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ABSTRACT. A computer model has heen constructed that con-
siders the effects on the CO, level of the atmosphere, and the Ca,
Mg, and HCO, levels of the ocean, of the following processes: weath-
ering on the continents of calcite, dolomite, and calcium-and-mag-
nesium-containing silicates; biogenie precipitation and removal
of CaCO, from the ocean; removal of Mg from the ocean via vol-
canic-seawater reaction; and the metamorphic-magmatie decarbon-
ation of calcite and dolomite (and resulting CO. degassing) as a
consequence of plate subduction. Assuming steady state, values for
fluxes to and from the atmosphere and oceans are first derived for
the modern ocean-atmosphere system. Then the consequences of
perturbing steady stale are examined by deriving rate expressions
for all transfer reactions. These rate expressions are constructed so
as to reflect changes over the past 100 my in the following rate-
controlling parameters: continental land area as it affects total
weathering fluxes; seafloor spreading rate as it affects metamorphic-
magmatic decarbonation and uptake of oceanic Mg by hasalt-seawater
reaction; the monectonic conversion of dolemite to calcite plus Mg-
silicates as it affects both weathering and metamorphic decarbona-
tion rates; the CO., level of the atmosphere as it affects worldwide
air temperature and, consequently, both weathering rate and conti-
nental runoff; and the Ca and HCO; of the ocean along with the
CO; content of the atmosphere as they together affect the rate of CaCO,
removal from the oceans. In the latter two cases functional depen-
dencies on CO., Ca, and HCO; are set up so as to provide negative
feedback to the system. An initial condition is constructed for 100
my BP, and a set of eight differential mass balance equations are
then solved simultanecusly as the system is allowed to evolve toward
the present, with care being taken in choosing the initial condition
so as to insure that actual present-day values are recovered at the
end of each run.
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Results indicate that the CO, content of the atmosphere is high-
ly sensitive to changes in seafloor spreading rate and continental
land area, and, to a much lesser extent, to changes in the relative
masses of caleite and dolomite. Consideration of a number of alterna-
tive seafloor spreading rate formulations shows that in all cases a
several-fold higher CO, level for the Cretacecus atmosphere (63-100
my BP) is obtained via the model. Assuming that CO, level and
surface air temperature are positively correlated via an atmospherie
greenhouse model, we predict Cretaceous paleotemperatures which
are in rough general agreement with independent published data,
Consequently, our results point to plate tectonies, as it affects both
metamorphic-magmatie decarbonation and changes in continental
land area, as a major control of world climate.

INTRODUCTION

Since the classic work of Urey (1952) it has been often postulated
that, over geologic time scales, the level of atmospheric carbon dioxide
is greatly affected, if not controlled by, the transformation of silicate rocks
to carbonate rocks by weathering and sedimentation and retransformation
back to silicate rocks by metamorphism and magmatism (see also Holland,
1978; Budyko and Ronov, 1979; Mackenzie and Pigott, 1981; and Fischer,
1983). The classic ““Urey reactions” can be written as:

weathering

. — .
CO, + CaSiO, CaCO, + SiO,
€
metamorphism

weathering

. —> .
CO, + MgSiO, MgCO, + SiO,
€
metamorphism

(Here CaSiO, and MgSiO, can be interpreted as representing any high
temperature calcium and magnesium silicate, not simply wollastonite and
enstatite; Si0. as representing sedimentary silicates; and MgCO, as the
MgCO, component of dolomite.) The level of atmospheric CO, results
from a balance between uptake by weathering and release by metamor-
phism-magmatism, and this constitutes the usual carbonate-silicate geo-
chemical cycle. Perturbations of forward and backward reactions can re-
sult in an imbalance in rates which may, in turn, bring about changes in
the level of atmospheric CO,.

Carbon dioxide is involved also in the weathering of carbonate min-
erals (calcite and dolomite) as well as in their precipitation in the oceans.
Another classic reversible reaction, alluded to by Chamberlin (1898), is:

weathering
—_—>
CO, + CaCO,; + H,0 Cat++ 4+ 2HCO,-

E. B .
prec1p1tat10n
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A similar reaction for dolomite is:

weathering

—_—>
2CO, + CaMg(CO,)., + 2H. O Cat+ + Mgt+ + 4HCO,—
preapltatlon

Perturbation of these weathering-precipitation reactions (perturbation of
the former pointed out by Chamberlin, 1898) can also result in imbalances
and changes in both the chemistry of seawater and the level of atmo-
spheric CO,. In this way, carbonate weathering and precipitation can be
added to silicate weathering and metamorphism-magmatism as major
processes in the carbonate-silicate geochemical cycle.

Several major changes have occurred at the Earth’s surface over the
past 100 my which must have exerted some effect on the level of atmo-
spheric CO, (Fischer, 1983). Two of these changes are tectonic in origin.
If changes in spreading rates of lithospheric plates over this time can be
used as a guide to changes in worldwide tectonism, there should have
been corresponding changes in rates of CO, addition to the atmosphere
via tectonically-induced metamorphism and magmatism. This is true both
of descending plate boundaries, where much CO, release due to heating
and decarbonation occurs (for example, Barnes, Irwin, and White, 1978),
and mid-oceanic rises where carbonate-derived CO, circulated through
the mantle is degassed to the ocean-plus-atmosphere (Javoy, Pineau, and
Allegre, 1982). In either case increased plate motion should be accom-
panied by increased CO, outgassing. The other effect of tectonics is to
bring about changes in the area of the continents due to changes in sea-
level accompanying changes in spreading rates (for example, Hays and
Pitman, 1973; Pitman, 1978). Changes in continental area should affect
directly the rate of CO. removal from the atmosphere by altering the
amount of land available for rock weathering.

