CATENA

e
ELSEVIER Catena 36 (1999) 255-281

Response of alluvial fan systems to the late
Pleistocene to Holocene climatic transition:
contrasts between the margins of pluvial Lakes
Lahontan and Mojave, Nevada and California, USA

Adrian M. Harvey **, Peter E. Wigand °, Stephen G. Wells °

* Department of Geography, University of Liverpool, PO Box 147, Liverpool L69 3BX, UK
b Quaternary Sciences Center, Desert Research Institute, PO Box 60220, Reno, NV 89506-0220, USA

Received 4 November 1998; received in revised form 4 March 1999; accepted 10 March 1999

Abstract

Dated shorelines of late Pleistocene pluvial Lakes Lahontan (Great Basin Desert, northwest
Nevada) and Mojave (Mojave Desert, eastern California) provide timelines for the assessment of
alluvial fan sedimentation at the lake margins during the late Pleistocene to early Holocene. Two
sets of alluvial fan systems have been mapped: the Stillwater fans, feeding Lake Lahontan; and the
Zzyzx fans, feeding Lake Mojave. Their contrasting morphologies suggest different responses of
the two fan systems to late Pleistocene to early Holocene climatic change. At the time the
Stillwater fan systems underwent minimal sedimentation, with the catchment hillslopes apparently
stable. The Zzyzx fans experienced major changes in water and sediment supply from the
catchment hillslopes. There was a major phase of hillslope debris-flow activity, followed by
fanhead trenching and distal fan progradation. Both areas were wetter and colder in the late
Pleistocene than they are today, but during the transition to the Holocene the Zzyzx area was more
likely to experience intense rains associated with the monsoonal penetration of warm moist
tropical air into the Southwest. Vegetation reconstructions for the late Pleistocene to the early
Holocene suggest that catchment hillslopes in the Mojave supported a desert shrub vegetation, but
those in the Stillwaters supported juniper woodland and grasses at low elevations and pine at
higher elevations. Contrasts in hillslope vegetation cover together with storm activity may account
for the different responses of the alluvial fans to climatic change during the Pleistocene to
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Holocene climatic transition. After the falls in lake levels of Lakes Lahontan and Mojave in the
early Holocene, both areas underwent aridification, resulting in reductions in hillslope vegetation
cover. Increased storm runoff led to fanhead trenching and distal progradation of the alluvial fans.
Variations in fan style at that time may relate primarily to base-level conditions resulting from
different gradients on the exposed lake shores. © 1999 Published by Elsevier Science B.V. All
rights reserved.

Keywords: Alluvial fans; Pluvial Lake Lahontan; Pluvial Lake Mojave; Late Pleistocene climates; Palacovege-
tation

1. Introduction

Arid-zone alluvial fans are highly sensitive to environmental change (Harvey, 1997).
They act as stores for sediment produced by mountain catchments, and hence may
preserve a record of the history of sediment delivery to the fan. Since fan surfaces are
formed by depositional processes, fan morphologies reflect these processes. If the
environment changes the fan surface responds by a change in style of depositional or
erosional regime and /or in the location of zones of erosion or deposition on the fan.

The erosional or depositional response of a fan to a change in process is governed by
critical power relationships between the power required to transport the sediment
supplied and the actual transporting power (Bull, 1979). These relationships are con-
trolled by variations in flood runoff and sediment supply (Bull, 1979; Bull, 1991).
Excess sediment supply will lead to sedimentation, whereas excess power, resulting
from reduced sediment supply or increased runoff, will lead to erosion. The relationships
may be modified by tectonics. Tectonic activity may alter the relief of the source area,
influencing sediment production, or the gradient of the fan itself, influencing transport-
ing power. The relationships may be also modified locally by base-level changes,
influencing the erosional /depositional regime in the distal fan zone.

The morphology and sediments of an alluvial fan therefore preserve a record of past
environmental changes. A major problem however, is to determine whether changes in
fan processes have been caused by tectonic activity, climatic change or intrinsic
geomorphic conditions of the fans themselves. This latter aspect may be further
complicated by the presence of geomorphic thresholds (Schumm, 1977) causing differ-
ential responses to environmental change. The determination of the age relationships of
phases of erosion or deposition on alluvial fans is critical for the interpretation of the
geomorphic record; so too is the assessment of the spatial or regional extent of changes
in fan regime. On this basis attempts can then be made to relate changes in fan
geomorphology to tectonic, climatic or other factors.

This paper deals with two contrasted mountain-front alluvial fan systems in the
American Basin and Range province: the Stillwater fans in the Great Basin Desert of
northwest Nevada; and the Zzyzx fans in the Mojave Desert of southeast California (Fig.
1). An assessment is made of the extent to which differences in fan regime between the
two areas over the period from the late Pleistocene to the early Holocene, may be due to
climatic, vegetation, or other differences between the fan environments. During the late
Pleistocene, both fan systems terminated in pluvial lakes, Lake Lahontan in Nevada, fed
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Table 1

Stillwater and Zzyzx fans: elevations

Fan group Stillwaters Zzyzx
Mountain range Stillwaters Soda Mts
Pluvial lake Lahontan Mojave
Elevation zones (m)

Maximum 2690 690
Max —fan zone 1500 420
Upper shoreline 1340 287
Lower shoreline 1240 275
Modern playa 1192 270

largely by drainage from the Sierra Nevada, and Lake Mojave in California, fed by the
Mojave River drainage originating in the Transverse Ranges (Table 1). In both cases,
dated lake shorelines provide good time-lines for the correlation, relative dating and
interpretation of the fan sequences.

2. The study areas
2.1. The Stillwater fans

These are mountain-front fans, fed by catchments in the Stillwater range of northwest
Nevada. Elevations range from less than 1200 m on the floor of the Carson Sink playa,
up to almost 2700 m at the mountain tops (Table 1). Bedrock geology of the mountain
catchments includes several zones (Willden and Speed, 1974). Supplying sediment to
small fans in the south of the study area, is the Table mountain zone of Late Tertiary
basalts. To the north, supplying the large fans in the central part of the study area, is a
complex group of early Tertiary rhyolites, dacites and andesites. Further north, supply-
ing the northernmost fans in the study area are Triassic sedimentary mudrocks. The
mountain front is fault bounded, though unlike the Dixie mountain front in the Dixie
Valley, on the other side of the Stillwaters, which experienced major fault movement in
response to the 1954 earthquake (Bell and Katzer, 1987), there is little evidence of
recent tectonic activity. There are minor lineations and one scarp in the fan toe zone of
the central fans, which may reflect minor recent faulting. Tectonic deformation of the
Stillwater mountain front over the period since the late Pleistocene is less than the
deformation related to isostatic rebound following desiccation of pluvial Lake Lahontan
(Adams and Fontaine, 1996, Adams and Wesnousky, 1998, Adams and Wesnousky, in
press).

The fans toe out at the eastern margins of the Carson Sink, a modern playa remnant
of Pleistocene pluvial Lake Lahontan. High Lake Lahontan shorelines are evident along
the mountain front and across the alluvial fans.

There have been few previous studies of fans in the Lahontan area. As a preliminary
to this study, Harvey and Wells (1996) used relationships with the Lahontan shorelines
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to identify the extent of Holocene fan segments on the Stillwater fans. Ritter et al.
(1996) have similarly used shoreline evidence to differentiate between older and
younger fan segments in the Buena Vista valley, a former northern arm of pluvial Lake
Lahontan. In the neighbouring Dixie Valley, but not part of the Lahontan system, Bell
and Katzer (1987) and John (1993) have mapped fan surfaces of various Late Pleis-
tocene and Holocene ages.

The modern climate of the area is typical of the Great Basin Desert with precipitation
totals less than 200 mm, much of which falls in winter, but with the occasional summer
storm. Mean annual temperatures are ca. 10°C, with high summer (July mean ca. 20°C)
and low winter (January mean ca. 0°C) temperatures (Houghton et al., 1975). The
modern vegetation in the fan zone is typical of this part of the Great Basin Desert,
dominated by shadscale desert scrub communities, but passes upwards into
Pinyon /Juniper woodland in the mountains, with montane conifers locally at the highest
elevations.

