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1. INTRODUCTION

Among the most important challenges remaining to be addressed by Quaternary

paleoceanographers is the mechanism responsible for lower pCO, during the Last Glacial

" Maximum (LGM). One of the more widely accepted clues for this mechanism is the

cbservation that the carbon isotopic composition (5"°C) of glacial planktic and benthic

foraminifera was more negative relative 1o the Holocene (Curry and Crowley, 1987;

*  Shackleton, 1977; Shackleton et al, 1992). It has been shown that the §C of a

foraminiferal shell is a function of the 5"C of dissolved inorganic carbon (ECO,) (Spero,

1992). Although physiological processes such as symbiont photosynthesis and respira-

tion can also influence shell 5'°C (Bijma er al, 1998a; Bijma ef al, 1999; Spero er al.,

1931), the practice of analyzing multiple shells from each interval in a core should average

out these vital effects. Hence, lower glacial §"°C values are thought to reflect changes in
mean ocean 8"'C (Shackleton, 1977).

Based on this premise, a number of researchers have proposed that reduced glacial

8"C values were due to the transfer and remineralization of “C-rich terrestrial organic
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matter to the glacial ocean-atmosphere reservoir (Crowley, 1995; Shackleton, 1977). Esti-
mate of the change in mean ocean 8"°C based on benthic foraminifera records is —0.32%o
(Boyle, 1992; Curry et al., 1988; Duplessy et al., 1988; Matsumoto and Lynch-Stieglitz,
1999). Such a value would suggest that approximately 5 x 10" g (500 Gt) of carbon were
removed from the continents during the LGM. Alternative estimates based on pollen
databases suggest decreases of 750-1,350 Gt of carbon in the terrestrial biosphere at the
LGM (Crowley, 1995). If all this carbon were remineralized, the glacial-interglacial (G-
1) 8"C difference should have been even greater.

Recently, Spero et al. (1997) demonstrated a second mechanism to lower shell §°C
values. Laboratory experiments conducted on the living planktonic foraminifers Orbu-
lina universa and Globigerina bulloides demonstrated that both §"C and 80 values
decrease with increasing seawater carbonate ion concentration ([CO;>]) or pH. Both the-
oretical considerations (Archer and Maier-Reimer, 1994; Broecker and Peng, 1987; Lea
et al., 1999) and geochemical data in the form of boron isotope (8''B) measurements
(Sanyal et al., 1997; Sanyal et al., 1995) suggest that regions of the glacial ocean were
more alkaline than today. Therefore, elevated surface water pH should produce
foraminifera shells with lower 8'"°C values without altering mean ocean 8" *C. Lea ef al.
(1999) explored to what extent planktonic carbon isotope records could be explained by
a carbonate ion influence. They concluded that glacial §'"*C values are compatible in mag-
nitude with the calculated influence of higher glacial carbonate ion, but the difference in
timing between tropical/sub-tropical 8"°C records and predicted change in surface water
carbonate ion appears to preclude carbonate ion concentrations as the principal control
on shell 8”°C. A key to interpreting the foraminiferal 8"°C record is to incorporate an
unequivocal method of deconvolving the carbonate ion effect from that of the change in
dissolved inorganic carbon (DIC) §"C due to mean ocean change and other potential
influences such as changing the strength of the biological pump.

Reconstructions of tropical sea surface conditions during the late Quaternary
have relied primarily on the stable isotope geochemistry of two species of planktonic
foraminifera, Globigerinoides sacculifer and G. ruber. Generally, both species have similar
depth and seasonal distributions (Deuser, 1987; Deuser and Ross, 1989; Fairbanks et al.,
1982; Ravelo and Fairbanks, 1992; Thunell et al, 1983) and are constrained to the
surface photic zone because of their obligate association with symbiotic dinoflagellates.
Because of these similarities, researchers have used the two species interchangeably in hun-
dreds of studies to reconstruct glacial ice volume records and estimate sea surface tem-
perature variations from shell 8'*O values. Whereas the G sacculifer records typically
exhibit a maximum G-I 8"C difference of —0.24 + 0.12%o (Curry and Crowley, 1987),
the published G ruber records suggest the G-I 8"°C offset may be two to three times as
large (Lea et al., 1999). If both species record mean ocean 8"°C change equally (as expected
from their similarities), then this difference could be explained by a different geochemi-
cal response to changes in the carbonate chemistry of seawater (Lea et al., 1999).

