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Quaternary Equatorial Pacific
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Magnesium/calcium data from planktonic foraminifera in equatorial Pacific
sediment cores demonstrate that tropical Pacific sea surface temperatures
(SSTs) were 2.8° = 0.7°C colder than the present at the last glacial maximum.
Glacial-interglacial temperature differences as great as 5°C are observed over
the last 450 thousand years. Changes in SST coincide with changes in Antarctic
air temperature and precede changes in continental ice volume by about 3
thousand years, suggesting that tropical cooling played a major role in driving
ice-age climate. Comparison of SST estimates from eastern and western sites
indicates that the equatorial Pacific zonal SST gradient was similar or somewhat
larger during glacial episodes. Extraction of a salinity proxy from the magne-
sium/calcium and oxygen isotope data indicates that transport of water vapor
into the western Pacific was enhanced during glacial episodes.

The equatorial Pacific ocean dominates the
tropical ocean due to its size, because (i) it
encompasses the warmest region of the oceans,
the western Pacific warm pool; (ii) it is the
principal source of water vapor to the atmo-
sphere; and (iii) it influences interannual oscil-
lations in climate (/). Previous studies of trop-
ical sea surface temperature (SST) changes on
glacial-interglacial time scales in the Pacific
have been ambiguous. Results for the Pacific
from CLIMAP (Climate: Long-Range Investi-
gation, Mapping, and Prediction) obtained us-
ing faunal transfer functions indicate an area-
averaged (20°S and 20°N) last glacial maxi-
mum (LGM) August SST that is —1° = 2°C,
relative to the Holocene (2). Some studies using
revised faunal methods support up to 2°C or
greater cooling than originally suggested by
CLIMAP (3), and results from alkenone unsat-
uration ratio data suggest cooling of 2° to 3°C
(4, 5). In sharp contrast to all these studies are
the inferences based on coral Sr/Ca, which sug-
gest cooling of 6°C (6). The more extreme
marine cooling estimates appear to be support-
ed by terrestrial evidence, including a snow line
lowering of 800 = 50 m (7), noble gas records
in ground waters (8), and isotope records from
tropical alpine glaciers (9). Because of these
conflicting data, the role of the tropical Pacific
in driving glacial-interglacial climate change
remains unresolved.

The Mg content of planktonic foraminifer
shells is a proxy of past SST that has recently
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been validated in a number of oceanographic
settings (/0—13). Mg paleothermometry has
certain unique advantages over other proxies,
the most important of which is that Mg/Ca is
measured in foraminifer shells, which are by
themselves a vital archive of past climate and
the carrier phase for oxygen isotopes. Measur-
ing both Mg/Ca and 8'30 in foraminifer shells
from a deep sea core makes it possible to
separate the magnitude and timing of SST and
3'8%0,, ., changes (11, 13). The conundrum of
tropical Pacific cooling is an ideal problem for
the application of Mg paleothermometry, be-
cause this method can be applied to oligotro-
phic regions such as the western equatorial
Pacific (WEP), where sediments contain insuf-
ficient organic carbon for application of the

alkenone unsaturation ratio technique.

We apply Mg paleothermometry in com-
bination with coincident 8'%0 measurements
to determine the thermal and hydrographic
history of tropical Pacific surface waters. We
selected tropical sites that represent the two
end members of the equatorial Pacific: cores
from the Cocos Ridge and Galapagos Plat-
form just north of the cold upwelling envi-
ronment of the eastern equatorial Pacific
(EEP), and a site on the Ontong Java Plateau
(OJP) in the WEP in the center of the Pacific
warm pool (Fig. 1 and Table 1). We focus on
tropical spinose planktonic foraminifera that
directly represent sea surface conditions be-
cause they dwell in the mixed layer.

