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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Table 1:
Multiply By To obtain
centimeter (cm) 0.3937 inch
centimeter per thousand years (cnvky) 0.3937 inch per thousand years

gram (g) 0.03527 ounce
kilometer (km) 0.6214 mile
meter (m) 3.281 foot

meter per year (m/yr) 3.281 foot per year
milligram (mg) 22x10° pound
milligram per liter (mg/L) 1 part per million (ppm)
millimeter (mm) 0.03937 inch
square kilometer (krn2) 0.3861 square mile

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F= (1.8 x°C) + 32

ADDITIONAL ABBREVIATIONS

millions of years (My)

millions of years before present (Ma)
thousand years before present (ka)
thousands of years (ky)

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geo-
detic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, for-
merly called Sea Level Datum of 1929.
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Abstract

Understanding climate change during the
expected life span of a potential high-level
nuclear-waste repository at Yucca Mountain,
Nevada, requires estimates of future climate
boundary conditions. Climate boundary condi-
tions are governed by changes in the Earth’s
orbital properties (eccentricity, obliquity, preces-
sion) that determine insolation. Orbital properties
and the resulting insolation values can be calcu-
lated for the past and the future, so estimates
of future conditions can be made by comparison
to comparable conditions in the past. The
major, insolation-controlled climate cycle is
400,000 years in duration with subcycles of
approximately 100,000 years. Changes in insola-
tion are closely correlated with the major features
of global climate change, such as the growth and
retreat of continental ice sheets. The anticipated
change in insolation during the next 100,000
years resembles change in insolation during the
period from 400,000 to 300,000 years before the
present.

The Devils Hole isotopic climate record
shows that regional climate in southern Nevada
changed in concert with global climate change,
and long sedimentary records from basins, such as
Owens Lake, provide an estimate of the character,
magnitude, and frequency of local climate
change. These records, therefore, link changes in
insolation to a climate response in the Yucca
Mountain area. Climate data collected from cores
taken in the Owens Lake Basin show that the

major glacial and interglacial features of climate
history are represented in this nearly continuous
sediment sequence deposited during the last
500,000 years. Interpretation of the Owens Lake
climate record indicates the various glacial and
interglacial periods differ in their climate charac-
teristics. The last two glacial periods (170,000 to
140,000 years before the present, and 40,000 to
10,000 years before the present) appear to have
been wetter and colder than the glacial interval
from about 400,000 to 350,000 years before the
present, which may serve as an analog for the next
glacial period. Substantiation of the latter obser-
vation with additional analyses would be a signifi-
cant finding for the probable performance of a
potential repository, at least from a climate
perspective.

Interpretation of plant macrofossils found
in woodrat middens near Yucca Mountain indi-
cates that mean annual precipitation varied during
the last wet period 40,000 to 10,000 years ago, but
precipitation was typically as much as twice the
modern mean annual precipitation value. In
particular, the midden data show short, century- to
millennial-scale episodes when white fir moved to
lower elevations. During those episodes, mean
annual precipitation was probably greater than
twice modern mean values. The variation of mean
annual precipitation remains to be estimated, but
given the diversity of dry and wet plant types
within various middens, the variation in mean
annual precipitation was likely quite large.
Present mean annual precipitation at Yucca
Mountain is about 15 cm. Episodes without white

Abstract
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fir often contain limber pine, which, in addition to
drier conditions, indicates very cold mean annual
temperature, perhaps as low as 4 to 5°C. Summer
mean temperatures also would have been low,
below about 16°C.

Ostracode species found in sediments from
former ground-water and spring-discharge-
supported wetlands, such as those in the Las
Vegas Valley, indicate a higher than modern level
of effective moisture. These aquatic fossils
together with the plant macrofossil data indicate
that gains in effective moisture typically were due
to deep depressions in mean annual temperature,
with only modest gains in mean annual precipita-
tion. During the apparently wetter white fir inter-
vals, however, gains in effective moisture
probably had a significant mean annual precipita-
tion component in combination with lowered
mean annual temperature.

Geomorphic studies of the alluvial fans and
fluvial deposits in and around Fortymile Wash
show a response to past-climate change. Alluvial
and fluvial sediments were deposited during the
wetter phases of interglacial periods and periods
of transitional climates when infrequent but large
storms eroded the hillslopes, including those of
Yucca Mountain. Incision of those sediments
occurred during cooler and wetter climate phases
when hillslopes, which were stabilized by vegeta-
tion, supplied little sediment to the regular flow in
Fortymile Wash. Deposition (drier climate) of
sediment in the wash occurred from about
120,000 to about 50,000 years ago, and incision
(wetter climate) occurred after this period and
likely before the last glacial maxima period, about
18,000 radiocarbon years before the present.

Geochronologic, isotopic, geochemical,
and petrographic studies of calcite and opal
minerals precipitated within fractures inside
Yucca Mountain provide a direct means of
comparing past regional climates to changes in
infiltration, percolation, and recharge within the
unsaturated zone. Calcite and opal formation
within the unsaturated zone (specifically beneath
Yucca Mountain), based on stable carbon and
oxygen isotopes and radiogenic strontium

isotopes, comes from infiltration, as do perched
water bodies within Yucca Mountain. Stable
isotopic data from the unsaturated-zone calcites
indicate the infiltration came during glacial
periods when the regional vegetation was domi-
nated by cold-tolerant plants. The infiltration
seems to have had a maritime polar to arctic air-
mass signature and interacted with soil carbonates
and probably other near-surface rocks. The data
set for ages of secondary minerals, though prelim-
inary, indicates little or no formation of secondary
minerals during interglacial periods consistent
with a glacial-mode origin for the infiltration and
percolation.

Sedimentary deposits of former wetlands
and springs found in valleys down the flow
gradient from Yucca Mountain provide records of
ground-water discharge during the last and prob-
ably the penultimate major wet-climate periods.
Spring deposits at Crater Flat and at the Lathrop
Wells Diatomite 20 km south of Yucca Mountain
and paleowetland deposits near the Amargosa
River show that discharge occurred between about
40,000 and 8,000 years before the present. The
discharge, at least in part, came from the regional
aquifer when the water tables rose to a maximum
of about 100 m above present levels, as indicated
from the depth to regional ground water at the
Lathrop Wells diatomite site.

