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Abstract We construct a range of estimates for the glacial-interglacial 
variations of C0 2 consumption and HCO3" production rates by continental 
weathering processes, using two models of continental weathering in 
conjunction with two data sets for present-day runoff and climate results 
from four general circulation models. Both models consistently produce 
25-35% higher global C0 2 consumption and 30-40% higher HC03" 
production rates at the Last Glacial Maximum (LGM) than at present-day. In 
terms of C0 2 consumed by silicate weathering, variations calculated here are 
more than 2.5 times smaller than those derived from the marine Ge/Si 
record. Areas exposed both now and at the LGM exhibit only little change. 
The increased HCO3" production (CO2 consumption) on the continental shelf 
exposed at the LGM overbalances the decrease due to ice cover by a factor 
of 3-4 (respectively 2.3-3.7). However, large uncertainties affect the fluxes 
in the shelf environment, as shown by sensitivity tests regarding its 
lithology. 

INTRODUCTION 

Earth surface conditions at the Last Glacial Maximum (LGM) were considerably 
different from those of today. Extensive ice sheets covered large areas of the 
continents at high latitude. The global sea level stood 120-130 m lower; large extents 
of the currently flooded continental shelf lay free and were subject to erosion (Fig. 1). 
The net effect of these changes on chemical weathering in general, and on CO2 
consumption or HCO3 production rates in particular, is still subject to debate. In their 
review of chemical weathering over glacial time scales, Kump & Alley (1994) 
concluded that global chemical weathering rates were comparable during glacials and 
interglacials. Quantitative reconstructions give, however, very contrasting results, 
depending on the method they are based on. According to the continental weathering 
model of Gibbs & Kump (1994), global bicarbonate production was only about 20% 
higher at the LGM than at present-day. On the basis of the marine Ge/Si record, 
Munhoven & François (1996) calculated that the rate of CO2 consumption by silicate 
weathering alone was about 100-250% higher at the LGM than at present. 

The aim of this study is to provide new quantitative insight into the individual 
effects of the large-scale environmental changes mentioned above on the CO2 
consumption and HCO3 production rates at the LGM and the present-day. As a 
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Fig. 1 LGM continental margin lithology and ice sheet extension. The thin lines 
indicate the continental outlines for the LGM. The hatched areas delimit the ice sheet 
extent. Dark zones represent shelf areas exposed at LGM but presently flooded, with 
carbonate outcrops in black and shale outcrops in grey. 

starting point, we use the model developed by Gibbs & Kump (1994). By combining 
two different data sets for present-day runoff with four different General Circulation 
Model (GCM) climatologies, we generate a set of eight different estimates of the 
distribution of glacial-to-interglacial runoff variations. This diversity of possible runoff 
variations provides the opportunity to estimate the uncertainties affecting our results. 
The significance of our results is further tested by comparing them to those derived 
from GEM-CO2 ("Global Erosion Model for C 0 2 consumption", Amiotte Suchet & 
Probst, 1995a,b), a weathering model similar to that of Gibbs & Kump (1994). Finally, 
we add several sensitivity tests regarding the lithology of the emerged continental 
margin, which remains a critical unknown. 

METHODOLOGY 

In this section, we first present a summary description of the two weathering models 
(Gibbs & Kump, 1994; Amiotte-Suchet & Probst, 1995a,b). We explain how the 
models are adapted and extended for their application in an LGM environment. 
Finally, we define the procedures used to calculate the glacial-interglacial variations of 
the global HC0 3" and C 0 2 fluxes. 
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The weathering models 

The two weathering models under consideration have a common structure. Both take a 
map of global lithology and determine the distribution of bicarbonate produced by 
chemical weathering from runoff intensity, by using a set of empirical bicarbonate 
flux-runoff relationships for major rock types. The Gibbs & Kump (1994) weathering 
model (hereafter GKWM) uses a map with six classes: carbonates, shales, sandstones, 
extrusive igneous rocks, shields and a "complex" class, for grid-points not clearly 
fitting into any of the first five classes. The map of GEM-CO2 differentiates between 
seven classes (Amiotte-Suchet & Probst, 1995a,b): carbonates, shales, sands and 
sandstones, plutonic and metamorphic rocks, acid volcanic rocks, basalts, and 
evaporites. The empirical relationships that link the bicarbonate production rates to 
runoff intensity in GKWM are taken from Bluth & Kump (1994); those in GEM-C0 2 

are from Amiotte Suchet & Probst (1993). Neither GKWM nor GEM-C0 2 allows for 
weathering beneath ice. 

