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ABSTRACT

Closed and semiclosed basins along the Mojave River in southern California were
occupied by pluvial lakes during the latest Pleistocene. The chronologies of Harper Lake,
Lake Manix (Coyote Lake and Troy Lake playas and the Afton basin), and Lake Mojave
(Soda Lake and Silver Lake playas) are summarized here from available data. We evalu-
ate the chronologies, compare them with each other, and then use them to determine coex-
istence of lakes within the Mojave River hydrological system. The average annual flow in
the lower reaches of the Mojave River that is needed to form and maintain a lake in one of
these basins is at least an order of magnitude larger than the present-day average dis-
charge of 9.5 x106 m, The discharge could have increased by (a) more frequent storms
and floods, and/or (b) reduced loss by transmission of flood water along the river length.
This reduction in transmission losses could have been caused by longer river reaches either
covered by lakes or characterized by base flow that, in turn, was formed by water table
near or at the surface. The increase in flood discharge is caused by an increased storm
frequency in the headwater of the river. The discharge increase needed to support indi-
vidual lakes is multiplied when the total lake area of coexisting lakes fed by the Mojave
River is considered. It demands an even larger increase of the number of storms in the
headwaters than the number needed to support an individual lake. This indicates a large
increase in atmospheric moisture transported to this relatively low latitude along the coast
of western North America. The coexistence of lakes during the last glacial maximum and
the highstands of other lakes in similar latitudes in the southwestern United States indicate
that the storm tracks were frequently directed at 32°~34° N latitude at that time.

The chain of lake basins along the Mojave River is an example of a hydrological
system that is integrated through time into one large arid river basin. This was possible
mainly because of the elevated headwaters located at the San Bernardino Mountains
where orographic effects cause heavy storms and large floods. These large floods fill the
depositional basins along the river with water and sediments and allow them to over-
flow downstream. Afton Canyon was formed by such an overflow from the Manix basin
to the Lake Mojave basin. The incision of the 150-meter-deep canyon was previously
proposed to be rapid and geomorphically catastrophic. Here we propose that a time-
transgressive incision lasting over a few thousand of years is more plausible explanation
for the formation of this canyon; geologically it is still a rapid event.
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In addition, we discuss how the findings along the Mojave River reflect upon two
long-term hypotheses of (a) mega—Lake Manly that supposedly filled a large area in
the Mojave Desert sometimes in the middle Pleistocene, and (b) Lake Manix and/or
Lake Mojave overflow to Bristol Lake and to the Colorado River.

INTRODUCTION

The present-day Mojave River (Fig. 1) drainage system
(9500 km?2) is the largest hydrological system in the Mojave Des-
ert. It heads at high elevations in the San Bernardino Mountains
of the Transverse Ranges of southern California and terminates in
the Soda Lake and Silver Lake playas in the heart of the Mojave
Desert (Williamson et al., 1856; Wells et al., this volume). The
headwaters of the Mojave River in the San Bernardino Mountains
located at 34° latitude (Fig. 1) are far south of the average latitude
of the North Pacific winter storm track that currently affects west-
ern North America (Pyke, 1972). This relatively low latitude
makes the Mojave River an excellent candidate to detect past
shifts to the south of the storm tracks during glacial times (e.g.,
Antevs, 1938). The closed basins of the Mojave River provide the
key environment for storing lacustrine and playa deposits and
therefore the evidence of the past shifts in storm tracks and wet-
ter conditions in the Mojave Desert. Because of the size of the
Mojave River drainage basin, the paleohydrology and/or paleo-
climate deduced from these chronologies are applicable to the

- entire Mojave Desert, the southern Great Basin, and perhaps the
southwestern United States in general.

The Mojave River crosses several tectonic basins bounded
by northwest-southeast—trending right-lateral strike-slip faults
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(e.g., Garfunkel, 1974), which control both the configuration of
the Mojave River groundwater aquifer (Mojave River Agency,
1982, 1985) and the irregular shape of the Mojave River surface-
water drainage basin (Fig. 1). These basins and their groundwater
are recharged by floodwaters from the Mojave River, which is
therefore a central factor in the water resources of the western
and central Mojave Desert. This was recognized very early in this
century (e.g., McClure et al., 1918) and is the reason for many
studies of the subsurface geology (e.g., Martin, 1994).

During the Pleistocene the Mojave River filled these basins
with fluvial, deltaic, playa, and lacustrine deposits (see Cox et al.,
this volume; Jefferson, this volume). These lacustrine deposits
record the paleohydrology of the Mojave River and the regional
paleoclimatology. The late Pleistocene lakes of Harper Lake,
Lake Manix (now the Afton basin, the Coyote and Troy Lake
playas), Mojave Lake (now the Soda Lake and Silver Lake playas)
(Figs. 1 and 2) that formed in the Mojave River drainage basin
raise questions about the degree to which they coexisted, and the
pattern, hydrography, and evolution of the overall drainage basin.
Earlier studies of the chronologies of these lakes tried to identify
coexistence and overflowing from one lake basin to another, and
inferred major geomorphic events and changes along the river
(e.g., Meek, 1989). From earlier studies we summarize chronolo-
gies of various latest Pleistocene and early Holocene paleolakes

3;13;3' Figure 1. The Mojave River drainage
basin and the area draining to Silver Lake
playa in southeastern California. Note the
late Pleistocene Mojave River fan delta
west of the dissected Lake Manix basin.
Currently the Mojave River has a large
alluvial fan at the southern end of Soda
Lake playa. Its floodwaters fill both East
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in the depositional basins affected by the Mojave River. We mainly
concentrate on available information that points to the major
paleohydrologic and paleoclimatic conditions. Later we compare
the chronologies of these Mojave River lakes with the Great
Basin pluvial lakes to the north and other lake chronologies from
latitudes similar to Lake Mojave. We finally discuss the paleo-
climatic implications of these chronologies.

The summary of chronologies of the individual basins also
describes the more general process of integration of several
basins into the hydrological system of the present-day Mojave
River. Understanding this long-term evolution of the river, in turn,
is a necessary stage in deciphering the interplay between hydrol-
ogy and basin physiography. Only then can the paleohydrology
deduced from sediments in the individual basins, be transformed
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qualitatively or quantitatively into regional paleoclimatology
(Wohl and Enzel, 1995). For example, it was pointed out (e.g.,
Benson and Paillet, 1989) that the surface area of a lake is the
most sensitive parameter to variations in climate. Therefore, the
areas of one, two, or more coexisting lakes reflect very different
hydrologic and climatic conditions and Mojave River inflow for
them to be maintained.

Current climatic conditions

Southern California experiences a Mediterranean climate
with a relatively hot dry summer and a winter precipitation
maximum, which are related to the cyclonic activity over the
North Pacific Ocean. In the San Bernardino Mountains, the mean
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Figure 2. Satellite images (LANDSAT™) of the Mojave River and vicinity. The images were produced from data by Mojave Desert Ecosystem Pro-
gram of the U.S. Department of Defense (Legacy Program) and the Department of the Interior. Arrows with solid and dashed lines represent pro-
posed Mojave River flow directions during the progradation of the Mojave River fan delta into the Lake Manix subbasins of Coyote Lake, Afton

basin, Troy Lake, and during earlier times into the upstream Harper Lake.
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annual precipitation exceeds 1000 mm, in the Victorville area it is
125-150 mm, and in the Silver Lake area it is 75 mm. Rainfall
seasonality changes across the drainage basin. For example, sum-
mer rainfall constitutes 40% and <10% of the annual rainfall in
Silver Lake playa and in the headwaters, respectively (Enzel,
1990). Potential lake evaporation in the headwaters area at eleva-
tions above 1500 m is 1000 mm/year or less (Crippen, 1965;
Mojave River Agency, 1985). The extremely high temperatures
at elevations lower than 500 m in Mojave Desert result in ~2000
mm/year equivalent lake evaporation in the terminal basins
(Blaney, 1957; Mojave River Agency, 1985; Enzel, 1990). These
extremely arid conditions demand a major change in the Pleisto-
cene that introduced into the area the moisture that was necessary
to form the paleolakes that occupied several subbasins along the
Mojave River.

