20.0 440
RDS 14 7 2.2±1.1 60.0 1.8±0.5 0.0 0.0 23.0 367
Mean 6.8 2.4 59.0 1.9 0.0 2.0 22.0 404
Std. Dev. 0.2 1.0 2.0 0.5 0.0 1.0 2.0 36

ADS 2 6.6 3.9±1.2 50.0 1.5±0.4 0.0 17.0 0.0 165
RDS 3 7.4 2.9±1.6 57.0 1.9±0.7 3.0 10.0 0.0 203
RDS 4 3.7 63.0 1.6±0.5 0.0 0.0 0.0 153
RDS 9 5 4.4±1.3 63.0 2.5±0.7 7.0 0.0 0.0 218
RDS 11 9.1 3.7±1.1 60.0 2.3±0.8 3.0 7.0 0.0 133
RDS 12 5.4 1.6±1.3 57.0 1.6±0.4 0.0 10.0 0.0 308
ADS 15 6.3 3.9±0.8 57.0 1.8±0.4 0.0 13.0 0.0 225
ADS 17 11.4 3.1±1.1 60.0 1.9±0.4 0.0 7.0 0.0 140
Mean 6.9 3.4 58.0 1.9 2.0 8.0 0.0 193
Std. Dev. 2.5 1.2 4.0 0.6 2.0 6.0 0.0 58

RDS 1 17.1 77.0 2.9±1.7 7.0 10.0 0.0 252
RDS5 18.2 83.0 4.3±2.5 7.0 10.0 0.0 112
ADS 6 28.6 67.0 3.5±2.3 10.0 10.0 0.0 135
RDS7 20.9 6.1±2.0 83.0 3.7±1.8 17.0 7.0 0.0 90
RDS 8 20.6 5.2±2.0 87.0 4.3±2.2 10.0 7.0 0.0 134
RDS 10 17.9 6.9±4.2 73.0 4.9±2.8 17.0 13.0 0.0 203
RDS 16 20.7 4.1±1.8 83.0 4.1±2.1 13.0 7.0 0.0 94
Mean 20.6 5.6 79.0 4.3 12.0 9.0 0.0 146
Std. Dev. 3.9 2.5 7.0 2.2 4.0 2.0 0.0 60
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about 0.3 km from cirque headwalls. These moraines are well preserved, with sharp

crests and steep slopes that show no sign of gullying or axial stream dissection.

The next older set of moraines occurs as several moraine crests spread over a wide

elevational band averaging about 2376 m (9080 ft) and about 2.7 km from cirque

headwalls. This group of moraines is well preserved with sharp crests and steep slopes

that are only slightly modified by gullying and axial-stream dissection is limited to a few

meters depth. Lateral moraines can usually be traced upvalley to their cirque of origin.

The next older set of moraines occurs downvalley at an average elevation of

2249 m (8592 ft) and at an average distance of 4.0 km from cirque headwalls. This

group of moraines hasgenerally well preserved crests that are often more rounded and

slopes that exhibit more gullying than the next younger set. Axial stream dissection is

more pronounced and may occur to depths exceeding 10 m. Lateral moraines are usually

preserved well enough to be traced intermittently several hunderd meters upvalley.

The oldest moraines occur slightly beyond the second intennediate moraine set at

an average elevation of about 2104 m (8040 ft) and at an average distance of 6.0 km from

cirque headwalls. These moraines have well rounded crests and gentle slopes. Gullying

is extensive and axial stream dissection cuts deeply into moraines to depths of tens of

meters. Lateral moraines are preserved only as benches in the lower portion of several

eastslope watersheds.

I collected RD data at 20 locations in the Tushar Mountains. Table 5.9, Appendix

1.9, and Appendix 2.9, present RD data, soil profile descriptions, and soil particle-size

distributions, respectively, obtained from sites in this range. The parent material was

composed of basaltic and tuffaceous lithologies. Significantly smaller sizes of surface

clasts at some sites seem to result from weathering of original tuffaceous bedrock,

whereas basaltic bedrock weathers to larger boulders. Apparently the tuffaceous rocks

are restricted to the central portion of the mountain range where the elevations are highest

(Steven et al., 1979; Cunningham et al., 1984; Steven et al.,1984). This phenomena



TABLE 5.9
TUSHAR MOUNTAINS, UTAH

Mean Values of Surface and Subsurface Weathering Criteria (Basaltic Parent Material)

Explanation: PDI - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

complicated the use of surface-boulder weathering as a relative-dating technique in this

area.

Comparison of mean RD parameter values (Table 5.9) and PSDs (Appendix 2.9)

indicates three distinct groups, each group representing a drift unit associated with a

separate glacial event (Ill, II, and I). Drift unit Ill is restricted to cirques at the highest

elevations (Fig. 5.9), while drift units II and I cover progressively lower elevations

where the bedrock is composed of increasing amounts of basaltic material. All three RD
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Drift
Unit

RD Site RD Parameters
PDI WR (mm) % P MPD (cm) % 0 % S % F SBF

RDS 3 1.7 0.2±0.1

RDS 7 2.4 0.2±0.1

RDS 11 3.2 0.2±0.2

Mean 2.5 0.2
Std. Dev. 0.8 0.1

RDS 1 6.3 0.2±0.1 37.0 2.0±0.6 60.0 17.0 30.0 82
RDS 8 3.4 0.2±0.1

RDS 9 4.7 0.2±0.1

RDS 10 7.2 0.6±0.5 53.0 1.8±0.4 53.0 27.0 17.0 12
RDS 12 9.7 0.4±0.4 47.0 1.9±0.4 60.0 20.0 20.0 59
RDS 15 10.0 0.4±0.3 43.0 1.9±0.4 57.0 27.0 17.0 41

RDS 16 10.3 0.4±0.3 57.0 2.4±0.8 53.0 20.0 13.0 58
ADS 17 7.9 0.3±0.3 43.0 1.9±0.4 53.0 10.0 23.0 67
RDS 18 9.7 0.3±0.2

RDS 19 3.2 0.4±0.3

Mean 7.2 0.4 47.0 2.0 56.0 20.0 20.0 53
Std. Dev. 2.8 0.3 7.0 0.5 3.0 6.0 6.0 24

RDS2 27.0 0.7±0.6 63.0 2.3±0.5 90.0 23.0 0.0 113
RDS 4 34.7 0.5±0.5 60.0 3.1±1.7 97.0 23.0 3.0 65
RDS5 41.3 0.6±0.6 63.0 2.7±1.2 93.0 17.0 7.0 90
RDS 6 39.0 0.4±0.4 63.0 2.6±0.8 93.0 30.0 7.0 86
RDS 13 57.0 0.4±0.3 67.0 2.7±1.0 87.0 23.0 7.0 31

RDS 14 32.1 0.5±0.3 60.0 2.9±1.0 90.0 23.0 3.0 55
RDS 20 35.0 0.9±0.4 63.0 2.9±1.0 93.0 20.0 0.0 50
Mean 38.0 0.6 63.0 2.7 92.0 23.0 4.0 70
Std. Dev. 9.6 0.4 2.0 1.0 3.0 4.0 3.0 28
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sites in drift unit ffi and sites RDS 8, 9, 18, and 19 in drift unit II did not contain any

clasts greater than 10-20 cm in size, and by definition do not qualify as boulders; thus,

surface-boulder-weathering data were not collected at these locations (Table 5.9). Other

RD sites in drift unit H were composed of a mixture of bedrock lithologies, while the RD

sites in drift unit I were dominated by basaltic parent material. This is reflected in the

apparent reversal in surface-boulder frequencies for drift units I and II (Table 5.9), but

enough basaltic surface boulders were present to allow collection of other surficial

boulder weathering criteria.

Based on subsurface weathering criteria alone, the relative age of drift unit IH is

significantly younger than drift unit II. Drift unit ifi consists of rock-glacier deposits

found only in east-to northeast-facing cirques. Two distinct deposits exist, an outer

vegetated subunit which was examined in this study and an inner subunit which was

unvegetated and displayed characteristic morphology indicating active movement. RD

parameters of drift unit I are much more developed than drift unit II, suggesting that this

unit was produced by a significantly older glaciation. Drift unit II comprises both

intermediate moraine sets identified by morphostratigraphy. RD site 13 has a much

higher degree of soil development and lower surface boulder frequency than other sites in

drift unit I, which may indicate more than one older glaciation.

5.3 Drift Unit Ages

5.3.1 Methodology

The weathering characteristics and moraine morphology of the drift units described

above suggest that drift unit II represents glacial deposits of similar age in all of the

mountain ranges of this investigation. This drift unit is also similar to deposits described

elsewhere in the western United States that have been correlated with oxygen-isotope

stage 2. The late Pleistocene glacial record in most areas of the Rocky Mountains

indicates that a singular event occurred at about 20 ka (Porter et al., 1983; Richmond,
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1986), while the record from such areas as West Yellowstone (Pierce et aL, 1976; Pierce,

1979) and the Sierra Nevada (Fullerton, 1986; Bursik and Gillespie, 1993) suggests

multiple advances during the last glacial maximum, with an earlier, more extensive

advance at about 35 to 30 ka and a later, less extensive advance or advances between

about 20 and 12 ka.

RD parameters generally develop at an exponentially decreasing rate. (Locke,

1979; Colman and Pierce, 1981; Harden and Taylor, 1983; Birkeland, 1984). This rate

is best described by a logarithmic time function, and the form of the curve is similar

irrespective of the type of RD parameter measured and the relative importance of

environmental factors that may influence the development rate. That is, the rate of change

of the curve depends on the weathering rate, but its general shape remains logarithmic

On the basis of records of late Pleistocene glaciation in the western United States,

and on the logarithmic rates of weathering, I have used three methods to obtain age

estimates for the drift units in this investigation. The first technique examines differences

in RD parameter development among drift units. This approach does not provide an age

estimate per Se, it only provides a magnitude of age difference. Greater changes in RD

parameter development are expected among first-order glaciations ( a long interglacial

between depositional events of different glacial cycles) (i.e., oxygen-isotope stage 5

separating stages 2-4 and 6) vs. second-order fluctuations (a shorter interstadial between

depositional events of the same glacial cycle) (i.e., stage 3 separating stages 2 and 4).

The exact magnitude of change, however, in the RD data needed to differentiate first-

order glaciations from second-order fluctuations is debatable (Porter, 1971; Burke and

Birkeland, 1979). For glacial deposits in the Sierra Nevada, Burke and Birkeland (1979)

proposed that a change by a factor of two in the numerical values of RD parameters

between two drift units indicates deposition of those units during different glaciations,

assuming that the weathering rate is linear. These RD parameter ratios, however, provide

only a minimum estimate of the age ratio between drift units because the rate of RD
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parameter development most likely decreases with time (a logarithmic rate of change),

rather than remaining constant. That is, a factor of two difference in RD values probably

reflects an age difference that is actually much greater than a factor of two.

Table 5.10 shows RD ratios between drift units for each mountain range of the

study transect. As noted previously, subsurface-weathering data are more reliable

for age differentiation than surface-boulder weathering. Ratios based on PDI and WR

development were thus qualitatively weighted more heavily when considering the

probable ages of these drift units, especially where the subsurface-weathering ratios

disagreed with age indications estimated from the surface-boulder-weathering ratios.

The second technique compares quantitative differences in soil development

among drift units from each mountain range, expressed by the PDI, to a PDI curve

obtained by Harden and Taylor (1983) from four soil chronosequences. Harden and

Taylor (1983) found that PDIs were similar for soils of about the same age regardless of

the climatic conditions under which the soil developed and this phenomena was

interpreted to indicate that the PDI is independent of climate. Assuming the PDI to be

climatically independent for Great Basin soils as well, mean PDI values for the drift units

of this investigation were plotted on a best-fit curve through the scatter of the Harden and

Taylor (1983) data to obtain an age estimate for each unit (Figure 5.10).

The possible age range of each drift unit was determined from the envelope of data

comprising the Harden and Taylor curve. In general, this approach suggests that the age

of any drift unit from a given chronosequence encompasses values that will range across

at least an order of magnitude. The mean age of each deposit is weighted toward the

upper end of the envelope because of the logarithmic nature of the x-axis (Fig. 5.10),

so even a significant overlap between the age envelopes of two drift units in the same

chronosequence may not indicate a similarity in their timing of deposition. Drift units are

interpreted to have been deposited during first-order glaciations if their mean envelope



TABLE 5.10
Magnitude of Change in Mean RD Parameter Values between Drift Units
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Explanation: PDI - Profile Development Index, WR - Weathering Rinds, %P - % of Pitted Boulders, MPD - Mean
Pit Depth, - %O of Oxidized Boulders, %S - % of Split Boulders, %F - % of Fresh Boulders, and SBF - Surface
Boulder Frequency

ages express a difference of at least an order of magnitude, regardless of how much

apparent overlap occurs between two age envelopes. Differences in mean envelope age

of less than an order of magnitude therefore suggest deposition during second-order

fluctuations within a single glaciation.

Location RD Parameters
PDI WR %P MPD %O %S %F SBF

Siskiyou Mtns.
Drift Unit I/Il 6.1 2.3 1.2 1.3 4.0 1.3 4.0 1.5

Aspen Butte
DriftUnitit/Ill 1.9 1.2 1.5 1.1 1.2 1.3 2.6 4.3
Drift Unit I/Ill 5.1 1.8 1.7 1.4 1.4 1.8 7.3 16.1

Drift Unit I/Il 2.7 1.5 1.1 1.3 1.2 1.4 2.8 3.8

Elkhorn Mtns.
Drift Unit I/lI 3.5 1.9 2.0 1.4 5.4 1.3 11.0 21.0

Strawberry Mtns.
Drift Unit tI/Ill 3.3 1.5 1.1 1.1 1.3 1.8 3.3 6.3
Drift Unit I/Ill 6.7 2.3 1.4 1.4 2.3 2.4 30.0 11.6

Drift Unit I/Il 2.0 1.6 1.2 1.4 1.8 1.3 9.0 1.8

Steens Mtn.
DriftUnitil/Ill 2.2 1.4 1.4 1.0 1.1 0.9 1.9 2.4

Drift Unit I/Ill 4.9 1.7 1.7 1.5 1.5 2.3 4.3 4.2
Drift Unit I/Il 2.3 1.3 1.2 1.6 1.4 2.6 2.3 1.7

Pine Forest R.
Drift Unit I/Il 1.9 3.8 1.2 1.2 3.2 3.2 1.0 3.1

Ruby Mtns.
Drift Unit I/Il 2.2 4.6 1.4 2.0 2.1 3.7 14.0 2.4

Deep Creek Mtns.
Drift Unit lI/Ill 1.0 1.4 1.0 1.0 2.0 4.0 22.0 2.1

Drift Unit I/Ill 3.0 2.3 1.3 2.3 12.0 4.5 22.0 2.8
Drift Unit I/lI 3.0 1.6 1.4 2.3 6.0 1.1 1.0 1.3

Tushar Mtns.
Drift Unit Il/Ill 2.9 2.0
Drift Unit I/Ill 15.2 3.0
Drift Unit I/Il 5.3 1.5 1.3 1.4 1.6 1.2 5.0 0.8
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The third technique compares weathering-rind development from the basaltic

mountain ranges of this investigation to a weathering-rind-development curve from

basalt-bearing glacial deposits in West Yellowstone (Colman and Pierce, 1981). The

West Yellowstone curve is constrained by two calibration points. One occurs at 7,000

years B.P., based on the assumption that this age adequately represents the minimum

time required for measurable rind development to be expressed. The second point occurs

at 140,000 years B.P. which represents glacial deposits of Bull Lake age (Pierce et al,

1976; Pierce, 1979). Two curves of weathering rind thickness vs. time (Fig. 5.1 la and

b) were constructed for each basaltic mountain range of the study transect by multiplying

the West Yellowstone curve by a rate factor that was obtained from the ratio of mean rind

thickness at the last glacial maximum on the West Yellowstone curve to the mean rind

thickness from drift unit II (thought to represent the last glacial maximum) in each range

of this investigation. The first curve (Fig. 5.11 a) assumes that the last glacial maximum

at West Yellowstone and the ranges of the study transect occurred about 18,000 years

ago, which corresponds to the last maximum Northern Hemisphere continental glaciation

and the last glacial maximum in the Rocky Mountains (Porter et al, 1983). The second

curve (Fig. 5.1 lb) assumes that the timing of the last alpine glacial maximum in the

western United States actually occurred approximately 35,000 years ago as at West

Yellowstone and preceded maximum Northern Hemisphere continental glaciation.

Smaller advances then occurred at about 20 and 14 ka in this area (Pierce et al., 1976;

Pierce, 1979). The mean thickness and standard deviation for each each group of rinds

was plotted on these curves to obtain an approximate range in age for drift units I and ifi.

5.3.2 Evaluation of Dating Techniques

The age estimates of drift units determined from these techniques provide only an

approximation of the true age of the deposits (i.e., first-order glaciations vs. second-
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order fluctuations). Numerical ages can be estimated from the PDI and WR curves, but

their accuracy is poor.

As previously indicated, the limited areal extent of drift unit ifi, its confinement to

upper valley positions, the unaltered character of associated RD parameters compared to

the other drift units, and its association with Mazama ash in some areas, suggest that this

unit was deposited during the Holocene. Therefore, the ages estimated from PDI curves

(up to several thousand years) seem reasonable.

The mean ages estimated for drift unit II using the PDI curves range from about

9,000 to 40,000 years B.P., and its morphostratigraphy and RD parameters suggest an

older glacial event of longer duration and greater extent than is anywhere reported for the

Holocene record of the western United States. Such glaciations did occur during the late

Pleistocene, however, with the last glacial maximum of Northern Hemisphere continental

ice sheets culminating about 18,000 years ago and alpine glaciers in the western United

States alpine culminating in at least two advances at about 35,000 and 20,000 years ago

(West Yellowstone and Sierra Nevada) or a single event about 20,000 years ago (most

records in the Rocky Mountains). Thus, in most of the mountain ranges of this

investigation, the age estimates for drift unit II obtained from the PDI curves seem to

correspond with the timing of the late Pleistocene ice sheet maximum and alpine glacial

maximum in much of the Rocky Mountains.

Because of the logarithmic nature of soil-development rates, the accuracy of

estimated ages derived from the PDI curves probably decreases as the actual age of the

deposit increases. That is, larger variation in PDI values for a given drift unit will result

in larger uncertainties in age estimation. Nevertheless, the mean ages for drift unit Tin

each study area obtained from the PDI curves suggest that deposition of this unit

preceded that of drift unit II by a significant interval of time. However, the age

estimations apparently fall into two groupings, suggesting that drift unit I is not the same

age in each mountain range of the study transect.
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A comparison of the range in ages for drift unit ifi obtained from the WR

development curves (Fig. 5.11) to the general stratigraphic relationships between drift

unit ifi and II discussed above and the ages obtained from the PDI curves (Fig. 5.10)

indicates significant discrepencies. Estimated ages inferred from the latter technique are

as much as a few thousand years old, which suggests that the 7,000 year calibration point

of each WR curve (Colman and Pierce, 1981) may not be reliable beyond the West

Yellowstone area. The assumption is probably not valid in areas with differing parent

materials or climates, where small variations in weathering rates probably cause changes

in the minimum measurable development time on the order of several thousand years.

The cobbles of drift unit Ill from each basaltic mountain range in this investigation had

measurable weathering rinds, if this unit represents Holocene glacial activity, then the

7,000 year calibration point may be too large an average value for these deposits, causing

an overestimation of their true age. Although, the ages of drift unit ifi are probably

overestimated, the true age of these deposits is not well constrained and they may

represent an early Holocene or latest Pleistocene glacial advance in some mountain

ranges. These latter ages more closely correspond to the age estimates obtained from the

WR curves.

The logarithmic nature of the weathering rind curves will probably result in a

underestimation of the ages for drift unit I because small changes in WR thickness

correspond to relatively short periods of time at the lower end of the curve and relatively

long periods of time at the upper end of the curve. Figure 5.11 a and b indicate that the

minimum ages for drift unit Ill range from 11 to 15 ka and 9 to 11 ka, respectively, while

maximum ages range from 20 to 40 ka and 15 to 21 ka. The mimimum and maximum

ages of drift unit I range from about 15 to 23 ka and 10 to 15 ka, and from 250 to 350 ka

and 55 to 70 ka, respectively. Notice that the maximum ages of drift unit ifi are much

less than those of drift unit I. Given that the ages of drift unit ifi are probably

overestimated by this technique, the above results suggest that drift units ifi and I were
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less than those of drift unit I. Given that the ages of drift unit ifi are probably

overestimated by this technique, the above results suggest that drift units III and I were

deposited by first-order glaciations. Apparently, there is considerable variation in the

estimated ages for drift unit I between the two curves, which results from the different

age assignments for drift unit II. The results from Figure 5.11 a suggest that drift units II

and I were deposited by first-order glaciations, possibly correlative with marine-oxygen-

isotope stages 2 and 6, while Figure 5.1 lb indicates that both drift units were deposited

as second-order fluctuations within the last glacial cycle (oxygen-isotope stages 2-4).

Comparing these latter results with the ages for drift unit I derived from the PDI

curves, it seems likely that this drift unit is not the same age in every mountain range of

the study transect, and that it probably represents at least two periods of glaciation. In

some ranges, weathering of drift unit I is similar, although somewhat older than drift unit

II, and probably corresponds to oxygen-isotope stage 4, while in other ranges it may be

considerably older than drift unit H, and may be correlative with oxygen-isotope stage 6.

5.3.2 Drift Unit Ages in each Mountain Range

In the Siskiyou Mountains, only four of the RD parameter ratios (Table 5.10)

suggest separate glaciations for drift units II and I. Both the PDI and WR ratios are

included among the four and the magnitude of change between PDI values is

considerable. Age differences for these drift units based on the PDI curve (Fig. 5. lOa)

also suggest that separate glaciations deposited these units. The approximate ages and

their magnitude of separation suggest a correlation with maximum glaciations during

oxygen-isotope stages 2 and 6. Young (1976) and Long (1980) subdivided these same

deposits into drifts of an early, middle, and late Wisconsin glaciation, but because

differences in RD data imply first-order glaciations, I reinterpret the ages of these drift

units as correlative to stage 2 (drift unit II) and stage 6 (drift unit I) of the oxygen-isotope

record. Bevis (1989) previously interpreted RD parameter development among sites
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Only three RD parameter ratios, PDI, %F, and SBF (Table 5.10), suggest separate

glaciations for each drift unit in the Aspen Butte area. The greatest development ratios for

all of the RD parameters occur between drift units ifi and I (several of the ratios are

nearly a factor of two) and most of the RD parameter ratios show greater changes

between drift unit II and I, than between ifi and II. This suggests that these drift units

were probably not formed by separate glaciations, although drift unit II was separated

from drift unit I by a more lengthy time interval than were drift units ifi and II. Age

differences derived from the PDI curve (Fig. 5. lOb) suggest that drift units II and I were

deposited during the same glaciation and that units ifi and I were deposited by separate

glaciations. The WR development curves (Fig. 5.11) for this area indicate

that drift unit ifi is distinctly younger than drift unit I. These age relationships suggest

that drift units I and II were probably deposited during the last glacial cycle and that drift

unit ifi represents a neoglacial event.

Drift unit ifi was probably deposited during the late Holocene, while drift units II

and I were deposited during the last glaciation. Drift unit II most likely corresponds to

the last glacial maximum (oxygen-isotope stage 2) and drift unit I represents an earlier

stadial advance, perhaps correlative with oxygen-isotope stage 4. Carver (1973) mapped

these deposits as the Waban, Varney Creek, and Moss Creek drifts which he correlated to

a late Wisconsin, an early Wisconsin, and an Illinoian glaciation (oxygen-isotope stages

2,4, and 6, respectively). He also recognized several drift units corresponding to older

glaciations and at least two periods of neoglacial activity. In this investigation, I did not

examine deposits that Carver (1973) had correlated to glaciations older than Iflinoian age,

and I reinterpret his Varney Creek and Moss Creek drifts to represent stage 4 glaciation.

As previously indicated, there is some evidence to suggest that one of the RD sites from

this investigation may represent deposits of an older glaciation (stage 6), but the evidence

is not conclusive.
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A majority of the RD parameter ratios suggest that separate glaciations were

responsible for the deposition of drift units II and Tin the Elkhorn Mountains. The

magnitude of change in the WR parameter ratio is nearly two, and the PDI ratio is

considerably greater than two. The ages of each drift unit obtained from the PDI curve

show nearly an order of magnitude difference, suggesting that these units may represent

separate glaciations (Fig. 5. lOc). I interpret the drift unit sequence in the Elkhorn

Mountains to represent two first-order glaciations. Drift unit II is probably correlative

with stage 2 of the oxygen-isotope record and drift unit I may be correlative with stage 6.

Differences in RD parameter development in the Strawberry Mountains are

complex. Most of the RD parameter ratios (Table 5.10) suggest that drift units II and I

represent stadial events of the same glaciation, but that drift units ifi and I were deposited

during separate glaciations. The weathering interval separating drift unit II from I was

probably longer than the interval between drift units ifi and II. The age differences

between drift units that were obtained from the PDI curve (Fig. 5. lOd) are inconclusive,

suggesting that drift units II and I may represent first-order glaciations or second-order

fluctuations of a single glacial period, although drift unit ifi apparently represents

deposition during a separate glaciation. The WR development curves (Fig. 5.11) indicate

that drift unit ifi is distinctly younger than drift unit I. These results, in addition to

stratigraphic relationships with the Mazama ash discussed previously, suggest that drift

unit ifi may represent two glacial advances during oxygen-isotope stage 1. I interpret

that drift unit II is associated with the last glacial maximum of the late Pleistocene

(oxygen-isotope stage 2). Drift unit I probably represents an earlier stade correlative with

oxygen-isotope stage 4, although there is some evidence to suggest an older age,

possibly stage 5 or 6.

