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Abstract. Present-day production of CaCO3 in the 
world ocean is calculated to be about 5 billion tons 

(bt) per year, of which about 3 bt accumulate in 
sediments; the other 40 % is dissolved. Nearly half 
of the carbonate sediment accumulates on reefs, 
banks, and tropical shelves, and consists largely of 
metastable aragonite and magnesian calcite. Deep-sea 
carbonates, predominantly calcitic coccoliths and 
planktonic foraminifera, have orders of magnitude 
lower productivity and accumulation rates than 
shallow-water carbonates, but they cover orders of 
magnitude larger basin area. Twice as much calcium 
is removed from the oceans by present-day carbonate 
accumulation as is estimated to be brought in by rivers 
and hydrothermal activity (1.6 bt), suggesting that 
outputs have been overestimated or inputs 
underestimated, that one or more other inputs have 
not been identified, and/or that the oceans are not 
presently in steady state. One "missing" calcium 
source might be groundwater, although its present- 
day input is probably much smaller than that of rivers. 
If, as seems likely, CaCO3 accumulation presently 
exceeds terrestial and hydrothermal input, this 
imbalance presumably is offset by decreased accumu- 
lation and increased input during lowered sea level: 
shallow-water accumulation decreases by an order of 
magnitude with a 100 m drop in sea level, while 
groundwater influx increases because of heightened 
piezometric head and the diagenesis of metastable 
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aragonite and magnesian calcite from subaerially 
exposed shallow-water carbonates. 

INTRODUCTION 

In recent years the calcium carbonate budget in 
the ocean has been discussed in detail by a number of 
geochemists [Wilkinson and Alego, 1989; Morse and 
Mackenzie, 1990; Sabine and Mackenzie, 1991; 
Opdyke and Walker, 1992; Mackenzie and Morse, 
1992]. Likewise, the impact of carbonate production 
and accumulation holds great interest for sedimen- 
tologists and paleoceanographers. The carbonate 
system represents only a small part of the global 
carbon cycle, but it is intimately related to atmospheric 
CO2 and therefore other components of the carbon 
system [Broecker and Peng, 1982]. A number of 
workers, for example, have explored the extent to 
which Holocene CO2 buildup in the atmosphere has 
resulted from the shift in carbonate deposition patterns 
since the last eustatic rise of sea level [Berger and 
Winterer, 1974; Berger 1982, 1985; Keir and Berger, 
1985; Opdyke and Walker, 1992; Sundquist, 1993] 
(Figure 1). 

Published carbonate budgets vary widely 
because various authors have used different data sets 

and made different assumptions regarding the pro- 
duction and accumulation of carbonates as well as the 
sources of dissolved calcium and carbonate in marine 

waters. For example, Opdyke and Walker [1992] 
calculate that reefs alone accumulate 1.4 to 1.9 billion 

tons (bt) CaCO3/yr, whereas Sabine and Mackenzie 
[ 1991 ] and Mackenzie and Morse [ 1992] conclude 
that combined, reefs, banks, and shelves accumulate 
only 0.6 bt. Many proposed budgets, moreover, rely 
upon untrustworthy recycled data, which can 
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Figure 1. Proposed late Quaternary sea level curves showing the timing of outer shelf 
flooding and modern coralgal reef buildup (see also Figure•2). Curves for the NE USA 
[Milliman and Emery, 1968] and Barbados [Fairbanks, 1989] indicate a low stand of about 
-120 m about 16-17 ka; both are based on the "old" C TM time scale (see Fairbanks [1989] for 
a discussion). In contrast, data from the SE USA [Macintyre asnd Stuckenrath, 1978; 
Blackwelder et al., 1979; Milliman and Emery, 1968] and the northern Caribbean 
[Digerfeldt and Hendry, 1987; Neumann, 1971; Lighty et al, 1978; Shinn et al., 1989; 
Westphal, 1986] suggest a much shallower low stand, perhaps no more than -60 m, 
presumably reflecting change in ocean surface configuration rather than tectonic uplift of the 
shelf. Both curves, however, show a similar rapid rise of sea level 15 to 8 ka; after 6 ka, the 
Holocene sea transgressed slowly to present-day levels. In some areas, particularly the 
southern hemisphere, a high stand 1-2 m above present-day level was reached 4-6 ka. The 
lower left shows correlation of sea level (meters below present) versus preindustrial 
atmospheric pCO2 [after Barnola et al., 1987]. 

complicate any hope of achieving a good budget 
estimate; some examples are discussed in this paper. 

In the 20 years since I last calculated a global 
ocean CaCO3 budget [Milliman, 1974], many new 
data sets and their interpretations have influenced our 
understanding of both planktonic and benthic 
carbonate productivity and accumulation. For in- 
stance, more than 50 long-term sediment trap arrays 

have been used to monitor the flux of carbonate to the 

deep-sea floor. Also, recent determination of carbon- 
ate mass accumulation rates (MARs) has permitted 
some quantitative understanding of variations in 
carbonate production and accumulation with time and 
space in the deep sea. Numerous borings of coral 
reefs and some seismic studies of adjacent lagoons 
give us a much better idea of Holocene carbonate 
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deposition in these highly productive habitats, and at 
least one new carbonate sink has been identified: 

shelf-edge Halimeda bioherms. 
In this paper I discuss CaCO3 production and 

accumulation in the present-day marine environment 
and over the past 25,000 years, that is before, during 
and since the last glacial maximum. The new data 
facilitate a reevaluation of sea level control on the 

carbonate budget model first proposed by Milliman 
[1974] and Berger and Winterer [1974]. This recal- 
culated budget also allows us to define conceptual 
(and data) gaps that limit our understanding of the 
carbonate system. As will be seen, the oceans 
presently sediment more calcium as calcium carbonate 
than is brought in by terrestiat and hydrothermal 
sources; it is only during glacially lowered sea level 
that the oceans can recharge. According to this 
model, the oceans are seldom, if ever, in steady state; 
that is acheived only when one integrates over a 
period of successive high and low stands of sea level. 

OCEAN BUDGET FOR CALCIUM CARBONATE 

In my 1974 compilation I separated the marine 
carbonate environment into two catagories: shallow- 
water, in which carbonate production is dominated by 
benthic processes, and deep-water, where carbonate 
production is primarily planktonic. As will be seen, 
benthic production rates are generally 1 to 3 orders of 
magnitude greater than planktonic rates, such that 
global shallow-water production approximates that 
produced in deep water. 

Shallow-Water Carbonates 

Previously, I divided the shallow-water 
environment into reefs and shelves. For the sake of 

simplicity, "reefs" included such nonreef habitats as 
banks, platforms, and carbonate-dominated embay- 
ments (e.g., Florida Bay and the Truciat Coast). 
Because the modes (and rates) of production and 
accumulation are different (and because the data base 
has increased so much in the past 20 years), I now 
distinquish reefs from nonreef tropical sublittoral 
sediments. Also, I discuss different shelf habitats on 
the basis of carbonate production and accumulation. 
Throughout this discussion, facies and age of 
shallow-water carbonates are correlated to Quater- 
nary sea level. 
Coral reefs. Hermatypic coratgat reefs, which pres- 
ently occupy an estimated 0.6 x 106 km 2 [Smith, 
1978], are generally recognized as the most 
productive carbonate habitat in the present-day ocean. 
Smith and Kinsey [ 1976] estimated that coratgat reefs 
produce an average of 4000 g m -2 yr -1, although 
short-term rates during the Holocene have ranged as 
high 10,000 g m -2 yr -1 [Davies et at., 1985; 
Macintyre, 1988] (Figure 2). Most of the carbonate 
accretion is the result of corals and algae (coralline 
reds and codiacean greens), although locally benthic 
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Figure 2. Rates of Holocene reef growth in the 
northern Great Barrier Reef (lighter lines) [Davies et 
at., 1985] and various reefs in the Caribbean (darker 
lines) [Macintye and Gtynn, 1976; Macintyre et at., 
1977, 1981; Shinn et at., 1980]. A submerged reef 
off southern Florida (dashed line; Lighty et at., 1978) 
accreted nearly as fast, but eventually "gave up", 
perhaps in response to increased shelf-water turbidity 
[Macintyre, 1988], whereas a deep reef off Betize 
(lower left) has continued to accrete, but at reduced 
rates [Macintyre et at., 1981 ]. To relate these growth 
rates to carbonate accumulation, assume 50 % 
porosity, and specific gravity of the carbonate to be 
2.8; thus 4m ka-1 equals 5600 g m -2 yr-l. 

foraminifera can account for as much as 2000 g m -2 
yr -1 carbonate production on some Indo-Pacific reef 
flats [Hallock, 1981 ]. 

However, lagoons, which account for approx- 
imately 80 % of the global coral reef area, have a 
much lower carbonate production than reefs, about 
800 g CaCO3 m -2 yr -1 [Smith and Kinsey, 1976; 
Smith, 1978]. Seismic profiles across lagoons and 
outer reef tracts [Robb et at., 1986; Lidz et al., 1991 ] 
suggest Holocene sediment thicknesses between 1 
and 15 m [Lidz et at., 1991], with most values 
between 4 to 10 m; this contrasts with generally much 
thicker reef accumulations, locally greater than 25 m. 
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Thus, a better estimate of present-day coral reef pro- 
duction is 1500 g CaCO3 m -2 yr -! (20% at 4000 g m -2 
yr -1 and 80% at 800 g m -2 yr-l), which would mean a 
global production of 0.9 x 109 t yr -1. Assuming that 
at least some of the reef carbonate is lost via biological 
erosion and dissolution, as well as offshore export 
(see below), average reef accumulation is estimated to 
be 1200 g m -2 yr -1 (1 m ka-1), a value very close to 
the 1100 g m -2 yr -• calculated by Land [1979], but 
somewhat lower than the 1600 g m -2 yr -1 calculated 
by Opdyke and Wilkinson [1993]. Using a rate of 
1200 g m -2 yr -1, total reef accumulation would be 0.7 
bt yr -• (Table 1), which is half or less the amount 
calculated by Opdyke and Walker [1992]. 

