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Global deep-sea burial rate of calcium carbonate
during the last glacial maximum

Nina R. Catubig,'” D. E. Archer,' Roger Francois,” Peter deMenocal,*
Will Howard,” Ein-Fen Yu®

Abstract. Global databases of calcium carbonate concentrations and mass accumulation rates in Holocene and last glacial
maximum sediments were used to estimate the deep-sea sedimentary calcium carbonate burial rate during these two time
intervals. Sparse calcite mass accumulation rate data were extrapolated across regions of varying calcium carbonate
concentration using a gridded map of calcium carbonate concentrations and the assumption that accumulation of
noncarbonate material is uncorrelated with calcite concentration within some geographical region. Mean noncarbonate
accumulation rates were estimated within each of nine regions, determined by the distribution and nature of the
accumulation rate data. For core-top sediments the regions of reasonable data coverage encompass 67% of the high-calcite
(>75%) sediments globally, and within these regions we estimate an accumulation rate of 55.9 + 3.6x10"' mol yr'. The
same regions cover 48% of glacial high-CaCO; sediments (the smaller fraction is due to a shift of calcite deposition to the
poorly sampled South Pacific) and total 44.1 + 6.0x10"" mol yr. Projecting both estimates to 100 % coverage yields
accumulation estimates of 8.3x10'> mol yr'l today and 9.2x10"2 mol yr'l during glacial time. This is little better than a
guess given the incomplete data coverage, but it suggests that glacial deep sea calcite burial rate was probably not
considerably faster than today in spite of a presumed decrease in shallow water burial during glacial time.

1. Introduction. An estimate of deep-sea calcite burial provides a constraint
on how the carbon cycle responds to glacial/interglacial
climate cycles. Since the ocean and atmosphere are

interdependent, understanding the changes in the ocean

The ocean cycle of calcium carbonate (CaCO3) consists of a
balance between the supply of calcium (Ca2*) ions and
carbonate alkalinity (HCO;~ and CO;7) to the oceans from

chemical weathering of the continents and burial in the deep
sea and in shallow waters. Deep-sea burial of CaCOj,
predominantly as the mineral calcite, is controlled by the rate
of CaCO; production by pelagic plankton and by the
saturation state of the deep waters with respect to calcite. An
increase in ocean [CO;~] depresses the depth of calcite
saturation and increases the seafloor surface area upon which
calcite preservation occurs. Therefore an imbalance between
weathering and burial of CaCQ; drives ocean [CO;~] in the
direction of reconciling the imbalance, making ocean CaCO; a
slave to weathering rates on timescales of 5-10 kyr [Broecker
and Peng, 1982; Boyle, 1988; Emerson and Archer, 1992;
Archer et al., 1997].
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during the last glacial maximum (LGM) should shed some
light on the mechanism by which atmospheric CO, responds
to the glacial cycles [Berger, 1982; Keir and Berger, 1985;
Opdyke and Walker, 1992]. Today, the rate of shallow ocean
CaCOj burial is estimated to be roughly equal in magnitude to
the rate of burial in the deep sea today, and because of the
exposure of the continental shelves by lowered LGM sea
level, it is generally believed that that shallow water
deposition was considerably lower during LGM [Milliman,
1974]. On the timescale of CaCO; compensation both of these
effects should have driven a deepening of the lysocline during
glacial time and an increase in deep-sea calcite burial; in the
steady state limit we would expect an LGM CaCO; burial rate
which exceeds the present-day value by as much as a factor of
2. An estimate of the rate of deep-sea CaCO; deposition
during LGM should provide a direct test of these ideas.

Calcite concentration data from glacial time are much more
numerous than are calcite accumulation rate data. Also, much
of the spatial variability in calcite accumulation rate is driven
by variability in dissolution and preservation of calcite with
depth in the ocean (the calcite lysocline). Therefore we
develop a method for extending the relatively sparse
accumulation rate data across variations in calcite
concentration by normalizing the accumulation rate data to the
noncalcite component and taking regional averages. Calcite
accumulation rates are then calculated from gridded fields of
calcite concentration and regional averages of the noncalcite
accumulation rate.
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Figure 1. Downcore calcite concentration profiles used to correlate to (a) RC12-225 [Luz, 1977, Burkle et al.,
1978], b) RC8-89, c) RC8-92, and d) RC12-227. to determine the depth of the last glacial maximum (LGM) (arrow).