A majority of the RD ratios from Steens Mountain (Table 5.10) suggest deposition

of all three drift units during the same glaciation. Although PDI ratios are all greater than

two which may suggest that these drift units were deposited by separate glaciations, the
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age differences based on the PDI curve (Fig. 5.lOe) suggest that drift unit II and I were

deposited during the same glaciation and that only units ifi and I were deposited by

separate glaciations. The WR development curves (Fig. 5.11) for this area indicate that

drift unit ifi is younger than drift unit I, although there js broad overlap. Drift units I and

II were probably deposited during the last glacial cycle, separated by an interstadial event,

while drift unit ifi probably represents a neoglaciation. I interpret the glacial chronology

at Steens Mountain to consist of a neoglaciation (drift unit ifi) and a single late

Pleistocene glaciation with two stadial advances (drift units II and I). Drift unit II is

probably correlative to oxygen-isotope stage 2 and drift unit I represents deposition

during oxygen-isotope stage 4, although PDI ratios suggest this unit may be somewhat

older, possibly correlative with oxygen-isotope stage 5 or 6.

In the Pine Forest Range (Table 5.10), only four of the RD parameters suggest

that drift unit II and I represent separate glaciations. The relatively large difference

between WR values for each drift unit and a PDI ratio of nearly two suggest separate

glaciations for these drift units, but other RD parameter data are not as definitive. Age

differences between drift unit II and I based on the PDI curve (Fig. 5.1 Of) suggest that

these units were deposited during the same glaciation. I interpret the drift unit sequence

in the Pine Forest Range to represent a single glaciation (oxygen-isotope stages 2-4).

Drift unit II is probably correlative with stage 2 and drift unit I with stage 4. Age ratios

based on weathering parameters suggest that drift unit I may be somewhat older, possibly

correlative with oxygen-isotope stage 5 or 6.

The differences in RD parameter ratios in the Ruby Mountains (Table 5.10)

suggest that drift units II and I were deposited by separate glaciations. %P ratios are the

only data which do not suggest separate glaciations. Age differences derived from the

PDI curve also (Fig. 5. lOg) indicate that separate glaciations deposited these units. I

interpret that drift unit II represents the last glacial maximum of the late Pleistocene

(oxygen-isotope stage 2) and drift unit I is probably associated with an older glaciation,
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perhaps correlative with oxygen-isotope stage 6. This glacial chronology agrees with the

two-fold (late Wisconsin arid Illinoian) succession suggested by Sharp (1932) and

Wayne (1984) for the Lamiolle Canyon area (Fig. 1.9) of the Ruby Mountains.

RD ratios between drift units of the Deep Creek Mountains (Table 5.10) clearly

suggest that separate glaciations were responsible for the deposition of drift unit ifi and I.

Differences in RD parameter development are less well expressed between drift

units ifi and II and between drift units II and I. Drift unit Ill and II are probably

separated by a relatively short weathering interval based on the similarities in soil and WR

development, even though most of the surface boulder weathering criteria have ratios of

two or more. An interval of weathering separates the deposition of drift units II

and I based on differences in soil development, but the interval may have been relatively

short because only two other RD parameters have ratios of two or more. Age differences

obtained for these drift units from the PDI curve (Fig. 5. lOh) suggest that all three drift

units were deposited during the same glaciation. Apparently, drift units ffi and II were

separated by a short period of time, while the time separating drift units II and I is more

considerable. Drift unit I probably represents an early stadial event and drift unit II and

ifi were deposited as two pulses during a late stadial event of the same glaciation. I

interpret that drift unit II is associated with the late Pleistocene glacial maximum (oxygen-

isotope stage 2). Drift unit III probably represents a slightly younger standstill or

readvance of glaciers in the Deep Creek Mountains at the close of the late Pleistocene or

beginning of the early Holocene, an interpretation which is supported by stratigraphic

relationships discussed previously. The oldest drift unit in the range, drift unit I, is

probably representative of an earlier stadial event during oxygen-isotope stage 4.

An interpretation of the differences in RD parameter development in the Tushar

Mountains is complicated by the lack of surface-boulder-weathering data for drift unit ifi.

PDI ratios indicate a significant difference in weathering between drift units I and II

which suggests that each drift unit was deposited during a different glaciation, although
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WR development ratios and a majority of the surface boulder weathering ratios suggest

that drift units II and I were deposited during the same glaciation. Drift Unit ifi consists

of rock glacier deposits composed of two distinct deposits, an outer vegetated subunit

which was examined in this study and an inner subunit which was unvegetated and

displayed characteristic morphology indicating active movement. Age differences for

these drift units based on the PDI curve (Fig. 5.lOi) clearly suggest that separate

glaciations deposited these units. The WR development curves (Fig. 5.11) indicate that

drift unit ifi and I are distinctly different in age. These age relationships suggest that drift

units ifi probably represents a neoglacial event and drift unit II was deposited during the

last glacialmaximum (correlative to oxygen-isotope stage 2). Drift unit I was probably

deposited during an earlier glaciation and is correlative with oxygen-isotope stage 6,

although some evidence suggests that this unit may be younger, possibly correlative with

stage 4.

5.4 Correlation of Drift Units among Mountain Ranges

Correlation of drift units in the western United States has generally been restricted

to drift units from the last glacial maximum because deposits of this age exhibit readily

identifiable RI) parameter development which can be compared over large areas (Porter et

al., 1983; Richmond, 1986). The deposits of earlier glaciations are not as easily

correlated between ranges because the geologic record of these events is progressively

more incomplete due to longer periods of post-depositional modification, and because of

the increasing chance of dealing with deposits of more than one age which cannot be

readily resolved from the RD parameter data. Correlation of younger glacial advances is

difficult because deposits representing these events are not present in all alpine areas

where their geographic distribution may be more dependent on localized rather than

regional climatic conditions. Furthermore, the precision of RD techniques may not be
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adequate enough to resolve differences in degrees of development formed over relatively

short time intervals.

Table 5.11 shows probable drift unit correlations between each mountain range

and the oxygen-isotope record. Based on the results of this investigation, the most

reliable drift unit ages are printed in bold type, while other less reliable alternative drift

unit age correlations are followed by a (?).

In each mountain range, drift unit II is correlated with the last glacial maximum

(oxygen-isotope stage 2). Drift unit I is also present in every range, but its correlation to

a given glacial event in other ranges and to the oxygen-isotope record is more tenuous.

This unit most likely represents an earlier glaciation correlative with oxygen-isotope stage

6 in the Siskiyou, Elkhorn, Ruby, and Tushar Mountains, but in all other ranges it may

be correlative with oxygen-isotope stage 4. Glacial advances during oxygen-isotope

stage 4 and 2 may have been of similar areal extent. The possible lack of glacial deposits

in the Siskiyou, Elkhorn, Ruby, and Tushar Mountains correlative with oxygen-isotpoe

stage 4 may be related to their burial by slightly more extensive glaciers during oxygen-

isotope stage 2.

Drift unit ifi is present in five mountain ranges, including the Aspen Butte area,

Strawberry Mountains, Steens Mountain, Deep Creek Mountains, and Tushar

Mountains. In the Strawberry and Deep Creek Mountains, this unit is probably

correlative with a latest late Pleistocene or early Holocene stiistand or slight readvance of

glaciers associated with the last glacial maximum (oxygen-isotope stage 2), whereas in

the Aspen Butte area, Steens Mountain, and Tushar Mountains, it is correlative to

neoglacial activity during the late Holocene.



TABLE 5.11
Correlation of Drift Units to the Oxygen-isotope Record and Among Mountain Ranges

Explanation: Bold Type - Probable Drift Unit Age and Plain Type (?) - Possible Age (See text for detailed explanation).

Time
Divisions

Time
Scale

Oxygen-isotope
Stage

Mountain Range
Siskiyou Mtns. Aspen Butte Elkhorn Mtns. Strawberry Mtns. Steens Mtn. Pine Forest R. Ruby Mtns. Deep Creek Mtns. Tushar Mtns.

Holocene 1 drift unit Ill

drift unit II drift unit II

drift unit I

drift unit I

drift unit II

drift unit I (?)

drift unit I

drift unit III
drift unit lii

drift unit ii

drift unit I

drift unit III drift unit Ill
drift unit ill

drift unit II drift unit II drift unit II drift unit II drift unit Ii

drift unit I drIft unit I drift unit I drift unit I (?)

drift unit I (?) drift unit I (?)

drift unit I (?) drift unit I (?)

drift unit I (?) drift unit I (?) drift unit I drift unit I

Late
Pleistocene

lOka 2

35ka 3

65 ka 4

75ka 5a

5b

5c

5d

122ka 5e

Late Middle
Pleistocene

132 ka 6



5.5 Influence of Lithology and Climate On RD Parameter Development
and Correlation of Drift Units

5.5.1 Methodology

Spatial and/or temporal similarities and differences in lithology and climate induce

differences in the rates of weathering of drift units among mountain ranges, which should

be evident from characteristic developmental patterns among the RD parameters along the

study transect. Figure 5.12 displays RD parameter values (by mean and standard

deviation for each drift unit) from all nine mountain ranges. The effect of parent material

was eliminated by subdividing the ranges into those composed of granitic lithologies

(5 ranges), and those consisting of basaltic and/or andesitic lithologies (4 ranges), and

only comparing data from each of these groups.

The mountain ranges were also arranged geographically (Figure 5.12) according to

modern climatic zonation (Houghton, 1969; Mitchell, 1976). Mountain ranges of the

northwestern portion of the study transect should be more strongly modified by Pacific-,

the central portion by continental-, and the southeastern portion by Gulf-dominated air-

mass components. Present-day climate data in the Great Basin and adjacent areas show a

trend from relatively cool-moist conditions in the northwest to warm-dry conditions in the

south. RD-parameter development was examined for significant variability between each

mountain range to establish any existing climatically dependent weathering trends.

Any existing trends were then evaluated as indicators of fluctuating precipitation

and temperature patterns between the late Pleistocene and present-day. Observations

were limited to drift unit II, the only deposit from each mountain range that is thought to

consistently represent the same weathering interval (<35,000 yr). If modern air-mass

circulation remained relatively constant since the late Pleistocene, then RD parameters

from the drift units of the last glacial maximum in all ranges should follow a consistent

trend from most developed in the northwest to least developed in the southeast along the

study transect. This relationship assumes that the amount of precipitation is the dominant
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factor influencing the rate of weathering. Changing precipitation and temperature

patterns related to multiple climate fluctuations over the last 18,000 years should result in

less consistent spatial weathering trends.

The use of RD parameters to interpret regional paleoclimate is supported by

established weathering transects across areas of North America having geographic

differences in precipitation and/or temperature which show the influence of climate on

their rate of development (climosequences; Birkeland, 1984). Soil-development

gradients described for eastern subarctic to arctic Canada (Tedrow, 1977; Moore, 1978),

western and southern semiarid to arid portions of the Great Basin (Birkeland, 1968

1969; Gile, 1975, 1977), and xeric to arid regions of southern California (McFadden,

1982), increase with greater precipitation and/or temperature. Colman and Pierce (1981)

found that the rate of weathering rind development on cobbles decreases from the

maritime climate of the Cascade Range to the more continental conditions of the Rocky

Mountains in the northwestern United States. Locke (1979) used etching of hornblende

grains to imply paleoclimatic characteristics on Baffin Island, Canada, where the rate of

etching decreased inland as continentality increased.

5.5.2 Lithologic Controls

Most of the RD parameters for drift unit II show distinct differences in

development between basaltic and granitic lithologies, particularly for clast weathering.

PDIs (Fig. 5. 12a), however, generally show little apparent difference between rock

types. Where significant differences occur, they are opposite in nature and probably

reflect controls other than lithology. For example, at the northwestern end of the study

transect soil development in granitic parent material is more than triple that of basaltic

(Siskiyou Mtns. vs. Aspen Butte), whereas at the southeastern end of the transect soil

development in basaltic parent material is almost twice that of granitic (Tushar Mtns. vs.

Deep Creek Mtns.).
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Physical weathering of granitic clasts produces a coarse residue of material (grus)

that is not as conducive to formation of clay minerals as chemical weathering of basaltic

clasts. Soil-practicle-size distributions (Appendix 2) show that clay content is generally

greater among soils developed in basaltic relative to granitic parent material for drift units

of a given age. The similarities in PDI's between granitic and basaltic lithologies may in

part be controlled by external environmental conditions, such as eolian influx of fines,

which combine to produce similar index values. Also, calculation of the profile

development index combines a number of soil physical properties that develop at

different rates to derive a single number representative of the degree of development for a

given soil profile. This procedure may have the effect of lessening changes in soil

development between drift units dominated by different lithologies. However, when an

individual soil physical property is examined, soils developed in basaltic parent material

have a greater degree of reddening (rubification) and greater abundance and thickness of

clay films than do granitic soils (Appendix 1).

Weathering-rind development is at least an order of magnitude greater on granitic

relative to basaltic cobbles (Fig. 5.12b) for all drift units. This phenomena is probably

related to the ability of water to penetrate the rock's surface and is dependent on grain size

(Colman and Pierce, 1981). Cobbles composed of granitic material are coarser and

contain a much higher portion of hydrating minerals relative to basaltic cobbles.

Exceptionally thick weathering rinds on cobbles in the Deep Creek Mountains may be due

to a slightly coarser textured material or higher content of hydrating minerals relative to

cobbles in other granite- dominated ranges.

Granitic boulder surfaces are somewhat more frequently pitted and have slightly

greater pitting depths than do basaltic boulders (Fig. 5. 12c and d). Exceptions to this

general inference occur in the forested mountain ranges of the northwestern portion of the

study transect (Siskiyou and Elkhorn Mtns. vs. Aspen Butte and Strawberry Mtns.).
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Weathering of granitic boulders is strongly influenced by forest-fire-induced spalling and

subsequent freshening of a boulder's surface (Blackwelder, 1927; Birkeland, 1984;

Bierman and Gillespie, 1991), and this phenomena probably explains the observed

reversal in the differences in frequency and depth of pitting. It may also account for the

higher frequency and depths of pitting on more sparsely forested mountain ranges of the

central and southeastern portions of the transect relative to the northwest. Basaltic

surface boulders have higher frequencies of oxidation, splitting, and freshness relative to

the granitic rock types (Fig. 5. 12e, f, and g). Surface oxidation of basaltic material may

be greater because of a higher content of ferro-magnesian minerals. The oxidation and

freshness of granitic boulders are also directly influenced by periodic freshening from

forest fires.

These clast weathering patterns can also be explained by the dominant mechanism

that operates to break down each rock type (Birkeland, 1984). Granitic bedrock tends to

be coarse grained and weathers by hydration of biotite and clay within its crystal matrix.

This causes relatively rapid granular disintegration of clasts. In general, basaltic bedrock

weathers more slowly by chemical alteration of minerals at the interface between

precipitation or soil water and the clast's surface. This argument shows particular merit

when porphyritic basaltic clasts at Steens Mountain are observed. They show higher

degrees of pitting frequency (Fig. 5. 12c) and pit depth (Fig. 5. 12d) than the other ranges

composed of basaltic bedrock, in which the basalt is generally more aphanitic.

Surface-boulder frequencies (Fig. 5. 12h) do not display significant differences in

degree of weathering between boulder lithologies. Similar surface-boulder frequencies

may be the result of greater boulder production in granitic material during nonglacial

periods due to inherent structural weaknesses in the bedrock leading to initially high

surface-boulder frequencies that are rapidly reduced by a high rate of weathering. This

phenomena, combined with lower rates of boulder production and weathering of basaltic



material, may produce relatively uniform RD values for this parameter between rock

types.

5.5.3 Climatic Controls

Several of the RD parameters for drift unit II show weak trends in development

variability (Fig. 5.12) that may be attributed to the assumption that climate was similar

from the late Pleistocene to the present day. PDI's in basaltic and granitic parent

materials show little change from north to south along the study transect (Fig. 5. 12a).

These observations agree with Harden and Taylor's (1983) interpretation that the PDI is

climatically independent.

On the basis of his own work and the studies of others, Birkeland (1984)

suggested that eolian input from deflated pluvial lake basins into a soil profile, rather than

wanner temperature, may explain greater rates of soil formation during interglacials.

This is supported by the work of Gile etal. (1981), McFadden (1982), Davis (1987),

and Chadwick and Davis (1990) in portions of the southern and western Great Basin.

Little is known about the distribution of eolian sediment away from source areas, as all

published investigations are close to playas where eolian deposition is significant.

Although they lie downwind from pluvial lake basins, soil development at Steens

Mountain, the Pine Forest Range, and the Tushar Mountains is not increased relative to

adjacent ranges. However, these study areas are located at considerably higher elevations

and at relatively great distances from these potential eolian sources, and may lie beyond

significant bess deposition.

WRs developed on basaltic cobbles show a slight increase from north to south

along the study transect (Fig. 5. 12b), whereas the opposite developmental trend is

generally true for the granitic cobbles, with the exception of the Deep Creek Mountains

where boulder weathering may be lithologically controlled. In a transect across the

northern Rocky Mountains, Colman and Pierce (1981) found that WRs developed on
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basaltic cobbles increased with increasing precipitation, a trend which is observed for the

granitic cobbles of this investigation. The fact that the thickness of basaltic WRs

increases toward the southeast in the Great Basin may reflect a southward increase in

mean annual temperatures (rates of chemical reactions increase proportional to

temperature), while precipitation remains relatively constant as the elevation of glacial

deposits increases southward.

Pitting frequency (Fig. 5.1 2c) increases on granitic surface boulders from north to

south along the study transect, and, with the exception of the Tushar Mountains, seems

to increase slightly on basaltic boulders as well. However, no observable trends exist for

mean pit depth (Fig. 5.12d). As discussed above, development of these parameters is

strongly influenced by periodic forest-fire-induced spalling which freshens boulder

surfaces, particularly on granitic bedrock. In general, higher pitting frequencies and

greater depths occur in the central portion of the transect where forest vegetation on

moraines was at a minimum Since vegetation patterns in the Great Basin are mainly

controlled by precipitation, developmental trends in pitting of granitic boulders are related

to climate as well as lithology.

The frequency of oxidized basaltic boulder surfaces (Fig. 5. 12e) increases from

north to south along the study transect, and, with the exception of the Deep Creek

Mountains, a similar trend occurs in relation to granitic boulders. Surface oxidation is

related to chemical alteration of ferro-magnesian minerals, a process that may be

dominated by temperature as long as ample water is available. This developmental trend

may be somewhat more pronounced on basaltic boulders because of more abundant

ferro-magnesian minerals in basalts and because of the removal of oxidized mineral

grains from the surface of granitic rocks by granular disintegration and spalling. A lack

of oxidation of the surface boulders from the Deep Creek Mountains may reflect mineral

composition differences between the granitic ranges, with the Deep Creek Mountains

having less ferro-magnesium minerals.
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The frequency of split granitic boulders (Fig. 5.120 clearly decreases along the

study transect from north to south. A similar, but more weakly developed trend, also

occurs on basaltic boulders. Apparently higher moisture levels and/or lower temperatures

are an important influence on boulder splitting, although increased frequency and

intensity of freeze/thaw cycles with increasing continentality is probably the dominant

control (Birkeland, 1984).

The frequency of fresh basaltic boulder surfaces (Fig. 5. 12g) increases from north

to south along the study transect, but no such developmental trend occurs on granitic

boulders. A higher frequency of fresh surfaces on basaltic bedrock may be related to

development of oxidation rinds, where the rind acts to armor the boulder from potential

granular disintegration, thus increasing the duration of the fresh surface (Colman and

Pierce, 1981).

SBF may decrease slightly for basaltic lithologies (Fig. 5.1 2h), and may increase

slightly for granitic rock types from north to south along the study transect. The trend is

poorly developed for basaltic boulders, and as previously discussed, SBF in the Tushar

Mountains is not reliable. The trend of SBF's for granitic boulders is more apparent and

agrees with other RD parameter development trends for granitic bedrock, that is, SBF

increases with decreasing severity of physical weathering processes (spalling and

granular disintegration).

These weathering trends suggest that RD parameter development is more complex

than the simplified climatic model presented above. In the Great Basin, precipitation

increases with elevation, but decreases with continentality. In general, the assumption

that moisture availability is greater (and therefore weathering is greater) in the northwest

relative to the southeast is true, but only if the elevation at which weathering is being

compared remains constant. Unfortunately, this is not the case in this investigation, as

the glacial deposits in mountain ranges of the study transect occur at gradually increasing

elevations north to south. A combination of increasing elevation and continentality
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probably causes precipitation to remain relatively uniform where glacial deposits occur in

these ranges. Modem climatic data indicate a gradual increase in temperature toward the

southeast along the study transect, allowing temperature to influence weathering to a

greater degree and causing weathering to increase in this direction as well.

Catt (1986) suggested that climatic gradients in Soils are best evaluated in areas

where geographic differences of rainfall and temperature have remained constant for long

periods of time. He presented evidence from the mid-western United States and western

Europe to support the concept of the soil-forming interval (Morrison, 1967, 1978). This

concept implies that most soil development occurs during relatively short time intervals of

about 10,000 years duration. These intervals are represented by intergiacials when high

moisture and temperature conditions, optimal for rapid soil formation, prevailed

(Morrison,1967, 1978; Catt, 1986). Catt (1986) considered that synchroneity between

rainfall and temperature maxima significantly influences the rate of soil development, and

called upon this effect to produce accelerated soil formation during interglacial periods.

The lack of any consistent trends in weathering variability along the Great Basin transect

suggests that precipitation and temperature may have fluctuated spatially and temporally

since the last glacial maximum in this region.

5.6 Summary

I have used RD parameters to establish glacial chronosequences in nine mountain

ranges along a northwest to southeast transect through the northern Great Basin and

adjacent areas. The rate of RD parameter development is influenced by several

environmental factors, which, if held constant in a given area, can be used to differentiate

among deposits of separate glacial events. Using this technique, a three-fold sequence of

drift units (drift unit III, youngest, to drift unit I, oldest) was recognized in five ranges of

the study transect, while a two-fold sequence was determined for the other four.
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Drift-unit ages were estimated by examining RD-parameter-development ratios,

PDI curves, and WR-development curves for each mountain range. Drift unit II is

interpreted to represent the last glacial maximum of the late Pleistocene and was probably

deposited during oxygen-isotope stage 2. Drift unit ifi may be associated with a

stillstand or readvance of glaciers during overall retreat from the last glacial maximum, or

it may represent one or more neoglaciations. Glacial deposits of drift unit I probably

represent either an earlier stadial advance of the last major glaciation (oxygen-isotope

stage 4), or an older glaciation correlative with oxygen-isotope stage 6, which is

recognized in several of the mountain ranges.

Correlation of drift units among mountain ranges is complicated by lithologic and

climatic differences among study areas and by other environmental conditions such as

frequency and intensity of forest fires. There are recognizable differences in RD

parameter development between mountain ranges of a given portion of the study transect

dominated by granitic and basaltic parent materials. Accounting for these weathering

variables wherever possible, increases the accuracy of regional correlations of glacial

deposits in the northern Great Basin and adjacent areas of the western United States.

Generally inconsistent variability in RD parameter development among the weathering

parameters suggests that climatic conditions fluctuated in this region from at least the last

glacial maximum to the present-day.



CHAPTER 6: ESTIMATION OF LATE PLEISTOCENE
PALEOCLIMATIC CHARACTERISTICS FROM

RECONSTRUCTED EQUILIBRIUM-LINE ALTITUDES

Equilibrium-line altitudes (ELAs) of glaciers have been used to infer modern and

late Pleistocene climatic conditions in arctic and alpine areas. A common approach to

estimating paleocimatic conditions has been to determine the magnitude of the altitudinal

depression of the late Pleistocene equilibrium-line and calibrate this depression in terms

of modern temperature anchor precipitation gradients (Qstrem, 1966; Andrews and Miller,

1972; Porter, 1977; Porter et al., 1983; Leonard, 1984; Zielinski and McCoy, 1987).

Another approach has been to compare modern climatic conditions at late Pleistocene

ELAs, with conditions at present-day glacier ELAs from the same region (Locke, 1989;

Locke, 1990a, 1990b). In the absence of modern glaciers in southwestern Colorado,

Leonard (1989) modified this technique by comparing modern climatic characteristics at

reconstructed paieo-ELAs with the range of climatic conditions occurring at the ELAs of

modern mid-latitude glaciers, in order to estimate paleoclimatic conditions for that region.

Due to the absence of modem glaciers in the mountain ranges studied in this

investigation, I could not directly determine the magnitude of equilibrium-line depression

during the last glacial maximum, or compare present-day climates at paleo and modern

equilibrium-lines of the mountain ranges along the study transect. Therefore, I used the

method developed by Leonard (1989) in order to estimate the paleoclimatic conditions in

the northern Great Basin and adjacent areas.

6.1 Estimation of Late Pleistocene ELAs

6.1.1 Reconstruction of Former Ice Limits

The maximum extent of late Pleistocene glaciers in each mountain range was

reconstructed from detailed glacial-geologic mapping of the areal distribution of drift unit

II using methods outlined by Porter (1975). Glacier limits in the downvalley portion of a

1 62
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drainage basin were determined by the position of terminal and/or lateral moraines

corresponding to drift unit II. Where moraines did not occur, the former ice limit could

often be inferred from a change in valley morphology (U-shaped transitional to

V-shaped downvalley) and/or from the presence of till or glacial erratics blanketing valley

slopes and bottoms, particularly where the lithology of the glacial deposits differed from

bedrock exposed in the lower valley positions. Glacier limits in the upvalley portion of a

drainage basin were inferred from glacier-erosional features related to former ice limits.

Truncated spurs and the transition from smoothed and abraded valley walls to frost-

shattered bedrock interfluves (trimlines) were often used to differentiate between glaciated

and nonglaciated areas, and the presence of striated and/or polished rock surfaces

compared to adjacent abraded surfaces that did not display these small scale erosion

features was often helpful in determining areas glaciated during the last glacial maximum

relative to older glaciated areas.

The maximum thickness of valley glaciers was estimated from the elevation of

lateral moraines in the downvalley portion of a drainage basin, while glacier thickness in

the upvalley portion was initially estimated from trimlines Porter (1975) indicates that in

headward parts of a watershed valley walls are usually steep and contours closely spaced

so even large errors in the vertical position of ice limits in former accumulation areas will

not change the total glacier-covered area by more than a few percent.

