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Continuous 500,000-Year Climate Record from
Vein Calcite in Devils Hole, Nevada

Isaac J. Winograd, Tyler B. Coplen, Jurate M. Landwehr,
Alan C. Riggs, Kenneth R. Ludwig, Barney J. Szabo,

Peter T. Kolesar, Kinga M. Revesz

Oxygen-18 (5'80) variations in a 36-centimeter-long core (DH-11) of vein calcite from Devils
Hole, Nevada, yield an uninterrupted 500,000-year paleotemperature record that closely mim-
ics all major features in the Vostok (Antarctica) paleotemperature and marine 380 ice-volume
records. The chronology for this continental record is based on 21 replicated mass-spectro-
metric uranium-series dates. Between the middle and latest Pleistocene, the duration of the last
four glacial cycles recorded in the calcite increased from 80,000 to 130,000 years; this variation
suggests that major climate changes were aperiodic. The timing of specific climatic events
indicates that orbitally controlled variations in solar insolation were not a major factor in trig-
gering deglaciations. Interglacial climates lasted about 20,000 years. Collectively, these ob-
servations are inconsistent with the Milankovitch hypothesis for the origin of the Pleistocene
glacial cycles but they are consistent with the thesis that these cycles originated from internal
nonlinear feedbacks within the atmosphere—ice sheet-ocean system.

Since Louis Agassiz’s startling claim 155
years ago that a polar ice sheet once cov-
ered much of Europe (1), the study of the
timing, extent of, and causation for the
Pleistocene ice sheets, as well as the predic-
tion of future ice ages, has remained among
the most basic, yet speculative, fields of
earth science. In the past two decades,
there has been a major interdisciplinary
effort to tackle the ice-age puzzle anew, an
effort driven in great part by the availability
of new information and analytical methods
(1). The paleontology and isotopic compo-
sition of hundreds of deep-sea sediment
cores have been analyzed in order to recon-
struct the secular variation of climate dur-
ing the Pleistocene; ice-age climates have
been simulated with the use of process-
driven general circulation models; the CO,
content of the atmosphere during the past
160,000 years has been documented by
analysis of an ice core from Antarctica; and
a once rejected theory for the onset of ice
ages—the Milankovitch hypothesis—was
revived (1-3). We now appreciate that
numerous interrelated conditions on land
and in the oceans and atmosphere and the
attendant feedbacks among them were in-
volved in the recurrence of ice ages during
the Pleistocene. Factors identified as poten-
tially relevant include changes in: magni-
tude and distribution of ocean currents;
ocean productivity; sea-surface tempera-
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tures; the location of the atmospheric polar
and subtropical jet streams; latitudinal gra-
dients in atmospheric temperature and
wind; cloud cover; atmospheric concentra-
tions of dust, CO,, CH,, and water vapor;
and orbitally controlled variations in solar
insolation (1-3). In addition, subsidence
and rebound of the earth’s crust in response
to ice-sheet loading; the extent and thick-
ness of the continental ice sheets and of sea
ice; and the increase in coastal plain areas
attendant to sea-level lowering could also
have an effect. A solution to the ice-age
puzzle will require deciphering which of the
above factors, or more likely groups of
factors, comprise the principal processes
driving the waxing and waning of the
Northern Hemisphere ice sheets.

One of several major obstacles to solving
the ice-age riddle has been the absence of
radiometrically well-dated paleoclimate
records spanning several glacial cycles. In
this article, we present such a record de-
rived from vein calcite that precipitated
from ground water in the Great Basin. This
record enables us to determine accurately
the timing and duration of the major cli-
mate shifts of the mid-to-late Pleistocene
and, in turn, to comment on the validity of
two theoretical approaches to the ice-age
problem—the Milankovitch hypothesis (1)
and nonlinear dynamical simulations of
Pleistocene climates (3).