-90

Figure 2. Percent calcite data locations: (a) core top and (b) LGM. Most cores in both data sets are located in the
Atlantic and Pacific Oceans. Coverage of the Indian and Southern Oceans (especially the Pacific sector of the
Southern Ocean) is poor.
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Figure 3. Values of %CaCO, versus depth for the (a)
Atlantic, (b) Indian, (c) Pacific, and (d) Southern Oceans.
The small number of LGM data points makes it difficult to see
if the lysocline changed between the LGM and today.

2. Data Sources
2.1. CaCO3 Concentration

Core-top %CaCO; data were discussed by Archer [1996].
LGM %CaCOs data presented in Appendix Al' come from a
variety of sources [Broecker and Takahashi, 1966; McManus
et al., 1970; Burns et al., 1973; Creager et al., 1973; Heezen
et al., 1973; Luz and Shackleton, 1973; von der Borch et al.,
1974; Davies et al., 1974; Andrews et al., 1975; Hayes et al.,
1975; Karig et al., 1975; Larson et al., 1975; Hays et al.,
1976; Morley and Hays, 1979; Moore et al., 1980; Hussong
et al., 1981; Cooke and Hays, 1982; Heath et al., 1982;
Leinen, 1985; Peterson and Prell, 1985; Cwienk, 1986;
Balsam and McCoy, 1987, Barker et al., 1988; Ciesielski et
al., 1988; Lyle et al., 1988; Barron et al., 1989; Droxler et al.,
1990; Farrell, 1990; Prell et al., 1990; Yang et al., 1990;
Bareille, 1991; Broecker et al., 1991; Steens et al., 1991;
Zahn and Peterson, 1991; Howard and Prell, 1992; Karlin et
al., 1992; Keigwin et al., 1992; Lyle et al., 1992; Mackensen

lAppendices Al and A2 are available electronically at the
National Geophysical Data Center, Boulder, Colo. (URL:
http://www.ngdc.noaa.gov).
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et al., 1992Howard and Prell, 1994; Snoeckx and Rea, 1994;
LaMontagne et al., 1996; Lynch-Steiglitz et al., 1996; Oritz
et al., 1997] either previously published %CaCO; values or
dated cores which could be analyzed for calcite concentration.
LGM is defined as 9'%0 stage 2 [Imbrie et al. 1984], identified
by one or several of the following methods: oxygen isotope
stratigraphy, calcium carbonate stratigraphy, '*C dating,
foraminiferal biostratigraphy, or lithologic stratigraphy. The
depth of the LGM level in 56 Climate: Long-Range
Investigation, Mapping, and Prediction (CLIMAP) cores was
identified but no %CaCOj; value was published [Biscaye et
al., 1976, Hays et al., 1976, Kolla et al., 1976; Moore et al.,
1980; Cooke et al., 1982], so we collected samples from the
Lamont-Doherty core archives and measured %CaCO; by
coulometry. Cores with no measurable CaCO, to a depth of 50
cm were entered into the LGM data set as containing 0%
CaCO;. We also determined the downcore calcium carbonate
stratigraphy for three cores in the East Pacific Rise and
southwest Pacific where data coverage was particularly weak,
estimating the depth to LGM by correlating the %CaCO,
stratigraphy to RC12-225 [Luz, 1977; Burkle et al., 1978;
Howard and Prell, 1994] (Figure 1). We have 3712 %CaCO,
core-top values and 472 LGM values (Figure 2). The Atlantic
Ocean is well covered by both the LGM and the core-top data;
data in the Pacific and Indian Oceans are scattered, with better
coverage from the core-top than the LGM. Plots of %CaCO,
versus depth (Figure 3) are difficult to distinguish between
the core top and LGM because of scatter in the data. A more
sensitive diagnostic is a direct point-by-point comparison of
%CaCO; values for cores where both values are available
(Figure 4). Most of the data in the Southern and Atlantic
Oceans fall on the side of higher core-top relative to LGM
%CaCO; values, whereas the majority of the Pacific data
points fall on the side of low values. Data in the Indian Ocean
are insufficient to allow a determination. These observations
are consistent with the idea that calcite preservation in the
Pacific is out-of-phase with the rest of the oceans [4rrhenius,
1952; Berger, 1973; Farrell and Prell, 1989].

