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OPINION

The need for mass balance and feedback in the geochemical carbon cycle

Robert A. Berner approximate present-day uptake of 9 Ca and Mg silicate weathering
Department of Geology and Geophysics, Yale University, New Haven, is about & 10'3mol C per million years; (2) C{@as solubility equilibrium
Connecticut 06520-8109 and sediment calcium carbonate dissolution and/or precipitation to equilib-
Ken Caldeira rium are maintained in a simple one box ocean; (3) there is no other opera-
Climate System Modeling Group, Lawrence Livermore National tive feedback mechanism to remove excesg @@l (4) the organic carbon
Laboratory, 7000 East Ave, L-256 Livermore, California 94550 subcycle is balanced for the purposes of discussion. As shown by the figure,
if degassing were to differ from weathering by only 25%, after millions of
INTRODUCTION years levels of COwould become excessively high or low, inimitable to

On a multimillion-year time scale, the level of atmospheric carbdife, and far out of line with estimates of paleo-3®er Phanerozoic time
dioxide, and consequently the atmospheric greenhouse effect, is affeatsdg a variety of techniques (for a recent compilation, see Berner, 1997).
largely by the geochemical, or long-term, carbon cycle. This cycle (for aTéese calculations indicate that any appreciable imbalance betwgen CO
view, see Holland, 1978; Berner, 1991) involves the exchange of carliguut to and outputs from the surficial system over millions of years (e.g.,
dioxide between rocks, on the one hand, and the surficial reservoir, con&idtnond et al., 1995; Bickle, 1996) is untenable.
ing of the combined atmosphere, oceans, biosphere, plus soils, on the other.

Carbon dioxide is exchanged with the surficial system via weathering of SEGATIVE FEEDBACK

icates and organic matter on the continents, the burial of carbonates (derivedin order to maintain a close balance between atmospherin@@s

from silicate weathering) and organic matter in sediments, and the theramal outputs, it is necessary that some sort of rapidly acting restorative mech-
breakdown of carbonates and organic matter at depth. anism be operative. Somehow, a rise in atmospherjm@Gt put into play

It has been suggested (Edmond et al., 1995; see also Edmond andddobunteractive process or processes that would work against this rise. A
1997; Bickle, 1996) that in the geochemical carbon cycle there is no neoesaber of mechanisms could accomplish the countereffect, but true negative
sity for a close balance between atmospheric inputs and outputs,@i@O feedback processes must functionally depend on the level of atmospheric
therefore no need for a strongly coupled feedback to stabilizée@&in  CO,. Processes independent of atmospherigv@iid not be expected to
the atmosphere. On the basis of their study of the chemistry of major riversyent excessive fluctuations in atmospherig.E0r example, an increase
Edmond et al. (1995) concluded that climate has little effect on glolralvolcanic degassing would not be expected to be perfectly balanced, to a
weathering rate and criticized the idea that long-term stabilization of Cfficient degree and within a sufficiently short period, by enhanced weath-
and climate comes about by increased chemical weathering rate thaeeg due to mountain uplift to prevent excessive variations i CO
companies global greenhouse warming. In place of a climate-weathering The most commonly accepted process for providing rapid negative
feedback, Edmond et al. (1995) and Bickle (1996) assumed that incretessdback, which also exhibits explicit functional dependence on atmo-
in global degassing are eventually matched by increases.iniidke via spheric CQ, is the response of silicate weathering to changes in climate
enhanced weathering accompanying mountain uplift. We show here th&eig., Walker et al., 1981; Berner et al., 1983). The key to this feedback is
this case, atmospheric G@ould vary untenably as a result of large imbafthe atmospheric greenhouse effect. Simply stated, the idea is that high

ances in the carbon cycle. global temperatures and especially greater rainfall on continents, caused by
higher CQ, should bring about enhanced Q®moval via faster silicate
CARBON MASS BALANCE weathering.

