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ABSTRACT

Hershler, Robert, David B. Madsen, and Donald R. Currey, editors. Great Basin Aquatic Sys-
tems History. Smithsonian Contributions to the Earth Sciences, number 33, 405 pages, 190 fig-
ures, 21 tables, 2002.—The 14 papers collected herein treat diverse aspects of the aquatic
history of the Great Basin of the western United States and collectively attempt to summarize
and integrate portions of the vast body of new information on this subject that has been
acquired since the last such compilation was published in 1948. In the first section, four papers
{Lowenstein, Negrini, Reheis et al., Sack) focus on physical aspects of Great Basin paleolake
histories, whereas a fifth paper (Oviatt) summarizes the contributions to the study of Bonne-
ville Basin lacustrine history made by two early giants of the field, Grove Karl Gilbert and
Ernst Antevs. In the second section, four papers synthesize perspectives on Great Basin aquatic
history provided by diatoms and ostracods (Bradbury and Forester), fishes (Smith et al.),
aquatic insects (Polhemus and Polhemus), and aquatic snails (Hershler and Sada), whereas a
fifth (Sada and Vinyard) summarizes the conservation status of the diverse aquatic biota that is
endemic to the region. In the final section, three papers integrate terrestrial biotic evidence per-
taining to Great Basin aquatic history derived from pollen from cores (Davis), floristics
(Wigand and Rhode), and the mammal record (Grayson), whereas a fourth (Madsen) examines
the relationship between Great Basin lakes and human inhabitants of the region. Although
diverse in scope and topic, the papers in this volume are nonetheless linked by an appreciation
that integration of geological, biological, and anthropological evidence is a necessary and fun-
damental key to a mature understanding of Great Basin aquatic systems history.
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Introduction

David B. Madsen, Robert Hershler, and Donald R. Currey

It has long been known that the huge, arid region of internal
drainage in western North America known as the Great Basin
contained a series of large, intermontane lakes during wetter, or
pluvial, periods of the late Cenozoic. During the last 100 years
numerous geologists and biologists, including many preemi-
nent scientists beginning with Grove Karl Gilbert (1843-1918)
and Israel Cook Russell (1852-1906), have studied the extent,
integration, and contemporaneity of these lakes, and the rela-
tion between regional hydrographic history and biogeography.
The first attempt to synthesize this information was in June
1942, when the Western Division of the American Society of
Ichthyologists and Herpetologists met in Salt Lake City, Utah.
The highlight of the meeting was a symposium on the glacial
and postglacial history of the Great Basin, which was jointly
arranged with the Pacific Division of the American Association
for the Advancement of Science (Croker, 1942). Papers pre-
sented at the meeting included summaries of the geological de-
velopment of the Great Basin, pluvial lake distribution and per-
tinent ichthyological evidence, and paleoclimates, which were
later collected in The Great Basin, with Emphasis on Glacial
and Postglacial Times (Antevs, 1948; Blackwelder, 1948;
Hubbs and Miller, 1948). This modest volume has stood as a
landmark in the study of what Grayson (1993:xvi) referred to
as the “natural prehistory” of the Great Basin.

Immense strides have been made in the study of Great Basin
aquatic history during the last 50 years. On the physical side,
our understanding of geological evolution of the Great Basin
has been revitalized in the wake of modern concepts of moun-
tain building, tectonics, and volcanology. Geochronology has
provided many new dating methods to aid interpretation of key
geologic events. New methodologies also have enabled much
more precise delineation and dating of ancient lake beds and
better discernment as to whether such data represent records of
long-lived lakes or ephemeral water bodies (playas). Climatic

David B. Madsen, Environmental Sciences, Utah Geological Survey,
Salt Lake City, Utah 84114, USA. Robert Hershler, Department of Sys-
tematic Biology, National Museum of Natural History, Smithsonian
Institution, Washington, D.C. 20560-0118, USA. Donald R. Currey,
Department of Geography, University of Utah, Sait Lake City, Utah
84112, USA.

modeling has developed into an important field that further
aids elucidation of pattern and sequence of aquatic-system de-
velopment. On the biological side, evidence derived from
fishes (both living and fossil) has been expanded and refined,
and other aquatic biota now has been similarly studied. The
coupling of biogeographic analysis with phylogenetics has pro-
vided explicit, testable methods of inferring historical relation-
ships among geographic areas (drainages). The blossoming
field of phylogeography (Bermingham and Moritz, 1998) of-
fers additional tools for fruitful analysis at the population level,
although this has been little applied to aquatic biota of the
Great Basin (but see Duvernell and Turner, 1998).

The purpose of this volume is to assemble and integrate this
large body of relevant data from the geological and biological
schools as it pertains to the history of aquatic systems in the
Great Basin. This is hardly a new concept, but instead it reiter-
ates the spirit of Hubbs and Miller (1948:120):

Even greater advances should ensue, when the biological and geological ap-
proaches are more definitely integrated. We eagerly look forward to the time
when we may join with the glacial geologist to journey, helping hand in hand,
across the desert mountains and flats of the Great Basin, together attempting to
unlock some of the doors that are yet closed to us.

This volume is a product of the Great Basin Aquatic System
History (GBASH) Symposium, which was convened in Salt
Lake City at the University of Utah from 17 September to 21
September 1997 to celebrate the 50t anniversary of the publi-
cation of papers from the original 1942 symposium. More than
75 individuals attended the GBASH conference, including in-
vited speakers, poster presenters, representatives of land man-
agement agencies, and the general public. Participants enjoyed
a highly structured program designed to summarize recent ad-
vances in Great Basin natural history in an integrated, interdis-
ciplinary fashion. Presenters included an array of geologists,
climatologists, botanists, zoologists, and anthropologists under
the general direction of conference chair Donald R. Currey.
The presentation format for the 25 invited papers followed the
same tripartite structure we employ herein. Fourteen of those
papers were revised subsequent to the symposium and are col-
lected in this volume. Together these papers complement the
more generalized treatments of Great Basin aquatic history that
are currently available.



FIGURE 1.—The limits of the Great Basin, as defined by areas of internal drain-
age (after King, 1986).

Defining the Great Basin

The Great Basin is a vast complex of internal drainage sys-
tems lying in interior western North America (Figure 1). These
systems are composed primarily of high, north-to-south trend-
ing mountains and long, narrow valleys into which mountain
streams and rivers drain. Depending upon how it is defined
(and it can be defined in a number of ways), the Great Basin
extends as far north as 44° north latitude, as far south as 33°
north latitude, as far east as 110° west longitude, and as far
west as 121° west longitude. Although the many definitions of
the Great Basin are appropriate for specific purposes, none ex-
ceeds that of John C. Frémont’s (1845:175) original description
in terms of simple utility:

The Great Basin—a term I apply to the intermediate region between the Rocky
mountains and the next range [the Sierra Nevada and the Cascade Range], con-
taining many lakes, with their own system of rivers and creeks, (of which the
Great Salt is the principal,) and which have no connexion with the ocean, or the
great rivers which flow into it.

A number of general accounts reviewing the natural history
of the Great Basin are available (e.g., Houghton, 1976;
McPhee, 1981; Trimble, 1989; and particularly, Grayson,
1993), and there is also a variety of extensive treatments of
specific topics (Lanner, 1983; Ryser, 1985; Fiero, 1986; Moz-
ingo, 1987; and Sigler and Sigler, 1987). As a result, we have
not attempted to produce yet another generalized description of
the Great Basin herein. Furthermore, because a variety of bio-
logical, geomorphological, and hydrological topics are covered
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in the papers that follow, it is important to recognize that the
physiographic, hydrographic, and floristic definitions of the
Great Basin employed in these papers are somewhat different.
Physiographically, the Great Basin is part of the Basin and
Range Province (Hunt, 1967) that, although coterminous with
the hydrographic Great Basin in the north, extends into south-
ern Arizona and New Mexico and covers much of northern
Mexico (Figure 2). The fault-block mountains that characterize
the province began forming during the middle Tertiary, approx-
imately 40 million years (My) before present (B.P.) (King,
1977). This system of mountains and valleys was formed as
part of an ongoing extensional process related to plate tectonics
(Zoback et al., 1981), and the Great Basin continues to expand
as the Pacific Plate shears off the western margin of the North
American plate (Stewart, 1971; Fiero, 1986). This east-west
expansion has created a series of north-to-south trending fault-
block mountains separated by long, narrow graben and/or half-
graben valleys filled with Quaternary alluvium. The larger val-
leys exceed 100 miles (161 km) in length and 30 miles (48 km)
in width. The Great Basin is bounded on the west and east by
the higher ranges of the Sierra Nevada and the western Rocky

FIGURE 2.—The limits of the Basin and Range Province (after Stewart, 1971;
Fiero, 1986).



NUMBER 33

FIGURE 3.—The limits of the floristic Great Basin (after Cronquist et al., 1972).

Mountains, respectively, but many of the smaller interior
ranges reach almost as high because the Great Basin is dome-
shaped in cross section. Many ranges reach 12,000-13,000 ft
(3660-3960 m) and extend 5000-6000 ft (1524-1829 m)
above valley floors.

The biotic Great Basin is defined primarily by the distribu-
tion of plant communities rather than by the animals that are
dependent upon them (Gleason and Cronquist, 1964). The most
widely employed floristic definition is that of Cronquist et al.
(1972) (Figure 3). In this interpretation, the floristic Great Ba-
sin extends from the Sierra Nevada on the west to the Wasatch
Front ranges of Utah on the east (Cronquist et al., 1972; Os-
mond et al., 1990). The eastern boundary is not as sharp as that
on the west, however, and many early treatments of Great Ba-
sin flora (e.g., Shreve, 1942) included much of the northern
Colorado Plateau in the floristic Great Basin. Plant communi-
ties are dominated by sagebrush (drtemisia tridentata), shad-
scale (Atriplex confertifolia), and saltbush (Atriplex canescens)
on valley floors, juniper (Juniperous osteosperma) and single-
leaf pifion (Pinus monophyla) on lower mountain slopes in the
central and southern Great Basin, and white fir (dbies con-
color), Engelmann spruce (Picea emglemannii), blue spruce
(Picea pungens), Douglas fir (Pseudotsuga menziesii), and
quaking aspen (Populus tremuloides) at higher elevations.

These communities extend north into the Snake River Plain,
and the floristic Great Basin, as a result, does not conform well
with the Great Basin as defined either physiographically or hy-

drographically. There is similar terminological confusion re-
garding the southern margin of the floristic Great Basin be-
cause this boundary is defined mostly by the appearance of
creosote bush (Larrea tridentata), yucca (Yucca brevifolia),
and other plants of the Mojave Desert south of about 37° north
latitude. When either a hydrographic or physiographic defini-
tion of the Great Basin is employed, the Great Basin actually
contains three of the four biotic North American deserts (Fig-
ure 4).

The Great Basin can be described most definitively in terms
of a series of contiguous interior drainage systems. Although
subject to some debate over whether or not a few individual
drainage basins do indeed have internal drainage (e.g., Mifflin
and Wheat, 1979; Smith and Street-Perrott, 1983; King, 1986),
this hydrographic definition is the most detailed of those avail-
able because drainage basin boundaries can be identified with
precision. Several hydrographic definitions have been pro-
duced, which differ because of the varying number of drainage

UT
AZ

FIGURE 4.—The three biotically defined North American deserts with the
hydrographically defined Great Basin (after Shreve, 1942; Spaulding et al.,
1983).
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FIGURE 5.—Hydrographic basins within the Great Basin (after G.Q. King, unpublished data).

basins included. A hydrographic definition of the Great Basin
is most useful herein because our interest is in Great Basin
aquatic systems, and we employ that of King (1986), who iden-
tified 187 separate drainage basins within the Great Basin as a
whole (Figure 5).

Many of these individual drainages coalesced to form larger
drainage units during cooler and wetter periods when lake lev-
els rose and overflowed into adjoining basins. The largest of
these, by far, are the Lahontan Basin on the west and the
Bonneville Basin on the east, where the relatively more mas-
sive Wasatch Mountains and Sierra Nevada, respectively, cap-

ture substantial amounts of precipitation. During warm and dry
intervals, the rivers of the Lahontan Basin, such as the
Truckee, the Humboldt, the Carson, and the Walker Rivers,
flowed into separate basins and form individual lakes, such as
Pyramid and Walker Lakes. Under higher precipitation and
lower evaporation regimes, however, these basins filled differ-
entially, forming variable combinations of basin systems as
lake waters rose (Davis, 1982). At their maximum, these wa-
ters formed a single lake, covering nearly 8670 square miles
(22,440 km?), during the last glacial cycle. The situation is
similar in the eastern Great Basin where the Sevier and Great
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California

FIGURE 6.—Large lakes within the Great Basin during the height of the last pluvial period (18-16 Ka) (after Wil-

liams and Bedinger, 1984).

Salt Lake subbasins at times have been either completely sepa-
rate, connected by an overflow channel, or coalesced into a
single lake. At its height, Lake Bonneville extended more than
500 miles (805 km) from north to south, covered more than
19,900 square miles (51,640 km?), and overflowed into the
Snake River and the Columbia River drainage system. At such
times the Bonneville Basin was not, hydrographically speak-
ing, part of the Great Basin at all.

A number of other basins within the Great Basin also over-
flowed during wet periods, but they formed a series of inter-
connected lakes rather than a single, large lake. The most
extensive chain of lakes and basins were formed in the south-
western Great Basin, where Mono, Owens, China, Searles, and
Panamint Lakes (and other smaller lake basins) were connected
at the peak of pluvial periods by a series of overflow channels

that eventually extended into Death Valley (Smith and Street-
Perrott, 1983). A number of shorter, interconnected lake sys-
tems, such as the Malheur Lake—Harney Lake chain in Oregon,
were found in other parts of the Great Basin. Most of the basins
in the central and southern Great Basin contained only isolated
lakes during moist intervals because the mountains that form
their margins are limited both in extent and elevation; however,
several of these isolated lakes, such as Pleistocene Lake Frank-
lin in central Nevada, were relatively large because of the high
elevation of both the basin floor and the surrounding mountain
crests in the central Great Basin. More than 80 percent of the
187 Great Basin drainages contain playas, and most of these
basins likely supported lakes at least seasonally during the peak
of the last pluvial interval (e.g., King, 1986; Williams and Be-
dinger, 1984) (Figure 6).



FIGURE 7.—Major subregions of the Great Basin (after Houghton, 1976).

Major subdivisions within the Great Basin have been defined
in a number of ways, much like the basin as a whole. These
subdivisions, also like the basin as a whole, differ markedly de-
pending upon the criteria that are employed in making the divi-
sions. Cronquist et al. (1972) divided the Great Basin floristic
province into 15 separate sections. This number can be reduced
considerably because parts of seven of these sections lie well
outside the Great Basin, as defined either hydrographically or
physiographically, on the Snake River Plain and the Colorado
Plateau. On the other hand, they include none of the plant com-
munities of the Mojave or Sonoran Deserts in the southern hy-
drographic Great Basin. Many of these floristic subdivisions
cross drainage system boundaries. Both Hunt (1974) and
Houghton (1976) divided the Great Basin into five major sub-
regions based upon a combination of hydrographic and physio-
graphic factors (Figure 7). These subdivisions are in relatively
close agreement, differing primarily in the labels that are ap-
plied to them, and they provide a far simpler and more coherent
division of the Great Basin than that of Cronquist et al. (1972).
These include the Bonneville Basin to the east of the central
basin area, the Lahontan Basin to the west of the central area, a
Northwest Lakes (or Lava and Lakes) area to the north of the
Lahontan Basin, and a Southern or Death Valley system to the
south of the central area.

The confusion surrounding various biotic, physiographic,
and hydrographic definitions of the Great Basin is symptomatic
of the difficulties in understanding the history of the Great Ba-
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sin aquatic systems. The Great Basin is related in many differ-
ent ways to the areas around it, and it is difficult to tease out
how changes in those relationships through time have differen-
tially affected Great Basin biomes. For example, at times the
Bonneville Basin has been hydrographically part of the Great
Basin, and at other times it has been part of the Columbia River
drainage system. As a result, the aquatic biota of this basin has
a history that is both richer and more complex than that of
many other Great Basin drainages. These different definitions
are also illustrative of the difficulties in making comparisons
across drainages within the Great Basin. Lakes in the south, for
example, are surrounded by vegetation that is so markedly dif-
ferent from that surrounding lakes in the north that floristically
they are not even in the Great Basin. Yet it is these differences
that lie at the heart of the Great Basin and that, by extension, lie
at the heart of the papers in this volume. The Great Basin is at
once both obvious and enigmatic, making attempts to explore
and interpret its natural history both irritating and rewarding.