2.2. The Zzyzx fans

These are mountain-front fans fed by small catchments in the Soda Mountains within
the eastern Mojave Desert of southeast California. Elevations range from 270 m on the
floor of the Soda Lake basin to almost 700 m at the mountain tops (Table 1). Bedrock
geology of the mountain catchments includes two main rock types: Cretaceous metavol-
canics and Cretaceous granite. Locally, there are small outcrops of metamorphosed
Cretaceous limestone (Harvey and Wells, 1994). The mountain front probably parallels
an ancient fault line, but there is no evidence for tectonic activity during the Quaternary.
The fans are backfilled into the mountain catchments, suggesting a long period of
tectonic stability (Bull, 1977, 1978).

The fans toe out at the western margins of the Soda Lake basin, a modern playa
remnant of Pleistocene pluvial Lake Mojave. Two Lake Mojave shoreline zones are
evident along the mountain front and across the fan toes.

Previous studies of the Zzyzx fans and their catchments (Wells et al., 1990a; Harvey
and Wells, 1994) involved detailed mapping of the fan surfaces in relation to the Lake
Mojave shorelines. At Silver Lake, in the northern part of the Soda Mountains, detailed
chronologies of fan deposition have been established (Wells et al., 1987, 1990b;
McFadden et al., 1989), using evidence from soil and pavement development, in relation
to the shoreline sequence of pluvial Lake Mojave. Other studies in the eastern Mojave
Desert (Wells et al., 1990b; McDonald and McFadden, 1994) have used evidence from
soils and pavements to establish the relationships between Quaternary fan, dune and lake
sediments. Further north, sediment sequences on the Death Valley fans (Hunt and
Mabey, 1966) have been used to suggest relationships between Pleistocene climates and
geomorphic activity (Dorn, 1994).

The modern climate of the Zzyzx area is typical of the Mojave Desert with rainfall
totals less than 100 mm, much of which falls in winter, but with a stronger summer
storm component than in the Stillwater area. Summer temperatures in the Mojave are
very high (often exceeding 40°C) and winter temperatures are moderate (Houghton et
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al., 1975). The modern vegetation is typical of the Mojave Desert, a thermophilous
desert scrub in both the fan and mountain zones.

3. Methodology

The alluvial fan units were mapped in the field, in the Stillwaters onto air photo
enlargements at a scale of ca. 1:8000. At Zzyzx, they were mapped onto basemaps at a
scale of 1:6000, (produced by enlargement of the 1:24,000 topographic sheets) onto
which details had been added from air photos.

In the Zzyzx area, the mapping was based on the recognition in the field of discrete
sedimentary units, defined on the basis of morpho-stratigraphic relationships with each
other and with the palaeo-lake shorelines. The units mapped were grouped into relative
ages by the relationships with the shoreline features. Away from the shoreline zone
correlations were made, using multiple evidence criteria based on soils, rock varnish and
pavement development, similar to those used by McFadden et al. (1989), elsewhere in
the Mojave Desert. The underlying assumption is that once a surface ceases to be
geomorphically active, soil formation proceeds especially through the accretion of
windblown dust and subsequent transformation by pedogenic processes into a soil
profile with recognisable horizon development. Given the constraints of comparable
parent materials, topography and climate, the degree of horizon development is related
to the timespan involved (Birkeland, 1985; Bull, 1990). Simultaneously the original
depositional fabric of the surface is modified by the processes of desert pavement
formation (McFadden et al., 1987). On exposed clasts of appropriate lithologies, rock
varnish forms. Both these processes are time-dependent.

There have been numerous chronosequence studies in the American West, dealing
with soil, pavement and varnish development (see Birkeland, 1990; Harden, 1990),
including studies focused on the Mojave Desert (McFadden et al., 1987; Wells et al.,
1987, 1995; McFadden et al., 1989; McDonald and McFadden, 1994; McFadden et al.,
1998). The latter provide a framework for studies at Zzyzx. In the field, soil profiles
were described. The fan surfaces were mapped, and differentiated using the multiple
evidence criteria developed by McFadden et al. (1989) applied to the numerous
exposures of fan sediments and overlying soils. The details are presented elsewhere
(Wells et al., 1990a; Harvey and Wells, 1994; Wells and Harvey, in prep). In this paper,
we focus primarily on the changing fan morphology over the time period spanned by the
lake shorelines of late Pleistocene pluvial Lake Mojave.

In the Stillwaters, there are fewer exposed sections, and the fan surfaces are more
heavily vegetated and often obscured by layers of Holocene Lahontan dust (Adams and
Wesnousky, in press). There have also been fewer studies of soil development in this
region (Chadwick and Davis, 1990; Chadwick et al., 1984; Adams and Wesnousky, in
press). Furthermore, the climatic differences between the Mojave Desert and the
northwestern Great Basin may mean that direct comparisons between the soils may be
misleading. In the Stillwaters therefore, more reliance was placed on the morpho-strati-
graphic relationships (Harvey and Wells, 1996).

Given that the lake shorelines are approximately of similar age (late Pleistocene to
early Holocene) in both areas (see below), there is a basis for geomorphic comparisons.
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There are considerable differences between the two areas in alluvial fan development,
especially for the late Pleistocene to early Holocene time period. This suggests either
different climatic sequences or differential response to climatic change between the two
areas.

To consider how these two factors interact, palaeoclimatic scenarios (derived from
published sources and ongoing research) were assessed in relation to vegetation recon-
structions, indicative of catchment vulnerability to erosion. Some of the vegetation data
were derived from published sources, but some new data are also included.

4. Pluvial lake shorelines

The dated shorelines of pluvial Lakes Lahontan and Mojave (Table 2) provide a
framework for the correlation and dating of the alluvial fan surfaces. The high shoreline
of Lake Lahontan (at 1340 m) dates from ca. 13 ka BP, after which the lake level fell to
an intermediate level (to ca. 1235 m by ca. 10.5 ka BP). The lake then fell further, with
possibly a minor early Holocene rise (to ca. 1220 m) (Davis, 1982, 1985: Morrison,
1991; Adams and Fontaine, 1996; Adams and Wesnousky, 1998), before its final
disappearance early in the Holocene. The shorelines can be traced almost continuously
along the mountain front of the Stillwater Range, in some places as erosional features
cut in bedrock or cutting older alluvial fan sediments (Fig. 2a). Otherwise, the shorelines
are marked by coastal depositional features (Adams and Wesnousky, in press), often
forming a staircase of beach ridges in a belt along the mountain front, ranging between
the highest and lowest shoreline elevations. Locally the shorelines are crosscut by
younger fan segments (Fig. 2b).

The high shoreline zone of Lake Mojave involves two high shorelines (at 287 and
285 m), related to the Lake Mojave I and II highstands, dating from ca. 18.5 to 16.5 ka
BP and from ca. 14 to 11.5 ka BP, respectively. The lake levels fell intermittently to a
lower shoreline (at ca. 278 m), which dates from the early Holocene (ca. 10-8.5 ka BP)

Table 2
Shoreline sequences and dates

Lake Lahontan

Early Sehoo (35-22 ka): high lake levels (but lower than 1250 m)

Mid Sehoo (22-13 ka): rise to maximum lake level at 1340 m

Late Sehoo (13—ca. 10.5 ka): rapid fall in lake level to ca. 1235 m

Early Holocene desiccation, possibly with a late lake stage to ca. 1220 m

Chronology and dating from various sources including: Davis (1982), Morrison (1991), Adams and Fontaine
(1996)

Lake Mojave

Lake Mojave I (18.5-16.5 ka): high lake level (287 m)

Intermittent lake (16.5—-14 ka): fluctuating lake levels, periodically reaching high levels

Lake Mojave II (14—11.5 ka): high lake level (285 m)

Intermittent lake (11.5-8.5 ka): fluctuating, but generally falling lake levels, final rise to ca. 278 m at ca.
8.5ka

Chronology and dating from various sources including: Wells et al. (1987), Enzel et al. (1989a), Brown et al.
(1990), Wells et al. (1990b,c)
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Fig. 2. Shoreline/fan relationships: (a) Stillwater mountain front, showing lake shorelines (arrowed) cut in
older (Group 1) fan sediments. (b) Stillwater mountain front, showing lake shorelines (arrowed) cut by
younger (Group 3) alluvial fans. (c) The mountain front at Zzyzx, showing higher and lower shoreline zones
(arrowed) and relationships with fan deposits (f). (d) Zzyzx fans, showing intermediate (Group 2) fan deposits
forming inset terrace within older (Group 1) fan surfaces, and extensive distal fan surfaces. Group 3
(Holocene) fan surfaces prograde beyond the younger shoreline (arrowed).
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Fig. 2 (continued).