INTRODUCTION

Understanding how future climate change may
affect the hydrologic-environment of a potential high-
level nuclear-waste repository at Yucca Mountain,
Nevada, during its expected life span is the primary
purpose of the climate studies. Study of long-term
paleoclimate and paleohydrology provides a way to
understand potential climatic and hydrologic vari-
ability on a time scale that is relevant to high-level
nuclear waste isolation.

The present climate and hydrology of the Yucca
Mountain, Nevada, area (figs. 1, 2, and 3) are coupled
together as part of a long-term millennial-scale
product of continuous, generally cyclical, climate
change (fig. 4). The climate system responds to
numerous short-term forcing functions, such as
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changes in solar output or volcanic eruptions. Short-
term forcing functions create variability in the climate
system’s mean behavior as it responds to longer-term
forcing functions. On a millennial scale, the cyclical
changes in insolation appear to be especially important
correlates of climate change. In recent Earth history
(the past 2 million years before the present or 2 Ma),
changes in insolation are correlated with glacial and
interglacial periods, with the glacial intervals being
resident about 80 percent of the time. Climate also
responds to very long-term forcing functions, over
hundreds of thousands to millions of years, such as
those related to continental drift or regional tectonics.
As these very long-term forcing functions change, so
does the mean millennial-scale character of climate.
Regional hydrology, because it is coupled to climate,
must respond to and change with climate. Thus, the
millennial-scale characteristics of regional hydrology
may be very different from those observed and
measured over a short periods of time (decades to
centuries). For example, southern Nevada regional-
aquifer recharge was much higher during the last
glacial period 40,000 to 10,000 years before the
present, (40 to 10ka) than it is today (Benson and Klei-
forth, 1989).

Evaluation of both past and future hydrologic
characteristics of the potential high-level waste reposi-
tory at Yucca Mountain cannot be based solely on
modern hydrological studies. Although present-day
studies reveal key characteristics details of the hydro-
logical system, such as zones of infiltration, they
cannot evaluate the characteristics of that system when
major climate-system features, such as mean annual
temperature (MAT), mean annual precipitation
(MAP), and seasonal distributions of temperature and
precipitation were different. The long-term millennial-
scale properties of the climate and hydrologic system
are the subject of this report.

CENTRAL HYPOTHESIS

Future climate patterns at Yucca Mountain may
be estimated by understanding the processes that link
climate and hydrological change to the cyclic variation
in the Earth’s insolation. Change in insolation is an
important correlate with change in the climate system
on a millennial scale. Interpretation and dating of past
climatic and hydrologic changes in the vicinity of
Yucca Mountain provide a linkage with past orbital

and insolation characteristics. Future changes in inso-
lation are readily calculated from standard celestial
mechanics (orbital parameters). Future insolation-
correlated climate patterns may therefore resemble
those of past periods with similar insolation.

Climate responds to forcing functions that
operate on all time scales from a year or less to
millions of years. Short-term forcing functions involve
factors, such as variability of solar output, of
ocean/atmosphere heat exchange, such as the El Nifio
Southern Oscillation (ENSO), of volcanic eruptions,
and of human-caused global warming. Long-term
(million-year) forcing functions involve factors, such
as continental drift, tectonics, and changes in ocean
configuration. Change in Earth orbital characteristics
occur on a millennial scale. Nonetheless, many factors
must contribute to climate change, and the forcing
functions likely operate on all time scales. As a conse-
quence, future climate on the millennial scale almost
certainly will not exactly repeat the past. Assuming
that long-term Earth-based forcing functions, such as
tectonics or ocean land configurations, remain rela-
tively constant, however, changes in insolation should
provide the timing for most future climate change for
the next 100 millennia. That is, the characteristics of
past climate cycles, within the confines of long-term
Earth-based forcing functions, may repeat in the future
and therein provide a basis to forecast future climate.

Present-day climate operates within a seasonal
range of insolation values within which the influence
of short-term forcing functions plays a key role. As the
seasonal range of insolation changes, however, the
short-term forcing functions, which are important at
human scales, have no consistent bearing on the nature
of future climate operating within other ranges of inso-
lation values. Short-term forcing functions that operate
in future climate states will perturb them in some way,
just as they do the modern state, however. Similarly,
because modern-day hydrology is linked strongly to
modern-day climate, future hydrology cannot be esti-
mated by studying only present hydrology or the
hydrology at any particular time.

Because past climate and hydrology cannot be
measured directly, proxy data must be interpreted in
terms of climate or hydrology. Past climatic and
hydrologic proxies typically come from fossil and
isotopic data. Understanding the relation between an
organism, which leaves a fossil record, and climate
allows interpretation of past climate from fossils.
Because the survival of any population relies on many
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biotic and abiotic factors other than climate, a partic-
ular biologic proxy may not reflect past climate in
exactly the same way as another biotic proxy. Extrac-
tion of a climate signal from multiple proxies can
produce a more realistic composite picture of past
climate. In this study, the fossil data include plant
macrofossils from woodrat middens, pollen, molluscs,
ostracodes, diatoms, and fossil mammals.

Carbon, oxygen, strontium, and uranium
isotopes offer additional climate and hydrological
information. Isotopes reflect the characteristics of past
surface and ground waters and provide insights into
climate dynamics. More significantly, isotopic data
provide information about percolating waters in the
unsaturated zone (UZ) and ground waters in the satu-
rated zone (SZ) and, hence, the linkage between the
past climate and past hydrology.

The fossil and isotopic data are supported
further by petrographic data collected from calcite and
opaline vein fillings within Yucca Mountain, as well as
from ground-water discharge deposits that occur down
the flow gradient and from alluvial, fluvial, eolian,
pedogenic, and related deposits on and near the moun-
tain.

CAUSATION AND NATURE OF CLIMATE
AND HYDROLOGICAL CHANGE IN
SOUTHERN NEVADA—THE PRESENT
AND PAST CLIMATE SYSTEM

Modern-Day Climate

Global climate may be thought of as the conse-
quence of the atmosphere’s attempt to balance a heat
budget that is perpetually out of balance. Heat trans-
port takes place in the oceans and the atmosphere.
Throughout the year, the tropics receive more heat
than the poles, demanding that the excess tropical heat
moves toward the polar deficit.