6.1.2 Basal Shear Stress Calculations

Glaciological parameters offer an independent means of evaluating glacier

reconstructions based on field observations, if we assume that these former glaciers

obeyed the same physical laws and were affected by the same physical processes as the

modern glaciers from which these parameters were derived. Calculation of basal shear

stress was used to estimate the plausibility of former glacier reconstructions because the
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two variables that control the shape of a glacier, ice thickness and surface slope, are also

the primary variables that determine basal shear stress.

Basal shear stress was determined from the equation T = pghsinaC (Nye,

1952), where T is the basal shear stress in bars, p is the density of ice, g is the

acceleration of gravity, h is the ice thickness, a is the slope of the ice surface, and C is

the shape factor. The shape factor, which modifies the basal shear stress equation where

glacial flow is affected by drag against valley walls (Nye, 1965), depends primarily on

the ratio of the half-width of the glacier to its maximum thickness, and also to the shape

of the valley cross section. In this study, the shape factor averaged about 0.75 for semi-

circular cross sections to about 0.50 for increasingly U-shaped cross sections.

Empirical observations from many modern glaciers indicate that the basal shear

stress is between 50 and 150 kPa and is constant for any relatively homogeneous

segment of an icecap or valley glacier (Nye, 1952; Paterson, 1969). Estimated values of

basal shear stress for accurately reconstructed Pleistocene glaciers generally agree with

these limits (Mathews, 1967; Clark, 1967; Pierce, 1979). Pierce (1979) found that basal

shear stress of the late Pleistocene northern Yellowstone icecap is strongly related to

glacier flow pattern, averaging about 120 kPa in valley glacier segments with strongly

extending flow and about 80 kPa in segments with strongly compressing. In general,

areas of extending (accelerating) flow occur in the accumulation zone of a glacier and

areas of compressing (decelerating) flow occur in the ablation zone.

In this study, calculated values of basal shear stress for the reconstructed valley

glacier of a given watershed generally increased in an upvalley direction and usually

conformed to basal shear stress patterns and limits determined by investigators in other

areas (Fig. 6.1). Because trimlines in the headward portions of glaciated valleys were

often indistinct, ice thickness was adjusted to bring calculated basal shear stress values

within the range of 50 to 150 kPa. Ice thickness was not adjusted where physical

reasons could explain values below 50 kPa or above 150 kPa. For example, basal shear
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stress values of as much as 400 kPa occurred in the vicinity of ice falls (an area of the

glacier where the ice surface is exceedingly steep in response to a similarly steep valley

floor). In this way, the surface area of each valley glacier was specified by the maximum

ice thickness determined at various points along its profile, leading to more accurate

reconstructions of total glacier area.

6.1.3 Equilibrium-line Altitudes

I used the accumulation-area ratio technique (AAR) (Meier and Post, 1962) to

reconstruct the ELAs of former late Pleistocene glaciers. Meierding (1982) found that

this method resulted in the lowest statistical errors regarding the position of the ELA.

AAR values of 0.5 to 0.8 were reported by Meier and Post for modem glaciers of

maritime northwestern North America, while Grosval'd and Kotlyakov (1969) indicate

values of 0.5 to 0.6 for more continental glaciers of the Tien Shan of central Asia. AAR

values of 0.65 ± 0.05 for alpine valley glaciers (Meierding, 1982) and of 0.75 ± 0.05 for

alpine ice caps (Pierce, 1979) of the continental western United States were assumed for

reconstructing the ELAs of paleo-glaciers studied in this investigation.

Reconstructed late Pleistocene glaciers for each mountain range of the study

transect are presented in Figs. 6.2-6.10. Contours on the ice surface were assumed to be

concave up-ice below the ELA and concave down-ice above the ELA, as found on

modem glaciers (Mathews, 1967).

The average ELA for each range was estimated by dividing the total reconstructed

glacier area into separate subglacier units based on watershed divides and calculating their

areas, then weighting the ELA of each subunit by its percentage of the total glacier area to

obtain the mean ELA. Table 6.1 shows the weighted-mean ELAs for each range

determined in this investigation and compares them to late Pleistocene ELAs estimated

from cirque-floor altitudes (Porter et al., 1983). The close agreement between ELAs
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Figure 6.7. A reconstruction of glaciers in the Pine Forest Range during the last glacial
maximum. ELAs are indicated by dashed lines.
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TABLE 6.1
Reconstucted Equilibrium-line Altitudes

* Estimated from Porter et at. (1983), Figure 4.2.

determined by these methods suggests that existing cirque-floors were most likely fonned

and/or extensively modified during the last glacial maximum as argued by Flint (1971)

and Moran (1974). Presumably cirque-floor altitudes can be used to establish reasonable

estimates for ELAs in other regions of the western United States as well.

6.2 Climatic Characteristics of Modern Glaciers

The net mass balance of a glacier is a function of accumulation and ablation, which

are in equilibrium at the ELA (Meier, 1962). Studies have shown that the altitudinal

position of the equilibrium line is dependent on mean summer (July) temperature

(Andrews and Miller, 1972; Bradley, 1975) and winter accumulation of snowfall (Porter,

1977). Leonard (1989) plotted mean summer temperature, based on June through

August means, against mean winter accumulation at the ELA of 32 mid-latitude glaciers

with a worldwide distribution (data from Loewe (1971) and Sutherland (1984)) (Fig.

6.11). The data identify a nonlinear relationship between summer temperature and winter
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Study Area Reconstructed ELA (m)
This Investigation CirquefIoors*

Siskiyou Mtns. 1460 1500

Aspen Butte 2030 1970

Elkhorn Mtns. 2080 2110

Strawberry Mtns. 2090 2150

Steens Mtn. 2270 2290

Pine Forest Range 2490 2450

Ruby Mtns. 2750 2900

Deep Creek Mtns. 3030 3080

TusharMtns. 3190 3170
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Figure 6.11. Winter accumulation versus mean summer (June-August)
temperatures at the ELAs of 32 glaciers distributed worldwide. Adapted
from Leonard (1989).

accumulation at any ELA (Kotlyakov and Krenke, 1982; Sutherland, 1984; Leonard,

1989), which indicates that mean summer temperature and winter accumulation may not

be the only controls on equilibrium-line position. The center of the envelope is defined

by the equation A = 1.33 (Tvi-viii + 8.16)2.85 which describes the relationship between

mean summer temperature and winter accumulation and represents the best fit curve for

the data (Leonard, 1989), where A is winter accumulation in millimeters of water

equivalent and Tvi-viii is mean summer temperature at the ELA. Two equations located

at one standard deviation to the right and left of the curve (A = 1.33 (Tvi-viii + 9.66)285
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and A = 1.33 (Tvi-viii + 6.66)2.85) define the margins of the envelope. The equations

indicate an approximately 30 C range of summer temperatures thatmay occur for a given

winter accumulation and an expanding range of accumulation as summer temperature

increases.

Figure 6.11 provides a first approximation of the combinations of temperature and

accumulation that are necessary to maintain mass-balance equilibrium for modern

glaciers. Assuming these controls also operated at the ELAs of late-Pleistocene glaciers,

this figure also provides an estimate of climatic conditions that may have occurred at the

paleo-ELAs of these glaciers, although where on the temperature-accumulation curve the

climatic characteristics of a particular paleo-glacier fell is unknown.

6.3 Modern Climatic Characteristics at Paleo-ELAs

Modern climatic conditions at reconstructed late-Pleistocene ELAs are modeled on

the basis of instrumental climatic and snow-survey data obtained from weather stations

and snow survey sites in close proximity (10 of latitude and longitude) to the mountain

ranges of the Great Basin transect. To facilitate comparison of these data to the data

presented in Figure 6.11, mean June through August temperatures were determined for

each station. Late-season maximum water equivalent of the spring (April 1st) snowpack

measured by snow survey was used as an analogue for winter net balance measured on

the surface of a glacier (Porter et al., 1983; Zielinski and McCoy, 1987). Regressions of

altitude versus summer temperature and altitude versus winter accumulation were

constructed for each mountain range. Both mean summer temperature and winter

accumulation at paleo-ELAs could be approximated by either interpolation where modem

climatic data had been collected to altitudes above late-Pleistocene ELAs, or by

extrapolation where data were not available at or above late-Pleistocene ELAs.

Appendix 3 presents regressions of altitude vs. mean summer temperature and

altitude vs. winter accumulation for each mountain range of the study transect. Leonard
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(1989) found that the altitude versus temperature regressions were good approximations

of mean summer temperature at late-Pleistocene ELAs because of the high degree of

correlation between altitude and summer temperature, and because little or no

extrapolation of the regression curve was necessary to reach the altitudes of late-

Pleistocene ELAs in that region. A similar relationship exists for the mountain ranges of

this investigation; regressions explain between 77 and 87 % of the variation of the

dependent variable (Appendix 3a, b, c, d, e, and i), except for ranges in the interior Great

Basin. The Pine Forest Range (Appendix 3f), Ruby Mountains (Appendix 3g), and

Deep Creek Mountains (Appendix 3h) have regressions that explain only 64 to 67 % of

the variation. Correlation coefficients of these latter regressions are probably low

because of the sparse distribution of weather stations in Nevada and the lack of any high-

elevation stations.

Leonard (1989) found that regressions of altitude versus winter accumulation were

of somewhat poorer quality than regressions of altitude versus summer temperature,

although along a particular side of a given mountain range, a strong relationship between

altitude and winter accumulation was noted. In this investigation, regressions of altitude

versus April 1st snowpack were assumed to be reliable indicators of winter accumulation

at the late-Pleistocene ELAs of mountain ranges along the study transect. Snowpack

data from interior or leeward sites in a given range were not used if values dropped below

one standard deviation of the accumulation recorded at windward sites of comparable

elevation.

Correlation coefficients of April 1st snowpack vs. altitude vary from 94 % for

Steens Mountaln (Appendix 3e), where all snow survey sites in the regression are located

in the range itself, to values of 69% and 71% for the Pine Forest Range (Appendix 3f)

and Tushar Mountains (Appendix 3i), respectively, where many snow survey sites are

scattered among surrounding ranges. These latter two ranges lacked enough of their own

snow survey sites to establish reliable altitudinal distributions and it was necessary to use
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sites from adjacent ranges. Using these snow survey sites probably increases the

likelihood of introducing localized climatic influences due to the strong influence of

topography and moisture source on precipitation patterns in mountain ranges of the

interior west (Barry, 1981) and, thus, reduces the potential correlation.

Table 6.2 shows mean summer temperature (MST) and winter accumulation (WA)

values obtained at the paleo-ELAs for each mountain range of the study transect. MST

values generally decrease toward the southeast end of the study transect (Figure 6.12),

related to increasing ELAs and possibly to increasing continentality of each mountain

range. Locke (1 990a; 1 990b) identified the importance of continentality to modern and

late-Pleistocene glaciation of western Montana. The potential influence of continentality

can probably be extended into the northern Great Basin because of the similar controls on

air-mass distribution in these adjacent regions.

WA values fluctuate along the study transect (Figure 6.12), probably a complex

response to a combination of increasing elevation and continentality and to localized

climatic influences. For a constant elevation, WA is somewhat greater along the

northwestern margin of the Great Basin, but shows considerably more variation in the

interior. Again, this is probably caused by the strong influence of local topography and

moisture source on precipitation patterns in this region.

6.4 Estimation of Late Pleistocene Temperature Depression

Comparison of modern climatic conditions at late-Pleistocene ELAs with the

envelope of Figure 6.11 gives some indication of the magnitude of climatic change since

the late Pleistocene, and of possible combinations of summer temperature and winter

accumulation changes that are necessary to support late-Pleistocene glaciation (Leonard,

1989). These comparisons do not provide a unique solution, as multiple combinations of

temperature and accumulation changes would move modern climates at late-Pleistocene



TABLE 6.2
Mean Values of Modern and Late Pleistocene Climatic Characteristics at Reconstructed Late Pleistocene ELAs

MST = Modern mean summer temperature.
WA = Modern winter accumulation.
Psf = Modern precipitation rate in spring and fall.
dTs/dt = Modern rate of temperature change in spring and fall.
dip = Summer temperature depression.

Study Area
Modern Climate Data
MST (°C) WA (cm H20) Psf (cm/mo.) dls/dt (°C/mo.)

Late Pleistocene dTp (°C)
O.5x WA 1 .Ox WA 2.Ox WA

Late Pleistocene WA (% modern WA)
O.5x WA 1 Ox WA 2.Ox WA

Siskiyou Mtns. 15.0 23.6 8.3 3.9 18.3 17.0 15.3 344.9 647.0 1184.8

Aspen Butte 11.3 132.7 12.1 22.1 10.6 8.2 5.0 100.4 177.6 296.0

Elkhorn Mtns. 8.4 77.6 9.1 12.9 9.2 7.2 4.6 113.7 199.5 327.9

StrawberryMtns. 8.3 66.3 7.0 11.1 9.5 7.6 5.2 109.9 195.6 330.1

Steens Mountain 8.9 52.6 6.1 8.8 10.7 8.9 6.9 123.3 222.4 383.3

Pine Forest Range 6.2 93.4 10.9 15.6 8.6 6.4 3.7 110.7 190.8 303.6

Ruby Mtns. 8.1 68.9 6.9 11.5 9.2 7.3 4.8 115.3 203.1 336.4

DeepCreekMtns. 5.3 93.2 8.2 15.5 5.6 3.4 0.7 95.9 156.5 222.8

TusharMtns. 3.8 55.0 5.7 9.2 5.4 3.6 1.4 81.2 141.8 231.0
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Figure 6.12. The modern mean summer temperature (top #) and winter
accumulation (bottom #) at the reconstructed late Pleistocene ELAs of nine
mountain ranges in the Great Basin and adjacent areas of the western United
States. The ranges include: (AB) Aspen Butte area, (DC) Deep Creek Mtns.,
(EH) Elkhorn Mtns., (PF) Pine Forest Range, (RM) Ruby Mtns., (SB)
Strawberry Mtns., (SI) Siskiyou Mtns., (SM) Steens Mtn., and (TM) Tushar
Mtns. The hachured line indicates the approximate areal extent of the Great
Basin.

ELAs into the envelope of glacial conditions. However, they do allow an evaluation of

the temperature change associated with a given accumulation change and vice versa.
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Table 6.2 shows the mean values of summer temperature depression (dTp)

necessary to sustain glaciers in each mountain range in this investigation under three

alternate precipitation conditions, O.5x, 1 .Ox, and 2.Ox the value of present-day winter

accumulation (WA). These precipitation conditions were chosen to simulate the effects of

possible fluctuations in total annual precipitation during the late Pleistocene as suggested

by differing paleoclimatic models (Zielinski and McCoy, 1987; COHMAP Members,

1988; Kutzbach et al., 1993). These simulations assume that there is a direct relationship

between changes in total annual precipitation and winter accumulation. That is, changes

in WA are used as a proxy for changes in total annual precipitation. Mean summer

temperature depression for a given precipitation regime was determined by plotting the

modern MST vs. O.5xWA, 1.OxWA, and 2.OxWA on the envolope of modern glacial

climatic conditions (Figure 6.11) and calculating the change in temperature necessary to

move each point into the center of the climatic envelope for modern glaciers. For

example, summer temperature depressions for the three alternate precipitation regimes at

Steens Mountain, Oregon, are shown in Figure 6.13.

6.5 Estimation of Changes in Winter Accumulation

Temperature change and accumulation change are not independent of one another.

Any temperature change will affect the lengths of accumulation and ablation season, and

thus the percentage of annual precipitation falling as snow. To determine the effect of

changing temperature on snow accumulation, two assumptions are made (Leonard,

1989): 1) late-Pleistocene temperature depression was the same during the spring and fall

as it was during the summer, and 2) the accumulation season can be equated with the

portion of the year during which mean daily temperatures are below 0°C. The amount of

increase in accumulation as a result of temperature depression is calculated by

determining the amount of time added to the accumulation season by a given temperature

depression, and then by determining the amount of snow accumulation which would
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Figure 6.13. Determination of late Pleistocene temperature depression (dTp)
for three alternate precipitation regimes (0.5xWA, 1 .OxWA, and 2.OxWA) at
Steens Mountain, Oregon.

occur during that interval. To make these calculations, it was necessary to approximate

the length of the present accumulation season, the rate of temperature change during the

late spring and early fall months that might be added to the accumulation season as a

result of temperature depression, and the rate of precipitation during those months

compared to that of the present-day accumulation season.

The following equation was used to approximate the effect of late-Pleistocene

temperature depression on winter accumulation (Leonard, 1989),

dA = 2[dTp/(dTs/dt)] x [(Am/Sm) x (Psf/Pw)]

where: dA change in winter accumulation (cm H20)

dTp = late-Pleistocene summer temperature depression (°C)

dTs/dt Rate of seasonal temperature change in spring and fall (°C mo1)
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Am = Modem winter accumulation (cm H20)

Sm = Length of modem accumulation season (mo)

Psf = Modern spring and fall precipitation rate (cm mo-1)

Pw = Modern winter precipitation rate (cm mo-1)

The first term of the equation approximates the increase in the length of the accumulation

season as a function of the amount of temperature depression, and rate of temperature

change during the spring and fall seasons. The second term approximates the amount of

accumulation increase per month which would result from increasing accumulation rates,

and from the increasing ratio of spring and fall precipitation rates to winter precipitation

rates.

The length of the modern accumulation season for each range was estimated to be

6 months (October through March) because the mean monthly temperature during these

months is near or below 00 C for a majority of each of these months. Modem rates of

spring and fall temperature change (dTs/dt) and modem spring and fall precipitation rates

(Psf) for weather stations in close proximity to each mountain range of the study transect

were plotted vs. altitude. These rates were estimated from the first two months in the

spring and last two months in the fall when mean monthly temperature is above 00 C.

Regressions were calculated from these plots (Appendix 4) and extrapolated to the

reconstructed ELAs to obtain estimates of modern dTs/dt and Psf at the late-Pleistocene

ELAs (Table 6.2).

Correlation coefficients associated with the regressions are generally low,

explaining between 49 and 74% of the variation for altitude vs. dTs/dt and between 49

and 71% for altitude vs. Psf. Poor correlation between these climate parameters and

altitude is probably related to: 1) the rapid changes in temperature and precipitation

generally associated with alpine areas during these time periods relative to more stable

conditions in the summer and winter (Barry, 1981); and 2) the poor spatial distribution of

the data sets, as weather stations are sparsely located in this region and generally occur at
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low elevations relative to late-Pleistocene ELAs. Leonard (1989) attempted to alleviate

these problems by determining dls/dt and Psf values oniy at certain high-altitude weather

stations (stations located at the same altitudinal range as the reconstructed ELAs) where

changes in temperature and precipitation are more gradual and/or extrapolation of this data

to reconstructed ELAs was not required. Such high-altitude weather stations do not

occur in most of the Great Basin, but despite the generally poor correlations of altitude

vs. rate of temperature change and altitude vs. precipitation rate, regressions indicate

similar patterns to that of altitude vs. mean summer temperature and altitude vs. winter

accumulation, respectively. Lacking more high-altitude stations, spring and fall rates of

temperature change and precipitation rates derived from Appendix 4 are assumed to be

reliable and are probably at least within the same order of magnitude as the true values.

Thus, they can be used to provide at least a first-order approximation of changes in late-

Pleistocene winter accumulation related to temperature depression.

Changes in winter accumulation (dWa) associated with mean summer temperature

depression during the late Pleistocene are shown in Table 6.2. The amount of

precipitation change is presented in terms of the percentage of modern winter

accumulation. These values are estimated using the three alternate precipitation regimes

discussed previously (O.5x, 1 .Ox, and 2.Ox the value of present-day winter

accumulation). Figure 6.14 graphically displays changes in winter accumulation for the

precipitation conditions at Steens Mountain, Oregon. Notice that dWa due to summer

temperature depression (and increase in the length of the accumulation season) places the

late Pleistocene climatic conditions at Steens Mountain, Oregon, outside the climatic

envolope for modern glaciers. This phenomena can be observed in the other field areas

as well, which suggests that the values of summer temperature depression represent

maximums, and that a combination of temperature depression and accumulation increase

was responsible for glaciating the mountain ranges of the study transect.
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Figure 6.14. The change in late Pleistocene winter accumulation (dWa) due
to a depression of mean summer temperature for three alternate precipitation
regimes at Steens Mountain, Oregon.

6.6 Possible Sources of Error

There are many potential sources of error in the preceding calculations. Meierding

(1982) determined that the error related to position of the late-Pleistocene ELA from the

AAR method is about ±75 m. Assuming that there is no error associated with the

prediction of modem climatic characteristics at late-Pleistocene ELAs based on summer

temperature, winter accumulation, rate of spring and fall temperature change, and spring

and fall precipitation rate versus altitude regressions (in reality, not the case), the error in

ELA position alone translates into an approximate error range of 1.4±0.4 0 C in summer

temperature, 15.4 ± 5.8 cm H20 in winter accumulation, 0.12 ± 0.04 °C/mo. in spring

and fall temperature change, and 0.8 ± 0.2 cm H20/mo. in spring and fall precipitation.
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Errors associated with the regressions of modem climatic characteristics versus

altitude are more difficult to quantify. In general, as the correlation coefficients decrease,

errors in the numerical estimates of a given climatic parameter will increase. Assuming

that the appropriate value of each climatic characteristic falls within one standard deviation

of the regression line, this could translate into a potential range of error of about 2.8 ±

1.0 °C for summer temperatures, 23.6 ± 9.8 cm H20 for winter accumulation, 0.6 ± 0.2

°C/mo. for spring and fall temperature change, and 2.6 ± 0.6 cm H20/mo. for spring and

fall precipitation. In each type of regression, the error associated with position of the

reconstructed ELA fails within the bounds of the potential error related to the regressions

themselves, and thus, it will not affect the results of these paleo-climate estimations.

Another source of error is associated with Fig. 6.11, where a given amount of

winter accumulation is related to a 3.0 °C range in summer temperatures. This error

might lead to a similar error in the range of calculated late-Pleistocene temperature

depressions and cause an over- or underestimation of the change in late-Pleistocene

winter accumulation on the order of 14.7 ± 4.4 cm H20. It is not possible to estimate

the error involved with the assumption that any changes in overall temperature and

precipitation that occurred during the late Pleistocene were distributed evenly over the

entire year. Also, these calculations do not attempt to quantify other possible changes in

climatic conditions, such as shifts in the pattern of air-mass distribution or lake-effect

feedback mechanisms.

The quantifiable sources of error in these calculations can be combined for an

estimated range of cumulative error in late-Pleistocene temperature depression and winter

accumulation changes of approximately 2.6 ± 0.7 °C and 24.1 ± 13.5 cm H20,

respectively.



6.7 Discussion of Results

Several observations can be made from the mean summer temperature depression

values of Table 6.2. First, for a given annual precipitation regime (O.5x, 1.Ox, and 2.Ox

the modem level), winter accumulation increases in response to summer temperature

depression because the length of the accumulation season increases. Figure 6.15

indicates that if the maximum temperature depressions given in Table 6.2 did occur, the

corresponding increase in winter accumulation due solely to that temperature depression

Late Pleistocene Glacial Climatic Conditions
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AB - Aspen Butte
DC - Deep Creek Mtns.
EH - Elkhorn Mtns.
PF - Pine Forest Range
AM - Ruby Mtns.
SB - Strawberry Mtns.
SI - Siskiyou Mtns.
SM - Steens Mtrt.
TM - Tushar Mtns.
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Figure 6.15. The range of possible climatic conditions necessary to glaciate a given
mountain range along the Great Basin study transect. They are approximated by the
solid lines between open boxes (modem MST and WA at the late Pleistocene ELA)
and closed boxes (maximum dTp and dWa during the late Pleistocene at the ELA).
The slope of the lines suggests that a combination of temperature depression and
increase in accumulation probably occurred.
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would place reconstructed climatic conditions at the ELA of these glaciers outside the

envelope of known conditions necessary to sustain the mass-balance equilibrium of

glaciers. Therefore, the mean summer temperature depression values obtainedherein

should be considered maximums because the amount of winter accumulation can be

maintained somewhat by the temperature depression itself, even if total annual

precipitation decreases. In other words, the climatic conditions necessary to glaciate a

given area can be obtained by a combination of summer temperature depression and

winter accumulation increase as approximated by the solid lines in Figure 6.15 where

they cross the climatic envelope.

Second, as winter accumulation decreases the temperature depression required to

glaciate an alpine area increases. Under the three alternate annual precipitation regimes

tested in this investigation, mean summer temperature depression was greatest where

winter accumulation was at its lowest level (Table 6.2). This suggests that reductions in

mean summer temperature during the late Pleistocene were probably coincident with

reduced total annual precipitation.

Third, late-Pleistocene temperature depression generally decreases from northwest

to southeast across the northern Great Basin (Fig. 6.16). A more detailed examination

of this trend indicates that temperature depression decreases rapidly from the coastal

mountains of northern California to south-central Oregon, remains relatively constant

throughout eastern Oregon and Nevada, and decreases again from central Nevada to

central Utah. This trend closely corresponds to the modern trend of MST in the northern

Great Basin.

