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Measurement of protactinium-231 F3*Pa) in carbonates by thermal ionization mass 
spectroscopy yields 231Pa ages that are more than 10 times more precise than those 
determined by decay counting. Carbonates between 10 and 250,000 years old can now 
be dated with 231 Pa methods. Barbados corals that have identical 231Pa and thorium-230 
'30Th) ages indicate that the timing of sea level change over parts of the last glacial cycle 
is consistent with the predictions of the Astronomical Theory. Two Devils Hole calcite 
subsamples record identical 231 Pa and 230Th ages, suggesting that the chronology of this 
climate record is accurate. 

T h e  development, 10 years ago, of thermal 
ionization mass spectrometric (TIMS) tech- 
niques for measuring the abundance of 
230Th (half-life = 75,400 years) and 234U 
(half-life = 244,500 years) resulted in large 
improvements in analytical sensitivity and 
precision (1 ). This method led to improved 
precision in 230Th age determination, 
which is based on the shift in the 230Th/ 
234U ratio as a result of radioactive decay 
(I ). This technique has been used to obtain 
a high-resolution record of sea level change 
over parts of the past 200,000 years (1-6), 
to calibrate parts of the 14C time scale 
( 4 - 3 ,  and to obtain a continental climate 
record at Devils Hole, Nevada, extending 
back over 500,000 years (7). One difficulty 
in interpreting 230Th ages is that open- 
system behavior can cause shifts in the 
230Th/234U ratio, resulting in inaccurate 
ages. The accuracy of 230Th-based chronol- 
ogies is a key issue in our understanding the 
Quaternary glacial cycles. The timing of sea 
level changes (1 -4, 6) supports the notion 
that Quaternary climate change was driven 
by variations in Earth's orbital geometry, 
whereas the timing of the Devils Hole 
record seems to contradict this notion (7). 

To test the accuracy of the 23% dates, 
we used the 231Pa [half-life = 32,700 years 
(8)] chronometer. The 23'Pa ages are based 
on the change in the 23'P#35U ratio re- 
sulting from radioactive decay of 235U to 
231Pa. The 23'Pa age equation is t = 
-ln(l - [231Pa/235U])/h, where t is the 
time elapsed since 23'Pa-235U closure, A is 
the decay constant for 231Pa, and the brack- 
ets indicate an activity ratio. The 231Pa age 
is accurate if (i) the initial 231Pap35U ratio 
is zero and (ii) the 231Pap35U ratio has only 
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changed by radioactive ingrowth and decay. 
In addition to providing a check for 230Th 
ages, the 231Pa chronometer has other ad- 
vantages. The parents of 230Th and 231Pa 
zre isotopes of the same element, uranium 
(U), and in low-temperature geologic set- 
tings, the daughters, Pa and Th, can have 
similar chemical properties. Thus, the sys- 
tematics of Pa-Th dating are analogous to 
those of U-Pb (lead) dating (9). Potentially, 
combined Pa-Th dating of Quaternary car- 
bonates could become what U-Pb dating is 
to zircons (9); that is, similar concordia 
plots apply and, for discordant materials, it 
may be possible to obtain both primary and 
diagenetic ages as well as constraints on the 
nature of the diagenetic process (1 0). 

Originally developed about 30 years ago 
(I I ), the main impediment for 231Pa dating 
has been the inability to measure 231Pa with 
sufficient precision by radioactive decay 
counting techniques, in which only one out 
of lo6 to lo7 231Pa atoms in a sample can be 
detected (for a counting time of 1 week). 
Here we have applied TIMS techniques, for 
which ionization efficiencies approaching 

can be achieved (12), so that more 
than 1 out of 1000 231Pa atoms in a sample 
can be detected in a 2-hour counting time. 

We dated (13) 32 corals from localities 
around the world and two subsamples of 
Devils Hole inorganic calcite that had pre- 
viously been analyzed for 238U, 234U, 230Th, 
and 232Th. We also remeasured U and Th 
nuclides on many samples in order to have 
data for all nuclides on the same solutions 
(1 3). We chose samples with a range of ages 
so that we could determine 231Pa age pre- 
cision as a function of age (Fig. 1). Six of 
the corals were younger than 1000 years old 
and were analyzed to test the issumption 
that the initial 231P#35U ratio in corals is 
zero (Fig. 2). The other samples were ana- 
lyzed because they are critical for under- 
standing some facet of Quaternary climate 
change. 