Chronological Aspects of Great Basin Aquatic Systems

A Great Basin aquatic systems history must include an un-
derstanding of the changing climatic conditions that have
largely structured fluctuations in the size of Great Basin lakes
and the development of biotic communities in the region.
These long-term climatic changes are related most directly to
alterations in the relative distance between the earth and the
sun and, hence, vary with perturbations in the earth’s orbit and
axis. These climatic changes operate on a number of different
scales, ranging from about 20,000 to 100,000 or more years,
and, depending upon where the earth is in each of these Mi-
lankovitch cycles, they can reinforce or counteract each other.
For example, the wobble in the earth’s axis alternately moder-
ates and exacerbates the change in the amount of energy re-
ceived from the sun as the earth’s orbit changes on a longer
scale. For Late Quaternary climates, the 19,000- and 23,000-
year precession cycles and the 41,000-year obliquity cycles are
particularly important (e.g., Grootes and Stuiver, 1997). Cli-
matic change on a millennial scale of 1000-2000 years also has
been recognized in proxy records from ice cores and from
cores taken from the ocean and large continental lakes. As yet,
however, it is not clear how short-term Dansgaard-Oeschger
cyclical variations may relate to the celestial mechanics that
drive the longer cycles. All of these cycles appear to produce
globally linked climatic changes, although the nature of these
changes varies spatially.

The longer-term cycles defined in the oxygen isotope record
of deep-sea cores are also readily recognized in the fluctuation
histories of many Great Basin lakes (e.g., Smith and Bischoff,
1997, Benson et al., 1998). Several of the papers in this volume
explore the effects of these longer-term climatic cycles on
Great Basin lakes, and there is no need to discuss the issue here.
Less well known, however, is the relationship between millen-
nial-scale climatic changes and the fluctuation histories of
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Great Basin lakes. Most dramatically, it is becoming increas-
ingly clear that the transitions between the steady-state condi-
tions that characterize these millennial-scale cycles are rela-
tively abrupt, often on the order of a decade or less, and
certainly within the lifetime of a human being. Evidence from
Greenland ice cores and from cores taken from the North At-
lantic Ocean indicates that these cycles assumed a characteris-
tic form during the glacial period. They were initiated by a
rapid rise in temperature of 5°-8° C in a matter of decades,
gradually returned to moderate conditions over the course of
about 1000 years, and ended with a rapid return to very cold
temperatures prior to the start of a warming event that initiated
a new cycle. The amplitude of the cycles appears to have been
much smaller during the Holocene (on the order of 1°-3° C),
but the pattern seems to have been relatively similar. Twenty-
four cycles have been identified in the last glacial period, and
nine have been recognized in these detailed ice core records
during the 12,000 years of recorded human occupation in the
Great Basin (e.g., Bond et al., 1997). These millennial-scale cy-
cles extend back at least 100,000 years (e.g., Brooks et al.,
1996) and appear to be part of the entire Pleistocene record.

Although it is becoming evident that change in the water
budget of many Great Basin lakes is correlated with millennial-
scale cycles evident in the ice core record (e.g., Benson et al.,
1997; Oviatt, 1997), all of the late glacial and Holocene cycles
have yet to be recognized locally. This is probably due to a
combination of factors, such as the relatively coarse nature of
local environmental records and the presence of other, longer
cycles with periodicities of 6100 and 11,100 years that may ob-
scure local manifestation of millennial-scale fluctuations (e.g.,
Mayewski et al., 1997). Once detailed and sensitive records,
such as those from tree rings and lake varves, are available,
many, but perhaps not all, of these cycles may become evident.

Regardless, it is as important to incorporate a notion of time
into an understanding of Great Basin aquatic systems as it is to
understand the spatial dimensions that define them. At times
Great Basin valleys were filled with water, and at other times
they became completely desiccated; lakes came and went; hy-
drological systems connected and disconnected. These cyclical
changes, together with the basin and range topography, com-
prise the basic structure that underlies Great Basin aquatic sys-
tems.

Organization of the Volume

The first section of this volume includes papers treating the
physical history of Great Basin paleolakes. Negrini’s compre-
hensive summary of pluvial lake histories in the northwestern
Great Basin (and evaluation of Antevs’ model for Quaternary
climate change) will prove useful not only to geologists but
also to those seeking information relative to aquatic biogeogra-
phy. Millennial-scale oscillations are evident in this sequence,
but it is apparently slightly out of phase with those of the east-
ern Great Basin lakes. Similarly, the paper by Reheis et al.,

which carefully documents new evidence supporting an en-
larged Lake Lahontan drainage system during the late Neo-
gene, also fits well the cross-disciplinary focus of this sympo-
sium. They suggest that lake levels were as much as 70 m
higher during the early to middle Pleistocene than during the
late Pleistocene highstand—a sequence that is also quite differ-
ent from that found in the eastern Great Basin. The highly dy-
namic nature of Quaternary paleoclimates and associated hy-
drological cycles in the Great Basin is emphasized by
Lowenstein, who reviews pertinent high-resolution data from
lake beds of the Death Valley hydrographic system. Lowen-
stein makes it clear that rapid climate-change events evident in
the Greenland ice core and in North Atlantic core records also
are present in Great Basin lake histories. Oviatt summarizes the
lasting contributions of Gilbert and Antevs, two of the contrib-
utors to the 1948 Great Basin volume, to the study of aquatic
history of the Bonneville Basin. Sack marshals geomorphic and
hydrologic evidence to unravel changes in subbasin relation-
ships within a component of the Bonneville Basin, again indi-
cating that complexity is a hallmark of Great Basin aquatic sys-
tems history.

The section on aquatic biology focuses on the latest contribu-
tions that biotic data have made to our understanding of Great
Basin aquatic systems history, and it is intended as a supple-
ment to the earlier papers collected by Harper and Reveal
(1978). Regional aquatic biota includes various taxa that dis-
perse readily, speciate slowly, and whose distribution and oc-
currence more reflects ecological and climatic conditions than
history of drainage interconnections. The fossil record of such
organisms thus can provide a detailed picture of environmental
history. In the paper by Bradbury and Forester, high-resolution
paleontologic data for two such groups from lake bed cores (di-
atoms and ostracods) are integrated with other biotic and phys-
ical evidence to infer the late Pleistocene history of Owens
Lake within the context of Sierra Nevada glaciation and re-
gional climatic history. On the other end of the spectrum, speci-
ose groups, whose members are often locally endemic, can pro-
vide important clues of drainage interconnections, although
this utility is strongly dependent upon the availability of robust
phylogenetic hypotheses as the basis for analysis. Fishes have
long paved the way in this arena, and the paper by Smith et al.
represents a significant advance from the classical treatment of
Hubbs and Miller (1948). In this paper phylogenies of several
groups, based on mitochondrial DNA sequences, together with
a comprehensive review of fossil evidence, are used to refine
previous interpretations of historic drainage relationships and
rates of fish evolution. Fish evidence suggests the importance
of old drainage relationships and vicariant events that preceded
the late Pleistocene pluvial period, as presaged by Minckley et
al. (1986). Papers on aquatic snails (Hershler and Sada) and in-
sects (Polhemus and Polhemus) suggest additional ancient
drainage relationships that predate modern topography, al-
though these hypotheses await testing within the context of
phylogenetic analysis. Great Basin biogeography has changed



(extirpation of biota, introduction of exotic taxa, etc.) as a re-
grettable consequence of anthropogenic activities relating to
water development in this arid region. It is appropriate to ask
whether, using the phraseology of Kornfield and Echelle
(1984:251), attention to “tending of the flock” is currently suf-
ficient to ensure long-term persistence of the unique aquatic ec-
osystems in the Great Basin. The chapter by Sada and Vinyard
summarizes the conservation status of aquatic biota endemic to
the Great Basin. One cannot but conclude that conflicting de-
velopment and conservation needs can be better balanced.

The final section on nonaquatic biology and hydroclimatic
perspectives is focused on the climatic mechanisms that drive
changes in Great Basin lake levels and on the biological com-
munities that surround the Great Basin lakes. Because the his-
tory of these biotic systems is, in turn, mostly determined by
fluctuations in the size of the lakes, these changes are necessar-
ily an integral part of Great Basin aquatic systems history, The
papers in this section vary between generalized accounts appli-
cable to the Great Basin as a whole and specific accounts re-
lated to a single lake-basin history, and between consideration
of very long-term changes and of relatively short-term records.
As such, these papers reflect the breadth of studies involving
Great Basin ecosystems that are currently underway. Davis fo-
cuses on the long-term vegetational history of the Bonneville
Basin, as delineated from analysis of the pollen in deep cores
from the Great Salt Lake. He suggests that there was a gradual
evolution of desert flora during the last five million years that
was punctuated by a number of noteworthy events. Pluvial-in-
terpluvial cycles began after about 750,000 years ago, and
Davis suggests that an increase in pollen concentration indi-
cates the Bear River was diverted into the Bonneville Basin
shortly before about 300,000 years ago. Wigand and Rhode
provide a detailed compilation of Great Basin floristic changes
during the last 150,000 years, focusing primarily on the last
15,000-20,000 years. Using an extensive array of data derived
from pollen, midden, and tree-ring records from the northwest-
ern, southern, and northeastern Great Basin, they suggest that
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Great Basin ecosystems have not evolved in a holistic fashion.
Rather, Great Basin floristic communities are a continually
changing mosaic of individual organisms, and Wigand and
Rhode suggest that modern and prehistoric communities are
not appropriate analogues for one another. Grayson uses a de-
tailed, small-mammal record derived from the collecting activ-
ity of owls to assess the nature of climatic change during the
Pleistocene—Holocene transition and the early Holocene in the
Great Salt Lake basin. He suggests that the early Holocene was
both cooler and wetter than at present, in contrast to climate
models that indicate otherwise. He too notes that faunal com-
munities are composed of species that react differently to
changing climatic conditions and finds support for species-
richness response models that predict increasing diversity with
increasing precipitation. Finally, Madsen reviews the relation-
ship between Great Basin lakes and Great Basin peoples. He
notes that this relationship is mostly structured by the dichot-
omy between the relatively rich and productive riverine and
lacustrine ecosystems and the relatively dry and less productive
landscapes that surround them. As a result, changes in the size
and distribution of lakes have been critical components in the
development of prehistoric human society in the Great Basin.
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Pluvial Lake Sizes in the Northwestern Great Basin
throughout the Quaternary Period

Robert M. Negrini

ABSTRACT

Sediments deposited by pluvial lakes of the northwestern Great
Basin are good repositories of paleoclimate data, which have been
used to test models of global climate change whose scale ranges
from multidecade to megayear. The principal driving models
include (1) Milankovitch-scale (106-10* yr) jet stream migration
in reponse to changes in the sizes of continental glaciers, (2) mil-
lennial-scale (10*-102 yr) climate change as a hemispheric
response to large-scale climate changes in the North Atlantic
Ocean (i.e., Dansgaard—Oeschger cycles, Heinrich Events, and
Bond Cycles), and (3) Antevs’ (1948) phenomenological model of
climate change in the Holocene, which primarily predicts, on the
average, a relatively warm and dry interval in the middle part of
the Holocene. Changes in the Earth’s orbital geometry are the ulti-
mate causes for Milankovitch-scale climate changes. Changes in
the solar constant might prove to be the ultimate cause for climate
change with periods long enough to overlap the part of the spec-
trum occupied by the Holocene changes and by the millennial-
scale climate changes; however, the magnitude of change expected
from solar processes would be much smaller than those associated
with millennial-scale climate changes, so if there is a causal con-
nection, it would have to be strongly nonlinear.

Climate records from the northwestern Great Basin, particularly
those from pluvial Lakes Modoc, Lahontan, and Chewaucan, sup-
port models related to Milankovitch-scale climate changes by
exhibiting the appropriate periodicities and/or phases of predicted
climate change and by exhibiting the appropriate dynamic spectral
content of climate change throughout time (e.g., the change from a
dominance of periods lasting 400 thousand years (Ky) and 41 Ky
to a dominance of 100 Ky starting at ~900 thousand years ago
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(Ka)). Records of millennial-scale change from the northwestern
Great Basin are beginning to appear in the literature, but at the
time of this review, no published records have been dated precisely
enough for comparison with the archetypical records from North
Atlantic marine and ice cores. A collective record associated with
pluvial lakes throughout the northwestern Great Basin indicates a
weak trend toward overall lower lake levels and warmer, drier cli-
mate during the middle Holocene, thereby supporting Antevs’
(1948) model of Holocene climate change for the Great Basin.

Introduction

Approximately 50 years ago, Ernst Antevs (1948) proposed
a model of Quaternary climate change for the Great Basin. The
inductive reasoning that led to this model was based in part
upon observations made by Allison (1945) and Russell (1895)
of changes in pluvial lake levels through time in the northwest-
ern Great Basin. The pluvial lakes of the internally drained
Great Basin hydrological province have continued to be a valu-
able source of nonmarine paleoclimate data primarily because
the sizes of these lakes are especially sensitive to changes in
precipitation and evaporation (e.g., Morrison and Frye, 1965;
Mifflin and Wheat, 1979; Smith and Street-Perrott, 1983; Ben-
son and Thompson, 1987a; Benson et al., 1990; Morrison,
1991a; Spaulding, 1991; Oviatt et al., 1992; Grayson, 1993;
Benson et al., 1995). Furthermore, these size changes are re-
corded by the presence of a wide range of observable features
in the lake system, including tufa deposits, strandlines, and
biota, and by a wide range of measurable features, including
the geochemistry, physical lithology, and magnetism of lake
sediments (Currey, 1994b). Finally, because most of the basins
have been actively subsiding along marginal faults for much of
the late Cenozoic era, their deposits potentially carry paleocli-
mate records throughout the Quaternary and earlier into the lat-
est Tertiary period.

Records from lakes in the northwestern part of the Great Ba-
sin are set apart from those of the rest of the Great Basin because
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this region is located downwind from the volcanoes of the Cas-
cade Range. Consequently, volcanic ashes are ubiquitous in
lake-bottom sediments and are commonly found in context with
other geomorphic features associated with these lacustrine sys-
tems. For example, a 17 m section of lake-bottom sediments ex-
posed near Summer Lake, Oregon, contains more than 50 tephra
layers, and the overlying sand dunes contain fragments of the
Mazama tephra (Allison, 1982; Davis, 1985). The geochemical,
petrographic, and, to a lesser extent, the paleomagnetic signa-
tures of such ashes allow excellent intrabasinal correlations
among outcrops and cores as well as extrabasinal correlations
with other well-dated sequences of lake sediments or volcanic
deposits. The absolute ages of the ashes often can be determined
directly by using a variety of radiometric and luminescence
methods, thus extending the age control of these sediments be-
yond the range of radiocarbon dating (Berger, 1991; Sarna-
Wojcicki and Davis, 1991).

This paper is a review of research on northwestern Great Ba-
sin pluvial lake levels published since Antevs’ 1948 paper. An-
tevs’ original hypotheses are summarized first, followed by a
review of improvements made on these models during the last
50 years. Next is a brief review of other climate-change models
that potentially impact the northwestern Great Basin. Finally,
advances in the associated observations (i.e., the prehistory of
northwestern Great Basin lakes) made during the last several
decades are summarized, focusing on studies done after previ-
ously published, related reviews (e.g., Davis, 1982; Smith and
Street-Perrot, 1983; Benson and Thompson, 1987a; Morrison,
1991a, 1991b; Grayson, 1993). The spatial coverage includes
pluvial Lake Lahontan and all of the Great Basin pluvial lakes
to the north and west of Lake Lahontan for which published re-
search is available (Figure 1). The temporal scope of this paper
is the Quaternary period, during which the late Tertiary Great
Basin was influenced by the advance and retreat of continental
glaciers. The latest Quaternary receives the most emphasis be-
cause of the prevalence of data from that time interval. Unless
otherwise noted, this paper follows Russell (1895), Hubbs and
Miller (1948), and Morrison and Davis (1984a) in the use of
the same proper name for all successive pluvial lakes that occu-
pied each major basin.

Models of Great Basin Climate Change

ANTEVS’ JET STREAM MIGRATION MODEL FOR PLEISTOCENE
CLIMATE CHANGE

Near the end of the nineteenth century, Russell (1895) sur-
mised that the rise and fall of pluvial Lake Lahontan was syn-
chronous with the advance and retreat of continental glaciers in
North America. Antevs (1925, 1938, 1948, 1955) agreed with
this premise and advanced the idea into a more complete model
whereby pluvial episodes in the Great Basin resulted from the
southward deflection of the northern jet stream storm track
(and associated weather regimes) by North American continen-
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tal ice sheets. Some of the details in Antevs’ model have since
been proven to be wrong. For example, his absolute chronolo-
gies of climate change were in error principally because his
dating methods were limited to long distance correlations of
discontinuous varve sequences and to salt balance calculations.
In addition, he was overly attached to the assumption of pre-
cisely synchronous climate change in Europe and North Amer-
ica (Antevs, 1955:324; 1962; Frye et al., 1965:57). Neverthe-
less, Antevs’ model linking ice-sheet extent to pluvial lake
sizes has, to a first order, stood the test of time and, as a result,
has become the prevailing model for research on high-ampli-
tude Quaternary climate change in the Great Basin (e.g., Ben-
son and Thompson, 1987a; Benson et al., 1990; Morrison,
1991a; Spaulding, 1991; Benson et al., 1995).