2.2. Mass Accumulation Rates

Mass accumulation rate (MAR) data were assembled from
many sources [Berger et al. 1976; Biscaye et al. 1976; Kolla
et al. 1976; Luz, 1977, Moore et al., 1980; Berger and
Killingly, 1982; Kent, 1982; Morley and Shackleton, 1984;
Leinen, 1985; Curry and Lohmann, 1986; Cwienk, 1986;
Balsam, 1988; Curry and Lohmann, 1990; Farrell, 1990;
Charles et al., 1991; Francois and Bacon, 1991; Mortlock et
al., 1991; Rea et al., 1991; Keigwin et al., 1992; Cremer et al.,
1993; Murray et al., 1993; Howard and Prell, 1994; Yu,
1994] (Appendix A-2). Accumulation rates were determined
by 14C dating, 239Th mass balance, and calcium carbonate,
9180, and faunal stratigraphies. Accumulation rates based on
14C may be biased because of the deviation of the !'4C
timescale from the real calendar, which could offset the
accumulation rate by up to 20%. Sediment focusing can also
offset local accumulation rates from regional averages, with a
potential for postitive bias if cores are preferentially taken from
local valleys where sedimentation is more likely to be
continuous. No attempt has been made to correct for these
potential biases; rather we look to a repetition of the
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Figure 4. Percent calcite plots, core top versus LGM: (a)
Atlantic, (b) Indian, (c) Pacific, and (d) Southern Oceans.
We compare LGM and core-top percent calcite data from
cores for which both measurements are available. The solid
line denotes a 1:1 relationship. Most of the data clusters
around this line, but there is a tendency toward higher core-
top percent calcite values in all of the oceans except for the
Pacific Ocean. The cluster of data in the Atlantic Ocean with
LGM percent calcite values lower than 25% is from the North
Atlantic where changes in ice-rafted debris are responsible
for the large changes in percent calcite values.

calculation in the future as more 230Th accumulation rate data
become available. Core-top data are available from each of the
major ocean basins, but they are not evenly distributed. In
particular, data are sorely needed in the South Pacific Ocean
(Figure 5).

3. Methods

The accumulation rate of CaCQ; depends strongly on the
extent of seafloor dissolution, which varies as a function of
depth in the ocean (generating the calcite lysocline).
Sedimentary %CaCO; data coupled with the ocean bathymetry
are abundant enough to resolve the distribution of CaCO3
fairly well, in the form of gridded maps of %CaCO; for present-
day and LGM. Accumulation rate data, on the other hand, are
too sparse to resolve variations across the lysocline, and the
strategy we take to generalize the MAR data is as follows.
Calcite-derived variations in MAR are removed from the data
set by normalizing to a calcite-free (non-CaCOs) basis and
averaged to estimate regional mean non-CaCO3; MAR. The rate
of CaCO; accumulation as controlled by variations in CaCOj;
concentration (the lysocline) are then estimated using

2

Calcite MAR| —&—
cm” kyr

] =regional non-CaCO; MAR
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where the %CaCO; value is derived from the gridded %CaCO;
map. This expression is based on what we will refer to as the
"constant dilution assumption” that %CaCO; can be used as
an indicator for CaCO3; MAR using a regionally uniform non-
CaCO; MAR. The calculation therefore requires a regional
average value of the non-CaCO3 MAR and a gridded field of
%CaCO; which resolves the calcite lysocline.