(Enzel et al., 1989a; Brown et al., 1990; Wells et al., 1987, 1990b,c). The shorelines can
be traced along the mountain front of the Soda Mountains. An upper shoreline zone is
marked by two closely spaced erosional benches cut into the bedrock spurs between
individual fans (Fig. 2¢), and by an erosional zone cut into the older fan deposits. The
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youngest shoreline forms a near-continuous feature a few m above the modern playa
floor (Fig. 2¢), either as an erosional bench or as a beach. This shoreline forms a
secondary erosional feature across the distal zones of the alluvial fans. It is crosscut by
younger fan segments (Fig. 2d).

In both areas three sets of alluvial fan surfaces can be defined in relation to the lake
shorelines (Fig. 2). These are:

Group 1 (older fan surfaces), predating the high shorelines.

Group 2 (intermediate fan surfaces), dating from between the high and low shorelines.

Group 3 (younger fan surfaces), postdating the low shorelines.

Each fan group relates to broadly similar periods in both areas; Group 1 to the
Pleistocene prior to ca. 18.5-13 ka, Group 2 to the late Pleistocene to Early Holocene
(ca. 13-10.5 to ca. 8.5 ka), Group 3 to the Holocene.

5. Alluvial fan surfaces

The spatial extent of the three groups of alluvial fan surfaces, as defined by their
relationships to the lake shorelines and mapped in the field, are summarised in Figs. 3
and 4.

5.1. Group 1 fan surfaces

In both areas, Group 1 fan surfaces are extensive, indicating substantial period(s) of
fan building prior to the late Pleistocene. In the Stillwaters, Group 1 surfaces are
multiple (Harvey and Wells, 1996), especially in the apex areas of the larger fans where
they grade upstream into depositional terraces in the feeder valleys. On the basis of the
relationships with Lake Lahontan shorelines, Group 1 fan surfaces clearly relate to
deposition prior to the maximum lake levels of Lake Lahontan. These surfaces are
multiple, and especially on the higher surfaces, preserve well developed desert pave-
ments, characterised by highly fractured angular clasts. The pavements lie over well
developed soil profiles which show pale Av horizons, thick argillic Bt horizons (> 30
cm) with 7.5YR hues, and Bk horizons with at least Stage II carbonate morphology
(terminology after Gile et al., 1966, modified by Machete, 1985). This degree of soil and
pavement development, both on the Stillwater western mountain front (Harvey and
Wells, 1996) and in the Dixie Valley, to the east (AMH, unpublished field notes),
suggests that at least the higher surfaces may well be pre-Sehoo (pre-late Pleistocene) in
age. This observation also accords with the work of Ritter et al. (1996) in the Buena
Vista valley to the north.

At Zzyzx, the Group 1 surfaces appear to be simpler, although the sections through
the fan deposits often suggest multiple phases of deposition. The relative immaturity of
the soils developed on the Group 1 surfaces, in comparison to those on stable interfluves
above the fans (Bt horizon soil colours of 7.5YR hues as opposed to 5YR; carbonate
accumulation of stage II as opposed to stage I11), together with the relative immaturity of
the pavements (Wells and Harvey, in prep), would suggest ages in the tens of thousands
rather than hundreds of thousands of years (McFadden et al., 1989; Amit et al., 1993).

Buried by the main Group 1 sediments, but exposed in some of the fanhead trenches,
are older fan sediments capped by thick, stage III pedogenic calcrete (Wells et al.,
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1990a; Harvey and Wells, 1994). These sediments relate to deposition earlier in the
Pleistocene, and may be the equivalent of older fan segments identified in Death Valley
(Dorn, 1994) and elsewhere in the Mojave, Colorado and Sonoran Deserts (Bull, 1991).

5.2. Group 2 fan surfaces

The main differences between the Stillwater and Zzyzx fans are in the extent of
Group 2 (Late Pleistocene to Early Holocene) surfaces. On the Stillwater fans Group 2
surfaces are restricted to small areas just below the high shoreline (Fig. 3), and are
dissected by the incision which followed the disappearance of the lake (Harvey and
Wells, 1996). At a few sites, Group 2 fan deposits can be seen to interdigitate with lake
sediments (Harvey and Wells, 1996). More often they form a thin veneer of fan deposits
resting on lake sediments. Desert pavement, where visible, is less well developed than
on Group 1 surfaces, and in the few exposed sections, soil profiles show much less
maturity than those on Group 1 surfaces (thinner, less argillic Bt horizons, with weaker
rubification of 10-7.5YR hues, and less mature carbonate morphology of stages I to II).

It is clear that while there was a substantial lake in the Lahontan basin there was
minimal sediment input from the Stillwater mountain catchments. This is substantiated
by the composition of the shoreline beach features whose sediments are almost wholly
derived by longshore movement rather than by local input from the mountain catch-
ments, clearly evident where drift directions cross geological boundaries (Adams and
Fontaine, 1996). There is little evidence of hillslope instability. Most of the Stillwater
hillslopes are colluvially-mantled stable slopes. The major sediment input to the lake
came from the major rivers entering the lake (Davis, 1982), and locally by coastal
erosion of older fan and lakeshore deposits, rather than by stream input from the
bordering small catchments in the Stillwater Range. This accords with the observations
of Ritter et al. (1996) (Ritter, personal comm.) in the Buena Vista valley to the north of
the Stillwater Range, where they also note an absence of fan sediments contemporane-
ous with the Lake Lahontan highstand.

At Zzyzx, the picture is completely different. After the deposition of Group 1 fan
deposits, and approximately coincident with the Group 2 fan sediments there was major
hillslope debris-flow activity (Harvey and Wells, 1994). Group 1 fan sediments are often
buried at the fan margins by younger debris-flow deposits derived from the neighbour-
ing hillslopes (Fig. 4). These deposits display a varnish characteristic of Group 2
deposits (Harvey and Wells, 1994). Group 1 fan surfaces were then deeply trenched by
fanhead trenches within which Group 2 sediments were deposited as inset terraces (Fig.
2d and Fig. 4). Group 2 fans themselves prograded beyond the high shorelines, cut into
Group 1 fans (Fig. 4), only later to be trimmed by the low shoreline at the end of Group
2 time. Group 2 surfaces here show some degree of pavement and soil development, but
markedly less than Group 1 surfaces.

These phenomena indicate a much more active geomorphic system at Zzyzx than in
the Stillwaters. Early in Group 2 time, there was sufficiently high soil moisture, which
together with storm activity acting as a trigger, allowed hillslope debris flows to occur
(Harvey and Wells, 1994). Later, high runoff from the mountain catchments and
probably also from the pavement-mantled older fan surfaces (Wells et al., 1987;
McDonald et al., 1997), had sufficient power to cut fanhead trenches, and there was
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sufficient sediment mobility to allow deposition as inset terraces and as prograding distal
fans. High rates of geomorphic activity, including a major phase of fan sedimentation
occurring at the same time as Group 2, have also been recognised on other fans in the
eastern Mojave area (Wells et al., 1987, 1990c¢).