Besides tectonic factors over the past 200 my there has been a much
lower rate of formation of sedimentary dolomite, CaMg(CO,),, from sea-
water as compared to previous times. This was pointed out as early as
1909 by Daly and is evidenced by a virtual absence of this mineral from
late Mesozoic and Cenozoic rocks (for example, see Garrels and Mackenzie,
1971, for a recent discussion). As a result, Mg removal from the oceans
over this period has occurred primarily as silicate minerals (via volcanic-
seawater reaction), while Ca removal has taken place almost entirely as
CaCO;. The net result (Holland, 1978) is that there has been a transfer
of magnesium from the carbonate to the silicate reservoir in exchange for
calcium:

CaMg(COy,). + CaSiO, —» 2CaCO; + MgSiO,

Because of these changes in the masses of dolomite and calcite, it is pos-
sible that an additional perturbation has occurred in the carbonate-silicate
cycle which has affected the level of atmospheric carbon dioxide.
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In the present paper we will examine the hypothesis that atmospheric
CO, has changed in the geologic past by constructing the carbonate-silicate
cycle for the present and seeing how it has changed over the past 100 my.
In this way we can test for the relative importance of tectonism and
changes in the mass of sedimentary dolomite as major factors affecting
CO,. Throughout our discussion we will ignore the effects of the photo-
synthetic-respiration, or organic, cycle on CQO,. This is justifiable for live
organisms because of the smallness of the biosphere carbon reservoir and
the extreme rapidity of its turnover (for example, see Plass, 1956; or Hol-
land, 1978). However, for sedimentary organic matter the masses of car-
bon are not negligible, and the turnover of this carbon via oxidation
during weathering and reduction during sedimentation can affect atmo-
spheric CO, levels on a geologic time scale (for example, see Garrels,
Lerman, and Mackenzie, 1976). We will assume, nevertheless, that for the
past 100 my this long-term organic cycle is perfectly in balance. This is
obviously an oversimplification, but it enables us to examine the effects
of the carbonatesilicate cycle on atmospheric CO, without additional
complications. Besides, it is not too unreasonable. Examination of trends
in the carbon and sulfur isotopic composition of the oceans over this
period indicates that changes in the rate of sedimentary organic carbon
burial (Garrels and Lerman, 1981) have been distinctly less than changes
in the rate of CO, uptake by weathering or CO, degassing by metamor-
phic-volcanic activity.

Another assumption that we will make, implicitly, is that CO, uptake
during the weathering of sodium and potassium silicate minerals (15-
20 percent of the total weathering CO, uptake — see Holland, 1978) is
balanced by an equivalent CO,-liberating process, and as a result the
Na-K-CO, subcycle can be ignored. As will be seen later, this assumption
is reasonably good and should not appreciably affect our results.

PRESENT-DAY CARBONATE-SILICATE CYCLE

Before discussing changes in the carbonate-silicate cycle over the past
100 my and its effect on atmospheric CO,, it is necessary to construct a
present day cycle to demonstrate the relative magnitudes of the various
processes involved in it. Much of our discussion parallels that of Holland
(1978) with the major differences being that new weathering data are
employed, weathering by sulfuric acid is considered, and a greater role is
assigned to volcanic-seawater reaction.

Weaihering fluxes.—The present-day rates of weathering of dolomite,
calcite (used here loosely to represent both calcite and aragonite), calcium
silicates, and magnesium silicates are derived by determining the relative
contributions of each to the composition of world average river water and
by multiplying these values by the flow of river water to the sea. For the
purposes of calculation, we will use the values taken from Meybeck (1979),
for natural (corrected for pollution) average river water composition and
flow. They are:

[Ca++] =13.4 mg per liter M
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[Mg++]= 3.35 mg per liter (2)
Q= 3.74 X 10 liters per yr (3)

Here the brackets represent concentrations, and Q is the total annual flow
of river water to the oceans. Converting to moles and multiplying Q by
the concentrations, we obtain the total fluxes, F*¢,.. and Fargp

F¥ep = 12.5 X 102 moles per yr (4)
Figr = 5.2 x 10> moles per yr (5)

(The asterisk denotes that the Ca flux is to undergo certain corrections.)
These fluxes represent only continental additions due to weathering, be-
cause neither Cat++ nor Mg+t+ is appreciably affected by atmospheric
cycling, and corrections for pollution have already been made.

Before dividing the calcium weathering flux into its component car-
bonate and silicate fluxes, we must make two corrections. First, there is
a small correction for Cat+ contributed by the weathering of CaSO,
minerals (gypsum and anhydrite). This is done by assuming that the pre-
man, pre-pollution natural river sulfate flux (2.5 X 102 moles per yr) is
made up of contributions from the weathering of pyrite and CaSO,, from
volcanism, and from atmospherically cycled sulfur. Contributions from
the latter two sources are estimated to be approx 0.8 X 10'2 moles SO, per
yr (Berner and Berner, 1984), whereas the flux from pyrite weathering is
estimated as 0.5 X 102> moles per yr (Berner and Raiswell, 1983). Subtract-
ing pyrite weathering, volcanic, and atmospheric-cyclic additions from the
total, we obtain 1.2 X 10'2 moles per yr as the value of the CaSO, weather-
ing flux. This is a reasonable value in comparison with the pyrite weather-
ing flux and what is known about the relative abundances and reactivities
of the two minerals (Berner, 1971; Berner and Berner, 1984).

The other correction to the Ca*; flux takes into account the amount
of riverine Ca++ delivered to the oceans on solid particles which under-
goes ion exchange upon entering the sea and consequent release to solu-
tion (for example, see Sayles and Mangelsdorf, 1977). From a consideration
of the concentration of suspended matter in rivers, its ion exchange capac-
ity and Ca content, and the degree of exchange in seawater, a value of
10 to 20 percent of the dissolved Ca flux has been derived by Holland
(1978) for the particle-borne Ca-flux. This is equivalent to 1.9 = 0.7 X
102 moles yer yr.

Subtracting the CaSO,-derived Ca flux (1.2 X 102 moles per yr) and
adding the particle-borne flux (1.9 X 10’2 moles per yr), we obtain, finally,
a corrected flux of Ca from carbonate and silicate weathering of:

Feqp = 18.2 X 10'2 moles per yr (6)

Apportionment of the corrected Ca river flux to various carbonates
and silicates is based on the following assumptions:
1. 75 percent of the continental area is underlain by sedimentary
rocks with 25 percent underlain by igneous and metamorphic
rocks (Holland, 1978).
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2. The concentration of total dissolved solids (TDS) in waters drain-
ing sedimentary rocks is twice that of those draining igneous and
metamorphic rocks (Holland, 1978).