Devils Hole and Its-CIimate Record

Devils Hole is an open fault zone adjacent

to a major ground-water discharge area
(Ash Meadows) in south-central Nevada; it
is located approximately 115 km west-
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northwest of Las Vegas, Nevada (Fig. 1).
To depths in excess of 130 m below the
water table (which is 15 m below land
surface), this open fissure is lined with a
thick (>0.3 m) layer of dense mammillary
vein calcite that precipitated continuously
from calcite-supersaturated ground water
over the past 500,000 years (4). A 36-cm
long core (DH-11) of vein calcite was
recovered from about 30 m below the water
table by SCUBA divers and a submersible
air-powered coring machine designed for
operation in the tight (0.5 to 2 m) confines
of the steeply (>70°) dipping fault zone
that forms Devils Hole. Like vein calcite
sample DH-2, which yielded our initial
250,000-year record (5), DH-11 is pure
calcite and contains no apparent deposi-
tional hiatuses nor any evidence of calcite
recrystallization, as determined by detailed
thin-section petrography (6). Further evi-
dence that DH-11 behaved as a geochemi-
cally closed system during the past half-
million years is presented in (7).

We milled 285 samples at a sampling
interval of 1.26 mm along the length of
core DH-11 and analyzed each for 880 and
carbon-13 (3'3C). The 380 data were
plotted against their distance from the free
face of the core and the resulting curve was
used to select 14 climatically interesting
locations for alpha-spectrometric uranium-
series dating, and, subsequently, 21 inter-
vals for mass-spectrometric (MS) uranium-
series dating (7). Using the more precise
MS ages, we interpolated the age of each of
the 285 samples analyzed for $'80 (Fig. 2).
The sampling interval (1.26 mm) repre-
sents an average time interval of about 1800
years.

The Devils Hole $!80-time curve (Fig.
2) clearly displays the sawtooth pattern
characteristic of marine $'80 records that
have been interpreted to be the result of the
waxing and sudden waning of Northern
Hemisphere ice sheets during the Pleis-
tocene (8). But what caused the 880
variations in DH-11 shown on Fig. 2?7 As
discussed in (5), the 380 variations in
DH-11 calcite most likely principally reflect
isotopic variations in atmospheric precipi-
tation falling on ground-water recharge ar-
eas tributary to Devils Hole, specifically the
Spring Mountains, Pahranagat Valley (and
tributary areas) and possibly the Sheep
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Range (Fig. 1). That is, 8'80 values are
conserved during movement through this
relatively low-temperature (10° to 35°C)
regional ground-water flow system (5, 9).
The isotopic variations in atmospheric pre-
cipitation are—to a first approximation (5,
10)—believed to reflect changes in average
winter-spring land surface temperature, the
season during which recharge is most likely
to have occurred in the southern Great
Basin; the highest 880 values on Fig. 2
reflect warm temperatures and the low val-
ues reflect a cold climate (10); each data
point on Fig. 2 represents a ~2000-year
average.

The DH-11 record provides minimum
ages of climatic events. This is because the
U-series techniques date the time when the
calcite precipitated out of a parcel of water
in Devils Hole, not when that parcel (with
its 8'80 signature) fell as precipitation in
the recharge areas 80 to >160 km to the
east and northeast. These respective events
are offset by the time required for the water
to traverse the flow system. Thus, the true
age of any point on the 3'80 curve (Fig. 2)
is equal to the measured age given on the
abscissa plus the ground-water transit time
through the aquifer. Just how long is the
transit time? In our earlier report (5), we
cited reconnaissance *C values that sug-
gested that ground water currently discharg-
ing at the Ash Meadows oasis adjacent to
Devils Hole had been underground about
10,000 to 30,000 years; recent work sug-
gests that the *C age is 15,000 to 20,000
years (I1). Five other lines of evidence
(12), however, argue for considerably
shorter travel times, less than 10,000 years,
and perhaps on the order of several thou-
sands of years.