Temperature calibrations for Mg/Ca and
influence of preservation. Several planktonic
species have been calibrated for Mg uptake
using core-tops and culturing (71, 13-15).
These calibrations indicate that the Mg content
of foraminifer shells is an exponential function
of temperature with an increase of 9 = 1% in
Mg/Ca per °C. The absolute Mg/Ca of the
shells at a given temperature appears to be
species-specific, necessitating individual cali-
bration of each species. For temperature con-
version in this study, we use a Globigerinoides
ruber calibration based on core-tops from the
tropical Pacific, which yields the following re-
lationship (Fig. 2A) (16, 17): Mg/Ca (mmol/
mol) = 0.30exp[0.089 X SST (°C)]. The stan-
dard error of this fit is =0.6°C. For comparison,
a published culturing calibration (/4) for G.
sacculifer yielded Mg/Ca (mmol/mol) =
0.39exp[0.089 X T (°C)]. These relationships
have identical exponential terms and differ only
in the pre-exponential constant. We hypothe-
size that the constant offset does not reflect
uptake differences but rather a combination of
the effect of a small addition of gametogenic
calcite at colder temperatures and/or poorer
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Fig. 1. SSTs in the tropical Pacific (43). The locations of the two principal cores in this study are
indicated. Cocos Ridge core TR163-19 is located just north of the cold upwelling water that
characterizes the EEP. Mixed layer thickness averages about 20 m with a relatively shallow
thermocline in which temperature drops from 25° to 15°C within 100 m of the surface. Seasonal
SST variation is about 3°C at the two more northeasterly sites (TR163-18 and TR163-19) and rises
to 4°C at the two southwesterly sites (TR163-20B and TR163-22). ODP Hole 806B on the Ontong
Java Plateau lies in the center of the western Pacific warm pool, the warmest (>29°C) water mass
in the oceans. This site is characterized by an 80-m-thick mixed layer (T > 28°C) underlain by a
deep thermocline in which temperature barely drops to 27°C at 100 m water depth. Seasonal
variation is minimal, typically less than 1°C.
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preservation in core-top relative to cultured
samples (/8). To ensure that samples have ex-
perienced similar degrees of preservation, we
restricted the core-top calibration to Pacific
samples.

Because dissolution influences shell Mg/Ca,
we measured Mg/Ca in G. ruber in a core-top
transect on the OJP (Fig. 2B). These results
indicate that Mg/Ca is biased to lower values
(i.e., colder temperatures), at deeper depths, as
has been previously demonstrated (/8). This
influence comes about either through the selec-
tive loss of shells formed in warmer water or
through the selective loss of ontogenetic shell
material enriched in Mg/Ca. Because surface
water temperatures are so uniform in both time
and space in the WEP, we favor the latter
explanation. Our results demonstrate that shell
Mg/Ca decreases by 0.6 mmol/mol for each
kilometer of water depth, equivalent to a 12%
drop per kilometer or a paleotemperature colder
by about 1.3°C. Because all the cores consid-
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ered here lie between 2030 and 3200 m depth in
the equatorial Pacific, it is likely that they have
experienced similar preservation histories. We
calculate the potential influence of downcore
variations in preservation (19, 20) to be equiv-
alent to a +0.5°C bias in glacial paleotempera-
ture estimation (21).

Eastern boundary current results from
the Cocos Ridge and Galapagos Platform.
The oxygen isotope record from Cocos Ridge
core TR163-19 reveals that it covers three full
glacial cycles and that the deepest part of the
core (10.5 m) ends in the latter part of MIS
(marine isotope stage) 10 (Figs. 3 and 4) (22).
The amplitude of the glacial-interglacial varia-
tions in G. ruber 3'%0_, . averages about
1.9%o, near the maximum for tropical Pacific
cores (23, 24). The G. ruber Mg/Ca data indi-
cate clear glacial-interglacial oscillations of 1 to
1.5 mmol/mol, with average values about 30%
lower in glacial sections. Periodic changes in
Mg/Ca always occur deeper in the core relative
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Fig. 2. (A) Pacific core-top G. ruber calibration for Mg/Ca versus mean annual SST (43). Each point
is the average of two or more analyses. The range of core-top water depths is 1625 to 3200 m. The
standard error of the exponential fit is 0.6°C. Dashed lines indicate the 95% confidence intervals
for the curve fit. (B) Mg/Ca in G. ruber shells from core-tops on the Ontong Java Plateau as a
function of water depth. The filled diamond at 0 m is the Mg/Ca value for a plankton tow sample
taken at SST = 27.2°C off southwest Puerto Rico. The filled circle at 0 m is the same sample
corrected for the 2°C warmer temperature of the WEP. The data indicate that shell Mg/Ca
decreases by about 12% per 1 km increase in water depth. See text for details.

Table 1. Core locations, and core-top and last glacial maximum (LGM) data.