The high value of temperature depression in the Siskiyou Mountains (Table 6.2,

Fig. 6.16) is most likely due to the low amount of modern snowfall at the extremely low

late-Pleistocene ELA and high mean summer temperature associated with the modern

Mediterranean climate in this area. In order to sustain glaciers in this mountain range, a

moderate temperature depression was probably attained by shifting the Mediterranean
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Figure 6.16. Summer temperature depression and change in winter accumulation
at the reconstructed late Pleistocene ELAs of mountain ranges in the Great Basin
and adjacent areas of the western United States. The mountain ranges are labeled:
(AB) Aspen Butte area, (DC) Deep Creek Mtns., (EH) Elkhorn Mtns., (PF) Pine
Forest Range, (RM) Ruby Mtns., (SB) StrawberryMtns., (SI) Siskiyou Mtns.,
(SM) Steens Mtn., and (TM) Tushar Mtns. The numbers enclosed in circles are
dTp (top) and dWa (bottom) expressed in °C and % of modern WA, respectively.
The hachured line indicates the approximate areal extent of the Great Basin.

dominated climate much further south, accompanied by a substantial increase in winter

accumulation above the present-day value. The increased precipitation could have been in

response to the southward shift in the position of the late Pleistocene jet stream

(COHMAP Members, 1988, Kutzbach et al., 1993).
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An average mean surmner temperature depression during the late Pleistocene from

the mountain ranges of eastern Oregon (Elkhorn mountains, Strawberry Mountains, and

Steens Mountain) is about 8 °C (Table 6.2, Figure 6.16), assuming no change from

modern winter accumulation. A significant increase in winter accumulation in this region

during the late Pleistocene would result in less temperature depression, but this scenario

does not seem likely given the close proximity of the Laurentide and Cordilleran ice

sheets. However, a change in winter accumulation reflecting drier conditions near the

Laurentide and Cordifleran ice sheets would require additional temperature depression to

glaciate these ranges (Table 6.2).

The degree of summer temperature depression decreases southward, probably

reflecting increasing distance from the ice-sheet margin. A slight increase in the

temperature depression trend occurs between the mountain ranges of Nevada (Table 6.2,

Fig. 6.16). This increase probably reflects weak altitude vs. temperature and/or altitude

vs. winter accumulation regressions, and may only be an artifact of inadequacies in the

modern climate data sets rather than to real fluctuations in late-Pleistocene temperature

depression.

The low values of temperature depression obtained for the Deep Creek Mountains

and Tushar Mountains (Table 6.2, Fig. 6.16) are probably at least in part a result of

inaccurate estimates of modern mean summer temperature at the late-Pleistocene ELA

derived from the altitude vs. temperature regressions. A slight increase in the slope of the

regression line would probably have little effect on the strength of the regression, but it

would increase the modern mean summer temperature values by several degrees Celsius.

This would have the added effect of increasing the necessary temperature depression

needed to sustain glaciers in these ranges.

The lower temperature depression values at the southeast end of the study transect

may also be related to increasing continentality and to a change in circulation patterns

across the air-mass boundary between warm, moist, Pacific air flow and cool, dry,
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westerward air flow off the southern margin of the Laurentide ice sheet (COHMAP

Members, 1988, Kutzbach et al., 1993). The abrupt nature of the temperature change

suggests that air-mass distribution is probably the strongest control.

If late Pleistocene annual precipitation remained at modern levels (1 .OxWA), it is

apparent that winter accumulation would have increased in each range in response to the

estimated decrease in temperature (Table 6.2, Figure 6.. 16). Increases in winter

accumulation would be as much as 2 to lOx greater than present-day levels if annual

precipitation had increased considerably (2.OxWA) during the late Pleistocene (Table

6.2). Even if precipitation had decreased (O.5xWA) throughout the northern Great Basin

and adjacent areas, winter accumulation would have remained at or slightly above modern

levels in all of the mountain ranges, except the Deep Creek and Tushar Mountains, where

winter accumulation is lower than the average from all the other ranges combined under

each precipitation regime (Table 6.2, Figure 6.16).

These observations suggest that temperature depression was the dominant factor

determining the amount of winter accumulation during the last glacial maximum in much

of the Great Basin and adjacent areas to the north, rather than changes in annual

precipitation. However, temperature depression alone would not have been great enough

in the Deep Creek and Tushar Mountains to compensate for decreased precipitation,

suggesting that increased precipitation coincident with temperature depression was

necessary to glaciate these areas.

Moisture sources for increased annual precipitation in the Great Basin during the

late Pleistocene may have included pluvial-lake-feedback processes (Benson and

Thompson, 1987a; Hostetler and Benson, 1994), or a more substantial Gulf component

than is present today, combined with a southward shift in the jet stream (COHMAP

Members, 1988, Kutzbach et al., 1993). Increased moisture from southwesterly (Gulf)

sources would not have substantially affected winter accumulation as this precipitation

increase was related to sunm-ier monsoons. The presence of pluvial lakes upwind of
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mountain ranges in both the central and southern portions of the study transect suggests

that although feedback processes were probably locally important, they cannot

exclusively explain higher precipitation in the Deep Creek and Tushar Mountains. The

abrupt change in winter accumulation among ranges of the northern and central portions

of the transect and those of the southern portion of the transect, suggests a distinct

climatic boundary may have existed between subregions during the late Pleistocene,

probably controlled by air-mass distribution patterns. Modern annual precipitation in the

eastern Great Basin is substantially influenced by Gulf dominated circulation patterns,

while jet stream precipitation dominates the northern margin. The presence of the

Laurentide-Cordillerian ice sheets during the late Pleistocene may have enhanced Gulf

circulation and pushed the jet stream farther south, thereby increasing precipitation in the

central and eastern Great Basin, and at the same time making conditions somewhat cooler

and drier in the northwest.

6.8 Comparison of Estimated Paleoclimatic Conditions between this
Investigation and Interpretations made from Glaciological,
Paleobotanical, Pluvial, and Periglacial Data

The paleoclimatic reconstructions presented in the previous sections provide a

range of temperature depression and precipitation changes that may have sustained

glaciers in the northern Great Basin and adjacent areas during the late Pleistocene. As

with many other approaches used to reconstruct paleoclimatic conditions, such as

temperature depression estimates derived from ELA depression data, mass balance

models for glaciers or pluvial lakes, interpretation of periglacial environments, and many

paleoecologic studies, these estimates do not yield a unique solution to temperature and

precipitation of the past unless one variable is specified. However, the paleodlimatic

conditions resulting from this investigation can be compared to values of late Pleistocene

temperature depression obtained from these other lines of evidence in order to better

evaluate contrasting interpretations of the paleodimatic conditions that existed during the
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last glacial maximum in this region. Those lines of evidence that converge on similar

conclusions probably provide the best indication of paleodimatic conditions.

A potential source of error in these comparisons stems from the fact that mean

summer temperature depression was calculated in this investigation, whereas the late-

Pleistocene temperature depression reported for several other paleoclimatological studies

is in terms of annual change. The mean annual temperature depression in the Great Basin

during the late Pleistocene may have been achieved by uniformly depressing both mean

summer and mean winter temperatures, or by depressing mean winter temperature much

more significantly than mean summer temperature. Patrick Bartlein (personal comm.

1993) suggests that comparing summer temperature depression estimates of this

investigation with annual temperature depression estimates from pollen data is reasonable

because the magnitude of depression is consistent. The validity of the comparison only

becomes an issue when dealing with temperature depression during the early Holocene, a

period of time when seasonality due to orbital forcing was much stronger than today or

during the last glacial maximum.

On the basis of snowline depression, Porter (1977) suggests a winter temperature

decrease of about 5.5 °C and a 20 to 30% increase in winter accumulation in the northern

Cascade Range during the late Pleistocene. A similar estimate of temperature depression

and winter accumulation was obtained for the Aspen Butte area of the southern Cascades,

assuming annual precipitation remained at modern levels (Table 6.2, Fig. 6.16). The

trend of temperature depression and winter accumulation increases necessary to glaciate

the Siskiyou Mountains of northern California is also similar (Table 6.2), although the

magnitude of change is much greater. This reflects the fact that present-day summer

temperatures are significantly higher and winter accumulation significantly lower at the

reconstucted ELA in the Siskiyous than in the northern Cascades. Such late-Pleistocene

climatic conditions in the Siskiyou Mountains could have been produced by a significant

southward shift in the position of the jet stream, which would have allowed the axis of
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maximum precipitation to shift southward from northern Washington to at least northern

California, while maintaining a dominant Pacific source of air flow.

Paleobotanical data from eastern Washington indicate a maximum lowering of

mean annual temperature by approximately 14 °C during the late Pleistocene (Barnosky et

al., 1987; Thompson et al., 1993). By comparison, a mean summer temperature

depression for eastern Oregon (Elkhorn Mountains, Strawberry Mountains, and Steens

Mountain) estimated here (Table 6.2) is about 8 °C, assuming no change in winter

accumulation, while an average for the Aspen Butte area of south-central Oregon and the

Pine Forest Range in northwestern Nevada is 7 °C. This trend suggests decreasing

summer temperatures northward, toward the southern margin of the Laurentide-

Cordilleran ice sheets. Apparently, there was an abrupt change in temperature depression

between eastern Washington and eastern Oregon (14 °C vs. 8 °C), which may reflect the

presence of an extremely cold air-mass in close proximity to the continental ice sheets.

However, because reconstructed temperature depression in eastern Oregon is

precipitation dependent (Table 6.2) the magnitude of temperature change between areas

may actually have been less, especially if winter accumulation steadily decreased below

modern levels as the ice sheet margin approached.

A decrease in precipitation in areas adjacent to the ice sheet margin is supported by

Locke (1990), who used ELA depression to infer that a summer temperature reduction of

at least 10 °C, combined with a 15 to 40% decrease in annual precipitation, would have

sustained glaciers in the mountain ranges of western Montana during the last glacial

maximum. A similar magnitude of temperature depression (10-13 °C) was estimated for

the intermontane basins of Wyoming based on periglacial data (Mears, 1981).

Benson (1986) argued that the late Pleistocene Lake Lahontan high stand in

northwestern Nevada may have been achieved by reducing mean annual temperature by

7 °C, while maintaining precipitation at modern levels. This reconstruction seems to

agree well with the temperature depression estimate for the Pine Forest Range, assuming
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no change in annual precipitation. However, maximum lake levels in this basin occurred

at about 13.8 ka (Benson, 1992), most likely several thousand years after the late

Pleistocene glacial maximum, and thus, may only represent a mimimum estimate for the

actual temperature depression at the glacial maximum.

Malde (1964) suggested that at least an 8.5 °C annual temperature depression was

necessary for the formation of ice wedge casts on the Western Snake River plain. This

agrees with temperature depression estimates determined in this investigation for eastern

Oregon that correspond to maintaining or slightly lowering present-day precipitation

levels (Table 6.2). Paleobotanical studies in southeastern (Bright, 1966) and

southwestern (Barnosky et al., 1987) Idaho and in northwestern Nevada (Thompson,

1990) suggest that mean annual precipitation may have increased during the late

Pleistocene. According to the results of this investigation (Table 6.2), increased

precipitation would require a less significant temperature depression to sustain alpine

glaciers in this area. Thus, temperature decreases at Steens Mountain, Aspen Butte, and

the Pine Forest Range may have been less than 9-7 °C, which were determined by

assuming no change in precipitation from the present-day.

Reconstruction of paleo-treeline elevations for the central and eastern Great Basin

indicates lowering of mean summer temperatures by about 10 °C during the late

Pleistocene (Thompson, 1990). Expansion of the late Pleistocene alpine permafrost zone

in the western United States indicates that the 0 °C isotherm was uniformly lowered by

approximately 1000 m along a mean longitudinal gradient through the Rocky Mountains

from Montana to New Mexico of 80m/degree of latitude (Pewe, 1983a). Such a change

suggests a reduction in mean annual temperature of about 10 °C below current values

throughout much of this region. Benson and Thompson (1987a) argue for mean annual

temperature reductions on the order of 7 to 10°C to accomodate maximum expansion of

pluvial lakes in the Great Basin. In the Lake Bonneville basin, Utah, McCoy (1981)

estimated that mean annual temperatures during the maximum of the last lake cycle of
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Lake Bonneville were between 7 and 16 °C lower than at present, based on rates of

racemization of amino acids in mollusk shells collected from lake deposits. As

previously noted, maximum pluvial high stands in this area occur between about 15 and

13 ka, well after the 18 ka glacial maximum of the late Pleistocene, and these temperature

changes may be somewhat less than those of the last glacial maximum.

On the basis of an energy balance model, McCoy and Williams (1985) suggest that

a 10°C mean annual temperature depression and 60% increase in annual precipitation

would have been necessary to sustain the late Pleistocene Little Cottonwood Glacier in

the Wasatch Range, Utah. However, they noted that the glacier was downwind of Lake

Bonneville, which might have produced a significant amount of lake-effect precipitation,

and paleo-precipitation estimated for this area may not have regional implications.

Leonard (1989), using an approach to paleoclimatic reconstruction from which my model

was adapted, determined that an 8.5 to 13 °C summer temperature depression would have

been necessary to sustain glaciers in the Colorado Rocky Mountains. This temperature

depression was associated with a 0 to > 56% reduction in annual precipitation.

In summary, paleobotanical and periglacial data from the eastern Great Basin and

adjacent areas suggest a late Pleistocene mean annual temperature depression of about

10 °C. Paleoclimatic reconstructions of temperature depression based on pluvial lake

levels were generally lower, probably indicating conditions that occurred several

thousand years after the last glacial maximum. The results of the paleoclimatic

reconstructions presented here (Table 6.2) indicate that if these values were attained, then

winter accumulation, and thus, total annual precipitation would have been about equal to

that of present-day levels in the central Great Basin (Ruby Mountains), but substantially

reduced in alpine areas to the southeast (Deep Creek and Tushar Mountains), a trend that

continues eastward into the Colorado Rocky Mountains (Leonard, 1989).

However, mean summer temperature depressions in the Deep Creek and Tushar

Mountains calculated in this investigation do not match temperature reductions indicated
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by other paleoclimatic data. This may be due to inaccurate estimates of mean summer

temperature for these ranges, which lead to smaller than actual temperature depressions,

or it may be related to increasing continentality (and seasonality) in these ranges, which

reduces the validity of comparing mean summer and mean annual temperature estimates.

It is also possible that late Pleistocene ELAs in these ranges were lowered by a

combination of localized lake-effect precipitation from Lake Bonneville (Benson and

Thompson, 1987a), enhancement of Gulf precipitation sources, and a southward shift in

the position of the jet stream (COHMAP Members, 1988; Kutzbach et al., 1993), rather

than by a large temperature depression. If this were the case, then temperature

depressions estimated for these ranges of this investigation may be fairly accurate. The

larger temperature reductions reported for Colorado (Leonard, 1989) may be in response

to substantially greater areas of high elevation and more extensive glaciation in this region

relative to the Great Basin, which may produce a similar effect to that of increasing

proximity to the continental ice sheets that is observed for the northern end of the study

transect.

An increase in precipitation in the southern Great Basin during the late Pleistocene

was infened from changes in vegetation patterns for that region (Van Devender et al.,

1987; Thompson et al., 1993). This suggests a stronger influence of southwesterly

moisture sources, probably associated with the summer monsoonal season and a

southward shift in the position of the jet stream (Benson and Thompson, 1987a;

COHMAP Members, 1988; and Kutzbach et al., 1993). Expansion of alpine glaciers in

this area was probably controlled by winter accumulation increases and to a lesser degree

by summer temperature depression, unlike the northern Great Basin.

6.9 Summary

Late-Pleistocene ELAs were estimated from reconstructed glaciers associated with

drift unit II in the nine mountain ranges studied here (Table 6.1). Late-Pleistocene
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paleocimatic conditions were estimated in each range by comparing modem climatic

characteristics at reconstructed late-Pleistocene ELAs with the range of climatic conditions

occurring at ELAs of modem glaciers worldwide (Fig. 6.11). Modem climatic

characteristics were obtained from regressions of mean summer temperature and winter

accumulation vs. altitude (Appendix 3) and rate of spring and fall temperature change and

spring and fall precipitation rate vs. altitude (Appendix 4). Values of mean summer

temperature depression were estimated in association with three distinct precipitation

regimes that were chosen to simulate contrasting paleoclimatic interpretations and

corresponding changes in winter accumulation for this region.

Late-Pleistocene winter accumulation apparently decreases, as the summer

temperature depression required to glaciate an alpine area increases, but, because more

precipitation falls as snow, the reduction of mean summer temperature causes a

corresponding increase in winter accumulation above modem levels in most mountain

ranges, even when the total annual precipitation is reduced significantly. Summer

temperature depression seems to decrease rapidly along the study transect from the

coastal mountains of northern California to south-central Oregon. It then remains

relatively constant throughout eastern Oregon and western Nevada, before decreasing

again from eastern Nevada to central Utah. This trend is similar to modem changes in

temperature in the northern Great Basin.

The combined effects of the position of the late Pleistocene jet-stream axis and the

boundary between Pacific-dominated and ice sheet-dominated airmasses may be

responsible for the pattern of inferred summer temperature depression and changes in

winter accumulation between the northern and the east-central Great Basin (Fig. 6.17).

Estimated late Pleistocene paleoclimatic conditions in the southern Cascade Range are

consistent with those obtained by other investigators for the northern portion of the

range, which suggests maritime climatic control over a wide portion of the Pacific coastal

area. Apparently, moist Pacific-dominated air flow continued to affect the coastal region
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of the western United States during the late Pleistocene and annual precipitation remained

at modern levels in the Pacific Northwest (Fig. 6.17). However, summer temperatures

were reduced by the presence of the Laurentide and Cordilleran ice sheets and because of

an extended cold season, significantly more precipitation fell as snow, depressing the

ELA and causing extensive glaciation in the Cascade Range.

The modem Mediterranean climate in the Siskiyou Mountains is characterized by

low modem snowfall and high mean summer temperature at the late Pleistocene ELA.

The presence of the continental ice sheets probably forced the polar jet stream southward

to at least northern California, which in turn forced the Mediterranean climate of the area

farther south (Fig. 6.17). This resulted in a relatively large temperature depression and

winter accumulation increase and an extremely low ELA in the Siskiyou Mountains.

Paleoclimatic reconstructions in the mountain ranges of eastern Oregon and

northwestern Nevada indicate relatively uniform temperature depressions with only a

slight decrease toward the south, assuming no change in winter accumulation.

Comparison of these estimated values with paleodimatic interpretations of paleobotanical

and periglacial data from the same area suggests that there was probably an increase in

temperature depression and associated decrease in annual precipitation toward the

southern margin of the Laurentide and Cordilleran ice sheets in response to a change from

a Pacific-dominated air mass to a anticyclonic ice-sheet-dominated air mass (Fig. 6.17).

More severe temperature depressions and annual precipitation below modern levels could

have been compensated for by an extended winter season due to the relatively cold, dry

northeasterly air flow from the anticyclone located over the ice sheets.

At the same time, annual precipitation probably increased toward the south in

proximity to the jet-stream axis and to enhancement of Gulf moisture sources. Localized

weather conditions during the late Pleistocene may also have contributed to lowering of

ELAs below regional levels. If the Deep Creek and Tushar Mountains were located in

relatively close proximity to the air-mass boundary and jet-stream axis compared to other
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ranges of the study transect, they would have received somewhat greater annual

precipitation than today due to intensification of storm activity, but have had reduced

summer temperatures as well (Fig. 6.17).

Mean-summer-temperature depressions at the southern end of the Great Basin

transect are less than temperature reductions indicated by other paleocimatic data. This

may result from inaccurate estimates of mean summer temperature for the Deep Creek and

Tushar Mountains. However, increasing annual precipitation would effectively increase

winter accumulation and less summer temperature depression would be required to

glaciate ranges in this area, an effect which may not have been accounted for by previous

studies. Thus, relatively small temperature depression in this area may have been

compensated for by increased annual precipitation associated with the jet stream axis

position, enhanced Gulf moisture, and localized pluvial lake feedback processes. The

greater estimated temperature reductions in Colorado may be in response to substantially

larger areas of high elevation and more extensive glaciation in that region relative to the

Great Basin. This could have produced a similar effect to that of increasing proximity to

the continental ice sheets that is observed for the northern end of the study transect, and

temperature estimations for the eastern Great Basin may be close to actual late Pleistocene

values.



CHAPTER 7: CONCLUSIONS

Modern circulation and precipitation patterns in the northern Great Basin are

dominated by a moist Pacific air mass, whereas the east-central Great Basin is dominated

by the drier, continental, anticyclonic air mass of the "Great Basin High". This air-mass

distribution is best developed in winter and may be enhanced by the anchoring affects of

the northern Sierra Nevada and Colorado Rocky Mountains. A southward shift in the jet

stream and anticyclonic winds at the margin of the late Pleistocene North American ice

sheet, combined with the position of the winter climatic boundary could have produced

intensified circulation and increased frontal storm activity in the northwestern Great Basin

relative to the southeast. This paleoclimatic reconstruction is interpreted from a trend

surface of late Pleistocene equilibrium-line altitudes in the northern Great Basin, based on

cirque-floor altitudes, that displays an increase in gradient toward the south, in the

vicinity of the modern winter air-mass boundary.

In contrast, computer-model simulations of climatic conditions during the late

Quaternary, coupled with recent compilations of vegetational, pluvial, and permafrost

records for the western United States , indicate that climate may have fluctuated

considerably during the past 18,000 years, regionally as well as temporally. These

investigations imply a cool-dry to warm-dry climate between 18,000 and 6,000 years

ago for the northwestern United States, and a cool-moist to warm-moist climate for the

southwestern United States. Since about 6,000 years ago, modern climatic conditions

have developed in both areas, warm-moist in the northwest and wann-dry in the

southwest.

I have reconstructed late Quatemary alpine glaciers in the northern Great Basin and

adjacent areas in order to provide a more accurate physical basis for assessing the nature

of climate change in the western United States and to evaluate contrasting paleoclimatic

interpretations. Relative dating (RD) parameters were used to establish glacial
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chronosequences in nine mountain ranges along a northwest to southeast transect through

this region. A three-fold sequence of drift units (drift unit ifi, youngest, to drift unit I,

oldest) can be recognized in five ranges, while a two-fold sequence consisting of drift

units II and I exists in the other four. Based on relative differences in the degree of

development of RD parameters among drift units, drift unit II is interpreted to represent

the last glacial maximum of the late Pleistocene, which is correlated with marine oxygen-

isotope stage 2. Drift unit III, where it is present, may be associated with a stilistand or

readvance of glaciers during overall retreat from the last glacial maximum in the latest

Pleistocene or early Holocene, or they may represent one or more neoglaciations. The

glacial deposits associated with drift unit I probably represent an early stadial advance of

the last major glaciation correlative with oxygen-isotope stage 4, or it may represent a

much older glaciation altogether, possibly correlative with oxygen-isotope stage 6. In

some of the mountain ranges, drift unit I may represent glacial advances during stage 5b

or 5d.

Drift unit II can be consistently correlated among the nine mountain ranges on the

basis of RD parameter development. This unit exhibits the readily identifible

morphostratigraphic relationships and has the most uniform values of RD parameter

development. Correlations of drift unit I or ifi among ranges are not considered as

reliable for several reasons, including: 1) drift unit III is absent from several of these

ranges; 2) some of the mean values of RD parameter development from drift unit ifi are

indistinguishable from drift unit II; and 3) RD parameter development among deposits

representing drift unit I shows much greater variability in mean values and the highest

standard deviations, qualities which are probably related to multiple ages of glaciation for

this unit or to differences in site stability.

Correlation of drift unit II among ranges is complicated by lithologic differences

among study areas and by other environmental conditions such as frequency and intensity

of forest or range fires and/or local climatic characteristics. There are recognizable
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differences in RD parameter development between mountain ranges of a given portion of

the study transect dominated by granitic parent material and those dominated by basaltic

parent material. However, there is apparently little or no variability in RD parameter

development that can be attributed to a long period of regional climatic stability

corresponding to modem climatic conditions. I have accounted for weathering variables

wherever possible, thereby increasing the accuracy of regional correlations of glacial

deposits in the northem Great Basin and adjacent areas and increasing the likelihood of

accurate paleoclimatic reconstructions for this portion of the westem United States.

I reconstructed late-Pleistocene equilibrium-line altitudes (ELAs) of glaciers that

deposited drift unit II in each mountain range of the study transect. Late-Pleistocene

paleoclimatic conditions were estimated in each range by comparing modem climatic

characteristics at reconstructed late-Pleistocene ELAs with climatic conditions occuring at

ELAs of modem glaciers worldwide. Modem climatic characteristics were estimated

from regressions of mean summer temperature and winter accumulation vs. altitude.

Mean summer temperatures at late-Pleistocene ELAs decrease systematically along the

study transect, which indicates a direct relationship with increasing elevation of ELAs and

possibly to increasing continentality. For a given elevation, modem winter accumulation

is somewhat greater along the northwestern margin of the Great Basin than elsewhere on

the transect, but shows considerably more scatter toward the interior. This is probably

caused by the strong influence of topography and moisture source on precipitation

patterns in this region.

Mean values of the temperature depression necessary to sustain glaciers in each

mountain range of the study transect were estimated under three alternate precipitation

regimes, O.5x, l.Ox, and 2.Ox the value of present-day winter accumulation. These

precipitation conditions were chosen to simulate the effects of possible fluctuations in

total annual precipitation during the late PleistOcene as suggested by different

paleoclimatic models. Any temperature change will affect accumulation and ablation
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season length, and thus the percentage of total precipitation falling as snow. This

percentage is determined from regressions of modem rate of spring and fall temperature

change and spring and fall precipitation rate vs. altitude and from a function that

approximates the effect of late Pleistocene temperature depression on winter

accumulation.

Late Pleistocene winter accumulation apparently decreases as the temperature

depression required to glaciate an alpine area increases. However, the reduction of mean

summer temperature in itself causes an increase in accumulation above modem levels in

most mountain ranges, even in those ranges where the total annual precipitation is

reduced (O.5x ppt. regime). Depression of late-Pleistocene summer temperature along

the study transect seems to decrease rapidly from the coastal mountains of northern

California to south-central Oregon, then remains relatively constant throughout eastern

Oregon and western Nevada, and decreases again from eastern Nevada to central Utah.

This trend is similar to the trend in modem temperature changes in the northern Great

Basin.

