Reports

A 250,000-Year Climatic Record from Great Basin
Vein Calcite: Implications for Milankovitch Theory

IsaAc J. WINOGRAD, BARNEY J. SzaBO, TYLER B. COPLEN,

A1aN C. RiGgas

A continuous record of oxygen-18 (8'®0) variations in the continental hydrosphere
during the middle-to-late Pleistocene has been obtained from a uranium-series dated
calcitic vein in the southern Great Basin. The vein was deposited from ground water
that moved through Devils Hole—an open fault zone at Ash Meadows, Nevada—
between 50 and 310 ka (thousand years ago). The configuration of the §'%0 versus
time curve closely resembles the marine and Antarctic ice core (Vostok) §'%0 curves;
however, the U-Th dates indicate that the last interglacial stage (marine oxygen isotope
stage 5) began before 147 + 3 ka, at least 17,000 years earlier than indicated by the
marine 8'®0 record and 7,000 years earlier than indicated by the less well dated
Antarctic 8'®0 record. This discrepancy and other differences in the timing of key
climatic events suggest that the indirectly dated marine §'*0 chronology may need
revision and that orbital forcing may not be the principal cause of the Pleistocene ice

ages.

E HAVE OBTAINED A DETAILED
and well-dated record of 3'%0
fluctuations in Great Basin

ground waters for the period 50 to 310 ka
(thousand years ago) from a calcite vein
from Ash Meadows, Nevada. In this report,
we describe this record, compare it with
marine and Antarctic ice core 3'%0 time
series and with several continental proxy
records, and discuss the implications of the
data for the Milankovitch hypothesis of
Pleistocene climatic change.

The Ash Meadows oasis is the principal
discharge area of the Ash Meadows ground-
water basin (Fig. 1). This ~12,000 km?
basin is underlain by a thick section (~100
to >1000 m) of fractured Paleozoic carbon-
ate rocks (1-5). Ground water moves
through these rocks along calcite-coated
fractures that are open to depths of at least
450 m below the top of this aquifer and at
least 1300 m below land surface (7). The
Spring Mountains and Sheep Range (Fig.
1) are the principal modern recharge areas.
Water temperature, water chemistry, and
spring discharge at Ash Meadows have not
varied significantly during the last 50 years
(4), although water discharge was clearly
greater during the late Pliocene to middle
Pleistocene than it is today (6).

The calcite vein sample that we analyzed
(DH 2) was collected from ~21 m below
water table in Devils Hole (Fig. 1), a 1- to
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5-m-wide open fault zone near the center of
the modern spring lineament at Ash Mead-
ows. Devils Hole extends to more than 100
m below water table (7), which is about 15
m below land surface.
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We dated growth layers in DH 2 with
both the 2Th-4U and 2**U-**U methods
(Table 1 and Fig. 2). We were able to use
the 2°Th-2*U method to date the vein
calcite because dissolved Th was essentially
absent (<0.01 ppb) in Devils Hole ground
water. To obtain 2*U-28U dates, we back
calculated the initial 2*U/?®U ratio in the
ground waters from which the calcite was
precipitated usin§ the 2°Th-24U dates (Ta-
ble 1) and the 2#U/?*8U ratios measured in
the vein calcite. The back-calculated initial
ratios (Table 1, column 8) for individual
laminae of DH 2 range between 2.53 and
285 (Table 1); the average value
[2.70 = 0.07 (lo)] agrees closely with
BAUSBY ratios measured (8) in waters
from the seven largest artesian springs at
Ash Meadows [2.76 = 0.09 (10)]. That this
ratio has remained almost constant for near-
ly 300,000 years is consistent with the large
size of the drainage basin and the known
homogenization of local differences in mod-
ern water chemistry during flow of ground
water to the Ash Meadows oasis (1, 4).
Because of the small variation in the calculat-
ed initial ratios during the past 300,000
years and the similarity of these ratios with
those in modern sgring waters, we believe
that the calculated 2*U-28U ages are valid.
That DH 2 has always behaved as a geo-
chemically closed system is indicated by (i)
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Fig. 1. Index map of
southcentral Great Ba-
sin. Major mountains are
shaded: heavy shading
denotes  altitudes of
2400 to 3600 m; light
shading denotes alti-
tudes of 1800 to 2400
m; ridges <1800 m are
designated by name
only. Dashed and dotted
line, boundary of Ash
Meadows ground-water
basin (1). Arrows denote
general  direction of
ground-water flow in
aquifer as inferred from
potentiometric maps (1).
Dashed line is a major
trough in potentiometric
surface of carbonate
aquifer.
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the absence of recrystallization (8) or depo-
sitional hiatuses in the pure calcite (less than
0.5% insoluble residues); (ii) the consisten-
cy of the 13 paired **Th and #*U dates,
which, with only two exceptions, are in
agreement with the stratigraphic order de-
termined from field relations; and (iii) con-
cordance of the *Th and »*U ages, which
are within one standard deviation of mea-
surement error for 11 of the 13 laminae.
We used a weighted least-squares regres-
sion to derive a linear age versus distance
relation for each clock (Fig. 2), and in each
case better than 97% of the variance was
explained by the relation. From the slope of
the regression relation the average growth
rates were 0.54 X 107> mm/year for the
2Th clock and 0.56 x 10™* mm/year for
the 2*U clock. The extrapolated °Th age
at the exposed (outer) face of DH 2 is 51