IMPROVEMENTS TO ANTEVS’ PLEISTOCENE MODEL

Estimating the Size of the Ice Sheets through Time

DIRECT EVIDENCE.—The timing of lake-level change pre-
dicted by Antevs’ model is, of course, dependent upon the size
of the continental glaciers through time. With the development
of additional absolute dating techniques and the inclusion of
additional data, constraints on the extent of North American
continental glaciers through time have improved considerably
since Antevs’ 1948 paper (e.g., Crandell, 1965; Frye et al.,
1965; Goldthwait et al., 1965; Lemke et al., 1965; Muller,
1965; Péwé et al., 1965; Schafer and Hartshorn, 1965; Wayne
and Zumberge, 1965; Wright and Ruhe, 1965; Hamilton and
Thorson, 1983; Mickelson et al., 1983; Waitt and Thorson,
1983; Andrews, 1987; Booth, 1987). This improved knowledge
base has led to more robust testing of Antevs’ jet stream migra-
tion model. Unfortunately, even these advances cannot make
up for the obvious fact that most of the direct evidence for the
extent of the North American continental glaciers during the
Quaternary period has been erased by the last glacial advance.
As a result, abundant direct evidence of glacial size is only
available for the last maximum and subsequent retreat posi-
tions.

INDIRECT EVIDENCE.—One of most important advances in
Quaternary climate models during the last 50 years was the dis-
covery that the relative concentration of the oxygen isotopes in
the shells of marine microfossils provides a good first-order
proxy for global ice volume for the entire Quaternary period
(Shackleton, 1967; Imbrie and Kipp, 1971; Imbrie and Imbrie,
1979). This concentration is conventionally expressed as 820,
the difference between a ratio of '80 and %0 in a given sample
and that same ratio observed in a standard sample. Of particular
importance to Antevs’ model and to the Great Basin is the use-
fulness of this proxy to represent the size of the North Ameri-
can ice sheets through time. Indeed, despite low-amplitude,
high-frequency discrepancies and an approximately 1000-year
time lag, the decrease of 8'80 in marine microfossils has been
shown to occur more or less synchronously with the 14—6 Ka
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FIGURE 1.—Pluvial lakes of the northwestern Great Basin. Lake sizes during pluvial maxima are shown in gray.
Modern remnant lakes are shown in black. The names of pluvial lakes discussed in this paper are shown in itali-
cized print with large font size; the names of relevant modern remnants are indicated with smaller font.

retreat of the North American ice sheets (Mix, 1987; Ruddiman,
1987). Considering that many of the radiocarbon ages used to
date both the marine records and the terrestrial limits of the ice
sheets were from entirely different materials exposed to radi-
cally different geochemical environments, the timing of the two
records agrees quite well. Furthermore, there is no reason to be-
lieve that this result is not representative of previous glaciations.

Another advantage in using marine isotope records as a
proxy for ice-sheet size is that their ages can be determined
with an accuracy, precision, and continuity previously un-
known for middle- to late-Pleistocene sedimentary records.

The dating method used assumes that a large component of cli-
mate change is driven by variations in solar insolation incident
on the earth’s northern hemisphere, which in turn are driven by
variations in the earth’s orbital geometry, the so-called Milank-
ovitch cycles (Hays et al., 1976; Imbrie et al., 1984; Martinson
et al., 1987; Berger et al., 1992). These variations consist of the
precession of the earth’s axis of rotation about the ecliptic nor-
mal (an ~21 Ky period), the oscillation of the axial obliquity
angle (an ~41 Ky period), and the oscillation of the eccentricity
of the orbit (an ~100 Ky period). Marine oxygen isotope
records are dated by tuning their phase and amplitude spectra
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to those of the Milankovitch cycles. This analysis includes the
expected lag in the melting of the ice sheets and the associated
lowering of marine 8'80. Because the timing of Milankovitch
cycles can be accurately and precisely extrapolated backward
in time for hundreds of thousands of years from modern and
historical astronomical observations, the age control for the ox-
ygen isotope global ice volume proxy is arguably precise to
within a few thousand years to at least as far back as 300 Ka
(Martinson et al., 1987). There is strong support for the accu-
racy of the marine oxygen isotope chronology well back into
the early Quaternary (Johnson, 1982; Baksi et al., 1992; Izett
and Obradovich, 1994; Edwards et al., 1997; Kerr, 1997). It
should be noted that terrestrial temperature proxies from ice
cores and vein calcites, which should respond more quickly to
insolation variations than the marine oxygen isotope records, at
times agree very precisely with the marine records but at other
times are quite discordant (e.g., Winograd et al., 1992; Wino-
grad et al., 1997). This inconsistency calls into question the
constancy of the lag times used in the orbital tuning of the ma-
rine oxygen isotope chronology and, thus, the accuracy of this
chronology.

An abrupt increase in mean 3!80, a corresponding decrease
in the mean percentage of CaCOj3, and a coeval increase in
variability of both of these indices in marine sediments point to
the onset of ice sheets in the northern hemisphere at about 2.5
Ma (Ruddiman and Wright, 1987, and references therein).
These early ice sheets apparently fluctuated in size at obliquity-
like periods of 41 Ky from ~2.5 Ma until ~900 Ka (Ruddiman
et al., 1986; Ruddiman and Wright, 1987; Ruddiman and
Raymo, 1988). From 900 Ka to the present, the 23 Ky preces-
sion-like period became as important as the 41 Ky period, and
both became subordinate to the 100 Ky eccentricity-like period
(Imbrie, 1985; Ruddiman and Wright, 1987). The above-de-
scribed character of the marine-sediment proxies for ice-sheet
extent can be used in conjunction with Antevs’ model to pre-
dict similar features in records of pluvial lake-level sizes
through time. Furthermore, assuming that the lake-level data
have the requisite amplitude resolution and age control, finer-
scale features in the marine proxies, such as the oxygen isotope
stage (OIS) and the substage boundaries of Hays et al. (1976),
also can conceivably be employed as predictive tools.

Quantifying the Jet Stream Model

ATMOSPHERIC CIRCULATION MODELS.—Spurred by ad-
vances in computer technology during the last 25 years, An-
tevs’ model has been expressed quantitatively as part of a more
general effort to model global atmospheric circulation in re-
sponse to a variety of factors (Kutzbach, 1987; COHMAP,
1988; Kutzbach and Ruddiman, 1993). From such models, jet-
stream position versus time has been predicted in response to
changing global climatic conditions for the last 18 Ky. The
models are based upon the fundamental laws of physics and are
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constrained by a myriad of boundary conditions, including the
surface area and elevation of continental ice sheets, latitude-
and time-dependent Milankovitch-driven changes in solar inso-
lation, atmospheric chemistry (e.g., the concentration of CO,),
sea-surface temperatures, albedo of the earth’s surface, etc.
Such efforts have shown that, to a first order, significant
changes in precipitation, temperature, and weather distribution
patterns should, indeed, occur in response to the advance of the
continental ice sheets as proposed in Antevs’ original model
for the Great Basin (Kutzbach and Wright, 1985; Manabe and
Broccoli, 1985; Kutzbach and Guetter, 1986; Kutzbach, 1987;
COHMAP, 1988).

Although the results of the above-described models gener-
ally support Antevs’ jet stream migration model, the spatial and
temporal grid spacings in the models are relatively large com-
pared with the spatial and temporal resolution and the accuracy
of the observational database. That is, the general atmospheric
circulation models do not generate specific-enough predictions
regarding the effect of the jet stream on the magnitude and tim-
ing of pluvial lake size in a region as small as the northwestern
Great Basin. For example, such models show a maximum
southward mean position of a strong winter jet stream at
~25°-35° N from before 18 Ka to as late as 15-12 Ka (Kutz-
bach, 1987, fig. 11; Thompson et al., 1993). In contrast, north-
western Great Basin lakes are spaced only tens to hundreds of
kilometers apart, and the lake-level prehistory of at least one of
them (Lake Lahontan) is known throughout this time interval
with a precision as small as a few hundred years (see “Latest
Pleistocene,” below). As knowledge of the lake-level prehisto-
ries for the other lakes approaches that for Lake Lahontan,
higher-resolution models will be required.

EFFECT OF JET STREAM MIGRATION ON LAKES.—More-lo-
calized modeling has been conducted to determine if predicted
climate conditions would result in lake-size changes that agree
with observations (Mifflin and Wheat, 1979; Benson, 1986;
Benson and Paillef, 1989; Hostetler and Bartlein, 1990;
Hostetler and Benson, 1990; Hostetler, 1991; Freidel, 1993).
Input for these models inciudes the general climate conditions
dictated by the output of the larger-scale models, independent
observations of pluvial climate conditions (e.g., temperature
and precipitation estimates from fossil pollen analyses), or ex-
treme values from modern measurements (e.g., river discharge
values from the 1983 wet year). Such efforts have demon-
strated that pluvial lakes can indeed reach their maximum sizes
under the conditions corresponding to a mean annual position
of the jet stream storm track near or south of the latitude of the
lake in question in response to decreased evaporation from
lower temperatures and increased cloud cover and in response
to enhanced precipitation in the drainage basins. The amount of
required increase in precipitation is reduced significantly by
greatly reduced evaporation if the temperature decreases
enough to freeze the lakes during the winter.
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DANSGAARD-OESCHGER CYCLES, HEINRICH EVENTS, AND
BoND CYCLES AS MODELS FOR HIGH-AMPLITUDE
PLEISTOCENE CLIMATE CHANGE

In the last two decades, high-frequency climate events and
cycles not explainable by Milankovitch cycles have been ob-
served in several different types of climate records, especially
high-resolution ice cores and marine sediment cores (Broecker,
1994). In particular, Dansgaard-Oeschger (D-O) cycles are
variations in several climate parameters and were first ob-
served in Greenland ice cores (Dansgaard et al., 1982; Dans-
gaard et al., 1993). They have a distinctive square-wave mor-
phology and periods of a few thousand years. These cycles
usually oscillate about a progressively cooler temperature
mean until a relatively instantaneous Heinrich event occurs.
Heinrich events are marked by distinct marine sedimentary de-
posits that indicate extensive ice rafting from North America
into the North Atlantic Ocean (Heinrich, 1988). These litho-
logic deposits are coeval with the coldest of the cold parts of
the D-O cycles since the last Heinrich event. A rapid warming
usually follows, marking the beginning of a new sequence of
D-O cycles that, in turn, end in the next Heinrich event (Bond
et al., 1993). Each set of D-O cycles and its associated terminal
Heinrich event is collectively referred to as a Bond cycle (Bro-
ecker, 1994). Within Bond cycles, each cold part of the higher-
frequency D-O cycles also are correlated with high percentages
of lithic detritus presumably rafted on icebergs (Bond and
Lotti, 1995).

The balance of evidence suggests the above phenomena are
global in nature. Heinrich events, in fact, appear to have oc-
curred near major global climate boundaries (e.g., at the transi-
tion from OIS 6 to 5, from 5 to 4, and from 2 to 1 (Broecker,
1994). The most-favored mechanisms for connecting Heinrich
events (and now the cool parts of the D-O cycles) with global
climate change are (1) the impact of fresh water into the North
Atlantic Ocean on the marine thermohaline circulation and re-
lated atmospheric/oceanic transfer of heat and water vapor,
and (2) the impact on the position of prevailing weather pat-
terns caused by a rapid retreat of the Laurentide ice sheet (Bro-
ecker, 1994; Bond and Lotti, 1995). Although the causes of D-
O cycles, Heinrich events, and Bond cycles have not been iden-
tified unequivocally, their widespread nature and distinct tim-
ing have led to their use as potential phenomenological models
for high-frequency climate change in the Great Basin (e.g.,
Oviatt, 1997, Benson et al., 1998).

ANTEVS’ NEOTHERMAL MODEL FOR HOLOCENE
CLIMATE CHANGE

The understanding of Holocene climate change is important
for several reasons, including its bearing on the distribution and
nature of archeological sites (Baumhoff and Heizer, 1965; Aik-
ens, 1983; Mehringer, 1986; Madsen, 2002) and its importance
in establishing a baseline for anthropogenic climate change
(Scuderi, 1993). Unfortunately, for the most part, models of
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Holocene climate change are still in the inductive stage. They
are either entirely descriptive or consist of time-varying global
phenomena that have only speculative, generalized links to cli-
mate. Part of the problem for the northwestern Great Basin lies
in the unremarkable nature of the observations relative to those
in the latest Pleistocene. Holocene pluvial lake-level changes in
this region either are very low in magnitude or, if high-magni-
tude changes do exist, are of too high a frequency (<100-year
periods) to be easily observed in the geological record. Despite
these problems, the existing models of Holocene climate
change are worth reviewing as points of departure.

Antevs (1948, 1955) based his model for Holocene (or, in his
terms, “Neothermal”) climate change in the Great Basin on ob-
servational evidence from North America and Sweden and on
the assumption of synchronous climate change for the entire
Northern Hemisphere (Grayson, 1993). Loosely interpreted,
Antevs divided the Holocene into three intervals of roughly
equal duration, as shown in Figure 2a. The early Holocene
Anathermal age (10-7.5 calendar thousand years ago (cal Ka);
8.4—6.6 radiocarbon thousand years before present (14C Ky
B.P.)) was characterized by modern-like temperatures that grad-
ually increased throughout the interval and by aridity levels
that were slightly moister than today. The middle Holocene
Altithermal age (7.5-4.5 cal Ka; 6.6—4.0 “C Ky B.P.) was dis-
tinctly warmer than present, and it was characterized by higher
aridity. In the late Holocene Medithermal age (4.5 cal Ka to
present), conditions returned to cooler temperatures and less
aridity, although they were slightly more arid than the Anather-
mal. Quantitative modeling has not yet been attempted to deter-
mine the extent of lake-level rise and fall in response to Ho-
locene climate change; however, assuming Antevs’ model is
correct, it is reasonable to extrapolate from this model that
northwestern Great Basin pluvial lakes would have been at late
Holocene levels or slightly higher during the early Holocene
and at their lowest levels during the middle Holocene.

As with Antevs’ jet stream migration model, the particulars
of his Neothermal model have fallen prey to additional data
that have been analyzed with more modern techniques. For ex-
ample, his attribution of moister conditions for the Anathermal
age is based in part upon several meters of lake sediments
found above the Mazama tephra in an outcrop that is 25 m
above the present-day lake level of Summer Lake, Oregon (Al-
lison, 1945; Antevs, 1948). After the advent of geochemical
fingerprinting of tephra layers and better absolute dating tech-
niques, it became clear that Allison’s tephra was, instead, the
considerably older (~45-50 Ky old) Mount St. Helens Cy
tephra (Allison, 1966a; Davis, 1985; Berger and Davis, 1992).
Generally speaking, however, when data are averaged tempo-
rally over hundreds of years and spatially over the entire north-
western Great Basin, Antevs’ original hunch has proven to be
more or less correct, although a strict adherence to this model
is commonly advised against, mostly because of its limited ap-
plicability to very specific localities and times (Bryan and
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FIGURE 2.—a, Approximate age range of Antevs’ Neothermal ages. b, Frequency and severity of Holocene erup-
tions as indicated by residual sulfate anomalies from the GISP2 ice core (after Zielinski et al., 1994, fig. 4). c,
Holocene temperature as indicated by oxygen isotope data from the GISP2 ice core (after Stuiver et al., 1995, fig.
5). d, Solar luminosity throughout the middle and late Holocene as inferred from !“C concentration anomalies
corrected for variations in magnetic field intensity (after Damon et al., 1989, fig. 4; Magny, 1993, fig. 3).
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Gruhn, 1964; Mehringer, 1986; Grayson, 1993; Wigand and
Rhode, 2002).

Aside from the issue of its applicability, Antevs’ model is
less than satisfying because it is entirely descriptive in nature.
That is, there is no cause attributed to the transitions between,
and the durations of, Antevs’ three Neothermal ages. Toward
this end, Antevs’ model appears to be consistent, at least in a
qualitative sense, with his jet stream migration model until the
end of the middle Holocene. That is, the moist, not-quite-hot
Anathermal could be considered to be related to slightly more
frequent storms in the northern Great Basin if the storm track
had not quite retreated to its modern position associated with
ice-free conditions. The Altithermal, which reached its peak
hot, dry conditions 5.5-6.0 cal Ka, corresponds quite well with
the final disappearance of the North American ice sheets. The
return of moderately warm, arid to semiarid conditions in the
Medithermal age after 4.5 cal Ka is not explained by this model
because the North American ice sheets have not returned.