Mg/Ca Core-top

Core Location Levitus SST (mmol/mol) to LGM

(latitude, longitude, water depth) (°C) ASSTT

Core-top  LGM* (°Q)

TR 163-18 2°48.6'N, 89°51.1'W, 2030 m 26.2 3.15 2.39 —26*0.7
TR 163-19 2°15.5'N, 90°57.1'W, 2348 m 26.2 2.99 2.38 —2.6*08
TR 163-20B 0°47.3'N, 93°50.5’'W, 3200 m 24.5 2.55 1.97 —29=*0.9
TR 163-22 0°30.9'N, 92°23.9'W, 2830 m 24.5 2.70 2.18 —24*07
ODP 806B 0°19.1'N, 159°21.7'E, 2520 m 29.2 3.97 3.10 —28=*0.7

*Average of intervals corresponding to 18 to 24 ky B.P.

FCalculated from the core-top and LGM Mg/Ca values and

the G. ruber calibration in Fig. 2A. The estimated error of the core-top to LGM SST change is calculated from the
deviation of core-top Mg/Ca-SST from Levitus SST (43), the standard deviation of the LGM Mg/Ca, and the standard error
of the calibration (0.6°C). This error does not explicitly include the potential bias of downcore preservation changes,
although preservation differences clearly contribute to the standard error of the calibration (Fig. 2).

to the oxygen isotopes, and they lead 8'%0_, ;..
by 5 to 10 cm or 2 to 4 thousand years (ky)
(Figs. 3 and 4). Time-series analysis confirms
that Mg/Ca leads §'%0 by 3 ky, indicating that
the lead of SST over ice volume change must
be at least 3 ky (25) [Web fig. 1 (26)]. The lead
of SST over 3'®0 has previously been observed
in Southern Ocean (11, 27) and tropical Indian
Ocean cores (28).

The SST change between the LGM and the
core-top is 2.6 = 0.8°C (Figs. 3 and 4 and Table
1). The maximum amplitude, observed between
MIS 10 and MIS 9 onset and MIS 5.5 and MIS
4.2, is about 5°C. We confirmed the results for
the youngest part of TR163-19 by determining
Mg/Ca and 8'%0 in G. sacculifer in TR163-19
and in G. ruber in a second core on the Cocos
Ridge and two cores from the Galapagos Plat-
form (Table 1) (29). These results agree within
0.5°C for the magnitude of glacial cooling in
the EEP. Estimates of SST variability based on
radiolaria microfossils from core RC13-110
(0°06'N, 86°29'W, 3231 m) lying just south-
west of our study sites show similar tempera-
ture change (30).

The Mg/Ca records from three of the EEP
cores indicate that early Holocene SST was
~1°C warmer than the core-tops, which have
been dated to 950 to 1250 years before the
present (yr B.P.) (37). The age of the SST
maximum corresponds to the earliest Holo-
cene. The SST maximum also corresponds to
a similar feature in the Antarctic Vostok ice-
core deuterium record (see below and Fig. 4)
and the Huascaran ice core in Peru (9).

Western Pacific warm pool results from
the Ontong Java Plateau. We analyzed 3'%0
and Mg/Ca in G. ruber from the top 9.5 m of
ODP Hole 806B on the OJP (Fig. 3) (32-34).
The data indicate four complete glacial-inter-
glacial oscillations back to MIS 12, at 450 ky
B.P. The average 8'®0 amplitude of the last
two glacial-interglacial cycles is ~1.2%o, which
is considerably smaller than the average value
of 1.7%o for moderate sedimentation rate deep-
sea cores in the tropics (23). Previous studies
have noted the generally smaller glacial-inter-
glacial 3'80 amplitude in western Pacific cores
relative to other basins and attributed it to un-
changed glacial-interglacial SST, reduced am-
plitude due to bioturbation, and changes in sur-
face salinity distribution (23, 24). The MIS
12-11 transition stands out with a much larger
amplitude of almost 2%o, a feature which has
previously been observed in several other cores
from the OJP (35). The Mg/Ca data from Hole
806B indicate a glacial-interglacial amplitude
of approximately 1 mmol/mol except on the
MIS 12-11 and MIS 11-10 transitions, where
the change is nearly 1.5 mmol/mol.