For our analyses (Fig. I), the 2u error in 
231Pa concentration varied from 55% for 
2.5 g of 130-year-old coral containing 13 
million atoms of *'Pa to t0.8% for 3.0 g of 
970-year-old coral containing 41 million 
atoms of 231Pa to t0.5% for 2 to 3 g of coral 
older than 10,000 years containing 1 to 7 
billion atoms of 231Pa. When these errors 
are propagated through the 231Pa age equa- 
tion, the 2u errors in 231Pa age (Fig. l )  are 
+ 7 to + 12 years for samples younger than 
2000 years, t 6 0  to t120  years for samples 
between 8000 and 13,000 years old, + 1000 
to 1400 years for samples about 80,000 years 
old, and +10,000 to 17,000 years for sam- 
ples 200,000 years old. For samples with 
ages less than 130,000 years, errors in 23'Pa 
age are typically within a factor of 3 of 
errors in 230Th age determined by TIMS 
techniques (Fig. I), even though the parent 
of 231Pa is more than two orders of magni- 
tude less abundant than the parent of 230Th 
(238U/235U = 137.88). 

All samples younger than 1000 years had 
U2Th concentrations lower than 200 parts 
per trillion and 234U/238U ratios identical to 
that of modem marine U. Corals with these 
characteristics have been shown to record 
accurate 230Th ages (14). The 231Pa ages of 
all six samples are within error of their 
230Th ages, indicating that the initial 231Pa/ 
235U ratio was not measurably greater than 
zero (Fig. 2). The average difference (231Pa 
age minus *% age) is 0.5 t 4 years. The 
maximum observed age difference of 4.5 
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Fig. 1. 20,- error in age versus age for coral 
analyses using TIMS techniques. Both axes are 
logarithmic. Circles represent 231Pa ages; 
squares represent 2W ages. The percentage 
error in 231Pa analysis is contoured and pertains 
only to the Pa data points. The TIMS 231Pa anal- 
yses and ages are more than 10 times more pre- 
cise than traditional decay counting determina- 
tions. Errors in TIMS 231 Pa age approach those of 
2W age for materials about 10.000 years old. 
Errors in 231 Pa age are within a factor of 3 of errors 
in 230T~ age for materials younger than 130.000 
years. 
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years is equivalent to an initial 231Pa/Z35U 
activity ratio of <9 X (atomic ratio 
<5 x lo-''), or an initial 231Pa concen- 
tration of <200,000 atoms per gram. The 
assumption that the initial 231Pa/235U ratio 
is zero appears to be valid for reef-building 
corals with low concentrations of 232Th. 

For a 231Pa age to be accurate, the 231Pa/ 
235U ratio should only have changed by 
radioactive production and decay; that is, 
chemical reactions should not have shifted 
the 231Pa/235U ratio. We tested this assump- 
tion by comparing 231Pa ages with 230Th 
ages, which are also subject to a similar 
assumption. Thus, a comparison of a 231Pa 
age with a 230Th age is a consistency test: If 
a sample has identical 231Pa and 23% ages, 
we have more confidence that the age is 
accurate than we would with just the "OTh 
age. If the ages do not agree, one or both 
must be inaccurate. In this case, it may be 
possible to constrain the true age as well as 
the nature of the process that disturbed the 
system. 

As compared to U-Pb systematics; mod- 
els for continuous or instantaneous loss of U 
are the same (10) (Fig. 3) if 234U does not 
fractionate from 235U. However, models for 
U gain must be modified to account for the 
possibility that added U could have a dif- 
ferent 234U/235U ratio than primary U. In 
either case, the isotopic composition of the 
gained or lost U may be constrained by the 
measured isotopic composition of U, if 
there is independent knowledge of the ini- 
tial U isotopic composition (for example, if 
the U is marine). Models for daughter gain 
are similar to those for U-Pb, with different 
ratios of gained Pa and Th equivalent to 
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Fig. 2 231Pa versus 2Th age for six coral sub- 
samples less than 1000 years old. If significant 
initial 231Pa were incorporated during coral 
growth, the data would plot systematically above 
the 1 :1 line. The corals all have ages that plot 
within error of the 1 :1 line, consistent with the 
assumption that the initial 231 PaPmU ratio in these 
corals is effectively zero and indicating that the 
ages are accurate. 

different isotopic compositions of gained 
Pb. Models for daughter loss are also similar 
but must account for fractionation of Pa 
from Th. The systematics of Pa-Th are dis- 
cussed in more detail elsewhere (1 0). 