Reef development has not been constant in 
terms of space or time during the late Quaternary. As 
pointed out by Neumann and Macintyre [1985], over 
the past 16,000 years reef growth has kept up, caught 
up or given up with respect to transgressing sea level. 
C-14 dates from many shallow borings show that few 
active Indo-Pacific or Caribbean reefs have growth 
histories older than 8-9 ka (Figure 2), about the time 
that sea level transgression decelerated and reefs 
began to keep pace with rising sea level [Hopley, 
1982; Macintyre, 1988] (Figure 1). Because the rapid 
rise of sea level (!0-20 m ka -1) between 16 and 8 ka 
exceeded the ability of most coralgal reefs to keep 
pace in terms of vertical growth [Buddemeier and 
Smith, 1988], many reefs "gave up", becoming 
drowned reefs [Macintyre, 1972; Grigg and Epp, 
1989]. Macintyre [1988] has suggested that the 
failure of many give-up reefs to keep pace with rising 
sea level also may have resulted from increased 
turbidity in flooded tropical shelf waters. Locally, the 
effect of the Holocene transgression was rapid; in the 

Bahamas, for instance, between about 6000 and 4000 
ka, Great Bahama Bank went from being less than 10 
% flooded to more than 90 % flooded [Droxler, 
1985]. 

For the past several thousand years, many reefs 
presumably have produced more carbonate than 
needed to keep pace with the slow rise of sea level (1 
to 2 mm yr-1). Much of this excess carbonate prob- 
ably has been exported. In keeping with the 
Neumann and Macintyre classification of keep-up, 
catch-up, and give-up reefs, I suggest the term 
"throw-up" reefs for those sea level reefs that 
disgorge much or most of their carbonate to adjacent 
waters. Hubbard et al. [1990] calculate that 25 % of 
the carbonate produced by a St. Croix reef is removed 
and deposited offshore. Land [1979] estimated that 
the forereefs of Jamaica produce 5.2 kg CaCO3 m -2 
yr -1, of which 1.1 kg accumulates on the reef, and 
1.2 kg are exported and accumulate in the adjacent 
deeper waters. (To balance his budget, Land as- 
sumed dissolu-tion of the remaining 2.9 kg. 
Mackenzie [Sabine and Mackenzie, 1991; Mackenzie 
and Morse, 1992] has cited Land's results as evidence 
that more than half the global reef and bank 
production is dissolved or exported to deeper waters, 
an assumption that this writer questions. Land's data 
were from a forereef habitat, where downslope- 
offshore export is expected. On reef flats, back reefs, 
and patch reefs, as well as lagoons, most of the 
"exported" sediment presumably is washed on the 
reef flat and into the lagoon.) 

A more reasonable estimate of offshore 

transport might be 10 % of production. Biological 
erosion (and corrosion) may account for another 10 
%. Thus assuming reef productivity of 1500 g m -2 
yr -1, actual accumulation may be closer to 1200 g m -2 

Table 1. Computed Calcium Carbonate Production and Accumulation in Various Environments in 
the Late Holocene Ocean 

Habitat Area CaCO3 CaCO3 CaCO3 Percent 
Flux Production Accumulation Perserved 

x106 km 2 g m -2 yr-1 x109t yr -1 x109t yr -1 

Coral reef complex 0.6 1500 0.90 0.7 80 (?) 
Banks/bays 0.8 500 0.4 0.2 50 (expt) 
Non-carbonate shelves 15.3 25(?) 0.4 0.1 25 
Carbonate shelves 10 20-100(?) 0.6 0.3 50 (diss/expt) 

Halimeda bioherms 0.05 3000 0.15 0.15 100 (?) 
Slopes 32 15 0.48 0.38 80 

Slopes (imported) (0.35) 0.20 60 
Enclosed basins 3.5 10 0.03 0.10 90 (?) 
Deep sea 290 8 2.4 1.1 45 

Total 5.3 3.2 60 

(Data, assumptions and computations are discussed in the text as well as in other tables.) 
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yr -1, the value I have used in my calculations (Table 
1). 
Banks and embayments. Other tropical and sub- 

tropical littoral and sublittoral environments also have 
high rates of carbonate production and accumulation. 
For the purposes of this discussion, banks are 
considered to be shallower than 50 m. Embayments 
are generally less than 30 m deep and bordered by 
land and deeper water; Florida Bay and the Truciat 
Coast (Persian Gulf) are examples. It is estimated that 
these habitats occupy a combined area of about 0.8 x 
106 km 2. Implicit is the assumption that coralgal 
reefs in these environments generally account for only 
a small amount of total sediment production. Greatest 
carbonate ['roduction comes from benthic algae (both 
coralline reds and codiacean greens), mollusks and 
benthic foraminifera [e.g., Stockman et at., 1967]. 
Locally, bryozoans and serputids, particularly in 
grass beds [Boscence et at., 1985], can be important 
contributors. Inorganic precipitation is prominent in 
the Bahama Banks and the Persian Gulf [Purdy, 
1963; Purser and Evans, 1973; Milliman et at., 
1993]. 

Estimates of carbonate production on Great 
Bahama Bank range between 300 and 500 g m -2 yr -1 
[Broecker and Takahashi, 1966; Milliman et al., 
1993]. Roughly similar rates have been cited for 
Florida Bay [Stockman et at., 1967; Boscence, 1988] 
and Hawaiian mid-depth bank ecosystems [Agegian et 
al., 1988]. For the purposes of this discussion I 
assume a bank-embayment production rate of 500 g 
m -2 yr-1. 

Accumulation rates, however, show a wide 
range of values. In the Persian Gulf, for instance, 
carbonate accumulation appears to have averaged 600 
g m -2 yr -1 over the past 8000 years, based on the 
seismic data of Kasster [1973] and the sedimen- 
tological data of Wagner and Togt [1973], together 
the Holocene sea-level trangression curve (Figure 1). 
For the hypersaline Shark Bay (Australia), Smith and 
Atkinson [ 1983] derived a lower net production, 120 

1 n g m -2 yr- . I contrast, Purdy [1974] showed the 
Holocene sediment accumulation off Belize to be 0.2 

m ka-1 in the north, increasing to the south; assuming 
an age of 5000 years, 60 % porosity and 75 % 
CaCO3, this would equate to about 35 g m -2 yr -1. 

Part of the reason for this wide range of values 
is because much of the carbonate produced on banks 
(and, to a lesser extent, embayments) can be 
dissolved or exported to deeper waters [e.g., 
Neumann and Land, 1975; Agegian et al., 1988; 
Wilber et at., 1990; Glaser and Droxter, 1991; 
Triffleman et at., 1992]. Calculated carbonate pro- 
duction in Florida Bay appears to be significantly 
greater than that which accumulates [Stockman et al., 
1967; Boscence, 1988], perhaps because of export to 
deeper waters [Boscence et at., 1985' Boscence, 
1988] and organically driven dissolution [e.g., Walter 
and Burton, 1990]. As much as half of the sediment 

produced on Great Bahama Bank is exported to 
deeper waters, resulting in Holocene deposits on the 
leeward slope as thick as 90 m thick [Wilber et al., 
1990]. The aragonitic tysoctine around the Bahamas 
is depressed by about 1500 m relative to the NW 
Atlantic [Droxler et at., 1988], indicating that at least 
some of the sediment escapes to deeper water where it 
is dissolved. F. Mackenzie [personal communication, 
1992] reports alkalinity halos around many Hawaiian 
banks, suggesting dissolution of bank carbonates as 
they escape to deeper, undersaturated Pacific waters. 

As a first-order calculation, I assume that half of 
the 0.4 bt carbonate sediment produced in the bank- 
platform-embayment is dissolved or exported to 
deeper water, where some subsequently dissolves. I 
assume that 0.1 bt of the bank-derived sediment 

accumulates on the slope, which is added (along with 
reef- and shelf-produced sediment; see below) to the 
slope totals in Table 1. 
Continental shelf. Many carbonate facies have been 
described from continental shelves Milliman, 1974; 
Ginsburg and James, 1974; Lees, 1975; Nelson, 
1988], but few data exist regarding the production, 
accumulation rates or thickness of Holocene shelf 

carbonates. Smith [1972] estimated that the hard- 
bottom shelf areas off southern California produce 
about 400 g m -2 yr -1, and Chave [1967] estimated that 
epibenthic organisms on kelp fronds may produce as 
much as 14,000 g m -2 yr -1, a number that seems 
unrealistically high. At a depth of 60 m on Penguin 
Bank (Hawaii), Agegian et at. [1988] calculated an 
equivalent carbonate production of 380 g m -2 yr -1 for 
a branching coralline atgat community (based on 
alkalinity change) and 190 g m -2 yr -1 for crustose 
corallines (measured as accretion on planted sub- 
strates). Given that branching corallines occupy 
about 25 % of the Penguin mid-depth habitat, 
Agegian et al. estimated average bank production at 
100 g m -2 yr -1. 

Hay and Southam [1977] calculated a global 
Holocene shelf carbonate accumulation to be 1.3 bt 

yr -1. However, they assumed an average carbonate 
accumulation rate of 40 cm (presumably per thousand 
years, although no time unit was given), citing 
Milliman [1974], who actually assumed a Holocene 
accumulation rate of 2.5 cm ka -1 [Milliman, 1974, p. 
242-243]. Because of this erroneous transposition, 
Hay and Southam's computation appears far too high. 

Given the lack of reliable data, several aspects 
about shelf carbonates may be used to derive an idea 
about their production and accumulation: 

1. Shelf sediments tend to be bimodal with 

respect to their carbonate content, generally being 
carbonate-rich or carbonate-poor [Hathaway, 1971, 
Briggs et at., 1976, Summerhayes et at., 1976b]. 
The transition from carbonate-poor to carbonate-rich 
sediment often is quite abrupt, with carbonate-rich 
sediments commonly restricted to the mid and outer 
shelf. 
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2. Carbonate sediments tend to accumulate 

where terrigenous input is low [Milliman, 1974] and 
therefore where sedimentation rates also are low, 
implying that most Holocene shelf carbonate deposits 
are rather thin. Carbonate-rich sediments off North 

Carolina and Morocco, for instance, contain appre- 
ciable amounts of phosphorire derived from 
underlying mid-Tertiary strata [Milliman et al., 1972; 
Summerhayes et al., 1976a]. In the few areas where 
seismic profiles and coring are available, Holocene 
shelf carbonates often are less than 2 rn thick [e.g. 
Harris et al., 1990; Purdy, 1974]. Carbonate sand 
waves off the Orkney Islands, which reach 
amplitudes of 30 m, are more the result of focusing 
by waves and currents than high rates of modern 
production [Farrow et at., 1984]. 