5.3. Group 3 fan surfaces

In both the Stillwater and Zzyzx areas, Group 3 surfaces are extensive, and show only
immature soil and pavement development. They indicate considerable Holocene alluvial
fan activity, several phases of which can be identified. The phases probably reflect
climatic changes during the Holocene. However, there are contrasts between the two
areas in the setting of the Holocene fan segments. On the Stillwater fans, deep trenching
occurred after lake levels fell and the Holocene fan segments extend below these
trenches (Fig. 3; Harvey and Wells, 1996). At Zzyzx, Holocene deposition essentially
continued the fan progradation trend initiated in Group 2 time on the larger fans, but was
relatively minor on the smaller debris cones (Harvey, 1992). Trenching did occur, but is
primarily fanhead trenching rather than a response to base-level change.

The major contrasts during the Holocene between the two areas (fans of Group 3,
Figs. 3 and 4) seem to relate to the different influence of base-level change, rather than
to differences induced by climatic or other environmental change. On the Stillwater fans,
as the deep lake receded, steep gradients were exposed on the emergent lake shoreface.
These were sufficient to induce incision, topographically separating the Groups 2 and 3
fan segments. At Zzyzx, recession of the much shallower lake exposed gentler shoreface
gradients. These were insufficient to trigger major incision, and except on the smallest
fans and debris cones, where minor shoreline dissection may have been related as much
to shoreline erosion as to base-level lowering, incision into the older deposits was
primarily through continuation of shallow fanhead trench development. The fans pro-
graded from intersection points well above the shorelines, out across the shoreline zone,
by processes related to proximal water and sediment supply conditions rather than to
base-level change.

Thus, in terms of water and sediment delivery to the fans rather than of base-level
change, the major contrasts between the two areas are those which occurred during
deposition of the Group 2 fan segments (late Pleistocene to early Holocene). Water and
sediment delivery reflect climate and vegetation. To account for these contrasts, the
evidence for contrasting climatic and vegetation characteristics between the Stillwaters
and Zzyzx is assessed below.

6. Climatic reconstructions

Two expressions of late Pleistocene to early Holocene climates need to be consid-
ered: first the regional climatic conditions that led to the formation of the large pluvial
lakes, and second, the local climatic conditions to account for the different geomorphic
regimes identified within the alluvial fan systems.
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Climates in the American West depend on two characteristics of the general
circulation, the overall position of the polar front, governed by the polar jetstream, and
the degree of zonality or meridionality of airflow, again governed by the behaviour of
the polar jet. The seasonal movement of the polar jet is well known. So too is its
southward displacement during Pleistocene glacial conditions, which coupled with
strongly zonal flow (Knox, 1984; Bull, 1991) brought high precipitation to the South-
west. Today, zonal airflow brings about westerly dominance, whereas meridional flow,
especially in summer, allows the penetration of warm moist sub-tropical air from the
Gulf of Mexico or the eastern tropical Pacific to enter the Southwest under ‘monsoonal’
conditions (Bryson, 1957; Bryson and Lowry, 1955; Bull, 1991). This effect may be
enhanced by warm sea sErface temperatures in the eastern Pacific, and therefore may be
heightened during El Nino conditions (Enzel and Wells, 1997; Ely, 1997).

To account for the presence of large lakes, reconstructions of late Pleistocene
climates over much of the American West argue for both a depression of temperatures
(by ca. 3-8°C in relation to today’s temperatures), and an increase of precipitation (of
between 60 and 300% greater than today) (Mifflin and Wheat, 1979; Davis, 1982;
Grayson, 1993; Wells et al., 1990c). The high precipitations resulted from southward
displacement of the jetstream, and strongly zonal flow (Knox, 1984), bringing high
winter precipitation especially of snow to the Sierra Nevada feeding Lake Lahontan
(Davis, 1982), and to the Transverse Ranges in southern California feeding Lake Mojave
(Enzel et al., 1989a). Over the mountain ranges within the Great Basin and the Mojave
areas precipitation totals were also high, as evidenced by the presence of lakes in smaller
enclosed basins, in addition to those fed by the Sierra Nevada and the Transverse
Ranges (Mifflin and Wheat, 1979; Wells et al., 1998).

Lake Lahontan had an early highstand prior to the glacial maximum (ca. 22 ka,
Benson et al., 1990), but reached maximum elevations after the peak of glaciation in the
Sierras (ca. 13.5 ka). Lake Mojave sustained high levels through Lake Mojave I and 1T
phases, during and after the glacial maximum (ca. 18.5—11.5 ka). This pattern suggests
the southward displacement of the jetstream prior to the glacial maximum and its later
return north as deglaciation occurred. After the glacial maximum high precipitation may
have been enhanced by increased energy in the global circulation, resulting in more
moisture in the atmosphere and greater penetration into continental interiors, and
perhaps by the breakdown of easterly flow off declining Cordilleran glaciers. Another
factor may have been the depression in the lapse rate during Pleistocene glaciation.
Precipitation carried onshore during the glacial maximum may have affected both
eastern and western slopes of the Transverse ranges, but only the western slope of the
higher Sierras. In the Mojave area during the glacial maximum, but in the Lahontan area
before and after the glacial maximum, the appropriate combinations of (a) lapse rate, (b)
the occurrence of moisture bearing storms and (c) relatively low evaporation rates,
resulted in the dramatic growth of the pluvial lakes.

During the Holocene and at present the existence of ephemeral lakes in the Mojave
Desert, and river floods elsewhere in the southwest (Ely, 1997), have been particularly
associated with meridional airflow and monsoonal conditions, allowing the penetration
of tropical air into the desert Southwest (Bull, 1991). Anomalous atmospheric pressure
patterns over the eastern Pacific and high sea surface temperatures, especially under El
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Nino conditions, enhance this effect, bringing heavy precipitation into the southwest,
particularly to the source areas of the Mojave River in southern California (Enzel and
Wells, 1997; Enzel et al., 1989a,b).

High precipitation and lower temperatures resulting from the southward displacement
of the polar jet may account for the high lake levels during the late Pleistocene, but
alone cannot account for the differences in geomorphic activity between the Stillwater
and Zzyzx fans. El Nino conditions tend to produce sustained high rainfalls in the Sierra
Nevada, the Transverse Ranges, and other mountain areas, but may not necessarily
produce much geomorphic activity in small fan catchments in the Mojave and Great
Basin deserts. Therefore, more important would be local climatic conditions leading to
exceptionally intense rainfalls within the Mojave and Great Basin Deserts themselves,
rather than climatic conditions in the source areas of the major drainages feeding the
lake basins.

Of the three types of flood-producing storm identified by Ely (1997), winter Pacific
storms may be important for moderate-sized drainages but are less likely to generate the
localised intense rainfalls needed to produce significant geomorphic activity in small fan
catchments. More important would be either localised intense summer thunderstorms, or
late summer eastern Pacific tropical storms moving north into the desert areas. Both of
these would be associated with a dominantly meridional airflow and low pressure
developing over the desert areas, ie. ‘monsoonal’ conditions.

The contrast between the Stillwater and Zzyzx Group 2 fans, is essentially that during
the Pleistocene to Holocene transition there was very little geomorphic activity in the
Stillwaters, but at Zzyzx there is evidence for major slope processes, major fanhead
trenching and distal progradation of the fans. There is other geomorphic evidence of
major flood activity in the Mojave Desert at that time (Wells and Dohrenwend, 1985;
Bull, 1991).

One possibility that may account for this contrast is that during the Pleistocene to
Holocene climatic transition, as the jetstream moved north (Fig. 5) and zonal circulation
weakened, ‘monsoonal’ summer convectional rainfall may have affected the Mojave
area in the south, but not the Lahontan area further north. Later, during the Holocene,
the climates in both areas became hotter and drier. Desert climates, with periodic
meridional flow conditions, became established by the mid-Holocene (Knox, 1984).