3. The ratio Ca/TDS of waters draining sedimentary rocks is equal
to that of waters draining igneous and metamorphic rocks.

4. 85 percent of Ca in sedimentary rocks is present as carbonates (cal-
cite and dolomite) (Holland, 1978), and 15 percent as calcium sili-
cates.

5. Ca in sedimentary carbonates weathers twice as fast as Ca in sedi-
mentary silicates.

From assumptions 1, 2, and 3:

Fe, Fe,,
el 086 0 srmet gy @)

! al
rcaall rocks Ftaall rocks

where F = weathering flux carried by rivers to the oceans.

From assumptions 4 and 5:
=113 FC“sed sile (8)

Caged carb —

where sed carb and sed silc refer to sedimentary carbonates and silicates
respectively. Since:

FC”sed = FC“sed carb + Fc"sed sile (9)
from eqs (7), (8), and (9):

o N,
r( dged carb

=0.79 (10)
FCﬂaII rocks
Feg, )
Cageq sile — 007 (1 1)
FC”aIl rocks
Foy
_Crigtmet _ 14 (12)
FC"all rocks
also, from (6):
Caglt rocks — Feap = 13.2 X 10" moles per yr (13)

Apportionment of the total Mg river flux to various carbonates and
silicates is based on the following expressions:

o <
FMgsed carb __ I Mg.ed earb r(‘"sed corb FC“T 14
Mgall rocks Caged carh C2all rocks Mg
<
aniwmet . ( ngig+met >< FCuig+met >< F““T) (17))
— - > i
F‘“gall rocks rcaig'*‘met r( 2411 rocks FMgT
FMgall rocks = FMgsed carb + FMgig-Fmet + FMgsed sile * (16>

In eq (14) we have used an Mg/Ca ratio for waters draining carbonate
rocks of 0.2 based on the rock abundance data for figure 1 of the present
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paper (see also Holland, 1978) and the assumption that calcite weathers
slightly faster than dolomite. In eq (15) we use the value of average Mg/
Ca for igneous and metamorphic rocks of 0.5 based on a mixture of 70
percent basale (Mg/Ca = 0.7) and 30 percent granite (Mg/Ca = 0.2).
From these values and those given in eqs (5), (6), (10), and (12) we obtain:

F
—Mesed carb . () 40 w0

FMgaII rocks
Ftrer s 49 (18)
FMgaXI rocks
Foteig animet _ ¢ 15 (19)

FMgall rocks
Also, from (5):
Fatgan rooks — Latep = 0.2 X 102 moles per yr (20)

Finally, we note that since dolomite is the source of almost all car-
bonate magnesium:

ansed carb FMgdoI (21)

FMEZ(!()I = F(‘“(lnl (22)

CARBONATE-SILICATE CYCLE,PRESENT OCEANS

ATMOSPHERE
O 0055 CO,

AN HCO4 |
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Fig. 1. Carbonate-silicate cycle for the present day. Fluxes of CO, and HCO,— are corrected

for weathering via H,50, (from pyrite oxidation) and for sedimentary pyrite formation (sce text).
Fluxes in 10'® moles per my; reservoir sizes in 10 moles.
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where the subscript dol refers to dolomite. On the basis of eqs (10) to (13)
and (17) to (22), we have constructed table 1. Note that, for relevance to
long term balances, units are given in 10*® moles per million years (my).

The fluxes of Ca and Mg listed in table 1 result from the attack of
carbonic and sulfuric acids on carbonate and silicate minerals. Carbonic
acid arises from CO, generated in soils by the microbial oxidation of or-
ganic matter, whereas sulfuric acid results from the oxidation during
weathering ol sulfides, mainly pyrite (FeS,). Representative reactions are
for acid generation:

CH.O,., + O, - CO, + H,0
CO, + H,0 —» H,CO,
4FeS, + 150,+ 8H,0 — 2Fe, 0, + 8H,50,
and for mineral dissolution:
H,CO, 4+ CaCO,; —» Ca++ 4 2HCO,—
2H.CO, + CaMg(CO,), — Cat+ + Mg++ + 4HCO,—
2H,CO, + MgSiO,; + H,0 —» Mg++ 4+ 2HCO,~ 4+ H,Si0,
H,SO, + 2CaCO, —» 2Ca++ 4+ 2HCO,— + SO, ~
H.SO, + CaMg(CO,), — Ca++ 4 Mg++ + 2HCO,~ 480, —
H.SO, + MgSiO, + H,O —» Mg*++ + SO,—— 4+ H,Si0,

The relative amounts of weathering by carbonic and sulfuric acids can be
estimated as follows. Berner and Raiswell (1983) have estimated the pre-
man rate of pyrite oxidation to H,SO, to be 0.51 X 10'® moles per my.
If this H,SO, is reacted with dolomite, calcite, and silicates in the same
proportions as the total cation (Ca + Mg) fluxes from each mineral, it is
divided into 0.12 X 10'® moles my~! for dolomite weathering, 0.23 x 1018
moles my—?! for CaCO, weathering, and 0.16 X 10'®* moles my—* for sili-
cate weathering. (Weathering of sodium and potassium silicate by sulfuric

acid can be assumed to be negligible for present purposes.) Weathering
by carbonic acid is then calculated by charge balance. Accompanying each

TABLE 1
River fluxes, F, of Ca and Mg resulting from the weathering of specific
minerals or groups of minerals. Fluxes are in 10'® moles per my
(= 102 moles per yr)

Mineral Fea % Fag %
calcite 8.3 63 — —
dolomite 2.1 16 2.1 40
sed. Ca-silicates 0.9 7 — —
ig. + met. Ca-silicates 19 14 — -
sed. Mg-silicates — — 22 42
ig. + met. Mg-silicates — — 0.9 18

Total 13.2 100 5 100
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mole of Ca++ plus Mg++ must be an equivalent charge carried by
SO,~— and HCO,~ (see the above weathering reactions). Subtracting the
charge carried by the above values for SO,~— fluxes from the total re-
quired anion fluxes gives the charge carried by HCO,~. For example for
dolomite the total cation (Ca + Mg) flux (table 1) is 4.2 X 10'* moles
my—*. Accompanying this must be a total flux of 8.4 X 10'® eq of negative
charge per million years. Subtracting from this 0.24 X 10'® eq my—* (2 X
0.12 X 10*# moles my—1!) for divalent SO,—— derived from H,SO, weather-
ing, we obtain 8.16 X 10'® eq my—*. This is equal to the flux of HCO,—
from carbonic acid weathering.