+ 2.8 ka, and the age at 140 mm, the full
thickness of the sample, is 308 + 10.2 ka;
thus DH 2 provides a record spanning
about 257,000 years. The 2*U age regres-
sion (Fig. 2) yields an age of 58 * 6.0 ka at
the free face and 310 + 8.6 ka at full thick-
ness, a ~252,000-year growth period. Be-
cause we compare our record with 2°Th-
24U dated marine and continental records,
we principally discuss the »°Th ages hereaf-
ter.

The curtailment of the DH 2 record at
about 51 ka is puzzling. The water in Devils
Hole is slightly supersaturated with respect
to calcite (9), and calcite precipitated on
most calcite crystals that we placed in the
hole (9). For a growth rate of 0.55 x 1073
mm/year, about 30 mm of sample is missing.
There is no evidence that the sample had a
complex growth history caused by episodes
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explained by the regression is 97.6 and 97.2, respectively.

Table 1. Analytical data and calculated U-series ages of laminae from Devils Hole 2 (DH 2), Ash
Meadows, Nevada. We subdivided DH 2 into 24 sections (laminae groups) cut parallel to faint
laminations near the top and base of the vein. Activity ratios reported with one standard deviation
propagated error in parentheses for last significant digits. Ages were calculated with half-lives for 2°Th
of 75,200 and 2**U of 244,000 years. The initial 2**U/?*®U activity ratio (column 8) was calculated with
the 2*°Th age and the measured 2#U/?*8U activity; the average of the initial ratios (2.70) was used to

calculate the 2#U-28U age.

Lam-  Dis (g . Activity ratios B0Th age wial O age
inac  tance (ppm) (10 24738y (10
group (mm)* pp! 247238 230 /232TH 2307234 ye ars) ye ars)
24 2 0.416(10) 2.415(35) 25(4) 0.450(27) 61(6) 2.68 65(13)
23 6 0.498(10) 2.445(30) 128(18) 0.470(9) 64(2) 2.73 57(12)
20 20 0.466(10) 2.312(29) 99(10) 0.577(11) 85(3) 2.67 91(12)
19 25 0.432(8) 2.264(26) 213(36) 0.622(11) 95(3) 2.66 104(12)
15/16t 42 0.490(10) 2.163(27) 96(8) 0.730(14) 121(4) 2.64 134(12)
14 50 0.497(10) 2.079(24) 176(22) 0.825(15) 151(5) 2.66 160(12)
13 55 0.514(10) 2.060(24) 262(72) 0.859(16) 163(7) 2.68 166(12)
11712+ 63 0.544(12) 1.996(35) >100 0.821(18) 150(7) 2.53 188(17)
10 70 0.541(10) 1.997(22) 344(90) 0.933(17) 196(9) 2.74 188(12)
6 90 0.423(8) 1.944(22) 309(85) 0.968(18) 216(12) 2.74 207(13)
5/61 93 0.408(8) 1.917(23) 239(30) 1.018(19) 248(16) 2.85 217(13)
12t 113 0.439(9) 1.859(25) 143(23) 1.015(20) 249(17) 2.74 240(15)
1 115 0.428(8) 1.754(21) 120(15) 1.060(20) 296(25) 2.75 286(14)