3.1. Regional Average Noncarbonate Accumulation Rates

We define 10 basin-scale regions where MAR data appear to
be sufficient for analysis (Table 1 and Figure 5): the northwest
Atlantic, northeast Atlantic, tropical Atlantic, South Atlantic,
Indian, North Pacific, equatorial Pacific, north equatorial
Pacific, western tropical Pacific, and the Southern Ocean. As
explained above, we will assume that a single non-CaCO;
MAR can be used to approximate the value at each grid point
in the domain so that %CaCOj; can be used to estimate CaCO4
MAR: the constant dilution assumption. This assumption
would break down, leading to spurious regional MAR
estimates, if the non-CaCO3; MAR varies so widely that it
affects %CaCO; by variable dilution. These two scenarios can
be distinguished by looking for a correlation between
%CaCOj3 and the non-CaCO3 MAR (Figure 6). Data from
shallower than 2500 m were excluded from consideration in all
regions. In most of the regions the remaining non-CaCOj;
MAR are scattered but uncorrelated with %CaCOs;,
supporting the constant dilution assumption. In the
northwest Atlantic, however, we observe a systematic trend
toward high noncarbonate MAR in low-calcite sediments,
suggesting that dilution influences %CaCQj. Therefore we
exclude the north Atlantic from further consideration. Three
data points in the LGM tropical Atlantic show high non-
CaCO3 MAR at low %CaCO;; we will continue with the
calculation from region but will treat the results with caution.
Out of a total of 349 core-top mass accumulation rate estimates
in our database we utilize 191 for the constant dilution
calculation, and we utilize 86 out of a total of 107 available for
LGM. A latitudinal trend in non-CaCO; accumulation away
from the equator in the eastern tropical Pacific motivated the
split into equatorial, north tropical, and western tropical
Pacific boxes. Latitudinal variation in opal burial in the
Southern Ocean required that we base the analysis from this
region on the noncarbonate, nonopal MAR (Appendix A-2).

In general, histograms of the distributions of calcite MAR
data correlate with expected calcite MAR values based on the
gridded %CaCO; maps and the constant dilution assumption
(Figure 7). However, there are regions (e.g., the Southern
Ocean and the South Atlantic) where the calcite MAR data
vary widely because of variability in the noncarbonate
accumulation rate. — Regional average noncarbonate
accumulation rates are higher today than during glacial time in
the tropical and South Atlantic and the Southern Ocean, and
lower in the Northeast Atlantic and throughout the Pacific
Ocean (Table 2).

3.2. Gridded Maps of Calcite Concentration.

The other required ingredient for calculating regionally
integrated calcite burial rates is an estimate of the area in each
region covered by high-%CaCO; sediments. This we
accomplish using the regional %CaCOs3/depth relationship
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Figure 5. Mass accumulation rate data locations: (a) core top and (b) LGM. Mass accumulation rate data are
very sparse in number, but the core-top data are spread out more than the very localized LGM data There is better
coverage of the oceans by the core-top data than by the LGM data.

Table 1. Regions of the Global Ocean for Integration of
CaCO; Mass Accumulation Rate (MAR)

and a gridded field of the ocean bathymetry (from ETOPO-5) to
generate a gridded field of predicted %CaCO; values. The

gridding algorithm for core-top data was presented by Archer

[1996]. Gridded %CaCO; values were interpolated in depth
from ungridded data that fell within three-dimensional
ellipsoids of the target point in latitude, longitude, and depth.