Unfortunately, the lithology map of GEM-CO2 has not yet been published. At the 
global scale, only present-day C 0 2 and HCO3" flux distributions have been presented 
(Amiotte Suchet & Probst, 1995a,b). As detailed below, the information provided by 
these two distributions is nevertheless sufficient for the purpose of this study. 

LGM geography, ice-cover and lithology 

In order to apply the models in an LGM environment, appropriate boundary conditions 
regarding ice-cover, shelf exposure and shelf lithology must be provided. 

The ice-sheet extent used with both models is taken from Peltier (1994). The 
boundaries of the exposed shelf that we use with GEM-CO2 is also taken from Peltier 
(1994). The lithology of the grid-points that represent the exposed shelf at the LGM is 
then defined as follows. Grid-elements around Australia and the Caribbean are 
considered to consist of carbonate outcrops, except where they are close to large river 
mouths or to present-day coastal swamp areas. These points, and the remaining ones at 
high latitude, are considered to consist of shale exposures. The resulting map of the 
continental margin lithology is represented in Fig. 1. The lithology map of GKWM 
includes an adequate shelf extension that we use unchanged. 

Runoff reconstruction 

For each grid element falling on land, the estimated LGM runoff, RLGU, is calculated 
from its present-day observed value, i?0bs, by setting i?LGM = ^obs + Ai?. The anomaly 
relative to present-day, AR, is calculated from GCM climatologies, using the difference 
between the annual average distributions of total precipitation and evaporation (P - E) 
as an estimator for continental runoff. Hençe, AR = (P - £)GCM(LGM) ~{P - £)GCM(present)-
The subscripts "GCM(LGM)" and "GCM(present)" refer to GCM results from the 
LGM and the present-day (control) experiments respectively. To avoid physically 
meaningless negative values for i?LGM, Aft is set equal to its lower bound -Robs where 
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necessary. In order to use this approach for the total LGM land area, the observed 
present-day runoff distribution is first extrapolated to the exposed shelf areas. 

Gibbs & Kump (1994) used the UNESCO runoff distribution (Korzoun et al, 
1977) for their calculations with GKWM. Amiotte Suchet & Probst (1995a,b) based 
their flux distributions on the sum of the monthly mean positive values of the P - E 
distributions published by Willmott et al. (1985). There are sensible differences 
between these two runoff distributions. As they set the lower limit of AR (i.e. they set 
the largest decrease), they also influence our estimates for the glacial-interglacial 
variations. Both have therefore been considered for this study. The UNESCO runoff 
distribution is nevertheless replaced by that of the hydrographie database GGHYDRO 
(Cogley, 1998). This distribution is available in numerical form and is largely derived 
from the UNESCO one. GGHYDRO furthermore contains other data that we use, such 
as masks to define internally and externally drained areas. 

Publicly available output data sets from four different GCMs are taken into 
consideration to calculate the AR distributions. These models are: CCMO (Wright et 
al, 1993; Kutzbach, 1994), CCM1 (Kutzbach et al, 1996, 1998), ECHAM2 
(Lautenschlager & Herterich, 1990) and GISS (Overpeck et al, 1989; Rind, 1994). By 
combining the two runoff and the four GCM data sets, we get eight different estimates 
for the LGM runoff distribution to be used with the two weathering models. 

All of the data sets are first downscaled from their original grids to a 1 ° x 1 ° grid. 
This downscaling is performed by redistribution, without interpolation for the 
lithology map (GKWM only), and by area-weighted interpolation for the GCM data. 

C 0 2 and HCO, fluxes 

The different reconstructions for the LGM runoff can now be used in GKWM and 
GEM-C0 2 to calculate LGM distributions of HC0 3 production and of C 0 2 

consumption. 
These calculations are obviously straightforward to carry out with GKWM, as all 

of the required components have been published. It should only be mentioned that the 
"complex" lithology class is assigned a globally constant composition in terms of the 
five basic rock types considered in GKWM, as described in Jones et al. (1999). 

For GEM-C0 2 , calculations need to be done indirectly because its lithology map is 
not yet available. In this model, C 0 2 and HCO3 fluxes are simply proportional to 
runoff. As a consequence, two flux distributions F and F0 (both of either C 0 2 or 
HC0 3 ) that result from two runoff distributions R and RQ respectively, are related by 
F/Fo = R/Ro- We can thus calculate F for an arbitrary R from the Fo distributions 
published by Amiotte Suchet & Probst (1995a,b), knowing that the runoff distribution 
R0 they are based on is derived from the P -E data of Willmott et al. (1985). At grid-
points where Fo and R0 are equal to zero, F is also set to zero. The error on the global 
fluxes due to this simplification is insignificant. The grid-points at issue represent only 
2.4% of the externally drained area, and, in the GGHYDRO runoff distribution, they 
account for less than 0.2% of the total external runoff. 