Atmospheric heat transport from the tropics
begins with rising air that moves poleward in the upper
troposphere (lowest layer of the atmosphere), where it
cools and typically sinks around 30° to 35°N latitude
(fig. 3). Air flowing southward in the upper tropo-
sphere also descends in this region. The barometric
pressure of the descending air rises near the Earth’s
surface and its relative humidity falls, creating a belt
of hot deserts at 30 to 35°N latitude around the Earth.

Some of the air within the hot desert belt flows back
toward the Equator in the lower troposphere forming
the subtropical easterlies (fig. 3). The huge atmo-
spheric cell created by flow from and back to the
Equator is called the Hadley cell. Other air from the
desert belt flows poleward, creating a wind system
known as the westerlies. The warm westerlies eventu-
ally meet cold, dense, southward-moving polar air
within a seasonally variable geographic band. As the
air masses meet, the warm air rises and moves from
west to east along a sinuous front, called the polar
front or the westerly storm track (fig. 3). The polar
front exists as interfingering masses of polar and west-
erly air. An advancing cold front occurs when polar air
displaces westerly air, and an advancing warm front
typically occurs as westerly air moves over polar air.
The net upward motion of air along the polar front
produces an upper tropospheric air flow towards the
pole and the Equator. The atmospheric cell, defined by
the westerlies at its base, is referred to as a Ferrel cell.
At the pole, cold upper-atmospheric air sinks, forming
dense, dry, cold air in the lower troposphere that flows
equatorward, creating the arctic easterlies (fig. 3). The
southern edge of the arctic easterlies rise as they
approach the westerlies forming a series of polar low
pressure cells. The air-mass boundary between the
northern cold air and the westerlies is the polar front,
which is where the polar jet-stream resides. The atmo-
spheric cell defined by arctic and polar air is typically
referred to as a Polar cell.

The strong contrasts in air pressure and temper-
ature between the Hadley, Ferrel, and Polar cells
produce a focused, high-velocity air stream at their
upper atmospheric boundaries called a jet stream. The
polar jet, which is the stronger of the two, resides
between the Polar and Ferrel cells, whereas the
subtropical jet resides between the Ferrel and Hadley
cells.

The perpetual input of excess heat to the tropics
maintains the circulation described above. The relative
positions and strengths of air movement within the
three cells changes seasonally as the Northern and
Southern Hemispheres warm or cool. The Hadley and
Arctic cells, along their northern and southern edges,
respectively, have time averaged large, relatively
stable and geographically limited air masses whose
properties such as water-vapor content, temperature,
and barometric pressure persist for most or all of the
year. Some of these air masses are named and include
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the Aleutian Low, the Hawaiian High, and the
Bermuda High.

Regional climate is further modified by factors
such as topographic relief, proximity to oceans, and
the mode of ocean heat transport, for example, the
Gulf Stream. Changes within one cell, such as the
movement of the equatorial Pacific warm pool that
creates the ENSO phenomena, may impact weather in
another cell. Hence, the El Nifio component of ENSOs
often produces wetter than average winters in southern
Nevada (Winograd and others, 1998).

Regions within the Polar, Ferrel, and Hadley
cells where air ascends are wet, whereas areas where
air generally descends are dry. The tropical and
subtropical rain forests lie within belts of rising air,
just as does the northern boreal forest. Similarly, the
polar and hot deserts lie in belts of descending air. On
a smaller scale, air rising over a mountain and cooling
creates precipitation, and air descending from a moun-
tain and warming limits precipitation. For example,
the Sierra Nevada mountain range lies within the west-
erlies, so the western slope is wet and the eastern slope
is relatively dry, which creates the rainshadow over
Yucca Mountain.

The present-day global circulation pattern is not
fixed in time, but instead is simply a particular config-
uration in a continually changing climate system.
Small changes in climate occur when the atmospheric
heat budget is perturbed in some way. A change in
solar output, for example, changes input in the tropics,
and the entire circulation system adjusts. A reduction
in solar output in the years from about A.D. 1400 to
1850 probably contributed to the Little Ice Age when
the Arctic cell was strengthened and expanded, and
shallow lakes appeared in the now dry Silver and Soda
Basins in the Mojave Desert (Enzel and others, 1989).
Similarly, a large volcanic eruption that ejects gas and
particulates into the stratosphere (the layer of the
atmosphere above the troposphere) also reduces solar
input. Conversely, an increase in solar output may
energize and expand the Hadley cell, although weak-
ening and reducing the Polar cell. The Medieval Warm
period (A.D. 950-1200) may be an example of that
phenomena. Tree-ring data from southern Nevada
indicate the region experienced drought during the
Medieval Warm period (Graybill and others, 1994).

The arid to semiarid nature of present-day
Yucca Mountain climate reflects both its location east
of the Sierra Nevada Mountains and its location in the
southern edge of the Ferrel cell. During the winter, the

Yucca Mountain region typically receives westerly
flow, bringing maritime polar air into the region or, on
occasion, it receives continental polar or even arctic
flow as the polar front moves into the region. During
the summer, the region typically receives flow from
the south and west as the outflow from the desert belt
intensifies and draws subtropical continental or mari-
time air into the region. The winter storms tend to be
frontal in nature, whereas the summer storms are
usually convective in nature. Modern-day hydrology
in the Yucca Mountain region is a direct response to
the current climate of the region.

Past Climate—Nature of Climate Change

Earth’s orbital parameters relative to the Sun,
including eccentricity, obliquity, and precession
(Berger and Loutre, 1991) determine insolation.
Change in insolation is highly predictable because it is
related to well-established celestial mechanical
phenomena, expressed in terms of these orbital param-
eters. Change in insolation from one millennium to the
next is small, but over many millennia, the changes are
significant and correlate with the waxing, and to a
lesser extent, the waning of glacial periods (Berger
and Loutre, 1991). Short-term climate-forcing func-
tions, those operating over years to centuries, such as
change in solar output, volcanic eruptions, and oceanic
cycles (for example, ENSO), perturb the climate
system, because they affect the atmospheric heat
budget, as discussed above. Short-term climate-
forcing functions produce changes in the climatic
system while operating within a generally constant
insolation regime.