The other 26 corals, with ages from 1000 
to 500,000 years, were screened by x-ray 
diffraction, and none contained detectable 
calcite (5, 6). All but eight have initial 
6234U values within 8 per mil of that of 
marine U (5, 6). Corals that are 1000 to 
15,000 years old (Fig. 3) are from the Huon 
Peninsula, Papua New Guinea (5). Of 
these, 10 out of 13 have concordant ages, 
and three have slightly discordant ages. 
Two samples from the land surface plot just 
to the right of concordia (Fig. 3A, only one 
depicted). One sample [38.0 m (S)], collect- 
ed by drilling into the Holocene terrace, lies 
just to the left of concordia (Fig. 3A). The 
isotopic characteristics of the surface sam- 
ples with discordant ages are consistent 
with U gain, whereas those of the drill-core 
sample with a discordant age are consistent 
with U loss. As the initial U isotopic com- 
positions of all three are indistinguishable 
from that of marine U, the Pa-Th discor- 
dance is the only evidence that these sam- 
ples have behaved as open systems. The 13 
samples are a subset of those used to es- 

tablish that atmospheric 14C/12C ratios 
dropped during the Younger Dryas period, 
determined on the basis of 230Th dating 
alone (5). As most of these samples record 
concordant Pa and Th ages, the Pa data 
support the chronology of that work. 

We also used 231Pa measurements to test 
23% ages of corals (>80,000 years old) 
collected from the surface on Barbados (6). 
Five of 13 samples have concordant ages. Of 
those with discordant ages, all plot above 
concordia (Fig. 3B), and all but one have 
initial 6234U values higher than the marine 
value. The nature of this discordance can be 
constrained by examining three samples 
collected from the Rendezvous Hill Terrace 
(last interglacial). Two (FU-1 and AFM-20, 
collected near the terrace surface) have 
concordant ages, whereas the third (FU-3, 
collected in a road-cut a few meters below 
the terrace surface) has a discordant age. 
The 230Th age of FU-3 is much older than 
the others, and its 231Pa/235U ratio is greater 
than 1. Because these samples should be 
broadly correlative, these relations require 
that FU-3 lost U or gained Pa and Th. 
However, the process must be more com- 
plex because the initial 6234U value of FU-3 
is 90 per mil higher than the 6234U of 
seawater. Thus, a component with a 6234U 
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Fig. 3. Plots of 231PaPmU activity versus 230Th/234U activii (Pa-Th concordia plots) for (A) Huon 
Peninsula, Papua New Guinea corals (9, and (B) Barbados corals (6) and two Devils Hole inorganic 
calcite subsamples (7). Circles and ellipses indicate corals collected on the surface; squares in (A) 
indicate corals collected by drilling; squares in (B) represent Devils Hole subsamples. Open symbols are 
analyses for which 231Pa and 2W ages were determined on different pieces of the same subsample; 
solid symbols are analyses for which both ages were determined on the same subsample. The 
dimensions of the symbols represent the errors in the analyses. The 23Vn7 analyses for the Devils Hole 
subsamples are from (7). All other 2W analyses were performed at Minnesota [either reported in (5) 
and (6) or are new data]. The curves represent "concordia," the locus of points for which 231 Paand 'Th 
ages are identical. Each diagram depicts aconcordia curve appropriate for a marine initial 6234U (1 50 per 
mil); (B) also depicts a concordia curve for an initial 6234U value appropriate for Devils Hole (1 800 per mil). 
The concordia curves are contoured (horizontal line segments) in age. Points that plot above and to the 
left of concordia have isotopic characteristics consistent with U loss, whereas those that plot below and 
to the right of concordia have characteristics consistent with U gain. Most of the Huon Peninsula points 
plot on or very close to concordia, indicating that the ages of most of these samples are accurate and 
supporting the conclusions of (5). The discordant Barbados samples all plot above concordia, consis- 
tent with diagenetic loss of U or gain of both Th and Pa. The ages of the concordant samples support 
a sea level chronology consistent with orbital forcing of the glacial-interglacial cycles (6). The Devils Hole 
samples are both concordant, supporting the accuracy of the Devils Hole chronology (7). 
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value greater than that of seawater must 
have been added. Plausible sources are high 
8234U ground waters, which have yet to be 
identified on Barbados (15) but are com
mon elsewhere. Initial 8234U values in al
tered Barbados corals tend to increase with 
age (1, 6, 15), so the high 8234U compo
nent must have been added over time. The 
result of net U loss or Pa and Th gain and 
addition of a high 8234U component is a 
shift in both 231Pa and 230Th ages to older 
values. If the same diagenetic processes af
fected the other Barbados samples with dis
cordant ages, then 231Pa and 230Th ages of 
all Barbados samples with discordant ages 