Results from quantitative modeling, however, indicate that
the northern jet stream storm track would have reached its
modern position and intensity (or lack thereof) by 9 Ka or ear-
lier, which is well before the peak of the Altithermal age (Kutz-
bach, 1983, 1987). Thus, subsequent reductions in the size of
an already insignificant ice sheet should not have affected
Great Basin climate. On the other hand, although atmospheric
circulation models also take into account the more subtle shift
in weather patterns caused solely by Milankovitch-driven
changes in insolation in the absence of ice sheets, the low-am-
plitude changes in precipitation and temperature that result di-
rectly from such insolation changes are usually below the sen-
sitivity level of these models (Kutzbach, 1987). On a more
localized scale, Benson (1986) has shown that changes in the
evaporation rate that were induced solely by insolation changes
were an order of magnitude lower than those needed to fill plu-
vial Lake Lahontan in conjunction with increased discharge.
Thus, if insolation variations were nonetheless responsible for
the subtle changes in lake level observed in the northwestern
Great Basin during the Holocene, then they must have acted in
the absence of the other factors that Benson found to be much
more important (e.g., the difference between air and water-sur-
face temperatures, the type of clouds, and the degree of cloudi-
ness). In any case, the peak value of summer insolation at the
latitude of the northwestern Great Basin occurred at ~11 Ka,
well before the onset of the middle Holocene Alithermal age.
Again, timing is a problem with regard to nondescriptive mod-
eling of Holocene climate in the northwestern Great Basin.

OTHER MODELS FOR HOLOCENE CLIMATE CHANGE

Volcanic Eruptions

Large volcanic eruptions significantly increase the concen-
tration of atmospheric aerosols and, as a result, decrease global
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temperatures slightly (<1.5° C) for a few years until the aero-
sols settle out (Stuiver et al., 1995). The 1991 eruption of
Mount Pinatubo lowered the earth’s mean temperature by as
much as ~0.5° C for a year or two, as determined both by direct
observations and by models that postulated the effects on the
atmosphere caused by the observed increase in aerosol concen-
tration (Hansen et al., 1992; Houghton et al., 1996, fig. 14).
The effects of larger eruptions on climate (e.g., Tambora in
1815), as inferred from increased levels of acidity in Greenland
ice cores, do not seem to last much longer (Hammer et al.,
1980, fig. 2).

Despite the short-term nature of the effects of single erup-
tions on climate, some time intervals containing frequent, large
eruptions may coincide with intervals characterized by lower
temperatures over much of the earth. For example, Hammer et
al. (1980, fig. 5) demonstrated longer-term (decade to century)
correlations between periods of lowered Northern Hemisphere
temperature (by 0.5°-1.0° C) and intensified and/or more fre-
quent volcanism. On the millennial scale, Stuiver et al. (1995)
used 8'80-derived temperature estimates from the GISP2 ice
core to argue that volcanism caused no more than a 0.1° C av-
erage decrease in temperature during the last 1000 years.

The last 1000 years, however, may not be representative of
the entire Holocene. Zielinski et al. (1994) presented an in-
triguing record of volcanic eruptions for the past 9000 years,
based upon their analysis of sulfate concentrations in the
GISP2 ice core (Figure 2b). They found that extremely large
eruptions occurred more frequently during the early Holocene
(~9.0-7.0 cal Ka) as opposed to the remainder of the Holocene.
These authors tentatively concluded that this increased volcan-
ism contributed to observed climatic cooling in the Northern
Hemisphere during a time interval that otherwise would have
been warmer because of higher summer insolation values in the
Northern Hemisphere. Thus, Holocene climate change could
conceivably be explained by the combined effects of volcanism
and insolation variations. That is, the highest insolation values
in the early Holocene could have been counteracted by the ef-
fects of anomalous volcanism. The middle Holocene (Antevs’
Altithermal age) would have been a time of higher tempera-
tures driven by still-high insolation values, but the cooling ef-
fect of the anomalous early Holocene volcanism would have
ended. As Northern Hemisphere insolation values decreased
steadily to present values, cooler temperatures would have pre-
vailed in the late Holocene. This combined model is appealing,
but it remains to be shown that the larger, more frequent erup-
tions of the early Holocene would result in a significantly
larger temperature anomaly than the mere 0.1° C effect deter-
mined by Stuiver et al. (1995) for the last 1000 years. It also
must be shown that the increased level of sulfate in the GISP2
ice core during the early Holocene was caused by globally sig-
nificant eruptions rather than by local events in the vicinity of
Greenland (Zielinski et al., 1994).
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Solar Variability

Low-amplitude temperature change during the Holocene
also has been attributed to variations in solar insolation caused,
in turn, by inherent variability in the sun’s luminosity on the or-
der of 0.1% (Stuiver, 1965, 1980; Denton and Karlén, 1973;
Reid, 1987; Stuiver et al., 1991; Stuiver et al., 1995). This
causal relationship is most directly based upon correlations of
the timing of various global climate estimates during the last
century with both the number of sunspots (Eddy, 1977; Reid,
1987) and the period of the sunspot cycle (Friis-Christensen
and Lassen, 1991). Such variations in solar luminosity can ac-
count for an increase of as much as 0.25° C, which is approxi-
mately 50% of the long-term temperature increase observed
since the middle of the nineteenth century. These values are
based upon recent studies that modeled the effect on global
temperature caused by the relative contributions of heat input
from changes in solar luminosity and from changes in the con-
centrations of greenhouse gasses and aerosols (Kelly and Wig-
ley, 1992; Lacis and Carlson, 1992; Schlesinger and Raman-
kutty, 1992).

Proxy indices have been generated to extend estimates of
changes in solar activity back through the last several tens of
thousands of years. These indices are based upon observed cor-
relations of lower solar luminosity with higher concentrations
of cosmogenic radioisotopes (Stuiver, 1965; Stuiver and Quay,
1980; Damon et al., 1989; Stuiver et al., 1991; Stuiver et al.,
1997). One such proxy index (Figure 2d) is based upon A!4C,
which is a ratio expressing the difference between measured ra-
diocarbon activity and the expected activity of a sample of a
particular age (Stuiver and Pollach, 1977; Sonett et al., 1990;
Stuiver et al., 1991). The data shown in Figure 2d are residual
values of A!4C after the removal of variations caused by well-
documented changes in the intensity of the earth’s magnetic
field (Damon et al., 1989).

Such proxies for solar luminosity have been compared with
various estimates of climate change throughout the Holocene
(e.g., glacier extent around the world and lake-level fluctua-
tions in Europe), and correlations have been found corre-
sponding to periods of duration of ~90, 200, and 2200-2300
years (Damon and Jirikowic, 1992; Magny, 1993; Stuiver and
Braziunas, 1993; O’Brien et al., 1995; Stuiver et al., 1995).
The largest magnitude of temperature change at these peri-
ods, as inferred from Holocene variations of §'80 in the
GISP2 ice core (0.4° C; Stuiver et al., 1995), is reasonably
close to the previously mentioned modeled results for solar-
induced temperature change during the last century or so (see
above).

Assuming that changes in the solar constant during the Ho-
locene really do contribute to the A'4C variations shown in Fig-
ure 2d, one could conceivably use this data to predict the tim-
ing and duration of the relatively subtle Holocene climate
changes observed in the Great Basin. For example, the overall
low values of A#C from 7.0 to 3.5 cal Ka would indicate an
extended period of higher solar luminosity during a time period
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that, for the most part, corresponds with Antevs’ Altithermal
age. The same time period also was characterized by higher-
frequency variations in luminosity, suggesting that one might
expect to find high-frequency climate changes in the middle
Holocene superimposed on an overall warmer climate. Finally,
relatively high values of A1*C shown in Figure 24 at time inter-
vals 0f 6.0-5.2, 3.4—1.7, and 0.6—0.2 cal Ka predict low values
of solar luminosity at those times. Magny (1993) noted that
cooler, moister climate in the European Alps indeed occurred
at approximately those times, as evidenced by three dominant
intervals of lake-level transgressions during 6.5-4.5, 3.5-2.0,
and 0.60-0 cal Ka. Furthermore, the solar-luminosity proxy
and an earlier period (8.7-8.0 cal Ka) of transgressions noted
by Magny (1993) correlate reasonably well with the low-am-
plitude, century- to millennial-scale, global cooling events
(8.8-7.8, 6.1-5.0, 3.1-2.4, and 0.6—0 cal Ka) recognized both
in glaciochemical time series from the GISP2 ice core and in
previously published, coeval paleoclimate indicators from
around the globe (O’Brien et al., 1995). This set of observa-
tions suggests that solar variability is worthy of further investi-
gation as a potential cause of low-amplitude climate change in
the Holocene.

A Short-Term, High-Amplitude Cooling Event
in the Early Holocene

A spike-like, early Holocene cooling event centered at
~8.4-8.0 cal Ka (e.g., Figure 2c¢) is recognized in several cli-
mate records from around the world (Alley et al., 1997) and
may be potentially observable in pluvial lake records from the
northwestern Great Basin. The geographic distribution of the
type of climate change observed at each locality is similar to
that of the terminal Pleistocene, Younger Dryas event (Alley et
al., 1997, and references therein). Furthermore, the amplitudes
of the anomalies in several climate proxies for the early Ho-
locene cooling event are comparable (approximately one-half)
to those of the same proxies for the Younger Dryas event. For
example, a temperature decrease in Greenland of about 6° C
was implied for the early Holocene event by a 2%o decrease in
8130 in the GISP2 ice core (Alley et al., 1997). The Younger
Dryas event has often been attributed to diminished thermoha-
line circulation induced by a sudden influx of fresh water into
the North Atlantic Ocean (Broecker et al., 1990; Alley et al.,
1997), suggesting that a similar influx caused the early Ho-
locene event; however, Alley et al. (1997) noted that no such
influx of fresh water is evident in the geologic record during
this time interval. Alternatively, this cooling event is coincident
with the time interval containing four closely spaced, very
large volcanic eruptions, as inferred by the residual sulfate re-
cord from the GISP2 ice core (Zielinski et al., 1994). It is
tempting to draw a causal relationship between the two phe-
nomena, but, again, it has yet to be shown that large eruptions
disrupt climate for periods significantly greater than a couple
of years (see “Volcanic Eruptions,” above).
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Pluvial Lake Sizes through Time
in the Northwestern Great Basin

METHODS

During the last 50 years, pluvial lake studies in the north-
western Great Basin have benefited from an increasingly di-
verse array of new or improved methods with which to deter-
mine the timing and magnitude of lake-size changes. These
methods include radiometric and luminescence dating
(Rosholt et al., 1991; Berger, 1988), petrographic and
geochemical fingerprinting of tephra layers (Sarna-Wojcicki
and Davis, 1991), paleoecology of lacustral biota (Forester,
1987; Bradbury, 1991, 1992, 1997), trace element and isotope
geochemistry of lake sediments (Stuiver, 1970; De Dekker and
Forester, 1988; Benson and Peterman, 1995; Benson et al.,
1996), particle-size analysis of sediments (McCave and
Syvitski, 1992), paleomagnetic-polarity stratigraphy and secu-
lar-variation dating as applied to lacustrine sediments and vol-
canic tephra (Reynolds, 1977, 1979; Verosub, 1988, Rosholt et
al., 1991; Negrini and Davis, 1992), environmental magnetism
(Thompson and Oldfield, 1986; Verosub and Roberts, 1995),
improvements in sedimentological and geomorphological
models of lacustrine systems in arid environments (Currey,
1994a, 1994b), and the empirical and theoretical analyses of
post-depositional deformation of basins in this region (Pezzo-
pane, 1993; Bills, unpublished).

The age estimates of several key northwestern Great Basin
tephra layers have been improved since the last review paper
was written on northwestern Great Basin lakes, and previous
reviews (e.g., Davis, 1982; Smith and Street-Perrot, 1983;
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Benson and Thompson, 1987a; Morrison, 1991a, 1991b; Gray-
son, 1993) have not covered the use of paleomagnetic secular
variation as a dating tool in the northwestern Great Basin.
These two topics will be addressed below.

Recent Work on the Ages of Key Tephra Beds
in the Northwestern Great Basin

EARLY PLEISTOCENE TEPHRA.—The ages of a few early
Pleistocene tephra layers have been revised recently to slightly
older ages, in part as a result of improved technology of the
laser-fusion ®Ar/3%Ar method (Table 1). For example, the
ages of the Bishop and Lava Creek B tephra layers (and, by as-
sociation, the Rye Patch Dam) have recently been revised
downward by an average of a few percent to ~760 + 2 Ky
(Sarna-Wojcicki and Pringle, 1992; Izett and Obradovich,
1994) and 665+ 10 Ky (Izett et al., 1992), respectively. The
same technique has been used to revise downward the age of
the Brunhes/Matuyama geomagnetic polarity reversal to agree
better with that predicted by marine 6'80 stratigraphy (e.g.,
Johnson, 1982; Baksi et al., 1992; Izett and Obradovich, 1994).

MIDDLE PLEISTOCENE TEPHRA.—Several middle Pleis-
tocene tephra layers have ages that are poorly constrained be-
cause they are either too old for the easy acquisition of precise
luminescence or radiocarbon ages, too young, or of the wrong
chemical composition, mineralogy, and/or grain size for the
easy acquisition of precise fission-track or potassium-argon
ages on distal volcanic ashes (Naeser and Naeser, 1987;
Rosholt et al., 1991; Sarna-Wojcicki and Davis, 1991). As a
result, many ashes in this age range have age estimates with

TABLE 1.—Tephra layers, from youngest to oldest, found in the pluvial lakes of the northwestern Great Basin.

Tephra Pluvial lakes Age References
Tarupah Flat Lahontan 600-1500 cal yr B.P. Davis (1978)
Mazama Lahontan, Chewaucan 6.845+0.05 1“C Ky B.P.  Davis (1978), Bacon (1983); Davis (1985)
Tsoyawata Lahontan, Modoc 7.015+0.045 “C Ky B.P. Davis (1978), Bacon (1983); Reick et al. (1992)
Mount St. Helens Mp | Lahontan, Chewaucan 20.5+~0.5 "YC Ky B.p.  Davis (1978), Davis (1985); Negrini et al. (1988); Negrini and Davis (1992)
Trego Hot Springs Lahontan, Chewaucan, Modoc  23.2+0.3 14C Ky B.P. Davis (1978), Davis (1985); Reick et al. (1992); Benson et al. (1997)
Wono Lahontan, Chewaucan 27.3+0.3 “CKyB.P.  Davis (1978), Davis (1985); Benson et al. (1997)
Mount St. Helens Cy | Lahontan, Chewaucan 45-50 Ky Davis (1978), Davis (1985); Berger and Busacca (1995)
Olema Chewaucan, Modoc 50-55 Ky Reick et al. (1992); this paper
Pumice Castle Set Chewaucan, Modoc, Malheur 72+£6 Ky Bacon (1983); Davis (1985); Reick et al. (1992); Botkin and Carambelas
(1992a, 1992b); this paper
Summer Lake 2 Chewaucan 67.31+7.2Ky Davis (1985); Berger (1991)
Sumimer Lake V Chewaucan, Modoc 155-200 Ky Davis (1985); Negrini et al. (1994)
‘Wadsworth Lahontan, Modoc 155-200 Ky Davis (1978), Reick et al. (1991)
Summer Lake GG Chewaucan ~190+~30 Ky Davis (1985); Herrero-Bervera et al. (1994); Negrini et al. (1994)
Summer Lake KK Chewaucan, Modoc ~200+~30Ky Davis (1985); Berger (1991); Herrero-Bervera et al. (1994)
Rockland Lahontan, Modoc 410 Ky Sarna-Wojcicki et al. (1985); Sarna-Wojcicki et al. (1991)
Dibekulewe Lahontan, Modoc ~510 Ky Davis (1978); Negrini, Verosub et al. (1987); Sarna-Wojcicki et al. (1997)
Lava Creek B Lahontan, Modoc 665+ 10 Ky Davis (1978); Reick et al. (1991); Izett et al. (1992)
Rye Patch Dam Lahontan, Modoc ~675 Ky Davis (1978); Reick et al. (1991); this paper
Glass Mt. D Lahontan ~0.9-1.0 My Sarna-Wojcicki et al. (1991); Parker (1993)
Glass Mt. G Lahontan ~1.0-1.1 My Morrison and Davis (1984a); Sarna-Wojcicki et al. (1991)
Rio Dell Modoc 1.45 My Izett (1981); Sarna-Wojcicki et al. (1987); Sarna-Wojcicki et al. (1991)
Bear Gulch Modoc 1.94 My Sarna-Wojcicki et al. (1991)
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uncertainties of 5%—20%. This problem is exemplified by the
tephra beds from the pluvial Lake Chewaucan sediments ex-
posed in the Ana River canyon near the town of Summer Lake,
Oregon (Figure 1). As shown in Figure 3, age uncertainties of
tephra from lower in the section are much greater than those
from the upper part of the section (see Negrini et al., 1994, for
a review of the age control at this section). The large scatter in
tephra ages is reflected in the age-range (~180-230 Ky) as-
signed to the Pringle Falls/Biwa I geomagnetic excursion.
This is a geomagnetic phenomenon recorded in several sedi-
mentary records, including two that contain Summer Lake
tephra layer GG at the Ana River locality (Negrini et al., 1994)
and two that contain the correlative tephra layer D at the Prin-
gle Falls, Oregon, locality 170 km to the northwest (Herrero-
Bervera et al., 1994). McWilliams (1995) has suggested that
the true age of the excursion is toward the older part of this
range, based upon the similarity of its transitional virtual geo-
magnetic pole (VGP!) path with that of an excursion found in
223 +4 Ky old volcanic rocks from New Zealand. Conversely,
a correlation of the Pringle Falls event with an excursion found
in a marine sediment record from the Blake/Bahama Outer
Ridge in the northwestern Atlantic Ocean (Henyey et al.,
1995) suggests that the Pringle Falls excursion correlates with
the 190 £ 10 Ky old Jamaica event found throughout the world
in marine sediments (e.g., Tauxe and Shackleton, 1994;
Yamazaki and Ioka, 1994; Henyey et al., 1995; Weeks et al.,

I VGPs are magnetic pole positions pointed to by each paleomagnetic vector
recorded at a particular site. Because the earth’s magnetic field is not a perfect
dipole, coeval VGPs recorded at different sites will not necessarily coincide.