Eccentricity measures the shape of the Earth’s
orbit, which changes from a near-circle to an ellipse
(fig. 4). When the orbit is circular, the tropics receive
the same amount of heat in all months. Further, heat
input to the Northern and Southern Hemispheres is
seasonally symmetrical, that is, the Northern Hemi-
sphere receives the same amount of heat in its seasons
(for example, winter, December) as does the Southern
Hemisphere in its equivalent season (for example,
winter, June). When the orbit is elliptical, heat input to
the tropics varies seasonally, and the heat input to the
Northern and Southern Hemispheres is asymmetrical.
The change from circular to elliptical orbits eccurs
over an approximately 100,000-yr (100-ky), but

CAUSATION and NATURE OF CLIMATE AND HYDROLOGICAL CHANGE IN SOUTHERN NEVADA—THE PRESENT AND PAST

CLIMATE SYSTEM



successive cycles differ in magnitude, with four cycles
forming a 400-ky cycle (fig. 4).

Obliquity is a measure of the Earth’s tilt on its
axis (fig. 4). The tilt of the Earth’s axis changes from
about 22 to 24.5° over approximately a 44-ky cycle. A
change in the Earth’s axial tilt results in a change in
the areal extent of the polar circle and, hence, the rela-
tive amount of heat received by the polar region during
the year. Obliquity serves to increase or decrease the
polar heat deficit relative to the tropics and, in this
way, increases or decreases the strength of the Polar
cell. The obliquity effect will be expanded or
contracted as its periodicity moves in and out of phase
with eccentricity.

Precession is a measure of the wobble of the
Earth’s tilt-axis during the Earth’s orbit around the Sun
(fig. 4). Today, the Earth’s orbit is slightly elliptical,
and the Earth is at its minimum distance from the Sun
during the Northern Hemisphere winter but is tilted
away from the Sun. Necessarily, the Southern Hemi-
sphere is tilted towards the Sun when the Earth is at its
minimum distance from the Sun. Thus, the Southern
Hemisphere receives more insolation during its
summer than does the Northern Hemisphere’s
summer, and the opposite would be true for the
winters. However, because the Earth wobbles on its
axis over a 12-ky period, the seasonal minimum and
maximum distances to the Sun reverse for the
Northern and Southern Hemispheres. So a full preces-
sion cycle is 24 ky and is of major importance to the
global heat budget. Eccentricity exercises a major
influence over precession (fig. 4).

The orbital parameters eccentricity, obliquity,
and precession operate on a millennial scale and vari-
ously add or subtract to insolation. Insolation at the
Equator and in the Northern and Southern Hemi-
spheres correlates with change in the climate system,
as described in the section on modern climate. Change
in insolation shows a positive correlation with climate
change on a global scale. Climate change from glacial
to interglacial modes has occurred throughout the last
2 million years (My), with the glacial modes existing
about 80 percent of the time. During glacial climate
modes, the Polar cell was much larger and supported a
continental ice sheet in the Northern Hemisphere. The
Ferrel cell was contracted and compressed between
the Polar and Hadley cells, and probably the Hadley
cell was weaker and reduced in size, lessening its
influence over the Earth’s heat budget.

Because insolation is calculated from known
principles of celestial mechanics, future values of

insolation may be determined (fig. 4). The Earth pres-

ently falls within the eccentricity 400-ky cycle where,
during the next 100-ky subcycle, Earth orbit will
describe a relatively circular rather than elliptical
orbit. The last time that occurred was 400 ky ago and,
as shown in figure 4, insolation for the next 100 ky
will be quite similar to that between 400 and 300 ka.

Glacial climate in the Yucca Mountain region
was and will be significantly different than the present
climate. During a glacial period, the polar front would
reside in Nevada year-round and would frequently
move south of Yucca Mountain. Therefore, westerly
flow with its maritime polar air could occur
throughout the year and might dominate the summers,
whereas continental polar and arctic air incursions also
could occur throughout the year and might dominate
the winters. Modern summer circulation patterns with
flow from the south likely would not exist during
glacial periods due in part to the weakened or frag-
mented character of the Hadley cell. Glacial climates
bring a circulation mode more like that of southern
Canada into the southern Nevada region, although due
to the Sierra Nevada Mountains and probably to lower
specific humidity as a consequence of cooler oceans,
precipitation patterns would likely differ from those in
Canada.

This somewhat hypothetical discussion of
climate change correlated with change in insolation
can be shown to apply to the Yucca Mountain region
based on the results of studies of long climate records.
Such records provide information about how lakes
have changed with time and how those changes, when
dated, can be compared with insolation curves to
establish a correlation. Similarly, the well-dated Devils
Hole record of stable isotope changes within the
regional carbonate aquifer during the last 500 ky
provides a key linkage of regional climate to insola-
tion.

Long Climate Records

Devils Hole

The walls of Devils Hole, a saturated open
fracture in the regional Paleozoic-aquifer discharge
area 90 km south of Yucca Mountain, are lined
with calcite precipitated from the water. Winograd
and others (1992) took a 36-cm core from the vein
calcite, acquiring an isotopic record of climate change
extending from beyond 500 ka to about 60 ka. A chro-
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nology for the vein-calcite record comes from
numerous U/Th and U/U dates, making it the best-
dated climate record for the past 500 ky.

The stable isotopic climate signal principally
comes from §'80 values that reflect isotopic variations
in the source and temperature of precipitation falling
as snow or rain in recharge areas, especially the Spring
Mountains (Winograd and others, 1988, 1992). The
3130 values of water vapor arriving in the recharge
areas, ultimately from oceanic areas, is a function of
factors such as oceanic source area, oceanic surface-
water temperature, temperature and humidity of the air
over the ocean, windiness, and the vapor path to the
recharge area (Winograd and others, 1992; Grootes,
1993). The 8'80 values of precipitation in the recharge
area reflect factors such as air temperature and rate of
precipitation (Winograd and others, 1992; Benson and
Klieforth, 1989). Although the factors affecting the
isotopic values from the Devils Hole vein calcite are

numerous and complex, they probably vary in tandem.