Region Latitude Longitude Area,
106 km?
NW Atlantic 30-60°N 80-30°W 13.07
NE Atlantic 30-60°N 30-10°W 5.64
Tropical Atlantic 5°S-30°N 10-50°E 17.60
South Atlantic 5-40°S 50°W-15°E 27.20
Indian Ocean 10°N-40°S 40-90°E 30.15
North Pacific 30-50°N 150°E - 125°W 17.07
Equatorial Pacific 2°N-2°S 180°-100°W 6.26
North Equatorial 10-2°N 180°-100°W 10.09
Pacific
Western Tropical 10°N-10°S 140°E-180° 10.62
Pacific
Southern Ocean 40-70°S circum. 78.69

For the core-top map the latitudinal sizes of the ellipsoids
ranged from +5° at the equator to +15° at high latitudes (to
allow for equatorial heterogeneity) =15 cos(latitude)
longitudinally (to maintain constant width in kilometers), and
+1000 m depth. The LGM data were processed using the same
gridding algorithm but with larger ellipsoids, which ranged
in latitude from * 8" at the equator to +25° in high latitudes,
and +25°cos(latitude) longitudinally, and 32000 m depth.
For the core-top data set the method is able to predict each of
the data points with an rms error of 13.5%. The error for the

LGM is 22%; higher than the core-top error because of the
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Figure 6. Noncarbonate accumulation rates versus percent calcite by region In the Southern Ocean we show both
noncarbonate and nonbiogenic accumulation rates. The nonbiogenic accumulation rates are more constant over the
region so we use these to estimate the calcite accumulation rates in the Southern Ocean (under the constant dilution
assumption.) Noncarbonate mass accumulation rates (MAR) in the northwest Atlantic are variable and correlated to
%CaCO,, which implies that the distribution of calcite is determined in some part by dilution Therefore we exclude
this region from our analysis.
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Figure 7. The relationship between %CaCO, and CaCO, MAR, from data (circles) and from the constant-dilution
assumption and the regional average non-CaCO, MAR value (Table 1) (lines). The maximum CaCO, MAR value is
indicated by the lines, and is taken to be 2.0 g cm? kyr!, or the maximum observed value in the data, whichever is
higher.
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Table 2. Statistics of Regional Average Non-CaCO3 MAR Values

Region Holocene Last Glacial Maximum
Mean Non- Maximum n Relative Mean Non- Maximum n Relative
CaCO3; MAR? CMAR? Confidence  CaCO; MAR? CMAR? Confidence

Limits Limits

NE Atlantic 0.44 23 10 44% 2.06 2.0 4 100%

Tropical Atlantic 0.42 25 65 11% 0.61 20 23 28%

South Atlantic 0.17 20 7 69% 0.28 2.0 6 67%

Indian Ocean 0.13 31 14 36% 0.13 2.0 5 43%

North Pacific 0.15 20 47 27% 0.73 2.0 5 73%

Equatorial Pacific 021 2.0 4 45% 0.25 20 6 43%

North Equatorial 0.13 2.0 2 86% 009 2.0 11 21%
Pacific

Western Tropical 0.27 2.0 7 43% 014 2.0 4 45%
Pacific

Southern Ocean 047 2.0 35 56% 0.64 20 22 42%

#Non-CaCO3 MAR and CaCO3 MAR (CMAR) in units of g cm2 kyr'.

sparser %CaCO;3 data for LGM. A Monte Carlo method was
used to derive the best gridded %CaCO; data given the
uncertainty in ungridded %CaCO; data (see below).

The maps generated by gridding (Figure 8) reveal high
present-day and low LGM %CaCO; values in the Atlantic,
Indian, and Southern Oceans, low present-day and high LGM
%CaCO3 values in the Pacific consistent with previous
compilations [Berger et al., 1976; Biscaye et al., 1976; Kolla
et al., 1976; Morley and Hays, 1979, Balsam, 1981; Peterson
and Prell, 1985; Farrell and Prell, 1989; Bareille, 1991 We
see that the "polar sedimentary front" (the transition from high
to low %CaCO; sediments in the Southern Ocean) moved
northward during LGM. We compared the gridded and
ungridded %CaCQ; data and found that in most areas the
ungridded %CaCO; data resemble the gridded product in their
distribution (Figure 9). To the extent that the gridded field
contains, for example, fewer high-CaCO;3 data points than the
ungridded data from that region, we conclude that the
ungridded data were more plentiful in shallower waters. This
can be seen most particularly in the South Atlantic and the
glacial equatorial Pacific. The observation percentages in the
gridded values do not sum to 100% because of areas of
missing data.