The changes in Hole 806B Mg/Ca, assum-
ing a 9% increase in Mg/Ca per °C, equate to a
2.8° = 0.7°C drop in SST during the LGM and
an average 3°C drop during glacial episodes
(Fig. 3 and Table 1). The MIS 12-11 and MIS
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11-10 transitions stand out with a 5°C change in
SST. Spectral analysis demonstrates that max-
imum Mg/Ca leads minimum 3'%0 by about 3
ky, as is seen for TR163-19 (36). We con-
firmed the G. ruber results for Hole 806B by
measuring Mg/Ca and 8'%0 in G. sacculifer for
the youngest 60 ky of the core (37). We eval-
uvated the potential influence of seafloor preser-
vation changes by using the depth variation of
sediments containing 80% CaCOj, in the central
equatorial Pacific over the last 470 ky (20) to
estimate changes in lysocline depth [Web fig. 2
(26)]. The potential bias on SST estimates is
+0.8°C for MIS 2 and MIS 3; in the rest of the
record, the potential bias never exceeds +0.4°C.
If these estimates of preservation are correct,
they suggest that the actual SST decrease in the
WEP during the LGM was ~3.5°C.

SSTs for glacial MIS 2 and MIS 6 deter-
mined from OJP Hole 806B Mg/Ca data are
~3°C colder than modern values, compared to
the 6°C cooling estimate determined from St/
Ca of corals from the western tropical Pacific
and dated to the Younger Dryas interval and
termination II (6, 38). This difference is poten-
tially reconciled by new evidence for glacial-
interglacial changes in seawater Sr/Ca (39, 40).
Foraminiferal Sr/Ca data in (40) suggest that
seawater Sr/Ca during the LGM was ~3%
higher than in the modern ocean [but see (39)
for a different interpretation]. Because this dif-
ference is in the same direction as the average
5% higher Sr/Ca in glacial corals, when it is
factored into the calculation of paleotempera-
tures, coral estimates actually indicate cooling
of only 3°C (assuming 0.7% increase in coral
Sr/Ca per °C lower SST), in agreement with
the estimate based on Hole 806B Mg/Ca data.

The large amplitude change in §'0 ob-
served over MIS 12-11-10 in the Hole 806B
record and other OJP sites (35) is matched by a
similarly large amplitude signal in Mg/Ca (Fig.
3). Although Mg/Ca leads 8'®0 by several ky,
the large temperature change indicated by the
Mg/Ca data must undoubtedly contribute to the
coincidentally large 8'%0 signal. Taken togeth-
er, the Hole 806B 8'30 and Mg/Ca data indi-
cate that MIS 11 and MIS 10 stand out as the
warmest and coldest periods in the equatorial
Pacific over the last 450 ky. SST extremes are
30°C for MIS 11 and 25°C for MIS 10, about
1°C warmer and colder, respectively, than av-
erages for interglacial and glacial episodes. Pre-
vious studies have suggested that MIS 11 was a
period of intense warmth and higher relative sea
level, and faunal and isotopic records from the
sub-Antarctic and North Atlantic indicate un-
usually warm conditions (27, 41). Sub-Antarc-
tic cores also show enhanced cooling during
MIS 10 and MIS 12 (27). Our data indicate that
this climate amplification extended to the WEP.

Zonal gradients on the equator: compar-
ison between the eastern and western Pacif-
ic. Temperature variability indicated by the Mg/
Ca records show a strong correspondence be-
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tween the eastern and western sites (Fig. 3).
Some of the features that are clearly marked in
the higher resolution TR163-19 record are not
as apparent in the Hole 806B record, partly
because of the presence of sampling gaps in
Hole 806B. The poorest match occurs between
300 to 340 ky (MIS 9), which we attribute to
uncertainty in the stratigraphy for ODP 806B in
this interval because of a disturbed coring in-
terval at 6.5 to 6.9 m (~308 to 327 ky) (42).
These sites suggest a consistent picture of about
3° to 4°C colder equatorial Pacific SST during
glacial episodes.

The mean SST difference between the WEP
and EEP sites is 2.8° = 0.8°C (averaged over a
time step of 2 ky), compared to a modern mean
annual SST difference of 3°C (43). The zonal
gradient appears to be ~1°C larger than the

G. ruber

SST(°C)
5

5180 water (%)

mean value during glacial episodes (e.g., MIS
2, 6, 8) and ~1°C smaller during the warmest
interglacial periods (e.g., MIS 5.5, 7.5, 9.3)
(Fig. 3). This observation is supported by faunal
studies indicating an increase in the Pacific
zonal thermocline gradient during the LGM
(44). The inferred changes in the zonal SST
gradient might reflect enhanced trade winds
during glacial episodes, analogous to the La
Nifia state of the modern Pacific.