The high value of temperature depression in the Siskiyou Mountains is probably a

result of the low modem snowfall and high mean summer temperature at the late

Pleistocene ELA associated with the modem Mediterranean climate in this area. Changes

in temperature depression and winter accumulation were significant during the last glacial

maximum, they may correspond to a southward shift in the position of the jet stream axis

which displaced the Mediterranean-dominated climate farther south, and to maintanance

of the Pacific-dominated precipitation regime

Paleoclimatic reconstructions in the mountain ranges of eastern Oregon and

northwestern Nevada indicate relatively uniform temperature depressions, but with less

depression if there is no change in winter accumulation. Comparison of these estimated

values with paleoclimatic interpretations of paleobotanical and periglacial data from the

same area suggests that there was probably an increase in temperature depression and
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associated decrease in annual precipitation northward toward the southern margin of the

Laurentide and Cordilleran ice sheets in response to a change from a Pacific-dominated

air mass to a anticyclonic ice-sheet-dominated air mass. Even with an overall gradual

increase in temperature depression toward the north, there is an abrupt reduction in

temperature in eastern Washington which may indicate a relatively narrow geographic

border between air masses. Concurrently, precipitation probably increased toward the

south in proximity to the jet-stream axis. As a result, less temperature depression would

have been necessary to lower modern ELAs to the late Pleistocene levels in the ranges of

northern Nevada.

Temperature depression values at the southeast end of the study transect were

relatively low and may reflect high winter accumulation in this area. If annual late

Pleistocene precipitation remained at modern levels, then winter accumulation would

have substantially increased in the Deep Creek and Tushar Mountains. Winter

accumulation would have increased even more if annual precipitation had increased

considerably during the late Pleistocene. Even if annual precipitation had decreased

significantly throughout the northern Great Basin and adjacent areas, winter accumulation

would have remained at or slightly above modern levels in all of the mountain ranges,

except the Deep Creek and Tushar Mountains. This anomaly suggests that although

temperature depression was probably the dominant factor determining the amount of

winter accumulation during the last glacial maximum in the northern Great Basin and

surrounding areas, temperature depression at the southern end of the study transect was

not great enough to compensate for decreased precipitation. Increased annual precipitation

coincident with temperature depression was probably necessary to glaciate mountain

ranges of the east-central Great Basin.

Moisture sources for increased precipitation in this area during the late Pleistocene

probably included a southward shift in the jet stream axis, which may have been

combined with pluvial-lake-feedback processes and a more substantial Gulf component
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than is present today. Modem precipitation in the eastern Great Basin is substantially

influenced by Gulf-dominated circulation patterns, while jet-stream precipitation

dominates the northern margin. The presence of the Laurentide and Cordillerian ice

sheets during the late Pleistocene may have enhanced Gulf circulation and displaced the

jet-stream axis to at least the southern Great Basin, most likely resulting in an increase in

annual precipitation in the central and eastern Great Basin. If the Deep Creek and Tushar

Mountains were located near the late-Pleistocene jet-stream axis and position of the

boundary between Pacific-dominated and ice sheet-dominated air masses, then the

intensity of air circulation and frontal storm activity in the central and eastern Great Basin

may have increased as well. Localized weather conditions related to pluvial-lake-

feedback processes during the late Pleistocene may have also contributed to increasing

winter accumulation levels, lowering ELAs and effectively reducing the necessity for a

large temperature depression.

Farther to the east in Colorado, larger values of temperature depression may be in

response to substantially greater areas of high elevation and ice cover in this region of

more continuous alpine relative to the Great Basin. An extensive alpine area covered by

glaciers could produce a similar effect to that of increasing proximity to the continental ice

sheets that is observed at the northern end of the study transect, and temperature

estimations for the eastern Great Basin may be close to actual late Pleistocene values. An

increase in precipitation in the southern Great Basin during the late Pleistocene inferred

from changes in vegetation patterns for that region suggests a stronger influence of

southwesterly moisture sources associated with the summer monsoonal season. This

factor probably had little affect on winter accumulation totals to the north, and expansion

of alpine glaciers in the northern Great Basin region must have been induced by summer

temperature depression.

The most recent pluvial-lake highstand during the late Pleistocene occurred several

thousand years after the glacial maximum and was not solely related to decreased
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evaporation in association with temperature depression. More likely, it was a response to

a combination of other climatic factors, including increased moisture from a northward

shift in the jet stream associated with decay of the continental ice sheets, lake-climate

feedback mechanisms, increased discharge into pluvial basins from rapidly melting alpine

glaciers, and reduction of evaporation from increased annual cloudiness, and unrelated to

the growth of alpine glaciers in the Great Basin region.

It is probable that mean summer temperature depression and winter accumulation

estimates derived in this investigation offer at least a first-order approximation of the

paleoclimatic conditions that existed during the last glacial maximum in the northern Great

Basin and adjacent areas. More accurate estimations of these factors will only result from

further glacial, palynological, pluvial, and permafrost studies in this region.
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Appendix 1.1
Soil Profile Descriptions, Siskiyou Mtns.
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
films Boundary

Drift Unil II

ADS 7 A 0-5 10Th 3/1 7.5Th 2/0 2 SL 1 mgr so, po vfr so - a, s

Bw 5 -24 1 OVA 5/4 1 OVA 3/2 7 SL 2mgr so, po vi r sh C, S

BC 24 -74 2.5Y 5/4 1 OVA 4/4 30 VBSL 1 mgr so, P0 vfr so c, S

Cox 74 - 2.SY 5/4 1 OVA 4/4 40 VBLS m so, P0 to to

ADS 8 A 0-6 1 OYR 3/1 1 OVR 211 1 SL 1 fgr so, po to so a, s

E

Bw
6-23
23-65

1 OVA 5/3

1 OVA 4/3

1 OVA 5/2

1OVA 4/2

3

40

LS
VGLS

1 fgr

lfgr
so, po
so, P0

to

fr
so

so

- a,

C, w

Cox 65 - 90+ 2.SY 6/4 2.5V 5/4 40 VGSL m so, p0 to to

ADS 9 A 0-10 1 OVA 3/3 10Th 3/1 2 SL P. 2mgr, S. lmsbk so, po ft so - a. s

Bwl 10-28 1 OVA 4/4 1OVA 3/3 5 SL P, 2mgr; S. 2msbk so, po ft sh a. s

Bw2 28-46 1 OVR 4/5 1OVA 3/4 20 BSL P. 2mgr 5, 2msbk SO, PS ft sti - c, 5

BC 46 -63 2.5Y 5/4 2.5Y 3/4 20 BSL P. 1 mgr S. 1 msbk SO, PS ft sh C, S

Cox 63 - 97+ 2.5V 4/4 2.5V 4/2 40 VGSL m so, P0 to to

ADS 11 A 0-3 1OYR3/1 1OYR3/1 1 L lmgr so, p0 vfr so a,s
6 3 -7 1 OVA 5/3 1 OVA 5/2 2 SL 1 mgr so, po sir so - a, s

Bw 7-27 1 OVA 4/4 IOYR 3/4 3 SL P, 2mgr, S. lrnsbk so, po ft sh a,s
BC 27 -47 1 OVA 5/3 1 OVA 3/3 5 SL P. 1 mgr 5, 1 msbk so, p0 sir so a, s

Cox 47 - 79 5V 5/3 5Y 4/3 40 VCSL rn so, P0 to to

ADS 12 A 0 -8 2.5V 4/2 2.5V 3/2 5 SL P. 1 rngr, 5, 1 msbk so, po fr so a, s

Bw 8-34 2.5Y 6/4 1OYR 3/4 15 GLS lmgr so, p0 sIr so a, s

BC 34-74 2.5Y5/4 1OYR3/6 25 GS lmsbk so,po sir so a,s
Cox 74-99+ 5V 5/4 2.5V 3/2 30 CS m so, po to to

ADS 13 A 0- 12 1 OYR 3/3 10Th 3/1 2 L 2mgr so, P0 ft so a, s

AB 12-27 2.5Y 4/4 1OYR 3/3 5 SL P, 2rngr; S. lmsbk SO, p0 ft sh - C, S

Bw 27-57 1OYR4/3 1OYR3/2 5 L P,2rngr,S,2msbk sops fr sh c,s
BC 57 -76 5V 5/3 5Y 4/2 10 SL P, 1 mgr S. 1 msbk 50, PS ft sh c, w

Cox 76 - 99+ 2.5Y 4/4 2.5Y 3/2 20 GSL m so, po to lo -

RDS14 A 0-9 1OVR4/2 1OYR3/2 7 SL lfgr so,po vfr so a,s
Bwl 9-20 1OYR 5/4 1OVA 4/3 7 SL lfgr so, po sir so c, a

Bw2 20-45 1OYA6/4 1OYR4/4 15 GSL 2mgr so.po ft sh - c,s
BC 45-74 1OYR5/5 IOYR4/5 15 GSL lfgr so,po sir so c,s
Cox 74-109+ 2.5Y 5/4 2.5Y 4/4 35 VCLS m so, pa sIr lo -

RDS1S A 0-9 1OYR2/1 1OYR1/1 10 SIL lmgr so,po sir so a,s
Bt 9-27 7.5YR 4/4 7.5YR 3/4 15 CL 2sisbk ss, ps ft sh c, s

Bw 27-42 1OYR 4/4 1OYR 3/4 15 GSIL 2mgr ss, po ft sir a. s

BC 42-58 1OYRS/4 1OYR4/3 15 CL lmgr ss,po ft sh c,w
Coxi 58-65 2.5Y 5/4 2.5Y 4/4 30 CL I mgr ss, po fr so c, s

Cox2 88 - 152+ 2.SY 4/4 2.5Y 4/2 50 VCSL m so, po to to -

Drift Unit I
RDS6 A 0-5 IOVR3/1 1OYR3/1 2 L lrngr so,po sir so a,s

E

BE

5-29
29-77

2.5Y 5/4
2.5YR 5/5

2.5Y 4/3
2.5YR 5/4

10

15

L

CL

P, 3mgr, S. lmsbk
P. 3mgn S. lmsbk

so, po

ss, ps

Ii
ft

sir
h 2npo

c,

C, w

Btl
Bt2

77- 111
111 -203

7.5YR 4/6
IOYR4/6

7.5YFt 4/4

1OYR4/4
15

15

CCL
CCL

P. 2csbk; S. 2mgr
P,2csbk;S,2nrgr

sp
s,p

ft
ft

h

sir
3mkpf, po
2npf,po

d,

9,5
Cox 203- 307+ 2.5Y 5/4 2.5V 5/3 15 CL 1 mgr so, P0 sir to

RDS1O A 0-10 1OYR4/1 1OYA3/3 2 SL lmgr so,po Ir SO 5.S
AB 10-23 1OVR 5/6 1OYR 3/4 5 L 3mgr ss, po Ii sir - a, s

Btl
Bt2

23-46
46-81

1OYR 5/8

7.5VR 5/8
1OYR 5/6

7.5YA 5/6
5

10

L

C

P, 3mgr S. lmsbk
P, lmsbk; S. 3rngr

5, p

5, p

vii

sf1

I,
Ii

2mkpf, pa

2mkpf, p0

C, S

c, S

Bt3 81 - 139 7.5VR 5/8 7.5YA 5/8 10 CL 3msbk ss, p ft sh 2mkpf, p0 a, s

BC 139-176 2.5Y 5/6 1OYA 5/6 15 CSL lnrsbk so, p0 fr sh - d, a

Cox 176- 185+ 2.5V 5/6 2.5Y 5/6 15 CSL ni so, po to to



Appendix 1.2
Soil Profile Descriptions, Aspen Butte
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Age &
Location Honzon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films Boundary

Drift Unit Ill
RDS1O A 0-7 1OYR 5/2 1OYR 212 15 CL 1 f&mgr so, pa vir so a, s

Bw 7-42 1OYR 5/4 IOYR 5/2 40 VCL imsbk SO, po vfr so a, w

Cox 42- 56+ 1OYR 5/2 IOYF1 3/2 60 VGLS m so, pa to to

RDS1 1 A 0-6 1OYR 4/2 1OYR 3/2 20 GL imgr so, po vir so a, a
Bw 6-26 1OYR 5/4 1OYR 4/4 33 CL lf&mabk SO, pa vir so c, s
BC 26-61 1OYR 5/3 1OYR 3/4 50 VGLS sg so, O 0 to g,s
Cox 61 - 78+ 1OYR 5/3 IOYR 3/3 60 VGLS sg so, po to to

RDS18 A 0-4 1OYR4/2 10YR212 33 CL lf&mgr so,po sir so a,s
Bw 4-29 1OYR5/4 1OYR3/4 35 VGL lrnsbk so,po vi r so c,s
Cox 29-42+ 1OYR6/2 1OYR3/3 65 EGSL m so, po to to

Drift Unit II
RDS1 A 0-8 1OYFt 4/2 1OYR 2/2 25 GL 21&mgr so, pa vi r so - a, a

Bwl 8-37 1OYR5/4 1OYR4/4 40 VGSL 1f&msbk so,po vir so - 9,5
8w2 37-70 1OYR6/3 1OYR4/4 45 VGSL 1f&msbk so,po vir so c,s
Cox 70 -100+ 1OYR5/2 1OYR3/2 45 VCLS m 5O,O 0 tO

RDS6 A 0-8 1OYR 4/2 IOYR 2/1 14 L 21&mgr 50, p0 vi r so a, s

Bw 8-43 1OYR 4/3 10YR 3/4 25 GL 2msbk so, po vi r so c, S

Cox 43-56+ IOYR4/2 1OYR3/2 45 VGSL m so,po to to

RDS7 A 0 - 8 1 OYR 4/2 1 OYR 2/2 20 CL 21&mgr so, pa vfr so a, w

8w 8 -40 1 OYR 5/3 1 OYR 3/4 20 CL 2rnsbk so, pa vir so c, S

BC 40 - 85 1 OYR 5/3 1 OYR 3/3 33 CSL 1 rnsbk so, po vfr so c, 5
Cox 85 - 114+ 1 OYR 5/2 1 OYR 3/3 33 CLS m SO, 0 to to -

RDS8 A 0 - 7 1 OYR 4/2 1 OYR 2/2 8 L 2f&msbk so, pa vi r so - a, S

8w 7-35 1OYR 6/4 IOYR 3/6 14 L 2m&csbk so, ps ft sh - a, a

BC 35-62 1OYR5/3 10YR412 45 VGSL lmsbk so,po vfr so g,s
Cox 62 - 79+ 1 OYR 5/2 1 OYR 4/2 60 VGLS m so, po 10 to

RDS9 A 0 -4 1 OYR 4/2 1 OYR 2/2 20 CL 2mgr so, pa vi r so a, a

Sw 4 -55 1 OYF1 6/4 1 OYR 3/4 33 CL 1l&msbk so, pa sir so a, w

Cox 55 - 67+ 1 OYR 5/2 1 OYR 4/2 55 VGLS ni so, pa to to -

RDS12 A 0-5 1OYR 4/2 1OYR 3/2 10 L 21&mgr so, pa vtr so a, s
Bw 5-33 10YR5/4 1OYR4/4 15 CL 2rnsbk so,po vfr so - a,s
Ccx 33-53+ 1OYR5/2 1OYR3/2 50 VCSL m so,po to to

RDS13 A 0-6 1OYR5/3 1OYR3/3 8 L lmgr so,po vir so - a,s
Bw 6-46 1OYRS/4 1OYR4/4 25 GL 2msbk so,po vir so a,s
Cox 46-68+ 1OYR6/1 1OYR3I1 45 VGLS m so,pO to to

RDS15 A 0-5 1OYR 3/3 1OYR 2/1 12 L lrngr so, pa sir so a, s

AS 5-21 1OYR 5/3 1OYR 3/2 15 CL 1l&msbk so, pa vfr so c, s

Bwl 21 -51 1OYR 5/4 1OYR 3/4 20 CL lf&msbk so, pa vfr so a, w

Bw2 51 -72 IOYR 6/4 1OYR 3/4 20 CL 2msbk so, pa vir so - a, s

Cox 72- 96+ 1 OYFt 6/3 1 OYR 4/3 45 VCSL m so, p0 Ic to

RDS16 A 0-5 1OYR 3/3 IOYR 212 5 L imgr so, pa sir so a,s
Bw 5-47 1OYR 5/4 IOYR 3/4 14 L 2msbk so, pa vir so a, a

Cox 47- 70+ IOYR 5/1 1OYR 3/1 33 CLS m so, pa to to

RDS17 A 0-3 IOYR 4/2 1OYR 3/2 40 VCL 2f&mgr so, pa vir so a, s

Bw 3-32 IOYR 5/3 IOYR 3/3 50 VGSL lmsbk so, pa sir so - a, s

Cox 32- 46+ 2.SY 6/2 2.5Y 4/2 60 VCLS m so, pa lo to

Drift Unit
RDS2 A 0 -4 1 OYR 3/2 1 OYR 211 10 L 2f&mgr so, pa sir so a, s

Bwl 4 -52 1 OYR 5/4 1 OYR 4/5 15 CL 2msbk so, pa sir so c, a
Bw2 52-87 1OYR 5/3 1OYR 4/4 40 VGSL lmsbk so, po sir so g,s
Cox 87- 107+ IOYR 6/3 1OYR 4/4 50 VGSL m so, po to lo -

RDS3 A 0-il 10YR4/3 1OYR2/2 5 L 21&mgr so,po sir so a,s
Bwl 11 - 45 7.5YR 5/4 SYR 4/4 8 L 21&rnsbk so, p0 sir so c, a
Bw2
Bt

45-73
73-140

1OYR 5/4

10Th 5/4
7.5YR 3/4
1OYR 3/4

14

23
L

CL
2msbk
3m&csbk

so, p5

as, p

ft
fr

sh
h

C,

2mk, pf, pa g,s
BCt 140- 197+ 1 OYR 5/3 7.5YR 3/2 25 CSCL 2msbk ss, pa sir sh in, po, Co -



Appendix 1.2 (continued)
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist

Clay
Dry Films Boundary

RDS4 A 0-8 10YR312 1OYR2J1 9 L 31&mgr sopo vir so - a,s
AB 8-27 1OYR 4/3 1OYR 3/2 12 L 2rnsbk so, pa vi r so c, S

Bw 27-76 1OYR 5/4 1OYR 3/4 20 GL 2msbk SO, PS Ir sh 9,5
BC 76-116 1OYR5/3 1OYR3/2 40 VGSL 11&msbk so,po vir so - a,w
Ccx 116-135+ 1OYR5/2 1OYR3/2 50 VGSL m SO,pO to to

RDS5 A 0-13 IOYR3/3 10YR2i2 10 SL 21&rngr so,po vir so a,s
Bwl 13-53 1OYR 5/4 1OYR 3/6 10 L 21&rnsbk so, po yr SO

Bw2 53-85 1OYR 5/3 1OYR 3/4 17 CL lf&msbk so, po vi r so C, w

Cox 85- 147+ 1OYR5/2 10YR412 40 VGLS or so, po to to -

RDS14 A 0-5 IOYR4/3 1OYR3/4 5 L 31&mgr so, p0 vfr so a,s
Bwl 5-34 10Th 5/4 1OYR 3/4 10 L 3m&csbk so, ps ft sh - c, s

Bw2 34- 70 1 OYR 5/6 1 OYR 3/4 25 CL 21&msbk ss, p5 Ir sh a, w
Cox 70- 106 10Th 6/4 1OYR 4/4 50 VGSL rn so, po to to

RDS19 A 0-7 1OYR 4/3 1OYR 3/4 10 L 2f&mgr so, po vi r so a, s

Bwl 7 -45 7.5YR 5/4 75YR 3/4 15 CL 3msbk 50, PS Ir sh - C, S

Bw2 45-90 1OYR 5/6 L5YR 3/4 20 CL 2m&csbk SO, PS Ir sh C, S

Cox 90- 107+ 1OYR 6/4 1OYR 4/4 50 VGLS m SO, 0 to to



Appendix 1.3
Soil Profile Descriptions, Elkhorn Mtns.

Consistence Clay
Wet Moist Dry Films Boundary

so, pa vfr so a, s
so, po vtr so a, s
50, po to to -

so, pa vir so - a, S
so, pa vfr so a, s
so, pa to to

so, pa sir so as
so, pa vir so - a, s
so, pa to to - a, s
so, pa Ir sh a, S

so, p0 to 10

50, p0 vi r so - a, a
so,po vir so a,s
so, pa to to

so, pa sir so a, a
so, pa vir so a, a

so, pa to to

50, po vi r so a,s
so, pa vir so a, a

so, pa to to

so, pa vfr so a, a
so, pa vi r so a. s
50, pa to to

so, po vi r SO 5, 5
so, pa vir so a, s
so, pa to to

so, pa vir sa a, s
so, pa vi r so a,s
50, p0 to to

so, p0 vfr so c, a
so, p0 vfr so a,s
so, pa to to

so, pa vir so - a,s
so, pa vi r so a, 5
so, pa Ia Ia a, s
so, pa Ir sh a, s
so, po Ia to - -

so, pa sir so a, 5

so, pa sir so - c, 5
so, pa to to a, w
so, pa tr at, C, 5

so, po to to

so, pa vir so a,s
so, pa sir so a, s
so, pa ir st, a,s
xx, p5 tr at, 2mkpo C, a

sa,po to to - c,w
so,pO to to

so, pa fr sh a, 5
so, pa ft sh C, 5
so, pa ft sh a, a
so, pa to to

so, pa vir so - a,s
so, pa vi r so a, s
so, pa to to
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Drift Unit It
ADS 1 A 0-4 laVA 4/2 1OYR 2/2 7 L 2mgr

Bw 4 -48 1 OYR 6/4 1 OYR 5/4 12 L 2lsbk
Cox 48 - 84+ 2.SY 6/2 25Y 5/2 38 VGLS m

ADS 4 A 0- 16 1 OYR 5/2 1 OVA 3/2 8 L 2mgr
Bw 16 -52 1 OVA 613 1OYR 5/3 12 L 2msbk
Ccx 52-84+ 2.5Y 6/2 2,5Y 5/2 40 VGS m

ADS 5 A 0-9 1OVR 5/2 1OYR 3/2 7 L 2mgr
8w 9-25 1 OVA 6/4 1OVR 5/4 10 L 2lsbk
Cox 25 -45 laVA 8/4 1 OVA 714 15 GSL m
ttBwb 45-70 laVA 6/4 laVA 5/6 35 VGL 2msbk
tCoxb 70- 87+ 2.5V 6/3 2.5V 5/3 50 VGS m

RDS 6 A 0-9 1OVA 4/2 laVA 2/2 14 L 2mgr
Bw 9-29 1OYAS/3 1OYR4/3 32 GL 2msbk
Cox 29-64+ 2.5V 6/2 2.5Y 5/2 50 VGLS m

ADS 8 A 0-6 1OVA 5/2 1OYR 3/2 6 L 2mgr
Bw 6-29 1OVA6/4 1OVR4/4 12 L 2msbk
Cox 29- 56+ 2.5V 6/2 2.5V 5/2 45 VOS m

RDS 9 A 0-9 laVA 5/2 IOYA 3/2 8 L 2mgr
8w 9 -48 1 OVA 6/4 laVA 5/4 20 GL 2rnsbk
Ccx 48- 72+ 2.5V 6/3 2.SV 5/3 60 EGS rn

ADS IC A 0-6 1OVR 5/2 laVA 4/2 6 L 2mgr
Bw 6-34 laVA 6/4 1OVR 5/4 10 L 2msbk
Ccx 34-73+ 2.5V 6/2 2.5V 5/2 45 VGS m

ADS 11 A 0 - 6 1 OVA 5/3 1 OVA 3/3 5 L 2mgr
Bw 6-30 10Th 6/4 1OVR 5/4 9 L 2msbk
Ccx 30 - 54+ 2.5V 6/3 2.5Y 5/3 48 VGLS m

ADS 13 A 0-3 1OVR 5/2 1OVA 3/2 5 L 2fgr
8w 3-20 IOVA 6/4 1OVA 4/4 8 L 2msbk
Ccx 20- 57+ 2.5V 6/4 2.5Y 4/4 35 VGLS m

ADS 14 A 0-9 laVA 5/2 1OVA 3/2 10 SL 2rngr
Bw 9-55 1OVR 6/4 laVA 4/4 20 GSL 2msbk
Cox 55-76+ 2.5V 6/4 2.SV 4/4 45 VGS rn

ADS 15 A 0-3 1OVR 5/2 laVA 3/2 5 L 2fgr
Bw 3-17 1OVA 6/4 1OVA 5/4 8 L 2lsbk
Ccx 17-34 1OVA 8/4 1OVR 7/4 14 SL m

ttBwb 34-48 1OVR 6/4 1OYR 4/4 32 GL 2msbk
ttCoxb 48-66+ 2.5V 6/3 2.5V 5/3 40 VGS m

ADS 16 A 0-3 1OVA 5/2 laVA 2/2 3 L 2lgr
8w 3-15 1OYR 5/3 1OYFI 3/3 4 L 2msbk
Ccx 15-45 1 OVA 7/3 1OYR 6/3 5 SL m
tlBwb 45 -61 1 OVA 5/3 1 OVA 4/3 17 GSL 2msbk
ltCcxb 61 - 88+ 2.5V 6/2 2.5Y 5/2 35 VGS m

Drift Unit
ADS 2 A 0-13 1OVA 4/2 laVA 2/2 10 L 2mgr

Bwl 13-42 1 OVA 6/4 1 OVA 5/4 8 L 2fsbk
Bw2 42-82 10Th 6/3 laVA 5/3 33 GSL 2msbk
St 82-140 laVA 5/4 1OVA 4/6 42 VGSCL 2msbk
Ccxl 140-195 2.5V6/4 2.5Y5/4 50 VGLS m
Cox2 195-215+ 2.5Y6/2 2.5Y5/2 50 yES m

ADS 3 A 0-13 laVA 5/2 laVA 3/2 7 L 3mgr
Bwl 13 -46 1 OVA 6/4 1OVA 5/4 10 L 3msbk
Bw2 46-93 1OVA 6/4 laVA 5/4 30 GSL 2msbk
Ccx 93-113-. 5V 6/2 5V 5/3 65 EGS m

ADS 7 A 0-6 1OVR 6/3 laVA 5/3 4 L 2mgr
8w 6 -48 1 OVA 6/4 1 OVA 5/4 6 L 2msbk
Ccx 48- 77+ 2.5Y 6/2 2.5V 5/2 20 GS m



Appendix 1.3 (continued)