The combined surficial atmosphere-ocean-biosphere-soil reservoir
(about 3x 10 mol C) is small compared to that of the rock reservoir (abc

5000x 10'8 mol carbonate C plus 136010 mol of organic C; Berner et E 10 :
al., 1983). Appreciable carbon cannot be stored in the surficial system. % 1050 ]
atmosphere cannot have stored too much, @Ogreenhouse warming 2 10 times pre-industrial
would have become excessive in the past and higher life would h 2 10 —/atmospheric CO, 3
perished. The oceans cannot have stored large amounts of dissolved ¢ 5 25 % excess in

. . o £ 1000 CO, degassing
because (1) the existence of marine limestones over geologic time precl S ‘ 2
the storage of high concentrations of dissolved,@@d therefore high g 100 |\ pre-industrial 1
acidity, in seawater, and (2) accumulation of high concentrations of ¢ % 10| atmospheric CO, 25 % excess in |
solved HCQ in the oceans, derived from continental weathering, wou 2 322?@?3}??@"
lead to supersaturation with carbonate minerals and the removal of the 5 2)0 ] o3 ] o 100

bon to the sediments via precipitation, with or without biological mediatic Time (m.y.)
The biosphere is limited in size by the carrying capacity of the land and s>ca.

o ; Figure 1. Effect on atmospheric CO , of 25% imbalance in CO , de-
Integrated over millions of years, the fluxes of @& degassing and gassing and silicate-rock weathering starting from two initial atmos-

silicate weathering, along with organic matter weathering and burial, pheric co , contents (280 patm and 2800 patm), assuming balanced or-
very large compared to the mass of carbon at the surface of the Earganic carbon subcycle. Excess in CO , degassing of 25% would
appreciable carbon cannot be stored in the surficial system, there mustincrease atmospheric CO , beyond reasonable Phanerozoic bounds
close balance over millions of years between the total input and ouiWithin 10 m.y., and 25% excess in silicate-rock weathering would de-
fluxes from the rock reservoirs (Holland, 1978). Simple calculations sh plete nearly all atmospheric CO _, within a few million years. Excess of
. ! : p . 2.5% would have same effect in 10 times as much time. This indicates
that this balance must be very close; the consequences of a 25% imbathat total CO , inputs and output to and from the atmosphere have been

on atmospheric C{s shown in Figure 1. This calculation assumes: (1) ticlosely balanced throughout Phanerozoic.
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Atmospheric general circulation models indicate that enhanced atmo- 3. The response of silicate weathering to changes in climate is suffi-
spheric CQcontent leads to warmer temperatures, increased precipitaticient to provide this negative feedback.
and increased runoff (e.g., Manabe and Stouffer, 1993). Studies of silicate 4. Long-term global weathering rates are controlled by the rate pf CO
weathering where other factors such as lithology are held constant (sugply to the surficial system (and imbalances in the organic carbon cycle).
White and Blum, 1995) show that warmer temperatures, greater precipita- ERENCES CITED
ton, and_ greater runoff lead to mcreg_sed silicate rock We_a thering. Chehﬁ%ﬁoﬁe Suchet, P., and Probst, J. L., 1995, A global model for present-day atmospheric:
calculations show that enhanced silicate rock weathering leads to dimin-" g CO, consumption by chemical erosion of continental rocks (GEM)CO
ished atmospheric C@ontent. Together, these relations produce a negative Tellus, v. 47B, p. 273-280.
feedback that stabilizes atmospheric,C@ith this feedback, possibly Berner, R. A, and Berner, E. K., 1997, Silicate weathering and clima®ziddiman
combined with others, atmospheric Sé@ntent adjusts until a climate is m:;’- E-vzd-i_ -'{;e;t;g'cA“FE':'ﬁ er‘]?j‘:(';r;‘ﬁ;elscr‘sn&e: ’I‘gg";ﬂfﬁépc'zrr‘gg]ztf_ssﬁli(éggegfg-_
produced in which CQ:onsum.ed in silicate Wgatherlng and orgamc mattgF cﬁemicél cycle a’nd its éﬁect on atm’ospher’ic carl:;on dioxide over the past 100
burial balances the C@upplied from organic matter weathering plus  million years: American Journal of Science, v. 283, p. 641-683.
degassing from volcanism, metamorphism, and diagenesis. Berner, R. A., 1991, A model for atmospheric @®er Phanerozoic time: American
Edmond et al. (1995) stated that nonclimatic factors, principally relief, ~Journal of Science, v. 291, p. 339-376.