Total anion fluxes, derived in the above manner, for weathering (all
in 10'® moles my—1) are:

:FHC'037’ = 8.16 FHCO;;_ = 16.14 I“H(‘,OSV = 1 1.4‘8
dol calc silc

FSO4__ — 0.12 Fs()4—— = 0.23 FSO4__ == 0.16
dol calc silc

Note that, by far, most weathering of carbonate and silicate minerals con-
sists of attack by H,CO, with the formation of HCO,~ accompanying the
cations. However, for the sake of accuracy, especially when dealing with
the cycle of CO,, we have separated carbonic and sulfuric acid weathering
in order to obtain HCO,~ weathering fluxes which are as accurate as
possible.

Although carbonic acid used in weathering arises from the oxidation
of soil organic matter, the ultimate source of this carbon is the atmo-
sphere; soil organic matter is derived from plants that fix atmospheric
CO, via photosynthesis. The fluxes of atmospheric CO, accompanying the
formation of HCO,~ by weathering can be calculated on the basis of the
above data. Of the HCO,~ carbon derived from silicate weathering all
comes (ultimately) from the atmosphere. Of the HCO,~ carbon derived
from carbonate weathering, part comes from the carbonate minerals them-
selves, and part from the atmosphere. The carbonate mineral contribu-
tion is equivalent to the total amount of cations (Ca + Mg); the remainder
is derived from the atmosphere. Thus we have (in 10'* moles per my)

For dolomite weathering: Feo, - 8.16 — 4.20=3.96
For calcite weathering: Feo, - 16.14 — 8.30 == 7.84

For silicate weathering: Feo, = 11.48
atm

Fluxes due to volcanic-seawater reaction.—There is no doubt (for ex-
ample, see Holland, 1978; Edmond and others, 1979; Wolery and Sleep,
1976) that a major process by which Mg is removed from seawater is hy-
drothermal reaction with basalt located beneath mid-oceanic rises, The
seawater circulates to considerable depths, where it is heated and reacts
with the primary constituents of basalt (volcanic glass, plagioclase, pyrox-
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ene, olivine) to form smectites and, at higher temperatures, ampbhiboles,
chlorite, and other hydrous phases (see also the laboratory results of
Bischoff and Dickson, 1975; and Mottl and Holland, 1978). These studies
have shown that for each Mg++ ion taken up by this process there is a
stoichiometrically equivalent release of Ca*+. (Some of this Cat+ is
precipitated as CaSO, at depth, but it must ultimately be liberated to
solution since CaSO, is not a common constituent of hydrothermally
altered basalts — see Mottl, Holland, and Carr, 1979). Most of the Mg++
uptake does not involve replacement by H+ ions, as shown both by the
laboratory and the field measurements where total net acidities (Fet+,
Mn++, H+ et cetera) of reacted solutions are much lower than that ex-
pected for simple Mg+ +-H+ exchange.

There 1s also evidence, but not generally recognized, for the removal
of Mgt++ from seawater by reaction with volcanic material at low tem-
peratures. Throughout much of the south Pacific Ocean surficial sedi-
ments are enriched in smectite which has formed by the seafloor alteration
of basaltic volcanic ash (Peterson and Griffin; 1964). Low temperature
volcanic ash alteration to smectite involves the uptake of Mg++ and con-
comitant release of Ca++, just like high temperature alteration. This is
shown by the interstitial water studies of Perry, Gieskes, and Lawrence
(1976) and Gieskes and Lawrence (1981) who demonstrate decreasing
concentrations of dissolved Mg*+ and increasing concentrations of dis-
solved Ca+t+ with depth in deep-sea sediments. Thus, the rate of removal
of Mg+ + from seawater by reaction with basaltic material is even greater
than that calculated only for hydrothermal reactions at mid-ocean rises.

In contrast to the well-documented situation of removal via volcanic-
seawater reaction, removal of Mg (and accompanying HCO,~) as sedi-
mentary Mg silicates (“reverse weathering” — see Mackenzie and Garrels,
1966) is more controversial. For example, Russell (1970) in studying del-
taic sediments of the Rio Ameca, Mexico, found that there was no evi-
dence of authigenic Mg uptake beyond that associated with simple cation
exchange. In addition Berner, Scott, and Thomlinson (1970) found no
evidence for Mg removal in anoxic siliceous coastal sediments though in
disagreement with the results of Drever (1974) and Mackenzie and others
(1981). It is true that Sayles (1981) has recently documented slight decreases
of dissolved Mg+ + with depth in deep-sea sediments not obviously associ-
ated with volcanic activity, but it cannot be ascertained whether the
Mg++ loss is due to “reverse weathering” or to a stoichiometric exchange
for Ca++. If the latter is true, then, whatever processes are occurring in
Sayles’ sediments, they result in the same overall effect as volcanic seawater
reaction, in other words, the uptake of Mg+ + and release of Ca++.

Because of the reasons given above and the fact that virtually no
dolomite is forming from the oceans at present, we will assume in the
present paper that Mg++ added to the oceans by weathering over the
past 100 my has been taken up solely by volcanic-seawater reaction,
whether high or low temperature. According to this assumption, the up-
take is also accompanied by an equivalent release to the oceans of Ca++.
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(In future work we plan to take a closer look at possible reverse weather-
ing prior to 100 mysp.)