Anecdotal observations and early research in the lower
Mojave River

All early documents that mention the Mojave River seem to
assume that it flowed to the Colorado River. For example, in 1776
Fray Francisco Garcés, who crossed Soda Lake playa and con-
tinued through Afton Canyon to San Gabriel Mission, thought
that the river flowed to the Colorado River (Coues; 1900). He
named it “Arroyo De Los Martires,” which is the name on a map
from 1777 that shows that the Mojave River flowing to the Col-
orado River (Font’s map; “R. de Los Martires”; Preston, 1988).
Jedediah Smith mentioned the playa in 1825 and 1826. However,
he (Morgan, 1953) and later Captain Ewing Young and Kit Car-
son in 1829 and even later the Frémont Expedition in 1844 (e.g.,
Dale, 1918; Sabin, 1914; Jackson and Spence, 1970), did not
notice that the Mojave River terminates in dry playas. Frémont
claimed that he continued all the way to “the end of the river” He
did not mention, however, the playas at that end; Thompson
(1929) claimed that they did not reach the playas.

Williamson et al. (1856), who explored the Mojave River
during the Pacific Railroad Expeditions in 1853, first documented
that (a) the Mojave River does not flow to the Colorado River,
and (b) the playas presently named Soda Lake and Silver Lake

are the actual termini of the river. In 1853, even after the .

Williamson discovery, the Whipple party of the Pacific Railroad
Expeditions was still looking for the confluence of the Mojave
River and the Colorado River.

Hydrological and paleohydrological observations began
much later. Gale (1914), Buwalda (1914), and Free (1914, 1916)
identified the presence of an ancient lake in the playas, and Free
(1916) concluded that the outflow from this ancient lake was
“both small and transient.” Huntington (1915) proposed that the
Mojave River was more vigorous in the past, overtopping its ter-
minal basin and flowing into the Amargosa River in Death Valley.
Thompson (1921, 1929), in his seminal study of the area, termed
the ancient lakes that occupied Soda/Silver Lake playas and the
East and West Cronese playas “Lake Mojave” and “Little Mojave
Lake,” respectively.

Buwalda (1914) suggested that ancient Lake Manix, once the
terminus of the Mojave River, overtopped its hydrologic barrier,
cut a channel, and drained rather rapidly into the Lake Mojave
basin. Thompson (1921, 1929) agreed with Buwalda that Lake
Manix was once the terminus of the Mojave River. He hypothe-
sized that Lake Manix and Lake Mojave did not exist at the same
time and that the formation of Afton Canyon and filling of Lake
Mojave occurred relatively recently as a consequence of the drain-
ing of Lake Manix. Antevs (1937) estimated that Lake Mojave
existed between 25 and 10 ka, and Crozer-Campbell et al. (1937)
and Hubbs and Miller (1948) postulated that Lake Mojave and
Lake Manix might have been contemporaneous. These opposing
assertions have major implications for the estimation of past
regional climates: There is a need for lower Mojave River dis-
charge to support only one lake at a time if lakes are not contem-
poraneous. Thompson’s (1921, 1929) hypothesis may have been
the basis for the conclusion of a recent study on the history of
Lake Manix and the formation of Afton Canyon (Meek, 1989,
1990). These studies conclude that late Wisconsin Lake Manix did
not overflow into Soda Lake and Silver Lake basins and that Lake
Manix was rapidly drained by the rapid incision of Afton Canyon
between 13.8 and 13.3 ka (Meek, 1989, 1990). To address this
issue, we will present the chronologies of Lake Mojave and Lake
Manix and then discuss the incision of Afton Canyon. The Mojave
River is a good example of a river that through time integrates a
few subbasins into one hydrological system that reaches further
downstream into a closed basin. We stress, however, that not all
the data exist to resolve this issue completely. Therefore, the main
goal is to summarize available information and to discuss the pos-
sible conclusions based on them.

OBSERVATIONS FROM THE MOJAVE RIVER BASINS

Harper Lake playa

Thompson (1929) was the first to raise the possible existence
of a paleolake within the Harper basin. He reported shells and
blue clays in boreholes from the basin. Dibblee (1960, 1968)
identified the highest shoreline at the 2160 foot (~658 m) eleva-
tion contour and a few lower recessional shorelines in this basin.
The preservation of these features indicates that the lake that
filled the basin occurred recently. Dibblee considered unlikely the
possibility that Harper Lake received overflow from Lake
Thompson (which previously occupied the present-day Rogers
and Rosamond Dry Lakes, 70 km southwest of Harper Lake
playa). According to Meek (1999), who surveyed the highest
wave-cut cliff of Harper Lake, the elevation of the highest lake
level is 656.9 m (2155 feet). Reynolds and Reynolds (1994)
raised a question regarding the source of water for the formation
of such a lake. They observed that the highest shoreline is only
6 m below the wide alluvial saddle that separates the Mojave
River drainage basin from the Harper Lake basin. This low water
divide and the lacustrine fauna led Reynolds and Reynolds
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(1994) to suggest: (a) a past connection between the Mojave
River and the Harper Lake basin, (b) that minor vertical tectonic
activity was responsible for connecting the basins and later the
isolation of the Harper Lake, and (c) that the isolation of the
Harper Lake from the Mojave River occurred during the late
Pleistocene. Meek (1999) proposed a possible route for the
Mojave River to flood Harper Lake (Fig. 2) under the reasonable
assumption that groundwater could not have caused the late Wis-
consin Harper Lake stand.

Recently, Meek (1999) dated two Anodonta samples from
the same horizon, ~2 m below the highest shoreline, that yielded
ages of 24,440 + 2190 (UCLA-2627a) and 25,000 £ 310 (UCR
2867) 14C yr B.P. (all ages in this manuscript are not calibrated).
A third age of an Anodonta from ~5 m below the shoreline
resulted in >30,000 4C yr B.P. (UCLA-2627b). Beach deposits
that contain lacustrine clays yielded abundant ostracodes with
Limnocythere bradburyi dominating (Meek, 1999). This taxon
has been found in other late Wisconsin lakes along the Mojave
River (Wells et al., this volume), but it was not identified in the
300-40 ka lacustrine units of Lake Manix (Steinmetz, 1988,
1989; Meek, 1999). In Lake Mojave, this taxon was identified
only in deposits associated with the last glacial maximum stand
of Lake Mojave I phase (Wells et al., 1989, this volume).

Lake Manix

Late Pliocene to early Pleistocene sediments from the Manix
basin indicate stream flow to the southwest (Nagy and Murray,
1991; Jefferson, this volume). This observation, in turn, indicates
that the eastward-flowing Mojave River did not reach that area
and probably terminated in one of the upstream basins (Cox and
Tinsley, 1999; Jefferson, this volume; Cox et al., this volume).
During the period 2.5-1 Ma, the Manix basin was probably inter-
nally drained and was occupied occasionally by ephemeral saline
lakes or playas (Jefferson, 1985, this volume). Although older
sediments contain gypsiferous deposits, the earliest known lakes
in the Manix basin are ~500,000 yr old (Jefferson, this volume).
The first appearance of these full-lake conditions with their
diverse environmental conditions (Jefferson, 1985, this volume;
Steinmetz, 1988), indicates the first large discharge of the Mojave
River. Steinmetz (1988) suggested that the appearance and abun-
dance of sensitive ostracodes in the various beds of Lake Manix
peak with expanded favorable habitats during glacial conditions.
Shlemon and Budinger (1990) emphasized the potential impor-
tance of the Lake Manix paleoenvironments to early humans in
the region.

The following paragraphs summarize the latest Pleistocene
chronology of Lake Manix. Earlier lake phases in the Manix
basin, from ca. 500 ka to the latest Pleistocene, are summarized
by Jefferson (this volume). Although a large number of radiocar-
bon ages exist for Lake Manix subbasins and vicinity (Fergusson
and Libby, 1962; Hubbs et al., 1962, 1965; Bassett and Jefferson,
1971; Jefferson, 1985; Reynolds and Reynolds, 1985; Meek,
1990, 1999), the latest Pleistocene chronology of Lake Manix is

yet not well established, even though it is crucial to understand-
ing the paleohydrology of the Mojave River.