The dated Devils Hole 880! record shows the
major glacial and interglacial cycles also known from
the marine 8'30 records and from 8'80 records from
ice cores (fig. 5). The marine isotopic record was dated
by fitting an integrated composite record derived from
the isotopic profiles from several cores with the orbital
insolation record and its chronology (Imbrie and
others, 1984). This composite record is called
SPECMAP, for the Spectral Mapping Project that
produced it (Imbrie and others, 1984). Low-insolation
periods in the northern hemisphere coincide with a
marine isotopic record of glaciation, whereas high

IStable isotopic compositions are typically reported in delta
() notation as the per mil deviation of the ratio of the heavy to
light isotopes (deuterium to hydrogen, 180760, 13¢/12C) in the
sample to that of a reporting standard. The relation is defined as
follows:

3 (per mil) = [(Rsampte - Rstandard)Rstandara] X 1000

A similar relation can be used with radiogenic 87Sr/86sr
values. Internationally accepted reference standards are Standard
Mean Ocean Water (SMOW) as analyzed by the International
Atomic Energy Agency (IAEA) in Vienna (VSMOW) for D/H and
180y 16O, belemnite shell carbonate from the Pee Dee Formation of
North Carolina (VPDB) as determined by IAEA for 13C/'2C, and
dissolved strontium in modern sea water for 8/Sr/36Sr. By defini-
tion, the references standards have 0 = 0 per mil. Heavy-isotope
enriched or depleted materials have positive or negative  values,
respectively.
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insolation in the northern hemisphere coincides with
interglacial intervals. The similarity in the timing for
the initiation of glaciation on the Devils Hole,
SPECMAP, and Vostok ice core data indicates a
common cause for global climate change and, thus,
climate changes in southern Nevada synchronously
with global change, at least on a relative basis.

The timing of key climate events such as the
terminations of various glacial periods differ between
Devils Hole and the SPECMAP composite record. The
Devils Hole isotopic record is independently dated;
that is, it does not depend on the assumption of insola-
tion forcing of climate change to date the record. The
Devils Hole record shows that, whereas glacials begin
according to an orbital clock, they often end much
sooner. The differences between the Devils Hole ages
and those of SPECMAP imply that millennial-scale
climate change is not a simple function of insolation
forcing. Comparison of the timing for the beginning of
glaciation in the northern and southern hemisphere
(fig. 5) shows they are the same even though an insola-
tion minimum in the northern hemisphere must be
balanced by an insolation maxima in the southern
hemisphere. Consequently, insolation per se cannot be
the sole driver of climate change from an interglacial
to a glacial period. Discussion above on modern
climate and past climate identified many Earth-based
forcing functions that play a role in climate change.
Indeed, there also are long-term Earth-based forcing
functions such as continental drift that also play a role
in the nature of climate. A discrepancy of a few thou-
sand years between actual dates and those from the
assumption of orbital timing should not be surprising
and although important for eventually understanding
the causation of major climate change are not a
problem for the issues here. In the case of the Devils
Hole record, the glacial intervals appear in step with
an orbital clock and disappear in or out of step
depending on the particular glaciation.

Owens Lake

The Owens River system (fig. 1), with its
sequence of downstream basins (Owens, China,
Searles, Panamint, and Death Valley), forms a compar-
atively simple network where the upstream lakes
must spill before the lakes lower in the chain receive
sufficient water to freshen (Smith, 1976). The
U.S. Geological Survey Global Change and Climate
History Program took three cores from the south-
central part of Owens Lake playa, Inyo County, Cali-
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fornia (fig. 1), in the spring of 1992 with a rotary,
truck-mounted coring rig (Smith, 1993). The
composite core (OL—-92) represents 80 percent of the
section and provided the lake-sediment record used in
this report. The cored record of Owens Lake spans the
past 850 ky. Because our interests are in climate of the
last insolation cycle (400 ky), the discussion below
will focus on just the past 500 ky.

Climate and Hydrologic Setting

Owens Lake (playa floor elevation = 1080 m,
area = 182 km?) lies in a graben immediately east of
the highest part of the Sierra Nevada mountains
(Mt. Whitney, 4418 m). Snowmelt from the Sierras
and, to a lesser extent the Inyo and White Mountains,
provides the major source of surface water for the
Owens River (Smith and Street-Perrot, 1983) and for
recharge (Hollett and others, 1991). Today and prob-
ably in the past, snowpack ultimately is related to the
strength and persistence of the westerlies aligned with
the polar jet stream, which serves to direct storms
laden with Pacific moisture toward the cordillera.
Today, rain comprises a secondary source of water for
the Owens River. Rain maxima occur in the Owens
drainage during April and August (Pyke, 1972).
Significant late-summer and fall storms typically orig-
inate from tropical cyclones that bring moisture to the
Great Basin from the subtropical oceans (Hansen and
others, 1981; Kay, 1982). Although the frequency and
magnitude of such storms vary, they do supply water
to a significant (~80 percent) part of the Owens Lake
drainage basin located outside the Sierra Nevada.
Inspection of precipitation data from the Owens Lake
area indicate that wet summers do not result in the
high levels of precipitation becoming flow, presum-
ably due to evapotranspiration. Such precipitation on
and east of Owens Lake could have a significant
impact on Owens limnology during past climates
however.

During the mid- to late 19th century, natural
flow from the Owens River maintained a lake that was
alkaline and about 15 m deep. Between 1872 and
1905, flow was reduced to about 25 percent of its
natural level due to irrigation in the Owens Valley
(Gale, 1914). Even so, the inflow was sufficient to
maintain a perennial, if saline, lake about 6 m deep.
The construction of the Los Angeles Aqueductin 1913
diverted the lake’s principal source of water, and the
lake soon desiccated in a climate with an evaporation
rate of about 1.65 m/yr (Smith, 1976). Locally, alka-

line springs discharge along the margin of the lake
basin. For Owens Lake to spill today, it would have to
be about 65 m deep with an area of 690 km?.