CaCO, precipitation.—As stated in the introduction, there is little or
no evidence for dolomite formation from the present oceans. In addition,
most workers agree that there is no evidence for appreciable Ca removal
as sedimentary Ca-silicates. (The sedimentary Ca-silicates of table 1 refer
to detrital phases such as plagioclase or those that have formed from the
calcium inherited from detrital phases.) This means that essentially all
the Cat++ delivered to the oceans, both by weathering and by volcanic-
seawater reaction, is removed by the precipitation of CaCO;. The forma-
tion of CaCQ,, as biogenic skeletal calcite and aragonite in the present
oceans, is very well documented, and removal rates are suthcient to account
for all incoming Ca (for example, see Berner and Berner, 1984). Thus, in
our carbonate-silicate cycle we will balance all inputs of Ca to the oceans
(18.4 X 10 moles my—1) by removal as CaCO,. This is an important
process and the major way by which CO, is returned to the atmosphere.
The precipitation reaction is the reverse of that for the weathering of
calcite given above; in other words:

Cat++ 4 2HCO,— — CaCO,; + CO, + H,O

(In actuality, precipitation of a small proportion of the CaCO,, 1.02 X
10" moles my—?, accompanies the bacterial reduction of 0.51 X 10'® moles
my~—?* of SO,~— to pyrite to balance the weathering on land of pyrite to
sulfuric acid. The carbon in this CaCO, is derived from the oxidation of
organic carbon and, thus, is not represented in the above reaction. In
other words, 18.4 moles of CaCO, precipitation are accompanied by 18.4
—1.02 = 17.38 moles of CO, liberation, rather than 18.4 moles as pre-
dicted by the reaction.)

Metamorphic (magmatic) fluxes—To complete the carbonate-silicate
cycle, CO, must be returned to the atmosphere by the breakdown of car-
bonate minerals. This is accomplished at elevated temperatures by meta-
morphic decarbonation reactions and by melting (magmatism) with the
release of CO, by volcanic activity. (Evidence for CO, degassing via hot
springs in areas of magmatic and metamorphic activity has been well
documented, for example, Barnes, Irwin, and White, 1978.) For CO, in
the present-day atmosphere not to change too rapidly, CO, removal and
return rates accompanying weathering and the precipitation of CaCOj, in
the oceans must be essentially balanced by metamorphism. The balancing
flux is 5.9 X 10 moles per CO. per my. We divide this flux approxi-
mately equally between calcite (2.9 X 10'® moles per my) and dolomite
(8.0 x 10'® moles per my). Although calcite is more abundant than dolo-
mite (see fig. 1), dolomite is older and more deeply buried and thus, more
susceptible to metamorphism and magmatism; thus we assign it equal
importance to calcite. Accompanying metamorphism is the stoichiometric
transfer of 1.5 X 10** moles my—?* each of Ca and Mg from dolomite to
the silicate reservoir and 2.9 X 10** moles my—* from the calcite to the
silicate reservoir.
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Results—The present day carbonate-silicate cycle, based on the values
derived above, is shown in figure 1. (Masses of dolomite and calcite are
taken from Garrels, Mackenzie, and Hunt, 1975.) Note that, for the sake
of simplification, the reservoirs for sedimentary Ca-silicate, igneous and
metamorphic Ca-silicate, sedimentary Mg-silicate, and igneous and meta-
morphic Mg-silicate have all been combined into one reservoir or box.
Also, as stated above, the metamorphic fluxes have been adjusted so that
all atmospheric CO, inputs and outputs are balanced.

Some major points are illustrated by figure 1. Note that inputs and
outputs to the ocean and atmosphere exactly balance one another. This
is done because any appreciable imbalance would rapidly lead to unrea-
sonably large changes in atmospheric CO,. For example, a 10 percent
drop in the rate of addition of CO, to the atmosphere via oceanic CaCOj,
precipitation, (all other fluxes remaining constant) would result in the
complete removal of atmospheric CO, in only 30,000 yrs. Such rapid
changes do not occur, and, thus, fluxes must be much more closely in
balance. (Nevertheless, very small imbalances do exist which, as will be
shown later, can lead to major variations of atmospheric CO, over mil-
lions of years.) By contrast with the atmosphere and oceans, fluxes to
and from the dolomite and calcite reservoirs do not balance, and this
reflects the gradual transfer of mass between the reservoirs according to
the reaction discussed in the introduction:

CaMg(CO,), + CaSiO,; — 2CaCO, 4+ MgSiO, .

This transfer over geologic time should result in changes in several of
the fluxes because of changes in the masses of material undergoing reac-
tion. Figure 1, thus, serves to set the stage for further consideration in
the next section of the carbonate-silicate geochemical cycle and how it has
changed with time.

THE CARBONATE-SILICATE CYCLE OVER THE PAST 100 MILLION YEARS

The cycle diagram shown in figure 1 can be used to represent the car-
bonate-silicate cycle over geologic time, if the numbers are suitably cor-
rected. In this section we will examine changes brought about over the past
100 my in both the sizes of the reservoirs and fluxes shown on this diagram.
Such changes have been brought about, as will be shown, by fluctuations in
the rates of weathering, continental runoff, oceanic CaCO, precipitation,
and metamorphic-volcanic CO, addition to the atmosphere as well as a con-
tinuous decrease in the amount of dolomite over this period. Our procedure
is to adopt a set of rate law expressions and a reasonable initial condition
for the mid-Cretaceous at 100 my ago. The resulting computer program
is then run, and all fluxes and sizes of reservoirs are tracked as a function
of time up to the present. Initial conditions are readjusted, and the pro-
gram re-run until the actual present values of fluxes and reservoir sizes
are obtained. Once the model is constrained to fit the present cycle it can
be used to calculate atmospheric paleo-temperatures, CO, values, oceanic
paleo-pH values, et cetera as a function of time.
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In order to simplify calculation we have slightly reduced the values
of the fluxes between rock reservoirs and the oceans shown in figure 1 to
eliminate the effects of sulfuric acid weathering. In this way complications
due to changes in the rates of pyrite weathering and formation with time
(for example, see Garrels and Lerman, 1981) are avoided by implicitly as-
suming at all times a steady-state subcycle involving H.SO,. In a forth-
coming comprehensive treatment, the sulfur (and organic carbon) cycle
will be treated explicitly and integrated with the carbonate-silicate cycle,
and at that time the numbers given for fluxes in figure 1 will be used
without this slight modification. Thus, what we will be considering here
is that portion of the carbonate-silicate cycle that involves only weather-
ing by CO,; the weathering uptake fluxes of CO, from the atmosphere
are the same as in figure 1, but the Ca++ and Mg+ + fluxes to the oceans
and HCO;~ fluxes from carbonate weathering are slightly lower as are
the metamorphic and volcanic-seawater fluxes used to balance the cycle.
The new fluxes are shown, along with the old fluxes taken from figure 1
for comparison, in table 2.