In the Lake Manix basin, ages have been derived from radio-
carbon analyses on Anodonta, tufa, bone and rock-varnish sam-
ples, U/Th analyses on identified faunal fragments, and “cation
ratios” on rock varnish (Jefferson, 1985; Meek, 1990, 1999;
Berger and Meek, 1992). In this summary we do not use the cal-
ibrated ages based on the rock-varnish cation ratios or the radio-
carbon ages from rock-varnish samples. These ages were found
to be problematic (Beck et al., 1998; Watchman, 2000; Gillespie,
2003) and even R. Dorn, who conducted the rock-varnish cation
ratios analyses on samples from Lake Manix (Meek, 1990), de-
emphasized their importance (Whitley and Dorn, 1993). In his
recent discussion of Lake Manix, Meek (1999) also avoids using
the various rock-varnish ages. We choose also not to use the 480-
years correction for Anodonta suggested by Meek (1990) and
Berger and Meek (1992), not because we do not agree with them
on the need for correction, but because the value proposed for the
reservoir correction is based on limited data.

Meek (1990, Plate 4) used the elevations of dated samples
rather than dated morphostratigraphy of shore features from Lake
Manix to produce a lake-level curve. Because the sequence of
events represented by the various shore features is based on the
ages of the shore features and not on stratigraphic relations, this
curve is subject to modifications with additional ages, different
ages, and whether or not the varnish ages are included. Meek
(1990) defined four highstands of Lake Manix that reached
543 m in the Afton basin: ca. 31-30, 21-20, 18, and 15-14 ka.
Based on two additional age determinations, the 15-14 ka stand
was recently discarded (Meek, 1999) and the same beach ridge
from which the earlier age came is now dated at ca. 29 ka (Meek,
1999). This change emphasizes the problem of using ages with-
out a clear stratigraphic context; a beach ridge once considered
the youngest in the sequence is now considered older than other
late Pleistocene lacustrine features.

The highstands of Lake Manix all reached repeatedly the
same elevation of 543 m (Meek, 1990, Plate 4), probably indicat-
ing that the lake reached a topographic threshold of either its
spillway elevation downstream or a sudden increase of area
within Lake Manix at that elevation. We suggest that Lake Manix
probably reached its spillway elevation a few times during the
late Pleistocene and overflowed downstream to Lake Mojave
basin. Low lake stands are not defined for Lake Manix, although
Meek (1999) argues that a gap in ages means either a drop in lake
level and/or Mojave River discharge was diverted to another basin.
We suggest that both are possible but too simplistic assertions.

Coyote Lake and Troy Lake playa basins

The Coyote and Troy Lake playas were part of the area inun-
dated when Lake Manix was at its highstand but, because of lim-
ited exposures of lacustrine deposits (Meek, 1990), they have
attracted much less attention than the Afton basin. Some lacus-
trine features in Lake Coyote and Troy Lake basins were discussed
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by Thompson (1929) and Blackwelder and Ellsworth (1936),
and mapped by Byers (1960) and Dibblee and Bassett (19664,
1966b). Hagar (1966) mapped the surface characteristics of the
Coyote Lake playa and described shore features and the stratigra-
phy and sedimentology of the Mojave River delta front in Coyote
Lake basin; Groat (1967) mapped in detail the Troy Lake basin.
Subsurface information is available for Coyote Lake in Thomp-
son (1929), Dyer et al. (1963), and Meek (1990). Meek (1990)
indicates the existence of ~100 boreholes from the basin that
have not been published or interpreted. Several ages of shore fea-
tures are available from these basins, and one age has been deter-
mined from the base of a delta that prograded into the lake
(Meek, 1990). The ages on samples collected from shore features
of Coyote Lake basin are 13,800 = 600 (LJ-958); 13,560 + 145
(UCLA-2609b); 12,900 + 120 (UCLA-2606); and 11,810 + 100
(UCLA-2609c) C yr B.P.; from the base of the exposed portion
of the delta that prograded into the Coyote Lake basin and on the
lakebed, the radiocarbon ages on Anodonta are 17,590 + 1500
(UCLA-2603) and 15,125 = 270 (UCLA-2608) 4C yr B.P.
(Hubbs et al., 1965; Meek, 1990). From these ages and their ele-
vations, but without any stratigraphic relationships, Meek (1990)
interpreted a fluctuating lake in the Coyote Lake basin between
ca. 15 and 11 ka. The age from the base of the delta indicates that
a lake existed in the Coyote Lake basin also ca. 17 ka. The two
ages from radiocarbon (Dorn et al., 1986) and a cation-ratio anal-
ysis of rock varnish (Meek, 1990) from the Coyote Lake shore
features are problematic, as discussed above, and therefore are
not used here. It should be noted that all the ages acquired from
Coyote Lake are ca. 17 ka or younger (Fig. 3). However, the
thickness of lake deposits identified in a few of the 100 borehole
cores indicates that earlier lakes occupied the basin (Meek,
1990). Only one age is available from Troy Lake basin, 15,025 =+
230 14C yr B.P. (UCLA-2605) (Meek, 1990). This age is directly
related to the Lake Manix levels in the Afton basin because both
basins are fed directly by the Mojave River (Meek, 1990). The
15 ka age from the Troy Lake basin becomes the youngest age
associated with the 543-meter shoreline that is common around
the Lake Manix basin.

The Mojave River fan delta

When the Mojave River began flowing into Lake Manix
basin sometime in the early to middle Pleistocene it probably
formed a delta along the western margins of that lake. The large
delta that is observed at the surface and termed “Mojave River
braid delta” (e.g., Meek, 1990) is of late Quaternary age (Figs. 1
and 2). The oldest age (U-series age) from any fan-delta deposits
in the Afton basin is >68 ka (Jefferson, 1985; Meek, 1990). Other
prograding delta sediments were deposited in that basin since
55-60 ka (G. Jefferson, 2000, written commun.), between ca. 55
and 19 ka, and immediately after 19 ka (Jefferson, 1985; Meek,
1990). Part of this late Quaternary delta prograded north into
Coyote Lake (Hagar, 1966, p. 128) soon after 17 ka (see above;
Meek, 1990). Hagar (1966) analyzed the stratigraphy and sedi-
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Figure 3. A chart showing the range of ages for the various lakes that were
fed by the Mojave River during the late Pleistocene: Lake Mojave, Harper
Lake, and Lake Manix (Afton, Coyote Lake, and Troy Lake subbasins).
The Mojave River fan delta upstream of Lake Manix indicates repeated
wet depositional environment. Proposed lowstands and gaps in radiocar-
bon ages are not marked. See Figures 1 and 2 for locations of the basins.

mentology of the delta front of the Mojave River in the Coyote
Lake playa and suggests that the deltaic area in the Coyote Lake
basin is not typical of deltas because of the presence of an arcuate
bar. He reported that the gravel content decreases, the sands thin,
and the silt layers increase in clay content from the delta-front
toward the present-day margins of the Coyote Lake playa. The
delta deposits interfinger with the lacustrine deposits (e.g., Hagar,
1966) indicating progradation into an existing lake throughout
the time of deposition. The surface of the delta that prograded
into the Coyote Lake exhibits remnants of meandering and
braided channels (Hagar, 1966, Plate 1) that are associated with
the final stages of the Mojave River fluvial activity prior to a later
incision. From the available data, it is not possible to determine
whether the delta propagated into a lowstand or highstand of
Lake Manix. Sediments deposited during this late Quaternary
deltaic progradation are probably responsible for the topographic
separation of the Afton, Coyote Lake, and Troy Lake basins of
Lake Manix. This separation allows for independent lake histo-
ries in the Coyote Lake basin and perhaps in the Troy Lake basin
after the incision of the Afton Canyon.