Average:  2.70
+0.07 (1o)

*Distance from outer (free) face of vein to midpoint of laminae.

dating.
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tIndicates that two sections were combined for

of breaking and reprecipitation as we have
observed in other samples from Devils Hole.
Sparse incipient borings occur on the outer
free face of DH 2; a coating of organic
matter may have inhibited calcite precipita-
tion in parts of Devils Hole during the past
50,000 years.

We obtained the 3'®O record (Fig. 3)
from 110 samples across the 140-mm thick
vein. The average sampling interval was
1.27 mm; this distance represents
~2,300 = 100 years. Precision of the 30
data at 1o is 0.07 per mil, reported relative
to VSMOW (10) on a scale normalized to
3"®Ospap = —55.5 per mil (10).

Several factors may have influenced the
measured 3O fluctuations including (i)
exchange of oxygen isotopes between
ground water and the rocks composing the
aquifer; (ii) variations of the ground-water
temperature at which calcite precipitated;
(iii) the relative importance of winter and
summer recharge; (iv) variations in local
surface temperature during (atmospheric)
precipitation; (v) varying sources for the
moisture entering the southern Great Basin;
(vi) ocean water—related factors; and (vii)
variations in ground-water travel time from
recharge to discharge areas. The first three
factors do not appear to be important in the
Ash Meadows basin (11-15).

That 8'80 variations in precipitation are
strongly correlated with local surface tem-
perature is well established globally from
more than two decades of observation (14);
8'%0 in precipitation increases linearly with
surface temperature from —60° to +15°C at
middle- to high-latitude stations. Thus, in-
creases (or decreases) in 3'%0 in DH 2 (Fig.
3) should reflect increases (or decreases) in
mean surface temperature in the recharge
areas of Ash Meadows basin. Because only
winter-spring precipitation appears to have
contributed to recharge (17), we believe that
the 8'%0 variations in DH 2 reflect changes
in mean winter and spring surface air tem-
perature.

The $'80 variations probably also reflect
changes in winter moisture sources. Major
modern storms entering the Great Basin
derive their moisture from polar, maritime
polar, or tropical Pacific air masses (16),
each of which is likely to have a different
3'%0. The DH 2 $"0 variations may also
reflect the 1.3 to 1.8 per mil change in 'O
of the oceans between full glacial and peak
interglacial times (17), as well as accompany-
ing changes in ocean surface water tempera-
tures and humidity at the surface. We are
unable to evaluate the relative effects of
moisture source and ocean-water-air—related
factors to the 3'®0 variations in DH 2. In
summary, as a first approximation, we ac-
cept the strong global relation between 3'%0
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Fig. 3. Variations in 3'%0 in DH 2 during the
middle and late Pleistocene. Each dot represents
an analyzed calcite sam‘Plc; ages were assigned by
the use of the 2*°Th->**U age-distance regression
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and mean annual surface air temperature
(14) to indicate that the heaviest isotopic
values displayed by the DH 2 3'80 time
series reflect relatively warm weather and the
lightest values relatively cold weather.