TABLE 2
Present day fluxes in the carbonate-silicate cycle taken from figure 1
and changed to eliminate weathering by H,SO,

10 mol my—*
Value
excluding flux
Value associated with
given in H.SO,
Process Flux Species figure 1 weathering

Weathering dolomite — ocean Ca 2.10 1.98

” ” ” Mg 2.10 1.98

” ” ” HCO, 8.16 7.92

” calcite — ocean Ca 8.30 7.84

” ” ” HCO., 16.14 15.68

” silicate — ocean Ca 2.80 2.72

” ” ” Mg 3.10 3.02

” ” ” HCO, 11.48 11.48

” atmosphere — dolomite  CO, 3.96 3.96

? atmosphere — calcite CO, 7.84 7.84

” atmosphere —> silicate CO, 11.48 1148

Calcite formation ocean —> calcite Ca 18.40 1754
in ocean

Calcite formation ” ” HCO, 18.40 17.54
in ocean

Calcite formation ocean —> atmosphere CO, 17.38 17.54
in ocean

Volcanic-seawater ocean — silicate Mg 5.20 5.00
reaction

Volcanic-seawater silicate —> ocean Ca 5.20 5.00
reaction

Metamorphism dolomite — atmosphere CO., 3.00 2.88

” calcite — atmosphere CO, 2.90 2.86

” dolomite —> silicate Ca 1.50 1.44

” ” ” Mg 1.50 144

calcite —> silicate Ca 2.90 2.86
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In order to calculate changes in CO, over the past 100 my, one must
know, in addition to the data of table 2, how fluxes vary with reservoir
size, temperature, seafloor spreading rate, et cetera, and how these flux-
controlling parameters have varied with time. Thus, a lengthy discussion
of fluxes and their rate dependence is given in the next several sections.

Rate law expressions for weathering—In order to calculate ancient
fluxes for continental weathering, we have adopted as a starting point the
conventional assumption of first order, or linear, reaction rates (see Lasaga,
1981; Garrels and Lerman, 1981). This means that rates of reaction are
directly proportional to the mass of material undergoing reaction. (A
better approach would be to let weathering be proportional to outcrop
area, but because determination of outcrop areas as a function of time in
the geologic past is very difficult, we will, as a first order approximation,
resort to the much simpler mass-proportionality assumption.) Mathemati-
cally:

Fyy,, = ky,D (23)
F\vc = k\\'cc (24)
F’\\'S = k“-SS (25)

where: Fy — weathering {lux of calcium from each process
D = mass of Ca present as dolomite
C =mass of Ca present as calcite
S =mass of Ca present as silicate minerals
kyw = first order rate constant for weathering

and the subscripts D, G, and S refer to dolomite, calcite, and silicate, re-
spectively. Fluxes of Mg from the weathering of dolomite and silicate
minerals are directly related to the Ca fluxes via straightforward stoichi-
ometry — for example, Fy(Ca)/F(Mg) for dolomite = 1.0/1.0 and for
silicates = 2.8/3.1 — see figure 1.

Over time, weathering fluxes are affected by various factors in addi-
tion to the mass of material undergoing weathering. Thus, we have modi-
fied the simple first order model by letting rate constants ky be functions
of other variables affecting weathering. This includes: continental surface
area, run-off, temperature, and atmospheric CO, concentration (as it af-
fects temperature). (The effect of continental elevation on chemical
denudation is relatively unimportant — see Holland, 1978.)

The variation of continental land area as a result of sealevel changes
has been estimated, as a function of time, for the past 180 my by Barron
and others (1980). Based on the assumption that changes in land area are
directly proportional to changes in total rock weathering, we have cal-
culated changes in fluxes to the ocean from continental weathering for
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the past 100 my. This is done in terms of a weathering area correction
factor (see fig. 2) denoted as f,(t):

fo(t) = land area(t)/present land area (26)

By multiplying ky by f4(t), one, thereby, may express variations in weath-
ering flux due to variations in total land area undergoing weathering. (By
this calculation we implicitly assume no appreciable changes in area of
land, such as desert, not contributing weathering fluxes to the sea, or
changes in area of land underlain by silicates versus carbonates. Such cor-
rections require detailed considerations of paleogeography which are
beyond the scope of the present study.)

Further changes in weathering fluxes over time, beyond those due to
changes in continental area, arise from variations in worldwide air surface
temperature as it affects both runoff and rates of weathering. First of all,
increased temperatures should bring about an enhancement of the overall
hydrologic cycle (see Manabe and Stouffer, 1980; Budyko, 1977) leading
to greater continental runoff. Holding other factors constant, increased
temperatures should, in turn, accompany increases in atmospheric CO,
due to the atmospheric greenhouse effect. Thus, variations in continental
runoft can be related ultimately to changes in atmospheric CO,, if it is
assumed that temperature changes over long term (million year) time
scales are brought about only by CO, changes. (Although temperature
changes can obviously be brought about by other causes, such as changes
in solar insolation, in the present study we will focus only on the quanti-
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Fig. 2. Weathering area correction factor, fi(t) as a function of time. Calculated from
data of Barron and others (1980). Dashed line represents present day value.
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tative significance of CO, as a temperature control. See later under Paleo-
climatic Implications.)

We relate runoff to temperature (and atmospheric CO,) in two ways.
First of all, the data of Manabe and Stouffer (1980) are used. Manabe and
Stouffer present computer-predicted plots of the difference in zonal mean
runoff as a function of latitude for the situation of 4 times the present
atmospheric CO, level as compared to the present CO, level. Averaging
over land area and latitude, we obtain an approximate value of 0.54 X
1016 liters per yr (0.01 cm per day) for the worldwide increase in runoff
accompanying a quadrupling of atmospheric CO, and corresponding in-
crease in mean annual air surface temperature of 4°C.