3. Many carbonate-rich shelf sediments contain 
shallow-water relict components (e.g., oysters, ooids 
and in situ dead coral reefs) deposited during previous 
low stands of sea level. Mid-latitude and high-latitude 
carbonates seem to be particularly relic-dominated, as 
indicated by the old C TM dates of surface and near- 
surface sediments [Mtiller and Milliman, 1973; 
Milliman, 1974; Ginsburg and James, 1974; Wilson, 
1979; Scoffin et a1.,1980; Nelson et al., 1988]. In 
tropical shelves, where clear waters permit greater 
light transmission, many carbonate components are 
modern [see Vicalvi and Milliman, 1977; James et at., 
1992]. Hard sub-strates, including relict shells, can 
serve as the substrate for present-day encrusting 
organisms, such as bryozoans or barnacles [Milliman, 
1972; Scoffin et al., 1980; James et al., 1992]. 

Many mid shelf and outer shelf carbonates may 
have histories not unlike the give-up reefs of 
Neumann and Macintyre [1985] in that carbonate 
production (and accumulation) probably peaked 
during sea level transgression, resulting in drowned, 
relict carbonate sands. In contrast, James et al. 
[1992] note that bryozoans and mollusks at water 
depths greater than 80 m on the southern Australia 
shelf are presently producing carbonate sands and 
gravels; shallower relict carbonate facies, similar in 
composition, apparently formed during previous high 
stands of sea level. 

Assuming that carbonate-rich shelf sediments 
occupy 107 km 2 [Hay and Southam, 1977], a thick- 
ness of 1 m, carbonate content of 70 %, and a 
porosity of 60 %, one calculates an average annual 
accumulation of 0.8 bt yr -1 for the Holocene. 
However, since many of these sediments are relict, a 
better estimate of present-day shallow-water carbonate 
production and accumulation might be gained by 
estimating carbonate production. For carbonate-poor 
shelf sediments (1.5 x 107 km 2 [Hay and Southam, 
1977], the value of actual production makes little 
difference because, by definition, little survives. For 
instance, Smith [1972] found little evidence in the 
sediments of the high carbonate production he 
documented on the inner southern California shelf: 

either much of carbonate dissolves or is transported 
elsewhere. Smith preferred the latter alternative, but 
when one considers the annual production of 
carbonate shells in broad noncarbonate shelves such 

as the northeastern United States (which has received 
essentially no terrigenous influx for the last 10 
thousand years), one must conclude that most of the 
carbonate is dissolved [Milliman, 1974], perhaps by 
interstitial dissolution related to biological irrigation of 
the sediment [Aller, 1982]. Degradation of the 
organic matrices that bind the aragonitic and calcitic 
crystals [Alexandersson, 1979] results in the release, 
resuspension, and offshore transport and/or dis- 
solution of constituent crystals [Fitzgerald et al., 
1979]. 

On carbonate-rich shelves, I assume a pro- 
duction of 60 g m -2 yr-1; less than the 100 g m -2 yr-1 
estimated by Agegian et al. (at 60 m on Penguin 
Bank, Hawaii) because this lower number takes into 
account areas of lower production at higher latitudes 
and greater water depths. This production yields a 
global value of 0.6 bt CaCO3 yr -1, some of which is 
dissolved (I assume 25 %) and some of which is 
exported to deeper waters (I assume 25 %). Total 
present-day shelf accumulation, therefore, is esti- 
mated to be 0.3 bt yr -1. 

Special mention should be made of shelf 
bioherms that form primarly through the skeletal 
production of the codiacian alga, Halimeda, which is 
a major carbonate contributor in the 30-100 m depth 
range throughout the pan-tropics [Hillis-Collineaux, 
1980, and references therein; Hillis-Coltineaux, 1986; 
Jensen et al., 1985]. Halimeda bioherms, which can 
obtain thicknesses as great as 30-50 m, have been 
reported from the shelf off the Great Barrier Reef 
[Marshall and Davies, 1988; Orme and Salama, 
1988], Indonesia [Roberts et al., 1988] and 
Nicaragua [Hine et al., 1988], and high 
concentrations of Halimeda plates have been noted in 
northeastern Brazilian shelf sediments [Vicalvi and 
Milliman, 1976] and on the bank edge and upper 
leeward slope of Great Bahama Bank [Freile et al., 
1993]. Assuming 50 to 100 % Halimeda cover 
[Jensen et al., 1985; Freile et al., 1993] and three to 
four crops per year [Hillis-Collineaux, 1980], a 
square meter of Hatimeda "meadow" could produce 
between 1200 and 3200 g CaCO3 annually [Freile et 
al., 1993], similar to the rates measured by Abel and 
Drew [1985] and Payri [1988]. Judging from the 
composition of the sediments in Halimeda bioherms, 
other skeletal constituents can account for half of the 

sediment, giving total carbonate accumulation perhaps 
as great as 6000 g m -2 yr -1. Similarly high rates of 
Holocene accretion can be deduced from seismic 

profiles, assuming that the bioherms are totally 
Holocene in age [Orme and Salama, 1988; Marshall 
and Davies, 1988; Roberts et al., 1988]. 

For the sake of this discussion, I assume 
Halimeda bioherm production and accumulation to be 
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approximately equal, 3000 g m -2 yr -1, as any removal 
by dissolution may be offset by cementation. 
Although the global area of Halimeda bioherms is not 
known, if they occupy 1 to 2 % of the tropical 
shelves, 50 to 100 thousand km 2 may not be an 
unreasonable estimate. Assuming an area of 50,000 
km 2 gives a total accumulation of 0.15 bt yr -1, or 
about half of that calculated to accumulate on all other 

carbonate shelves. Clearly this potentially important 
habitat must be studied more, not only in terms of 
carbonate production (and accumulation) but also in 
terms of total area occupied. 

Deepwater Environments 
Slope. The continental slope, defined as lying in 
water depths between the shelf break (assumed here 
to be 100 m) and 2000 m, occupies 32 x 106 km 2 of 
the Earth's surface [Menard and Smith, 1966]. In 
terms of carbonate production and accumulation, 
however, it is practically undocumented. 

Sediment trap data, which can be used to esti- 
mate carbonate export in the deep sea (see below), 
should be used with caution in the slope environment 
because of the horizontal input from shelf and upper 
slope waters [Biscaye et al., 1988]. It is therefore 
prudent to use data only from shallow traps, where 
most of the carbonate flux is assumed to be vertical. 

Sediment trap data on the slope off the northeastern 
United States [Biscaye et al., 1988; Biscaye and 
Anderson, 1994] show a range of fluxes between 50 
g m -2 yr-1 in the uppermost slope (130 m) to about 10 
g m -2 yr -1 on the midslope (1000 m). Walsh and 
Gardner [1992] find a vertical flux of about 80 g m -2 
day -1 during the winter on the midslope in the Gulf of 
Mexico; while it is risky to extrapolate three months 
of data for the entire year, this would equate to 30 g 
m -2 yr -1, which falls within the range of Biscaye's 
numbers. On upwelling slopes, the carbonate 
productivity is presumably higher; available data from 
somewhat greater depths off western Africa show 
values of about 30 g m -2 yr -1 [Wefer and Fischer, 
1993; Table 2]. 

Table 2. Calcium Carbonate Fluxes in Oceanic Waters as Determined by Sediment Trap Data, 
Nearly All of Which Represent Collection Periods Equal to or Exceeding 1 Year 

F•uxes 
g CaCO3 m -2 yr-1 g C m -2 yr-1 

Atlantic Ocean 

65o3 I'N, 00ø64'E 9 0.6 
48ON, 2low 11 1.5 
47ø30'N, 8ø30'W 22 
39o30'N, 71 ow (2300m) 11 
39o05'N, 71 ow (2750m) 18 
34øN, 21øW 13 1.0 
32.7øN, 70.8øW 11 0.76 
31 o50'N, 64 ø 10'W 9 0.7 
3 lO25'N, 55o55'W 4 0.8 
23.2 ø N, 64ow 4.8 0.5 
20055'N, 19o44'W 29 2.7 
21 o09'N, 2004 I'W' 29 1.7 
13ø30'N, 54ø00'W 10 1.4 
01 o47'N, 11 o08'W 14 3.0 
2 ø 1 O'S, 9o54'W 5 1.1 
20ø03'S, 9 ø 10'W 33 6.1 
20ø03'S, 9ø09'W 24 3.8 

Pacific Ocean 

50ON, 145ow 22 1 
48.0ON (Juan defFucaRidge) 12 1.1 
47ø57'N, 129ø06'W 14 1.4 
46ø49'N, 162ø07'E 24 1.0 
42.3øN,, 127.6oøW 9.1 2.2 
42. IøN, 125.8oøW 15 4.9 

Reference 

Honjo et al. [ 1987a] 
Honjo and Manganini [ 1993] 
Khripounoff and Crassous [ 1994] 
Biscaye et al. [1988] 
Biscaye et al. [1988] 
Honjo and Manganini [ 1993] 
Dymond and Lyle [ 1993] 
Deuser [ 1986] 
Honjo et al. [ 1982] 
Dymond and Lyle [ 1993] 
Wefer and Fischer [1993] 
Wefer and Fischer [1993] 
Honjo et al. [1982] 
Wefer and Fischer [1993] 
Wefer and Fischer [1993] 
Wefer and Fischer [1993] 
Wefer and Fischer [1993] 

Honjo [ 1984] 
Dymond and Lyle [ 1993] 
Roth and Dymond [1989] 
Tsunogai and Noriki [ 1991 ] 
Dymond and Lyle [ 1993] 
Dymond and Lyle [ 1991 ] 
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Table 2 (Continued) 

Fluxes 

g CaCO3 m -2 yr-1 g C m -2 yr-1 Reference 

41.5øN,132øW 4.2 0.65 
40ø55'N, 142øE 10 
40øN, 145ø26'E 8 0.24 
35.7øN, 123ø50'W 9.5 
34 ø 10'N, 142øE 8.9 
18ø28'N, 116001 'E 16 1.4 
15021 ON, 151 ø28'W 2 0.2 
12ø43'N, 103ø52'W 31 4 
12ø01'N, 134ø17'E 1 0.1 

11.1 ON, 140øW 5.4 0.3 
8.8øN, 104øW 6.6 1.4 
6ø30'N, 93øW 9 0.9 
5ø22'N, 85ø35'W 45 4 
5øN, 138ø50'E 4 0.6 

lON, 139ow 23 1.9 
13 1.2 
10 1.1 

Indian Ocean 

16 ø ! 5'N, 60ø28'E 30 3.2 
14ø29'N, 64ø46'E 20 1.9 
15ø28'N, 68ø45'E 17 2.1 
1,7ø26'N, 89ø35'E 12 3.6 
13ø09'N, 84ø2 I'E 15 2.6 
04ø26'N, 87 ø 19'E 16 2.4 

Arctic 

78ø52'N, 01 o22'E 1.4 0.4 
75ø5 I'N, 11ø28'E 6.6 2.8 
75ø35'N, 06ø43'W 2.6 0.97 
74o35'N, 06o43'W 3.3 0.4 
70øN, 01 ø58'W 9 0.5 
69ø30'N, 10øE 11 1.4 

Antarctic 

62ø26'S, 34o45'W 0.4 0.2 
62 ø 15'S, 57o31 'W 5.2 4.3 
62o20'S, 57o28'W nil 0.1 
62ø22'S, 57o50'W nil 0.4 
64o55'S, 02o30'W >1 (?) 