Climate Linkage to Owens Lake Chemistry and
Paleontology

The major dissolved-ion (solute) composition of
high-elevation waters from the Sierra Nevada, Inyo,
and White Mountains throughout the Owens Lake
drainage is dominated by solutes rich in calcium and
bicarbonate and contains moderate to low concentra-
tions of sulfate (SO4). The total alkalinity (largely
bicarbonate)-to-calcium (meq/L) ratio is usually less
than 2. Sodium, magnesium, and chloride (NaZ*,
Mg2+, CI') are present in low concentrations relative to
the other major ions, except in the Inyo and White
Mountain drainage area, which have higher Mg
concentrations derived from dolomite dissolution. The
total dissolved-ion concentration (TDS) of the high-
elevation waters is low, usually less than 100 mg/L.

The solute composition of valley-floor waters,
largely derived from springs, is very different from
those at high elevation. The low-elevation waters are
dominated by sodium-bicarbonate and chloride, SO,
is variable, and calcium (Ca*) and magnesium (mg?*)
are at low concentrations. The alkalinity to calcium
ratio is large, commonly much greater than 2, and the
TDS is moderate to high, often above 500 mg/L.

Given the initial alkalinity-to-calcium ratio of
the dilute high-elevation waters, their solute composi-
tion will evolve towards carbonate-depleted and
calcium-enriched waters or a solute composition low
in both ions (Eugster and Jones, 1979). The higher-
TDS waters at low elevation have exactly the opposite
relation between bicarbonate and calcium; bicarbonate
is enriched and calcium is depleted. Thus, the solute
composition of the low-elevation waters must be
derived from a process other than evaporation of the
high-elevation waters.

Solute compositions dominated by sodium,
bicarbonate, and chloride are typical products of
water-fine grained volcanic rock interactions. Spring
discharge at low elevation contains solutes dominated
by sodium, bicarbonate, and chloride, at moderate to
high TDS, and often at elevated temperatures. These
waters are derived from the interaction of basin ground
waters with reactive fine grained volcanic rocks.
Although the primary sources of water for the Owens
River apparently come from high elevation, the solute
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composition of the river at low elevation is character-
ized by spring and other ground-water discharge rather
than evaporation of the dilute high-elevation waters.

In broad terms, the fossil diatoms and ostra-
codes in the Owens Lake long core reflect the water-
chemistry spectrum found in the Owens River
drainage. The calcium-bicarbonate-rich waters are
characterized by freshwater planktic diatoms such as
Stephanodiscus, which indicate large, deep freshwater
lakes (Fritz and others, 1993), or ostracodes such as
Cytherissa lacustris, which live in dilute cold lakes
commonly found in the boreal forest (Delorme, 1970).
The sodium-bicarbonate-rich aquatic environments
also have specific, high-conductivity, shallow-water
diatoms such as Campylodiscus clypeus (Fritz and
others, 1993) and ostracode taxa such as Limnocythere
sappaensis (Forester, 1983, 1986).

The microfossil record can be translated into a
chronological progression of climate-induced hydro-
chemical environments. Microfossils of fresh,
calcium-bicarbonate-rich water indicate cool, wet
climates when the Owens River was dominated by
discharge from high-elevation watersheds, whereas
fossils of shallow, sodium-bicarbonate-rich water indi-
cate dry climates with reduced mountain flow and
greater relative importance of low-elevation spring
discharge into Owens Lake. This contrast will be
referred to herein as the Owens Lake
climate/hydrology relation.

Although this climate/water chemistry linkage
identifies relative climate states, it does not yet allow
for direct interpretation of MAP or ranges of MAP.
The linkage of water chemistry and microfossils to
values of MAP is being developed with simple models
based on present relations between MAP, water and
solute flux, and on relations of microfossils from the
last glacial cycle to MAP by means of woodrat midden
data from the basin.

Core Stratigraphy

Lithostratigraphy

The upper 225 m of core OL-92 consists
predominantly of lacustrine silt and clay interspersed
with several thin beds of sand. Some silty units contain
up to 40 percent by weight calcium carbonate that
reflects large abundance of ostracodes, calcareous
algae, and/or authigenic calcite. Much of the silt-sized
fraction represents the shells of diatoms and angular

silt-sized rock fragments derived from glacial flour.
The clay fraction varies between smectite and illite
(Menking and others, 1993). About 70 percent of the
clastic sedimentary units are massive, some clearly
because of bioturbation. Other units are thinly bedded.
Sand pods and granules (ice-rafted?), thin tephra beds,
and possible turbidity-current structures also are
present (Smith, 1993).

Chronostratigraphy

The paleomagnetic record of core OL-92-2
(Glen and others, 1993) places the Matuyama/
Brunhes magnetostratigraphic boundary (783 ka) at
311.3 m. The Bishop ash (760 ka) at 309.15 m, the
Dibekulewe ash (510 ka) at 224.15 m (Sarna-Wojcicki
and others, 1993), and radiocarbon dates in the upper
23 m of core OL-92 provide a chronologic framework
for the deposits. The base of the core is estimated to
represent the period about 850 ka. According to these
data, the composite core has a dry bulk sedimentation
rate of approximately 40 cm/ky (Bischoff, 1993). The
age model based on calculated mass-accumulation
rates is believed to be reasonably, but not perfectly
accurate. As discussed below, examination of the
diatom and ostracode paleoenvironmental strati-
graphic sequence shows a regular sequence of inter-
glacial and glacial events. The ages of those events,
based on the age model, variously agree or disagree
with the Devils Hole Chronology. We believe
disagreement of the age model with the Devils Hole
chronology simply reflects error in the Owens Lake
age model.

Owens Lake Diatom Record

Diatom Analysis

Methods

Samples for diatom analysis of about 1-cm
stratigraphic thickness were removed from the split
core with a clean spatula and stored in airtight plastic
bags. The sediments were processed for diatoms by
hot acid digestion, and the cleaned residue was settled
on coverslips and mounted in Hyrax (Bradbury, 1993).
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Paleohydrologic History of Owens Lake—
The Diatom Record

Abundant, loosely attached diatoms (species of
“Fragilaria”) along with planktic species are common
from about 500 to 400 ka. The Fragilaria-dominated
assemblages indicate that Owens Lake was shallow
and characterized variously by open water to a
through-flowing marsh during this time. Marsh envi-
ronments probably indicate climates of intermediate
moisture and a shallow basin filled by sediment.