are upper bounds on their true age. 
If Pa and Th have been added, a plau

sible mechanism is transport from overly
ing materials either dissolved in ground 
water or adsorbed on small particles. If U 
has been lost, a plausible mechanism is 
multiple episodes of partial dissolution of 
coralline aragonite by ground water. Both 
Th and Pa are particle reactive and would 
tend to sorb onto the solid and remain, 
whereas the U would be transported away 
in solution. The high 8234U component 
could be added from ground water by (i) 
precipitation of aragonite or (ii) addition 
of U to some minor component, such as 

Table 1. Various ages and initial 8234U (calculated from measured 8234U using 230Th age) of corals and 
Devils Hole calcite. The 231Pa/230Th age equation is derived by combining the 231Pa and 230Th age 
equations and the known natural 238u/235U ratio to eliminate 235U and 238U from the denominators of the 
23iPa/235U a n d 230-TP/238U terms_ A 231 Pa/23oTh a g e js analogous to a 207Pb/206Pb age in the U-Pb 
system. In addition to quoted errors, 231Pa ages have systematic errors of ±0.6% in age as a result of 
uncertainty in the 231Pa decay constant (8); this error is significantly smaller than that from the analytical 
error in each measurement. Likewise, the systematic error in 230Th ages resulting from errors in decay 
constants is smaller than that from the analytical error in each measurement, except for samples older 
than about 200,000 years (7). Numbers in parentheses indicate the analytical error in the last digits. All 
measurements not indicated as being from (6) or (7) or from Los Alamos were performed at Minnesota. 
Roman numerals in the sample numbers denote replicate analyses on different fragments of the same 
hand specimen. For the Devils Hole samples, the quoted errors in the ages include the error in sampling 
position (7), which is significantly larger than analytical errors for DH-11-16mm 230Th and 231Pa ages 
(±1.4 ka for the 23Pa age). Samples for which the 231Pa age has "no solution" have 231Pa/235U > 1. 
Sample VA-1 has 230Th/238U and 230Th/231Pa ratios higher than are possible by means of closed-
system evolution. 

Sample 
number 

FSL-2* 
BA-7* 

HOB-EE-3* 
51.5 m 

FS-3* 
FS-3 
FS-8(I) 
FS-8(II) 

FT-1(I) 
FT-KII) 

AFM-20 
UWI-16* 
FU-1(I) 
FU-1 (II) 
FU-3 

WAN-B2(I)* 
WAN-B2(II) 
WAN-B2(III) 
WAN-B-7* 
WAN-B-8 
WAN-B-5 
FY-2 

VA-1 

16 mm* 
188 mm* 

230Th age 
(ka) 

231 Pa age 231Pa/230Th 
(ka) age (ka) 

Corals younger than 1000 years (representative analyses) 
0.137(3) 
0.973(5) 

Papua 
9.910(40) 

13.040(50) 

82.9(0.4) 
-

86.1(0.4) 
85.4(0.4) 

103.1(0.5) 
105.4(0.6) 