Gates (1976) provides data for estimating the decrease in continental
runoff accompanying a decrease in air temperature. He presents model-
calculated plots of zonally averaged precipitation rate and evaporation
rate for the ice-age situation of 18,000 yrs ago, when mean continental
temperatures were believed to be about 5°C cooler in the southern (rela-
tively unglaciated) continents of South America, Africa, and Australia
and about 10°C cooler in the unglaciated portions of North America,
Yurope, and Asia. From these plots, along with analogous plots for today,
by integrating over latitude we have obtained the approximate change in
global mean runoff rate (precipitation minus evaporation) for an average
continental temperature decrease of 7°C. It is 1.0 X 10t¢ liters per yr. Com-
bining this result with that derived above from the data of Manabe and
Stouffer (1980) we obtain an approximate linear relation between runoff
and temperature:

R(L)/R(T,) =1+ 0.088(T—T,) (27)

where: R(T) = total worldwide continental runoff in liters per yr
R(T,) = present total worldwide continental runoff (3.74 X 10¢
liters yr—1)
T = worldwide mean annual surface air temperature (°C)
T, = present worldwide mean annual surface air temperature.
To correct weathering rate, as embodied in the rate constant ki, it

is necessary not only to correct for the effect of temperature on runoff but
also for the effect of temperature on rates of mineral dissolution. In other
words, we may introduce a temperature correction factor f(T) which is
given as:

f(T) = kw(T)/ky(T,) = [¢(T)/c(T,)] [R(T)/R(T,)] (28)
where: ¢ ==concentration in river water of an element resulting from
weathering
R =runoff

The effect of temperature on the weathering rate of carbonate min-
erals (that is, calcite and dolomite) can be estimated from the data of
Harmon and others (1975). Harmon and others, through a study of
ground waters across North America, have shown that a highly correlated
(r = 0.966) simple linear relation exists between the concentration of
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HCO;~ in groundwater resulting from carbonate weathering and tem-
perature of the groundwater. Since groundwater temperature can be used
as a good measure of mean annual air temperature (Harmon and others,
1975), their expression can be used to relate HCO,;~ in river water, re-
sulting from carbonate weathering, to air temperature. To obtain the ap-
propriate relation we simply assume that carbonate-derived ground water
is diluted to that level of HCO,—, found in world average river water,
which results from carbonate weathering. In other words, we assume that
the temperature coefficient of the HCO,~ concentration in world average
river water which is derived from carbonate weathering is the same as
that found by Harmon and others for carbonate-derived ground waters.
Recasting their data in terms of relative concentrations we obtain:

Crrcog(T)/Crcos(Te) = 1 + 0.049(T—T,) (29)

Substituting the value Cycoy,(T,) = 0.650mM, (based en the values for the
total flux of HCO;— from calcite plus dolomite weathering given in table
2 and the runoff value of 3.74 X 10 liters per yr) eq (29) can be rewritten
as:

Crico, = 0.650 + 0.0320(T—T,) (30)

Egs (29) and (30), then, express the concentration of HCO,~ in world
average river water, arising from the weathering of carbonate minerals,
in terms of mean annual air temperature.

Combining eqs (27), (28), and (29), we obtain changes in weathering
rate constants for dolomite and calcite weathering, expressed as fp(T), in
terms of the mean annual global air surface temperature. This is done, in
tabular form, using actual values for Cpeo, and runoff, in table 3. To
convert air temperature to atmospheric CO, content the theoretical results
of Manabe and Stouffer (1980) are used, based on their global climate
model which combines atmospheric circulation modeling and continental
and oceanic heat and water balancing with atmospheric greenhouse ef-
fects due to changes in H,O vapor and clouds, as well as CO,. Their re-
sults for 2 times and 4 times the present CO, level are combined with the
observations of W. Berner, Oeschger, and Stouffer (1980) of CO,-depleted,
entrapped air bubbles in buried Pleistocene glacial ice, to obtain the em-
pirical relation:

Aco,(t)
Aco2(0)

where: Aco,(t) =mass of atmospheric CO, at time ¢
Aco,(0) = mass of atmospheric CO, today (0.055 X 10® moles)
T =mean annual global air surface temperature in degrees
Celsius at time t

This relation is in essential agreement, within acceptable error for the
purposes of the present study, with the calculated values of Augustsson
and Ramanathan (1977) (CTA version) and Walker, Hays, and Kasting
(1981) for CO, levels higher than at present. Values of CO, corresponding
to various temperatures are also listed in table 3.

= exp[0.347(T—T,)] (31)
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Although no data exist on the effect of temperature on HCO;~ in
ground waters from silicate weathering, it will be assumed here that the
temperature (and CO,) effect on silicate weathering is identical to that
on carbonate weathering. In other words, the values of fy(T) given in
table 8 also refer to silicate weathering. This is reasonable in that Drake
and Wigley (1975) have shown that the empirical relation between car-
bonate weathering and temperature found by Harmon and others (1975)
is best explained in terms of an increase in rates of production of CO, in
soil with increase in temperature. In other words, changes in rates of
weathering of carbonate minerals (and silicate minerals by analogy) with
temperature are a direct result of changes in metabolic rates of organic
matter oxidation (to CO,) with temperature. Both carbonate and silicate
minerals are attacked by biogenically-derived soil CO, resulting in the
liberation of HCO,~ and cations to solution. (See earlier section on weath-
ering fluxes.)

Egs (28) and (31) can be combined to obtain an analytic relation be-
tween weathering flux and atmospheric CO, concentration. If we define
fp(CO,) as the correction to the present day weathering flux, due to a
difterent CO, level in the atmosphere, then:

f5(CO,) = 1.0 + 0.252 In [A‘_j)] + 0.0156{ In [5\8%}} (32)

where Acg, is the new atmosphere CO, content, and 0.055 is the current
CO, content of the atmosphere (both in units of 10'® moles) (see fig. 1).
The function f3(CO,) is plotted in figure 8. This relation shows that the

TABLE 3
Continental runoff R(T), concentration of HCO,~ in world average river
water as a result of calcite-plus-dolomite weathering ¢(T), and the value
of the temperature correction factor fp(T) = [cT)/c(T,)] [R(T)/R(T,)]
a function of mean annual global air surface temperature T. (Subscript
(o) refers to present temperature). Values of atmospheric carbon dioxide
mass corresponding to each temperature also shown