Slopes 
39ø55'N, 71øW (500m) 15 
39ø50'N, 71 øW (1250m) 18 
37ø37'N, 74ø13'W (500m) 15 
37ø36'N, 74o09'W (1000m) 11 

Dymond and Lyle, 1993 
Tsunogai and Noriki, 1991 
Tsunogai and Noriki, 1991 
Martin and Knauer, 1983 
Honjo [1989] (cf. Tsunogai/Noriki) 
Jennerjahn et al. [ 1992] 
Honjo et al. [ 1982] 
Khripounoff and Alberic [ 1991 ] 
Kempe and Knaack, personal 

communication, 1993 

Dymond and Lyle [ 1993] 
Dymond and Lyle [ 1993] 
Dymond and Lyle, 1993 
Honjo et al. [1982] 
Kempe and Knaack, personal 

communication, 1993 
Dymond and Collier [1988] 
Dymond and Collier [1988] 
Walsh et al. [ 1988a] 

Haake et al. [ 1993] 
Haake et al. [ 1993] 
Haake et al. [ 1993] 
Ittekkot et al. [ 1991 ] 
Ittekkot et al. [ 1991 ] 
Ittekkot et al. [ 1991 ] 

Honjo et al. [1987a] 
Honjo et al. [ 1988] 
Honjo [ 1990] 
Honjo et al. [1987a] 
Honjo et al. [1987a] 
Honjo et al. [ 1987a] 

Wefer et al. [1990] 
Wefer et al. [1990] 
Wefer et al. [1990] 
Wefer et al. [ 1990] 
Wefer et al. [ 1990] 

Biscaye et al. [1988] 
Biscaye et al. [ 1988 ] 
Biscaye and Anderson [1994] 
Biscaye and Anderson [1994] 
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Table 2 (Continued) 

Fluxes 

g CaCO3 m -2 yr-1 g C m -2 yr-1 Reference 

36ø5 I'N, 74ø36'W (1000m) 13 
26o57'N, 94o46'W (1450m) 30 (50-day trap) 
33o31'N,118o25'W (874 m) 4.7 (190-day trap) 

Basins 

W. Mediterranean (slope) 24 
W. Mediterranean (deep sea) 11 
Black Sea 8 

Biscaye and Anderson [ 1994] 
Walsh and Gardner [1992] 
Nelson et al. [ 1987] 

Monaco et al. [1990] 
Miguel et al. [ 1993] 

Honjo et al. [1987b] 

Note that several types of traps were used by the various authors workers, meaning that the 
numbers are not necessarily comparable. Most traps samples reported here are from the depth 
interval 800 to 1600 m, and in most cases particles greater than 1 mm were removed, meaning 
that most if not all swimmers (e.g. pteropods) were excluded. The variation in water depth to 
some extent explains differences in CaCO3/Cor flux (Fig. 4) as does the fact that in most ß g 
instances trap deployments were not sufficiently long to obtain an accurate measure of year-to- 
year changes due to such oceanic events as E1 Nifio. 

A slope production of 15 g m -2 yr -1, therefore, 
does not seem an unreasonable global average, giving 
a global slope production of 0.48bt CaCO3 yr -1. 
To this must be added the 0.35 bt imported from 
reefs, banks and shelves, for a total carbonate flux of 
carbonate of about 0.8 bt yr -1. For purposes of this 
calculation, it is assumed that little of this carbonate is 
exported to deeper waters. 

How much accumulates is debatable. Except 
for high-latitude regions, the slope lies above the 
calcite lysocline and, in the Atlantic, above the 
aragonite lysocline (see below), meaning that 
dissolution based on water column chemistry should 
be minimal. However, given the high organic pro- 
duction on many slopes, decomposing organic matter 
should result in increased carbonate dissolution in 

interstitial waters [e.g., Emerson and Archer, 1990]. 
I assume that 20 % of the slope-produced calcite 
dissolves in the slope sediment, and 40 % of shelf- 
derived carbonate (composed largely of more soluble 
aragonite and magnesian calcite) is lost. This means 
that the slope environment globally sequesters about 
0.6 bt CaCO3 (Table 1). 
Enclosed basins. The Black, Mediterranean, and 
Red seas, which collectively occupy 3.5 x 106 km 2, 
are characterized by carbonate-rich sediments. The 
former basin is dominated by coccolithophore calcite 
[Hay et al., 1991 ], while sediments in the latter two 
basins contain significant amounts of inorganically 
precipitated magnesian calcite and aragonite [Milliman 
et al., 1969; Milliman and Mtiller, 1973]. 

The few available sediment trap data indicate a 
planktonic flux between 8 and 24 g CaCO 3 m -2 yr -1 
(Table 2), which agrees with Smith and Veeh [1989], 
who concluded that the plankton-dominated deeper 

part of Spencer Gulf (Australia) produces 15 g m -2 
yr -1. Little of the carbonate dissolves at the sea floor; 
in fact, in the eastern Mediterranean and Red Sea, 
magnesian calcite is precipitated in the bottom 
sediments [Milliman et al., 1969; Milliman and 
Mtiller, 1973]. Assuming a carbonate flux of 10 g 
m -2 yr -1 and 90 % preservation, this would give a 
production of 0.035 and an accumulation 0.03 bt yr -1 
(Table 1), too small to have any influence on the 
global carbonate budget. 
Deep Sea. The main sources of calcium carbonate 
sediment in the deep sea are coccolithorphorids and 
planktonic foraminifera, of which the coccolitho- 
phorid Emiliania huxleyi appears to be dominant 
species [Westbroek et al., 1989]. While the rate of 
carbonate production in the open ocean is low 
(generally 1 to 50 g m -2 yr -1) and much of the deep- 
sea floor lies below the carbonate compensation depth 
(CCD), the area involved (nearly 300 x 106 km 2) is 
more than five times that of all other carbonate 

environments combined (Figure 7). 
Using the reported carbonate contents from 

numerous deep-sea sediment samples and the few 
available C14-based chronologies, Milliman [1974] 
estimated deep-sea carbonate accumulation at 1.1 bt 
yr -1. In the intervening years,/5018 curves combined 
with AMS C TM dates have provided an increasingly 
fine-scale chronology from which late Quaternary 
mass accumulation rates (MARs) can be determined 
[Lyle et al., 1988, 1992; Curry and Lohmann; 1990]. 
Recently, Th23ø-based mass balance calculations have 
been used to distinquish vertical flux from horizontal 
focussing [Francois et al., 1990], which is particular- 
ly critical in those areas where nearbottom advective 
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transport is potentially important. Unfortunately, the 
present dearth of MARs in the literature does not 
permit calculation of a global deep-sea carbonate 
budget. 

Another approach is to calculate the flux of 
carbonate from surface waters and then estimate its 

accumulation in deep-sea sediments. The basic 
assumption is that little of the carbonate produced in 
the surface waters dissolves before reaching the 
bottom [Berger et al., 1982; Deuser, 1986; Honjo and 
Manganini, 1993]. Using this approach, I separate 
the environment into three regimes based on 
dissolution profiles: 

1. Above the lysocline carbonate preservation is 
high; I assume it to be 80 %. Models [Emerson and 
Archer, 1992] and subsequent interstitial water 
observations [Hales et al., 1993] predict up to 40-50 
% carbonate loss above the lysocline in response to 
the diagenesis of organic matter. However, the 
generally good preservation of calcite skeletons above 
the lysocline calls these models into question. On the 
Ontorig-Java Plateau, for instance, Berger et al. 
[1982] estimated practically no loss of calcite in the 
upper 3000 m, and only 15 to 20 % loss a few 
hundred meters above the lysocline (3400 m). 

While comparisons between fluxes and 
accumulation rates measured by sediment traps and 
sediment cores can be misleading because of the 
vastly different timescales involved (months versus 
thousands of years), they support the concept of little 
dissolution above the lysocline. For instance, the late 
Holocene carbonate accumulation rate (26 g m -2 yr -1 
[Murray and Prell, 1992]) calculated from a core 
above the lysocline [Cullen and Prell, 1984] in the 
Arabian Sea is only 13 % lower than the observed 
flux in the water column, whereas sediments at or 
slightly below the lysocline show carbonate 
accumulation rates 21 to 29 % less than the water 
column flux [Haake et al., 1993]. Similarly, 
comparison of sediment-trap fluxes with available 
MARs for nearby bottom sediments above the 
lysocline (Figure 3) suggests that 80 % survival is a 
reasonable assumption. Presumably a substantial 
portion of the carbonate loss above the calcite 
lysocline is the dissolution of more soluble aragonite 
and (to a lesser extent) magnesian calcite. 

2. In the Transition Zone below the lysocline, 
dissolution is assumed to increase linearly [Berger et 
al., 1982] to the calcite compensation depth (CCD), 
where less than 1% CaCO3 survives [Berger et al., 
1976]. The average preservation rate within the 
transition zone is therefore assumed to be 40 %, the 
linear average between 80 and 0 %. 

