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Abstract—The role of the “alkalinity pump” in controlling the glacial/intergla-
cial pCO; change in the atmosphere is discussed. A hypothesis is presented that
an increase of dissolved Si supply to the glacial surface ocean, perhaps associated
with intensified aeolian dust transport probably enhanced opal (largely diatom)
production and inhibited calcite (largely cocolith) production resulting in an
increase in the organic carbon/CaCOj rain ratio to the deep sea. This would have
caused an increase in alkalinity and pH in the surface water and in turn reduced
the glacial atmospheric pCO; to about 200 ppm according to thermodynamic
equilibrium.

INTRODUCTION

Studies of the Greenland and Antarctic ice cores (BERNER et al., 1979; DELMAS et
al.,1980; NEFTEL etal., 1982; BARONA et al., 1987) have shown that the atmospheric
CO; concentration during the last glacial period was ~80 ppm lower than the pre-
industrial level of 280 ppm. These are very important findings which need to be
explained properly, because unless we know the past, it is difficult to predict the
future. Almost all believe that the ocean must have taken up the amount of CO, which
was removed from the glacial atmosphere, because the land biota, another potential
candidate for carbon storage was also reduced during glacial periods. There are at
least three mechanisms for this increased oceanic uptake which are called 1) the
“solubility pump”, 2) the “biological pump (that is the particulate transport of
organic matter only and subsequent remineralization in the deep sea thereafter)” and
3) the “alkalinity pump (due to the imbalance in the CaCO; production/dissolution
cycle)”.

The solubility of CO, in seawater increases by about 4% with a 1°C decrease
in the sea surface temperature. During the last glacial period, on average, the
seawater temperature decreased ~2°C and salinity was ~3% higher relative to
today’s values. These temperature and salinity changes would have increased the
solubility of CO, in seawater, but they could have accounted for no more than a 10
ppm CO; decrease in the glacial atmosphere (BROECKER and PENG, 1994).

Ocean productivity increases can reduce the atmospheric CO; content by in-
creasing the particulate transport of organic matter to the deep ocean. The capacity
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of this “biological pump” is significantly large and can reduce atmospheric CO; to
values well below 200 ppm. This is so because the ocean contains a significant
amount of so called “preformed” nutrients in the deep water and the efficient use of
these nutrients by phytoplankton will enhance ocean productivity and thereby
reduce the atmospheric CO; content (KNOX and MCELROY, 1984; SIEGENTHALER
and WENK, 1984; SARMIENTO and TOGGWEILER, 1984). Explaining the glacial pCO,
in the atmosphere by this mechanism however, runs into a serious problem because
the increase in organic carbon flux to the deep sea due to the enhanced productivity
would have caused a significant portion of the deep sea to become anoxic. Large
anoxic areas in the deep sea are not supported by the fact that aerobic benthic
foraminifera lived in the deep sea during glacial periods. Therefore, we need to
rescue the third mechanism of the “alkalinity pump”. We describe this aspect in this
article.

MECHANISM OF THE ALKALINITY PUMP

Because the “alkalinity pump” involves a somewhat complex chemical equilib-
rium of carbon dioxide in seawater, it easily confuses people, in particular, those who
are not familiar with thermodynamics. To make it as simple as possible to compre-
hend the “alkalinity pump”, it is useful to calculate the changes in various parameters
in seawater when calcium carbonate dissolves in seawater in a closed system (Table
1). The basic equations used for these calculations are given in Table 2.