Lake Chewaucan
sediments

~50cm E
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1995; Guyodo and Valet, 1996; Lehman et al., 1996). The cor-
relation with the New Zealand excursion is problematical be-
cause the VGP path of the Pringle Falls excursion has previ-
ously been shown to have a common morphology with the
VGP paths of several different polarity transitions (Tric et al.,
1991). The correlation with the Jamaica event is more con-
vincing because it is based upon distinct paleomagnetic direc-
tional and intensity features found in both the excursion itself
and in the subsequent secular variation (Negrini et al., 1994;
Henyey et al., 1995).

PUMICE CASTLE TEPHRA SET AND THE OLEMA AND MOUNT
ST. HELENS CY TEPHRA LAYERS.—The three tephra layers
comprising the Pumice Castle set were first identified by
Davis (1985) in lake sediments from a sequence of 54 water-
lain tephra beds in the Ana River canyon near Summer Lake,
Oregon (Figure 4). Based upon their major element composi-
tions, Davis correlated Summer Lake tephra layers 4, 6, and 8
with the Pumice Castle-like 2, the Pumice Castle, and the
Pumice Castle-like 1 tephra layers, respectively, from Crater
Lake, Oregon (Bacon, 1983; Davis, 1985). Negrini et al.
(1988) added support to this geochemical correlation by com-
paring the paleomagnetic direction of Summer Lake tephra 6
with an identical direction for the Pumice Castle tephra mea-
sured near the Crater Lake volcano by D. Champion of the
United States Geological Survey (USGS) at Menlo Park. The
absolute ages of the two older tephra are constrained by brack-
eting lavas that are dated by K-Ar at 117+6 Ka and 72+ 6 Ka;
the youngest tephra lies above the 72+ 6 Ky old lava and be-
low a 52+4 Ky old andesite flow, which also was dated with

Crater Lake
volcanics

erosional
unconformity

N,

— lava (52 + 8.0 Ky)

| Pumice Castle-like 1

— lava (72 + 6.0 Ky)

— Pumice Castle

— Pumice Castle-like 2

poorly developed —
soil on tills and
glaciated surfaces

— lava (117 £ 6.0 Ky)

Tephra2(67.3+7.5Ky) ——p

FIGURE 4.—Stratigraphic relationships supporting ~70 Ky old age of the Pumice Castle tephra set (after Bacon,
1983; Davis, 1985). These three tephra layers are nearly the same age because they are found within 10 cm of
each other in fine-grained lacustrine sediments at several different localities separated by several kilometers in
the Summer Lake subbasin. Thus, they are approximately as old as the 72+ 6 Ky old lava flow that separates two
of them at Crater Lake, their proximal location. This age is supported by the thermoluminescence date deter-
mined for tephra 2 in the Lake Chewaucan sediments (Berger and Davis, 1992).
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the K-Ar method (Bacon, 1983; C.R. Bacon and M.A. Lan-
phere of the USGS, in litt. to J.O. Davis, 1984; Davis, 1985).

Reick et al. (1992) reported finding the Pumice Castle-like 2
tephra, or perhaps the Pumice Castle tephra, in a core taken
from the sediments of pluvial Lake Modoc. (The core was
named Tulelake for the nearby town of Tulelake, California,
rather than nearby Tule Lake, a remnant of Lake Modoc.) They
determined this ash was deposited ~120 Ka, in part because of
its position below two samples showing negative paleomag-
netic inclinations that were provisionally correlated to the 100
—130 Ka Blake Reversed-Polarity Subchron (Reick et al.,
1992:419, 422). This age was considered to be reasonably
close to the above-mentioned 117+ 6 Ka K-Ar date on the lava
flow below these tephra.

Ongoing work on the bottom sediments of pluvial Lake
Chewaucan indicates that an age of ~70 Ky, near the middle of
OIS 4, is a more reasonable estimate for the Pumice Castle set
of tephra beds. The three ash layers in this set are observed to
be separated by only a few centimeters of lacustrine silty clays
in several exposures 1-2 km apart along the Ana River canyon
and in a core taken several kilometers away at an Ana River
outcrop (Davis, 1985; Negrini et al., 1988; Erbes, 1996). Be-
cause this relationship argues that the three ashes were depos-
ited within no more than a few hundred years of each other, and
because a 72 + 6 Ky old lava flow is found between the correla-
tives of the upper two tephra found at Crater Lake (Figure 4),
all three tephra layers in the Pumice Castle set must be approx-
imately the same age as the 72 £ 6 Ky old lava flow. This con-
clusion is supported strongly by a thermoluminescence date of
67.3+£7.2 Ky on Summer Lake tephra 2 located 35 cm below
the Pumice Castle set (Berger and Davis, 1992).

The ages of the Mount St. Helens Cy tephra and its correla-
tives (e.g., the Marble Bluff bed) also have been the subject of
controversy. The ages of these tephra layers have most often
been quoted in the range of 35-30 1“C Ky B.P. (e.g., Davis,
1978, 1985, and references therein) on the basis of radiocarbon
ages of materials found in close proximity to the tephra. In con-
trast, radiocarbon dating of some of the near-vent tephra depos-
its infers an older age for these tephra layers of perhaps greater
than 40 *C Ky B.P., which in turn, infers a calendar date of at
least 45—40 Ka (Mullineaux, 1986; Crandell, 1987; McDonald
and Busacca, 1992). Thermoluminescence dates on the Cy
tephra (46.3 £ ~4.8 Ky) in lacustrine sediments at Summer Lake,
Oregon, and on the slightly older Cw tephra (~55+ 5 Ky) in east-
ern Washington loess sediments support the older ages (Berger,
1991; Berger and Davis, 1992; Berger and Busacca, 1995).

The Olema tephra, originally found in cores from Clear Lake
and Tule Lake, California (Sarna-Wojcicki et al., 1988), also
was found in the Lake Chewaucan sediments of the WL core
(N. Foit, in litt., 1993; Erbes, 1996). Given its position relative
to the Pumice Castle set and Mount St. Helens Cy tephra layers
in the WL core and given the above-described revisions of the
ages of the latter tephra layers, the estimated age of the Olema
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bed is probably closer to 55-50 Ky than to the previous estimate
of 75-55 Ky (Sarna-Wojcicki et al., 1988; Reick et al., 1992).
WONO AND TREGO HOT SPRINGS TEPHRA.—New ages for
the Wono tephra (27.3+0.3 '*C Ky B.P.) and the Trego Hot
Springs bed (23.2+ 0.3 '“C Ky B.P.) have been published by
Benson et al. (1997). These new ages are based upon 11 precise
accelerator mass spectrometer (AMS) radiocarbon dates from
adjacent organic samples in a core from Pyramid Lake.

Paleomagnetic Secular Variations for Correlating
Fine-Grained, Lacustrine Sediments

Paleomagnetic secular variation (PSV) records from fine-
grained sediments must satisfy strict criteria in order to estab-
lish that they record the ambient geomagnetic field vector (dec-
lination, inclination, and paleointensity) at or near the time of
deposition (Verosub, 1988). This is especially true of the paleo-
intensity component (Tauxe, 1993). If these criteria are satis-
fied, PSV records can be used as a method for high-resolution
(century- to millennial-scale) correlation among fine-grained
sediments of Quaternary age over a spatial range of continental
scale. Anchored by a solid foundation of PSV reference curves
for the last 30 Ky (Lund et al., 1988; Lund, 1996, and refer-
ences therein), this methodology has been used on many sedi-
ments of the Great Basin (Negrini and Davis, 1992; Ewing,
1996; Liddicoat and Coe, 1997; Benson et al., 1998; Benson et
al., unpublished). The potential value of this method is illus-
trated in Figure 5a in which the PSV signal from a North At-
lantic Ocean core is compared with that from the sediments of
Lake Chewaucan. This particular interval of time immediately
follows the 190 Ky Pringle Falls/Jamaica/Biwa I geomagnetic
excursion (Herrero-Bervera et al., 1994; Negrini et al., 1994;
Henyey et al., 1995) discussed in the previous section. Note
that this example demonstrates the utility of the PSV method
for direct correlations between marine and terrestrial sedi-
ments. Clearly, there is an advantage to such an independent
correlation of marine and nonmarine climate records without
relying on either circular reasoning (i.e., the correlation of cli-
mate events to prove that the events occurred simultaneously)
or a comparison of radiocarbon dates from entirely different
geochemical environments. Another advantage of this method
is that, under ideal conditions, it allows for continuous age con-
trol throughout the sedimentary section.

Obviously, as with all relative age-dating methods, this tech-
nique is most valuable when used in conjunction with an inde-
pendent method, such as tephrochronology (Verosub, 1988;
Negrini, 1993; Liddicoat and Coe, 1997). For example, the ac-
curacy of the '“C chronology in the sediments of pluvial Lake
Russell is confirmed using such an approach. Figure 54 is a plot
of the inclination component of the PSV records from pluvial
Lakes Chewaucan and Russell. The Lake Chewaucan record is
from the B&B core taken from the middle of the Summer Lake
playa (Erbes, 1996). The Lake Russell record is after Lund et
al. (1988). The recently redated Wono tephra layer (Benson et
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FIGURE 5.—a, Correlation of paleomagnetic vector components recorded in the sediments of Lake Chewaucan
(Negrini et al., 1994) with those recorded in marine sediments from the northwestern Atlantic Ocean (S.P. Lund,
unpublished data). The bottom of the correlated intervals begins at the end of the ~190 Ky old Pringle Falls/
Jamaica/Biwa I geomagnetic excursion. Inclination and declination are in degrees. Declination of the marine
sediments is relative rather than absolute because the core was not azimuthally oriented. The paleointensity data
in both records are normalized to the mean as per Tauxe (1993:340). The dashed correlation lines of all three
components were fixed by the two prominent inclination troughs shaded in black. b, Correlation of inclination
records from pluvial Lakes Russell (Lund et al., 1988) and Chewaucan (Negrini et al., 1993). The correlation
model is supported by the projection of the new age (27.31:0.3 14C Ky B.P.) for the Wono tephra layer (Benson
et al., 1997) onto the previously dated PSV record from Lake Russell.

al., 1997) is not found in the Lake Russell record but appears in
the Lake Chewaucan section not too far above the interval of
sediments that contains a record of the Mono Lake excursion
(Negrini, 1994). Using the PSV records, the new age of this
tephra layer (27.3£0.3 1“C Ky B.P.) can be precisely projected
onto the Lake Russell record (Figure 5b), thereby confirming
the accuracy of this portion of the Lake Russell chronology de-
termined previously by radiocarbon dating of carbonates (e.g.,
Benson et al., 1990; Benson et al., unpublished).

PLUVIAL LAKE RECORDS
Late Pliocene to Middle Pleistocene (3 Ma—30 Ka)

LAKE LAHONTAN.—Our knowledge of the pluvial lacus-
trine history of the northwestern Great Basin is bimodal in na-
ture. On the one hand, no other pluvial lake in the Great Ba-
sin, with the exception of Lake Bonneville, has been studied
as extensively as Lake Lahontan (Figures 1, 6). On the other
hand, although significant advances have been made during
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FIGURE 6.—Detailed map of Lake Lahontan pluvial system (from Benson et al., 1990, fig. 2).

the last 50 years regarding the prehistory of the other pluvial
lakes in the northwestern Great Basin, we still know little
about these other lakes relative to what is known about Lake
Lahontan.

The emphasis on Lake Lahontan is understandable. At high-
stand, this pluvial system covered more than 22,000 square ki-
lometers, approximately 50% more than all of the other pluvial
lakes in the northwestern Great Basin combined (Grayson,
1993). Its sheer size leads to the probability of finding key ex-
posures of critical geomorphic features and lake sediments.
Furthermore, the presence of large remnant lakes, particularly
Pyramid Lake and Walker Lake, provide for modern analogs

and, at times, for sites of continuously deposited sediments, en-
abling the potential retrieval of long cores containing nearly
continuous climate records.

Despite the complexity of the Lake Lahontan system (six
major streams feeding seven major subbasins that are separated
at different elevations by seven sills), the overall lake-level his-
tory has converged toward a coherent story for the latest Pleis-
tocene (see “Latest Pleistocene,” below). The prehistory of this
pluvial system prior to 30 Ka is less well developed for the ob-
vious reason that most of the evidence either has been super-
posed by the sediments of the last highstand or has been eroded
or degraded through time. Nevertheless, great exposures of
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sediments as old as late Pliocene in age can be found in can-
yons cut by the Humboldt, Walker, Carson, and Truckee Rivers
(Russell, 1895; Morrison and Davis, 1984a, 1984b; Morrison,
1991b). These exposures and their associated geomorphic fea-
tures (e.g., strandlines) are the foundation for the Quaternary
stratigraphy of the Lake Lahontan area, which was first devel-
oped by Russell (1895) and later refined by Morrison and oth-
ers (Morrison, 1964, 1991b; Morrison and Frye, 1965; Morri-
son and Davis, 1984a, 1984b). The latest stratigraphic
framework for this region consists of a series of alloforma-
tions, as shown in Figure 7. According to Morrison and Davis
(1984a:255), an alloformation is defined as “a mappable strati-
form body of sedimentary rock that is defined and identified on
the basis of its bounding discontinuities.” For example, lacus-
tral alloformations include all deposits of a single lacustrine ep-
isode, such as bars, deep-water sediments, deltas, tufas, etc. In-
terlacustral episodes could even include lake sediments in the
larger remnants of a great lake, e.g., Pyramid Lake (Morrison,
1991b). This usage follows the Stratigraphic Code of the North
American Commission on Stratigraphic Nomenclature (1983).
Restrictions on the use of such terminology, such as the need to
define alloformations as mappable units, limit the ability to di-
rectly correlate the contacts between allounits with climate-
change boundaries (e.g., see later discussion of Mount St.
Helens Cy tephra as a marker for the contact of the Wyemaha
and Sehoo Alloformations).

Given adequate spatial sampling of the Quaternary sediments
of the Lake Lahontan system, perhaps with the help of an exten-
sive coring program, it is this author’s opinion that allounits
corresponding to each and every marine OIS cycle will be
found somewhere in the system. Only after such data is col-
lected will Quaternary geologists be able to make final deci-
sions on which groups of cycles best fit into collected allofor-
mations or, indeed, whether a separate alloformation should be
assigned to each cycle. With this end in mind, the present state
of the older Lahontan stratigraphy and its paleoclimatic impli-
cations are reviewed below.

The oldest sediments in the Lake Lahontan area are the
“deep-lake/deltaic sediments” (Figure 7) that lie below the in-
terlacustral Lovelock Alloformation in at least three locations:
(1) 700 m south of Rye Patch Dam on the west side of the
Humboldt River (Morrison and Davis, 1984a:256); (2) possi-
bly in the Truckee River valley, 6.5 km south of Nixon, Nevada
(Morrison, 1991b); and (3) at various locations in the badlands
near Weber Reservoir (Morrison and Davis, 1984a; Morrison,
1991b). The absolute age of these sediments is constrained to
be at least 800 Ky, based upon preliminary magnetostrati-
graphic results and on the identification of the ~1.0-1.1 My
old Glass Mountain G tephra layer in an upper unit of these
sediments near the Weber Reservoir (Morrison and Davis,
1984a; Morrison, 1991b, and references therein). A lower pre-
Lovelock lacustrine unit also appears near Weber Reservoir. Its
relative antiquity is inferred by the fact that it is extensively
faulted and folded and that these structures are truncated by an
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angular unconformity that separates it from the unit containing
the Glass Mountain G tephra layer.

Although these older lacustrine units are presumed to predate
the Lovelock Formation, this formation may itself be quite old
at some localities. For example, the ~0.9-1.0 My old Glass
Mountain D tephra has been found in the upper part of the
Lovelock Alloformation approximately 10 m below the Rye
Patch Alloformation at a locality in the Humboldt River can-
yon (Parker, 1993, and references therein). In fact, Parker
(1993) used magnetostratigraphy to show that the 25 m of sedi-
ments found below this tephra were at least ~2.0 My old. No
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lacustrine sediments were observed in this section below the
Rye Patch Alloformation, prompting Parker (1993) to presume
that these 25 m of sediments are within the Lovelock Allofor-
mation. If one interprets the stratigraphy depicted in Figure 7 in
a strict sense, then one must conclude either that the pre-Love-
lock lacustrine sediments were deposited in an areally re-
stricted lake or that an unconformity exists in Parker’s section
(i.e., the pre-Lovelock lacustral units in this part of the Hum-
boldt River canyon were eroded, and the lower part of Parker’s
section belongs to an older interlacustral alloformation). Addi-
tional tephrochronological and magnetostratigraphical studies
in the Humboldt River canyon and Weber Reservoir badlands
are required to test the continuous nature of older alloforma-
tions in the Lahontan Basin.