3. Below the CCD, I assume no CaCO3 
survives. 

Using sediment trap data, the vertical flux of 
carbonate from surface waters can be estimated, all of 
which is assumed to reach the seafloor, the result of 
rapid sinking. By comparing surface productivity to 
the dissolution character of the underlying seafloor 
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Figure 3. Comparison of carbonate fluxes 
documented in sediment traps with calculated mass 
accumulation rates (MARs) from nearby bottom 
sediments. All samples come from above the 
lysocline except for (1), which is several hundred 
meters below, suggesting that this measured MAR 
represents less preservation. The line represents 80 
% surviva'l of carbonate flux in the sediment. 
However, one must take into account the time 
discontinuity between the two axes: flux values 
represent measurements in terms of months, whereas 
MARs represent hundreds to thousands of years. 
MARs come from the following areas: 1, Sargasso 
Sea [Suman and Bacon, 1989]; 2, North Atlantic 
[Francois and Bacon, 1993]; 3, Equatorial Atlantic 
[Francois et al., 1990].; 4, Northern Arabian Sea 
[Sirocko et al., 1991]; 5 = Northern Arabian Sea 
[Murray and Prell, 1992]. Fluxes, mostly measured 
in traps deployed between 800 and 1600 m beneath 
the surface, are from Table 2 or interpolated from Fig. 
6. 

(and therefore water depth), the amount of carbonate 
actually accumulating in the sediments can be 
calculated. The distribution of the dissolution profiles 
in the three oceans comes from Biscaye et al. [1976], 
Berger et al. [1976] and Kolla et al. [1976]; the areas 
occupied by the three dissolution regimes are 
calculated from Menard and Smith [1966]. 

Carbonate flux: In the past 10 years the 
increased utilization of long-term sediment traps has 
allowed us to evaluate the flux of planktonic material 
from oceanic surface waters. Although the ability of 
sediment traps to sample accurately the vertical flux of 
particles in the mixed layer is open to question 
[Buesseler, 1991; Gust et al., 1992], they do seem to 
trap effectively at greater depths [Bacon et al., 1985; 
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Honjo et al., 1992], which is supported by the 
general agreement between fluxes and MARs (Figure 
3; see below). Of greater concern, perhaps, is the 
temporal variation of particle flux. Seasonal and 
interannual variations [Haake et al., 1993] emphasize 
the need for long-term observations. Where inter- 
annual events, such as the E1 Nifio, occur [Honjo et 
al., 1982; Dymond and Collier, 1988; Haake et al., 
1993], multiyear deployments are necessary. Even in 
oligotrophic waters, such as the Sargasso Sea, long- 
term measurements show interannual variations 

[Deuser, 1986]. 
To avoid contamination from swimmers, 

particularly pteropods [e.g., Harbison and Gilmer, 
1986], most sediment trap analyses exclude the >1 
mm size fraction. As well, data used in this paper 
generally refer to trap samples collected at 800 m or 
deeper, below the depth range of most pteropods 
[Harbison and Gilmer, 1986]. These fluxes may 
underestimate aragonite production, but because of its 
shallow lysocline, most aragonite does not survive in 
the deep sea, therefore not significantly affecting our 
calculations. Direct observations suggest that arago- 
nitic pteropod production averages somewhat less 
than 1 g m -2 yr-1 [Fabry, 1990; Fabry and Deuser, 
1991, 1992], about 10 % of total carbonate pro- 
duction. Locally, epibenthic detritus from drifting 
seaweed and wood may contribute small amounts of 
carbonate [e.g. Fabry and Deuser, 1991], but the 
overwhelming flux comes from calcitic coccolitho- 
phorids and planktonic foraminifera. 

While the number of sediment traps deployed in 
the world's oceans has increased dramatically in 
recent years, there are still too few data (Table 2) to 
define carbonate flux on a global basis. However, by 
relating carbonate fluxes to the general global 
distribution of primary productivity, for which global 
distributions have been computed [Berger, 1989], a 
general picture of the global carbonate flux can be 
gained. Because organic carbon remineralizes as it 
sinks through the water column, the ratio of carbonate 
to carbon increases with water depth [Honjo et al., 
1982; Honjo and Manganini, 1993]. When carbon 
and carbonate fluxes are compared within a relatively 
narrow depth range beneath the mixed layer (between 
800 and 1600 m; Table 2), however, carbonate flux is 
seen to be approximately ten times the organic carbon 
flux (r2=0.68; Figure 4). Some of the scatter in 
CaCO3/Corg ratios reflects greater opal production 
associated x3ith highly productive upwelled waters, 
and some reflects the depth range over which the trap 
samples were collected (thereby different Corg 
fluxes). 

Knowing the global distribution of organic 
production (Figure 5), therefore, allows one to 
estimate the general distribution of carbonate 
production (Figure 6). Carbonate export in the open 
ocean generally ranges from about 2-5 g m -2 yr -1 in 
the central ocean gyres to as much as 30-40 g m -2 yr -1 
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Figure 4. Correlation between observed organic 
carbon and carbonate fluxes. Data are given in Table 
2. 

in eastern upwelling zones. High carbonate fluxes 
also are noted near the equator in the Atlantic and 
Pacific, and in the monsoon-influenced northern 
Arabian Sea. 

Subpolar waters also have high carbonate 
fluxes. Although there are no published carbonate 
flux data in the subarctic, satellite observations south 
of Iceland, coupled with water samples, have led 
Holligan et al. [ 1993] to estimate at least 25 g m -2 yr -1 
production by the coccolithophore Emiliania huxleyi, 
which is very close to the flux observed in North 
Pacific subarctic waters by Honjo [1984] and Tsunagi 
and Noriki [1991] (Table 2; Figure 6). There are no 
sediment trap data from the subantarctic (in fact, few 
southern Atlantic trap data have been published, and 
none from the southern Pacific and Indian oceans), 
but high carbonate accumulation rates in sediments 
above the lysocline (see Figure 13) suggest that at 
least locally carbonate production exceeds 20 g m -2 
yr -1 (see below). 

Carbonate fluxes in high production areas are 
generally lower in the Pacific than in the Atlantic, 
which reinforces W.H. Berger's long-held contention 
that planktonic production in the Atlantic is carbonate- 
dominated, whereas the Pacific it is more opal- 
dominated. Carbonate production in the open ocean 
is two to three orders of magnitude less than that for 
coral reefs and Halimeda bioherms, although these 
shallow-water environments cover 3 to 4 orders of 

magnitude less global area (Figure 7). 
Several discrepencies between predicted and 

observed fluxes should be noted. The flux of 5 g m -2 
yr-1 of CaCO3 reported by Wefer and Fischer [ 1993] 
in the eastern equatorial Atlantic seems low compared 
to what Berger's map of organic carbon flux (Figure 
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Figure 5. Synthetic primary productivty at 400-500 m water depth [After Berger, 1989]. 

5) would suggest, and the 13 g m -2 yr -1 in the central 
equatorial Pacific is higher than long-term carbonate 
accumulation rates [Farrell and Prell, 1989; Yang et 
al., 1990; Lyle et al., 1988; Rea et al., 1991]. 
Generally, however, there is close agreement between 
predicted and measured production. 

Carbonate Dissolution. To determine the areal 
extent of the three dissolution zones in the world 
oceans, I have used the carbonate distributions and 
variations with water depth in the Atlantic [Biscaye et 
al., 1976], Pacific [Berger et al., 1976], and Indian 
[Kolla et al., 1976] oceans. Nearly half of the Pacific 
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Figure 6. Flux of calcium carbonate from surface waters in the global ocean based on flux 
data in Table 2, the correlation between carbonate and organic carbon productivity (Figure 
4) and the global primary productivity (Figure 5). General configurations of isolines on 
Berger's [1989] map have been followed, not absolute values. The high carbonate 
production south of Iceland is based on primary productivity calculations by Holligan et 
a1.[1993], and the proposed high carbonate fluxes in the subantarctic is inferred from 
calculated mass accumulation rates (Figure 13), although production presumably varies 
greatly with time and location. 
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Comparison of productivity and global surface area of various carbonate 
environments. While coral reefs occupy only about 0.02 % the area of the deep sea, their 
rate of carbonate production (per unit area) is about 200 times greater than deep-sea 
carbonates.' Other neritic environments also occupy small areas of the global ocean, but 
collectively they produce nearly as much carbonate as the deep sea. Total carbonate 
accumulation is about equally divided between shallow and deep-water environments (see 
Table 1 and Figure 10). 

ABOVE LYSOCLINE BELOW CCD 

Figure 8. Distribution of low-dissolution (i.e., above the lysocline), transition (below the 
lysocline) and carbonate-free (below the CCD) zones in the global ocean; derived from 
Biscaye et al. [1976], Berger et al. [1976], and Kolla et al. [1976]. For the purposes of this 
paper, deep-sea carbonate sediments above the lysocline are assumed to exhibit 80 % 
preservation; those within the transition zone are assumed to have an average carbonate 
preservation of 40 %. See text for discussion. 
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basin lies beneath the CCD (Figure 8); in contrast, 
most of the Atlantic lies above the CCD, the result of 
a deeper lysocline (Figure 9) and shallower water 
depths. The depth of the lysocline and the thickness 
of the transition zone also vary within ocean basins. 
For example, the lysocline in the South Pacific is 
deeper than in the North Pacific, but shallower east of 
the East Pacific Rise than to the west (Figure 9), in 
this latter case perhaps the result higher surface 
productivity [Broecker and Peng, 1982; Farrell and 
Prell, 1989]. In the South Atlantic, the lysocline is 
shallower west of the Mid-Atlantic Ridge, the result 
of the northeastward passage of corrosive Antarctic 
Bottom Water. In the Atlantic and Indian oceans the 

lysocline shoals abruptly south of the Polar Front, at 
about 48-50øS, whereas it remains below 4000 rn in 
the South Pacific. South of about 60 ø there seems to 

be little production of calcium carbonate (Figure 6) 
and almost no preservation (Figure 8). Some of these 
regional differences were taken into account in the 
following calculations (Table 3). 

Calculated Carbonate Flux and Accumulation. 