Comparison with Other Records

To see to what degree our Great Basin
paleotemperature record reflects major mid-
to-late Pleistocene climatic shifts, we com-
pare it with two other continuous and
well-established stable isotope records,
SPECMAP, the marine 8'®0 standard
(13), and the Vostok, Antarctica (14), ice
core deuterium (3D) record (Fig. 3). We
use the 8D variations for Vostok because
they are considered a somewhat better in-
dicator of temperature changes than 3'80
values (14); however, a normalized plot of
Vostok 880 values would, for our purpos-
es, be indistinguishable from the 8D curve
shown. The overall similarity of the three
records is striking, especially considering
that they were obtained from different ma-
terials and were dated by different means.
SPECMAP is interpreted as a record of
Northern Hemisphere ice volume (13) de-
duced from 8'®0 values of planktonic fora-
minifera. It is indirectly dated by “tuning”;
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that is, dates initially assigned by interpo-
lation between three radiometric control
points were shifted iteratively to obtain a
new chronology that best corresponded to
the earth’s orbital oscillations (13). The
Vostok record (14) reflects mean annual air
temperature as recorded in glacial ice in
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Antarctica at 78°S and an altitude of 3488
m; it is indirectly dated with an ice-sheet
flow model (14) and assumptions regarding
snow accumulation and thinning rates. The
DH-11 record reflects mean winter-spring
air temperature (5) in the southern Great
Basin, as recorded by 8'80 values of directly
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Fig. 1. Index map of southcentral Great Basin. Major mountains are shaded: heavy shading denotes
altitudes of 2400 to 3600 m; light shading denotes altitudes of 1800 to 2400 m, ridges <1800 m are
designated by name only. Dashed and dotted line, approximate boundary of Ash Meadows
ground-water basin (33); dotted line, alternative eastern boundary (77). Arrows denote general
direction of ground-water flow as inferred from potentiometric map (33). Dashed lines bound major

trough in potentiometric surface.

Fig. 2. Variations in §'80 16
values along 36-cm-long
core DH-11. Each dot
represents a calcite sam-
ple analyzed for §'80 val-
ues; ages were assigned
to the 880 data by inter-
polating between 21 MS
uranium-series-dated in-
tervals (7). Distribution of
the MS ages along the
core is shown by vertical
lines below upper mar-
gin; error bars (20)
shown by horizontal 13
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dated vein calcite of ground-water origin

All three records (Fig. 3) display rela-
tively rapid shifts from full-glacial to inter-
glacial climates followed by a gradual return
to full glacial conditions. The approximate
midpoints of the transitions from full glacial
to peak interglacial climates have been
called “terminations” (8) (Fig. 3). The
DH-11 record, which begins about 566 ka
(thousand years ago) and ends at 60 ka,
spans three full glacial cycles and the first
half of the most recent cycle. In contrast to
the youngest 460,000 years of record, the
oldest 100,000 years of the DH-11 and
SPECMAP records show minimal variation
in 880 values (Fig. 3); there is little
justification, from curve geometry, for a
termination in this oldest interval, and
none is shown.

In spite of the strong similarity between
these paleoclimate records, there are signif-
icant differences among them with respect
to curve configuration. For example, during
the period between about 240 and 190 ka
(marine isotope stage 7) successive peaks in
the SPECMAP record increase in height
with decreasing age (see slope of dashed
line connecting peaks on the SPECMAP
curve, Fig. 3). This change indicates that
conditions warmed rather than cooled; in
the DH-11 record, in contrast, the peaks
decrease in height with decreasing age (see
slope of dashed line on DH-11 curve) as
expected during a buildup to full glacial
climates. A second difference is in the
robustness of termination III. In the SPEC-

MAP record, this termination is subdued
and amounts to a shift of only two standard
deviations in 8'80 values, which is about
half that of terminations I, II, IV, or V. In
the DH-11 record, in contrast, termination
I is bold, and 8'80 values shift by more
than three standard deviations. A third
difference is that the DH-11 record suggests
that interglacial climates became slightly
warmer from 410 to 120 ka (see dashed-
dotted sloping lines in Fig. 3); such warm-
ing is barely discernible in the SPECMAP
380 curve.

Sarnthein and Tiedemann (15) present-
ed high-resolution planktonic and benthic
880 records from Ocean Drilling Program
Site 658, off the northwest coast of Africa.
The average sedimentation rate at this site
is more than four times that of the five cores
used to construct the SPECMAP curve
(13). In the records from site 658, the peaks
in marine isotope stage 7 decrease in height
with decreasing age, and termination III is
clearly developed. The composite marine
chronology of Williams et al. (16) also
shows these two prominent features, which
are shown in both the DH-11 and site 658
records but are missing from the SPECMAP
record. The contrasts with the SPECMAP
record cited above are not mentioned in
order to question its established position as
a norm for numerous marine records but
rather to show that some major features of
the DH-11 record not present in the SPEC-
MAP record are definitively present in oth-
er equally detailed marine $'80 records.