Why is the glacial-interglacial 3'%0 ampli-
tude in the WEP so much smaller than its
counterpart in the EEP? Temperature changes
implied by the Mg/Ca data are similar in the
EEP and WEP (Fig. 3). The similar magnitude
of Mg/Ca change at the two sites rules out
bioturbation as the cause, although it could
certainly account for a reduction of amplitude in
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Fig. 3. Equatorial Pacific records from Cocos Ridge core TR163-19 (90°57'W, 2°16’N, 2348 m) and
Ontong Java Plateau core ODP Hole 806B (159°22'E, 0°19'N, 2520 m), based on the surface-
dwelling planktonic foraminifera G. ruber. The age scale is based on radiocarbon dates for the
core-tops and the SPECMAP age scale (53). Gaps in the Hole 806B record are due to coring and
sampling gaps. Each Mg/Ca point is the average of two analyses. The SST scale for Mg/Ca is
nonlinear and is based on conversion of Mg/Ca data using the relationship: SST (°C) =
0.089~ "*In[Mg/Ca (m) /0.3]. The lower panel depicts 8'80,, (SMOW, standard mean ocean water
scale) calculated from the 380 and temperature estimates using a paleotemperature equation (45,
46). The 3'80,, data has been smoothed with a triangular digital filter for clarity. The estimated
confidence interval for the 3780, estimates is +0.18%o. Modern SST, sea-surface salinity, and
8180w estimates for the sites are: 29.2°C, 34.6 practical salinity unit (PSU), and 0.3%eo, respectively,
for the OJP and 26.2°C, 33.4 PSU, and —0.1%e. for the Cocos Ridge (43, 47-49). The numbered,
shaded bars indicate marine isotope stages.
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both geochemical signals. These observations in
turn suggest that the only viable explanation for
the smaller 8'*0 amplitude at site 806B is a
shift in the equatorial Pacific zonal 8'%0_, (sa-
linity) gradient during glacial episodes.
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By combining the Mg/Ca-based SST esti-
mates with measured 8'%0, we calculated
3'80,, values for the two long records in this
study (Fig. 3) (45, 46). Calculated 3'#0,, val-
ues for the core-tops are 0.5%o for the OJP and
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sively with younger age. The overall cross correlation between the Cocos Ridge Mg/Ca and Vostok 3D
records over the chronologically consistent interval of 1 to 260 ky is r = 0.75, with coherence of 0.96
(well above the 95% confidence interval) at both the 100- and 40-ky periods. The chronologies clearly
diverge in the latter part of the record (<260 ky), but this offset between the glaciological and orbital
time scale has already been recognized (54). The numbered, shaded bars indicate marine isotope stages.
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Fig. 5. Comparison of TR163-19 Mg/Ca (A) and 3'®0 (B) records (digitally smoothed with a
triangular filter to remove higher frequency components) and the Devils Hole 380 record (52). The
chronology for the Cocos Ridge records is based on the SPECMAP orbital time scale (53). The Devils
Hole record is on a time scale derived from U-Th disequilibrium dating (52). The beginning of glacial
terminations is indicated by the gray bars. In the Cocos Ridge Mg/Ca-Devils Hole comparison, the
beginning of warming at terminations is coincident within 0 to 5 ky. The correlation is r = 0.73 with
0 phase lag. In the Cocos Ridge 3'80-Devils Hole comparison, Devils Hole consistently begins to
warm 10 to 20 ky earlier. The correlation is r = 0.67 with the Cocos Ridge record lagging by 5 ky.

VSMOW, Vienna standard mean ocean water.

0%o for the Cocos Ridge, in agreement with the
modern inferred 8'%0 values of 0.3%o and
—0.1%o for the sites, calculated from the salinity
of the overlying waters and regional 3'%0_-S
relationships (47—49). At the EEP site (TR163-
19), the average glacial-interglacial 3'%0_ am-
plitude is 1.2%o, close to previous estimates of
the change in mean ocean 8'%0_, due to chang-
ing ice volume (50). At the WEP site (ODP
806B), the average glacial-interglacial ampli-
tude of 8'%0_, is only 0.7%o back to MIS 11.
This difference is a consequence of similar
Mg/Ca-based SST signals accompanying very
different 8'80-calcite amplitudes.