By knowing the depths of the three dissolution zones 
within the various ocean basins (Figures 8 and 9), the 
average flux of carbonate within these zones (from 
Figure 6), the area of each zone [Menard and Smith, 
1966, their Table 4a] and assuming the rate of 
preservation (80, 40 or 0 %), the amount of carbonate 
accumulating within each zone can be calculated. The 
results of this calculation are shown in Table 3. 

Deep-sea carbonate production exceeds 2.3 bt, 
of which 46 % (1.1 bt) is calculated to accumulate in 
deep-sea sediments. This latter number is (for- 
tuitously) the same as that calculated by Milliman 
[1974] using first-order MAR "guesstimates". The 
production figure is half that estimated by Opdyke and 
Walker [1992], but they assumed that aragonite 
represents about 40 % of the flux, using a production 
model based on the observed difference between 

surface and deep-water alkanlinities. This percentage 
of aragonite is much greater than noted in sediment 
trap data (see above), leading me to question the 
Opdyke and Walker production figure. 

The lower mean production in the Pacific, 6.5 g 
m -2 yr-1 compared to about 10 g m -2 yr-1 in the 
Atlantic and Indian Oceans, reflects the less coastal 
influence in the larger Pacific basin. Because of the 
shallower lysoclines in the Pacific and Indian oceans 
and greater water depths (in the Pacific), carbonate 
accumulation rates are 2.4 and 4.2 g m -2 yr-1, respec- 
tively, compared to 6.3 g m -2 yr-1 in the Atlantic (see 
Table 3). 

Because much of the Atlantic basin lies above 

the calcite lysocline (4300 m), accumulation rates 
greater than 10 g m -2 yr-1 should be expected in many 
of the areas with high surface productivity. The 
Atlantic, in fact, accounts for more than 40 % of the 
global deep-sea total carbonate accumulation (Table 
3). Although the Pacific Ocean occupies nearly half 
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Figure 9. Comparison of the depth range and 
thickness of transition zones from various parts of the 
Atlantic, Pacific, and Indian oceans. Data from 
Biscaye et al. [1976], Berger et al. [1976], and Kolla 
et al. [ 1976]. 
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the global deep sea, it accumulates less carbonate than 
the Atlantic and only slightly more than the Indian 
Ocean, a result of lower average production and 
greater dissolution (Figures 8 and 9). In the Pacific 
and Indian oceans, high accumulation rates are 
restricted to relatively shallow water areas underlying 
equatorial and monsoonal upwelling, respectively. 
Carbonate accumulation in the southern (Antarctic) 
ocean, delineated here as south of 60øS (total area = 
20 x 106 km2), is assumed to be nil, due both to the 
low carbonate production and the shallow lysocline. 

Suggestions by Broecker and Peng [1982] and 
Mackenzie and Morse [1992] that about 80 % of 
calcium carbonate produced in the open ocean is 
dissolved appear extreme, as does Broecker's and 
Peng's [1982] estimate of average carbonate produc- 
tion (25 g m -2 yr -1 [see Sabine and Mackenzie, 
1991]), which is about four times greater than the 
fluxes shown in Table 2 and portrayed in Figure 6. i 
calculate a dissolution rate of 54 %. 

DISCUSSION 

Present-Day Carbonate Budget 
Two problems have been apparent in previous 

attempts to calculate the marine carbonate budget. 
First is the lack of good data regarding the production 
and accumulation of carbonate sediment; in fact, my 
earlier budget [Milliman, 1974] sometimes 
interchanged production and accumulation estimates 
indiscriminately. The second problem has been a 
perceived need to assume a short-term steady state: 
that is, input must equal output. This can be done by 
massaging the numbers to attain a steady state. For 
example, one can assume high rates of dissolution to 
balance the input, such as Sabine and Mackenzie's 
[1991] and Mackenzie and Morse's [1992] proposal 
for the export or dissolution of about 60 % of the 
reef-bank-shelf production. It also can be done by 
increasing input to balance output, which is what 
Wilkinson and Algeo [1989] did by invoking 
groundwater to balance "excess" carbonate accumula- 
tion on time scales of tens of millions of years. 

Clearly, calculating a realistic carbonate budget, 
which may or may not reflect a steady state, requires 
discussion of both inputs and outputs (in terms of 
both production and accumulation). 
Outputs. The totals in Table 1 indicate that total 
production of calcium carbonate in the world oceans 
is 5.3 bt yr -1, of which 3.2 bt accumulate in bottom 
sediments. Production and accumulation are slightly 
less in shallow water habitats than in the deep sea, but 
preservation is about equal in both environments. At 
first this seems counterintuitive, as much of the deep 
sea lies below the lysocline; but it partly reflects 
relatively high rates of interstitial dissolution in 
embayments and on shelves [Walter and Burton, 
1990; Aller, 1982] and also the export of shallow- 
water carbonates to deeper waters. Excluding export, 

preservation of shallow-water carbonates is about 70- 
80 % compared to less than 50 % in the deep sea. 
Inputs. It is commonly assurned that the major source 
of calcium to the oceans is river discharge. Most 
estimates consider this input to be between 1.2 and 
1.5 x 1013 moles yr -1 [Meybeck, 1979; Berner and 
Berner, 1987; Morse and Mackenzie, 1990]; I assume 
it to be 1.3. Given the quantity of data for major 
rivers [see Meybeck, 1979], this is probably the best 
delineated component in the entire carbonate system. 
Particulate fluvial calcite flux may be significant 
[Meybeck, 1979], but presumably most is deposited 
in coastal waters, little escaping to sub-CCD depths. 
As such, therefore, fluvially derived particulate calcite 
probably does not influence the carbonate system, 
except (perhaps) during low stands of sea level (see 
below). 

Another source of calcium is hydrothermal 
activity, although the actual input is uncertain. 
Wolery and Sleep [1988] estimate total Ca flux from 
submarine basalt-seawater interactions to be 0.2 and 

0.3 x 1013 moles yr -1, although these estimates may 
be subject to revision, particularly in response to our 
understanding of the Mg cycle [e.g. Berner et al., 
1983]. I assume annual hydrothermal input at 0.3 x 
1013 moles. 

Aeolian input of calcite from the northern China 
loess could be important in the North Pacific, where 
presumably most would be dissolved. However, the 
total flux of aeolian sediment to the global ocean is 
only about 0.5 bt yr -1, and aeolian dust in the North 
Pacific contains less than 1% calcite [Prospero, 
1984]. Thus the supply of aeolian calcite globally is 
probably less than .005 x 1013 moles yr -1. 

The only other likely source of calcium is 
groundwater [Working Group 3, 1987], an attractive 
choice because dissolved calcium levels can be much 

higher than in surface flows, such that a small volume 
of groundwater could provide the source of 
considerable calcium input. Because of the lack of 
actual data regarding the amount or composition of 
groundwater discharge to the ocean, some carbonate 
models assume that groundwater input is negligible 
[Morse and Mackenzie, 1990; Sabine and Mackenzie, 
1991; Mackenzie and Morse, 1992], while others use 
groundwater to balance their carbonate budgets [e.g., 
Garrels and Mackenzie, 1971; Wilkinson and Algeo, 
1989]. Wilkinson and Algeo [1989], for example, 
concluded that groundwater represents the difference 
between total carbonate accumulation and river plus 
hydrothermal inputs, citing Chandury and Clauer's 
[ 1986] estimate of groundwater discharging 5 to 10 % 
the volume of river water. 

Shallow groundwater flow can come from 
meteoric waters that escape through sinkholes and 
strata on the upper continental margin; presumably 
these flows are directly related to rainfall and surface 
runoff on land [L'vovich, 1979, his Figure 23]. 
Groundwater flux to the ocean has been cited off 
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many limestone and karst areas [e.g., Zekster and 
Dzhamalov, 1988], and Hanshaw and Back [1980] 
presented data to suggest that groundwater from 
Yucatan may discharge as much as 2.5 mt CaCO3 
(.0025 x 1013 moles) annually. Moreover, drilling 
has encountered fresh to brackish water on the east 

coast U.S. shelf [Kohout, 1966; Hathaway et al., 
1979], but how fast this water presently moves 
through the aquifer and escapes to the ocean is open 
to question. 

Deep evaporitic brines also may escape through 
the mid and lower continental margin [Paull et al., 
1984], presumably at very low flow rates [Zekster 
and Dzhamalov, 1988] but with very high calcium 
levels. Manheim and Horn [1968] cite pore water 
calcium contents from the southeastern U.S. Coastal 
Plain that reach 27,700 ppm, more than three orders 
of magnitude greater than average river water and 70 
times that of ocean water. 

Because its renewal is so slow, only a small 
amount of groundwater probably escapes to the sea 
[Todd, 1980, p. 16; L'vovich, 1979]. The difference 
between net precipitation (precipitation minus evapo- 
ration: 39.7 x !03 km3 yr-1 [Baumgartner and 
Reichel, 1979]) and river discharge (35 to 39 x 103 
km 3) [van der Leeden et al., 1990; Milliman, 1991, 
and references therein] suggests that groundwater flux 
probably represents only a few percent of river 
discharge. Using hydrogeological models, Zekster et 
al. [1984, 1988] conclude that groundwater flow to 
the oceans totals 2.4 x 103 km 3 yr -1, about 6 % of 
river flow. Because of elevated dissolved solid 

concentrations, however, discharged dissolved solids 
may represent 40 to 50 % of those from river flow 
[L'vovich, !979; Zekster and Dzhama!ov, 1988]. 
Even though actual measurements of groundwater 
discharge are lacking, in the following models I 
suggest that groundwater flux to the oceans may 
represent a significant calcium source, particularly 
during lowered sea level. 

Budget- Short-term or Long-term Steady State ? 
Over some time interval, the ocean carbonate 

system must approach steady state. Most models 
assume a short-term steady state, although Broecker 
and Peng [1982, 1987] have assumed that it takes 
several thousand years for the ocean system to 
respond to environmental changes. Shifting sea level, 
however, greatly affects both the inputs and outputs 
to the system, such that both high and low stands of 
sea level must be taken into account when considering 
the carbonate budget and steady state. The shift of 
carbonate deposition from shallow to deep water 
during regressing sea level has been noted previously 
[Berger and Winterer, 1974; Milliman, 1974; Hay and 
Southam, 1977], as have the different responses 
within different ocean basins [Broecker, 197!; 
Berger, 1973, 1977; Crowley, 1983]. 