3.3. Regional Calcite Accumulation Rates

Regional average calcite MAR was estimated by adding the
results of the constant dilution method over each grid point of
the gridded %CaCO; field. Histograms of the gridded calcite
MAR estimates differ somewhat from those of the ungridded
MAR data because of the scarcity of the data (Figure 10).
However, the gridded values also incorporate information from
the gridded %CaCO; map, which is based on greater data
density. A particular weakness of the constant dilution
method is that the uncertainty in the calcite accumulation rate
increases greatly as %CaCO; approaches 100, so that an error
in the high range of %CaCO; will be amplified when it is used
to calculate calcite MAR. To counter this, we capped the
inferred CaCO3; MAR in the gridded field at a value of 2.0 g
cm2 kyrl, or the highest calcite accumulation value observed
in the region, whichever is higher (Table 2).

3.4. Uncertainty in Regional Calcite Accumulation Rate

Uncertainty in the estimates of regional MAR stem from at
least two sources: the ungridded %CaCOj5 data from which the
gridded maps were derived and the mean value of the non-
CaCOj; accumulation rate. Since the regional CaCO; MAR is
the product of non-CaCO3; MAR times a function of the
%CaCOj field (essentially the factor g CaCO; g non-CaCOj3)
we can calculate the uncertainties in these two pieces
separately and then combine them.

The complicated dependence of each gridded %CaCO5 value
on the ungridded data and the nonlinear dependence of the
accumulation rate estimate on the gridded %CaCO; make it
challenging to assess the uncertainty in regional MAR
estimates due to the %CaCO; field. We used a Monte Carlo
method which allowed random noise in the ungridded
%CaCOj; data to generate noise in the gridded maps. For each
of 100 trials a random uncorrelated component of noise was
added to each ungridded %CaCO; value in the data set. The
amplitude of the noise imposed on the ungridded data was
taken from the accuracy with which the gridding method is
able to reproduce the observed %CaCO; data. For each trial,
the ungridded %CaCO; data with superimposed variability
were used to create a gridded map of %CaCO; The best
estimate of %CaCOj at each grid point was taken to be the
mean overall Monte Carlo simulations, and the sensitivity of
the MAR estimate to %CaCO; uncertainty was derived from
the variation in calculated regional MAR between the Monte
Carlo simulations (Table 3).

The uncertainty in the mean non-CaCO; mass accumulation
rate was estimated from the variance of the data in Appendix
A2. Confidence limits for our estimate of the mean can be
estimated from the variance of a small sample to be

S
C.1. mean nonCaco, MAR = T ¢ T

where s is the square root of the variance s2 and t, is the
critical cutoff value for the Student's ¢ distribution with n-1
degrees of freedom. Division by root n converts the scatter in
the data to the uncertainty in the mean value of the data. For



CATUBIG ET AL.: LAST GLACIAL MAXIMUM CALCIUM CARBONATE BURIAL RATE 305

0 90 180

Figure 8. Gridded maps of %CaCO, (a) in core-top sediments and (b) during the last glacial maximum. The
contour interval is 20%. Higher LGM CaCO, concentrations are found in equatorial Pacific sediments, while
concentrations in the Atlantic, Indian, and Southern Oceans are lower.

where z, = 1.96 for a 95% two-sided normal distribution. The
relative confidence level estimates vary widely by region and
2 time period (Table 2).