In order to compare the effects of the different changes such as the extended ice-
cover and shelf exposure, the LGM land area is partitioned into four non-overlapping 
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zones. The individual contribution from each zone in the global variations of the rates 
of C 0 2 consumption and HCO3" production is then determined by integrating the 
LGM-minus-present-day differences of the respective flux distributions over that zone. 

Zone LI: presently exposed land that was covered by ice at the LGM At each 
point in this zone, the presence of ice at the LGM reduced the weathering rates to zero. 

Zone LX: presently exposed land that was also exposed at the LGM In this 
zone, only runoff redistribution may affect global HCO3" production and CO2 
consumption rates. Such redistributions may equally well cause higher or lower LGM 
rates. 

Zone SI: presently flooded shelf that was covered by ice at the LGM The 
impact of the grid-elements in this zone on CO2 consumption and HCO3' production is 
zero. 

Zone SX: presently flooded shelf that was exposed at the LGM This zone of 
newly exposed land invariably contributed to increase both HCO3 production and CO2 
consumption rates at the LGM. 

RESULTS AND DISCUSSION 

Below, we focus on the fluxes from externally drained areas alone, although some 
results relative to the total continental area are reported in the tables. Fluxes from 
externally drained areas are the more important ones in the global carbon cycle, since 
they link the terrestrial to the oceanic environment. 

Present-day fluxes 

From data in the literature, we calculate that the total bicarbonate flux from externally 
drained areas is about 31.9-35.7 Tmol year"1 (1 Tmol = 10 l 2mol). This estimate is 
based on an average HCO3 concentration of 846pmoll"' (Meybeck, 1979) and a 
global runoff ranging between 37 400 km 3 year"1 (Meybeck, 1979) and 
42 200 km 3 year"1 (calculated from GGHYDRO data). 65-67% of this flux stems from 
the atmosphere (e.g. Berner & Berner, 1996). In this discussion, we have adopted 
present-day reference values of 33.8 Tmol HCO3 year"1 and 22.3 Tmol CO2 year"1 for 
the two fluxes. 

Total HCO3 production and CO2 consumption rates calculated from the two models 
are reported in Table 1. Both models yield bicarbonate fluxes that are significantly 
below the observed range: GEM-CO2 falls short by 15-23% and GKWM by 27-32%. 
Table 1 also indicates that the partitioning of the total bicarbonate flux into an atmos­
pheric and a crustal part is different for the two models. With GKWM, we find that the 
atmosphere provides 83-84% of the total bicarbonate production. With GEM-CO2, this 
fraction is 70-71%, in much better agreement with the previously cited estimates from 
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the literature. These apparently comparable fractions put completely opposite weights 
on silicate and carbonate weathering. For an atmospheric fraction of 67%, the ratio of 
the bicarbonate produced by silicate to that produced by carbonate weathering is 34:66, 
whereas for an atmospheric fraction of 83% it is 66:34. GKWM hence cycles a much 
larger fraction of C 0 2 through silicate weathering than GEM-CO2. 

Table 1 Present-day global HCOY production and C0 2 consumption rates (both in 1012 mol year"1), and 
fractions of bicarbonate originating from the atmosphere (in %), as calculated from GKWM and 
GEM-CO2 in conjunction with the two runoff data sets under consideration. 

Weathering model/runoff data set Total continent: Externally drained only: 
combination HCO3" C02 % atm HCO3- co 2 % atm 
GKWM and GGHYDRO runoff 29.0 24.2 83 24.6 20.6 84 
GKWM and Willmott et al. ( 1985) P - E 28.2 23.2 83 22.8 18.9 83 
GEM-C02 and GGHYDRO runoff 30.9 22.0 71 28.7 20.4 71 
GEM-C02 (and Willmott et ai, 1985, P-E) 30.9 21.3 69 26.2 18.4 70 

Glacial-interglacial variations 

Table 2 lists the calculated LGM-minus-present-day variations together with standard 
deviations for each of the two weathering models and for each group of AR estimates 
separately. 

The results follow a consistent pattern for the GCM induced variability. ECHAM2 
is in each zone responsible for the lowest variations, i.e. the largest decreases and 
smallest increases. It is also the only model leading to flux decreases in zone LX. The 
GISS model always produces the highest increases in this zone and it gives the highest 
global net response. In zone SX, CCM1 yields the highest increase. 