Taking the results for 8'%0 at face value
suggests that the zonal 8'#0_ gradient between
the eastern and western Pacific decreased dur-
ing glacial episodes. These data reveal a recur-
ring pattern of similar §'%0 values during
glacial intervals (i.e., MIS 4-2, MIS 6, MIS 8)
and offset values during interglacial intervals
(i.e., MIS 1, MIS 5, MIS 7, MIS 9). The obser-
vation that the EEP site experienced a glacial-
interglacial 8'%0_, change consistent with esti-
mates of the change due to ice volume implies
that 8'®0, (and salinity) decreased in the WEP
relative to the global ocean value. A decrease in
WEP salinity (of ~1 PSU or more) would also
increase the overall Atlantic-Pacific salinity
contrast during glacial episodes, as previously
suggested on the basis of oxygen isotope data
alone (57). One potential mechanism for these
changes is an increase in precipitation in the
WEP analogous to the La Nifia state of the
modern Pacific, perhaps connected to enhanced
westerly transport of water vapor by stronger
glacial trade winds (44). This explanation is
supported by increased Pacific zonal SST gra-
dients during glacial episodes (Fig. 3).

The calculated 3'%0, records from both
sites reveal a secular increase in 'O, with
age, with a slope of +0.1%o per 100 ky. This
secular increase in 8'®0, is apparent in the
foraminifer shell $!%0 data from the two cores
as well as other planktic oxygen isotope records
from the Pacific (35), and it might be part of a
longer cycle such as the 400-ky orbital cycle.
The longer record from ODP Hole 806B re-
veals a large-scale change in 8'%0,, in MIS
10-12. A 8'%0,, record from the northeast At-
lantic based on benthic 3'®0 and assumptions
about deep-ocean cooling reveal a similar
event, with a large positive excursion centered
on 430 ky, just as is observed in the Hole 806B
d'%0,, record (41). The coincidence of these
features suggests a global signal that is likely to
have its origins in either a greater drop in sea
level during MIS 12 and/or deposition of more
isotopically depleted continental ice.

Global synchrony and implications for
climate evolution. The lead of temperature
over 3'®0 observed in the Cocos Ridge core
provides a potential solution to a long-standing
controversy in paleoclimatology. The Devils
Hole 3'®0 record from a vein calcite precipi-
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tated in a groundwater-submerged fissure in the
Great Basin (Nevada) and independently dated
by U disequilibrium series, indicates large gla-
cial-interglacial oscillations that lead foraminif-
eral 3'80 records by up to 20 ky (52). Initial
publications describing this lead questioned the
veracity of the entire orbitally tuned SPECMAP
time scale, which is fundamental to Milanko-
vitch theory (53). The lead in Mg/Ca-based
temperatures over 3'%0 in our records suggests
that if the Devils Hole data records temperature
change, it should be in phase with oceanic
temperature records but lead oceanic ice vol-
ume records.

A comparison of the EEP Cocos Ridge Mg/
Ca record (TR163-19) and the Devils Hole
record, each on completely independent chro-
nologies (Fig. 5A), indicates that the two
records are in phase and match significantly
better than is observed for the foraminiferal
30 comparison (Fig. 5B) [Web fig. 3 (26)].
Comparison of the beginning of terminations II,
I, and IV in the Mg/Ca and Devils Hole
implies synchronous warming within 3 ky. The
same comparison for the Cocos Ridge 8'%0 and
Devils Hole record confirms the previously rec-
ognized lead of Devils Hole. The simplest ex-
planation for the overall in-phase correspon-
dence between Cocos Ridge Mg/Ca and Devils
Hole 8'%0 is that SST changes in the eastern
Pacific are transmitted via the moisture carried
by the westerlies to the western interior of
North America.

Further evidence of connections between the
tropical Pacific and global climate comes from
comparison of the Cocos Ridge records with the
Antarctic Vostok ice-core deuterium record
(54). Many features can be traced between the
Cocos Ridge Mg/Ca and Vostok 8D tempera-
ture records, one on the equator and one near the
South Pole (Fig. 4). The correspondence be-
tween the two records indicates synchronous
(within the 2-ky resolution of the sites) global
temperature change in the Antarctic atmosphere
and EEP surface ocean. The magnitude of the
inferred temperature changes is approximately
double for air temperature over Vostok, consis-
tent with the greater sensitivity of polar regions
and the lower heat capacity of the atmosphere
and in agreement with a previous comparison of
sub-Antarctic SST records and Vostok-inferred
air temperatures that also reveal a greater mag-
nitude for air temperature changes (11).