The two allolacustral members of the Rye Patch Alloforma-
tion contain two tephra layers in the Humboldt River canyon,
namely the Rye Patch Dam bed and the Lava Creek B ash
(Morrison, 1991b; Davis, 1978). Morrison (1991b) quoted ages
of 630 Ky and 620 Ky for these two ashes, respectively. As dis-
cussed above, the Lava Creek B has since been redated at
665 + 5 Ka by Izett et al. (1992), which puts the Rye Patch
Dam bed at a slightly older age of ~675 Ky. These tephra lay-
ers imply a correlation of this lacustral episode with OIS 16.

The Dibekulewe tephra of Davis (1978) is found above the
Lava Creek B tephra in the Humboldt River canyon (Morrison
and Davis, 1984a; Negrini, Verosub, et al., 1987). Morrison
(1991b) quoted an age of 610 Ky for the Dibekulewe tephra
and placed it at the top of the Rye Patch Alloformation. This
age estimate was probably derived from the work of Reick et
al. (1992), who found this tephra bed in close proximity to the
Lava Creek B ash in the Tulelake core. Although this was their
preferred age, these authors acknowledged that the age could
be much closer to that of the overlying Rockland ash (410 Ky)
because of the likelihood of disconformities in the interval be-
tween the Lava Creek B and Rockland ashes. A more recent
study on a long core from Owens Lake placed the age of the
Dibekulewe tephra at approximately 510 Ky based upon con-
stant-mass accumulation rates in this core (Sarna-Wojcicki et
al., 1997). This age is more in line with an earlier estimate by
Negrini, Verosub, et al. (1987:10,625) that was based upon the
relative position of these three tephra in a sedimentary section
near Blairsden, California. If the Dibekulewe is ~500 Ky old,
then either the Rye Patch Alloformation is younger or, alterna-
tively, the Dibekulewe ash is within the overlying Paiute Allo-
formation. Indeed, the Rockland ash lies within the Paiute Al-
loformation in the Humboldt River canyon (Parker, 1993);
thus, the upper age limit of the base of this alloformation is 410
Ky.

The Eetza Alloformation corresponds roughly to Russell’s
(1895) lower lacustral clay. This alloformation contains at least
three major lacustral allomembers, which consist primarily of
silts and clays separated by thick lenses of alluvium or collu-
vium. All told there are possibly as many as six to eight lake
cycles recorded in exposures along the Truckee River between
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Nixon and Wadsworth, Nevada (Morrison and Davis, 1984a;
Morrison, 1991b). The Wadsworth tephra of Davis (1978) is
found toward the top of this alloformation near Pyramid Lake.
The age of this tephra was estimated to be in the range of 155
—200 Ky (Morrison, 1991b; Reick et al., 1992, and references
therein). Because of this age and the observation that the Rock-
land tephra resides below the Eetza in the Paiute Alloformation
in the Humboldt River canyon, Morrison (1991b) correlated
the Eetza lacustral episodes with OIS stages 10, 8, and 6. This
correlation is supported by 23°Th ages of 290 + 90 Ky and 128
+10 Ky for samples from near the bottom and top of the Eetza,
respectively (Kaufman and Broecker, 1965).

The Wyemaha Alloformation represents a long interlacustral
interval from ~130 Ka to ~35 Ka and is characterized by eolian
and alluvial coarse-grain deposits and well-developed paleo-
sols at higher elevations and by finer-grained sediments depos-
ited in shallow lakes in the depocenters of the major subbasins
(Morrison, 1991a). Morrison proposed that the boundary be-
tween the Wyemaha Alloformation and the overlying lacustral
Sehoo Alloformation should be put at the Mount St. Helens Cy
tephra, now thought to have formed 45-50 Ka (see above).
This is a reasonable suggestion as it would make the Wye-
maha/Sehoo transition relatively easy to map. This tephra layer
is thick, is widespread throughout much of the Lahontan Basin,
is distinctive both petrographically and geochemically, and is
commonly found at the base of lacustrine sequences associated
with the Sehoo Alloformation (Davis, 1978:45). There is a
trade off, however, between the mappability of this contact and
its correlation with global climate transitions. The Sehoo Allo-
formation is commonly considered to be roughly coeval with
OIS 2 and perhaps with the early Holocene (Davis, 1978;
Morrison, 1991b). If the Mount St. Helens Cy tephra layer is
indeed as old as it appears to be based upon recent chronomet-
ric studies (see above), then the base of the Sehoo Alloforma-
tion is pushed back to early OIS 3 time. Perhaps the 27.3 14C
Ky B.P. Wono tephra would be a better choice for the base of
the Sehoo Alloformation. It is as widespread as the Mount St.
Helens Cy tephra layer in the Lahontan Basin (Davis, 1978)
and has a more appropriate age. Furthermore, it was deposited
in a lake of moderate depth preceding the last significant reces-
sion of Lake Lahontan, which, in turn, preceded the prominent
transgressive phase correlated to the OIS 2 ice sheet advance
(Benson et al., 1995, 1997). The 23.2 14C Ky B.P. Trego Hot
Springs tephra layer is, in some sense, still a better choice as it
was probably deposited in the shallow-water lakes of the reces-
sion immediately prior to the OIS 2-related transgression. The
Trego Hot Springs tephra, however, is not as widespread as the
Wono bed (Davis, 1978), probably because it was deposited
under shallower lake conditions.

In addition to its limited application for exact correlations to
global or regional climate change, the Lake Lahontan stratigra-
phy places only very loose constraints on the size of this plu-
vial lake versus time. That is, one can determine whether or not
the lake existed during a given time interval but not the exact
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elevation of the shoreline. To most effectively use the geologic
record to determine the effects of climate change on the lake,
one must determine the surface area of the lake versus time
(Smith and Street-Perrot, 1983; Benson and Thompson, 1987a;
Benson and Paillet, 1989). To do this, one must, of course, de-
termine the precise elevation of the lake surface. Although this
has been done exceedingly well for the time period after 30 Ka
(see next section), very little has been done to determine abso-
lute lake levels for earlier time periods. Morrison (1991b) has
done this in a general way by documenting the maximum ele-
vation occupied by lacustral alloformations. Reheis et al.
(2002) also have obtained estimates of the lake size during plu-
vial maxima in the early and middle Pleistocene by mapping
highly eroded but still discernable strandlines and near-shore
deposits around the Lahontan Basin and nearby basins. In do-
ing so, they have reconstructed an enormous lake correspond-
ing to OIS 16 that would have covered Reno and Carson City,
Nevada, and would have backed the Humboldt River at least to
the town of Battle Mountain, Nevada. Lao and Benson (1988,
and references therein) and Szabo et al. (1996) determined
lake-level minima by dating tufa deposits with the uranium-
series method. The results of the earlier study indicated that the
surface of Lake Lahontan in the Walker subbasin (the first to
fill up if it is fed by the Walker River) would have reached a
level more or less equal to its late Pleistocene maximum of
1330 m at 290+ 90 Ka, ~200 Ka, 128 £10 Ka, and 49+ 5 Ka.
According to the model of Benson and Thompson (1987b),
Pyramid Lake, Winnemucca Dry Lake, and Smoke Creek/
Black Rock Desert subbasins would have coalesced and risen
to their common elevation of 1207 m at Emerson Pass. It is
conceivable that all of these subbasins could have joined the
Walker subbasin at its 1330 m elevation if they received suffi-
cient spillover from the Walker subbasin through the Carson
River subbasin. Szabo et al. (1996) combined dates from sev-
eral studies in the Pyramid Lake subbasin near the elevation of
the 1207 spillpoint into the Smoke Creek/Black Rock Desert
subbasin. They found that a lake filling at least the local subba-
sins would have been at or above the Emerson Pass sill for
much of the middle Pleistocene, especially in the time interval
from 250 Ky to 170 Ky. Also, these subbasins would have
filled at least twice during the time period from 65 Ka to 30
Ka.

LAKE MODOC AND ENVIRONS.—The longest, most continu-
ous pluvial lake record in the northwestern Great Basin comes
from the sediments of pluvial Lake Modoc (Figure 1) and
nearby Buck Lake and Round Lake in south-central Oregon
(Klamath County) and northernmost California (Modoc and
Siskiyou Counties), respectively. Upper and Lower Klamath
Lakes and Tule Lake are the remnants of pluvial Lake Modoc,
which once filled the subbasins that these lakes occupy. At plu-
vial maximum, the surface of Lake Modoc stood at an eleva-
tion of 1292 m, approximately 63 m above the surface of mod-
ern Tule Lake (Dicken, 1980). The Lake Modoc system is not
considered to be part of the Great Basin hydrologic province as
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defined by Grayson (1993) because most of it presently drains
into the Pacific Ocean via surface flow through the Klamath
River and via groundwater flow through permeable volcanic
rocks into the Klamath River and Pit River systems. Neverthe-
less, it is often included as a source of Great Basin paleocli-
mate data because it lies within the botanical Great Basin and
its size has responded dramatically to climate changes in the
past regardless of its connection to the Pacific Ocean (Dicken,
1980; Bradbury, 1991; Grayson, 1993). Also, as with most plu-
vial systems in the hydrographic Great Basin, Lake Modoc has
been a site of lacustrine sedimentation for millions of years as a
consequence of its presence within the Basin and Range struc-
tural province (Dicken, 1980).

Sediment cores were taken from seven sites in this system by
the USGS (Adam et al., 1989; Adam, 1993; Klamath Core
Study Team, 1995). At two of the sites (Tulelake, 334 m; and
Butte Valley, 102 m) coring was completed into sediments
older than 3 My. At three of the other sites (Wocus Marsh, 52
m; Buck Lake, 41 m; and Round Lake, 50 m) the oldest cored
sediments were from 1.4 to ~1.0 Ma. The Grass Lake core (29
m) penetrated sediments no older than ~400 Ky, and the Cale-
donia Marsh cores (15.3 m) bottomed out in sediments
younger than 100 Ky. The ages of all of the cores were con-
strained using tephrochronology (Adam et al., 1989; Reick et
al., 1992). Several well-known tephra were identified, includ-
ing the 1.94 My old Bear Gulch ash, the 1.45 My old Rio Dell
ash, the 665 Ky old Lava Creek B ash, the 410 Ky old Rock-
land ash (Sarna-Wojcicki et al., 1985; Meyer et al., 1991), the
50-55 Ky old Olema ash (Sarna-Wojcicki et al., 1988), a pre-
cursor ash (the Tsoyawata bed) to the Mount Mazama eruption
(Davis, 1978; Bacon, 1983), and several ashes that correlate
with the collection of tephra found nearby at Summer Lake,
Oregon, such as one of the Pumice Castle tephra set (Bacon,
1983; Davis, 1985; Reick et al., 1992). The ages of the Tule-
lake, Butte Valley, and Buck Lake cores were also constrained
by magnetostratigraphy (Reick et al., 1992; Roberts et al.,
1996; Rosenbaum et al., 1996). Radiocarbon dating was con-
ducted on samples from the top of the Grass Lake, Caledonia
Marsh, and Wocus Marsh cores with limited success because
of inverted ages, low concentrations of carbon, and a prepon-
derance of anomalously young ages (Bradbury, 1991; Klamath
Core Study Team, 1995). Despite similar difficulties encoun-
tered with the Tulelake core, Bradbury (1991, fig. 6) (Figure 8)
was able to assemble a chronology for the top of this core by
using selected radiocarbon dates and tephra.

In addition to age control, several other studies have begun
on the Klamath Basin cores that have generated data from
which interpretations of pluvial lake conditions can be made.
These include lithologic description, palynology, diatom and
ostracode analyses, environmental magnetism, and geochem-
istry. An initial study on the Tulelake core found that two ma-
jor shifts in the character of pollen type versus depth curves
occurred at ~2.5 Ma and ~1.65 Ma (Adam et al., 1989). The
2.5 My shift is best expressed by a slight overall increase in
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FIGURE 8.—a, Diatom biostratigra-
phy for the entire Tulelake core from
Bradbury (1992, fig. 6). For detailed
descriptions of all genera, groups,
and species the reader is referred to
Bradbury (1991, 1992). b, Fragi-
laria and Aulacoseira diatom pro-
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boundary, rather than the currently accepted time, the top of
the Olduvai normal-polarity subchronozone (see Morrison,
1991a, and references therein). The latter candidate for the
Plio/Pleistocene boundary is also expressed in the Tulelake
core. After 1.65 Ma there are common interruptions in pollen
preservation, a drop in TCT amplitude, increases in the peak
percentages of Artemisia, Cheno-ams, and Poaceae (grasses),
and high-amplitude oscillations in total algae, all of which
were interpreted to indicate a pattern of alternating lacustrine
and nonlacustrine phases (Adam et al., 1989). Two diagnostic
species of diatoms, Anomoeoneis costata (Kutzing) Husted
(saline water) and Cocconeis placentula Ehrenberg (shallow
water), were most abundant between 90 and 50 m of depth
(800 to <400 Ka), indicating an overall drying of the lake and
a hydrologically closed lake that was rich in solutes. These ob-
servations are consistent with well-preserved ostracodes and
with high values for “factor 3,” an association of geochemical
entities (e.g., (carbonate), Mg, and Sr) indicative of dry lake
conditions (Adam et al., 1989).

Bradbury (1991, 1992, 1997) later used a more detailed and
comprehensive diatom stratigraphy to reconstruct lake condi-
tions in the Tule Lake subbasin throughout the entire three mil-
lion years represented by that core. In these reports he made
several intriguing interpretations that bear on global climate-
change models. First, he noted an ~40 Ky periodicity in total
diatom concentration in the two densely sampled time intervals
(3.0-2.5 Ma and 2.05-1.85 Ma) prior to 1.0 My. This observa-
tion is consistent with the dominance of the obliquity period in
the late Pliocene and early Pleistocene observed in marine oxy-
gen isotope records (Ruddiman et al., 1986; Ruddiman and
Raymo, 1988). Second, based upon the gradual disappearance
of Aulacoseira solida (Eulenstein) Krammer and the subse-
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quent takeover by a Fragilaria—Stephanodiscus—Cyclotella as-
semblage, he noted a transition from “more equable and prob-
ably warmer Pliocene climates to more variable, more
seasonal, drier, and probably colder Pleistocene climates”
(Bradbury, 1992:284). Third, three broad peaks in Aulacoseira
solida alternating with broad peaks in Fragilaria species oscil-
late with a period approximately equal to the 413 Ky eccentric-
ity-driven insolation cycle (Ruddiman and Raymo, 1988).
Fourth, from 900 to ~300 Ka, the diatom stratigraphy in the
Tulelake core is characterized by several peaks in Fragilaria
sp. concentration that are more or less in tune with glacial
stages recorded by marine oxygen isotope curves (Bradbury,
1992, fig. 7). Furthermore, these peaks are terminated by in-
creases in diatoms that prefer more saline or alkaline waters
(e.g., Anomoeoneis costata, Cocconeis placentula). Bradbury
interpreted these data to imply that, during glacial periods,
Tule Lake was probably an open, freshwater marsh formed
during cold and somewhat dry climates. During interglacials,
effective moisture decreased but winter precipitation was prob-
ably significant as the presence of Stephanodiscus and Aula-
coseira species in these intervals suggests at least seasonally
high lake levels and dilute waters. Fifth, Bradbury (1992)
noted that the more or less uniform response to glacial cycles
during the 900-300 Ka time period breaks down in the latest
Pleistocene. The interval from 300 to ~180 Ka is represented
by Anomoeoneis costata, a diatom that prefers “exceptionally
shallow and alkaline conditions.” Thus, the low effective mois-
ture interval that might correspond to OIS 7 appears to begin
80 Ky too soon in the Tulelake core. The interval from ~170 to
~130 Ka contains abundant Fragilaria, which would be ex-
pected for a glacial interval like OIS 6 based upon its occur-
rence patterns in this core from 900 to 300 Ka; however, as
Fragilaria abundance declines, the diatom concentration be-
comes characterized by deeper-water diatoms (e.g., Aula-
coseira ambigua (Grunow) Simonson, Cyclotella meneghini-
ana Kutzing, Cyclotella bodanica Grunow) until A. ambigua
decreases at ~50 Ka. Thus, if the 900-300 Ka diatom assem-
blage is a good analog for the latest Pleistocene, then it appears
as if the entire interval from 170 to 50 Ka is characterized by a
glacial interval; that is, the OIS 5 interglacial is not represented
in the Tulelake core. Bradbury (1991:228) noted that diatoms
such as Fragilaria, which characterized pluvial intervals in the
middle Pleistocene, might also do well during a warm-dry in-
terpluvial period like OIS 5; however, the relatively low abun-
dances of Fragilaria during previous interglacials is left open
for question.