2 =( I J Ssample The total uncertainty in the regional estimates of CaCO,

propagation of the uncertainty to the final answer we can
estimate the variance of the mean, 62,..,, as

mean Zc n (2) MAR is derived from a combination of uncertainty in the non-
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Figure 9. The distribution of CaCO, concentrations in the ungridded data and in the gridded maps plotted as

histograms by region. Solid bars are ungridded data; open

CaCO3; MAR and from the %CaCO; field (the two factors on
the right-hand side of (1). These uncertainties are combined as

2 2
O'regional CMAR _ Onon-CaCO; MAR

CMARpe,  mean g, caco, MAR

2
0%CaCO, map

MEeAN Monte Carlo simulations

where CMARy,; is the regional estimate of CaCO; MAR
using the mean value of the non-CaCQ3; MAR and the best map
of %CaCOj3. Most of the uncertainty in the CMAR estimate
derives from uncertainty in the mean non-CaCO3; MAR value
(Table 3). The uncertainty in the sum of the CMAR values in
all of the regions (as close as we can get with current data to a
global estimate) comes from

bars are gridded values.

2

— 2 2
Oqum = o'regionl + o-regionZ +...

where the regional and summed values of ¢ can be used to
estimate 95% confidence limits for CMAR as

C.l.gs% =%1.96 ¢

The uncertainties in our final estimates vary by region
depending on how much MAR data exist in each area (Table
4). The uncertainties are fairly high in some regions, but this
situation will improve with more MAR data in the future.

4. Results and Discussion

The analysis shows higher calcite burial during LGM in the
Pacific (consistent with Farrell and Prell [1989]) and North
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Figure 10. A comparison of the distribution of MAR values in the ungridded data with the gridded results of the
constant dilution assumption method using the best maps of %CaCO,. The binning interval is 0 5 g em kyr”. Solid

bars are ungridded data; open bars are gridded values.
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Table 3. Statistics of Gridded MAR Calculation
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Holocene Last Glacial Maximum
Region . .
Best MAR? Mean Relative Best MAR? Mean Relative
MAR? Confidence MARP Confidence
Limits Limits
NE Atlantic 36 36 8% 52 5.1 8%
East Equatorial Atlantic 104 10.3 2% 73 7.6 9%
South Atlantic 10.8 9.7 4% 6.8 6.7 10%
Indian Ocean 6.8 1.5 8% 36 4.8 21%
North Pacific 0.1 02 52% 0.7 0.9 42%
Equatorial Pacific 21 2.1 13% 4.1 39 13%
North Equatorial Pacific 14 1.5 16% 22 23 16%
Western Tropical Pacific 44 4.6 8% 24 3.0 27%
Southern Ocean 18.0 18.2 2% 114 12.4 7%

3Estimate derived from the "best” map of %CaCOj3 (a grid of mean values of %CaCO3 over all Monte Carlo

simulations).

®Mean of all CMAR values from 100 Monte Carlo simulations.

Atlantic regions and lower burial in the tropical and South
Atlantic, the Indian, and the Southern Oceans (Figure 11).
The Indian Ocean result is dominated by an apparent
northward shift in low-calcite Southern Ocean sediments.
Overall, the total burial rate over all regions was slightly
lower during LGM. The analysis is slightly biased toward
lower LGM rates because of a greater area of missing %CaCO;
gridded estimates from LGM, but the area-specific calcite
burial is also lower during LGM (Table 4), so this effect is
small. A more serious bias comes from the South Pacific, where
%CaCQ; was higher during LGM but was neglected from our
analysis because of a lack of MAR data. Globally, our
analysis covers 67% of the grid points with %Can3 > 75%

for core-top data, but for LGM the coverage is only 48%. If for
the sake of discussion we assume that the CaCOj; burial rate
scales with the area of >75% CaCOj; sediments, then we
project that our global total should be 8.6x1012 mol yrl,
slightly smaller than Milliman's estimate of core-top calcite
burial  (11x10!2 mol yr'l) [Milliman, 1974; Milliman,
1993]. For LGM the scaled up value would be 9.2x1012 mol
yr-!, suggesting that the apparent decrease in LGM calcite
burial in our analysis might be due to a shift to of CaCO;
sediments to the undersampled South Pacific.