The overall similarity of the DH-11
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Fig. 3. Comparison of marine SPECMAP (35) and DH-11 8'80 records, Antarctica ice sheet 8D
record from Vostok (74), and June 60°N insolation (22) for the middle-to-late Pleistocene. All
records have been normalized to standard deviation units for the length of record shown. Time
scales are as given in sources cited. Solid vertical lines represent terminations (that is, approximate
midpoints of deglaciations) in the DH-11 and Vostok curves; dashed vertical lines are terminations
in the SPECMAP record (16). Roman numerals designate terminations, following Broecker and Van
Donk (8). Numbers beneath upper margin (A79, A85, and so forth) represent the time between
terminations in the DH-11 and Vostok records. Short dashed and dashed-dotted sloping lines are
described in the text. Ages of terminations (and other features of interest) shown by DH-11 curve are
minimum values because of the ground-water residence time in the Ash Meadows basin (see text).
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record to the SPECMAP record, to other
equally detailed marine $'30 records (15,
16) and to the Vostok record, is the basis
for our conclusion that the climate record
from DH-11 closely reflects global climate
changes (17). This is not to say that the
climate changes in these records are neces-
sarily synchronous or that (in the case of
Vostok and DH-11 records) they record
equivalent temperature changes. By “glob-
al” we mean that major features of the
DH-11 (or Vostok) record appear to closely
mimic the major features in the marine
record, which has generally been accepted
as representing global climate change. Al-
though local and regional meteorological
factors are undoubtedly present in the Vos-
tok and DH-11 records, they have not
interfered with a definitive expression of
the full glacial, interglacial, stadial, and
interstadial climates seen in the marine
record during the period 570 to 60 ka.

Timing of Terminations

There are significant differences in the tim-
ing of the terminations among the DH-11,
Vostok, and SPECMAP records (Fig. 3).
These differences bear directly on the Mi-
lankovitch hypothesis, which attributes
Pleistocene climatic cycles to orbitally con-
trolled variations in solar insolation (I).
Termination II occurs at 140 + 3 (20) kain
the DH-11 record, at 140 * 15 ka in the
Vostok record (14), and at 128 = 3 ka in
the SPECMAP record (13). (The uncer-
tainty in the DH-11 record is in the 2o
uncertainties on the MS uranium-series
dates; other dates and uncertainties are
from the sources cited.) Termination III
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Fig. 4. Superposition of DH-11, Vostok, and
SPECMAP curves for the period 160 to 60 ka
and comparison with June 60°N insolation and
sea-level high stands. Normalization done with
reference to interval 160 to 60 ka. Sources of
curves are as in Fig. 3. Shading represents time
of sea-level high stands (at or above modern
levels) determined by MS uranium-series—dated
coral reef terraces on Huon Peninsula, Indone-
sia (19), and Bahamas (20).
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(Fig. 3) occurred at about 253 = 3 (20) ka
in the DH-11 record and at about 244 + 3
ka in the SPECMAP record. These differ-
ences between the timing of terminations II
and III in the DH-11 and SPECMAP rec-
ords are minimum values because the
ground-water travel time to Devils Hole
(see above) would increase the differences
by at least several thousand years. Because
of the larger uncertainty of the DH-11 dates
in the vicinity of terminations IV and V
(Figs. 2 and 3), the timing of these two
terminations in the DH-11 and in SPEC-
MAP records are not significantly different.