Two cores from the Klamath Basin have proven to be fertile
ground for the nascent field of environmental magnetism. Rob-
erts et al. (1996) conducted sediment magnetic measurements
on bulk samples and reflected light microscopy and x-ray de-
fraction (XRD) analysis on magnetic separates from the Butte
Valley core. They found that most of the magnetism in the 3.0
My of core was carried by titanomagnetite, which was most
likely derived from basalt detritus in the catchment area.
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Greigite (Fe3S,), an authigenic magnetic mineral, was found in
several horizons in the age interval from 3.0 to ~1.0 Ma. Be-
cause the formation of greigite depends upon the availability
of dissolved sulfate, Roberts et al. (1996) tentatively con-
cluded that greater residence time of lake water may have
caused the slightly anoxic conditions under which the avail-
ability of dissolved sulfate would have been enhanced. Thus,
lake conditions were significantly different, at least in inter-
vals, for the periods before and after ~1.0 Ma. Notably, a nine-
fold increase in sedimentation rate also occurred at ~1.0 Ma,
supporting a major change in the environment of deposition at
this time.

Climate change during the middle Pleistocene (~400 Ka to
~300-200 Ka) also was interpreted with the help of an environ-
mental magnetism record from Buck Lake, 15 km west of Kla-
math Basin (Rosenbaum et al., 1996). Variations in magnetic
properties were found to correlate strongly with changes in cli-
mate, as indicated by pollen type. In particular, zones of high
magnetic susceptibility, hence, high concentrations of magne-
tite, coincide with cold and dry climate zones, and zones char-
acterized by low susceptibilities were identified with warm cli-
mate zones. The magnetic variations preceded the changes in
pollen, an observation that prompted Rosenbaum et al. (1996)
to propose that Buck Lake magnetic properties responded more
quickly to climate change than did vegetation. High hematite
concentrations, inferred from two ratios (HIRM and the S pa-
rameter) calculated from measurements of isothermal remnant
magnetization (Thompson and Oldfield, 1986), were found to
be in phase with high magnetite concentrations. The overall
content of heavy minerals, as indicated by the concentrations of
Ti and Zr (immobile elements mainly held in heavy minerals),
was also found to be in phase with increases in magnetic-min-
eral content; however, because the magnetic-mineral concen-
trations varied by two orders of magnitude between cold and
warm climates and, in contrast, the heavy-mineral concentra-
tion varied only by a factor of three, Rosenbaum et al. (1996)
concluded that the low amount of magnetic minerals during
warm climates relative to other heavy minerals was caused by
sourcing from soil and highly weathered rock in the catchment.
In contrast, during pluvials, greater runoff would have brought
in a greater concentration of relatively fresh detritus derived
from basaltic bedrock.

LAKE CHEWAUCAN.—Four subbasins (Summer Lake, Upper
and Lower Chewaucan Marshes, and Lake Abert) combined
during pluvial maxima to become pluvial Lake Chewaucan in
south-central Oregon (Figure 1). At its maximum, the lake was
113 m deep, and its surface stood at an elevation of 1328 m.
The climate prehistory of this pluvial lake (Allison, 1945) was
made well known when Antevs (1948) used it as a constraint
for his Neothermal climate model. Although this prehistory
proved to be wrong in light of the application of more modern
chronological techniques (see earlier discussion under “Other
Models for Holocene Climate Change”), pluvial Lake Chewau-
can has continued to be the focus of climate-change research
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FIGURE 9.—Lake-size proxies for Summer Lake subbasin of pluvial Lake Chewaucan compared with a marine
oxygen isotope proxy for ice-sheet extent (Martinson et al., 1987, fig. 18). Magnetic susceptibility has been
shown to correlate with other lake-level proxies by Erbes (1996). The salinity index is a weighted ratio of salino-
phile ostracode faunal counts over counts of ostracodes that prefer fresh water (Palacios-Fest et al., 1993). The
outcrop samples are from the Ana River canyon near the northern margin of the subbasin. The WL core samples
are from a locality closer to the depocenter, near the northern edge of the modern playa lake.

owing to the combination of excellent exposures of pluvial lake
sediments, abundant tephra layers, climate-controlled geomor-
phology, and well-preserved records of fossil biota and magne-
tism (e.g., Allison, 1982; Grayson, 1993). Furthermore, in the
last 50 years many studies on archeology, climate modeling,
geochemistry, geomorphology, fossil magnetism, hydrology,
mineralogy, paleontology, sedimentology, structural geology,
and tephrochronology have set the stage for continuing paleo-
climate and related research in this basin (Conrad, 1953;
Brown, 1957; Phillips and Van Denburgh, 1971; Van Den-
burgh, 1975; Allison, 1982; Negrini et al., 1984; Davis, 1985;
Negrini et al., 1988; Simpson, 1990; Banfield et al., 1991a,
1991b; Berger and Davis, 1992; Gobalet and Negrini, 1992;
Negrini and Davis, 1992; Freidel, 1993; Palacios-Fest et al.,
1993; Pezzopanne, 1993; Negrini et al., 1994; Oetting, 1994;
Roberts et al., 1994; Wigand et al., 1995; Erbes, 1996; Wigand
and Rhode, 2002).

The lake-level history for the Chewaucan system during the
last 200-300 Ky has been estimated from several proxy indica-
tors derived from the analysis of bottom sediments exposed in
outcrops and sampled from cores (Figure 9). The correlation of
cores with outcrops and the age control of the resulting com-
posite section (Figure 3) are based upon a variety of methods,
including lithostratigraphy, tephrochronology, sediment mag-
netism, paleomagnetic secular variation, radiometric methods,
and thermoluminescence (Davis, 1985; Berger and Davis,
1992; Negrini et al. 1994; Erbes, 1996). Notably, this chronol-
ogy was constructed completely independent from a priori as-
sumptions regarding correlations to climate-change events.
Variations in lithology type, sediment grain size, and the con-
centration of magnetite grains, as indicated by magnetic sus-
ceptibility, all indicate that the environment of deposition
changed systematically through time more or less in tune with
the marine OIS signal (Figure 9). Complementary variations
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through time in the paleosalinity of the lake, as estimated by
the faunal distribution and geochemistry of fossil ostracodes,
and in the shallowness of the lake, as estimated by the noisi-
ness of the trace-element concentration of the same ostracodes,
strongly suggest that the changes in the depositional environ-
ment were caused by increases in lake size as the ice sheets ad-
vanced and vice-versa (Figure 9; Palacios-Fest et al., 1993; Er-
bes, 1996). Thus, both the nature of the variations of climate
proxies in the Chewaucan sediment and their timing indicate
that, to a first order, the lake-level history of pluvial Lake
Chewaucan supports Antevs’ jet stream migration model.

Marine OIS 4 is well resolved in the Summer Lake record
(Figure 9). In fact, the freshest water, hence the deepest lake,
appears to have occurred in OIS 4 rather than in OIS 6 or 2.
There are two explanations for this observation. First, because
the signatures and durations of OIS 4 are either subdued, short-
ened, or nonexistent in lake-level proxies from southern Great
Basin lakes (e.g., Bradbury, 1997; Lowenstein, 2002), it may
be that the southernmost position of the jet stream occupied a
more northerly latitude (i.e., over Summer Lake) than it did
during the OIS 2 glacial maximum (Lowenstein, pers. comm.,
1997). More specifically, if the jet stream remained for a while
at its southernmost point over southern Oregon during OIS 4,
this lesser glacial stage would have had a very profound effect
on Lake Chewaucan. In contrast, if the jet stream moved
quickly through Oregon on its way south and back during the
OIS 2 event, then the pluvial episode seen at Summer Lake
during OIS 2 may have been relatively minor. A second and
equally plausible explanation is the following. Lake Chewau-
can could have been deeper and fresher during OIS 6 and 2
than it was during OIS 4, but the records of the freshest lakes
were erased by deflation during the subsequent interpluvial
maxima. The latter explanation is supported by the gap in sedi-
mentation shown in Figure 9 from ~160 to 115 Ka and also by
the fact that the sediments at the surface of the modern Summer
Lake playa are no younger than 23 '4C Ky B.P. (Negrini et al.,
1993). Note that without good independent age control one
would never realize that cold/wet and hot/dry extrema corre-
sponding to both sides of glacial terminations had been erased
by deflation. Thus, the Summer Lake example serves as a
warning to those drawing conclusions regarding climate ex-
trema from poorly dated paleoclimate records associated with
deflation-prone desert basins.

In addition to climate variations, drainage diversions also
could have affected the surface level of Summer Lake. In fact,
the Chewaucan River, the main stream entering the Chewaucan
system, is currently diverted from the Summer Lake subbasin
by its own fan-delta complex (Allison, 1982; Davis, 1985). It is
unlikely, however, that such diversions would have resulted in
a lake-level history that matches the OIS signal so well (Figure
9). Thus, climate variation is probably the major influence on
lake level in this subbasin. A similar study of the Lake Abert
subbasin could provide a test for this hypothesis.
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In an early study of the paleomagnetism at this locality,
Milankovitch-like periodicities were reported in spectra of the
magnetic vector time series (Negrini and Verosub, 1987; Ne-
grini, Darke, et al., 1987; Negrini et al., 1988). This was cer-
tainly a provocative result but has since proven to be incorrect
by improvements in the chronology (e.g., Negrini et al., 1994),
Even though the PSV time series are no longer considered to be
related to climate change, they still have potential as tools for
high-resolution correlation of other climate records with the
Chewaucan record (see above).

Comparison of Lake Chewaucan and Lake Modoc Re-
cords: The Lake Modoc climate record, as described in a pre-
ceding section, contrasts greatly with the Chewaucan record.
Specifically, OIS 4 is a major feature in the Chewaucan record
but is barely noticed in the Tulelake record. Furthermore, the
OIS S interglacial episode at Lake Modoc is characterized by
continuous deposition in an environment similar to that of gla-
cial episodes earlier in the Pleistocene. Most of the discrepancies
between these records can be explained by differing interpreta-
tion of chronologies rather than by radically different climates in
regions that are in close proximity. Figure 10 presents a compar-
ison of the two records after the Lake Modoc chronology has
been reinterpreted by aligning the records using four tephra lay-
ers common to both records. The age scale assumes that the
chronology for the Lake Chewaucan record is accurate, but be-
cause the comparison is based upon the relative position of the
four tephra layers, the comparison would still hold up if the
Chewaucan chronology changes with improved age control.

With the reinterpreted chronology, the two records now have
much in common with each other and with the marine OIS sig-
nal (Figure 10). In particular, the interval of time from ~190 to
~160 Ka is characterized in both records by more pluvial con-
ditions, and a strong OIS 4 signal is now observed in both
records. Note also that the reinterpretation forces a major OIS 5
unconformity on the Lake Modoc record. This is not entirely
unreasonable considering that such an unconformity occurs in
the Chewaucan record.

PLUVIAL LAKE MALHEUR.—A large region (2400 km?) of
very low relief (<10 m) in eastern Oregon presently contains
Malheur, Mud, Harney, and Silver Lakes (Figure 1). Presently,
all except Malheur are ephemeral lakes. In 1986, after a series
of abnormally wet years, Malheur overflowed through a sill
called The Narrows into Mud Lake and then into Harney Lake
(Hostetler and Bartlein, 1990). At its peak, this combined lake
reached a depth of only 4.4 m, and its surface stood at an eleva-
tion of 1250.5 m. Had the effective moisture level increased so
that the lake rose another one meter or so, then the combined
lake also would have overflowed into the Silver Lake basin. If
the lake deepened yet another three meters to a surface eleva-
tion of ~1254 m, it would have overflowed into the Columbia
River system.

One of the tephra layers from the ~70 Ky old Pumice Castle set
was identified in lacustrine sediments at an elevation of 1247
m near the base of two trenches associated with archeological
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FIGURE 10.—Comparison of Lake Chewaucan and Lake Modoc/Tulelake core (from Figure 8) paleolake envi-
ronments. Pluvial conditions increase to the right in all diagrams. Relative age-control is anchored by four com-
mon ash layers, as per Reick et al. (1992). The absolute chronology of the Lake Modoc record is reinterpreted in
terms of preferred ages for the tephra layers, as discussed in the text. The positions of the these tephra layers in
the original Tulelake chronology are shown in Figure 85. The new chronology for the Lake Modoc record
resolves the anomalous occurrence of Fragilaria sp. in the OIS 5 interpluvial, which was noted by Bradbury
(1991, 1992), by placing this occurrence in OIS 6 and OIS 4. This chronology also indicates a major gap in the
Tulelake record between the Pumice Castle tephra and the Summer Lake V tephra layers.

investigations near the southern margins of modern Malheur
Lake (Elston, 1992; Botkin and Carembelas, 1992a, 1992b). In
one of the trenches, the ash is a continuous layer found near the
base of at least one meter of stratified lacustrine sandy clays.
Thus, for approximately 70 Ky, during the middle of OIS 4,
pluvial Lake Malheur had enough water in it to deposit more
than one meter of sediments on a lake bottom at 1248 m, which
is two meters above the present-day lake surface. If the OIS 4
lake had a depth of at least 2 m, then pluvial Lake Malheur
would have been at least as large as it was in 1986.

Pluvial Lake Malheur also appears to have included all of the
four major subbasins at ~32 14C Ky B.P., as evidenced by a ra-
diocarbon date on mollusk shells collected on the “lakeside
face of a gravel beach ridge” (Gehr, 1980:167). The elevation
of this ridge is 1251 m.

Latest Pleistocene (30 to ~10 Ka)

LAKE LAHONTAN.—The late-Pleistocene pluvial history of
Lake Lahontan has been the subject of several reviews published
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in the last 50 years (e.g., Morrison, 1965; Mifflin and Wheat,
1979; Davis, 1982; Smith and Street-Perrot, 1983; Benson and
Thompson, 1987a, 1987b; Dansie et al., 1988; Benson et al.,
1990; Morrison, 1991b; Grayson, 1993). This current review
draws heavily on those earlier reviews and adds supplemental
material from subsequent research.

Extensive radiocarbon dating associated with tufas, organic
materials from packrat middens and other terrestrial animals,
tephra, wood, shells, bulk sediments, fishing cordage, etc.,
have allowed a detailed and coherent picture to emerge for the
past 30,000 years (especially the last 25,000 years) of lake-
level prehistory for the Lahontan Basin. The pioneering radio-
metric studies in the Lake Lahontan area were done on carbon-
ates by Broecker and Orr (1958) and Broecker and Kaufman
(1965). Many of these dates have been contested by Benson
(1978), particularly those indicating an unexpectedly young
age (11.5-9.5 1“C Ky B.P.) for the last 1330 m Lahontan high-
stand, because they were found to be inconsistent with the
stratigraphic framework as reviewed in Morrison and Frye
(1965). Since the work of Broecker’s group, more than 100 ra-
diocarbon dates have been done on Lahontan Basin materials,
most of them by L. Benson and colleagues (e.g., Benson, 1978,
1994; Benson et al., 1995). This group has demonstrated that
dense, lithoid tufas and aragonitic gastropods yield consistent
dates, whereas massive forms of tufa (e.g., dendritic tufa) yield
significantly younger ages. Through careful petrographic anal-
ysis, Benson (1978) demonstrated that the latter type of tufa
contains abundant evidence for the introduction of secondary
carbon (e.g., shell fragments in pores and precipitated acicular
carbonate) well after the initial formation of the tufa. Thus,
massive tufa is usually not an appropriate material for radiocar-
bon dating. After careful selection of dateable materials from
his petrographic analysis and from previous radiocarbon analy-
ses on deltaic wood from Born (1972), Benson (1978) pub-
lished a new prehistory of the Lake Lahontan surface level
through time and, on its basis, pushed the highstand date back
to 13.6-11.1 "*C Ky B.P.

The next major advance came with the addition to the data-
base of several radiocarbon dates on organic material from pri-
marily packrat middens, which in contrast to carbonates depos-
ited under water, constrained the maximum depth of the water.
When combined with the previous analyses and the addition of
new tufa dates, these complementary data led to an even clearer
prehistory (Thompson et al., 1986; Benson and Thompson,
1987b; Benson et al., 1990). An exhaustive review on the for-
mation history of the several types of tufas in the Lake Lahon-
tan area, additional tufa dates, and new dates and lake-level
context for two critical chronostratigraphic horizons, namely
the Wono and Trego Hot Springs tephra beds, refined this pre-
history even further (Benson, 1994; Benson et al., 1995; Ben-
son et al., 1997).

The current state of the late Pleistocene Lake Lahontan pre-
history is represented by the surface level of Lake Lahontan in
the Pyramid subbasin, as shown in Figure 11. Although the

33

lake level of the Pyramid Lake subbasin is not a precise proxy
for the surface area (the parameter most directly affected by
climate) of Lake Lahontan as a whole, modeling by Benson
and Paillet (1989, fig. 8) showed that the overall shapes of both
quantities over time are quite similar.