Major episodes of freshwater diatoms occur at
470430 ka, 400-330 ka, 260-220 ka, 170-120 ka,
70-60 ka, and 5010 ka (fig. 6). In most cases, these
intervals indicating cool, wet climates are separated by
intervals rich in saline diatoms or intervals with sedi-
ments barren of diatoms, which imply shallow, alka-
line water conditions. Thus, the diatoms define the
long-term climate/hydrological behavior of the Owens
River system. The potential rapidity of climate change
is illustrated by prominent spikes of freshwater
planktic diatoms such as the one between 72 and 65 ka
that interrupts the declining trend of saline benthic
diatoms (fig. 6).

Overall, the stratigraphic continuity of fresh-
water diatoms from Owens Lake indicates a record of
a longer-lasting and more persistent fresh and over-
flowing lake system than that of a shallow, saline
system. The concentration of freshwater diatoms, in
direct contrast to the ostracodes, is generally an order
of magnitude greater than concentrations of saline
diatoms, partly reflecting poor diatom preservation in
saline systems. Therefore, rare and short-lived
episodes of high concentrations of saline planktic
diatoms, implying large and possibly deep saline
lakes, may be underrepresented in the Owens Lake
record and contrast with the paleolimnology of inter-
nally draining Great Basin lakes such as Walker Lake
(Bradbury and others, 1989).

Over the past 500 ky, Owens Lake has been
fresh (implying climates wetter than today) for about
80 percent of the time and saline (implying climates
like today) only about 20 percent of the time.
Although there is some variation, intervals of wet
climate (freshwater conditions) average about 32 ky in
length, whereas dry climates (saline conditions)
average about 13 ky.

Owens Lake Ostracode Record

Ostracode Methods

The climate interpretations derived from the
ostracodes found in the Owens Lake cores are based
on 672 samples covering the past 400 ky. About
75 percent of those core samples contained sufficient
ostracodes for environmental interpretations. Each
sample covers about a 5-cm-thick stratigraphic
interval, and a sample was taken every 20 cm in core
from the upper 200 ky and every 33 cm from material
below 200 ky. The valves were extracted from the
sediments and the adults identified and counted. The
data set discussed below is based on a total count of
145,000 valves.

Paleolimnological History of Owens Lake—
The Ostracode Record

The stratigraphic profile (fig. 7) of the ostracodes
found in the Owens Lake record shows how the lake’s
hydrochemistry has changed during the last 400 ky.
The ostracodes are arranged in the diagram according
to hydrochemical tolerances. Limnocythere sappaensis,
on the right side of the graph (fig. 7), lives in the springs
that discharge onto the lake floor today, such as those
near Keeler on the northeastern side of the lake and
at Dirty Socks Spring on the southern side of the lake.
Thus, L. sappaensis marks modern-like periods when
flow from high elevation was minimal and flow plus
solute input from low elevation was maximal. Cyther-
issa lacustris, on the left of the graph (fig. 7), represents
limnological and climatic periods least like those of
today. It implies the presence of a large, deep, season-
ally stable, cold, dilute freshwater lake dominated
by source waters from high elevations. Candona
caudata and Limnocythere c.f. L. friabilis may live
in the same environments as C.lacustris, as well
as in smaller lakes at higher TDS and temperatures
(Bradbury and others, 1989). Presence of L. c.f. L. fria-
bilis implies continued dominance by waters from high
elevation (Forester and others, 1994) but at times, when
C. lacustris is absent, with less flow. The taxa in the
center of the graph (fig. 7), such as Limnocythere
ceriotuberosa, identify periods when the lake was
supported by a mixture of high- and low-elevation
source waters (Forester, 1986). They further indicate
the existence of a seasonal lake variable in size, depth,
TDS, and temperature. The source water during these
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periods was dominated by discharge from springs and
base flow in the Owens River.

Like the diatoms, the ostracode profiles indicate
that through much of the last 400-ky cycle, climate
was wetter than today. Limnocythere sappaensis repre-
sents about 20 percent of the samples. Because L.
sappaensis lives only in very alkaline waters where
calcite is readily preserved, this should be a good esti-
mate of the duration of modern-like climate/hydrolog-
ical environments. Because L. sappaensis reflects the
driest environment in the record, 80 percent of the
samples indicate wetter climates than today, although
that estimate would include samples barren of ostra-
codes (140), and assumes that barren samples result
from ostracode calcite dissolving in dilute freshwater.

Cytherissa lacustris represents the extreme cold
and/or wet phases in the ostracode record. It occupies
about 5 percent of the samples and occurs almost
exclusively from about 170 to 130 ka and from about
60 ka sporadically to 18 ka (fig. 7). Similarly,
Candona caudata and Limnocythere c.f. L. friabilis
distributions are characteristic of the upper half of the
Owens Lake record. The absence of C. lacustris in
sediments from about 400 ka to 170 ka indicates
"warmer" glacial periods than existed during the last
two glacial periods. Thus, the ostracode climate/
hydrological record of Owens Lake indicates the four
100-ky climate subcycles are not climatically identical
to one another.

The ostracode record also shows how rapidly
climate changes in this region. Change from modern-
like Limnocythere sappaensis periods to wetter
periods typically occurred in hundreds, not thousands,
of years. Such rapid changes from warm/dry to
cold/wet climates indicate a southerly shift in the
average position and strengthening of the west-
erly/polar front associated with the polar jet stream.

Correlation of Owens Lake Paleolimnology
and Oxygen Isotope Records

The Owens Lake chronology is based entirely
on a sediment accumulation rate age model (Bischoff
and others, 1993). The age of a particular sample, as
derived from the age model, could be older or younger
than the actual age of the sample. Because the rate of
sediment accumulation may be expected to change in
a lake basin, the calculated versus real ages may
converge at some depths and diverge at others.
However, the derived, extrapolated chronology

appears to explain the major paleolimnologic fluctua-
tions of the Owens Lake record in a manner generally
consistent with well-dated changes in the Devils Hole
record. When the climate proxy record (discussed
below) is examined in stratigraphic order, one finds
long intervals that can be attributed to glacial periods
and shorter intervals that can be attributed to intergla-
cial periods. When the age estimates from the Owens
Lake age model for the glacial and interglacial periods
are compared to the Devils Hole chronology, the
agreement varies in the timing of those events from
good to poor. Both records, however, appear to have
the same sequence of glacial and interglacial events.
Consequently, just as the undated marine record was
tuned to an orbital time scale, the Owens record could
be tuned to the Devils Hole or SPECMAP records.