Asexpected from stoichiometry, total dissolved inorganic carbon and alkalinity
increase as the amount of CaCOs3 dissolved increases. pH also rises and consequently
pCO; decreases from the initial value of 350 ppm to 290 ppm. Therefore, if the
resultant water comes up to the surface and is in contact with an atmosphere with
pCO2 =350 ppm, it will absorb atmospheric CO; until a new equilibrium is reached.
The CaCOj; precipitation and dissolution reactions are reversible. Therefore, if 1
mmole of calcium carbonate precipitates from a liter of seawater having the

Table 1. Changes in the CO; system due to the dissolution of CaCOj3

Parameter Initial ACaCO, (mM) % change
seawater 0.05 0.10

ACO, (mM) 0 0.05 0.10 -
2CO, (mM) 2.200 2.250 2.300 4.5
[Ac])(meq/l) 2.487 2.587 2.687 7.2
pCO, (ppm) 350 310 290 -17
pH 8.200 8.264 8.321 15
[CO*}(mM) 0.012 0.011 0.010 -17
[HCO,-](mM) 1.889 1.892 1.893 0.3
[CO,*)(mM) 0.299 0.348 0.397 33

*COy* = COy(g) + H,COs.
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Table 2. Carbonate equilibrium equations*
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*Thermodynamic constants can be found in MEHRBACH et al. (1973) for K’ and K,’, MILLERO
(1979) for Kp' and Kp/, and WEIss (1974) for Ky'. TA and TB are total alkalinity and total boron
concentration, respectively.

properties listed in the third column of Table 1, pCO; will rise from 290 ppm to 350
ppm. Ifthis water comes into contact with an atmosphere with pCO, =290 ppm, then
it will release excess CO, to the atmosphere. Clearly, precipitation of CaCOj in the
surface ocean must act as a source of CO; to the atmosphere. This is basically how
the “alkalinity pump” works. We need to consider whether this mechanism can
influence the atmospheric CO, effectively and quickly enough to explain the ice core
records.

AN In-situ DISSOLUTION EXPERIMENT

Calcium carbonates (aragonite and calcite) are biologically formed in the
surface ocean. When planktonic calcareous tests fall through the water column, they
dissolve in the deep water depending on the water chemistry which varies from place
toplace. The solubility of CaCOj3 increases with depth due to the pressure effect (Fig.
1). Surface waters are super-saturated with respect to CaCO3 (both aragonite and
calcite), whereas waters at great depths depending on the location are undersaturated
with respect to CaCOs. It has been thought that very little calcite dissolves in the
water column but more dissolves at the sediment-water interface (DYMOND and LYLE,
1993; JAHNKE et al., 1995).

We have done an in-situ dissolution experiment with foraminifera tests de-
ployed on a sediment trap mooring. This experiment is similar to those carried out
before by previous workers (PETERSON, 1966; BERGER, 1967; MILLIMAN, 1977),
except for the great depth (~9000 m) of the Japan Trench (Fig. 2) used in this study.
The long water column, although not common, enables us to elucidate the chemical
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Fig. 1. Comparison of the ionic concentration product (ICP) of Ca>* and CO3?~ with the
solubility products of aragonite and calcite in the Japan Trench. The sediment trap mooring
used for the CaCOj dissolution experiment is also illustrated at the left side of the figure.

changes of particles during settling in an enlarged scale.

Box-core sediments obtained from the Equatorial Pacific (4°59.8'S,
159°59.6’ E: water depth, 1720 m) were sieved for a size fraction between 600 and
710 um. Then, the forams in this size fraction were handpicked under the microscope.
Approximately 100 individuals each of Orubulina universa, Globigerinella
aequilateralis, Globigerinoides sacculifera, Globigerinoides conglobatus,
Globoquadrina conglomerata, Pulleniatina obliquiloculata, Globorotalia menardii,
Globorotalia tumida,and Sphaeroidinella dehiscens, 25 individuals of Globigerinella
adamsi and one aragonitic individual of Diacria trispinosa were collected and used
for the CaCOj3 dissolution experiment for each depth. These forams were collec-
tively weighed to an accuracy of 5 ug, placed in a nylon mesh bag with a mesh size
of 100 yum and hung in seawater at 4 different depths with sediment traps on a
mooring line. The duration of the experiment was 387 days from February 26, 1991
to March 20, 1992. After recovery, the samples were reweighed and the loss by
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