The timing of deglaciations has been
widely attributed (I, 2, 18) to the influ-
ence of major peaks in high-latitude sum-
mer insolation in the Northern Hemi-
sphere; specifically, the exceptional peaks
at 128 = 1 and 220 = 1 ka (Fig. 3).
However, the DH-11 record does not sup-
port this interpretation (Fig. 3). The
warming associated with terminations II
and III in the DH-11 record, and II in the
Vostok record, began well before the start
of above average insolation. For example,
the warming preceding termination II be-
gan in the DH-11 record around 150 ka at
a time of falling insolation; when insola-
tion rose to its average value, at about 135
+ 1 ka, the 3'80 value in ground water
depositing calcite at Devils Hole was near-
ly at its peak value (Fig. 4). In the vicinity
of termination III, the temperature rise
recorded in DH-11 calcite began, and was
two-thirds complete during a period of
near average insolation (270 to 248 ka).
Furthermore, if we take ground-water res-
idence times into account, the amount
that DH-11 terminations precede the cit-
ed maxima in June 60°N insolation is at
least several thousand years greater than
shown. In contrast, the deglaciation in
the SPECMAP record, near the time of
termination II, slightly lags the insolation
curve, as would be expected if insolation
triggered the 8'80 changes seen in this
record (Fig. 3).

Sea-level variations, which are indepen-
dently measured, are consistent with the
DH-11 chronology (Fig. 4). Sea level had
already attained modern (or higher) levels
by about 135 ka at the Huon Peninsula,
Indonesia (19), and by 132 = 1 (20) in the
Bahamas (20), which was 4000 to 7000
years before insolation peaked at 128 = 1
ka. In contrast, Holocene sea level began
its rise toward modern levels around 19 ka
(21) but did not approach modern levels
until 6 ka, or more than 5000 years after the
most recent insolation maximum at 11 ka
(21). If the time required for sea-level rise
during termination II was approximately
similar to the time (~13,000 years) re-
quired during termination I, then the initi-
ation of the sea-level rise that led to the
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high stands at 132 to 135 ka would have
begun around 145 to 150 ka at a time of
decreasing insolation (Figs. 3 and 4). This
timing is in agreement with the DH-11
record, which shows initiation of warming
at around 150 ka. Thus, the DH-11 §80
record, and the MS dated sea-level high
stands at Huon Peninsula and in the Baha-
mas support our contention that the major
insolation maximum at 128 * 1 ka did not
trigger termination II. Additionally, the
SPECMAP record indicates that full glacial
conditions occurred at a time (132 to 135
ka) when sea level was apparently at (or
above) modern levels (Fig. 4) and when the
DH-11 record indicates that there was an
interglacial climate. Thus, the SPECMAP
chronology is inconsistent with these rec-
ords and may not simply lag the DH-11 and
Vostok records by 10,000 years (17).

In contrast, for Termination IV, both
the DH-11 and SPECMAP records are con-
sistent and coincide with a major buildup in
insolation (Fig. 3); however, the uncertain-
ty in the ages for DH-11 at this time (Fig.
2) is relatively large.

Termination V (Fig. 3) occurred at a
time [417 £ 12 (20) ka for DH-11 and 423
+ 3 ka for SPECMAP] of only nominal
variation in insolation. Berger (22) has
shown that for all latitudes and months in
both hemispheres insolation variations
were greatly subdued during the period 450
to 350 ka because of the combined effects of
near zero eccentricity and minor variation
in the precessional parameter (22).

In summary, three of the four termina-
tions recorded by the DH-11 record either
preceded (II and III) or are not associated
with (V) major insolation peaks; uncertain-
ty in our dates precludes relating termina-
tion IV to insolation. We thus conclude
that variations in Northern Hemisphere
solar insolation did not directly force degla-
ciations. Insolation may not even be a
decipherable nonlinear factor leading to
deglaciation, as suggested by the occurrence
of a prominent termination (V) (and sub-
sequent buildup to full-glacial climates) in
both the DH-11 and SPECMAP records at
a time of minimum insolation variations at
all latitudes and months in both hemi-
spheres (23).