The uranium-series clocks were activated
upon the co-precipitation of uranium with
calcite in Devils Hole. But the time when
the climate-induced changes in 8O oc-
curred in precipitation falling on the Spring
Mountains and Sheep Range (Fig. 1), 70 to
100 km distant from Devils Hole, will be
older than the *°Th ages by the mean
residence time of water in the aquifer. Un-
fortunately, the residence time is poorly
known (4). Most likely, it has varied from
perhaps just a few thousand years during a
full glacial climate to 16,000 years or more
during and after transition to interglacial

times (18). Inexact knowledge of residence

times clearly is a deficiency of the DH 2
record. However, this limitation has the
effect of making our interpretations (dis-
cussed below) conservative.

The 3'80 data indicate that two episodes
of rapid warming began in the southern
Great Basin about 272 % 8.5 and
147 = 3.1 ka (Fig. 3, Illgp and Ilgg). We
suggest that these transitions represent
Great Basin (GB) equivalents of termina-
tions III and II of the marine 3'%0 record
(Fig. 4). Because of ground-water residence
times, these terminations may have occurred
perhaps 16,000 years earlier than shown by
the DH 2 record. The major warm intervals
(interglacials or interpluvials) that followed
the terminations are, in turn, succeeded by a
progressive cooling trend on which are su-
perimposed subsidiary colder (stadial) and
warmer (interstadial) periods (Fig. 3). The
sawtooth pattern of isotopic changes (19) in
the marine record is clearly evident in the
GB record.

The time intervals between adjacent peaks
and between adjacent troughs for the rela-
tively wet periods when ground-water resi-
dence times were likely to have been rela-
tively short (60 to 120, 160 to 250, and 280
to 310 ka) suggest that the obliquity solar
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insolation cycle (41,000 years) (20) and
perhaps the precession cycles (19,000 and
23,000 years) occur in the data, although
other factors are evidently involved. Ap-
proximately 125,000 years separates termi-
nations IIgg and Illgp (Figs. 3 and 4); and
if termination I occurred about 12 ka (Fig.
4), then 135,000 years separate termina-
tions I and IIgg. These intervals nearly
match the third and fifth terms of the eccen-
tricity cycle, 123 and 131 ka (20). A spectral
analysis of our entire data set suggests that
cycles with periods (in order of decreasing
power) of 126.5, 62.1, 32.2, 42.5, 25.3,
27.6, 34.5, 50.6, and 23 thousand years are

“present (21).

The close similarity in the shapes of the
marine, Antarctic ice core, and DH 2 $'30
curves (Fig. 4) suggests that DH 2 recorded
global paleoclimatic conditions. Although
the overall patterns are clearly similar, the
major peaks and troughs that appear to be
related in the different records (Fig. 4) do
not occur at the same time. Four major
features are shown by the marine and DH 2
curves, two of which are also displayed by
the Antarctic record: (i) the major trough in
isotope stage 4 of the marine record at about
65 ka, (ii) termination II (and IIgp), (iii) the
major trough at about 225 ka on the marine
curve, and (iv) termination III (and IIgg).

All three 38O curves show a major
trough, presumably a major stadial, at about
65 ka (Fig. 4). We believe that ground-
water residence times were perhaps only a
few thousand years during major stadial and
full glacial climates (18). Thus, the actual
occurrence of this event in the Ash Mead-

ows basin may be only slightly older than
indicated by DH 2.

A cornerstone for the acceptance of the
Milankovitch theory of Pleistocene climate
change has been the coincidence of the
timing of termination II (about 130 ka), as
indicated by the marine 80O curves (Fig.
4), with projections of solar insolation (Fig.
5) (22, 23), which indicate that the period
135 to 125 ka was marked by unusually high
summer insolation and unusually low winter
insolation at latitudes above 40°N. Such
conditions have been considered to be par-
ticularly favorable for global deglaciation.
The DH 2 $'30 data, however, indicate that
termination II (IIgg on Figs. 3 and 4) oc-
curred no later than 147 ka and, because of
residence times, possibly 16,000 years carlier.
carlier.