In this paper, we utilize a new suite of experimental data (Bijma et al., 1998b) which
demonstrates that the §'"°C:[CO;™] slope relationship for G ruber is nearly twice as large
as in G sacculifer. Because shell §'"°C values of the two species should be affected equally
by changes in mean ocean 8"C, and the species have different carbonate ion relation-
ships, it may be possible to deconvolve the foraminiferal §°C record to calculate the
change in surface [CO;*] and 8"Cyco, through time. Application of a new set of rela-
tionships to a Late Quaternary carbon isotope data set from equatorial Indian Ocean
core ODP 714A suggests that surface water [CO;*] may have been higher during the
LGM and that the sign and magnitude of §"“Cyco, change differ from what is directly
indicated by the downcore records.
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2. METHODOLOGY

Fossil G. ruber (white variety) and G sacculifer (w/o sac) were obtained from the
upper 4.5m of ODP core 714A from the equatorial Indian Ocean (5°N, 74°E). The core
was collected from a depth of 2,195m and has a sedimentation rate of approximately 3.5
cm/kyr through the upper 19m of the core (Droxler ef al., 1990). The original G. sac-
culifer 80 and §"C data set of Droxler et al. (1990) was augmented with additional
analyses of both G. sacculifer and G. ruber (300-355 um sieve fraction) to obtain samples
every 10cm through the penultimate glacial cycle. The SPECMAP tuned age model used
by Droxler et al. (1990) is applied here to estimate sediment age. Shells were cleaned of
adhering sediment in a sonication bath and 10 shells/sample were pooled in each sample
and roasted at 375°C in vacuo, then analyzed with a Fisons Optima IRMS using an
Isocarb common acid bath autocarbonate system at 90 °C. Data are presented in per mil
(o) notation relative to the V-PDB standard (unless noted otherwise) where:

8"0(or 8"C)=[("*0/" O/ "* O/ *0yy)—1] x 1,000

Analytical precision of the 8“0 and §“C measurements is +0.08 and +0.05%0
respectively.

3. THE MODEL

The experimental results of Bijma ef al. (1998b) show that the §"*C and "0 values
of G sacculifer and G. ruber decrease with increasing seawater [CO;*] (and pH). The
slopes of the §""C/[CO;™] relationships are —0.0047 + 0.001 and —0.0089 + 0.001%o per
umol/kg (+20) and 3*O/[CO;57] are —0.0014 + 0.0003 and —0.0022 + 0.0006%. per pmol/kg
for G. sacculifer and G. ruber respectively. These relationships are within the range of our
earlier experimental results on O. universa and G. bulloides (Spero et al., 1997) (Table 1),
demonstrating that the slopes of the carbonate ion effect (CIE) are species specific.

Because the slopes of the G sacculifer and G. ruber [CO;*]:8"C relationships are
significantly different, it should be possible to separate the influence of carbonate ion
from changing mean ocean 8'C at a given location if certain inferences and assumptions
are true. For instance both species possess symbiotic dinoflagellates (Anderson and
Bé, 1976; Lee et al., 1965) and therefore live in the photic zone. Furthermore, G. sac-
culifer and G. ruber share the same general seasonal and mixed layer habitat (Fairbanks
et al., 1980; Ravelo and Fairbanks, 1992; Tolderlund and Bé, 1971) so isotope values
obtained from multi-shell analyses should yield data that reflect a similar season and
depth mean.