Fig. 5 suggests the possible climatic scenarios during the late Pleistocene, the
Pleistocene to Holocene transition and subsequently during the Holocene. The lakes
were produced by high precipitation over the lake-source areas (enhanced by cool
conditions and low evaporation rates over the lake basins themselves), conditions
favoured by a southerly track of Pacific storms. Geomorphic activity on the fans results
primarily from ‘monsoonal’ conditions involving the penetration of moist tropical air
into the Southwest. During the Pleistocene to Holocene transition this was more

Fig. 5. Summary of postulated Late Pleistocene—Holocene changes in airmass circulation conditions in the
American West, compared to modern flood-producing storms (based on ideas put forward by Enzel et al.,
1989a,b; Brown et al., 1990; Wells et al., 1990a; Bull, 1991; Ely, 1997).



271

A.M. Harvey et al. / Catena 36 (1999) 255-281

Ifejures
|BUONYBAUOD AABBH

Suonipuod
SWIOJS ,[BUOOSUOW,
JOWIWNS YYM
pajeiosse Alewoue
einssaid Mo

Irejures
o_zo_a\n.?mmx ///A

SWIO}S ploed
Areay yum pajeroosse |
Ajewoue ainssaid mo

SULO}S Dlyioeg
Aq uonensued

pIEMUINOS

SR 21U
|eaidosy
- lawwng

e jed
(Jowwng)  smoje

sjusnaid  mojy

IsemyInog ol
01} j0 uonesneuad

[BUOIPLIBI "ISBMUINOS OJu
e |eoidos) jo uonensuad

ainssed ybiy sewwng |

I[BJUIBI [BUOOBAUOO JOWIWING (1’

llgjures o1uojoko sewwing v

uoneydioaid o1uojoko ssjuipm ,,,//w

4inos sarow
weaxsier JAUIM

YHou sarow
weansier
Jewung

.......

B
SRR
i

4

Jeuoz

SWLI0)S ,|BUOOSUO\, JIBwwng

SWLIO}S JBJUIM OIoed

,suonpuo) Aiq, usepopy
SUoiIpuo) ulspon

senued

(uiseg j1easn
ainssaid mo l_

oyl o Ajeses Inq)
semyinog ey ul Jie
|eaidos jo uonesneuad
[BUOOSUOW JBWWINS
'SMOJ|E MOJ} [eUOIPLBIN

IIBjurey (1ewwng)
[BUOIOBAUOD

uoreydioaid
JRlUIM

N

seuals
UIBYLON
Il ures Jajul
yuou syiys
weassier

uonendivsid

(1pum) NN

Kneay jo seuoz

S
(4b1y)

onefo axeq / ‘010 sebuey asioAsuBlL

T SN 'SEL8IS 8y} 0} mous

PUE URY Yiog
8y} 0} weansjer

eyig -

33

exLL-¥L

ainssaid ybIH I
uoneydioaid
Aneay jo sauoz /////

(erewixosdde)
90 [el0e|9 @

—E
00s 1 o
NN
NN

‘Aip pue pjoo ‘uiseg Jea1n)
“0je sebuey @siansuell
'Sel8IS uIeIsem

e
o>qa_u_2_cow_.wv_»// Ul MOUS pue uley
NN A // “YINog 8y 0}

LSIOW 1009 A, / lom weansIay

NN

NI
SN

00

(wnwixeyy |ejoery iseT) gL



272 AM. Harvey et al. / Catena 36 (1999) 255-281

effective in the south of the area, in the Mojave, than further north in the Lahontan
basin.

7. Vegetation reconstructions

The level of geomorphic activity on alluvial fans depends not only on the climatic
characteristics, which govern runoff power, but also on the erosional characteristics of
the drainage basins, which influence the rate of sediment supply to fans. Perhaps as
significant for the late Pleistocene geomorphic contrasts between the Lahontan and
Mojave areas as the climatic differences, are the differences suggested by vegetation
reconstructions. These not only reflect palacoclimatic conditions, but are indicators of
the erosional conditions within the fan catchments.

Radiocarbon-dated palaeo-vegetation data have been derived by a number of re-
searchers from analyses of plant materials collected in packrat ( Neotoma spp.) middens,
both in the northwestern Great Basin (Lahontan) area (Wigand and Nowak, 1992;
Tausch et al., 1993; Grayson, 1993; Nowak et al., 1994a,b), and in the Mojave Desert
(Wells and Berger, 1967; Wells and Woodcock, 1985; Van Devender, 1977; Woodcock,
1986; Spaulding, 1990; Grayson, 1993; Forester et al., 1996; Wigand and Rhode, 1999).
From these published data an attempt has been made to reconstruct the likely vegetation
changes in the Stillwater and Zzyzx catchments over the period from the late Pleistocene
to the early Holocene (Figs. 6 and 7). For this analysis, using the available data, the
presence of selected key species preserved in packrat middens has been plotted against
time and elevation for the two areas. The key species selected include: whitebark pine
(Pinus albicaulis), limber pine (P. flexilis) and white fir ( Abies concolor), indicative of
sub-alpine and montane coniferous forests; Utah juniper (Juniperus osteosperma)
indicative of the present Pinyon/Juniper sub-montane zone (the pinyon pine— P.
monophylla, did not enter this region until later in the Holocene, Nowak et al., 1994a,b);
and various species characteristic of temperate desert scrub, including rabbitbrush
(Chrysathammus spp.), shadscale ( Atriplex confertifolia), bursage ( Ambrosia spp.), and
brittlebrush ( Encelia spp.). No species characteristic of the modern thermophilous scrub
of the Mojave desert were included, as this community did not develop until later in the
Holocene (Grayson, 1993). Nor were species included that today occur over a wide
altitudinal range of several vegetation zones, e.g., big sagebrush ( Artemisia tridentata).
The approximate altitudinal limits for the indicator species are then considered for the
late Pleistocene to early Holocene period, in relation to the present altitudinal range for
the modern vegetation zones in the two areas (Figs. 6 and 7).

The analysis of the data for the Lahontan area (Fig. 6) suggests that during the late
Pleistocene, open juniper woodland with a rich shrub understorey dominated by
sagebrush, grew down to the shore of pluvial Lake Lahontan. In addition, a periodic
elevational shift of at least one subalpine conifer, whitebark pine, to elevations as low as
1400 m highlights episodes of cooler wetter climate during the late Pleistocene. This

Fig. 6. Late Quaternary vegetation reconstruction for the Lahontan Basin, Nevada. Based on data from Wigand
and Nowak (1992), Grayson (1993), Tausch et al. (1993), Nowak et al. (1994a,b).
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Mojave Desert: Late Pleistocene-Early Holocene estimated vegetation zonation
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would indicate that catchments feeding the Stillwater fans would have been covered by
open juniper woodland, with a sagebrush understorey at low elevations, and scattered
stands of whitebark pine higher up (Fig. 6). An even more important factor controlling
erosion is the presence of grass. Pollen evidence from stratified packrat middens around
the shores of pluvial Lake Lahontan indicates that within much of the juniper woodland
there was a luxuriant grass cover (Fig. 8), similar to that today at much higher elevations
in the Virginia Range, northeast of Reno (Fig. 9). This grass, mixed with the rich
sagebrush-dominated shrub community, provided protection from erosion. The species
comprising this vegetation assemblage today occur in areas of the Great Basin where
rainfall occurs primarily in winter in relatively low intensity storms.

During the early Holocene, the vegetation along the former shores of pluvial lake
Lahontan changed to temperate desert scrub, and the juniper and coniferous woodland
zones moved upwards towards their present altitudes (Wigand and Mehringer, 1985;
Wigand and Rhode, 1999). In the early Holocene, as the final drying of the remnant
marshes lying on the floor of the Lahontan basin occurred, aeolian sediments were
deposited on the surrounding fan surfaces. There is evidence for more frequent summer
monsoonal events during the Holocene, but less so than in the Mojave Desert (Wigand
and Rhode, 1999). The extensive Group 3 fan surfaces developed during the Holocene.