Conversely, periods of unusually low
summer insolation, accompanied by high
winter insolation at latitudes north of 40°—
for example, at 115 and 230 ka (Fig. 5)—
should favor rapid glaciation (22). Ruddi-
man and McIntyre (24) have suggested that
the major stadial at about 225 ka on the
marine 3'%0 curve (Fig. 4) reflects a short-
lived glaciation during one 23,000-year pre-
cession cycle. This time (231 ka) represent-
ed one of the strongest summer insolation
minima of the past 1 million years (Fig. 5).
Ruddiman and McIntyre dated this event on
the basis of an ash layer that occurs in Pacific
deep sea cores V19-28 and V19-29 just
below the stadial maximum. The age of this
ash was thought to be approximately 230
ka, but the uncertainty in this age is large
(25). In contrast, we believe that this stadial
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Fig. 4. Comparison of marine (30), Antarctic ice cap (13), and DH 2 3'80 records for the middle-to-late
Pleistocene; records are normalized to permit easy comparison. Numbers below upper margin are
isotope stage boundaries of marine chronology (30). The marine §'®0 record is the “final” orbitally
tuned record of Martinson et al. (30); minor fluctuations in this record between 18 and 22 ka are not
shown at this scale. Absolute variation of 'O is <1.8 per mil in the marine record (30), 8.2 per mil in
the Antarctic record (13), and 2.5 per mil in DH 2. Points labeled II and III denote terminations (major
deglaciations) in the marine 3'30 record; IIgp and IIlgp denote terminations suggested by the DH 2
record for the Great Basin. Ages of features shown by Great Basin curve are minimum values because of
ground-water residence times. Vertical and sloping dashed lines connect major peaks and troughs

believed to be correlative.
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Table 2. Comparison of ages in thousands of
years ago of key climatic events belived to be
correlative in the DH 2, marine, and Antarctic
(Vostok) 8'®0 time series. Errors for DH 2 (in
parentheses) are the one standard deviation of
prediction derived for the regression relation
(Fig. 2); errors are 5,000 years for the marine
core (30), and +10,000 to 15,000 years for the
base of the Antarctic record (13); IS, isotope
stage.

DH 2 Ant-

Ma-
Event arc- .
230y, 234y he  fne
Major 65(2.3) 72(5.4) 65 66
stadial
inIS 4
Termina-  147(3.1) 152(3.3) 140 130
tion II
Major 248(7.4) 251(5.9) 225
stadial
miIS7
Termina-  272(8.5) 275(7.0) 244
tion III

is correlative with the major trough on the
DH 2 curve at about 248 ka because: (i) the
three major peaks (interstadials) in isotope
stage 7 of the marine 80 curve are
matched by three peaks in the DH 2 curve,
with the major stadial occurring between
the two oldest peaks; (ii) on both the marine
and DH 2 curves, this major stadial is about
60% of the magnitude of a full glacial-
interglacial excursion (if termination II is a
guide); and (iii) on both the marine and
DH 2 curves, this major stadial occurred
within about 25,000 years, roughly one
precession cycle. If the proposed correlation
is correct, then the DH 2 record indicates
that this stadial occurred at least 23,000
years before the date indicated by the marine
3'®0 curve. The insolation curves (Fig. 5)
cannot account for a severe stadial at about
248 ka; instead these curves imply that a
deglaciation should have occurred.

Termination III is poorly defined in com-
parison to terminations II and I on both the
marine and the DH 2 8'®0 curves. It occurs
at about 272 ka on the DH 2 curve (Figs. 3
and 4), or about 28,000 years earlier than
indicated by the marine data.

In summary, the difference in timing of
key features in the marine and DH 2 curves
increases with time from perhaps a few
thousand years at about 65 ka to 17,000
years at termination II, to about 28,000
years at termination IIT (Table 2). Because
of the poorly known ground-water resi-
dence times in the Ash Meadows basin, the
cited differences are minima.