The Mojave River today flows in a channel incised into its
late Pleistocene delta. Reynolds and Reynolds (1985) suggest
that the incision in the western part of the delta occurred around
or soon after 7.5 ka. They provide ages and sedimentological and
paleontological data that indicate that the Mojave River was flow-
ing on the wide plain of the delta before ca. 13 ka and 9 ka
(Fig. 3). The eastward increase in abundance of mesic and
aquatic fauna, relative to xeric fauna, during that time interval
indicates that wetter environments in the delta increase to the
east, with abundant freshwater riparian, oxbow, fluvial, and
lacustrine environments (Reynolds and Reynolds, 1985). These
environments may represent the persistence of groundwater



Late Pleistocene lakes along the Mojave River, southeast California 67

either near or at the surface at the eastern part of the delta and at
somewhat greater depth at the western part of the delta where
xeric indictors are more abundant during the same period.

Lake Mojave

The Lake Mojave chronology (Ore and Warren, 1971; Wells
etal., 1989; Wells et al., this volume) is determined by dating of
two. depositional environments. Most of the dates are from the
shore and beach environments of the lake and are based on sam-
ples of lustrous whole pelecypod shells (Anodonta) and lithoid
tufa coating on gravel clasts (Ore and Warren, 1971; Wells et al.,
1989, this volume; Brown et al., 1990). A few dates are from dis-
seminated organic matter, extracted from fine-grained lacustrine
deposits obtained in core samples from Silver Lake playa (Wells
et al,, 1989, this volume; Enzel et al., 1989; Brown et al., 1990).

The range of all radiocarbon ages acquired from Lake
Mlojave is >20 ka to 8.5 ka (Fig. 3), and ages from shore fea-
tures range between 16.2 '4C ka and 8.7 14C ka (Wells et al.,
this volume). The oldest date from the beach environment is
16,270 + 310 C yr B.P. (Beta-29553), from the lower of two
beach-ridge complexes at the northeast of Silver Lake playa
(Wells et al., this volume). No age is available for the older and
higher beach ridge. However, the existence of a higher beach
ridge points to two conclusions (Wells et al., this volume) cru-
cial to the regional paleohydrology: (a) prior to 16.2 14C ka, and
probably during the last glacial maximum, Lake Mojave existed
as a higher and deeper lake than later in its history, and (b) dur-
ing that earlier period, the lake reached the elevation of the
highest shoreline (287-288 m), which is controlled by the
bedrock-spillway elevation, and the lake probably overflowed
toward the Amargosa River and Death Valley.

The higher and lower beach ridges are related respectively
to an older and a younger lake stand (Wells et al., this volume).
Wells et al. (1989) tested the existence of the earlier lake stand
by drilling core SIL-G (Fig. 23 of Wells et al., 1989) into the cen-
ter of the small basin between the two beach ridges. About 3 m of
lacustrine sediments were recovered at this site. Sedimentologic
and paleontologic evidence from these deposits indicate that they
are related to Lake Mojave I lithozone (Wells et al., this volume).
Their thickness indicates at least a few thousands of years of
lacustrine environment prior to 16.2 ka (Wells et al., this volume).
Therefore, we conclude that Lake Mojave 1 lithozone was
deposited by a deep, overflowing lake with only minor fluctua-
tions during the last glacial maximum (we use this term as the
uncalibrated radiocarbon age of 18,000 yr B.P.).

Ages from the Silver Lake playa core SIL-I indicate that a
lacustrine environment dominated the basin during the last gla-
cial maximum (Wells et al., this volume). From the two ages of
20,320 + 740 (Beta-21801) and 14,660 + 260 (Beta-21800)
14C yr B.P., Wells et al. (this volume) extrapolated the sedimenta-
tion rate down the core and concluded that a lake existed in this
basin by 22 ka or earlier. To test the use of these rates, they also
extrapolated the rate up the core to the well-recognized and dated

transition from lacustrine to playa deposits. This transition marks
the desiccation of Lake Mojave, which was dated to ca. 8500
14C yr B.P. by Ore and Warren (1971) who used shore features.
An additional age from immediately below the sediments associ-
ated with the lake desiccation in core SIL-M (Enzel et al., 1989;
Wells et al., 1989; Enzel and Wells, 1997) indicates that the des-
iccation occurred soon after 9330 + 95 14C yr B.P. (Beta-24342;
Wells et al., this volume). The extrapolation of the sedimentation
rates resulted in an estimated age of 8700 '4C yr for the des-
iccation. This similarity among the ages for desiccation indicates
that the 22 ka estimated age for the lake’s initiation in the Silver
Lake basin is reasonable. In turn, it also indicates that a lake
already existed in the Soda Lake subbasin of Lake Mojave by
22,000 14C yr B.P. The internally consistent ages from both the
shore and the lacustrine environments of Silver Lake playa indi-
cate that these ages are acceptable.

Subsurface information indicates that water in Soda Lake
subbasin of Lake Mojave was almost twice as deep as the Silver
Lake subbasin (Wells et al., this volume). A bedrock sill just south
of Baker, California separates the two subbasins (Williamson et
al., 1856; Thompson, 1929; Wells et al., 1989, this volume). There-
fore, Soda Lake was filled before any water could flow to Silver
Lake. This indicates that the lower part of the late Pleistocene
lacustrine sequence from Soda Lake was probably deposited even
earlier than 22 ka. However, no direct age control is available.

In boreholes, from the area now termed the Mojave Sink,
between Afton Canyon and Soda Lake playa, Dickey et al. (1979)
identified relatively thick lacustrine gypsiferous silt-clay below the
latest Wisconsin Lake Mojave deposits. This small moist playa
and/or shallow lake was temporally more persistent, although evi-
dently they were smaller than was Lake Mojave (Brown and
Rosen, 1995). There is no information on the age of these deposits
or whether this lake was fed by Mojave River water.

DISCUSSION
Age of the Afton Canyon incision

We agree with earlier studies (Buwalda, 1914; Thompson,
1929; Muessig et al., 1957; Jefferson, 1985; Meek, 1989, 1990)
that Afton Canyon is geologically young. However, Wells and
Enzel (1994) concluded that there is little conclusive evidence in
Afton Canyon and downstream basins to indicate that the canyon
formed shortly after 14'ka during a single relatively rapid incision,
as was advocated by Meek (1989). The rapid incision was esti-
mated to take as little as “10 days” or “three weeks” (N. Meek,
1988, 1990, written commun.), or as much as 500 yr (Meek, 1989,
1990). The rapid-incision idea was based mainly on the lack of
recessional shorelines in the Afton basin, the lack of terraces
within the canyon, and the presence of deeply incised tributary
channels into the canyon (Meek, 1989). Wells and Enzel (1994)
analyzed the geomorphology of Afton Canyon and these specific
observations, and concluded that an alternative hypothesis such as
time-transgressive incision during at least a few thousands of
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years is a more realistic explanation. The supportive evidence to  Mojave, with the assumption that these two lakes did not coexist
this explanation is: (a) the slow upstream migration of the nick- (Meek, 1989). The 14 ka age is now considered problematic
point formed by the incision (Meek, 1999), (b) the existence of ~(Meek, 1999). The chronology of Lake Mojave discussed above
marsh and lacustrine conditions in the Mojave River delta in west-  and in Wells et al. (this volume) indicates that Lake Mojave was
ern Lake Manix as late as 12-9 ka (Reynolds and Reynolds, overflowing prior to 16.2 ka and that a lacustrine environment
1985), indicating that the river was not yet incised back that far by ~ existed in Silver Lake playa as early as 22 ka, and somewhat ear-
that period (note that at its eastern end Lake Manix could have lier in the Soda Lake basin. Lake Dumont north of Silver Lake
overflowed at the same time and even earlier), and (c) the exis- playa (Fig. 4), which was supported by Lake Mojave overflow
tence of pronounced Holocene terraces within the canyon (Wells ~ existed during the last glacial maximum (Anderson, K., and
and Enzel, 1994), indicating that the incision of Afton Canyon to  Wells, this volume) and probably overflowed to Death Valley
its present form was not a continuous but episodic and a relatively ~ (Anderson, D., and Wells, this volume). These overlapping ages
long process. In addition, we observe recessional shorelines in the  indicate that both Lake Manix and Lake Mojave were full durin g
Afton basin at elevations below the highest level of Lake Manix, the last glacial maximum, indicating a much larger water supply
suggesting a longer period of downcutting. by the Mojave River.