Our most critical assumption regards the environment of final calcite addition for

Table 1. Experimentally derived slopes for planktic foraminifera carbonate ion effect

Species 8C/CO* 5" 0/[CO,™* Reference

Orbulina universa -0.0058" -0.0020' Spero et al. (1997)
Globigerina bulloides -0.0130' -0.0045" Spero et al. (1997)
Globigerinoides sacculifer -0.0047 -0.0014 Bijma et al. (1998)
Globigerinoides ruber —-0.0089 -0.0022 Bijma et al. (1998)

*units are %o pimol™ kg™
'slopes are averages of all experiments.
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the two species. It is well known that G sacculifer adds a veneer of gametogenic calcite
at the end of its life cycle just prior to reproduction (Bé, 1980; Duplessy et al., 1981). Bé
(1980) estimated that as much as 28% of the shell mass could be added during this cal-
cification event and mass balance calculations place the gametogenic calcification depth
in the upper seasonal thermocline below the primary calcification depth range (Lohmann,
1995). In contrast, G ruber does not add gametogenic calcite so its shell calcite reflects
mixed layer chemistry alone (Caron et al., 1990). In the following discussion, we assume
that the carbon chemistry of seawater (e.g., 8'*Cyco; and [CO;*]) in the tropical Indian
Ocean (mixed layer depth ~ 50m) is constant across the full calcification depth of the
two species (maximum depth for G. sacculifer is ~ 100 m).

Given the above assumption and inferences, we can draw two conclusions about
shells collected from the sedimentary record. First, if both species are affected equally
by bioturbation, and dissolution is similar for both, then the 8"°C of G sacculifer and G
ruber from any interval in a core should record 8" Cyco, equally (Spero, 1992). Second,
if a number of shells are analyzed from each interval, the effect of intershell differences
due to symbiont photosynthesis as it varies within the light field of the photic zone (Bijma
et al., 1992; Billups and Spero, 1995; Spero and Lea, 1993; Spero and Williams, 1989)
should average out and the interspecific §'°C offset (vital effect) that is observed between
the two species in the core top interval should remain constant through time. We address
potential issues with these assumptions later in the paper.

With the above two caveats, it is possible to solve for downcore changes in surface
[COy] and §"*Cyco; using the differential response of G, ruber and G sacculifer to changes
in surface [CO;*]. Given that downcore shifts in the 8"C of these two species can be
described as a function of the §'*Cyco, and surface [CO;™], then at any time (or interval)
i S

(8|3Cmﬂ_)l = 613C:('03 + ml‘mr ¥[C032~]l (1)

and

(8!3thrr); = SHC}:CO! + My * [CO}E']l (2)

where my,, = —0.0089%opumol™ kg™ and m,,, = —0.0047%oumol™' kg™,

Species specific “vital effects” which result from the differential influence of
symbiont photosynthesis (among other physiological processes) on shell §"C creates
an offset which is specific for a given geographical region. Assuming this “vital effect” is
constant within a core, we can correct for the offset between G ruber and G sacculifer
using:

(Bucndm }t = SIJC}:(‘(): +mmr‘)¢-r *[CO.‘Z“]I +Vv (3)
where “v” is the “vital effect” difference between the two species, and is estimated by:
_ (813 13
y= (5 C,\m‘r - 8 Cmber )cm’e top (4)
If “v” is subtracted from all paired (8"Cy, — 8"C,.,) differences throughout
the core, we obtain a suite of down core difference values which are corrected for

“vital effects”, according to the simple assumption of constant vital effect offsets through
time:
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(Bncmz‘:' = 513(:"{!," )l,cl = (SHCMW 3= 6|.§Crﬂh¢’r). ™ (Sucmcr - aucmhrr}ﬂ (5)

and can solve for the change in [CO;*] between the core top and any interval “t” down-
core, A[CO+* ., where

(SUCW(‘(‘ = 61 }Cm},,, )._d = A[CO? 2-] * (m,\m‘r _mmbw) (6)

t=ct
and

A[CO; N ]l—ct = (5'3 C_,-m-(- - 8” C""!"")l-cl /(m:u.'.'(' T mrﬂhﬂ ) {7)

Here, my,.. — My, = 0.0042umol™' kg™, the difference in 8"C response to carbon-
ate ion between the species.