A good correlation exists, after considering the
above paragraph, between the diatom and ostracode
Owens Lake climate/hydrological records,
SPECMAP, and the Devils Hole record of global
climate change known as Oxygen Isotope Stages
(OIS) (figs. 8 and 9). The diatom record (fig. 8), indi-
cating large freshwater lakes, shows prominent inter-
vals at 470—430 ka (OIS 12), 400-310 ka (OIS 10),
250220 ka (OIS 8 falls between 280 and 250 ka),
170-1102 ka (OIS 6), 72—65 ka (OIS 4), and generally
after 50 ka (OIS 3+2) until the Holocene (<10 ka, OIS
1). The discrepancy between the diatom record and
OIS 8 probably indicates a problem with the Owens
Lake age model.

The ostracode record (fig. 9) shows a pattern
similar to that of the diatoms, but owing to the
preservational differences, the ostracode record offers
a better indication of the interglacial periods and tran-
sitions to glacial periods than of the glacial intervals.
The ostracode record from 400 ka shows a transition
into OIS 10; then a barren interval; followed by saline
conditions from about 350 to 320 ka (OIS 9); then a
mix of fresh, intermediate, and saline waters, 300 to
220 ka (OIS 8); then saline conditions from 200 to
180 ka (OIS 7); saline from about 115 to 95 ka (middle
of OIS 5); then saline again from 85 to 70 ka (end of
OIS 5); saline again from 60 to 50 ka (part of OIS 3);
and, finally, saline conditions from 10 to 0 ka (OIS 1).
The ostracodes also identify prominent wet periods
from 170 to 140 ka (OIS 6) and sporadically from
about 55 to 40 ka (part of OIS 3) and from about 25 to
18 ka (OIS 2).

Significantly for this project, the ostracode data
imply that the first two glacial periods in the past
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400-ky cycle were not as cold as were the last two
glacial periods in that cycle. Cold air-temperatures
greatly reduce evaporation and, hence, raise effective
moisture even when MAP is low. Applying the
assumption that the future climate might be more like
the climate from an earlier rather than the last two
glacial periods would mean less effective moisture
because, although higher MAP would be needed to fill
Owens Lake than during cold periods, evaporation
throughout the region would remain high. The hypoth-

esis, that the future will be milder than the past,
requires verification.

Some correlations of the ostracode
climate/hydrological record with SPECMAP are better
than others. For example, OIS 8 shows a poor corre-
spondence that probably indicates an age-assignment
problem. Similarly, OIS 5 begins with microfossils,
such as Candona caudata, indicative of cool, wet
conditions, and not until 115 ka do the ostracodes shift
to indicators of warm and, perhaps, wet climates.

PLANKTIC FRESHWATER SPECMAP DEVILS HOLE
DIATOMS
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Oxygen Isotope Stage 5 is a long and complex inter-
glacial interval, and the climate/hydrological record
from Owens Lake may reflect this complexity. The
good correspondence, however, between the Owens
Lake record to OIS 10, 6, and 2 implies reasonable age
estimates during those intervals. The correlation of the
Owens Lake climate/hydrology record to either
SPECMAP or to Devils Hole is not perfect, just like
the correlation between SPECMAP and Devils Hole
records. Nonetheless, the Owens Lake record clearly
shows the general progression of glacial and intergla-
cial periods known from the SPECMAP and Devils
Hole records and clearly illustrates substantial climate
change in the region, as well as the persistence through
the past of climates that were wetter than modern.

Other Data Sets

A number of other data sets also were collected
from for parts of the Owens Lake cores. These data
sets include pollen, carbonate mineralogy, paleomag-
netic susceptibility, and sediment mineralogy. Micro-
fossil records also exist from other lakes in the region.
The sedimentological data sets from Owens Lake
support the climate/hydrological interpretations from
the microfossils. Data sets from other lakes in the
region add a spatial aspect to the Owens Lake records
that allows the climate interpretations from Owens
Lake to be tested against other records from the same
period of time.

Concluslons

1. The Owens Lake record is coupled to climate
through the relative quantities of water and
solutes delivered to the lake during different
climate modes. The microfossil record from
Owens Lake serves as a proxy for the
climate/hydrological couplet and shows that,
during the past 400 ky, climate was wetter than
modern about 80 percent of the time.

2. The wet periods coincide with the long, complex
glacial climates. Most of those glacial climate
periods correlate with the SPECMAP and Devils
Hole records of global climate change and
thereby indicate that future climate change may
occur on a schedule that is related to the changes
in the Earth’s astronomically based insolation
cycle.

3. The Owens Lake record indicates that climate
during the various glacial periods was not

uniform and further indicates that during the past
400 ky, glacial periods occurred during OIS 6
and OIS 2. Presuming this relation can be veri-
fied for all proxies and by showing climate is
recorded in the same way throughout the 400-ky
cycle, then assuming climate is cyclic, and the
cycle is starting over, the next glacial interval will
probably have a climate that is milder but prob-
ably wetter than the last two.

4. The timing for the transition toward the next glacial
period will be roughly equivalent to the timing of
the transition from OIS 11 to OIS 10 plus 400 ky.
That indicates we are near transition now.

Lakes, Playas, and Marshes

Introduction

The present southern Nevada climate exhibits an
enormous precipitation deficit. Effective moisture
(MAP minus mean annual evapotranspiration) from
one estimate has a deficit of more than 1,000 mm
(Winter and Woo, 1990). As a consequence, marshes
and wetlands common to northern Nevada valleys are
rare in southern Nevada. The Pahranagat marshes are
the nearest wetlands to Yucca Mountain. Most surface
water in the Yucca Mountain region is either runoff or
spring discharge.

During the last and earlier glacial cycles, higher
effective moisture supported higher water tables and
increased runoff in most southern Nevadan valleys.
Quade and others (1995) identified the deposits from
these former wetlands and interpreted the environ-
ments associated with them. A variety of fossils,
including mammals<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>