0.138(7)t -5(8)t 
0.968(7)t 1.2(1.5)t 

New Guinea (representative analyses) 
9.760(70)t 12.2(1.3)t 

13.080(130) 12.5(1.6) 
Barbados: Worthing Terrace 

83.8(1.2)1 81.8(1.7)t 
81.8(1.4) 84.2(2.0)$ 
89.5(1.3) 82.5(1.5) 
86.2(1.0) 84.5(1.4) 

Barbados: Ventnor Terrace 
103.0(2.4) 103.4(2.2) 
105.6(2.2) 105.9(2.0) 

Barbados: Rendezvous Hill Terrace 
126.9(1.1) 
132.0(0.9) 
122.3(0.7) 
122.6(0.7) 
147.3(0.9) 

191.7(1.6) 
193.1(1.6) 
190.2(1.5) 
200.8(1.0) (6) 
203.6(1.8) 
217.9(2.1) 
206.1(1.8) 

126.8(2.5) 126.9(2.2) 
143(6)t 127.0(2.5)t 
120.0(3.4) 123.7(2.5) 
119.0(2.6) 125.0(2.1) 
No solution 119.4(2.3) 

Barbados: "stage 7" terraces 
190(+^)t 192.0(3.9)t 
197(^f) 192.3(3.3) 
195(+^) 189.1(3.1) 
185(+^)t 204.9(4.0)t (6) 
262(±33) 197.2(3.2) 
No solution 204.9(4.0) 
No solution 188.6(3.0) 

Barbados: pre-"stage 7" terraces 
No solution 

80.6(2.5) (7) 
354(6) (7) 

>314 No solution 
Devils Hole: DH-11 subsamples 

82.5(2.8)t 79(5)t (7) 
280(^0)t 358(13)t (7) 

S234Uj 

(initial) 

148.6(1.6) 
148.1(1.2) 

150.3(1.1) 
150.6(1.1) 

151.9(1.4) 
-

165.5(1.4) 
163.2(1.4) 

185.9(1.6) 
191.1(1.6) 

165.7(1.7) 
174.5(1.9) 
157.8(1.6) 
160.2(1.8) 
240.6(1.6) 

147.1(2.0) 
145.9(2.0) 
148.3(1.8) 
152.3(2.0) (6) 
185.2(2.3) 
218.5(2.4) 
215.6(2.3) 

— 

1790(13) (7) 
1808(33) (7) 

*Subsample analyzed for 8234U and 230Th/238U was different from that analyzed for231 Pa/235U. 
measured at Los Alamos. ^Calculated from 230Th/238U and 8234U on the line above. 

t231Pa/235U ratio 

organic material. Diagenetic aragonite is 
known to precipitate in crystallographic 
continuity with primary coralline arago
nite (16), This hypothesis requires that 
ground water was sometimes undersatu-
rated and sometimes saturated with re
spect to aragonite. The degree of aragonite 
saturation depends on the partial pressure 
of carbon dioxide imparted by overlying 
soil gases and the extent to which perco
lating ground waters have interacted with 
overlying carbonate, so varying degrees of 
aragonite saturation are possible. Because 
the organic content of corals is small 
[about 0.1% (17)], the organic U addition 
hypothesis would require high concentra
tions of U on organic matter (hundreds of 
parts per million) or high values of 8234U 
of U assocated with organic matter (thou
sands of per mil) to account for the ob
served elevation in 8234U. Organic mate
rial could have high U concentrations 
(17), and high 8234U values are not un
common in ground waters; hence, either 
hypothesis is plausible. 