Consistence Clay
Wet Moist Dry Films Boundary
so, po vir so a, s
so, po vi r so - a, s
so, P0 fr sh a, s
s, p 5 h 3mkpf, p0 C, S

S. p Ir h 3mkpf, p0 C, 5

SS, PS vir so

so, po yr so - a, S

so, p0 Ir Sb a, S

SS, PS Ir Sb a, s
So, po yr Sh C, S

so, p0 lo lo
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

RDS 12 A 0-3 1OYR 5/2 1OYR 3/2 3 L 2fgr
Bw 3-21 IOYR 6/4 1OYR 5/4 5 L 2f&mSbk
IlAb 21 -30 1OYR 5/2 1OYR 2/2 12 L 2msbk
liBtib 30-57 7.5YR 5/4 7.5YR 4/4 20 GC 3m&csbk
tIBt2b 57- 106 2.5YR 5/2 2.5YR 4/4 22 GC 2msbk
IIBCb 106- 122+ 2.5Y6/2 2.5Y5/4 25 GSCL ln,sbk

RDS 17 A 0-8 1OYR 4/2 1OYR 2/2 7 L 2mgr
Bwl 8-33 1OYR 6/4 1OYR 5/4 12 L 2m&csbk
Bw2 33-71 1OYR 5/4 1OYR 4/6 20 GL 3m&csbk
BC 71 -99 1OYR 5/3 1OYR 4/3 32 GSL lmsbk
Cox 99- 132+ 2.5Y 6/2 2.5Y 5/2 45 VGLS m
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films Boundary

Drift Unit Ill
RDS1O A 0-5 10YR5/2 1OY3/2 15 GL lfgr so,po vfr so c,s

Bw 5-27 IOYR 5/4 I0YR 4/4 30 GS1L 2msbk ss, p0 vfr so a, s
IlCox 27-79+ 10YR513 10YR313 70 EGSL m so,po to to -

RDS12 A 0-6 1OYR4/3 1OYR3/2 15 CL lmgr so,po vir so c,s
Bw 6 -26 1 OYR 6/3 1 OYR 3/6 35 VGL 2msbk so, po vfr so a, s
ItCox 26-73+ 10YR513 1OYR3/3 60 EGSL m so,po to to - -

RDS 14 A 0-4 1OYR 4/2 1OYR 2/2 10 L 2mgr so, po vfr so a, S
8w 4 -32 1 OYR 7/4 1 OYR 5/4 30 CL 2msbk so, po sir so a, s
tlBwb 32-51 1OYR6/4 1OYR4/4 55 VOL lmsbk so,po vir so a,s
IlCoxb 51 -78+ 10YR6/3 10YR4/3 60 EGSL m so,po to to

Drift Unit II
RDS I A 0 -4 1 OYR 4/2 1 OYR 212 15 GL 2mgr so, po vfr so - a, s

Bwl 4-36 1OYR5/3 1OYR 4/4 20 GL 2m&csbk so, p0 fr sh - c,s
Bw2 36-60 1OYR 6/3 1OYR 4/3 33 GSL lf&msbk so, po vfr so a, w
Cox 60 -91 + 7.5YR 6/2 7.5YR 3/2 35 VGSL m so, 0 10 to -

RDS2 A 0-10 IOYR5/2 10YR2/2 10 L 3mgr so,po vir so - a,s
8w 10- 40 1 OYR 6/4 1 OYR 4/4 15 CL 3msbk so, P0 vfr so - c, s
Btj 40 -85 1 OYR 5/4 1 OYR 3/4 33 CL 3msbk ss, PS S h 1 npo C, S

BC 85- 126 1OYR 6/3 1OYR 3/4 40 VGL lmsbk ss, p0 fr sh c,s
Cox 126-153+ 1OYR5/3 1OYR3/3 40 VOSL m so,po to to -

RDS 4 A 0 - 10 1 OYR 4/2 1OYR 2/2 10 L 2mgr so, p0 sIr so a, s
8w 10-47 1 OYR 5/2 1 OYR 3/2 35 VOL 2msbk so, p5 Ir sh a, 5
St 47-79 1OYR 5/3 1OYR 3/2 40 VGCL 3m&csbk s, p Ii h 3mkpo, b a, w
Cox 79- 90+ 2.5Y 5/2 2.5Y 3/2 45 VGSCL or SS, Ps to to -

RDS6 A 0-6 1OYR4/2 1OYR3/3 8 L 2mgr so,po sir so a,s
Bwl 6-52 1OYR 5/4 IOYR 3/6 20 CL 2msbk so, po fr so 0.5
Bw2 52-80 I0YR 5/4 1 OYR 3/4 33 CL lmsbk so, po ft so C, 5
Cox 80-104+ 10YR512 1OYR4/2 45 VGLS m so,po to to - -

RDS 8 A 0 - 6 1 OYR 4/2 1 OYR 2/2 10 L 2mgr 50, p0 sir so c, s
AS 6 -23 1 OYR 5/3 1 OYR 3/3 15 GL 2msbk so, po vfr so c, 5
Bw 23 -49 7.5YR 5/4 7.5YR 4/2 30 CL 3msbk ss, ps Ir sh a. s
Cox 49- 79+ 2.5Y 6/4 2.5Y 4/4 45 VOL m so, po to to -

RDS9 A 0-4 10YR4/2 IOYR2/2 8 L lmgr so,po vir so a,s
8w 4-26 IOYR6/3 IOYR3/3 35 VOL 3rrrsbk so,po ft sh - c,s
Bt 26-85 1OYR 6/4 IOYR 3/4 45 VGSCL 3msbk ss, ps Ii Ii 2mkpo, b a, s
Ccx 65-87+ 1OYR5/3 1OYR3/3 50 VCSL rn so,po to to -

RDS 11 A 0 - 11 1 OYR 4/2 1 OYR 212 8 L 1 mgr so, po sir so a, s
Bw 11-49 1OYR5/3 1OYR3/4 25 CL 2msbk so,po sir so a,w
Cox 49-73+ 1OYR5/2 1OYR3/4 40 VCLS m so, po to to - -

RDS 13 A 0-11 10Th 4/3 7.5YR 3/2 12 L 2mgr so, po vi r so - a, s
Bw 11 - 65 7.5Th 5/4 7.5YR 3/3 35 VOL 2msbk so, p0 Ir sh - a, s
Cox 65- 88+ 5YR 5/4 5YR 3/3 55 VGSL m so, po to to -

RDS 15 A 0-9 1OYR 4/2 10YR 212 8 L 2mgr so, po sir so - a, a
8w 9-57 1OYR 5/4 1OYR 3/4 37 VCSL 2msbk so, po sir so a, s
Ccx 57-88+ 7.5YR 5/2 7.5YR 3/2 60 EGLS m so, po to to -

RDS 16 A 0-7 1OYR 4/2 10Th 212 5 L 2mgr 50, p sir so a, w
AS 7-19 1OYR 4/4 1OYR 3/6 8 L 2f&msbk so, po sir sh C, 5
Bwl 19-35 1OYR5/6 1OYR4/6 10 L 2f&msbk so,po sir sIr - a.s
Bw2 35-91 1 0YR 4/4 1 OYR 3/4 40 VOL 2msbk so, p0 Ir sh c.s
Cox 91-111+ 1OYRS/2 1OYR4/2 45 VOSL m so,po to to - -

RDS 19 A 0-8 10Th 4/3 1OYR 3/4 6 L 2mgr so, po sir so c, 5
Bwl 8-34 1OYR5/4 1OYR4/4 10 L 2msbk so,po sir sh - a,w
Bw2 34-67 1OYR 4/4 1OYR 3/4 30 CL 2f&msbk so, pa vir sh a,s
Cox 67-94+ 1OYR3/3 10Yk3/2 55 VCSL m so,po to to -
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films Boundary

ADS 20 A 0 -9 1 OVA 3/2 1 OVA 212 12 L 2fgr so, p0 vtr so a, s
Bwl 9-27 1OVR4/4 1OVR3/6 17 CL 2f&msbk so,po vfr Sb c,s
Bw2

Cox
27-68
68- 93+

1OVR4/3
IOVR 4/2

1OVR3/3
1OYR 3/2

35
45

VGL
VGSL

2msbk

m

so,po
so, pa

vtr
to

sh
to

a,
-

Drift Unit t
RDS 3 A 0 - 5 1 OVA 5/2 1 OVR 3/2 20 CL 2mgr so, pa vfr so a, s

Bw 5 - 70 1 OVA 5/3 1 OVR 3/4 30 CL 2msbk ss, ps fr sh c, a
Btl 70- 114 1OVR 5/4 1OVR 3/4 33 GCL 3msbk S. p ii Sb 3mkpo, b C, s
Bt2 114-165 1OVR5/4 1OVA3/4 45 VGCL 3m&csbk s,p Ii h 4mkpo,b c,s
Cox 165-182+ 1OVR5/3 1OVA3/3 55 VGL m ss,po to to

RDS 5 A 0 - 7 1 OVA 4/2 1 OVA 2/2 8 L 2mgr so, pa vfr aft a, a
Sw 7-37 1OVR 5/4 1OYR 3/6 15 CL 3msbk SO, pa vfr aft C, S
Bt 37 - 76 1 OVA 4/4 1 OVR 3/4 12 CL 3m&csbk as, PS ft aft 2mkpo a, s
BCt 76 - 94 1 OVA 4/4 1 OVA 3/4 40 VCSCL 2f&msbk so, ps ft sh 1 npo a, a
Cox 94-117+ 1OVA4/2 1OVR3/3 60 EGSL m so,po to to -

RDS7 A 0-6 IOVR4/2 10VR212 12 L 2mgr so,po vfr so a,S
8w 6-35 1OVR5/3 1OVR3/3 30 CL 3n1&cabk so,pa ft sh 0,5
Btl 35-70 1OVR 5/4 1OYR 3/4 40 VCCL 3rrabk as, p5 Ii h 2rnkpo, b C, S
812 70 - 113 1 OVA 5/4 1 OVA 3/4 45 VGCL 3msbk a, p ti ft 4mkpo, b a, w
Cox 113-134 1OVR6/2 10VR312 55 VGSL m SO,pO 10 to

RDS17 A 0-5 1OVtR3/3 1OYR2/2 6 L 2fgr so,po vfr so a,w
Bwl 5 -28 1 OVR 4/6 1 OVA 3/6 8 L 2f&msbk So, O fr sh C, S
Bw2 28-52 1OVR 4/4 IOVR 3/4 12 L 21&msbk ao, pa ft an a, S
Bt 52-82 1OVR 4/3 1OYR 3/3 25 CL 2t&msbk as, ps vfr Sb lnpo c, w
BC 82- 111 + IOVR 4/3 1 OVA 3/3 45 VGL llsbk so, pa vfr Sb -

RDS18 A 0-5 1OVR3/2 1OVR2/2 S L 2fgr ao,po vfr so - a,s
AS 5-19 1OVR 5/4 IOVR 4/4 8 L 2t&msbk so, pa aft Sb a,s
Bw 19-47 1OYR 5/4 IOYR 4/4 12 L 3msbk SO, 0 ft Sb a, S
Bt 47-75 1OVA 4/6 1OVR 3/6 20 GCL 3m&csbk as, ps ft ft inpo C, 5
BC 75- 118 1OVA 4/3 1OVR 3/4 37 VGL 2mabk so, pa vir sh - C, S
Cox 118- 139+ 1 OVA 3/2 1 OYR 5/2 50 VGSL m so, pa to to
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Drift Unit III
ADS 14 A '0-12 1OYR 4/2 1OYR 3/2 25 CL lf&mgr so, P0 sir so

Bw 12-40 IOYR5/4 1OYR3/4 35 VGL lmsbk so,po sir so

BC 40-60 1OYR4/3 1OYR3/4 50 VGSL lfsbk so,po sir so

Cox '60 - 111 + 75YR 5/4 7.5YR 3/4 60 EGLS m so, po to to

ADS 15 A '0-6 1OYR 5/2 1OYR 3/2 10 L 2fgr so, pa vfr so

Bw '6-23 IOYR5/3 IOYR3/3 25 CL 2msbk so,po ir Sb

Cax 23-41+ 10YR4/3 1OYR3/3 60 EGLS m so,po to to

Drift Unit II
ADS 3 A '0 - 17 1 OVA 4/2 1 OYR 3/2 15 CL 3f&mgr So, pa vfr so

AB '17-30 1OVR 3/4 1OYR 3/3 30 GL 2f&msbk so, po ft Sb

Bw '30-50 IOYR5/3 1OYR4/3 40 VGSL lf&msbk so,po fr h

Bwm '50-72 1OVAS/3 10YR412 40 VGSL lf&msbk so,po fi h

Cox 72- 90+ 1OVR 5/3 1OYR 4/2 45 VGSL m so, po to to

RDS 5 A '0-16 1OYR 5/2 1OVR 4/2 10 L P, 2mgr S, lmsbk so, pa fr sh

AB '16-30 1OVR 4/2 1OYR 3/2 15 CL 2fsbk so, p0 fr sh

Bt '30 - 52 1 OVA 5/4 1 OYR 4/4 20 CCL 3m&csbk as, p fr Sb

Bwm '52-61+ 10YR412 1OYR3/2 45 VCL lmsbk so,po sf1 h

ADS 6 Al '0- 11 1 OVA 4/2 1 OVA 2/2 20 GL 2f&mgr so, pa vfr so

A2 '11 -28 1OVR 4/2 1 OVA 2/2 25 GL 2m&cabk as, P0 fr sh

Bt '28-41 1OVR 4/2 1 OVR 3/3 30 GCL 2m&csbk s, pa ft sh

Bwm '41 -57 1OVR4/2 IOYR3/4 35 VGL 2f&msbk ss,ps ft Sb

Cox '57- 86 1OVR 5/2 1OYR 4/2 40 VGSL m so, pa to 10

ADS 13 A 0-15 1OYR 4/2 IOYR 3/3 10 L 2f&mgr so, pa vfr so
AB 15-27 1OYR 4/3 1OYR 3/3 15 CL 21&msbk so, p0 fr sh

Bw 27-54 1OVR4/3 1OYR3/4 33 CL 2f&msbk so,po vfr so
Gas 54-83+ 1OYR5/2 1OYR3/2 50 VGLS m S0,O 10 10

ADS 16 A 0-14 1OYR 4/3 1OYR 3/3 10 L 2f&mgr so, p0 sIr so
Bwl 14-34 1OYR 5/4 1OYR 4/4 20 CL 2rnsbk so, pa fr Sb

Bw2 34-57 1OYR 5/2 1OYR 4/3 33 VGL lmsbk so, pa fr sh

Cox 57-76+ 1OYR 5/2 1OYR 3/2 50 VGLS m so, 0 Ia to

ADS 17 A 0-13 laVA 4/2 laVA 3/2 12 L 2f&mgr so, ps sIr so

Bw 13-51 1OYR4/2 10YR312 20 CL 2m&cabk SS,pS fr sh

Cox 51 - 87+ 1OYR 5/2 laVA 4/2 45 VGSL m so, P0 to to

RDS 19 A 0-10 1OYR 5/3 IOYR 4/3 10 L 2f&mgr SO, po vi r 50

Bw 10- 46 1 OVA 5/4 1 OVA 4/4 45 VGL 1 msbk So, O sir so

Cox 46- 77 1OYR 513 laVA 4/2 65 EGLS m so, po to to

RDS2O A 0-9 IOVR4I2 1OYR2/2 12 L 2f&rngr so,po sir so

Bw 9 -28 1 OVA 4/3 1 OVA 3/3 40 VGL 1 msbk so, po sir so

Cox 28- 68+ 1 OVA 5/2 1 OYR 3/1 55 VGLS m so, pa to to

RDS 22 A 0- 11 1OYR 4/3 1OYR 3/3 10 L lf&mgr so, pa sir so

Bwl 11 -44 IOYR 4/3 1OYR 3/4 17 CL 2rrisbk so, pa fr sh

Bw2 44-83 1OYR 4/3 1OYR 3/4 30 CL lfsbk So, po sir so

Cax 83-102+ 7.5VR 5/2 7.5VR 4/2 45 VGSL m So, 0 lo to

Drift Unit I
RDS1 A 0-15 1OVR4/2 1OYR3/2 20 GL 2f&rr,gr So,po sir so

A2 15-29 1 OYR 4/2 1 OYR 3/2 25 CL 2f&msbk so, pa sir so
Bw 29-64 1OVR 4/3 1OYR 3/4 25 GL 2m&csbk so, pa fr sh

Bwrnl 64-113 1OVA 5/2 1OVA 3/3 33 VGSL 21&rnsbk so, pa ft sh

Bwrn2 113-137 1OVA 5/3 IOVR 4/3 33 VGSL lf&msbk so, pa ft h

Coxm 137-159+ IOYR 5/2 1OYR 4/2 35 VCSL m so, pa fi h

RDS2 Al 0-19 10VR412 10VA3/2 20 GL 3mgr so,po sir so
A2 19-35 1OYR 4/2 1OVA 3/2 35 VCL 21&msbk so, pa fr Sb

Bwm 35-64+ 1OVR6/1 1OYR4/1 45 VCSL lcsbk so,po eli vb

ADS 4 A 0 - 11 1 OVA 5/2 7.5YR 3/2 12 L P, 3fgr- S. 1 fsbk so. pa fr Sb

Bt 11 -27 1OVA 4/3 7.5YR 3/2 10 S1CL 3csbk s, p fr Sb

Bwrnl 27-47 7.5YR 6/4 7.5VR 4/4 15 GSL 2msbk so, P0 ft h

Bwm2 47-65 1OVA 5/3 1OYR 4/4 18 GSL 2rnsbk so, pa fr Sb

Coxni 65-81 1OYR5/3 1OYR4/3 35 VCSL m so,po fr sh

Clay
Films Boundary

a, a

- Cs
- c,w

a, s
C,W

a, w
a,

a,w
c,s

c, S

- a,

2mkpo a, w

a, S

a,

2n, pa C, a

lnpo c,s
- -

a, s
a, 5
a,w
-

a, s
a, w
C, W

C, 5

a,w

C,S
C, w

- a,s
a, S

-

a, s
C, 5

c, w
-

- C,s
a, s
C, S

- C, 5

- C, S

- C,s
a, w

a, S

3mkpl, po a, 5
- a, s

C, w

-
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films Boundary

RDS7 A 0-24 1OYR4/3 1OYR3/3 10 L 2cgr so,po vfr so a,s
AB 24 - 35 1 OYR 4/3 1 OYR 3/3 13 L P, 3mgn S. 2msbk ss, po ft sh - a, s

Bt 35-61 1OYR4/3 1OYR3/3 20 CCL 3rn&csbk s,ps ft sh 2mkpo a,w
BCm 61-88 1OYR5/2 1OYR4/2 35 VGSL 2msbk so,po vS h - 9,5
Coxrn 88-276+ 1OYR5/1 1OYR4/1 45 VGSL m so,po efi vS -

RDS B A 0-15 1OYR 4/1 1OYR 3/1 5 L P, 3mgr S. lmsbk so, po fr sh a, S

AB 15-35 1OYR 4/3 1OYR 3/3 7 L 3f&msbk so, po ft sh a, s

Bw 35-75 laVA 4/3 1OYR 3/3 25 GL 3m&csbk SS, p0 ft sh a, s

BC
Coxi

75-102
102-123

laVA 4/2
laVA 4/2

laVA 3/3
1OYR 3/2

30

33

GSL
GSL

2t&msbk
sg

so, po
so, p0

ft
vfr

at,

so
- C, S

c, a

Cox2 123-138+ 10YR5/2 1OYR3/2 50 VGSL m so,po lo 10

ADS 9 A

St
Bw

0-17

1743
43-97

1OYR 3/3

1OYR 4/3

1OVR 4/3

laVA 3/2
laVA 3/3
laVA 3/3

7

10

35

L

CL

VCL

3f&mgr
3msbk
2msbk

So. O
SS, PS

so, p0

vfr

ft
vfr

so
sh

so

a,

2npo a,

c, w

Cox 97-118+ 10VF15/2 1OVR4/2 45 VGSL m SO.pO 10 10

ADS 10 A 0-17 1OYA 4/2 1OYR 3/3 7 L 2f&mgt so, P0 vfr so a, s

AS 17-40 1OYR 4/3 1OYR 3/3 9 L 3fsbk ss, p5 ft sh C, S

St 40-58 1OYF1 4/4 1OVR 3/4 12 L 3msbk SS. PS ft sh 2npo C, S

Bw 58-80 1OYR 4/4 IOYR 3/4 40 VCL 2f&msbk ss. P0 ft sh a, w

Cox 80-98+ 1OVF1 5/2 IOYR 4/2 40 VGSL m so, p0 to to -

RDS 11 A
AB

0-18

18-37

1OYR 3/3

1OYR 3/3

laVA 212
1OYR 3/2

10

15

L

GL
3f&mgr
3rnsbk

So, O
SO, p0

ft
ft

at,

sh

- a,s
- C, S

Bw 37-76 1OYR 4/3 laVA 3/3 22 CL 3msbk s, p0 ft sh - C, S

BC 76-99 1OYR 5/3 1OVR 4/2 35 VCSL lfsbk so, p0 ft sh - a, a

Cox 99-115+ 1OVR5/2 1OVR4/2 50 VGLS m so,po lo to

ADS 12 A 0-17 1OYR 4/2 1OYR 3/1 12 L 3f&rngr so, po vfr so a, S

AS 17-32 1OYR 4/2 1OVR 3/1 15 GL 3f&msbk ss, p0 fr sh a,S
Sw
BC

32-55

55-98

1OVR4/3
1OYR 4/3

1OYR3/3
1OYR 3/3

25
40

GL
VCL

3m&cabk

lcsbk
ss,po
so, P0

ft
vft

SI,

so

a,w
C, s

Cox 98-120+ 1OYR 5/2 1OVA 4/2 50 VGSL m so, O 10 to

ADS 18 Al
A2
St

0-15
15-41

41-82

laVA 3/2
1OYF13/2

7.5VR4/4

laVA 2/2
1OYR2/2
7,5YR3/4

7

20

25

L

CL
CC

3f&mgt
3mgr
3msbk

So, po

ss,ps
s,p

ft
ft
fi

sf,

sf,

55

c,s
- a.s
4mkpo,ptg,s

BCt 82-104+ 7.5YR 4/2 7.5YR 3/2 30 CCL 2msbk 5, p ft sh 3mkpo, pf -

RDS 21 A 0-19 IOVR 4/2 1OYR 3/2 10 L 3mgr so, 0 ft sh C, S

Bwl 19-45 1OYR 4/3 laVA 3/3 25 CL 3msbk ss, 0 ft 55 C, S

Bw2 45-81 laVA 4/2 1OYR 3/3 30 GL 2mabk ss, po ft sh c, s

Cox 81-101+ 1OYR5/2 1OVR 4/2 45 VCSL m so, p0 10 to
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Soil Profile Descriptions, Pine Forest Range

Consistence Clay
Wet Moist Dry Films Boundary

so, po vir so c, s
so, po ir so a, w
so, p0 II sh a, w
so, p0 to to

so, po vfr so a, s

so, p0 ft so a. S

so, p0 to 10 -

so, po vfr so c,s
so, pa fr so a, S

50, P0 to 10

so, po vfr so - C, S

so,po vfr so as
so,po fr sh a,s
SO, p 10 to - -

so, pa vfr so a, a

so, pa vi r so a, w

so, po lo 10

so, po vfr so a, s
so, P0 vfr so - a, S

so, p0 ft sh - a,

so, P0 to to

so. p0 vfr so - a, s
so, po Ir so a, a
so, po to to

50, p0 vf r so a, a

so,po vir so - C,s
so, po ft so a, a

ao,po to to -

so, p0 vtr so c, a

so, po vfr so a, a

so, pa lo lo -

so, p0 vfr so C, a

so,po ir sh - a,s
as, pa vii I, 3mkpo a, s
so, pa ft sh C, 5

so, po to to

so, po vfr so a, a

so, pa ft so - C, w

so, pa to lo -

So, po vtr so C, S

so, po tr so - C,

so, P0 ft sh a, a

so, pa vfr so C, S

so,po to to -

so, p0 ft aft a, S

so, pa ft sh a, a

so,po yr so g,a
so,po to to

so,po vfr so - a,a
so, pa ft sh C.s
so, P0 yr so g,

so, po 10 to

238

Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Drift Unit II

ADS 2 A 0-22 1OVA 4/2 1OYR 2/1 14 L P. 2mgr; S. lmsbk
Bw 22-56 1OYR 5/2 1OYR 3/2 20 GSL 2m&csbk
SCm 56-75 1OYR 6/3 IOYR 4/3 33 GLS lcsbk
Cox 75- 100+ 1OYR 7/3 1OYR 5/3 45 VGLS m

ADS 3 A 0-13 1OYR 4/2 1OYR 2/1 10 L P. 2fgr; S, lmsbk
Bw 13-34 1OYF1 5/2 1OYR 3/2 23 CL 2msbk
Cox 34- 52+ 1 OVA 7/3 1 OVA 5/3 50 VGS m

RDS 9 A 0-14 1OYR 4/2 1OYR 2/1 8 L 2mgr
Sw 14-49 IOYR 4/2 1OYR 2/2 16 CL 2msbk
Cox 49- 69+ IOYR 613 IOYR 4/3 55 VGLS m

ADS 10 A 0-14 1OYR 4/2 IOYR 2/2 12 L 2mgr
Bwl 14-40 10YR5/3 10YR3/3 25 GL 2msbk

Bw2 40-58 1OYR5/4 10YR414 33 GSL 2csbk
Cox 58- 98+ 1OYR 6/3 IOYR 413 45 VCLS m

RDS 11 A 0-13 1OYR 4/2 1OYR 212 10 L 2mgr

Bw 13-53 IOYR 5/3 1OYR 4/3 40 VGSL lmsbk
Cox 53-81+ laVA 7/3 1OYR 5/3 65 EGS m

RDS 12 A 0-16 1OVR 4/2 1OVR 2/2 17 CL P, 2fgr; S. lmsbk
AS 16-29 1OYR 4/2 1OYR 2/2 35 VGL 2msbk