The timing of the incision (Meek, 1989) was based on the Because of the importance of the single 14 ka age for the
comparison of the youngest age (ca. 14 ka) from the shore fea-  youngest shore feature in the Afton basin of Lake Manix, recently
tures of the Afton basin of Lake Manix and the ages of Lake Meek (1999) reexamined the evidence for it, discarding the 14 ka
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age, and providing two new ages from the same shell deposit
[28,960 + 2490 (UCLA-2601c) and 29,310 + 310 '4C yr B.P.
(CAMS-1856); Meek, 1999]. These dates fit the timing of an ear-
lier lake stand in the Afton basin dated by Meek (1990) to
31-28 ka. Discarding the 14 ka age leaves an 18.1 ka age as the
youngest age in the Afton subbasin, and a 15 ka age as the
youngest age from Troy Lake basin based on Anodonta (Meek,
1999). We ask again the key question: When did the Afton basin
of Lake Manix drain (i.e., the beginning of the lowering of its
highest stand from 543 m by spillway incision)? Catastrophically
ca. 13 ka (Meek, 1989)? Or after 18 ka (Meek, 1999)? Was it in
fact a catastrophic event, or was it a time-transgressive process
that continued into the early Holocene (Wells and Enzel, 1994)?
Specific answers to these questions will require additional
research. However, if the Afton Canyon incision occurred some-
times after 20 ka, Lakes Manix and Mojave and probably Lake
Dumont coexisted and the Mojave River thus supported a very
large joint lake area.

We agree with Meek (1999) that understanding the history of
the different lakes in all the basins affected by the Mojave River
discharge is crucial to understanding the paleohydrology of this
system. In fact, two major conclusions can already be drawn from
the current knowledge on Lake Manix, Lake Mojave and the
other basins: (1) Lake Mojave is a good recorder of the paleohy-
drology of the basin during the latest Pleistocene, and (2) Lakes
Manix and Mojave coexisted during the last glacial maximum, at
least for a short period, to form a joint lake area that could have
reached up to ~500 km? that was supported by the Mojave River.
Observation (2) requires a very large atmospheric moisture trans-
port to this part of the world at that time, nearly double the earlier
discharge estimates (Wells et al., this volume) for the late Pleis-
tocene Mojave River that were calculated based on the area and
volume associated with Lake Mojave alone. If Lake Dumont,
downstream of Lake Mojave also received Mojave River dis-
charge during that time (K. Anderson and Wells, this volume) the
total lake area thus supported is even greater.

The Mojave River fan delta and Coyote Lake

The aquatic environments at the broad Mojave River fan
delta as late as 13-9 ka indicate that the water table was still high
and not yet experiencing the drop that should be associated with
incision of the Mojave River channel or the draining of the down-
stream Afton basin. The delta was also synchronous with (a) the
[ully or partially incised Afton Canyon, (b) an already drained
Afton basin, and (c) an upstream propagation of the nickpoint
formed by the incision, exposing erodible sediments of Lake
Manix. These observations may indicate either only partial inci-
sion at Afton Canyon at 13-9 ka or a very slow knickpoint prop-
agation upstream through unconsolidated deposits.

An overlap of ages exists among the various shore features
of Coyote Lake and the Mojave River prograding delta (Meek,
1990; Reynolds and Reynolds, 1985). The delta that prograded
into the Coyote Lake basin was probably part of the Mojave

River fan delta (Fig. 2). If so, this coexistence of the Mojave
River delta and Coyote Lake indicates that the Mojave River was
still feeding and maintaining lacustrine conditions in that basin
as recently as 11 ka (the youngest age from Coyote Lake) and
perhaps even more recently. According to N. Meek (1990, written
commun.): (1) Coyote Lake basin could have received Mojave
River water only as an overflow from the Afton and Troy basins
after these basins reached a sill elevation of 543 m, and (2) only
after Coyote Lake also filled to that elevation could the joint Lake
Manix have risen to higher levels. Therefore, Meek (1990, writ-
ten commun.) suggested that the lakes in the Coyote Lake basin
after 13 ka (i.e., after his proposed draining of Afton basin ca.
13.5 ka) are residual water bodies that were trapped as remnants
of the larger Lake Manix after the formation of Afton Canyon.
However, the retraction of the 14.5 ka age means that all the ages
from Coyote Lake are <18.1 ka, which is the youngest age from
Afton basin (Meek, 1999). We postulate that simple calculations
will show that even for lowest estimations of latest Pleistocene
evaporation rates, Coyote Lake would dry up within a few to tens
of years were it not being fed continuously by discharge of the
Mojave River. The overlapping ages of the unincised Mojave
River delta, the lakes in Coyote Lake basin, and the prograding
delta into that basin all indicate that a direct link between the
Mojave River and the Coyote Lake persisted until ca. 13—11 ka.

When lakes occupied the Coyote Lake basin, full-lake
phases Lake Mojave I (ca. 18-16 ka), and Lake Mojave II (ca.
14-12 ka), and Intermittent Lake II (ca. 16-14 ka) occupied Soda
Lake and Silver Lake playas (Wells et al., this volume). After
13 ka the Afton basin of Lake Manix is supposedly already
drained (Meek, 1989, 1990, 1999), but the Mojave River delta
still included active fluvial, lacustrine, and marshy environments
(Reynolds and Reynolds, 1985) and was capable of delivering
water simultaneously to Coyote Lake and, through an incising
Afton Canyon, to Lake Mojave. The persistence of wet environ-
ments indicates that the upstream migration of incision of the
Mojave River after the formation of Afton Canyon reached the
delta only after ca. 9 ka. After the Mojave River incised a channel
in its delta ca. 7.5 ka (or soon thereafter), its floods could no
longer reach either Coyote Lake or Troy Lake, and river dis-
charge reached only the playas of Soda Lake, Silver Lake, and
Cronese Lakes.

Overlapping ages of lakes

Meek (1999) estimated that Lake Harper had a maximum
surface area of 255 km? and storage capacity of water of ~6 km?3,
This large volume of water and the nonoverlapping ages dis-
cussed above led him to conclude that Harper Lake was not con-
temporaneous with late Wisconsin highstands of Lake Manix. He
interpreted that the gaps in the Manix dates could be explained
by dates from Lake Harper suggesting to him that Lake Harper
was filled when Lake Manix was low. This is a very plausible
hypothesis, but we think its implications are so important for
paleohydrological interpretations of the Mojave River and for the
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regional paleoclimatological interpretations that intensive strati-
graphic and dating efforts are needed to confirm or deny it. In this
regard, we note that during at least one episode, the Mojave River
was able to support Lake Manix and Lake Mojave at the same
time. Lake Mojave's area (~290 km?2) is ~1-1.5 times the esti-
mated area of Harper Lake. The large delta of the Mojave River,
the low water divide (if it existed) between the Harper Lake basin
and the Mojave River floodplain, and the magnitudes of the
Mojave River floods could all have contributed one or more of
the following scenarios: (1) shifting of the river between basins
on millennial time scales (Meek, 1999), (2) the river feeding both
basins all the time, and/or (3) frequent shifting of the river on its
delta resulting in a permanent but shallow body of water in each
basin. In the deltaic sediments of the Manix Formation’s type
section, which span the time interval of the proposed shift from
Lake Manix to Harper Lake, G. Jefferson (2000, written com-
mun.) did not identify an obvious break in the stratigraphy.
Therefore, the possibility of coexisting Manix and Harper lakes
should be examined thoroughly, including dating of the continu-
ous lacustrine record so that its palechydrological interpretation
is clear. Chronologies based on shoreline features are by defini-
tion episodic and therefore cannot be used for detailed correla-
tion between basins. The migration of the Mojave River between
various subbasins well may have occurred; we consider it to be
an untested hypothesis.