The samples from Barbados with concor
dant ages indicate that sea level was rela
tively high 82.8 ± 1.0, 104.2 ± 1.2, 
121.0 ± 2.1, 126.8 ± 2.5, and 193 ± 9 
thousand years ago (18). The sea level highs 
marked by these corals correspond to oxy
gen isotope stages 5a, 5c, 5e (represented by 
both the 121.0 and the 126.8 ages), and 7.1, 
respectively. In all cases where samples with 
concordant and discordant ages were col
lected from the same terrace, maximum 
ages from the samples with discordant ages 
are consistent with the ages of the concor
dant samples. The ages are generally con
sistent with the times of high sea level 
inferred from the orbitally tuned oxygen 
isotope time scale of SPECMAP (19). The 
combined Pa-Th data support the conclu
sions of Gallup et al. (6), which were based 
solely on 230Th ages (Fig. 4). A comparison 
(Fig. 4) of our sea level constraints with 
high-latitude Northern Hemisphere sum
mer insolation values (20) shows that all of 
the high sea levels coincide with or slightly 
postdate times of high Northern Hemi
sphere insolation, consistent with the idea 
that changes in orbital geometry cause the 
Quaternary glacial-interglacial cycles. 

In contrast, in Devils Hole calcite, the 
timing of the oxygen isotope shift from 
glacial to interglacial values around 140,000 
years ago (Termination II) generally pre
cedes the shift in insolation from glacial to 
interglacial values (Fig. 4) (7), suggesting 
that Termination II did not result from 
insolation rise (7). The timing of the Devils 
Hole record, which has come under intense 
scrutiny, was established by 230Th dating. 
By correlating features from Devils Hole 
with those of several deep-sea oxygen iso-
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tope records, Imbrie et al. (21) established 
Devils Hole- based chronologies for several 
deep-sea sediment cores. Although the 
cores are from different sedimentary envi- 
ronments, the chronologies give similar sed- 
imentation-rate anomalies before and dur- 
ing the penultimate deglaciation. Thus, ei- 
ther the Devils Hole chronology is inaccu- 
rate or analogous features in the Devils 
Hole and marine oxygen records may not 
correlate in time. 

We tested the Devils Hole chronology 
(22) by dating splits of two subsamples of 
Devils Hole calcite (DH-11-16mm and 
DH-11-188mm) by the 231Pa method (Ta- 
ble 1 and Figs. 3B and 4). The 231Pa age of 
DH-11-16mm [82.5 + 2.8 thousand years 
(ka)] was indistinguishable from its reported 
230Th age [80.6 + 2.5 ka (6)], suggesting 
that the ages are accurate and that the 
subsample behaved as a closed system. The 
230Th age of DH-11-188mm is 354.1 + 6.2 
ka (7). This age is beyond the range of 231Pa 
dating. Therefore, the 231Pa/235U activity 
ratio of this subsample should be one, unless 
it was open to chemical exchange. Our 
measured 231Pa/235U ratio is 0.9976 + 
0.0056, suggesting that the subsample be- 
haved as a closed system over at least the 
last 250,000 years. If this small number of 
subsamples is representative of the rest of 
the vein, then the Devils Hole chronology 
is accurate. This result suggests that analo- 
gous features of the Devils Hole and marine 
oxygen isotope records may not have 
formed at the same time. Because the Devils 
Hole oxygen isotope signal may reflect re- 
gional temperatures, whereas the marine 
oxygen isotope record largely reflects the 
volume of continental ice sheets, different 
times of origin appear entirely possible. 
Temperatures near Devils Hole could have 
reached interglacial values before the 
Northern Hemisphere ice sheets melted to 
interglacial extents. This postulated rela- 

tion is similar to the one established for the 
Bahamas, where regional climate became 
drier well before the Northern Hemisphere 
ice sheets melted during each of the last two 
deglaciations (3). 

If the Devils Hole chronology is accu- 
rate, then the Termination I1 shift in ox- 
ygen isotope values apparently takes place 
before the insolation rise (Fig. 4) (7). One 
interpretation of this relation is that or- 
bital forcing did cause Devils Hole Termi- 
nation 11. If so, (i) 6S0N summer insola- 
tion is the wrong curve with which to 
compare Devils Hole temperature, (ii) the 
insolation calculation is off by a small but 
significant amount, or (iii) the tempera- 
ture at Devils Hole increased nonlinearly 
in response to the increase in insolation 
during Termination 11. With regard to the 
first possibility, one can choose insolation 
curves that match Devils Hole Termina- 
tion 11. For example, the Termination I1 
rise in summer insolation for 80°N (20) 
matches closely the oxygen isotope shift at 
Devils Hole during Termination 11. It is 
reasonable that high-latitude insolation 
should have some effect on mid-latitude 
climate. An energy-balance model of this 
relation during Termination I1 (23) lends 
some support to this hypothesis. Regarding 
the second possibility, a shift in calculated 
insolation of as little as 2000 years (to 
older values) would make most of the 
Termination I1 oxygen isotope and inso- 
lation rises coincident. Regarding the 
third possibility, modeling shows that one 
would not expect the climate's response to 
insolation changes to be either direct or 
proportional (24). If so, the initial part of 
the Termination I1 insolation rise could 
have resulted in a large regional rise in 
temperature near Devils Hole. In this case, 
most of the oxygen isotope shift could be 
attributed to a change in insolation. Al- 
ternately, it is still possible that there is no 