There are no equivalent data for the immediate Zzyzx area, but from work in nearby
parts of the northern and eastern Mojave Desert (in particular, Spaulding, 1985, 1990;
Forester et al., 1996) a similar analysis was carried out (Fig. 7). This suggests that
during the late Pleistocene, virtually the whole of the Zzyzx catchments would have
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Fig. 8. Comparison of late Quaternary grass ( Poaceae) abundance in the northern Great Basin with that in the
northern Mojave Desert. Relative pollen percentages were obtained from ancient packrat middens on the west
shore of Pyramid Lake (a remnant of pluvial Lake Lahontan) and from Little Skull Mountain on the Nevada
Test Site about 150 km north of Zzyzx (for locations, see Fig. 1). Note: Scale differences. Little Skull
Mountain is about 900 m higher in elevation than Zzyzx and would be expected to have more grass.



276 A.M. Harvey et al. / Catena 36 (1999) 255-281

Fig. 9. Open juniper woodland with grassland and sagebrush: Tule Peak, Virginia Range, northeast of Reno,
NV.

been under desert scrub (albeit temperate desert scrub rather than the modern ther-
mophilous desert scrub). The lower limit of juniper would have barely touched the
highest parts of the Soda Mountains (Fig. 7). Periods of wetter climate (ca. 24 ka and
again, ca. 13.5 ka) corresponding to those highlighted by the movement of whitebark
pine in the northern Great Basin are evidenced by limber pine and white fir in the
Mojave Desert (Fig. 7). The later of these wet phases appears to be coincident with the
early Group 2 hillslope debris flows identified at Zzyzx.

Plant macrofossil evidence from packrat middens in the Owl Canyon area of the
eastern Mojave (ca. 790 m elevation) indicates that during the glacial maximum (21-17
ka) juniper actually retreated upwards and was replaced by desert scrub. An important
component of the desert scrub was rabbitbrush, an indicator of fluvial activity on the fan
surfaces. Following the glacial maximum, evidence for rabbitbrush declines and juniper
reappears at lower elevations.

In the early Holocene, the lower altitudinal limit of the juniper zone moved upwards,
and by mid Holocene thermophilous desert scrub had replaced temperate desert scrub at
lower elevations (Spaulding, 1985, 1990; Grayson, 1993). There is clear evidence for an
extended early Holocene (9.5-8.6 ka) period of summer monsoon activity in the Mojave
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Desert (Wigand and Rhode, 1999), coinciding with the main geomorphic activity of the
Group 2 fans at Zzyzx.

The mitigating role of grasses, noted in the northern Great Basin may have been
much less effective in the Mojave Desert. Grass abundance in the northern Great Basin
was as much as 3-6 times greater than in the Mojave Desert during the same time
periods (note relative percentage scales in Fig. 8). The grass event, which appears in the
Little Skull Mountain record but not in the Pyramid Lake record (Fig. 8), provides
additional evidence of the shift to greater summer rainfall in the Mojave between 9.5
and 8.6 ka.

8. Conclusions

There are strong contrasts between the Stillwater fans in northern Nevada and the
Zzyzx fans in the Mojave Desert in relation to geomorphic activity during the late
Pleistocene to early Holocene. In both cases, dated lake shorelines provide a good time
framework for the dating of alluvial fan surfaces. The Stillwater fans were virtually
inactive at that time but the Zzyzx fans were active, first in the form of debris flows
feeding onto the fan surfaces, then in the form of dominantly fluvial processes causing
fanhead trenching and distal progradation.

These differences relate to geomorphic thresholds. They cannot be explained by
tectonic activity. Nor can they be explained by morphological differences which might
make the Zzyzx area more prone to threshold conditions than the Stillwater area. The
Zzyzx catchments tend to be smaller and steeper than those in the Stillwaters. However,
within the Zzyzx area the smaller catchments are less prone to geomorphic change than
the larger catchments (Harvey, 1992). Within the Stillwaters, the smaller catchments
draining the basalt terrain of Table Mountain (Fig. 3), although showing local (late
Pleistocene?) hillslope debris flows, do not have proportionately larger Group 2 fan
surfaces than do the other Stillwater fans. The critical geomorphic differences between
the two areas during the late Pleistocene to early Holocene climatic transition relate to
climatic and vegetation differences. The more continuous vegetation cover given by
juniper and pine woodland and their rich grassy shrub understorey, appear to have
prevented both rapid runoff and high sediment production from the Stillwater fan
catchments. The more open discontinuous vegetation cover of the Soda Mountains,
associated with high rainfalls, allowed hillslope debris-flow activity, and especially
when associated with high intensity summer rains, allowed high runoff and high rates of
sediment movement within the Zzyzx alluvial fan systems.

Both areas experienced broadly similar climates in the late Pleistocene, much wetter
and cooler than today with winter precipitation dominant. Heavy snowfalls in the Sierras
and the Transverse ranges sustained pluvial Lakes Lahontan and Mojave respectively,
but the timing differed between the two areas, with peak lake levels in pluvial Lake
Lahontan following the last glacial maximum.

The most important climatic contrast in relation to geomorphic activity on the fans
was the greater effectiveness of summer storms in the Mojave during the Pleistocene to
Holocene climatic transition, related to the weakening of zonal circulation and the
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monsoonal incursion of warm moist tropical air from the Gulf of Mexico or the eastern
Pacific.

The major environmental contrast between the two areas at that time was in terms of
vegetation cover. In the Stillwaters, a subalpine parkland at intermediate elevations
interfingered with an open juniper woodland which extended down to the lake margins.
A rich mixed shrub understorey dominated by sagebrush and grasses characterized both
woodlands. At the highest elevations, the mountains probably supported near-perpetual
snowfields. At Zzyzx, juniper may have been present at the highest elevations, but most
of the area was under relatively grass-free desert scrub. The vegetation contrasts made
the Zzyzx area much more susceptible to geomorphic thresholds, which together with
the climatic differences caused slope instability and greater runoff generation, resulting
in a much higher level of geomorphic activity on the Zzyzx fans.

By the Holocene, as both areas came to be dominated by sparse desert scrub
vegetation, the contrasts in fan geomorphology are less pronounced, and those that there
are relate as much to the different influences of base level as to climatic contrasts.

Acknowledgements

We are grateful to the graphics section of the Department of Geography, University
of Liverpool, for producing the diagrams. AMH is grateful to the Royal Society for a
grant towards the costs of field work at Zzyzx, to the Fulbright Foundation for the award
of a Fulbright Scholarship to enable him to work at the Desert Research Institute, Reno,
and to the University of Liverpool Research and Development Fund for a grant towards
the costs of further field work in Nevada. We thank Ian Campbell and M.A.J. Williams
for helpful comments at the review stage.

References

Adams, K.D., Fontaine, S.A. (Eds.), 1996, Quaternary History, Isostatic Rebound and Active Faulting in the
Lake Lahontan Basin, Nevada and California, Friends of the Pleistocene Pacific Cell, Field Trip
Guidebook, University of Nevada, Reno, pp. 1-56.

Adams, K.D., Wesnousky, S.G., 1998. Shoreline processes and the age of the Lake Lahontan highstand in the
Jessup embayment, Nevada. Geological Society of America, Bulletin 110, 1318—-1332.

Adams, K.D., Wesnousky, S.G., in press. The Lake Lahontan highstand: age, surficial characteristics, soil
development, and regional correlation. Geomorphology.

Amit, R., Gerson, R., Yaalon, D.H., 1993. Stages and rate of gravel shattering processes by salts in desert Reg
soil. Geoderma 57, 295-324.

Benson, L.V., Currey, D.R., Dorn, R.I., Lajoie, K.R., Oviatt, C.G., Robinson, S.W., Smith, G.I., Stine, S.,
1990. Chronology of expansion and contraction of four Great Basin lake systems during the past 35,000
years. Palaecogeography, Palaeoclimatology, Palacoecology 78, 241-286.

Bell, J.W., Katzer, T., 1987. Surficial geology, hydrology, and late Quaternary tectonics of the IXL. Canyon
area, Nevada, as related to the 1954 Dixie Valley earthquake, Nevada Bureau of Mines and Geology,
Bulletin, 102, 52 pp.

Birkeland, P.W., 1985. Quaternary soils of the Western United States. In: Boardman, J. (Ed.), Soils and
Quaternary Landscape Evolution, Chichester, Wiley, pp. 303—-324.