The mega-lake and alternative Mojave River routes

Two longstanding hypotheses in the Quaternary geology of
the Mojave Desert are associated with the Mojave River and its
current terminal basins. The first hypothesis is that a mega-Lake
Manly covered very large areas from Death Valley to south of
Soda Lake playa. This large lake was proposed in various forms,
most recently by Hooke (1999). The second hypothesis indicates
that the Mojave River was connected through a topographic
trough from Troy Lake through Bristol Lake (Figs. 2 and 4) to
the lower Colorado River (Thompson, 1929, p. 112; Miller, 1946;
Hubbs and Miller, 1948; Hewett, 1954, p. 19). These two hypothe-
ses are sometimes mixed in the literature as the mega-lake was
suggested (Blackwelder, 1933; Hale, 1985) to overflow from the
southern Soda Lake area through Broadwell Lake to Bristol Lake
playas, thence to the Colorado River (Figs. 2 and 4). In the para-
graphs below we suggest that available information does not sup-
port either of these hypotheses. -

The mega—Lake Manly hypothesis

In deep boreholes along the Mojave River Wash in the south-
ern Soda Lake playa, Dickey et al. (1979) encountered fine-
grained, brownish to greenish clastic sediments with minor
amounts of evaporite minerals beneath the latest Wisconsin Lake
Mojave deposits. They suggested that a small, moist playa or a
shallow lake existed during the early-middle Pleistocene. This
“Ancestral Soda Lake” was temporally more persistent, although

areally more restricted, than latest Quaternary Lake Mojave
(Brown and Rosen, 1995). However, sedimentologic evidence
from continuous, 326-meter-deep cores in the center of the Soda
Lake playa basin indicates only one lacustrine sequence in this
largest subbasin of pluvial Lake Mojave (Muessig et al., 1957;
Smith, 1991a; Brown and Rosen, 1995). This sequence at a depth
of 14-36 m from the playa surface is related to the latest Pleisto-
cene Lake Mojave sediments (Wells et al., 1989, this volume;
Brown and Rosen, 1995). The single lacustrine sequence sup-
ports Thompson’s (1921, 1929) hypothesis that Lake Mojave
formed only later in the geologic history of the Mojave River
(e.g., Smith, 1991a).

Below this late Pleistocene sequence, the Soda Lake cores
contain playa, alluvial fan, and eolian sediments (Muessig et al.,
1957; Smith, 1991a; Brown and Rosen, 1995). Brown and Rosen
(1995) used various sedimentation rates to estimate that the age
of the bottom of the deep core range from 0.82 Ma to 3.2 Ma.
They conclude that at least since the early Pleistocene, there is no
evidence of the supposedly large lake that occupied vast areas in
the Mojave Desert as suggested by Blackwelder (1933, 1954),
Hubbs and Miller (1948); Miller (1981), Hale (1985), and more
recently by Hooke (1999). Soda Lake, which (a) is located in the
center of the proposed lake and (b) constitutes the essential link
between the basins that such a lake supposedly occupied, does not
contain any known sedimentary sequence to support the mega—
Lake Manly hypothesis (Muessig et al., 1957; Smith, 1991a;
Brown and Rosen, 1995).

The recent attempt by Hooke (1999) to revive a version of
the “mega—Lake Manly” hypothesis by adding regional large-
scale tilting to fit the elevations of the various shore features of
the hypothetical mega-lake is not supported by the available data
from Soda Lake and Silver Lake playas (Enzel et al., 2002). He
proposed that the tilting was at a rate of 2 mm/year. Over the last
18-12 ka, which is the age of the shorelines associated with Lake
Mojave, such a rate should have lowered northern Silver Lake
playa by 24-36 m relative to southern Soda Lake playa (a dis-
tance of 35-40 km). All the highest shoreline features around Sil-
ver Lake and Soda Lake playas were surveyed in detail relative to
existing benchmarks (Wells et al., 1989, this volume). No tilting
or any other deformation was observed from this survey. Actu-
ally, this survey indicates that the most pronounced shorelines
around Silver Lake and Soda Lake playas are within 10-20 cm of
the 287 m and 285.5 m shorelines A and B, respectively of Wells
et al. (1987). Furthermore, there are no shorelines at elevations
higher than the 287 m, which is the spillway elevation at the
northern end of Silver Lake playa and therefore also the expected
shoreline elevation if tilting did not occur. Therefore, the signifi-
cant tilting proposed by Hooke (1999) seems not to include Silver
Lake and Soda Lake, so it apparently did not occur. In addition,
all ages from the highest shoreline features around the Soda Lake
and Silver Lake playas are associated with the latest Pleistocene
lake (Wells et al., this volume). Not one age supports the idea that
an earlier lake occupied this basin as proposed by Hale (1985)
and Hooke (1999). We also visited all the Mesquite Hills deposits
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mentioned by Hooke (1999) and concluded that (a) none has the
characteristics of shore deposits, (b) they are probably spring
deposits along an active fault, and (c) their absolute and/or rela-
tive ages are not yet determined. Therefore, we suggest that the
mega-lake hypotheses do not stand the test of field evidence.

The Mojave River-Bristol Lake—Colorado River route

Thompson (1929), Miller (1946), Hubbs and Miller (1948),
and Hewett (1954) suggested that after the filling of Lake Manix,
the Mojave River overflowed into Bristol Lake basin through a
spillway at southeast Troy Lake (Fig. 4). It then overflowed from
Bristol Lake to the basins of Cadiz and Danby Lakes and reached
the Colorado River.

The summaries of Jefferson (this volume), Cox et al. (this
volume), and Smith (1991a) indicate that Lake Manix could have
- overflowed only after 500 ka, when the Mojave River water first
filled that lake. Therefore, Bristol Lake basin could have received
Mojave River water only after that period.

Bristol Lake cores show that throughout the Pleistocene, the
basin was occupied by only shallow lakes fluctuating between a
saline lake to a playa (Rosen, 1989; Brown and Rosen, 1995). A
deep overflowing lake that could have overflowed sometime
during the last 0.5 ka to downstream basins and to the Colorado
River is not documented in the Bristol Lake cores (Rosen, 1989;
Brown and Rosen, 1995). Therefore, we note that currently, evi-
dence does not support this hypothesis.

Estimating Mojave River discharge needed for coexisting lakes

During the latest Pleistocene it appears that the Mojave River
fed more than one lake at the same time. The clearest example is a
Lake Mojave-Lake Manix coexistence during the last glacial max-
imum. To get an estimate of the Mojave River discharge needed to
support these two lakes we use the estimates of discharge calcu-
lated for Lake Mojave alone (Wells et al., this volume).

Average present-day annual flow, recorded at the lower
reaches of the Mojave River, is ~9.5 x 106 m3 (Enzel, 1990; Wells
et al., this volume). Rare floods (>10 yr recurrence time) that
reach the lower Mojave River deliver ~75 x 106 m3 per flood on
average. To form Lake Mojave during the last glacial maximum
demands an order of magnitude greater river discharge than
today’s average annual flow, even with 50% reduction in evapora-
tion (Wells et al., this volume). Fifty percent reduction in evapora-
tion is probably an overestimation of the evaporation during the
late Pleistocene. Annual flow into the lake basins in the magnitude
of twice the average flow of the eight largest modern extreme
floods is necessary to form a lake. Reducing modern rates of evap-
oration by 50%, and doubling modern rainfall would result in a
full lake almost at the elevation of the Lake Mojave shoreline. To
feed and form simultaneously an additional lake with Mojave
River discharge, and therefore doubling the total lake area sup-
ported by the river, would demand a further increase of the annual
discharge to ~300 x 106 m. This annual discharge is approxi-

mately a factor of three larger than the discharge of the 1938 flood,
the largest flood that reached Afton Canyon in the last 110 I

Presently, the Mojave River experiences large transmission
losses into its alluvial aquifer (e.g., Buono and Lang, 1980; Enzel
etal., 1989; Enzel, 1990, 1992; Enzel and Wells, 1997) and only
the largest floods reach the terminal playas. When they reach the
playas they have greatly reduced peaks and total discharges. We
assumne that during the late Pleistocene, with the increased flood
frequency and discharge, higher water tables, and longer reaches
with base flow or even occupied by lakes, the transmission losses
of today were dramatically reduced. Large transmission losses
are observed today in the Barstow-Afton reach of the Mojave
River (Enzel, 1990). During the late Pleistocene most of this
reach was occupied either by the fan delta, with aquatic environ-
ments at the surface (Reynolds and Reynolds, 1985), or by Lake
Manix, indicating a limited potential transmission losses. In con-
trast with the Holocene conditions (Enzel, 1992), under which
only the largest floods reach the lower Mojave River, under late
Pleistocene conditions most floods that originated at the headwa-
ters could have reached and contributed to the two coexisting
lakes. Observations at the late Pleistocene delta of the Mojave
River west of Lake Manix support the existence of very high
groundwater levels at this time, probably at or near the surface
(Reynolds and Reynolds, 1985), elevations that are much higher
than under present-day conditions. Therefore, the floods routed
along the Mojave River channel probably were attenuated but
without the high transmission losses that characterize Holocene
and present conditions.