According to radiocarbon dates on tufas, tufa-coated wood,
and organic remains of a camel (see below), low to moderate
lake levels were present in this subbasin from ~35 to 23-22 14C
Ky B.P., although Lake Lahontan was high enough (1172 m in
elevation) for Pyramid Lake to spill over into Winnemuca Lake
for a few thousand years ~30 1“C Ky B.P. (Figure 11). The lake
was low enough for a camel to become stuck in the mud near
the modern (post-irrigation) shoreline during the “Wizard’s
Beach Recession” (Dansie et al., 1988), which lasted perhaps
as long as 4 Ky from ~26 to ~22 '4C Ky B.P. Further support
for this lowstand is provided by coarse-grained alluvial depos-
its underlying the Trego Hot Springs tephra in the Black Rock
Desert (Ewing, 1996; F. Nials, pers. comm., 1996) and by high
values of 8!80 and 8'*C measured in tufa of that approximate
age (Benson et al., 1996).

After the Wizard’s Beach recession, abundant data summar-
rized in Benson et al. (1990) indicate that the lake rose very
quickly at ~23-22 14C Ky B.P. to a level high enough to con-
nect all of the major subbasins except for Walker Lake (Figure
11). The lake remained stable near this elevation until ~16.0
14C Ky B.P. when it underwent a series of high-amplitude oscil-
lations ending with the terminal recession to below the Emer-
son Pass sill (1207 m) at ~9.5 1C Ky B.P. The high-amplitude
oscillations included a spike-like, major transgression to the
maximum highstand centered somewhere between 14.0 and
13.5 14C Ky B.P. and a return to levels high enough for Pyramid
Lake to spill into the Smoke Creek and Black Rock Desert ba-
sins at just before 10 14C Ky B.P. This last transgression is sup-
ported by dates on shells, tufa, and marl from the Carson
Desert subbasin at similar elevations (Elston et al., 1988; Cur-
rey, 1990; Benson et al., 1992).

The overall changes in the size of Lake Lahontan, as repre-
sented in Figure 11, also are recorded in the stable isotope sig-
natures of tufas from the Pyramid Lake subbasin (Benson et al.,
1996). Benson et al. (1996) found that when Pyramid Lake is a
closed lake the values of 3'%0 are dependent upon the balance
between input through river discharge, which decreases 830,
and evaporation, which increases 8!%0. When Pyramid Lake is
open 8'30 is dependent mostly upon the fraction of water input
lost to spillover into the next basin; 8'3C was found to depend
upon lake volume indirectly through its affect on the photosyn-
thesis—respiration balance. Regarding the lake-level prehistory
shown in Figure 11, the major lake-level minima at 26, 15.5,
and 12 '*C Ky B.P. were found to be associated with relatively
heavy 830 and 8'3C values, and the opposite was found to be
true for the major maxima at 14 and 10.5 '4C Ky B.P. (Benson
et al.,, 1996). Buoyed by these results, Benson et al. (unpub-
lished) derived an even higher-resolution record of change in
the level of Pyramid Lake with 8'80 measurements of the total
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FIGURE 11.—High-resolution lake-level prehistory of the Pyramid Lake subbasin for the latest Pleistocene and
Holocene after Benson et al. (1995, fig. 11). The various symbols denote the type of subaqueous materials
dated. See Benson et al. (1995) for detailed explanation. Abundant, unplotted terrestrial dates, mostly from
packrat middens, constrain the maximum lake level from 13 14C Ky B.P. to present. Interpretation of data in
terms of supporting Antevs’ jet stream model is after Benson and Thompson (1987a, 1987b) and Benson et al.

(1995).

inorganic carbon (TIC) fraction from a sediment core sampled
at about 200-year intervals. These data, in conjunction with
measurements of total organic carbon (TOC), were found to
vary through time in high-frequency oscillations with square-
wave morphologies that can be correlated in a general way to
D-O cycles and Heinrich events (Benson et al., unpublished).
Timing of the Last Lake Lahontan Highstand: The only
major point of contention during the last 20 years with the

22-9.5 14C Ky B.P. lake-level record for Lake Lahontan has
been the timing of the maximum highstand (Bradbury et al.,
1989; Benson, 1991; Grayson, 1993:96). Bradbury et al. (1989)
argued that a Lake Lahontan that was high enough to incorpo-
rate the Walker Lake subbasin could not have occurred after 23
14C Ky B.P. because a well-dated sequence of sediments from
Walker Lake shows this lake to have been a saline lake or a
playa for the entire interval from 23 to 5 '“C Ky B.P. Further-
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more, evidence for a deep lake during this highstand interval is
missing from the lake-bottom sediments at a coring location in
the Black Rock Desert (Ewing, 1996), although this latter re-
cord does indicate a spike-like interval of freshwater conditions
at the slightly older age of 14.5 '“C Ky B.P.

An attempt to resolve this controversy with a core from the
Carson Sink proved to be inconclusive because of inconsistent
radiocarbon dates (Thompson et al., 1990). Benson (1991), in
an article that focused on replying to Bradbury et al. (1989),
made a strong case for deflation as a means to remove the one
meter or less thickness of lacustrine sediment he estimated to
have been deposited in the Walker Lake subbasin during the
approximately 200-year duration of the Lake Lahontan high-
stand in this location. Although the Black Rock Desert would
have had highstand water in it for a few hundred more years,
deflation also could have removed the record of the highstand
from the sediments studied by Ewing (1996).

The lack of evidence from lake-bottom sediments from only
two locations can be explained by deflation or even, perhaps,
by erosion from underwater currents or slumping; however, if a
highstand lake did indeed exist at this time, then there must be
a lake-bottom sediment record preserved somewhere in the
Lahontan subbasins. Recent studies in the Carson Desert sub-
basin by graduate students from the University of Nevada,
Reno (UNR), appear to have found exactly this type of evi-
dence. One of these students (Cupp, 1998) found evidence for a
surface elevation of the lake at ~1280 m and dated it at 12.8 4C
Ky B.P. The dated materials were gastropods sampled from
well-bedded lacustrine sands interpreted to be a near-shore de-
posit. When the Carson Desert subbasin is filled to 1280 m the
effective wetness of the entire Lahontan system is approxi-
mately 80 percent of maximum (Benson and Paillet, 1989). Al-
though this is not high enough for the lake to reach the Adrian
Pass spill point (1302 m) into Walker Lake, the lake only
reached this elevation during the highstand interval. The work
of K. Adams, the other UNR student, provided even more di-
rect evidence for the highstand during the time indicated by
Benson and others. Working in the Jessup embayment at the
north margin of the Carson Desert subbasin, Adams (1998) and
Adams and Wesnousky (1998) dated three shorelines, two with
gastropod shells and the third with a camel bone preserved in
these lakeshore deposits. The older dates, 13.28 £ 0.11 C Ky
B.P. and 13.11 £ 0.11 “C Ky B.P., were on the shells found in
shoreline deposits at elevations of 1327 m and 1331 m, respec-
tively. The youngest date, 13.07 £ 0.06 '4C Ky B.P., was on the
camel bone found in shoreline deposits at an elevation of
1338.5 m. These dates and elevations provide strong, indepen-
dent support for the 14—12.8 14C Ky B.P. highstand of Benson
et al. (1995). Incidentally, further evidence for this highstand is
provided by the low values of 3!30 found by Benson et al.
(1996; unpublished) in tufas and lake-bottom sediments with
ages of ~14 14C Ky B.P.

Testing Paleoclimate Records with the Late Pleistocene Lake
Lahontan Record: The high-resolution Lahontan lake-level
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record from the Pyramid Lake subbasin has been used to test
models of late Pleistocene climate change. Benson et al. (1995:
25-26) demonstrated that, in response to the deflection of the
jet stream during the last glacial advance, “Lake Lahontan
should have experienced two lake-level maxima corresponding
to the pre- and post-maximum glacial passages of the jet
stream core over the Lahontan basin.” The timing of these
lake-level maxima are indicated by the dashed vertical lines in
Figure 11. The corresponding glacial maximum was at ~20—18
14C Ky B.P., at which time the jet stream would have been de-
flected to its southernmost position. In this scenario, the lake
would have maintained a high level while the jet stream was
south of the Lahontan area because of reduced evaporation as-
sociated with lower temperatures and the probable occurrence
of ice cover during the winter. This is consistent with the mod-
eling results of Benson (1986), Hostetler and Benson (1990),
and Hostetler (1991). The larger pluvial maximum occurred as
the jet stream returned north after the glacial maximum be-
cause the initial size of the lake was larger than it was when the
jet stream passed through the Lahontan area on its way south
(Benson et al., 1995). Thus, to a first order, the size of Lake
Lahontan through time supports Antevs’ jet stream migration
model.

The Lake Lahontan record is sufficiently detailed that it
also has been used to test higher-resolution models of climate
change. For example, Benson et al. (1992) used the abrupt
transgression at ~10 !4C Ky B.P. as evidence in support of the
Younger Dryas climatic interval as a global climate event.
Furthermore, Benson et al. (unpublished) used the higher-res-
olution 8'30 record from the Pyramid Lake core to show that
relatively dry periods coincided with the H1, H2, and possi-
bly H3 Heinrich events. This observation supports the de-
scriptive model that Heinrich events represent global climate
change.

LAKE MoDpoc.—The latest Pleistocene age control in the
Tulelake core is provided by the 23.2 + 0.3 '4C Ky B.P. Trego
Hot Springs tephra (Bradbury, 1991; Reick et al., 1992; Ben-
son et al., 1997) and a complementary date of 25.06 + 0.32 14C
Ky B.P. from slightly lower in the section. Above the Trego
Hot Springs tephra is a several meter gap and then sediments
containing a series of three precise but inverted radiocarbon
dates in the age range from 14.9 to 9.4 '“C Ky B.P. (Bradbury,
1991).

From ~40 Ka to a few meters above the Trego Hot Springs
bed, the Tulelake core is characterized by diatoms that are in-
dicative of “somewhat shallower and more alkaline conditions”
(Bradbury, 1991:231). Because the Trego Hot Springs bed is
exposed in littoral sediments in an outcrop 15 m higher than the
position of that tephra in the Tulelake core, the lake must have
been ~15 m deep at that time, 5 m deeper than the historical
maximum (Bradbury, 1991). After that time, presumably dur-
ing a time interval corresponding to OIS 2, the climate in the
Lake Modoc region was dry overall but was punctuated with
rapid and large fluctuations in moisture.
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PLUVIAL LAKES CHEWAUCAN, FORT ROCK, AND ALKALIL—
The latest Pleistocene/early Holocene lake-level prehistory of
pluvial Lake Chewaucan and nearby pluvial Lake Fort Rock
and Lake Alkali (Figure 1) have been summarized by Allison
(1966b, 1979, 1982) and Freidel (1993, 1994). Lake levels
through time are constrained in these basins by the age of bot-
tom sediments (Allison, 1982; Davis, 1985; Negrini and Davis,
1992), fossils from ancient shorelines (Allison, 1982; Freidel,
1993), and dates associated with archeological sites (Ferguson

and Libby, 1962; Bedwell, 1973; Allison, 1979; McDowell and
Benjamin, 1991; Freidel, 1994). The individual data for the
Lake Fort Rock and Lake Chewaucan basins and a composite
lake-level history are presented in Figure 12.

The oldest radiocarbon date shown is from gastropod shells
collected in beach deposits exposed in Fandango Canyon at the
southern margin of Lake Fort Rock (Freidel, 1993). X-ray dif-
fraction analysis demonstrated that the shells were made of
100% aragonite, i.e., no secondary calcite was detected. More
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details of the predating treatment of the shells were given in
Freidel (1993). The shells were collected from two exposures
of beach deposits. The oldest date of ~34 14C Ky B.P. corre-
sponds to samples collected at an elevation of 1361 m; the
youngest date of ~30+ 0.6 “C Ky B.P. was from 1353 m. These
dates and elevations imply that Lake Fort Rock was at ~65%
maximum depth twice between ~34 and 30 “C Ky B.P.

Paleomagnetic secular variation dating of Lake Chewaucan
bottom sediments showed that the lake had water at least to the
level of the Ana River section (~13% of maximum) for the
time interval containing the Mono Lake geomagnetic excur-
sion. This excursion is dated ~28 4C Ky B.P. at Mono Lake,
California (e.g., Lund et al., 1988). Approximately 4 Ky of de-
posits are missing above the excursion level, probably because
the lake level was below the level of the Ana River canyon out-
crop (Figure 12). The lake dropped below the level of the Ana
River section sometime during this time interval, as evidenced
by the incorporation of the 27.310.3 4C Ky B.P. Wono tephra
layer (Negrini and Davis, 1992; Benson et al., 1997) in a
beach-lag deposit. The Summer Lake subbasin of Lake
Chewaucan held at least some water during this entire time in-
terval because the PSV record from a basin-bottom core is
complete for several thousands of years after the Mono Lake
excursion (Figure 55). Lake Chewaucan rose to approximately
50% of its maximum level at ~23-22+~0.7 4C Ky B.P. This
age is based upon two pieces of evidence. First, Allison (1982)
collected and dated gastropod shells (22.1£0.7 1“C Ky B.P.) in
a baymouth bar deposit at an elevation of 1312 m. This date
and elevation is supported by the presence of the Trego Hot
Springs tephra (23.2£0.3 *C Ky B.P.) in the lacustrine sedi-
ments of the Ana River canyon (Negrini and Davis, 1992; Ben-
son et al., 1997). A 2 Ky hiatus in the PSV record from the Ana
River section and an associated cross-bedded sand deposit are
consistent with the lake again dropping below 13% of its maxi-
mum depth sometime after the deposition of the Trego Hot
Springs tephra and before the deposition of the 20.5+~0.5 14C
Ky B.P. Mount St. Helens Mp tephra bed (Negrini and Davis,
1992). After that, the lacustrine sediments at Ana River were
deposited more or less continually until at least 16.7 +~0.5 14C
Ky B.P. This latter date marks the top of the lake sediments at
an unconformity over which lie eolian sands containing the
Mount Mazama tephra (Davis, 1985). The extent of deflation
or other post-depositional erosion of overlying lacustrine sedi-
ments is unknown. Another shell date of 17.5+0.3 14C Ky B.P.
from a basalt pebble conglomerate collected at 1349 m by Alli-
son (1982) indicates that the long-lived lake implied by the in-
terpretations of Negrini and Davis (1992) rose to at least 75%
of its maximum elevation during this time. This long-lived lake
probably represents the pluvial maximum at Lake Chewaucan.
Lake levels between the highstand and its terminal Pleistocene
recession (Figure 12) are constrained by unpublished radiocar-
bon dates on shells from near-shore sediments (J. Licciardi,
pers. comm., 1995).
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Evidence for the timing of the termination of the pluvial
maximum in these Oregon lakes also is available from the Lake
Fort Rock basin (Bedwell, 1973, Freidel, 1993, 1994). Sub-
aqueous dates on gastropod and ostracode shells (Bedwell,
1973; McDowell and Benjamin, 1991) constrain the lake level
to no lower than 1335 m and 1312 m at 12.9+£0.23 '“C Ky B.P.
and 11.5£0.09 14C Ky B.P., respectively. Thus, pluvial Lake
Fort Rock probably dropped through elevations corresponding
to 36% and ~2%-3% of its maximum elevation in this ~1.5 Ky
interval. This timing is well supported by several dates on ar-
cheological materials that must have been above lake level, in-
cluding charcoal, camel bone, and a sandal (Figure 12; Bed-
well, 1973; Freidel, 1993; McDowell and Dugas, 1993).
Further support is lent by similar evidence for extremely shal-
low lakes in the nearby Alkali Lake basin by ~11 4C Ky B.P.
(Freidel, 1993, and references therein; McDowell and Dugas,
1993).

LATE PLEISTOCENE PALEOCLIMATE MODELS AND RECORDS
FROM OREGON AND CALIFORNIA LAKES.—Without better age
contro] it is difficult to use the Tulelake record as a test for late
Pleistocene climate models. One can, however, compare the
overall character of the latest Pleistocene climate data from the
Tulelake core with the well-dated record from Lake Lahontan
during the same time interval. For example, the hydroclimate
data implied by the Tulelake core for the time of and before the
Trego Hot Springs tephra layer (relatively shallow and alka-
line) are consistent with the low to moderate levels of Lake
Lahontan during late OIS 3 times (Bradbury, 1991). Also, the
rapid and large fluctuations in Tulelake-area hydroclimate after
the Trego Hot Springs tephra and before the onset of the Ho-
locene (Bradbury, 1991) are in character with many of the rapid
fluctuations seen at Lake Lahontan.

Lack of data is the main problem with the latest Pleistocene
record from the Oregon lakes. Again, the record compares with
the coeval Lake Lahontan record in a general sense. The pre-
dominance of shallow lakes from ~27 to 23 4C Ky B.P. follow-
ing a moderately deep lake is quite similar to Lake Lahontan
prehistory in that same time interval (Figures 11, 12). After
that, both systems were characterized by long time intervals
with very large lakes until the Holocene, perhaps interrupted
only by short-term recessions. The paucity of data in the
records for Oregon lakes, especially in the important time inter-
val between 17 and 12 '“C Ky B.P., makes a more detailed
comparison futile at this time.

Holocene

Several previous reviews focussed heavily on Holocene pa-
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