Birkeland, P.W., 1990. Soil-geomorphic research—a selective overview. In: Knuepfer, P.L.K., McFadden,
L.D. (Eds.), Soils and Landscape Evolution. Geomorphology, 3, 207-224.



A.M. Harvey et al. / Catena 36 (1999) 255-281 279

Brown, W.J., Wells, S.G., Enzel, Y., Anderson, L.D., McFadden, L.D., 1990. The late Quaternary history of
pluvial Lake Mojave—Silver Lake and Soda Lake basins, California. In: Reynolds, R.E., Wells, S.G.,
Brady, R.H. (Eds.), At the End of the Mojave: Quaternary Studies in the Eastern Mojave Desert, Special
publication of the San Bernadino County Museum Association, Redlands, CA, pp. 55-72.

Bryson, R.A., 1957. Tha annual march of precipitation in Arizona, New Mexico and northwestern Mexico.
Technical Report on the Meteorology and Climatology of arid regions, No. 6. University of Arizona
Institute of Atmospheric Physics. 24 pp.

Bryson, R.A., Lowry, W.P., 1955. Synoptic climatology of the Arizona summer precipitation singularity.
American Meteorological Society, Bulletin 36, 329-339.

Bull, W.B., 1977. The alluvial fan environment. Progress in Physical Geography 1, 222-270.

Bull, W.B., 1978. Geomorphic tectonic activity classes of the south front of the San Gabriel Mountains,
California. United States Geological Survey, Contract Report 14-08-001-G-394, Office of Earthquakes,
Volcanoes, and Engineering, Menlo Park, CA, 59 pp.

Bull, W.B., 1979. Threshold of critical power in streams. Geological Society of America, Bulletin 90,
453-464.

Bull, W.B., 1990. Stream-terrace genesis: implications for soil development. In: Knuepfer, P.L.K., McFadden,
L.D. (Eds.), Soils and Landscape Evolution. Geomorphology, 3, 351-367.

Bull, W.B., 1991. Geomorphic Response to Climatic Change, Oxford, OUP, 326 pp.

Chadwick, O.A., Davis, J.0., 1990. Soil-forming intervals caused by eolian sediment pulses in the Lahontan
basin, northwestern Nevada. Geology 18, 243-246.

Chadwick, O.A., Hecker, S., Fonseca, J., 1984. A soils chronosequence at Terrace Creek: studies of Late
Quaternary Tectonism in Dixie Valley, Nevada, United States Geological Survey, Open-File Report,
84-90, 34 pp.

Davis, J.O., 1982. Bits and pieces: the last 35,000 years in the Lahontan area. In: Madsen, D.B., O’Connell,
J.F. (Eds.), Man and Environment in the Great Basin, Society for American Archaeology Paper 2.

Davis, J.O., 1985. Sediments and geological setting of Hidden Cave. Chap. 7. In: Thomas, D.H. (Ed.), The
Archaeology of Hidden Cave, Nevada. Anthropological Papers of the American Museum of Natural
History, 61, 80—103.

Dorn, R.I., 1994. The role of climatic change in alluvial fan development in Death Valley. In: Abrahams,
A.D., Parsons, A.J. (Eds.), Geomorphology of Desert Environments. London, Chapman & Hall, 593-615.

Ely, L.L., 1997. Response of extreme floods in the southwestern United States to climatic variations in the late
Holocene. In: Kochel, R.C., Miller, J.R. (Eds.), Geomorphic Responses to short-term climatic change.
Geomorphology, 19, 175-201.

Enzel, Y., Wells, S.G., 1997. Extracting Holocene paleohydrology and paleoclimatology information from
modern extreme flood events: An example from southern California. In: Kochel, R.C., Miller, J.R. (Eds.),
Geomorphic responses to short-term climatic change. Geomorphology, 19, 203-226.

Enzel, Y., Anderson, R.Y., Brown, W.J. Cayan, D.R., Wells, S.G., 1989a. Tropical and subtropical moisture
and southerly displaced North Pacific storm track: factors in the growth of Late Quaternary lakes in the
Mojave Desert. In: Betancourt, J.L., MacKay, A.M. (Eds.), Proceedings of the Sixth Annual Pacific
Climate (PACLIM) Workshop, Technical Report 23 of the Interagency Ecological Studies Program for the
Sacramento-San Joachim Estuary, United States Geological Survey, Tucson, AZ, pp. 135-139.

Enzel, Y., Cayan, D.R., Anderson, R.Y., Wells, S.G., 1989b. Atmospheric circulation during Holocene lake
stands in the Mojave Desert: evidence for regional climatic change. Nature 341, 44—47.

Forester, R.G., Bradbury, J.P., Carter, C., Elvidge, A.B., Hemphill, M.L., Lundstrom, S.C., Mahan, S.A.,
Marshall, B.D., Neymark, L.A., Paces, J.B., Sharpe, S.E., Whelan, J.F., Wigand, P.E., 1996. Synthesis of
Quaternary response of the Yucca Mountain unsaturated and saturated zone hydrology to climatic change.
1996 Milestone Report 3GCA102M. United States Geological Survey — Yucca Mountain Project Branch,
110 pp.

Gile, L.H., Peterson, F.F., Grossman, R.B., 1966. Morphological and genetic sequence of carbonate accumula-
tion in desert soils. Soil Science 101, 347-360.

Grayson, D.K., 1993, The Desert’s Past: A Natural History of the Great Basin. Washington, Smithsonian, 356
Pp-

Harden, J.W., 1990. Soil development on stable landforms and implications for landscape studies. In:
Knuepfer, P.L.K., McFadden, L.D. (Eds.), Soils and Landscape Evolution. Geomorphology, 3, 399-416.



280 AM. Harvey et al. / Catena 36 (1999) 255-281

Harvey, A.M., 1992. The influence of sedimentary style on the morphology and development of alluvial fans.
Israel Journal of Earth Sciences 41, 123-137.

Harvey, AM., 1997. The role of alluvial fans in arid zone fluvial systems. In: Thomas, D.S.G. (Ed.), Arid
Zone Geomorphology: Process, Form and Change in Drylands. 2nd edn. Chichester, Wiley, pp. 231-259.

Harvey, A.M., Wells, S.G., 1994. Late Pleistocene and Holocene changes in hillslope sediment supply to
alluvial fan systems: Zzyzx, California. In: Millington, A.C., Pye, K. (Eds.), Environmental Change in
Drylands: Biogeographical and Geomorphological Perspectives. Chichester, Wiley, pp. 67—-84.

Harvey, A.M., Wells, S.G., 1996. Relations between alluvial fans and Lake Lahontan shorelines: Stillwater
mountain front, Nevada. In: Adams, K.D., Fontaine, S.A. (Eds.), Quaternary History, Isostatic Rebound
and Active Faulting in the Lake Lahontan Basin, Nevada and California. Friends of the Pleistocene Pacific
Cell, Field Trip Guidebook, University of Nevada, Reno, App 6, 11 pp.

Hunt, C.B., Mabey, D.R., 1966. Stratigraphy and structure, Death Valley, California, United States Geological
Survey, Professional Paper, 494A, 162 pp.

Houghton, J.G., Sakamoto, C.M., Gifford, R.O., 1975. Nevada’s Weather and Climate. Special Publication 2,
Nevada Bureau of Mines and Geology. Mackay School of Mines, University of Nevada, Reno, 78 pp.
John, D.A., 1993. Geologic Map of the Job Peak Quadrangle, Nevada. Nevada Bureau of Mines and Geology,

Field Studies Map 5.

Knox, J.C., 1984. Responses of river systems to Holocene climates. In: Wright, H.E. (Ed.), Late Quaternary
Environments of the United States, Vol. 2: The Holocene. Longman, London, pp. 26—41.

Machete, M.N., 1985. Calcic soils of the southwestern United States. In: Weide, D.L. (Ed.), Soils and
Quaternary Geology of the Southwestern United States. Geological Society of America, Special Paper 203,
pp. 1-21.