We note that flood discharges of the magnitude demanded
by these calculations have occurred during the twentieth century
(Enzel, 1990), in the upper reaches of the Mojave River. For
example, upstream of Victorville, California (Fig. 1) ~30% of the
modern floods have discharges >100 x 106 m3, Ten percent of the
floods have discharges >300 x 106 m3. If these floods were more
frequent, did not experience the present-day transmission losses
in downstream reaches, and if the evaporative losses were at the
proposed late-Pleistocene levels, a large lake could form.

Implication for paleoclimatology

Increase in Mojave River discharge probably requires more
frequent heavy storms over its upper reaches and its headwaters
in the San Bernardino Mountains, located at a latitude of 34°N
(Enzel et al., 1990). A persistent winter North Pacific storm track
delivering moisture to relatively low latitude along the west cost
of North America is also indicated. As coexistence of lakes is
most pronounced during the last glacial maximum, the moisture
transport to this latitude was probably most effective during that
time. During later stages of the deglaciation (14-9 ka) Lake
Mojave was fluctuating more and probably overflowed less per-
manently to downstream reaches. This indicates less-frequent
water supply by storms at its headwaters than during the glacial
maximum. We suggest that this indicates that the average storm
track was located farther north.
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This implication to the changes in the moisture transported
to the area during glacial maximum and deglaciation, is sup-
ported by the deeper water in lakes and “wetter” conditions inter-
preted from other basins at similar latitudes. Quade et al. (this
volume) indicate that the wettest conditions associated with dis-
charge to the surface in valleys in southern Nevada (Fig. 5) were
recorded during the last glacial maximum. Although discharge to
the surface in this area continued also during 14-12 ka, condi-
tions were then drier than during the last glacial maximum
(Quade et al., this volume). The chronology of Lake Estancia in
central New Mexico (Fig. 5; latitude 34°-35°N) (Allen, 1991;
Allen and Anderson, 2002) shows that the highest and most per-
sistent lake stand occurred during the glacial maximum, with
mostly lower and less-persistent lake stands occurring later, in the
latest Wisconsin. Other paleolakes also show maximum high-
stands during the last glacial maximum: (a) Lake Cloverdale
(Fig. 5) occupied the southern Animas Valley at 32° N latitude
(Krider, 1998) between ca. 20 and 18 ka; (b) a paleolake occu-
pied the San Agustin Plains (Fig. 5; 34°N) in west-central New
Mexico between 22 and 17 ka (Markgraf et al., 1984; Phillips et
al., 1992); (c) Lake Cochise (Fig. 5) in southeastern Arizona
(32°30" N) experienced a highstand during full glacial times
(Long, 1966), but latest Wisconsin lake stands probably reached
the same elevation (Waters, 1989) in this relatively shallow lake
basin; and (d) Laguna Diablo located in northern Baja California,
Mexico (Fig. 5; 31°N) was high during the glacial maximum (Y.
Enzel, L. Ely, B. Allen, and M. Palacios, 1993, written commun.).

All these high lake stands at latitudes of 32°-35°N indicate
intensive moisture transport to that region during the glacial max-
imum, diminishing during the later stages of the deglaciation.
The source of the moisture that supported these lakes was proba-
bly winter precipitation from a North Pacific source (e.g., Van
Devender et al., 1987; Enzel, 1990; Smith, 1991b; Allen and
Anderson, 1993; Stute et al., 1995; Anderson et al., 2002). So far
there is no evidence for the later deglaciation lakes in the San
Agustin Plains (Phillips et al., 1992) and Lake Cloverdale
(Krider, 1998) that were observed in Lake Estancia (Allen and
Anderson, 1993), Lake Cochise (Waters, 1989), Lake Mojave
(Wells et al., this volume), and in southern Nevada as discharge
deposits (Quade et al., 1998, this volume).

In contrast to the highstand of lakes in the 32°-35° latitude
range in the southwestern United States, the northern Great Basin
Lake Lahontan and Lake Bonneville of Utah and Nevada at lati-
tude of 40°N, experienced their highest stands at 14-12 ka (Ben-
son and Thompson, 1987; Benson et al., 1990, 1995; Oviatt et al.,
1992; Adams and Wesnousky, 1998). The last glacial maximum
lake stands in these basins were somewhat smaller (Benson and
Thompson, 1987; Benson et al., 1990, 1995; Oviatt et al., 1992).

Antevs (1938, 1952) hypothesized that the growth and
retreat of the Laurentide Ice Sheet caused shifts in the average
position of the polar jet and storm track along the western coast
of North America. As maximum precipitation, cloud coverage,
lower maximum temperatures, and reduced evaporation are asso-
ciated with the core of the jet stream and the area just north of it
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Figure 5. Proposed average storm track over the West Coast of North
America during the last glacial maximum (18 ka) and late deglaciation
(14-12 ka). SN—southern Nevada stream deposits; Mo—Lake Mojave;
SA—San Agustin Plains; E—Lake Estancia; Co—Lake Cochise; Cl—
Lake Cloverdale; Di—Laguna Diablo.

(Starrett, 1949), a northward shift of the jet stream following the
glacial maximum is a reasonable cause for the rise of Great Basin
pluvial lakes at this time (e.g., Hostetler and Benson, 1990; Ben-
son et al., 1995). The results of atmospheric general circulation
models (Manabe and Broccoli, 1985; Kutzbach and Wright,
1985; Kutzbach and Guetter, 1986; Kutzbach, 1987; Kutzbach et
al., 1998) indicated that glacial-age boundary conditions such as
the size and shape of Laurentide Ice Sheet, were sufficient to pro-
duce the effect that Antevs had earlier hypothesized (Benson et
al., 1995). As a result, shifts in the polar jet positions were advo-
cated as the cause for the Great Basin and Mojave Desert lakes by
other researchers (e.g., Harrison and Metcalf, 1985; Benson and
Thompson, 1987; Enzel et al., 1989; Hostetler and Benson, 1990;
Benson et al., 1995). Note, however, that the shifts indicated by
the global climate models were to 30°N latitudes (e.g., Kutzbach
et al,, 1998); i.e., to even lower latitudes than indicated by these
available lake chronologies.

At present, the average annual position and the episodic
shifts to the south of the jet stream are related to persistent anom-
alies in the sea surface temperature of the North Pacific Ocean
(e.g., Namias et al., 1988). Smith (1991b) used sea-air interaction
and suggested that the compressed isotherms of the sea-surface
temperatures of the North Pacific at 30°—40° atitudes during the
winter for 18 ka (CLIMAP, 1981) might be the explanation for
the increased moisture transported into the southwestern United
States. Furthermore, he argued that this configuration allows for
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storms from warmer, lower latitudes of the North Pacific to reach
the area carrying much larger quantities of moisture. The interac-
tion of similar subtropical moisture sources with the polar jet and
associated mid-latitude low pressure systems was proposed by
Enzel et al. (1989) as a major mechanism to resolve the moisture
quantities needed during the late Pleistocene. In light of this
hypothesis and model results, we postulate that the systematic
changes in timing of highest stands of late Pleistocene lakes in
western United States reflect systematic latitudinal differences in
the average storm track and polar jet position along the western
coast of North America. During the glacial maximum (ca. 18 ka)
the storm track was frequently farther to the south, probably at
32°-35° latitudes (Fig. 5). During the latest Wisconsin (14—
12 ka) the average storm track was at ~40° Jatitude, feeding the
Lake Lahontan and lake Bonneville basins.