: : : ; ; mner, R. A., 1997, Paleoclimate—The rise of plants and their effect on weathering
but also lithology, explain most of the observed variance in chemical wedf and atmospheric CpScience, v. 276, p. 544-546.

ering between river basins. This (?ontrasts with many other studies (§@le, M. J., 1996, Metamorphic decarbonation, silicate weathering and the long-
Jenny, 1941; Loughnan, 1969; White and Blum, 1995; Amiotte Suchet and term carbon cycle: Terra Nova, v. 8, p. 270-276.
Probst, 1995; see also Berner and Berner, 1997) that show that climadejond, J. M., and Huh, Y., 1997, Chemical weathering yields in hot and cold
especially rainfall, is important in silicate weathering. Even if Edmond et al. climatesin Ruddiman W. F., ed., Tectonic uplift and climate change: New York,

. . Plenum Press (in press).
(1995) are correct, it would be erroneous to conclude that any partlcg&hond 3. M.. Palmer. M. R.. Measures. C. |.. Grant. B.. and Stallard. R. F.. 1995
river basin of constant relief and lithology (or the continents as a whole) The fluvial geochemistry and denudation rate of the Guyana Shield in
would not undergo increased weathering as a result of greater rainfall and Venezuala, Columbia and Brazil: Geochimica et Cosmochimica Acta, v. 59,
higher temperatures due to global greenhouse warming. p. 3301-3325.

Factors that enhance the ease by which silicate rocks are weath@pdgnd. H- D., 1978, The chemistry of the atmosphere and oceans: New York, Wiley,

(“weatherability”), such as mountain uplift or the evolution of land plantga, H.'p1941’ Factors of soil formation: New York, McGraw-Hill, 281 p.

might cool climate but do not simply bring about change in the long-ter@ughnan, F. C., 1969, Chemical weathering of the silicate minerals: New York,
global silicate rock weathering rate. In this case, @3uld be removed Elsevier. ) )
from the atmosphere until the global reduction in weathering, due tU'@‘agg %n ?r?gc?ctg;ge;tn?biq hlgféi‘fgrtﬁmzﬁee flﬁg‘ét: of 'Sf;ea;l%d atmospheric
F:ooler and drier cllmgtg, was bglanced by the increase in weathering dlé%ltl%quiét, E.T., 1991, Stead)F/)- and r?/on-steady-state carbopnate-silicate controls on
increased weatherability. The time to reach the new steady state should beamospheric CQ Quaternary Science Reviews, v. 10, p. 283-296.

less than a million years (Sundquist, 1991). Thus, on a million-year tinvalker, J. C. G., Hays, P. B., and Kasting, J. F., 1981, A negative feedback mecha-

scale, chemical weathering rates are controlled by the rate,&Up@ly to nism for the long-term stabilization of Earth’s surface temperature: Journal of
the surficial system 2 Geophysical Research, v. 86, p. 9776-9782.

White, A. F., and Blum, A. E., 1995, Effects of climate on chemical weathering in

watersheds: Geochimica et Cosmochimica Acta, v. 59, p. 1729-1747.
CONCLUSIONS

1. Inputs and outputs of carbon to and from the surficial system, con-
sisting of the oceans, atmosphere, soils, and biosphere, are closely balanced
over million-year time scales.

2. A negative feedback that is functionally related to atmosphetjc CO
content is required to maintain this close balance.
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