Several factors affecting the DH 2 record
could account for these differences. Under-
flow into the Ash Meadows basin from the
northeast (Pahranagat Valley, Fig. 1) may
constitute as much as 35% of the discharge
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at Ash Meadows (2). If Pahranagat Valley
ground waters were about 100,000 to
120,000 years older than those derived from
the Spring Mountains and Sheep Range,
then the early (that is, pre-130 ka) date of
termination IIgg could reflect fortuitous
mixing of termination IIIgg waters (from
Pahranagat Valley) with pre—termination II
waters from the rest of the Ash Meadows
basin to yield a single carly 8O shift
(IIge). This scenario is unlikely because no
waters in the Ash Meadows basin nor in
Pahranagat Valley are now older than 30 to
40 ka.

We believe that there is not a systematic
error in the dating of the DH 2. The #*°Th
and *U dates are concordant and were
from closely spaced samples across the cal-
cite vein. Also, our data are consistent with a
variety of #*°Th-2*U-dated proxy paleocli-
matic records that also indicate a pre-140-ka
age of termination II (26-28).

Might the 80 record of DH 2 reflect
regional but not global climatic conditions?
We find it difficult to believe that the close
resemblance of the DH 2 3'%0 time series to
the marine and Antarctic records is a coinci-

dence. Furthermore, 3'30 data from a sec-
ond vein sample resembles the marine 380
time series back to at least 500 ka (29).
Which of the three 80 chronologies
(Fig. 4) provide an accurate estimate of the
timing of termination II? The Antarctic ice
core from Vostok was dated with a two-
dimensional ice-flow model (13). Such dat-
ing is independent of isotopic or orbital
chronologies, but involves assumptions
about rates of snow accumulation and the
amount that ice is thinned with burial. The
estimated age of the bottom of this core
(165 ka) has an error of 10,000 to 15,000
years (13); because this indirect dating has
not been checked with another dating tech-
nique, we consider the Antarctic record to
be the least reliable. The marine record has
been dated by both direct and indirect
means, including a combination of #'Pa-
20Th dating, assumptions of constant sedi-
mentation rate between dated horizons, and
correlation with high sea-level terraces on
Barbados (19, 27). Combined (“stacked”)
oxygen isotope records from various oceans
have been “tuned” to variations of solar
insolation (30). The final chronology is be-
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lieved to have an average error of =5000
years (30).

In contrast, we have dated the DH 2
record directly by two radioactive clocks
that yield concordant ages. We consider it to
be the best dated of the three records, even
though it yields only minimum ages for key
climatic events. Furthermore, a variety of
other proxy records—including direct
BOTh-234U dating of marine core V28-238,
which yielded a date of 145 = 9.5 ka for
termination II—supports the DH 2 chro-
nology (26); we conclude that the accuracy
of the marine 8'®0 chronology is question-
able, particularly for the age of termination
1L

Alternatively, might the marine and DH 2
chronologies both be correct, with the ma-
rine chronology lagging the continental re-
cord (DH 2) by at least 17,000 years? A lag
of this magnitude appears unlikely. While
ice-sheet influence on surface temperature
and storm tracks (31)—and subsequently on
3'80 values of Great Basin precipitation—is
likely to have been more rapid than its
influence on the 8'®0 of the oceans, a lag of
17,000 years between continental and the
marine effects during deglaciation appears
implausible; because of residence times, this
lag is a minimum value. Still another possi-
bility is that the marine 'O data are not a
reliable indicator of all major changes of sea
level. Johnson and Andrews (28) have sug-
gested that termination II of the marine
8'%0 record does not indicate an abrupt rise
of sea level (because of melting of continen-
tal ice sheets), but rather an abrupt melting
of vast Antarctic floating ice shelves, which
like the continental ice sheets had a low
8'%0. They invoked this mechanism to ex-
plain the major discrepancy between sea-
level curves, which suggest that there was a
major rise before 140 ka, and the marine
3'%0 record.