Fig. 4. Plot of summer solar 16 
insolation (20), Devils Hole Sea level 
6180 (7), and sea level [open - 

boxes and dotted line (6)] 
versus time. For illustrative 4 - 
purposes, the width of the 3 
insolation curve corre- $ - 

sponds to an error of 2 1 ka. . 
The stippled area on either 0 
side of the Devils Hole curve $ E 

i 0 --80 2 
14 

\ r corresponds to quoted er- $ - V) 

rors in *- age (7) for that 2 2 - - part of the curve. The el- -4 - lnsolat~on --I20 2 
liases indicate the 6'80 (7) Dev~ls Hole 

df Devils Hole sample DH: I I13 I 80 100 120 140 160 
11-16mm, its 231Pa age 
(stiaaled elliase) and 230k Time (ka) 

age (7) (open elipse), and errors. The open boxes and arrow are sea level data and errors from (6), and 
the dashed line is inferred sea level. The solid dots with error bars are concordant sea level data from this 
study. 

causal relationship between orbital forcing 
and Devils Hole Termination I1 (7). How- 
ever, in view of the clear relation between 
sea level and insolation (Fig. 4), we con- 
sider that one or some combination of the 
other possibilities is more likely. 
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The Kashiru site (in Burundi) provides a 
well-dated, high-resolution LGM pollen 
record (8). Today, the Kashiru peat bog is 
located in the potential afromontane forest 
zone and contains Macaranga, Podocarpus, 
Olea, Syzygium, Araliaceae, and Entandro-
phragma (19). During the LGM, the site was 
occupied by a xerophytic association (the 
ericaceous belt) dominated by Gramineae, 
Ericaceae, Artemisia, and temperate families 
such as Caryophyllaceae, Dipsacaceae, Cru-
ciferae, and Ranunculaceae (8). 

We obtained current climate data for the 
0.5° grid cell containing Kashiru (13°28'S, 
29°34'E, 2240-m elevation) from an updat
ed version of a global climate database (20). 
The monthly mean climate values were ad
justed to be consistent with available data 
(9) on annual mean temperature and pre
cipitation at Kashiru (15.8°C and 1460 
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medium texture. Atmospheric pressure was 
estimated as 7.7 X 104 Pa (21) and was used 
to calculate the partial pressures of Oz and 
COz . Absolute minimum temperature was 
estimated from a global regression of abso
lute minimum temperature on mean tem
perature of the coldest month (22). 

A simulation with the preindustrial at
mospheric CO z level (23) and present cli
mate (Fig. 1 A) resulted in tropical montane 
forest (dominated by broad-leaved ever
green trees) at the Kashiru site, consistent 
with the present natural vegetation. A tran
sition to evergreen microphyllous (erica
ceous) scrub, similar to the LGM vegeta
tion, was predicted when annual tempera
ture was reduced by a minimum of 6.5°C. A 

Effect of Low Glacial Atmospheric C0 2 on 
Tropical African Montane Vegetation 

Dominique Jolly* and Alex Haxeltine 

Estimates of glacial-interglacial climate change in tropical Africa have varied widely. 
Results from a process-based vegetation model show how montane vegetation in East 
Africa shifts with changes in both carbon dioxide concentration and climate. For the last 
glacial maximum, the change in atmospheric carbon dioxide concentration alone could 
explain the observed replacement of tropical montane forest by a scrub biome. This 
result implies that estimates of the last glacial maximum tropical cooling based on tree-
line shifts must be revised. 
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