Overall, we find no significant change in the global burial
rate of CaCO; in the deep sea between last glacial maximum
time and today. This result contradicts expectations based on

Table 4. Summary of Final Regional CaCO; Mass Accumulation Rate Estimates

Holocene Last Glacial Maximum
Region Area®  Coverage CMARP Specific Coverage CMARP Specific
MAR® MAR€
NE Atlantic 5.64 89% 3.6+0.8 0.71 84% 52434 1.11
Tropical Atlantic 17.60 84% 10.4+0.8 0.71 82% 7.3t19 0.51
South Atlantic 27.20 84% 10.8£1.5 0.47 77% 6.8£2.0 033
Indian Ocean 30.15 73% 6.8+1.5 0.31 75% 3.6x1.9 0.16
North Pacific 17.07 99% 0.110.1 0.01 98% 0.710.6 0.04
Equatorial Pacific 5.02 100% 2.1+0.5 0.42 98% 4.1+1.1 0.71
North Equatorial 8.98 99% 1.430.5 0.16 99% 22405 0.23
Pacific
Western Tropical 10.62 90% 44109 0.47 70% 24+13 032
Pacific
Southern Ocean 78.69 81% 18.0+2.4 0.28 84% 11.443.0 0.17
Total 57.613.6 0.34 43.746.0 0.26
+02 +03
Area covered, 67% 48%
%CaCoO, > 75%
Corrected total 86 91

aUnits of 106 km?.
bUnits of 101! mol yl"l + 1.960.
Units of g cm™2 kyr\.
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Figure 11. A comparison of Holocene and LGM regional
rates of CaCQO, accumulation, where the error bars represent
95% confidence intervals. LGM values are indistinguishable
from Holocene values except in the tropical Atlantic and the
Indian Oceans, where they are lower, and the equatorial
Pacific, where they are higher.

estimates of shallow water deposition rates and an assumption
that the ocean was in steady state, which predict that the locus
of carbonate burial shifted from the shallow seas to the deep
ocean during glacial times. If shallow water deposition
accounts for roughly the same scale of CaCOj burial as the
deep sea today [Milliman, 1993], and shallow water
deposition was significantly less during LGM [Opdyke and
Walker, 1992; Milliman, 1993], then we might expect as
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much as double the Holocene rate of deep sea CaCO;
deposition during LGM. Possible explanations include (1)
the oceans still being out of steady state following the
perturbations to the alkalinity cycle in the ocean associated
with the glacial termination (coral growth, forest uptake of
CO,, and any change in steady state ocean alkalinity), (2) an
LGM weathering rate decrease due to a slower glacial
hydrological cycle, (3) LGM shallow water depositions being
larger than is generally believed, or (4) estimates of present-
day deposition rates may be high. If the rate of shallow water
deposition today is lower than is generally believed, then the
same relative decrease would be less significant to the global
ocean alkalinity budget. Resolution of these issues may
require a longer time sequence of deep ocean CaCQOj burial rate
estimates and independent estimates of chemical weathering
and shallow water CaCO3 deposition.

S. Summary

We attempt to estimate the LGM rate of calcite burial by
interpolating measured mass accumulation rate data across
variations in %CaCQO; by assuming the accumulation rate of
non-CaCO3 material to be regionally constant and
independent of %CaCO3. Burial rates decreased in the
Atlantic and increased in the equatorial Pacific. The sum of
the regional MAR estimates is 57.6 + 3.5x10!! mol yr'! today
and 43.7 * 6.0x10'! mol yr! during LGM, where
uncertainties represent 95% confidence limits. However, only
67% of the present-day area of high-CaCO; sediments are
actually included in regions of adequate MAR data coverage,
and 48% of LGM high-CaCO3 sediments. If we normalize
these estimates by high-CaCO; sediment coverage we
conclude that the globally integrated burial rate of CaCO;
during LGM was not significantly higher than today (8.6 and
9.2x1012 mol yr-l, respectively). The results from this study
imply either (1) a non-steady state ocean on timescales of the
glacial/interglacial cycles, (2) a glacial decrease in weathering
rates, (3) that the rate of shallow water CaCO3 deposition
during LGM was comparable to today, or (4) that present-day
shallow water deposition today is insignificant relative to
deposition in the deep sea.
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