Once A[CO,™],, is calculated, A8 *Cyco, is determined relative to the core top from
either (1) or (2) where:

A8" Cyoy =(A8"Cec), oy = M * A[CO,™ | 8)

t—ct t-ct

or

Aa” CE.(.'(): = (Aamcruhl'r) _mmhl.'r ¥ A[CO3 2_] E (9)

t—ct 1—ct

4. DOWNCORE RECONSTRUCTIONS OF A[CO;>] AND A8"Cscon

Core ODP 714A is located to the west of GEOSECS station 447. Hydrographic
and shorebased data from the water column at station 447 show that the mixed layer is
at least 50m deep, with a SST of 30.0°C and 8"Cyco, = 1.56%0 during the April 1978
cruise. Although only £CO, data are available for this site (1909 umol/kg), if we assume
that the surface waters were in approximate equilibrium with the atmosphere (pCO, =
350patm), then the calculated [CO;s*] would be 246umol/kg which is similar to the
surface ocean [CO;*] near Puerto Rico where the experiments in Bijma er al. (1998) were
conducted.

The G. sacculifer and G. ruber 8O stratigraphies (Fig. 1a) show a normal G-I
cycle with a prominent Stage 1/2 transition and clearly discernible stage 3, 4, 5c and 35e
peaks. Only stage Sa appears to be weakly defined. Unlike the oxygen isotope data, the
8"C stratigraphy (Fig. 1b) for the two species displays little apparent Milankovich fre-
quency across the 130kyr record. Rather, we observe a series of high frequency oscilla-
tions which clearly differ in sign and magnitude between the two species. To better
visualize this difference, we have smoothed both 3"*C data sets using a 3-point running
mean (Fig. lc).

In Figs. 1b and Ic, the difference between the two 8" C records is very apparent.
Whereas G. sacculifer records a typical = —0.20%0 G-I 8°C difference, G ruber records a
—0.6%o change. In reality, the —0.2%0 G-I difference is not between the LGM
and Holocene, but rather between the deglacial and Holocene (Curry and Crowley, 1987).
A clear 8"C maximum can be seen between 20 and 25kyr in the G. sacculifer 8" °C values.
Although a similar maximum is also observed in the G ruber record, it lags the G sac-
culifer record and does not exceed Holocene 8°C values as does the G sacculifer
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Figure 1. Equatorial Indian Ocean core ODP 714A stable isotope stratigraphy. (a) G sacculifer and G ruber
8"0 values. (b) G saceulifer and G. ruber §"C values. Stable isotope data include data from Droxler et al. (1990)
augmented by additional measurements made in this study; (c) 8"°C stratigraphies smoothed with a 3-point
running mean.

glacial signal. Similar offsets in both timing and magnitude between the two species can
be traced throughout the last 130kyr. If G sacculifer and G. ruber coexist in the same
region of the water column and are only tracking 8" Cycos, these differences are difficult
to reconcile.

Equation (7) demonstrates that the difference between the G ruber and G. sacculifer
8"*C records should be a function of surface ocean [CO;*]. After correcting the full
(unsmoothed) data set for the core top offset between the species as discussed in the last
section, we obtain the reconstructed A{CO,*] record in Fig. 2a. Examining the broader
pattern from this reconstruction, and ignoring the single point high frequency oscilla-
tions, what emerges is: 1) a broad LGM A[CO,*] maximum of approximately 50 umol/kg;
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Figure 2. Deconvolved G. sacculifer and G. ruber carbon isotope records based on the complete 8"°C data set.
(a) A[COy™] and calculated A8"Ccuber Telative to the core top. (b) Calculated surface water A8 *Cyeo; relative
to the core top. (¢) G ruber 80 stratigraphy. A[CO:*] and A8"*Cyeo, have been determined using equations
described in the text.