Assume for the moment that the ocean at present 
is in a short-term steady state: that is, 3.2 bt (or 3.2 x 
10 •3 moles) of CaCO3 accumulate annually, offset by 
an equal input of calcium and carbonate. Since the 
combined input of calcium from river water and 
hydrothermal vents is calculated to be only half that 
removed by carbonate sedimentation, an additon-al 
1.6 x 10 •3 moles input must be identified. Based on 
the previous discussion, the most likely input is 
groundwater (Figure 10, upper left), although 1.6 bt 
is a value much greater than calculated by Zekster and 
Dzhamalov [ 1988]. 

Nevertheless, the real problem with this model 
is seen when we consider lower sea level. 

Hypsometrically, lowering sea level by 100 m (Figure 
1) decreases the available shallow-water area by an 
order of magnitude. Even if benthic habitats produce 
carbonate at present-day rates, shallow-water 
carbonate sediments should accumulate no more than 

about 0.14 bt CaCO 3 yr-•. Being produced at the 
shelf edge and upper slope, some of this sediment 
would escape to the deep sea. Thus we can assume 
that during lowered sea level, shallow-water environ- 
ments may sequester only about 0.1 bt CaCO 3 
annually. 

To achieve a balanced budget using this short- 
term steady-state model, decreased shallow-water 
carbonate accumulation would need to be offset either 

by a 50 % decrease in input or a near doubling of 
deep-sea accumulation (upper right hand of Figure 
!0). Shifting precipitation and evaporation patterns 
could decrease river runoff, particularly in the higher 
latitudes where precipitation is tied up in continental 
glaciers. However, even with decreased river runoff, 
diagenesis of subaerially exposed shelf carbonates, 
dominated by metastab!e aragonite and magnesian 
calcite, probaby would elevate the calcium concen- 
tration of surface flows. Moreover, more fluvial 
particulate calcite would escape to the deep sea during 
lowered sea level, where presumably some of it 
would dissolve. Thus, for the purposes of this argu- 
ment, it is assumed that fluvial flux of calcium 
remains relatively constant during glacially lowered 
sea level. 

Lowered sea level also would result in an 

increased flux of groundwater, as the piezometric 
head would be effectively raised by 100 m, thus 
activating springs and forming karst topography such 
as found in Florida, the Bahamas and Campeche 
Bank [Kohout, 1966]. As Manheim [1967] pointed 
out, a drop of 50 m in sea level would permit 
discharge of fresh water 2000 m deeper into the ocean 
than at present. Therefore the collective input of 
calcium to the ocean during lower sea level probably 
would increase rather than decrease, and carbonate 
accumulation in the deep sea therefore would need to 
exceed the 3. ! bt suggested in Figure 10 to maintain 
the steady state. 
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Figure 10. Schematic models of short-term (above) and long-term (below) steady-state 
carbonate budgets for the late Holocene (circa 0-5 ka) and late glacial (circa 17-22 ka). The 
fluxes are expressed in 1013 moles yr -1 and bt (CaCO 3) yr-1; bold numbers indicate values 
whose uncertainty is less than 25 %, those in plain print have uncertainties of 25-50 %, and 
those in italics have uncertainties as great or greater than 50-100 %. In the short-term steady 
state, input is assumed to equal output, whereas in the long-term steady state, input equals 
output only when integrated over a complete glacial cycle, which includes a high and low 
stand of sea level. Late Holocene carbonate fluxes are taken from Table 1. River and 
hydro-thermal inputs of Ca are assumed to remain constant with time in both short-term and 
long-term scenarios. 

(As sea level regresses, the "perched" ground- 
water table drains into the ocean. But this volume 

may not account for a significant increase in 
groundwater discharge: Assume a total land drainage 
basin area of 108 km 2, 104 years required to lower 
sea level 100 m, 30 % effective porosity [i.e. 100 m 
of geologic column containing 30 m of water]. The 
groundwater flux during the falling sea level would 
then only represent 300 km 2 yr -1, less than 1% of 
present-day. river discharge. Rather, increased 
groundwater discharge would occur through greater 
flushing rates of groundwater and, perhaps, higher 
concentrations of dissolved Ca, partly the result of 
diagenesis of aragonite and magnesian calcite in the 
subaerially exposed reef-bank-shelf sediments.) 

Do we find evidence of an increased carbonate 

accumulation in the deep sea to balance terrestial and 
hydrothermal input? Although the data regarding 
mass accumulation rates in the deep sea are sparse and 
uneven, the answer is 'probably no'. It has long been 
known that glacial carbonate accumulation in the 
Atlantic was lower than at present [Broecker, 1971], 
and recent Th23ø-based MARs [Francois et al., 1990; 
Francois and Bacon, 1993] indicate that carbonate 
accumulation in the equatorial and North Atlantic may 
have decreased by 40 to 50 % during the last 
glaciation, presumably mostly because of decreased 
production (Figure 11). There is some evidence, 
however, based on the shoaling of the aragonitic 
(petropod) lysocline [Broecker, 1971] and the calcitic 
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Figure 11. Variation of carbonate accretion (via vertical flux) with water depth in the eastern 
equatorial Atlantic (Sierra Leone Rise) and western equatorial Atlantic (Ceara Rise). 
Superimposed on the late Holocene data are the relative position of the lysocline and 
transitional carbonate dissolution zone (solid line) as defined by Biscaye et al. [ 1976] (zones 
6 and 5, respectively, in their Figure 3). The production (flux) of carbonate during the late 
glacial was 40 to 50 percent less than at present, although the position of the lyscline may 
not have shifted significantly: If the transition layer parallels the present one (dashed line), 
then the lysocline was at approximately the same level as during the late Holocene, but the 
CCD was about 600 m shallower. However, if the CCD remained at the same depth during 
the last glacial, as in the equatorial Pacific [see Farrell and Prell, 1989], then the lysocline 
may have been appreciably shallower and the transition zone (dotted line) correspondingly 
thicker. Data from Francois et al. [1990]. 

lysocline on the Ceara Rise [Francois et al., 1990] 
(Figure 12), that the carbonate lysocline has shoaled 
slightly in the past 5000 years or so, perhaps in 
response to decreased alkalinity [Broecker and Peng, 
1987] (see below). 

Because the Atlantic is the largest present-day 
deep-sea carbonate sink (Table 3), assuming any 
significant decrease in carbonate accumulation for the 
entire Atlantic would require increased carbonate 
accumulation in the Pacific and Indian oceans just to 
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Figure 12. Mass accumulation rates (MARs) for c•bonate in the globfl oce• during the late 
Quaternary. Data from Francois et al. [1990, 1993], Lyle et al. [1988, 1992], Yang et al. 
[1990], Keigwin et al. [1992], Thunell et al. [1992], and Murray and Prell [1992]. Water 
depth above the MAR curve signifies that the sediment core came from above the present- 
day lysocline; water depth below the curve indicates that it came from below the lysocline. 
Carbonate MAR above or near the present-day lysocline is a measure of productivity, 
whereas below the lysocline the MAR provides a measure of dissolution. Note that the 
three Atlantic cores all show maximum production (and minimum dis-solution) during the 
Holocene. Decreased Holocene accumulation in the East Pacific appears to be the result of 
decreased production, while in the central and western Pacific and Indian Ocean, Holocene 
production appears to be generally the same as in the late glacial, suggesting that increased 
dissolution may have been the prim• cause of decreased Holocene accumulation. 

maintain the present-day carbonate budget. To 
achieve the 3.1 bt carbonate accumulation indicated in 

the short-term steady-state model (Figure 10, upper 
right), Pacific and Indian Ocean carbonate accumu- 

lation would have to increase about four-fold, or even 
more to offset any increased terrestial input of 
dissolved calcium (see above). Increased productivity 
and/or deeper lysoclines and CCDs could result in 
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increased carbonate accumulation in these two basins. 

The problem is that there is no clear indication 
of substantially increased accumulation in the Pacific 
or Indian Ocean during the last glacial stage. Calcium 
carbonate accounted for a greater percentage of 
equatorial Pacific deep-sea sediment during the last 
glacial [Arrenhius, 1952], but whether this resulted 
primarily from increased productivity [Arrhenius, 
1988; Archer, 1990] or decreased dissolution 
[Berger, 1973; Berger and Keir, 1984] has been 
widely debated. Berger [ 1992] recently suggested that 
changing silica supply also might have played a role 
in carbonate fluctuations. 

In the eastern Pacific mass accumulation rates 

were as much as an order of magnitude greater during 
the last glacial (Figure 12) (see also Pisias [1976] and 
Heath et al. [1976]), the result of both greater 
productivity and decreased dissolution [Adelseck and 
Anderson, 1978]. In the central equatorial Pacific, 
Rea et al. [1991] show a three-fold increase in 
carbonate accumulation at 4420 m, whereas Yang et 
al. [ 1990] show a smaller increase at 3473 m (Figure 
12), suggesting that increased dissolution rather than 
decreased productivity has controlled lowered rates of 
carbonate accumulation during the Holocene [Archer, 
1990]. Farrell and Prell [1989] have shown that the 
CCD in the central Pacific remained at a relatively 
constant depth throughout much of the Quaternary, 
indicating that only the depth of the lysocline and 
thickness of the transition zone changed; however, 
this may have been the result of delayed dissolution 
because of sediment reworking [Keir, 1984; Berger, 
1992]. 

The story becomes more complicated in the 
western Pacific and the Indian Ocean. On the 

Ontong-Java Plateau, MAR's increased from 5 g m -2 
yr-1 during the late glacial to about 8 g m -2 yr-1 by the 
early and mid-Holocene, and subsequently have 
dropped back to about 5 g m -2 yr -1 during the last 
3000 years (R. Francois, unpublished data, 1993). 
Wu and Berger [1989] estimated a 1000 m shoaling 
of the lysocline in this area during the late glacial. 
Peak carbonate accumulation off Kamchatka, in the 
South China Sea and in the Arabian Sea occurred 

about 12 ka [Keigwin et al., 1992; Thunell et al., 
1992; Murray and Prell, 1992], with late glacial rates 
about equal to or lower than present-day rates (Figure 
12). In comparison to higher nearshore Holocene 
accumulation rates, Sirocko et al. [1991] found that 
many late glacial (15-27 ka) MARs in the central 
portions of the northern Arabian Sea were similar or 
lower than at present. In part this may be explained 
by the data of Peterson and Prell [ 1985], who showed 
that the dissolution index in sediments on the 

Ninetyeast Rise followed • pattern much like that seen 
on the Ontong-Java Plateau: during deglaciation, 
dissolution decreased (the lysocline deepening by 
about 250 m), but subsequently increased during the 
late Holocene [Peterson and Prell, 1985, their Figure 
5] to levels near those of the last glaciation. A similar 

pattern has been seen in the Somali Basin [Naidu et 
al., 1993]. 