Bw 29-40 1OVR 5/3 1OYR 3/3 40 VGSL 2f&msbk
Cox 40- 55+ 1OVR 7/3 1OYR 5/3 45 VGS m

ADS 13 A 0-18 1OYR 4/2 laVA 2/2 17 CL 2/gr
Bw 18-44 IOVR 5/3 IOVR 3/3 35 VGSL 2msbk

Cox 44-58+ 1OVA 7/3 IOYR 5/3 55 VGS m

ADS 15 A 0 - 13 1 OVA 4/2 1 OVA 2/2 10 L 2fgr
AS 13-35 IOVR4/2 1OYA3/2 16 GL 2msbk
Bw 35-64 1OVR 5/3 1OYR 3/3 32 GL 2msbk

Cox 64-93+ 10VR713 1OVR5/3 55 VGLS m

ADS 16 A 0 - 11 1 OVA 4/2 1 OVA 212 33 CL P, 2tgr; S, 1 msbk

8w 11- 1 OVA 4/2 1 OVA 3/2 45 VGSL 1msbk

Cox 50-69+ 1OVR 7/3 IOYR 5/3 60 EGLS m

Drift Unit I
RDS 1 A 0-25 laVA 5/3 laVA 212 8 L P, 3mgr S, 2msbk

AS 25-48 1OYR5/4 1OVA3/4 13 L 3msbk
Bt 48 - 104 7.5YR 5/4 7.5YA 4/4 27 GSCL 3m&csbk

BC 104- 129 1OYR 5/4 1OYR 4/4 40 VGSL 2csbk
Cox 129- 187+ 1OYR 7/3 laVA 5/3 55 VGLS m

RDS 4 A 0- 11 1OYR 4/2 1OVR 2/1 6 L 2fgr
8w 11 - 1OVR 5/2 1OVR 3/2 38 VGSL 2msbk

Cox 32- 62+ IOVR 7/3 1OVR 5/3 50 VCS m

ADS 5 A 0 - 13 1 OVA 5/2 1 OVA 2/2 8 L P, 3fgr; S. 1 mabk

AS 13-30 IOVR 5/3 1OVR 3/3 13 L 3msbk

Bw 30 - 49 1 OVA 5/4 1 OVA 4/3 20 GSL 3msbk

BC 49 - 68 1 OVA 5/2 1 OVA 4/2 55 VGLS 1 msbk
Cox 68-90+ 1OVR7/3 IOVR5/2 55 VGS m

ADS 6 A 0-13 1OVR 5/2 1OVR 3/2 20 CL P, 3lgr; S, lrnsbk
Bw 13-37 1OYR 6/4 1OVR 4/4 35 VGL 3msbk
BC 37-57 1OVR6/3 IOYR5/3 50 VCLS lmsbk
Cox 57-76+ 1OVR7/3 1OYR5/3 60 EGS m

ADS7 A 0-9 1OVR4/2 1OYR 211 10 L P,2mgr,S, lmsbk
Bwl 9- laVA 5/3 1OVR 4/3 17 GL 3m&csbk
Bw2 61 - 100 1OYR 5/3 1OVR 3/3 40 VGSL 2m&csbk
Cox 100-121+ 1CYR 6/3 laVA 5/3 45 VGLS m



Appendix 1.6 (continued)

239

Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films Boundary

RDSB A 0-14 1OYR5/2 1OYR2/2 10 L 3fgr so,po vfr so a,s
AB 14-25 1OYR 5/2 1OYR 3/2 14 L P, 2msbk; S, lfgr so, po ft so a, a

Bwl 25-42 10YR 5/3 1OYR 4/3 23 GL 3msblc so, po ft sh a, s

Bw2 42-70 IOYR 6/4 1OYR 4/4 37 VGSL 3m&csbk so, po S h g, a

Cox 70 - 87+ 1 OYR 7/3 1 OYR 5/3 50 VGLS m so, po lo lo

RDS14 A 0-12 1OYR4/2 1OYR2/2 25 GL 3fgr so,po vfr so a,s
Bw 12-28 IOYR 5/3 IOYR 3/4 38 VGL 3n,sbk so, po ft sh a. a

Bt 28-66 1OYR 5/4 1OYR 3/6 45 VGL 3csbk ss. pa S h 2mkpo a. a

Cox 66 - 87+ 1 OYR 7/3 1 OYR 5/3 55 VGLS m so, P0 lo lo



Appendix 1.7
Soil Profile Descriptions, Ruby Mtns.
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Age &
Location Horizon Depth (Cm)

Color
Dry Moist

%
Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films Boundary

Drift Unit II

ADS 1 A
Bw
BC

0-16
16-37
37-59

1OYR 4/2

1OYR 414

IOYR 5/4

1OYR 211

1OYR 316

1OYR 416

16

25

40

CL
GL
VGSL

P. 2mgr 8, lmsbk
2msbk
lmsbk

so, po
so, po
so, pa

vfr

vfr
vfr

so

so

so

a,
a,

a, S
Cox 59-94 IOYR7/6 1OYR5/6 50 VGS m so,po 10 10 a,s
Cu 94- 136+ 1OYR 7/4 1OYR 5/4 55 VGS m so, po to 10 - -

ADS 3 A 0-14 IOYR 4/2 1OYR 212 25 CL lnigr so, pa vfr so a, s
AS 14-35 IOYR 5/2 1OYR 3/2 35 VCL 2msbk SO, PS ft so a,s
Bw 35-94 1OYR 6/3 I0YR 4/3 40 VCL 2m&csbk so, pa ft sh - a,s
Cox 94- 128+ 1OYR 7/3 laVA 5/3 40 VGLS m so, 0 10 Ia -

RDS4 A 0-4 IOYR5/3 10VR3/3 20 CL 2fgt so, ps vft so a,s
AS 4-20 laVA 5/3 laVA 3/3 25 CL 2msbk so, ps ft so a.s
Bw 20-53 laVA 6/4 1OYR 4/4 42 VGL 2msbk so, p5 ft so a,s
Cox 53-77+ 1OVA 7/3 1OYR 6/3 55 VGLS m so, 0 10 Ia - -

ADS 7 A 0- 16 laVA 5/3 1OYR 3/3 20 CL 2mgr SS, ps Vf t 50 C, S

Bw 16-45 1OYR 5/4 IOVR 3/6 40 VGSIL 2msbk ss, pa vi t so a, S
IlCox 45-70+ 1OVR 7/4 1OYR 5/6 65 ECS m so, po 10 lo -

RDS9 A 0-24 1OYR5I3 IOVR3/3 17 GL 2tgr sops sIt so a,s
Bw 24-80 1OYR 6/4 1OYR 4/4 33 CL 2m&csbk as, p5 ft so a,s
Cox 80- 121+ 1OYR 5/4 1OYR 3/4 55 VGS m so, O 0 Ia

RDS 11 A 0-12 1OYA 4/2 1OYR 2/2 13 L 2mgr so, p0 vfr so a,s
Bw 12-34 IOYR 5/4 1OYR 3/4 22 CL 2msbk so, pa ft sh a, 5
BC 34-53 IOYR5/4 1OYR4/6 45 VGSL lmsbk so, po vir so a,s
Cox 53-54 1OYR 6/4 1OYR 4/4 50 VGS m SO, pa Jo lo

Drift Unit I
ADS 2 A

Bwl
0-10
10 - 55

1OYR 4/2

1 OYR 4/2

1OYA 212

1 OVA 2/2

14

12

L

L

P, 2mgr 8, 2msbk
3m&csbk

so, pa
55, p5

ft
ft

so
sh -

a,

C, S

Bw2 55 - 95 1 OYR 5/2 1 OVA 3/2 17 CL 3m&csbk ss, pa ft sh C, 5

Bw3 95- 136 1OYR 5/3 IOYR 3/3 23 CL 3m&csbk ss, p5 ft sh a,s
BC 136 - 157+ 1 OYR 6/4 1 OVA 4/4 30 GSL 1 m&csbk so, P0 ft so -

RDS 5 A 0- 16 1OYR 4/2 1OYR 2/2 22 CL P, 2rngr S, lmsbk so, ps ft so - a,s
Bw 16 - 48 1 OVA 5/4 1 OVA 4/4 33 CL 3m&csbk 50, Ps ft sh - a, s

BC 48-78 10VR613 1OVR4/3 45 VGSL 2msbk so,po ft so a,s
Cox 78-96 1OYR7/3 1OYRS/3 55 VGS m so,po lo Jo

RDSS A 0-16 1OYA4/2 1OVR2/2 12 L P,2fgr,S,2msbk so,po vfr so - a,s
AS 16- 37 1 OVA 5/2 1 OVA 3/2 18 CL 3msbk so, ps ft sh a, s

Bw 37- 90 1 OVA 5/4 1 OVA 3/6 28 GSL 3m&csbk so, p5 fi h a, s

RDSS

Cox

A

90-125+

0-27

1OVR7/3

1OYR4/2

1OVR5/3

1OVR2/2

35

30

VCS

CL

n,

2fgt

so,po

sopo

lo

vft

to

so - as
Bwl
Bw2

27 - 58
58-128

1 OVR 5/3

1OYR 6/4

1 OVR 4/3

1OYR 4/4

35

35

VGL

VCL
2msbk
3m&csbk

so, ps

ss, p5

ft
ft

so
sh

a,

a, S

IlCox 128-175+ 1OVR6/4 IOYR4/6 60 EGSL S9 50,0 I lo

RDS1O A 0-17 10YR4/2 10YR212 30 CL 3mgt sops ft sh a,s
Btl 17-34 1OYR5/3 IOYR4/4 40 VCSCL 3msbk ss,ps fi h 2npa a,s
BC 34-68 laVA 6/6 laVA 4/6 50 VCSCL 3m&csbk ss, pa Ii h 2nrkpf, pa a, s
BC 68-90 1OYR 6/6 1OYR 4/6 55 VGSL lcsbk so, pa ft sh - a, 5
Cox 90- 115+ 1 OVA 6/4 1 OVA 4/4 60 ECLS m so, pa Ia to

RDS 12 A 0-14 laVA 4/2 1OYR 2/2 12 L P, 3mgr,S, lmsbk so, p5 ft so a, a
AB 14- 33 1 OVA 5/2 I OVA 3/2 20 CL 3rnsbk ss, p5 fr sh a, s
BI 33-75 ICYR 5/4 1OYR 3/6 34 GSCL 3rn&cabk ss, p5 fi ft 2nikpf, po a, s
BCI 75- 109 1 OVA 6/4 laVA 4/4 40 VGSL 2m&csbk so, p5 ft aft 2npo a, a

Cox 109-131+ IOVR 7/3 IOYR 5/3 50 VCLS m so, pa Ia 10 -



Appendix 1.8
Soil Profile Descriptions, Deep Creek Mtns.

Consistence Clay
Wet Moist Dry Films Boundary

so, po vir so - c, s
SS, PS vir so a, S
SO, p0 10 to -

so, po vir so C, S

ss, ps vi r so a, s
so, po to to - -

so, p0 vfr so a, s
so, po vi r Sb C, S

so, po to to - -

so, pa vi r so - a, a
so, p0 vir Sb - a, S
so, P0 vir so - C, S

So, 0 10 10 -

so, po vi r so a, S
so, po vi r sh a, S
so, po to to -

so, p0 vir so a, w
so, p0 vfr so a, w
so, 0 10 to -

so, p0 vfr so a, s
50, p0 vir sh a, S
so, po to to -

so, po vi r so a, S

so, po ir sh a, s
so, po to to -

so, po vir so a, S

ss, p0 vir so - C, S

so, po vir so a, s
so, po to to -

so, p0 vi r so - a,s
so, po ir sh a, s
so, p0 ft Sh C, S

so, po vi r So 9, 5
so, po to to -

so, p0 vir so a, s
so, p0 vir Sb C. S

so, P0 vir So g' S
so, po to to -

so, po vir so c, S

so, pa ir Sb C, S

So, p0 ir Sb a, S

So, O vir so c, w
so, p0 to to

So, 0 vir so - a, S

so, p0 ir sh a, w
so, po vir so a, S
SS, p ir Sb 2mkpo a, s
so, p0 to to -

so, po ir Sb C, S

so, pa ir sh a, s
50, p0 vir SO - a,s
so, po to to -
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Drift Unit Ill

RDS 13 A 0 - 5 1OYR 5/2 10YR 3/3 17 B... lf&mgr
Bw 5 - 35 1OYR 6/3 1OYR 4/3 25 a 21&msbk
Cox 35 - 52 1OYR 7/3 1OYR 5/3 63 m

RDS 14 A 0 - 6 10YR 5/2 1OYR 3/3 17 a li&mgr
Sw 6 - 33 1OYR 6/3 IOYR 4/4 33 G1 2msbk
Cox 33 - 57+ 1OYR 7/3 1OYR 6/4 60 m

Drift Unit II

RDS2 A 0 - 5 1OYR 4/2 1OYR 3/2 3 L 2fgr
Bw 5 - 34 1OYR 6/3 1OYR 5/3 20 G 2t&msbk
Cox 34 - 64+ 1OYR 7/3 1OYR 6/3 35 VGLS m

RDS4 A 0 - 4 1OYR 4/2 1OYR 3/2 3 L 2mgr
Bw 4 - 10 1OYR 6/4 1OYR 5/4 10 SL 21&msbk

10 - 30 1OYR 7/3 1OYR 6/3 17 GI.S lmsbk
Cox 30 - 51+ 1OYR 6/3 1OYR 5/3 25 rn

RDS9 A 0 - 6 1OYR 5/2 1OYR 3/2 14 L 2tgr
Bw 6 - 26 1OYR 5/2 1OYR 4/2 33 G 21&msbk
Cox 26 - 59+ 1OYR 6/3 1OYR 5/3 55 VGS m

RDS 11 A 0 - 16 1OYR 4/2 1OYR 2/2 10 L 2mgr
Sw 16 - 44 IOYR 5/3 1OYR 4/3 17 a 2i&msbk
Cox 44 - 68 1OYR 6/3 1OYR 5/3 33 as m

ADS 12 A 0 - 6 1OYR 5/2 1OYR 3/2 13 L 2fgr
Bw 6 - 23 1OYR 4/2 1OYR 3/3 17 a 2i&msbk
Cox 23 - 56 1OYR 6/3 1OYR 5/3 55 VGS m

ADS 15 A 0- 3 1OYR 4/2 1OYR 2/2 10 L 2igr
Bw 3 - 26 1OYR 6/2 1OYR 4/2 25 a 2msbk
Cox 26 - 47 1OYR 7/3 1OYR 6/3 48 VGS m

RDS 17 A 0-5 1OYR 4/2 1OYR 2/2 10 L 2i&mgr
Bw S - 41 1OYR 5/3 1OYR 4/3 20 a 2msbk

41 - 62 1OYR 4/2 1OYR 3/3 33 GB. li&msbk
Cox 62 - 81+ 1OYR 6/2 1OYR 5/3 50 VGS m

Daft Unit I
RDS1 A 0- 11 1OYR 4/2 1OYR 3/2 5 B.. 2fgr

AS
Bw

11 - 28
28 - 54

1OYR 4/2 1OYR 3/2
1OYR 7/4 1OYR 6/4

30
25

GB.,

GLS

Smsbk
2f&msbk

54 - 100 1OYR 7/4 1OYR 6/4 35 VGLS lf&msbk
Cox 100 - 120+ 1OYR 7/3 1OYR 6/3 45 VGS m

RDS3 A 0 - 6 1OYR 4/2 1OYR 3/2 5 L 2fgr
Bw 6 - 24 1OYR 6/3 1OYR 5/3 23 G9 2f&msbk

24 - 41 1OYR 7/3 1OYR 6/3 37 VGLS lt&msbk
Cox 41 - 87+ 1OYR 8/2 1OYR 7/3 50 VGS m

RDS5 Al 0- 9 1OYR 5/2 1OYR 3/2 7 L 2igr
A2 9 - 30 1OYR 4/2 1OYR 3/2 15 a 3mgr
Sw 30 - 52 1OYR 5/3 lOYtR 4/3 23 a 3f&msbk
tr 52 - 72 1OYR 6/4 1OYR 5/4 30 S lmsbk
Cox 72 - 104+ IOYR 7/3 1OYR 6/3 30 m

RDS6 A 0 - 10 1OYR 4/2 1OYR 3/2 4 L 2tgr
Bwl 10 - 36 1OYR 4/3 10YR 3/3 8 L 3mSbk
Bw2 36 - 61 1OYR 5/4 1OYR 4/4 17 GB. 2msbk
Bt 61 - 96 1OYR 6/6 1OYR 4/6 32 C 3csbk
Cox 96 - 123 IOYR 7/4 1OYR 5/4 50 VGS m

RDS7 A 0 - 19 1OYR 5/2 1OYR 3/2 13 L 3cgr
Bwl 19 - 63 1OYR 5/2 1OYR 2/2 17 a 3msbk
Bw2 63 - 91 1OYR 5/3 1OYR 3/3 33 G5 2i&rnsbk
Cox 91 - 124+ 1OYR 6/3 1OYR 4/3 55 VG5 m



242

Consistence Clay
Wet Moist Dry Films Boundary
SO, p0 vfr so a, s
so, po lr sh C, S

so, po ft Sb c, w
SO, 0 vtr SO C, S

SO, O to to -

SO, 0 vfr SO C, S

So, p0 fr Sb cs
SO, po ft sh a,s
so, po to to -

so, po ft sh - a, s
ss, pa ii h 2npo a, 5
ss, p5 Ii h 2npo a, s
So, po to to

Age &
Location Horizon Depth (cm)

Appendix 1.8 (continued)

Color
Dry Moist Gravel Texture Structure

RDS8 Al 0-7 1OYR 5/2 1OYR 3/2 10 L 2fgr
A2 7 - 26 1OYR 5/2 1OYR 3/2 14 L 3m&cgr
Bw 26 - 48 1OYR 6/3 1OYR 4/3 22 G. 3msbk
B 48 - 74 1OYR 6/3 1OYR 5/3 35 VGLS 2msbk
Cox 74 - 99+ 1OYR 7/3 1OYR 6/3 50 VGS m

RDS 10 Al 0 - 7 1OYR 5/2 1OYR 3/2 9 L 2lgr
A2 7- 33 1OYR 5/2 1OYR 3/2 13 L 3m&cgr
Bw 33 - 73 1OYR 5/2 1OYR 4/2 25 3msbtc
ttCox 73 - 98+ 1OYR 6/3 lavA 5/3 45 VGS m

ADS 16 A 0 - 13 1OYR 4/2 lavA 3/2 17 3m&cgr
Bt 13 - 50 1OYR 5/4 IOYR 4/4 30 G1 3m&csbk
Bk 50 - 72 1OYR 6/4 1OYR 5/6 50 VGSCL 3csbk
Cox 72 - 97+ 1OYR 6/4 1OYR 5/4 55 VGLS m



Appendix 1.9
Soil Profile Descriptions, Tushar Mtns.
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Age &
Location Horizon Depth (cm)

Color
Dry Moist Gravel Texture Structure

Consistence
Wet Moist Dry

Clay
Films

Drift Unit III

RDS3 A 0-4 1OVR5/2 1OVR4/2 15 CL 2fgr so,po vir SO

6w 4-16 IOVR 6/3 1OVA 5/3 45 VGSL lmsbk so, po vfr so -

Cox 16-39+ 7.5VA6/2 7.SVA5/2 60 EGSL m So, po to to

ADS 7 A 0 -4 1 OVA 6/2 1 OVA 4/2 40 VGL ltgr so, P0 vir so -

Bw 4-21 7.5VR 6/2 7.5VR 5/2 45 VGL 2fsbk so, po vfr so

Cox 21-41+ 7.5YA6/4 75YA5/4 50 VGL m so,po to to -

ADS 11 A 0-4 1OYR 5/2 1OYR 3/2 25 CL lrngr SO, p0 vfr so

Sw 4-18 1OYR 5/4 1OYR 4/4 45 VCL lmsbk so, P0 vtr SO

Cox 18-37+ 1OYR6/2 10YR512 70 EGSL m so,po to 10

RDS19 A 0-6 10YR412 1OYR3/3 12 L lmgr so,po vir so

Bw 6-26 10YR412 1OYR4/3 20 CL 2rnsbk so,po vir so

BC 26-77 1OYR 4/2 1OYR 3/3 28 GSL lfsbk so, po vir so -

Cox 77 - 96+ 7.5YR 5/2 7.5VR 3/2 50 VGSL m so, po to to

Drift Unit II
RDS1 A 0-6 1OYR5/2 1OVR4/3 17 GL 2mgr sopo vir so -

AS 6-25 IOVR6/3 IOVR5/3 22 CL 2msbk so,po vir so

6w 25 -47 SYR 6/3 5VR 5/4 35 VGL 2msbk so, P0 vi r so

Cox 47- 71+ 5VR 6/2 5YR 5/2 48 VGSL m So, p0 to to -

ADS 8 A 0-3 1OYR 5/3 1OVR 3/3 50 VGL ltgr so, p0 vfr so

Bw 3 -21 1 OVA 5/4 1 OVR 4/4 65 EGL 2msbk so, P0 vfr so

ADS 9

Cox

A

21 - 43+

0-5

1OVR 6/2

1OYR 5/2

1OVA 5/2

1OYR 3/2

85

14

EGSL

L

a,

2mgr

50, po

so, p0

to

vfr

to

so

-

Bw 5 -27 1 OVA 6/3 1 OVA 5/3 50 VGL 2rnsbk so, P0 vfr SO

Ccx 27- 48+ 1OYA 7/2 1OYA 6/3 60 ECSL m so, 0 10 to

ADS 10 A 0-3 1OVA 5/2 1OVR 3/2 10 L 2mgr so, P0 vfr so -

Sw 3-42 1OYR 5/4 1OYR 4/4 42 VGL 21&msbk so, P0 vtr SO

Ccx 42 - 69+ 7.5YA 6/3 7.5YIR 5/3 55 VGSL m 50, P0 to to

RDS12 A 0-7 1OYR4/1 IOYR3/1 8 L 2mgr so,po vir so

Bw 7-43 1OYA5/3 1OYA4/3 33 GL 2lsbk so,po vir so

BC 43-78 IOVR 5/2 1OYR 4/2 45 VGSL lmsbk so, P0 vir so -

Ccx 78-110-i- IOVR5/2 1OYR4/2 60 EGLS m so,po to to

ADS 15 A 0-16 1OVR 5/3 1OVA 3/3 13 L 3mgr so, P0 tr sh -

Bw 16-39 1OYR 5/3 1OVR 3/3 20 CL 3msbk so, P0 Ir sh

BC 39-55 1OYR 6/3 1OVR 4/3 25 GL 2msbk so, po vi r so

Cox 55 - 78+ 1 OVA 6/2 1 OVA 4/2 40 VGSL m so, p0 to to

RDS 16 Al 0 - 3 1 OVA 4/1 1 OVA 2/1 8 L 2fgr so, po vi r so

A2 3-27 1 OVA 5/2 1OVR 3/2 20 CL P. 2mgr S, 1 msbk so, P0 vfr so

Bw 27 - 53 1 OVA 5/2 1 OVA 3/3 25 GL 2msbk so, P0 fr sh -

Ccx 53-80+ 2.5 V 6/4 25V 5/4 45 VGSL m SO, p0 to to

RDSI7 A 0-21 1OVA4/1 1OVA3/2 23 CL 2mgr so,po vfr so

Bw 21 -49 1OVA 4/2 1OYR 3/3 30 CL 2m&csbk so,po vfr so -

Ccx 49- 63+ 1 OVA 6/3 1 OVA 5/3 45 VGSL m 50, po to to

ADS 18 A 0-3 1OYR 5/1 IOYA 3/1 25 CL 219r 50, p0 vfr so

Bw 3-16 1OVA6/3 1OYA5/3 35 VCL 2msbk sopo vir so

Ccx 16- 53+ IOYR 7/3 IOYR 6/3 50 VGSL m so, p0 to to

Drift Unit I

ADS 2 A 0- 5 1 OYR 4/2 1 OVA 2/2 10 L 2f9r so, P0 vtr so -

Bwl 5-22 1OVR 6/3 IOYR 5/3 25 GL 3msbk so, po Ir sh

Bw2 22-65 1OVR 6/4 1OVA 5/4 33 CL 2msbk so, P0 vir so

611 65 - 90 7.5VA 4/6 7.5VR 4/4 28 CCL 3m&csbk ss, pa fr sh 3mkpl, 0
B12 90-125 7.5VR 4/6 7.5VR 3/4 32 CL 2f&msbk so, PS ft sh lmkpo

Ccx 125- 147+ 1OYR 4/2 1OVR 3/3 38 GSL m so, po to 0 -

ADS 4 A 0 - 6 1 OVA 5/2 1 OVA 3/2 33 CL 2mgr so, po vfr so -

Bw 6 -24 1 OVA 5/3 1 OVR 4/3 28 CL 2msbk so, po vfr so

611 24-83 7.5YA 6/4 75VA 5/4 22 CCL 3m&csbk S P fr sh 3mkpf, 0

Bt2 83- 115 1 OVA 6/4 1 OVA 5/4 25 CCL 2msbk S. p It Sb 3mkpf, po

ItBC 115- 133+ IOYA 6/3 1OVA 5/3 32 GSL lmsbk SO, p0 vfr so

Boundary

a,s
cs

-

a, s
a, s

a, s
C,

5,5
c,s
C,

a,s
c,s
a, w

a, a

a, s

a,s
5, 5

-

a,s
C,5
c,S

a, 5

a, a

a, s

a, 5

a, S

a, s

-

a,s
a,

a,s
as

a,
C, S

a, s
a, s

C, S

a, s
a, a

C, 5

a, S



Consistence Clay

Wet Moist Dry Films Boundary
so,po sir so a,s
so,po vfr so a,s
so, P0 S Ii a, s

s, p Ii h 3kpf, po C,

s, p fr sh 3mkpl, p0 a, S

s, p5 fr Sb 1 mkpo -

so, P0 vfr so a, s

5, p Ii h 2mkpf, po g, s

5, p Ii h 2mkpf, po C, S

ss, p5 fr sh 1 mkpo -

so, P0 Ir Sb a, s

so, p0 ft sh - a, a

s, p Ii ft 3mkpf, Pc a, S

ss, ps ft Sh 2mkpf, po C,

so, po to to

So, po fr sh - a, S

so,po Ir Sh a,s
so, P0 vir sh C, a

55, ps ft Sb 2n,kpf, P0 C, S

so,po sir so a,S

so, pa Ic to

so, po ft Sb a, S

so, P0 Ir sh - a,

s, p Ii ft 3mkpl, po a, S

SO, 5 sir So -
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Age &
Location Horizon Depth (cm)