2) a gradual reduction in surface A[CO;*] to =60 umol/kg from the start of the deglacia-
tion through the mid-Holocene; 3) oscillating Stage 5a-5e [CO4*] which are comparable
to [CO5™] concentrations during the Holocene; 4) a A{CO;>] minimum of —90 umol/kg
during Stage 4; 5) Late Holocene-like [CO;*] concentrations during Stage 3; and, 6) an
increase in [CO,™] during the Late Holocene.

Deconvolving the surface 8"’ Cyco, record from the influence of seawater [CO;*]
using either egs. (8) or (9), yields a broad A8"°C maximum at the LGM that is between
0.25 and 0.3%o higher than the core top (Fig. 2b). Surface §"°C decreases during the
deglaciation into the mid-Holocene after which values increase at the Late Holocene. A
clear A3"°C minimum correlates with parts of stages 5a and 4. Interestingly, most of the
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penultimate interglacial (Stage 5) yields surface §"°C values that are considerably lower
than the Holocene.

S. ERROR ANALYSIS

We performed an error analysis to determine the uncertainties in the calculated
parameters (A[CO,7] and A8'"*Csco,) based on the uncertainties in My, and M., and in
the measured down-core 8" Cy,. and 8"°C,,.,. We estimated the one sigma standard devi-
ation (1o) that we achieved with our samples (in which 10 individuals were pooled) using
the approach of Schiffelbein and Hills (1984):

0%r= 0w+ 0%/n

where o is total variance, 6, is the machine variance (0.0025%0% ie Gy = 0.05%0), o’
is the estimated population variance, and n is the number of individuals pooled in the
sample (10). We estimated the population variance for G sacculifer (6% = 0.1681%0%) and
G. ruber (o%p = 0.0961%0°) by analyzing 22-24 shells of each in Holocene and 22 kyr
samples from OPD 714A. The variance for Holocene and 22kyr samples was the same.
The 1oy for our samples of 10 pooled individuals determined this way were +0,14%0 (G
sacculifer) and £0.11%0(G. ruber). We then propagated the errors in the calculated values
of A[CO;7] and A§"Cyco, using the analytical expressions in Bevington (1969) (pp. 60-62),
with mean and 1oy values for 10 shells given in Table 2. Finally, we estimate the minimum
feasible errors in A{CO;"] and A8"*Cyco,, assuming that 50 shells are analyzed per sample.
With this assumption, the 16 error in A{CO;™] and A8"*Cyco; at 22kyr is +40 umol/kg and
10.23%0 respectively.

6. IMPLICATIONS AND CORRELATION WITH OTHER PROXIES

6.1. Surface A8"C and Dust Fertilization

Given that this is our first attempt to apply these relationships to the fossil record,
and given the relatively large potential errors estimated above, it is premature to view
these reconstructions as strict quantitative estimates. If our deconvolution is correct, we
are left with two interesting conclusions about the equatorial Indian Ocean during the
LGM; surface water "C and [CO;*] were higher than during the Holocene. The con-
clusion that LGM surface ocean [CO;™] was elevated is not new. Rather, it is a necessary
chemical state of the ocean (Broecker, 1982; Lea ez al., 1999) given that the ocean surface
is essentially in equilibrium with the atmosphere over long time periods and that LGM
pCO, was approximately 80 patm lower than during the Holocene (Barnola et al., 1987).

Table 2. Results from error analysis (using only 10 shells/sample)

Age (kyr) Mean 8"C,,.. (%0) Mean 8"C, e (%0) A[CO57 + lo (umol/kg) A8 Cyeoz 10 (%0)

0 1.47£0.14 1.17 £ 0.11
22 1.43 £0.14 0.90 £0.11 55+ 63 0.22 +0.36
74 1.10+0.14 1.19£0.11 -93 + 68 -0.81 £0.39
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Recent boron isotope data by Sanyal er al. (1995), which demonstrated higher sea surface
pH during the LGM, further supports this hypothesis and our conclusion.