Obliquity and precession periodicities
are evident in the DH-11 record (24). Such
periodicities suggest that although solar in-
solation may not be the primary determi-
nant of the onset of glacial-interglacial
shifts, astronomical geometry could still be
one of several factors contributing to Pleis-
tocene paleoclimate changes. Yet, such
40,000- and 20,000-year cycles have been
widely reported to occur in geologic records
that predate the onset of Northern Hemi-
sphere glaciation by millions to more than
100 million years (25).
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Duration of Interglacial Climates

There are major differences in the duration
of peak interglacial climates between the
DH-11 and Vostok record, on the one
hand, and the SPECMAP record, on the
other. Lorius et al. (I4) noted that the
duration of marine isotope substage 5e—the
interglacial maximum following termina-
tion II, called the Sangamon in the United
States and the Eemian in Europe (26)—is
approximately 24,000 years in the Vostok
record and 11,000 years in the SPECMAP
record. Lambeck and Nakada (27) applied
glaciohydroisostatic models to global sea-
level data and concluded that isotope sub-
stage Se lasted at least 15,000 years. In
contrast, this substage has been widely con-
sidered to have lasted 11,000 years, or
one-half of a precessional cycle (28). To
analyze these differing opinions, we define
this interglacial as the time interval during
which the 880 value (or 3D) resided in the
upper one-third of its deglaciation ampli-
tude (for example, for substage 5Se, the time
during which 3'80 on Fig. 2. equaled or
exceeded 15.0 per mil). For this arbitrary
definition of interglacial, the duration of
the Sangamon is found to have been
18,000, 18,000, and 14,000 years in the
DH-11, Vostok, and SPECMAP records,
respectively; and, the three interglacial sub-
stages following terminations III to V would
have lasted, respectively, 21,000, 18,000,
and 20,000 years in the DH-11 record and
8,000, 30,000 and 30,000 years in the
SPECMAP record. An alternate method of
estimating the duration of the interglacial
climates—using the difference in age of the
midpoints of the ascending and descending
limbs of the 80 curves—yields similar
results. The finding that interglacial cli-
mates apparently lasted about 20,000 years
may be of practical importance (29).

The 100,000-Year Cycle
and Implications

Much has been written about the origin of
the dominant 100,000-year cycle present in
mid-to-late Pleistocene isotopic records, a
cycle not predicted by the Milankovitch
hypothesis (I, 2). Some workers have at-
tributed its origin to a nonlinear response to
external, that is to orbital insolation forcing
(13), while others have proposed that it
results from free oscillations driven by in-
ternal feedbacks in a complex nonlinear
atmosphere—ocean—ice sheet system (I3,
30). Still other models invoke both internal
and external forcing to explain the
100,000-year cycles (13, 30).

As shown in Fig. 3 the duration of
glacial cycles, based on the DH-11 record,
increased from 79,000 years between termi-
nations V and IV to 128,000 years between



II and I (31). The SPECMARP record also
shows an increase in the duration of these
cycles between terminations V and II (Fig.
3), as does the independently dated marine
3180 chronology of Williams et al. (16);
however, this increase ends in these marine
records between terminations II and I. The
DH-11 data, and to a lesser extent the
marine records, thus suggest that middle-to-
late Pleistocene climate did not arise from a
strictly stationary process, a finding previ-
ously noted for the marine record (32).
Additionally these low-frequency cycles of
increasing duration in the DH-11 record are
apparently superimposed on a much longer-
lived transient warming (see sloping
dashed-dotted line on Fig. 3).

In all three time series (Fig. 3), the
trough centered at 65 ka (marine isotope
stage 4) indicates that the climate then was
just as cold (and presumably ice volume as
large) as during the glacial maxima imme-
diately preceding some of the terminations.
The prominent trough at 222 ka in the
DH-11 record (Figs. 2 and 3) is another
example. These troughs suggest that cli-
mates of full glacial severity also occurred at
times other than immediately before termi-
nations. Such events of full glacial magni-
tude, plus our observations regarding the
increasing length of the so-called 100,000
year cycles, and the timing of terminations,
support the contention of nonlinear dy-
namicists that Pleistocene climate phenom-
ena are aperiodic and therefore that their
timing is probably unpredictable (32).

In summary, the DH-11 8'80 paleocli-
mate record—anchored by 21 MS uranium
series dates—is inconsistent with the Mi-
lankovitch hypothesis that orbitally con-
trolled variations in solar insolation play a
direct role in Pleistocene climate change.
The hypothesis fails to predict the timing of
deglaciations during the period 500 to 100
ka. During the middle-to-late Pleistocene
the increase in the duration of glacial cycles
from about 80,000 to 130,000 years suggests
that climate shifts were aperiodic. Intergla-
cial climates lasted on the order of 20,000
years.
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