Our results demonstrate that equatorial Pa-
cific SST was about 3°C colder than modern
conditions during glacial episodes of the last
500 ky, and that the western Pacific warm pool,
the oceanic region most isolated from continen-
tal ice sheets (3), was a dynamic part of glacial-
interglacial climate change. The timing of SST
change precedes the formation and demise of
continental ice sheets by at least 3 ky. Similar
results from other tropical sites in the Atlantic
and Indian Oceans (72, 28) suggest that tropical
surface water cooling was a synchronous glo-
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bal-scale feature. Tropical Pacific cooling is
certain to have played a major role in forcing
climate change both directly through heat ex-
change with the atmosphere and indirectly
through its impact on the water and CO, con-
tent of the atmosphere.
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Molecular Evidence for the
Early Evolution of
Photosynthesis
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The origin and evolution of photosynthesis have long remained enigmatic due to
a lack of sequence information of photosynthesis genes across the entire photo-
synthetic domain. To probe early evolutionary history of photosynthesis, we ob-
tained new sequence information of a number of photosynthesis genes from the
green sulfur bacterium Chlorobium tepidum and the green nonsulfur bacterium
Chloroflexus aurantiacus. A total of 31 open reading frames that encode enzymes
involved in bacteriochlorophyll/porphyrin biosynthesis, carotenoid biosynthesis,
and photosynthetic electron transfer were identified in about 100 kilobase pairs of
genomic sequence. Phylogenetic analyses of multiple magnesium-tetrapyrrole bio-
synthesis genes using a combination of distance, maximum parsimony, and max-
imum likelihood methods indicate that heliobacteria are closest to the last common
ancestor of all oxygenic photosynthetic lineages and that green sulfur bacteria and
green nonsulfur bacteria are each other’s closest relatives. Parsimony and distance
analyses further identify purple bacteria as the earliest emerging photosynthetic
lineage. These results challenge previous conclusions based on 16S ribosomal RNA
and Hsp60/Hsp70 analyses that green nonsulfur bacteria or heliobacteria are the
earliest phototrophs. The overall consensus of our phylogenetic analysis, that
bacteriochlorophyll biosynthesis evolved before chlorophyll biosynthesis, also ar-
gues against the long-held Granick hypothesis.

The advent of photosynthesis is one of the
central events in the early development of life
on Earth. The origin and evolution of photo-
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synthesis, however, have long remained un-
resolved. Studies have demonstrated that
photosynthetic eukaryotes acquired photo-
synthetic properties from endosymbiosis with
cyanobacteria (/). This observation, coupled
with the fact that no Mg-tetrapyrrole—based
photosynthesis has been found in Archaea,
supports the notion that photosynthesis is a
bacterially derived process (2). To obtain in-
sight into the early evolution of photosynthe-
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sis, it is essential to conduct detailed phylo-
genetic analysis of many photosynthesis
genes from each of the five known photosyn-
thetic bacterial lineages. However, a paucity
of photosynthesis gene sequences across the
entire spectrum of photosynthetic bacteria
has required that previous analyses rely on
the use of nonphotosynthesis genes, which
have given conflicting results for the evolu-
tion of photosynthesis and of photosynthetic
organisms. For example, phylogenetic analy-
sis of small-subunit rRNA suggests that green
nonsulfur bacteria are the earliest evolving
photosynthetic lineage (3). In contrast, using
portions of the Hsp60 and Hsp70 heat shock
proteins as markers, Gupta et al. (4) conclud-
ed that heliobacteria are the earliest evolving
photosynthetic lineage and that this lineage
subsequently diverged to green nonsulfur
bacteria, cyanobacteria, green sulfur bacteria,
and purple bacteria, in that order. The con-
flicting trees derived from such studies indi-
cate that extrapolating the evolution of pho-
tosynthesis from nonphotosynthesis gene
trees may be invalid.

Another problem arises when only a sin-
gle set of photosynthesis genes is used for
phylogeny. Previous attempts to analyze the
evolution of photosynthesis using photosyn-
thetic reaction center apoproteins failed to
construct a phylogeny that includes all five
photosynthetic bacterial lineages, because an-
oxygenic photosynthetic bacteria contain
only one type of photosynthetic reaction cen-
ter (type I or type II), whereas cyanobacteria
contain both types of reaction center. Though
the two types of reaction centers share signif-
icant structural similarities (5), their sequenc-
es have diverged to such an extent that it is
virtually impossible to perform a statistically
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