Regardless of the explanation for the dis-
crepancy between the marine and DH 2
3'%0 chronologies, a reexamination of the
Milankovitch theory of Pleistocene climates
is in order because the DH 2 data, as well as
other data (26), indicate that a major warm-
ing of climate occurred before 140 ka. If the
astronomic projections of millenial varia-
tions in solar insolation are correct, then
termination Ilgg on the DH 2 curve is
apparently not directly related to insolation
changes. The insolation curves (Fig. 5)
show no extreme deviations from average
insolation between about 140 and 170 ka,
and hence no apparent cause for termination
IIgp as displayed by DH 2. Because of
ground-water residence times, we leave
open the possibility that the relatively high
summer and low winter insolation centered
at 175 ka (Fig. 5) may have caused termina-
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tion Ilgp, but if they did have an effect, the
strong 175-ka deglaciation signal should
have affected the marine record and, con-
versely, the 130-ka insolation pulse should
have affected the Great Basin record. Addi-
tionally, there is no evidence on the insola-
tion curves (Fig. 5) for the major stadial
centered at 248 ka on the DH 2 curve;
instead, they suggest that a deglaciation
should have begun at this time.

We conclude, as have others (26, 28), that
the Milankovitch theory, as currently formu-
lated, does not account for the timing of
several major climatic events from 100 to
300 ka and the pre-135 ka sea-level highs
(26). However, the DH 2 proxy record does
contain periodicities close to those of oblig-
uity and precession and in this respect is
supportive of insolation variations as a fac-
tor in middle to late Pleistocene climatic
change. Causes other than or in addition to
insolation, for example, strong internal feed-
back processes (32) involving global tem-
perature, ice volume, bedrock deflection,
and ocean currents, may have triggered the
last interglacial (termination II) as well as
other major climatic shifts displayed by the
DH 2 8"®0 curve between 100 and 310 ka.
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To: Evidence for Silicate Volcanism in 1986

TORRENCE V. JOHNSON, GLENN ]. VEEDER, DENNIS L. MATSON,
RoOBERT H. BROWN, ROBERT M. NELSON, DAVID MORRISON

Infrared observations of Io during the 1986 apparition of Jupiter indicate that a large
eruptive event occurred on the leading side of Io on 7 August 1986, Universal Time.
Measurements made at 4.8, 8.7, and 20 micrometers suggest that the source of the
event was about 15 kilometers in radius with a model temperature of ~900 Kelvin.
Together with previously reported events, these measurements indicate that high-
temperature volcanic activity on the leading side of Io may be more frequent than
previously thought. The inferred temperature is significantly above the boiling point of
sulfur in a vacuum (715 Kelvin) and thus constitutes strong evidence for active silicate

volcanism on the surface of Io.

INCE THE DISCOVERY OF VOLCANIC

activity on Jupiter’s satellite Io (1), the

nature of the thermal activity has been
studied through a combination of analyses
of Voyager data and Earth-based infrared
telescopic observations. The range of ob-
served temperatures for volcanic areas on Io
provides a simple way of separating the
major components of infrared radiation
coming from Io. Emission from the nonvol-
canic, cold areas making up ~99% of Io’s
surface accounts for most of the flux in
broadband measurements centered at 20
pm; the flux from volcanic areas with tem-
peratures of 250 to 400 K dominates nar-
rowband 8.7-wm measurements. Reflected
sunlight with a small contribution from
volcanic hotspots, primarily areas with tem-

peratures =500 K, dominates the 4.8-um
spectral region. Because of these characteris-
tics, the temporal and spatial variability of
volcanic emissions from Io can be studied
through measurement at several wave-
lengths of the total infrared flux from Io’s
disk as a function of time and orbital posi-
tion (because Io is synchronously rotating,
orbital position relates directly to the sub-
Earth longitude on Io’s surface).

Earlier studies of Io’s thermal emissions
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