The two runoff data sets do not generally lead to significantly different results, 
except in zone LI. Here, the data from Cogley (1998) produce consistently larger 
decreases than the Willmott et al. (1985) data, essentially because P-E is 
significantly lower than runoff at high latitudes. 

The average variations produced by the two weathering models for each group 
of AR estimates and for each zone agree well in general. GEM-CO2 may appear to 
produce generally larger increases than GKWM. The differences between the 
average responses of the two models are nevertheless within the estimated ranges 
of uncertainty. It is again only in zone LI where differences between the two 
models might be significant, with GEM-CO2 predicting smaller decreases than 
GKWM. 

The three zones produce markedly different effects. The increase in HCO3" 
production due to shelf exposure (zone SX) is on average 5-4 times as large as the 
decrease due to the ice-cover (zone LI). For C 0 2 consumption, the corresponding ratio 
is about 2-4. The average variations in the region exposed both now and at the LGM 
(zone LX) are in general almost an order of magnitude lower than those in zone SX, 
and are comparable to the estimated uncertainty of the global net variation. 

Both GKWM and GEM-CO2 consistently predict that the total fluxes of 
bicarbonate and CO2 through weathering processes were significantly higher at the 
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Table 2 LGM-minus-present-day variations of HCCV production and C0 2 consumption rates by 
continental weathering processes in externally drained areas: {top) GKWM; (bottom) GEM-C02. The 
headings LI, LX and SX refer to the respective LGM land zones defined in the text. All figures are given 
in 10 mol year" and have been rounded to one decimal before reporting. 

Runoff GCM data HCCV production rate variation: C0 2 consumption rate variation: 
data set set LI LX SX Net LI LX SX Net 

CCMO +1.9 +12.6 +9.5 +1.2 +7.7 +4.8 

Cogley 
CCM1 
ECHAM2 

-5.0 +0.9 
-0.8 

+14.0 
+11.4 

+9.9 
+5.6 

-4.1 +0.4 
-0.9 

+8.8 
+7.4 

+5.1 
+2.4 

(1998) GISS +3.1 +13.2 + 11.3 +2.2 +8.4 +6.5 
Average -5.0 +1.3 +12.8 +9.1 -4.1 +0.7 +8.1 +4.7 
(±ls) (+1.7) (+1.1) (+2.4) (+1.3) (±0.6) (±17) 
CCMO +1.7 +12.7 +11.8 +1.0 +7.4 +5.4 

Willmott et 
al. (1985) 
P-E 

CCM1 -3.6 +0.8 +14.1 +11.3 -3.0 +0.4 +8.5 +5.9 Willmott et 
al. (1985) 
P-E 

ECHAM2 
GISS 

-3.6 -0.7 
+3.0 

+11.6 
+ 13.4 

+7.3 
+12.8 

-3.0 -0.9 
+2.2 

+7.1 
+8.1 

+3.2 
+7.3 

Average -3.6 +1.2 + 13.0 +10.5 -3.0 +0.7 +7.9 +5.4 
(±ls) (+1.6) (±1.1) (±2.4) (±1.3) (±0.6) (±1.7) 

Global avera ge -4.3 +1.2 +12.9 +9.8 -3.5 +0.7 +7.9 +5.1 
variations (±ls) (±0.7) (±1.5) (±1.0) (±2.3) (±0.6) (±1.2) (±0.6) (±1-6) 

Runoff GCM HCCV production rate variation C0 2 consumption rate variation 
data set data set LI LX SX Net LI LX SX Net 

CCMO + 1.9 +13.6 +11.3 +0.8 +8.8 +6.6 

Cogley 
CCM1 
ECHAM2 -4.2 + 1.3 

-1.7 
+16.3 
+11.4 

+13.4 
+5.5 -3.0 +0.6 

-1.2 
+10.9 
+8.2 

+8.5 
+4.0 

(1998) GISS +4.3 +14.6 +14.7 +2.7 +9.9 +9.6 
Average -4.2 +1.5 +14.0 +11.2 -3.0 +0.8 +9.4 +7.2 
(±ls) (±2.5) (±2.0) (±4.1) (+1.6) (±1.2) (±2.4) 
CCMO +2.0 +14.1 +13.2 +0.9 +8.3 +7.2 

Willmott et 
al. (1985) 
P-E 

CCM1 -2.9 +1.3 +16.6 +15.0 -2.0 +0.7 +10.2 +8.9 Willmott et 
al. (1985) 
P-E 

ECHAM2 
GISS 

-2.9 -1.1 
+4.4 

+11.8 
+15.0 

+7.8 
+16.5 

-2.0 -0.8 
+2.8 

+7.6 
+9.3 

+4.8 
+10.1 

Average -2.9 +1.6 +14.4 +13.2 -2.0 +0.9 +8.9 +7.8 
(±ls) (±2.3) (±2.0) (±3.8) (±1.5) (±1.1) (±2.3) 