In the southern Indian Ocean, maximum 
accumulation rates seem to have occurred in the early 
or mid-Holocene, although several cores also show 
high accumulation rates during the late glacial (Figure 
13). Abrupt shifts in MARs suggest a shift in the 
Polar Front and corresponding changes in both 
productivity and dissolution. Although McCorkle et 
al. [1993] do not have sufficient chronologic 
resolution, they show a two-fold decrease in mass 
accumulation rates off western Australia since the last 

glacial (10-15 versus 18-30 g m -2 yr-1); their data 
seem to show that most of the decrease reflects falling 
productivity rather than a shoaling of the lysocline. 
Interestingly, the only calculated MAR from the 
subantarctic Pacific shows a distinct maximum in the 

late Holocene and an order of magnitude smaller 
MAR during the late glacial (Figure 13), more like the 
Atlantic than the equatorial and northeastern Pacific 
(Figure 12; see above). 

Returning to the original question, do we see 
evidence for a global increase in deep-sea carbonate 
accumulation during the last glacially lowered sea 
level? Given the uncertainty in the temporal scale as 
well as local variations in the timing of various 
changes in accumulation rates, plus the dearth of valid 
data, one must say, "no", at least not the levels 
required to offset the dramatic decrease in shallow- 
water carbonate accumulation and increased 

groundwater discharge. Thus, if the oceans are 
presently in a steady state with respect to calcium 
carbonate, they almost certainly were out of balance 
during the last low stand of sea level - that is, input 
must have greatly exceeded output. 

I suggest an alternative model to short-term 
steady state: the Quaternary oceans may only 
approach steady state over an entire glacial cycle. 
According to this model, sea water is drawn-down 
with respect to dissolved calcium during highstands 
of sea level, when output exeeeds input. This is 
counterbalanced by a recharge during low stands of 
sea level, when input exceeds output. In this 
conceptualized box model (lower part of Figure 10), I 
assume that present-day groundwater input of calcium 
is approximately 40 % that of river water [L'vovich, 
1979], which represents about 4 percent the volume 
of the fluvial water water flux. Even if groundwater 
input were as little as 20 % or as much as 50 % 
[Zekster and Dzhamalov, 1988], however, the model 
would not change significantly. During a low stand 
of sea level, I assume that deep-sea accumulation 
approximates that deposited during a high-stand of 
sea level; if it increases (due to enhanced accumulation 
in the Pacific and Indian oceans), groundwater input 
would have to increase accordingly for the total inputs 
averaged over successive high and low stands to 
equal total outputs. 

Unfortunately, the real world is not as simple as 
this box model, because although production and 
accumulation events in shallow water accurately 
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Figure 13. Mass accumulation rates for carbonate in the subantarctic Indian and Pacific 
oceans during the late Quaternary. Most data are from Howard and Prell [Late Quaternary 
CaCO3 production and preser-vation in the Southern Ocean: Implications for oceanic and 
atmospheric carbon cycling, Paleoceanography, submitted, 1993], with one core from 
Francois et al. [ 1993]. As in Figure 12, water depths below the MAR curve indicate cores 
from below the present-day lysocline. Cores south of the Polar Front generally show very 
low rates of carbonate accumulation. Note that the Holocene carbonate MARs in the 
southern Pacific are about 1 order of magnitude greater than during the late glacial, more like 
the Atlantic than the eastern North Pacific (see Figure 12). 

reflect sea level, variations in production and 
accumulation in the deep sea also reflect changes in 
the distribution and magnitude of primary production 
in relation to changing winds, nutrient levels and 
oceanic fronts as well as changes in dissolution due to 
shifts in alkalinity, pH, and the intensity of deep 
currents, few of which have any direct relation with 
sea level itself, although strong ties with glaciation 
and deglaciation [Peterson and Prell, 1985; Rea et al., 
1986; Berger, 1992]. On the basis of data shown in 

Figures 12 and 13, production/preservation events 
appear to show temporal coherence on regional (rather 
than global) scales. While accumulation maxima and 
minima in the Atlantic reflect glacial minima and 
maxima, respectively, MARs in the Indian Ocean and 
in at least part of the Pacific are out of phase with 
peak climatological events. In fact, integrating all the 
available deep-sea carbonate MARs suggests that 
global deep-sea carbonate accumulation may have 
been greatest during the late deglaciation and the 
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earliest Holocene (Figures 12 and 13), perhaps related 
to the "preservation spike" of pteropods and 
foraminifera at 14 ka noted by Berger [1977]. 

If deep-sea accumulation remained roughly 
constant during the past 25,000 years, then alkalinity 
probably began decreasing once continental shelves 
were flooded and began to sequestering large amounts 
of calcium carbonate, about 13-15 ka (Figure 1). 
Along with increased carbonate production and 
decreasing alkalinity, of course, has been an increased 
production of CO2, which for the past 7000-9000 
years (or since sea level rise decelerated and modern 
reefs began their massive growth) may have led to a 
flux to the atmosphere of about 1013 moles of CO2 
annually once the shelves and reefs were completely 
flooded (Figure 10); hence the coral reef hypothesis 
of Berger [ 1982; Opdyke and Walker, 1992]. 

In response to decreasing alkalinity, the 
lysocline ultimately should begin to shoal, as the 
oceans become increasingly undersaturated with 
respect to calcium carbonate. The lag between 
increased shallow-water production and lysocline 
shoaling is difficult to predict, but there are 
indications of increased dissolution in some of the 

tropical Atlantic cores and much of the Pacific and 
Indian oceans (Figures 12 and 13) beginning about 
5000 years ago. 

The CO2 system controls the short-term 
dynamics of the carbonate system [Broecker and 
Peng, 1982, 1987]. On a longer time scale, where 
sea level excursions may be tectonically controlled, 
however, prolonged stillstands of sea level may cause 
dramatic shifts in the lysocline. If 1013 moles of 
CaCO3 were removed annually, for example, it would 
take 104 years to obtain a 1% draw-down in the 
calcium reservoir. During prolonged highstands of 
sea level, therefore, the CCD should shoal 
dramatically, as has been documented in the mid- 
Cretaceous [Arthur et al., 1985]; and during 
prolonged low stands, the CCD should deepen 
[Milliman, 1974]. 

UNANSWERED QUESTIONS AND FUTURE 
STUDIES 

The lack of confidence in the numbers used to 

compute this carbonate budget is reflected by 
acknowledging that of the inputs and outputs shown 
in Figure 10, we only have a reasonable confidence in 
the input of calcium from rivers. All other numbers 
are subject to at least 25 to 50 % uncertainty, and 
some are only educated guesses. True, we can 
assume minimal shallow-water accumulation of 

carbonate sediments during lowered sea level, but 
how much carbonate accumulated in the deep sea 
during this period probably cannot be quantified 
within a factor of 2 at present. 

Data summarized in this paper clearly show that 
one cannot understand the late Quaternary carbonate 

budget without defining production and accumulation 
during the transitions between the glacial and 
interglacial end-members. While the magnitude of 
shallow-water production and accumulation reflects 
the relative stand of sea level, deep-sea production 
does not operate in such an on-off tnanner. Changes 
in circulation patterns and nutrient levels affect 
carbonate production, while ocean alkalinity, current 
velocities as well as primary production affect 
carbonate dissolution. Glacial melting, for instance, 
strongly influenced local productivity, and shifting 
wind patterns may have changed the location and 
dynamics of oceanic fronts. Using late Holocene and 
late glacial numbers as end members in discussing 
deep-sea carbonate production and sedimentation, 
therefore, ignores the fact that some of these other 
processes may have been prominent during some 
other part of the late Quaternary, perhaps coinciding 
(or not) with sea-level regression or transgression. 

Shallow-Water Carbonates 

Perhaps the key problem in understanding the 
shallow-water carbonate budget is documenting the 
loci and rates of production and accumulation during 
the Holocene transgression and subsequent high 
stand. In particular, although shelf carbonates may 
have represented a major sink during the early states 
of sea level transgression, this supposition is based 
mostly on the abundance of relict outer shelf 
carbonates. We know practically nothing about the 
age of deposition or thickness of these carbonate-rich 
sediments, and perhaps less bout shelf carbonate 
production. Although it is nearly 25 years old, 
Smith's [1972] compilation remains the one of the 
best sources of data concerning present-day shelf 
carbonate production. Further documentation of 
Halimeda bioherms may define their importance as a 
carbonate source and sink. • 

The other key problem for this writer is the 
degree of export (and dissolution) of shallow-water 
carbonates to the slope and deep-sea. Export is a 
major process on many banks [e.g., Agegian et al., 
1988; Wilber et al., 1990]. Is it possible that, as 
banks and reefs reach sea level and evolve from 

"keep-up" accumulators to "throw-up" exporters, the 
increasing export to the deep sea of soluble carbonate 
phases decelerates lysocline shoaling? 

Deep-Sea Carbonates 
This paper has used a first-order look at the 

export of carbonate from the surface waters of the 
ocean to calculate basin-wide carbonate accumulation. 

However, to define better the carbonate budget we 
must acquire enough mass accumulation rates 
(MARs) to delineate the global and temporal 
variations during the late Qunaternary. By obtaining a 
suite of sediment cores that spans depths above and 
below the present-day lysocline [Curry and Lohmann, 
1990; Francois et al., 1990], one can distinquish 
between changes in production and dissolution. The 
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Th 23ø mass-balance method [Francois et a1.,1990] 
provides a way to remove horizontal flux from 
computed MARs, which is particularly important 
where gravitational or current-driven processes can 
redistribute deep-sea sediments. Obtaining enough 
accurate MARs to define the deep-sea carbonate 
budget is perhaps the most important task in the 

ß 

coming years. 
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