McDonald, E.V., McFadden, L.D., 1994. Quaternary stratigraphy of the Providence Mountains piedmont and
preliminary age estimates and regional stratigraphic correlations of Quaternary deposits in the eastern
Mojave Desert. In: McGill, S.F., Ross, T.M. (Eds.), Geological Investigations of an Active Margin.
Geological Society of America, Cordilleran Section Fieldtrip Guidebook, pp. 205-210.

McDonald, E.V., Pierson, F.B., Flerchinger, G.N., McFadden, L.D., 1997. Application of a process-based
soil-water balance model to evaluate the influence of Late Quaternary climate change on soil water
movement. Geoderma 74, 167-192.

McFadden, L.D., Wells, S.G., Jercinovich, M.J., 1987. Influences of eolian and pedogenic processes on the
origin and evolution of desert pavements. Geology 15, 504—508.

McFadden, L.D., Ritter, J.B., Wells, S.G., 1989. Use of multiparameter relative-age methods for age
estimation and correlation of alluvial fan surfaces on a desert piedmont, Eastern Mojave Desert, California.
Quaternary Research 32, 276-290.

McFadden, L.D., McDonald, E.V., Wells, S.G., Anderson, K., Quade, J., Foreman, S.L., 1998. The vesicular
layer and carbonate collars of desert soils and pavements: formation, age and relation to climatic change.
Geomorphology 24, 101-145.

Mifflin, M.D., Wheat, M.M., 1979. Pluvial lakes and estimated pluvial climates of Nevada. Nevada Bureau of
Mines and Geology, Bull. 94, 57 pp.

Morrison, R.B., 1991. Quaternary stratigraphic, hydrologic and climatic history of the Great Basin, with
emphasis on Lakes Lahontan, Bonneville, and Tecopa. In: Morrison, R.B. (Ed.), Quaternary Nonglacial
Geology; Coterminous US. Boulder, Colorado, Geological Society of America, The Geology of North
America, Vol. K-2.

Nowak, C.L., Nowak, R.S., Tausch, R.J., Wigand, P.E., 1994a. Tree and shrub dynamics in northwestern
Great Basin woodland and shrub steppe during the Late-Pleistocene and Holocene. American Journal of
Botany 81, 265-277.

Nowak, C.L., Nowak, R.S., Tausch, R.J., Wigand, P.E., 1994b. A 30,000 year record of vegetation dynamics
at a semi-arid locale in the Great Basin. Journal of Vegetation Science 5, 579-590.

Ritter, J.B., Coonfare, C., Miller, J.R., Husek, J., 1996. The alluvial fan stratigraphy of Buena Vista Valley,
North Central Nevada: implications for a synchronous geomorphic response on alluvial fans in a semi-arid
climate. In: Adams, K.D., Fontaine, S.A. (Eds.), Quaternary History, Isostatic Rebound and Active
Faulting in the Lake Lahontan Basin, Nevada and California. Friends of the Pleistocene Pacific Cell, Field
Trip Guidebook, University of Nevada, Reno, App 4, 14 pp.

Schumm, S.A., 1977. The Fluvial System. New York, Wiley-Interscience, 338 pp.



A.M. Harvey et al. / Catena 36 (1999) 255-281 281

Spaulding, W.G., 1985. Vegetation and climates of the last 45,000 years in the vicinity of the Nevada Test
Site, south—central Nevada, United States Geological Survey, Professional Paper, 1329, 83 pp.

Spaulding, W.G., 1990. Vegetation dynamics during the last deglaciation, Southeastern Great Basin, USA.
Quaternary Research 33, 185-203.

Tausch, R.J., Wigand, P.E., Burkhardt, J.W., 1993. Viewpoint: plant community thresholds, multiple steady
states, and multiple successional pathways: legacy of the Quaternary. Journal of Range Management 46,
439-447.

Van Devender, T.R., 1977. Holocene woodlands in the southwestern deserts. Science 198, 189-192.

Wells, P.V., Berger, R., 1967. Late Pleistocene history of coniferous woodland in the Mojave Desert. Science
155, 1640—1647.

Wells, P.V., Woodcock, D., 1985. Full-glacial vegetation of Death Valley, California: Juniper woodland
opening to Yucca semidesert. Madrono 32, 11-23.

Wells, S.G., Dohrenwend, J.C., 1985. Relict sheetflood bedforms on late Quaternary alluvial-fan surfaces in
the southwestern United States. Geology 13, 512-516.

Wells, S.G., McFadden, L.D., Dohrenwend, J.C., 1987. Influence of late Quaternary climatic changes on
geomorphic and pedogenic processes on a desert piedmont, Eastern Mojave Desert, California. Quaternary
Research 27, 130-146.

Wells, S.G., Moissec, J.-L., Harvey, A.M., 1990a. Sedimentary processes during Holocene and Pleistocene
alluvial fan deposition along the southern Soda Mountains, California: A summary. In: Reynolds, R.E.,
Wells, S.G., Brady, R.H. (Eds.), At the end of the Mojave: Quaternary Studies in the Eastern Mojave
Desert. Special publication of the San Bernadino County Museum Association, Redlands, CA, pp. 39-44.

Wells, S.G., McFadden, L.D., Harden, J., 1990b. Preliminary results of age estimations and regional
correlations of Quaternary alluvial fans within the Mojave Desert of southern California, In: Reynolds,
R.E., Wells, S.G., Brady, R.H. (Eds.), At the end of the Mojave: Quaternary Studies in the Eastern Mojave
Desert. Special publication of the San Bernadino County Museum Association, Redlands, CA, pp. 45-53.

Wells, S.G., Anderson, R.Y., Enzel, Y., Brown, W.J., 1990c. An overview of floods and lakes within the
Mojave River drainage basin: implications for latest Quaternary paleoenvironments in southern California.
In: Reynolds, R.E., Wells, S.G., Brady, R.H. (Eds.), At the end of the Mojave: Quaternary Studies in the
Eastern Mojave Desert. Special publication of the San Bernadino County Museum Association, Redlands,
CA, pp. 31-37.

Wells, S.G., McFadden, L.D., Poths, J., Olinger, C.T., 1995. Cosmogenic *He surface-exposure dating of
stone pavements: implications for landscape evolution in deserts. Geology 23, 613-616.

Wells, S.G., Anderson, D.E., Anderson, K.C., McDonald, E.V., 1998. Reconstruction of Late Quaternary
hydrologic regimes along the southern Great Basin and Mojave Desert; California and Nevada, USA. In:
Grossman, M., Ogudu, T., Kadomura, H. (Eds.), Palacohydrology with an emphasis on humid temperate
and tectonically active zones. Abstracts volume of the Third International Meeting on Global Continental
Palaeohydrology (GLOCOPH) ’98, Dept. 4-6, 1998, Rissco University, Kumagaya Campus, Japan, pp.
32-33.

Wigand, P.E., Mehringer, P.J. Jr., 1985. Pollen and seed analysis. Chap. 9 In: Thomas, D.H. (Ed.), The
Archaeology of Hidden Cave, Nevada. Anthropological Papers of the American Museum of Natural
History, 61, 108—124.

Wigand, P.E., Nowak, C.L., 1992. Dynamics of northwest Nevada plant communities during the last 30,000
years. In: Hall, C.A., Doyle-Jones, V., Widawski, B. (Eds.), The History of Water: Eastern Sierra Nevada,
Owens Valley, White-Inyo Mountains, University of California, White Mountain Research Station, Los
Angeles, CA, pp. 40—62.

Wigand, P.E., Rhode, D., 1999. Great Basin Vegetation History and Aquatic Systems: The Last 150,000 years.
Smithsonian Contributions to Earth Sciences, in press.

Willden, R., Speed, R.C., 1974. Geology and mineral resources of Churchill County, Nevada, Nevada Bureau
of Mines and Geology, Bull., 83, 95 pp.

Woodcock, D., 1986. The Late Pleistocene of Death Valley: a climatic reconstruction based on microfossil
data. Palacogeography, Palacoclimatology, Palacoecology 57, 272—-283.