Global avera ge -3.5 +1.6 +14.2 + 12.2 -2.5 +0.8 +9.2 +7.5 
variations (±ls) (±0.7) (±2.2) (+1.9) (+3.8) (±0.5) (±1.4) (±1.1) (±2.2) 

LGM. The typical increases relative to present-day are 30^40% for HC0 3 and 23-34% 
for CO2; all of the calculated variations fall into the ranges of 22-50% (HCO3) and 
11—45% (CO2). Our results thus document much larger variations of the total 
bicarbonate flux than the study of Gibbs & Kump (1994). 

The analysis of the results from Table 2 in terms of CO2 consumed by carbonate 
and silicate weathering processes yields more contrasting results. For carbonate 
weathering, GKWM results translate into a 4.7 + 0.7 Tmol year"1 higher C 0 2 

consumption at the LGM than at present day. With GEM-CO2, this increase is 
4.7 ± 1.7 Tmol year"1 (5.5 ± 0.7 Tmol year"1 if the ECHAM2-based runoff estimates 
are disregarded). For silicate weathering, the GEM-CO2 results document an LGM-
minus-present-day difference of 2.8 ± 1.1 Tmol year"1 (hence higher consumption at 
the LGM). According to the GKWM results, this variation would be 
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Table 3 Sensitivity of shelf bicarbonate production (in Tmol year"1, i.e. 1012 mol year"1) at the LGM to 
the adopted shelf lithology as calculated from the two weathering models. 

Runoff GCM Homogeneous Homogeneous Homogeneous 
data set data set sandstone shelves: shale shelves: carbonate shelves: 

GEM-C02 GKWM GEM-C02 GKWM GEM-C02 GKWM 
CCMO + 1.5 + 1.0 +5.9 +7.2 +29.8 +19.1 
CCM1 +1.9 +1.2 +7.7 +8.5 +38.7 +23.3 

Cogley ECHAM2 + 1.6 +1.0 +6.3 +7.5 +32.1 + 19.7 
(1998) GISS +1.8 +1.2 +7.0 +8.3 +35.6 +22.1 

Average + 1.7 +1.1 +6.7 +7.9 +34.1 +21.0 
(±ls) (±0.2) (±0.1) (+0.8) (±0.6) (+3.9) (+2.0) 
CCMO +1.2 +0.9 +4.9 +6.4 +24.6 +17.0 

Willmott CCM1 + 1.6 +1.1 +6.4 +7.7 +32.6 +21.0 
etal. ECHAM2 + 1.3 +0.9 +5.1 +6.5 +26.0 + 17.4 
(1985) GISS + 1.5 +1.0 +5.9 +7.5 +29.8 + 19.9 
P-E Average +1.4 +1.0 +5.6 +7.0 +28.3 +18.8 

(±ls) (±0.2) (±0.1) (+0.7) (+0.7) (+3.6) (±1.9) 
Global average + 1.6 +1.0 +6.2 +7.5 +31.2 +19.9 
variations (±ls) (±0.2) (±0.1) (±0.9) (+0.8) (±4.7) (±2.2) 

0.4+ 1.0 Tmol year" , which also includes the possibility of a lower consumption rate 
for the LGM. The most important result here is that even the largest supported increase 
(3.9 Tmol year"1, equivalent to 36% of the present-day rate) is well below the 
minimum increase of 95% calculated by Munhoven & François (1996). 

Sensitivity tests for shelf lithology 

The results of the sensitivity tests on homogeneous shelves, covered only by either 
sandstone, shale or carbonate outcrops, are reported in Table 3. These results first 
illustrate the wide range of variability that may affect our estimates of HCO3 
production rates by weathering in this environment. The variability due to the different 
runoff reconstructions is relatively low. Interestingly, it is the CCMO rather than the 
ECHAM2 data that produce the lowest variations here. These tests also provide further 
insight into the sensitivity of the two weathering models. Differences between the 
GKWM and GEM-CO2 results can almost entirely be explained from differences 
between their bicarbonate flux-runoff relationships. Further understanding will require 
a systematic comparison of the components of the two weathering models. A larger 
variety of more recent GCM data sets, coupled with other approaches for deriving 
glacial-interglacial runoff anomalies than the use of P - E distributions, will also help 
to improve the results. 
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