The polar jet position varies along the western coast of North
America from intraseasonal (Pyke, 1972) to probably millennial
scales. The passage (and average position) of the jet stream over
a specific drainage basin in the Great Basin and Mojave Deserts
for hundreds to thousands of years will sustain a lake or a pro-
nounced spring discharge during the late Pleistocene (Benson
and Thompson, 1987; Enzel et al., 1989; Benson et al., 1995).

Relatively high-resolution lake records from 34° to 35° N
latitude (Lake Estancia in New Mexico [Allen and Anderson,
1993] and Lake Mojave [Wells et al., this volume]) indicate
decadal to centennial lake-level changes even during the last gla-
cial maximum. Therefore, Allen and Anderson (1993) argue that
the shifts in the average storm track cannot be attributed solely to
the millennial-scale forcing boundary conditions used in the
models (i.e., growth and decay of the Laurentide Ice Sheet and
astronomical parameters) because of the different temporal scales
of variations in the ice sheets and lakes. We suggest that the shift
to the south of the polar jet and storm tracks is caused partially by
the ice sheet, but that the high-frequency lake fluctuations are
caused by seasonal to centennial variations in storm-track posi-
tion that are superimposed on the lower-frequency, larger-scale
shifts. Lakes located farther to the south will record more varia-
tions because the average storm track is located north of them,
and only episodically would they have experienced persistent
storms over seasons, years, or decades. The causes for these
shorter episodes are unknown but probably are related to oceanic
and atmospheric conditions over the North Pacific Ocean or
upwind in East Asia.

The summary above indicates that millennial-scale shifts in
the position of the storm track during the latest Pleistocene
affected very large regions; consequently, high-resolution records
are needed along the coast of North America to identify the tem-
poral and spatial structure of the shifts.

Integration of the Mojave River hydrological basin
The Mojave River is a hydrological system that integrates

closed basins to one relatively long arid river basin. In this vol-
ume Cox et al. present data on the late Pliocene and early Pleisto-

cene evolution of the upstream reaches of the Mojave River.
They associate this evolution with tectonic activity at the Trans-
verse Ranges of southern California (e.g., Meisling and Weldon,
1989). They summarize earlier work (see also Jefferson, this vol-
ume) on the first appearance of Mojave River water and sedi-
ments at ca. 500 ka in the Manix basin in the middle reaches of
the river. In this paper we have discussed our observations of the
Mojave River integration to the downstream basins of the Soda
Lake and Silver Lake playas during the latest Pleistocene.
Although they are rare, present-day continuous flows of the
Mojave River terminate at the Silver Lake basin. Anderson, D.,
and Wells (this volume) and Anderson, K., and Wells (this vol-
ume) indicate that, during the latest Pleistocene, the Mojave
River overflowed and contributed to the Lake Dumont and the
Death Valley lakes (Fig. 4) as proposed by Free (1914) and Hunt-
ington (1915). The breaching of the sill of Lake Dumont after
18 ka allowed more Mojave River discharge to reach Death Val-
ley (Anderson, D., and Wells, this volume; Anderson, K., and
Wells, this volume). Whereas Soda Lake basin contains a very
thick sequence of deposits that were generated from local sources
prior to the impact of the Mojave River (Brown and Rosen, 1995;
Wells et al., this volume), it contains only relatively thin layer of
sediments from the Mojave River, the oldest dating from the last
glacial maximum.

Since its inception in result of the uplift of the San Bernardino
Mountains, the Mojave River required >1 million years to fill its
upstream basins with sediments and an additional 0.5 million
years to reach the Manix basin. It then took 0.5 million years to
fill the Manix basin and to overflow and integrate this basin with
the Soda Lake and Silver Lake basins downstream. This last
major integration was accomplished by incising the sediments at
the Lake Manix spillway in the Afton Canyon area. This incision
caused the loss of the storage capacity of the Manix basin (Meek,
1989) that was already reduced owing to the 0.5 million years of
discharge of Mojave River sediments. The storage capacities of
the Soda Lake and Silver Lake basins were reduced by sedimen-
tation at much faster rates than were the basins upstream. From
22 ka to 8.5 ka storage was reduced from ~7 km? to ~] km?
(Wells et al., this volume). Since 8.5 ka the storage capacity of
these basins was further reduced to ~0.15 km? (Enzel, 1990).
This rapid loss of storage was probably related to the incision of
the Manix basin (Meek, 1989) and transport of the eroded sedi-
ment to the Soda Lake and Silver Lake basins. The spillway of
Lake Mojave did not and probably will not erode in the same way
as the spillway of Lake Manix, because it is composed of meta-
morphic rocks, and not by weaker sediments. The emptying of
sediments from one basin into a downstream basin can accelerate
integration and probably is associated with active faulting (i.e.,
Manix fault) that uplifted unconsolidated basin-fill sediments to
the spillway elevation during prelake times.

The integration of the Mojave River into Death Valley, its
ultimate terminal basin, is in its final stages. Under Holocene
conditions large floods generated in the Mojave River headwa-
ters deposit most of their load of sand and gravel in southern
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Soda Lake and their finer fraction in northern Soda Lake and Sil-
ver Lake playas. Although some of the sand and finer-grained
deposits are blown out of the basins by wind, net Holocene dep-
osition (e.g., Enzel and Wells, 1997) is observed and the deposi-
tion of the coarse alluvium is rapidly migrating north on top of
the Soda Lake playa sediments. When the terminal basins of the
Mojave River ultimately fill to the spillway elevation, Mojave
River floodwaters will flow downstream even under Holocene
conditions. According to Enzel (1992), the possibility that mod-
ern floods will overcome the transmission losses along the allu-
vial reaches between Silver Lake and Death Valley is not realistic
under present-day conditions.

CONCLUSIONS

The available data on chronologies of the late Pleistocene
lakes along the Mojave River (Harper Lake, Lake Manix and its
subbasins, and Lake Mojave) and its late Pleistocene fan delta,
indicate that high lake stands in these individual lake basins could
have coexisted. If so, the Mojave River, which at present rarely
delivers water to its terminal basin in Silver Lake playa, was able
to support a very large lake area during the late Pleistocene. In
turn, this relation indicates that southern California and the
Mojave Desert experienced frequent, intensive North' Pacific
storms that draw moisture from the tropical and subtropical
Pacific Ocean, the most probable moisture source for these large
lakes. We think that this warm, moisture laden subtropical source
is the only one that can explain the very large water volume
needed to support lakes along the Mojave River. The similarity
in the chronology of late Pleistocene highstands of the Mojave
River lakes, and lakes in closed basins in southern Arizona and
New Mexico, indicates a regional hydrological cause of this shift.
The observed chronologies require that the storm tracks along the
West Coast of North America were at a very low latitude of
~34°-35° N during the last glacial maximum. Later in the
deglaciation the storm track shifted to the north, consistent with
the observed highstands of the northern Great Basin lakes and the
fluctuating lake levels in the southwestern United States.

The vigorous floods of the Mojave River originating in the
San Bernardino Mountains delivered large quantities of sedi-
ments that progressively filled a series of basins. The reduction in
storage capacity of these basins caused the lakes that these floods
maintained to overflow downstream and to integrate the hydro-
logical system during the Pleistocene. The overflow of Lake
Manix to Lake Mojave caused the incision of Afton Canyon dur-
ing a geologically short episode during the latest Pleistocene, but
this incision lasted longer and was less catastrophic than has been
proposed in earlier studies.

The Mojave River as we know it today is a young and evolv-
ing hydrological system. It owes its evolution to late Pliocene to
early Pleistocene tectonic uplift of the Transverse Ranges, heavy
storms at these elevated areas, transport of sediments by the
resulting flows, and the filling of the downstream basins by those
sediments. The integration during the Pleistocene of a few closed

basins across the Mojave Desert formed the modern river. The
last integration occurred during the late Pleistocene, when Lake
Manix overflowed to the Soda Lake basin of Lake Mojave, and
ultimately to Death Valley.
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