Color
Dry

Appendix 1.9 (continued)

Moist Gravel Texture Structure

RDS5 A 0-4 10YR411 IOYR2/1 10 L 2mgr

AB 4-25 IOYR5/2 10YR412 28 GL 21&rnsbk

Sw 25 -45 7.5YR 6/2 7.5YR 6/3 35 VGL 2msbk

BlI 45 - 96 5YR 412 5YR 3/3 30 CC 3m&csbk

Bt2 96 - 131 2.5 YR 6/2 2.5YR 4/2 38 VGC 2msbk

BCI 131 - 173+ 5YR 6/3 SYR 5/3 45 VGCL 1 msbk

RDS 6 A 0 -20 1 0YR 4/1 1 OYR 211 10 L 2mgr

Btl 20 - 63 5YR 5/2 5YR 4/3 28 CC 3m&csbk

Bt2 63-111 5YR 5/2 5YR 4/3 38 VGC 31&msbk

BCt 111 - 129+ 7.5YR 6/3 7.5YR 5/3 45 VGCL 2msbk

RDS 13 A 0-17 1OYR 4/1 1OYR 2/1 12 L 3mgr

Bw 17 - 54 7.5YR 5/2 7.5YR 4/2 29 CL 2msbl

Bt 54- 136 5YR 5/4 5YR 4/4 35 VGCL 3msbk

BCt 136- 207 SYR 5/3 5YR 4/3 42 VGCL 2m&csbk

Cox 207 - 257+ 5YR 5/3 5YR 4/3 45 VGSL Tn

RDS 14 A 0-24 1OYR 4/2 1OYR 3/2 14 L 3mgr

AS 24-53 1OYR4/1 1OYR2/1 23 GL P,3msbk;S,2mgr

Bw 53 -80 1 OYR 5/3 1 OYR 4/3 40 VGL 2rnSbk

Bt 60- 120 1OYR 514 IOYR 414 42 VGCL 3m&csblc

BC 120-172 IOYR5/3 1OYR4/3 48 VGL lmsbk

Ccx 172-212+ 1OYR 5/2 1OYR 4/2 55 VGSL m

RDS 20 A 0-24 1OYR 5/2 1OYR 3/2 14 L P, 3m9r S, lmsbk

Sw 24 -46 7.5YR 6/2 7.5YR 5/4 20 CL 3msbk

BI 46- 110 7.5YR 6/4 7.5YR 4/4 40 VGC 3m&csbk

BC 110- 138+ 1OYR 6/4 1OYR 4/4 55 VGL lmsbk
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Appendix 2.1
Soil Particle Size Distributions, Siskiyou Mtns.
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Age&
Location Horizon Depth (cm) % Sand %Silt % Clay
Drift Unit II
RDS7 A 0-5 53.2 30.5 16.3

Bw 5 - 24 65.6 23.9 10.5
BC 24-74 71.8 24.1 4.1

Cox 74- 96+ 78.9 16.7 4.4

RDS 8 A 0-6 72.5 19.0 8.5
E 6 -23 87.8 7.9 4.3
Bw 23 - 65 90.2 4.9 4.9
Ccx 65 - 90+ 72.0 20.2 7.8

RDS 9 A 0 - 10 58.2 29.4 13.4

Bwl 10-28 69.5 24.6 5.9
Bw2 28 - 46 66.3 28.6 5.1

BC 46 - 63 65.7 27.0 7.3
Ccx 63 - 97+ 56.1 35.7 8.2

RDS 11 A 0-3 41.4 38.5 20.1

E 3-7 55.2 30.7 14.1

Bw 7-27 60.4 31.7 7.9
BC 27- 47 65.4 29.8 4.8
Ccx 47- 79+ 74.7 20.3 5.0

RDS12 A 0-8 70.8 15.7 13.5
Bw 8-34 81.7 12.1 6.2
BC 34 - 74 89.2 5.8 6.0
Cox 74 - 99+ 89.3 6.2 4.5

RDS 13 A 0-12 49.8 31.7 18.5
AB 12-27 61.0 29.2 9.8
Bw 27-57 50.2 37.3 12.5
BC 57 - 76 60.7 33.2 6.1

Ccx 76 - 99+ 65.3 29.5 5.2

RDS 14 A 0-9 68.8 20.1 11.1

Bwl 9 - 20 66.9 22.2 10.9
Bw2 20 - 45 73.8 19.7 6.5
BC 45 -74 75.0 20.5 4.5
Ccx 74- 109+ 80.7 15.4 3.9

RDS 15 A 0 - 9 32.9 50.3 16.8
Bt 9 - 27 35.4 48.4 16.2
Bw 27 - 42 34.6 50.4 15.0
BC 42- 58 49.1 40.6 10.3
Coxi 58 - 88 50.2 39.4 10.4
Cox2 88 - 152+ 72.4 23.0 4.6



Appendix 2.1 (continued)
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Age &
Location Horizon Depth (cm) % Sand %Sitt % Clay
Drift Unit I
RDS 6 A 0- 5 33.2 47.6 19.2

E 5 - 29 26.2 49.5 24.3
Bw 29 - 77 28.3 47.6 24.1
Btl 77- 111 26.4 42.7 30.9
Bt2 111 - 203 22.8 47.4 29.8
Cox 203 - 307+ 45.7 39.6 14.7

RDS 10 A 0- 10 56.2 29.7 14.1

AB 10 - 23 48.0 36.6 15.4
Btl 23-46 43.3 39.6 17.1

Bt2 46 - 81 23.1 36.4 40.5
Bt3 81 -139 33.6 35.2 31.2
BC 139- 176 61.2 30.6 9.2
Cox 176 - 185+ 71.1 20.5 9.4



Appendix 2.2
Soil Particle Size Distributions, Aspen Butte
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit III
RDS11 A 0-6 46.7 39.6 13.7

Bw 6-26 73.5 22.4 4.0
BC 26-61 90.4 7.1 2.5
Cox 61-78+ 87.9 9.5 2.6

RDS18 A 0-4 60.1 33.7 6.2
Bw 4-29 75.0 22.2 2.8
Cox 29-42+ 78.3 19.0 2.7

Drift Unit II
RDS6 A 0-8 69.9 23.9 6.2

Bw 8-43 76.8 19.6 3.6
Cox 43-56+ 79.3 17.6 3.1

RDS7 A 0-8 54.5 37.0 8.5
Bw 8-40 71.8 24.4 3.8
BC 40 -85 74.5 20.8 4.7
Cox 85-114+ 76.8 19.5 3.7

RDS12 A 0-5 63.9 29.5 6.6
Bw 5-33 82.0 13.9 4.1
Cox 33-53+ 87.1 10.1 2.8

RDS15 A 0-5 60.9 31.9 7.2
AB 5-21 68.9 29.6 1.5
Bwl 21 -51 68.2 28.4 3.3
Bw2 51 -72 67.2 27.9 4.9
Cox 72-96+ 73.8 23.2 3.0

RDS17 A 0-3 74.0 18.9 7.1
Bw 3-32 73.5 21.6 4.9
Cox 32-46+ 88.4 8.2 3.4

Drift Unit I
RDS4 A 0-8 70.4 25.1 4.5

AB 8-27 69.8 26.0 4.2
Bw 27-76 71.8 24.3 3.9
BC 76-116 74.9 21.9 3.2
Cox 116-135 75.1 21.1 3.8

RDS5 A 0-13 72.0 25.3 2.8
Bwl 13-53 71.5 25.0 3.5
Bw2 53-85 72.7 23.6 3.7
Cox 85- 147+ 89.3 8.3 2.5

RDS14 A 0-5 62.9 31.0 6.1
Bwl 5 - 34 69.8 26.0 4.2
Bw2 34-70 67.6 27.7 4.6
Cox 70- 106+ 59.7 32.6 7.7

RDS19 A 0-7 71.8 21.8 6.3
Bwl 7-45 77.3 18.5 4.2
Bw2 45-90 72.6 23.2 4.2
Cox 90-107+ 83.0 15.3 1.8



Appendix 2.3
Soil Particle Size Distributions, Elkhorn Mtns.
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit II
RDS 1 A 0 - 4 43.3 53.4 3.3

Bw 4 - 48 45.3 49.3 5.4
ilCoxb 48 - 84+ 64.9 28.3 6.8

RDS 4 A 0 - 16 59.5 37.6 2.9
Bw 16- 52 60.8 33.3 6.0
Cox 52 - 84+ 79.4 16.3 4.3

RDS 5 A 0 - 9 42.4 52.5 5.1
Bw 9 - 25 40.3 57.5 2.3
Cox 25 - 45 37.5 60.4 2.1
lIBwb 45 - 70 66.3 30.7 3.1
UCoxb 70-87+ 81.5 16.3 2.2

RDS 11 A 0 - 6 43.6 49.8 6.6
Bw 6 - 30 50.0 43.9 6.1
Cox 30- 54+ 60.9 31.9 7.1

ADS 13 A 0 - 3 47.8 44.0 8.1
Bw 3- 20 47.2 . 43.2 9.6
IlCoxb 20 - 57+ 65.5 28.1 6.4

RDS 14 A 0- 9 69.5 24.1 6.3
Bw 9 - 55 68.8 24.1 7.0
Cox 55-76+ 81.4 16.2 2.4

Drift Unit I
ADS 2 A 0- 13 4.4.2 48.0 7.8

Bw 13-42 52.7 40.9 6.4
IIBwb 42 - 82 68.0 23.4 8.6
IlBtb 82-140 64.1 24.6 11.3
IlCoxib 140 - 195 67.6 26.3 6.1
IICox2b 195-215+ 73.2 22.3 4.6

ADS 3 A 0- 13 56.0 37.2 6.8
Bwl 13- 46 63.4 30.6 6.0
Bw2 46 - 93 64.0 29.5 6.4
Cox 93 - 113+ 75.3 20.4 4.3

ADS 12 A 0- 3 45.6 46.5 7.9
Bw 3-21 37.1 54.3 8.6
IlAb 21 - 30 63.2 28.2 8.7
IIBtlb 30-57 47.8 28.7 23.5
IIBt2b 57 - 106 49.3 27.2 23.5
IIBCb 106 - 122+ 62.6 23.5 13.9



Appendix 2.4
Soil Particle Size Distributions, Strawberry Mtns.
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit III
ADS 10 A 0-5 30.5 50.2 19.3

Bw 5-27 32.8 49.4 17.9
IlCox 27-79+ 49.5 38.4 12.1

RDS 12 A 0- 6 45.0 43.4 11.6
Bw 6 - 26 44.3 46.7 9.0
IlCox 26 - 73+ 53.0 39.2 7.9

Drift Unit II
RDS 1 A 0- 4 61.9 32.9 5.2

Bwl 4 - 36 56.8 36.4 6.8
Bw2 36 - 60 57.7 34.3 8.0
Cox 60-91+ 70.6 21.3 8.1

RDS 2 A 0- 10 40.0 44.1 16.0
Bw 10-40 44.9 44.8 10.3
Btj 40 - 85 35.7 47.6 16.7
BC 85 - 126 46.2 40.9 12.9
Cox 126-153+ 55.9 36.2 7.9

RDS 4 A 0-10 37.4 46.0 16.6
Bw 10-47 32.5 46.6 20.9
Bt 47 - 79 39.3 39.9 20.8
Cox 79 - 90+ 45.0 38.4 16.7

RDS 6 A 0- 6 46.9 37.1 16.0
Bwl 6 - 52 40.0 49.6 10.4
Bw2 52 - 80 51.1 40.3 8.7
Cox 80-104+ 62.6 30.5 6.9

RDS 9 A 0 -4 15.2 44.7 40.0
Bw 4 - 26 43.4 36.7 19.9
Bt 26 - 65 60.3 28.3 11.4
Cox 65 - 87+ 55.6 33.2 11.3

ADS 11 A 0 - 11 43.6 43.2 13.3
Bw 11 - 49 49.8 43.7 6.4
Cox 49 - 73+ 80.5 15.5 4.0

ADS 13 A 0 - 11 19.7 61.4 18.9
Bw 11 -65 51.6 38.0 10.4
Cox 65- 88+ 74.5 19.4 6.1

Drift Unit I
ADS 3 A 0 - 5 35.2 47.0 17.8

Bw 5 - 70 30.4 48.5 21.2
Btl 70- 114 35.8 44.1 20.1
Bt2 114-165 36.7 47.0 16.3
Cox 165- 182+ 51.7 32.1 16.2



Appendix 2.4 (continued)
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
RDS5 A 0-7 34.3 43.7 21.9

Bw 7-37 32.7 42.3 25.0
Bt 37-76 24.8 52.2 23.0
BCt 76-94 38.9 43.7 17.5
Cox 94-117+ 47.9 37.8 14.3

RDS7 A 0-6 34.3. 50.3 15.4
Bw 6-35 45.6 37.4 17.0
Btl 35-70 41.9 40.3 17.9
Bt2 70-113 40.8 40.5 18.7
Cox 113-134+ 49.7 38.2 12.1



Appendix 2.5
Soil Particle Size Distributions, Steens Mtn.
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit III
RDS 14 A 0- 12 30.5 49.1 20.3

Bw 12- 75.3 21.3 3.4
BC 40-60 80.6 15.8 3.6
Cox 60 - 82+ 79.1 16.8 4.2

RDS15 A 0-6 31.6 42.4 26.1
Bw 6 - 64.0 27.8 8.3
Cox 23- 41+ 73.0 18.8 8.2

Drift Unit H
ADS 3 A 0- 17 50.7 36.0 13.4

AB 17 - 30 49.3 35.7 15.1
Bw 30 - 50 81.0 13.9 5.0
Bwm 50-72 81.5 12.9 5.6
Cox 72 - 90+ 74.8 17.3 7.9

RDS 16 A 0-14 65.2 25.5 9.3
Bwl 14-34 71.3 24.3 4.4
Bw2 34-57 83.3 13.7 2.9
Cox 57-76+ 87.7 9.7 2.6

ADS 17 A 0 -13 54.5 35.9 9.6
Bw 13- 51 68.5 26.1 5.4
Cox 51 - 87+ 70.3 25.0 4.7

RDS 19 A 0- 10 56.5 30.1 13.4
Bw 10-46 71.5 23.2 5.3
Cox 46 - 77+ 87.5 9.5 3.0

RDS 20 A 0 - 9 55.3 35.5 9.3
Bw 9 - 28 75.0 21.4 3.5
Cox 28 - 68+ 80.7 16.8 2.5

Drift Unit I
RDS 1 A 0-15 62.5 32.1 5.4

A2 15-29 57.6 32.9 9.5
Bw 29-64 67.6 26.3 6.1
Bwml 64-113 72.9 23.8 3.3
Bwm2 113-137 68.2 27.3 4.4
Coxm 137-159+ 70.4 25.5 4.1

RDS 2 Al 0- 19 46.9 37.8 15.2
A2 19-35 51.0 37.7 11.2
Bwm 35 - 64+ 66.7 24.8 8.6

RDS 9 A 0-17 61.7 26.7 11.6
Bt 17-43 59.5 27.1 13.4
Bw 43-97 64.7 26.8 8.5
Cox 97-118+ 88.7 8.1 3.2



Appendix 2.5 (continued)
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
RDS 18 Al 0-15 33.0 43.1 23.9

A2 15-41 27.1 47.4 25.5
Bt 41-82 16.9 54.8 28.3
BCt 82-104+ 34.8 44.7 20.5

RDS 21 A 0-19 55.7 31.3 13.0
Bwl 19-45 53.9 33.3 12.9
Bw2 45-81 67.3 24.4 8.3
Cox 81-101+ 55.8 39.5 4.7



Appendix 2.6
Soil Particle Size Distributions, Pine Forest Range
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit II
RDS2 A 0-22 70.9 19.1 10.1

Bw 22 - 56 73.9 18.1 7.9
BC 56-75 79.6 15.1 5.2
Cox 75- 100+ 77.7 18.2 4.1

ADS 3 A 0 - 13 65.5 23.6 10.9
Bw 13-34 66.0 22.0 12.0
Ccx 34 - 52+ 79.7 14.5 5.8

RDS11 A 0-13 49.4 39.2 11.4
Bw 13-53 48.0 41.1 10.9
Cox 53-81+ 79.1 16.3 4.6

ADS 12 A 0- 16 75.0 16.5 8.5
AB 16-29 70.5 17.9 11.5
Bw 29 - 40 73.5 15.5 10.9
Ccx 40 - 55 80.9 12.9 6.2

ADS 13 A 0 - 18 72.3 23.5 4.3
Bw 18 -44 70.0 23.8 6.2
Ccx 44 - 68+ 78.4 15.3 6.3

Drift Unit I
RDS 1 A 0 - 25 56.8 28.5 14.6

AB 25 - 48 55.6 32.8 11.6
Bt 48-104 59.6 26.7 13.8
BC 104-129 68.4 21.5 10.1
Cox 129- 187+ 76.5 16.4 7.1

RDS 5 A 0- 13 72.7 18.8 8.6
AB 13- 30 73.5 18.7 7.8
Bw 30 - 49 69.1 20.1 10.8
BC 49 - 68 73.6 19.4 7.1
Ccx 68- 90+ 81.6 13.3 5.1

RDS 8 A 0-14 71.2 19.1 9.7
AB 14-25 68.3 21.3 10.5
Bwl 25 - 42 63.9 21.7 14.4
Bw2 42-70 64.8 22.6 12.6
Ccx 70 - 87 76.5 15.7 7.8
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Appendix 2.7
Soil Particle Size Distributions, Ruby Mtns.

Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit II
RDS 1 A 0- 16 53.1 36.1 10.8

Bw 16 - 37 58.2 32.9 8.8
BC 37- 59 72.5 20.1 7.4
Cox 59 - 94 77.9 17.9 4.2
Cu 94- 136+ 80.8 15.9 3.3

RDS 3 A 0-14 55.9 33 11.1

AB 14- 35 52.9 33.3 13.9
Bw 35- 94 55.8 29.2 15

Cox 94 - 128+ 68.3 24.4 7.4

ADS 4 A 0- 4 48.9 37.3 13.8
AB 4-20 45.1 35.8 19.1
Bw 20 - 53 50.5 29.6 19.9
Cox 53-77+ 64.1 25.4 10.6

ADS 9 A 0 - 24 46.7 38.7 14.7
Bw 24 - 80 60.8 30.2 9

Ccx 80- 121+ 81.8 12.5 5.7

Drift Unit I
ADS 2 A 0 - 10 42.3 37.6 20.1

Bwl 10- 55 40.3 39.8 19.9
Bw2 55-95 40.4 41.2 18.5
Bw3 95 - 136 38.6 42.7 18.7
BC 136- 157+ 51.9 38.2 9.9

ADS 5 A 0- 16 56.7 30.4 12.9
Bw 16-48 .58.9 26.2 14.9
BC 48-78 71.1 20 8.9
Ccx 78 - 96+ 77.6 15.6 6.8

RDS 6 A 0-16 60.5 27.9 11.7
AB 16-37 62.5 25.7 11.9
Bw 37-90 69.8 21.2 9

Cox 90 - 125+ 74.9 17.2 7.9

RDS 10 A 0- 17 53.1 28.6 18.3
Btl 17- 34 49.5 30.4 20.1
Bt2 34 - 68 53.1 27.3 19.5
BC 68-90 67.7 21.1 11.2
Ccx 90-115+ 79.9 11.9 8.2



Appendix 2.8
Soil Particle Size Distributions, Deep Creek Mtns.
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Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit III
RDS 13 A 0 - 5 54.7 39.3 6.0

Bw 5 - 35 58.0 28.0 14.0
Cox 35-52+ 81.8 13.0 5.2

RDS 14 A 0 - 6 70.2 23.2 6.6
Bw 6 - 33 63.3 25.0 11.7
Cox 33 - 57 75.0 17.6 7.3

Drift Unit II
RDS 4 A 0 - 4 68.3 25.5 6.2

Bw 4-10 58.1 34.1 7.8
BC 10 - 30 69.8 24.3 5.9
Cox 30- 51+ 72.2 22.0 5.8

RDS 11 A 0- 16 57.1 35.9 7.0
Bw 16 - 44 51.6 34.5 13.9
Cox 44-68+ 81.1 13.3 5.6

RDS 12 A 0 - 6 66.8 28.9 4.3
Bw 6 - 23 65.4 27.8 6.8
Cox 23 - 56+ 76.4 18.3 5.3

RDS 17 A 0- 5 69.2 23.5 7.3
Bw 5-41 57.4 31.2 11.4
BC 41-62 72.6 21.2 6.2
Cox 62 - 81+ 78.3 17.0 4.7

Drift Unit I
RDS 5 Al 0 - 9 68.5 28.4 3.2

A2 9 - 30 64.8 28.8 6.4
Bw 30- 52 63.5 27.6 8.9
BC 52-72 71.1 22.2 6.7
Cox 72-104+ 75.9 18.1 5.9

RDS 6 A 0 - 10 67.3 25.9 6.8
Bwl 10- 36 56.3 29.0 14.7
Bw2 36- 61 60.5 26.4 13.1

Bt 61-96 58.6 25.3 16.2
Cox 96 - 123+ 83.4 14.4 2.2

RDS 8 Al 0-7 69.4 24.8 5.7
A2 7 - 26 67.7 22.8 9.5
Bw 26-48 62.1 24.7 13.2
BC 48 - 74 69.0 24.7 6.3
Cox 74- 99 76.5 15.4 8.1

RDS 10 Al 0-7 68.1 25.6 6.3
A2 7-33 65.3 22.8 11.9
Bw 33 - 73 65.8 28.2 6.1

IlCox 73 - 98+ 83.3 14.5 2.2

RDS 16 A 0- 13 69.0 21.1 9.9
Bt 13-50 67.1 20.7 12.3
Bk 50-72 66.2 19.7 14.1
Cox 72 - 97 67.3 22.3 4.7



Appendix 2.9
Soil Particle Size Distributions, Tushar Mtns.

257

Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
Drift Unit HI
ADS 3 A 0- 4 57.1 32.9 9.9

Bw 4-16 62.7 25.7 11.6
Cox 16- 39+ 74.8 16.3 8.8

RDS11 A 0-4 59.1 30.8 10.1
Bw 4 - 18 47.2 39.0 13.8
Cox 18- 37+ 51.0 38.5 10.5

RDS 19 A 0- 6 54.8 32.9 12.3
Bw 6-26 57.2 31.1 11.7
BC 26-77 68.9 19.2 11.9
Cox 77- 96+ 74.0 14.8 11.2

Drift Unit II
RDS 1 A 0- 6 44.6 42.5 12.9

AB 6- 25 57.3 28.4 14.4
Bw 25-47 57.1 28.8 14.1
Cox 47 - 71 + 61.5 26.8 11.8

RDS 10 A 0- 3 44.1 40.6 15.3
6w 3 - 42 44.0 40.8 15.2
Cox 42-69+ 74.4 14.5 11.1

ADS 12 A 0- 7 45.0 37.8 17.3
Bw 7- 43 47.7 37.0 15.3
BC 43-78 66.5 22.9 10.6
Cox 78-110+ 87.4 7.1 5.5

ADS 16 Al 0-3 59.4 31.0 9.6
A2 3-27 62.1 25.1 12.8
Bw 27 - 53 64.6 22.7 12.6
Cox 53-80+ 64.1 23.8 12.1

Drift Unit I
ADS 2 A 0 - 5 39.2 43.1 17.8

Bwl 5 - 22 42.9 40.7 16.3
Bw2 22 - 65 46.7 37.4 15.9
Btl 65- 90 48.9 30.7 20.4
Bt2 90- 125 55.2 25.5 19.4
Cox 125-147+ 62.4 21.8 15.8

ADS 4 A 0-6 51.3 34.5 14.2
Bw 6-24 44.3 38.5 17.1
Btl 24 - 83 43.2 36.6 20.1
Bt2 83- 115 45.8 34.6 19.6
BC 115- 133+ 52.3 34.0 13.7
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Appendix 2.9 (continued)

Age &
Location Horizon Depth (cm) % Sand % Silt % Clay
RDS13 A 0-17 49.8 34.7 15.5

Bw 17-54 56.7 27.1 16.2
Bt 54- 136 56.8 22.3 21.0
BCt 136- 207 56.9 21.8 21.2
Cox 207-257+ 62.5 21.5 16.0

RDS14 A 0-24 62.1 25.5 12.4
AB 24-53 48.7 37.7 13.7
Bw 53-80 55.8 27.4 16.7
Bt 80-120 57.4 19.6 23.0
BC 120-172 57.3 22.0 20.7
Cox 172-212+ 59.4 21.1 19.5
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Siskiyou Mountains
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Appendix 3. Present-day mean summer temperature and winter
accumulation vs. altitude regressions for each mountain range studied
during this investigation. The reconstructed late Pleistocene ELA is
indicated by a dashed line.
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Elkhorn Mountains
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Strawberry Mountains
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Steens Mountain
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Pine Forest Range
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Deep Creek Mountains
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Tushar Mountains
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Appendix 4. Present-day spring and fall rate of temperature change and
spring and fall precipitation rate vs. altitude regressions for each mountain
range studied during this investigation. The reconstructed late Pleistocene
ELA is indicated by a dashed line.
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Aspen Butte
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Elkhorn Mountains
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Strawberry Mountains
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Steens Mountain
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Pine Forest Range
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Deep Creek Mountains
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Tushar Mountains
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