The reconstruction from ODP 714A indicates that surface water 8" Cysco, was more
positive during the LGM (Fig. 2b). This result is unexpected yet intriguing in light of the
recent hypothesis by Broecker and Hender son (1998) that iron (dust) fertilization may
have played a key role in the proliferation of nitrogen fixing cyanobacteria in the sub-
tropics during the LGM. This hypothesis is an extension of the earlier hypothesis of
Martin (1990) who proposed that high latitude surface ocean productivity is limited by
iron deficiency and therefore phytoplankton cannot take advantage of the nutrients that
remain in the photic zone after Fe depletion. Martin argued that the elevated dust flux
to the ocean during the LGM could have increased surface productivity in high nutrient
low chlorophyll areas, thereby providing a mechanism to reduce atmospheric COs.
Because surface water 8"°C is controlled by the biological cycling of "*C-depleted organic
matter between the shallow, intermediate and deep zones of the ocean (Kroopnick, 1985)
an increase in surface productivity due to dust fertilization should correlate with an
increase in the 8"*C of surface waters.

During the LGM. the northwestern Indian Ocean received a significant flux of
eolian material from the arid regions of Arabia. Mass accumulation rate (MAR) data
from piston core RC27-61 in the Arabian Sea (Clemens and Prell, 1990) indicate that
colian fluxes peaked during the LGM, accumulating at a rate of approximately 2
mg/cm?/yr. Based on isopleth interpolation (Duce et al., 1991) the flux of mineral aerosols
to the equatorial waters above ODP 714A is only 3-4 times lower than the MAR at
RC27-61. Therefore it is reasonable to assume that the LGM eolian flux at Site 714A
increased proportionately with the MAR at RC27-61.

Could the tropical Fe fertilization hypothesis of Broecker and Henderson (1998)
explain the 8" °C increase we observe in our reconstruction? A plot of the RC27-61 eolian
MAR record with the reconstructed Site 714A A8"Cyco, record (Fig. 3a) shows reason-
able agreement between the LGM eolian peak and §"Cyeo, maxima although the initial
increase in A8" Cycoy clearly leads the MAR record. Maxima in A8"Cyco, during stage 4
and possibly stage 5b are associated with increased eolian MAR although these correla-
tions are more tenuous. Finally, we point out that the hypothesis of Broecker and
Henderson may require further evaluation. Recent simulations with a coupled ocean
general circulation and sedimentary diagenesis model suggest that carbonate compensa-
tion would eliminate all of the pCO, drop generated by increased mean ocean nitrate
(Archer et al.. in press).

6.2. Surface A|CO;™] and the Dissolution Record

Variations in surface [CO:*] are intimately related to the balance between the
supply of alkalinity to surface waters via runoff from the continents, erosion of exposed
carbonate platforms during sea level low stands, precipitation and export of CaCO; shells
from super saturated surface waters and changes in the strength of the biological pump.
In contrast, the [CO:*] of the deep ocean is a function of the age of the deep water and
surface supply and subsequent dissolution of sinking CaCO; shells. Peterson and Prell
(1985) examined equatorial Indian Ocean carbonate preservation in core V34-53 (6°S,
89.5°E), along 90°E ridge, southwest of site 714A. Their composite dissolution index
(CDI) based primarily on foraminiferal shell fragmentation, shows a stage 4 preservation
minimum and stage 2 maximum (Fig. 3b). Our reconstruction of glacial surface water
[CO;™] change appears to track deep ocean dissolution at V34-53. Because surface and
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deep ocean circulation and carbonate chemistry are linked through high latitude con-
vection, and the readjustment time for deep ocean [CO;>7] change is on the order of 5-10
kyr (Broecker and Peng, 1998), the covariance of the CDI and [CO;*] reconstruction
suggests that our deconvolving technique could have captured a linkage between surface
and deep [CO,™7] for this region of the Indian Ocean.

Unlike the agreement between the glacial CDI and [CO;*] reconstruction, the inter-
glacial CDI and surface [CO5>] reconstruction diverge considerably. Specifically, the CDI
shows good carbonate preservation whereas the surface record indicates a [CO,™]
minimum during the Holocene and oscillations with distinct minima between stages 5a
and Se. Given the errors in the [CO;*] reconstruction, it is premature to try to reconcile
these differences. We are currently working on analyses of G ruber and G sacculifer in
nearby cores to confirm the structure and robustness of the reconstructions.

6.3. Surface A|CO;™] and the Vostok pCO, Record

A direct way to evaluate the surface [CO,*] reconstruction for ODP Site 714A is
to compare it with the Antarctic Vostok ice core atmospheric pCO, record (Barnola et
al., 1987). Because the pCO, of the sea surface and atmosphere are in approximate equi-
librium, changes in atmospheric CO, recorded in ice cores must be matched by changes
in surface [CO;*] (Broecker, 1982; Lea er al., 1999). In general, the surface ocean pCO,
of tropical and subtropical regions of the ocean with deep mixed layers (such as the water
column above Site 714A) should be close to equilibrium with the atmosphere (Takahashi
et al., 1997). For instance, the pCO; of surface waters to the east of Site 714A (5°N, 90°E)
are only 10% higher than atmospheric pCO, (367 ppm vs 333 ppm) (Murphy et al., 1994).

The weak agreement between the ODP Site 714A seawater [CO;*] reconstruction
and Vostok pCQO, record (Fig. 3c) does not allow us to directly confirm the validity of
the deconvolution technique. This creates a dilemma when interpreting our reconstructed
[CO;™] record. Whereas it can be argued that the [CO;*] reconstruction for the penulti-
mate interglacial and LGM through Holocene transition tracks ice core pCO,, the oscil-
lations during Stage 5 and apparent lag in surface [CO;™] change relative to ice core pCO,
are inconsistent with surface waters that are close to equilibrium with the atmosphere.
One possibility is that the tropical Indian Ocean between Stage 2 and Stage Se was shift-
ing between disequilibrium and equilibrium states via changes in the strength of the bio-
logical pump, surface CaCO; production and the local supply of CaO and alkalinity
(COs* and HCOy) via erosion and runoff from the Himalyan plateau and exposed
Indonesian platform. A second alternative is that sea surface temperature changes at site
714A are out of phase with the Vostok pCO, record causing the seawater carbonate
record to be different than expected. Finally, we cannot discount the possibility that
cumulative errors associated with our calculations have made it difficult to resolve
[CO+™] change sufficiently to map surface ocean carbonate chemistry to the ice core pCO,
record.

7. FUTURE DIRECTIONS

This is the first attempt at reconstructing the surface [CO;*7] for the glacial Indian
Ocean. If the tropical Indian Ocean was periodically out of equilibrium with respect to
atmospheric pCO,, as our reconstruction suggests, than other parameters of the car-
bonate system should show similar oscillations. For instance, it should be possible to use
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boron isotope measurements on G sacculifer or G. ruber to determine whether surface
pH fluctuated similarly (Sanyal ez al., 1996). Because the error on our [CO;*] recon-
struction is large when only 10 shells/sample are analyzed (Table 2), the confidence limits
around our estimates precludes further mechanistic discussions of the data set. At present
we are addressing this and other issues by repeating the suite of isotope measurements
on core 714A using a greater number of shells/sample and tightly constrained size frac-
tions. A new suite of preliminary data indicate that the choice of shell size can have a
considerable influence on reconstructed A[CO:*] and A8"Cgco, (Mielke and Spero,
unpublished data). Efforts to improve the application of these equations to the fossil
record are continuing in our laboratories.
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