T(°C)  Aco,(10"moles)y R(T)(10"liter yr—)  ¢(T)(mM) £:(T)
6 245 0.362 0.36
8 2.74 0.426 0.48

10 (0.010) 3.03 0.490 0.61
11 3.17 0.522 0.68
12 (0.019) 3.31 0.554 0.75
13 3.45 0.586 0.83
14 0.039 3.60 0.618 0.92
15% 0.055% 8.74% 0.650% 1.00
16 0.078 3,88 0.682 1.09
17 0.110 4,03 0.714 1.18
18 0.156 417 0.746 1.28
19 0.220 4.81 0.778 1.38
20 0.312 446 0810 149
22 0.624 474 0.874 170
24 1.25 5.03 0.938 1.94
26 250 5.31 1.002 2.19

* — present day values; CO, equivalent to 300 ppm by volume.
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Fig. 3. Carbon dioxide correction factor, f;(CO.) as a function of carbon dioxide con-
tent in the atmosphere, For derivation of values, see table 3 and eq (32). Dashed lines
represent present day values.

rate of uptake of CO, by weathering is a function, albeit non-linear and
indirect, of the level of atmospheric CO,. Thus, a natural negative feed-
back mechanism against CO, increases in the atmosphere is provided by
weathering. Such a feedback is important in controlling climate and at-
mospheric CO, levels as already pointed out by Walker, Hays, and Kasting
(1981). However, our feedback, as in Walker’s model, is due to changes
in temperature and not to any direct effect of atmospheric CO, on weath-
ering rates. Thus, our functional dependence of weathering is not linear
with atmospheric CO, as assumed by Budyko and Ronov (1979) in their
CO, model; instead, increased CO, causes increased temperatures which in
turn cause increased weathering fluxes. We {eel that our approach is more
realistic than that of Budyko and Ronov, because our CO, feedback takes
into account the importance of (temperature dependent) biological pro-
cesses as they affect weathering rates. There is no doubt that weathering is
dominated by such processes.

By way of summary, one can modify eqs (23), (24), and (25) to take
account of changes in land area, expressed as f,(t), and atmospheric car-
bon dioxide (temperature) expressed as fp(CO,), with time:

Fip = kwp(0)fa(t)fs(CO,)D (33)
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Firg = Ky (0)£a (1) £s(CO)C (34)
Fyvg = kwg(0)a(Dfp(CO,)S (35)

where the symbol (o) represents present day ky values. (Note that the f4
and fp corrections apply also to HCO,;— as well as Ca and Mg fluxes.)
Since the atmospheric CO, is also a function of time, we can restate these
equations as:

Fyp, = kyw, (D

Fyvo = ky ()G

Fyg = kyg(t)S
where: Ky (t) =k (0)fa(1){(CO,)
k() = kyw (0)2(HfR(CO,)
Ky (1) = kv (0)fa(1)fR(CO,)

Values of ky(0) can be obtained from present weathering fluxes (table
2) and reservoir sizes (fig. 1). They are (excluding H,50, weathering):

Ky (0) = 0.00198 my—* (36)
Ky (0) = 0.00261 my—* (37
kyg(0) = 10— my—1* (38)

Note that ky¢(0) is very small due the very large size of the silicate reser-
voir. Thus, there is little effect of changes in silicate reservoir size on
silicate weathering flux on the time scale of 100 my. As a result, silicate
weathering rate can be considered to be essentially independent of changes
in silicate reservoir size. (Possible exposure of greater areas of silicates,
relative to carbonates, over time as a result of selective erosion might
bring about reservoir size changes, but as mentioned above this lies be-
yond the scope of the present study.)

Rate law expression for volcanic-seawater reaction—The reactions
of volcanic materials with seawater, whether they occur at high or low
temperatures, involve mainly the exchange of seawater Mg++ for Cat+
in primary silicates. Furthermore, because Mg++ is quantitatively re-
moved during reaction with hot basalt (Holland, 1978), a simple assump-
tion can be made that Mg+ + uptake follows first order kinetics. In other
words, the rate expression is:

F Mgy_sw kMgV—stMg (39)

where:  Fy, =removal flux for reaction of Mg+ + with volcanics
kyy, = first order rate constant for Mg+ + removal
Myy,++ =mass of Mg++ dissolved in the oceans

and the subscript V-SW refers to volcanic-seawater reaction.

The rate constant ky, includes effects due both to rates of reaction
between volcanic minerals and seawater and the rate of flow of seawater
(for high temperature reaction) through mid-oceanic ridges. The latter
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process should correlate with rates of seafloor spreading (or more strictly,
rates of seafloor area generation), and this is what we assume here. If rates
of seawater circulation are linearly correlated with spreading rates (a
reasonable first-order assumption), then the value of Ky, can be corrected
using the spreading rate correction factor, fgp:

k)fgv_s\v<t> - k)Ig\,'_S\v(o)fSR(t) (40)

fun(t) = SR(t) /SR(0)

where:

and SR represents the spreading rate, (t) refers to time, and (o) refers to
the present day.

The values used for fgg(t) depend on which model, for the rate of sea-
floor spreading as a function of time, is adopted. Estimates range from a
doubling of spreading rate at 85 my ago (Pitman, 1978; Davis and Solo-
mon, 1981) to less than a 12 percent increase any time over the past 100
my (Parsons, 1982). In the present study we will examine the effects of
employing different models for fsp(t) ranging from constant spreading
rate, equal to the present day value, to a maximum doubling of the rate in
the geological past. Accordingly we will consider four situations. They
are: (1) the data of Pitman (1978) for spreading rates over the past 85 my;
(2) a revised and corrected version of the spreading rate curve of Southam
and Hay (1977); (8) a linear decrease in spreading rate, over the past 100
my, from 20 percent higher than today to the present value; and (4) a
constant spreading rate equal to the present value (fsg(t) = 1.0).

Plots of fgg versus time, according to these alternative formulations,
are shown in figure 4. The curve labelled “Pitman” is calculated from the
spreading rate data tabulated for individual ridges by Pitman (1978). The
“Corrected Southam and Hay” curve is based on a subduction-corrected
version of the spreading rate-versus-time data of Southam and Hay (1977).
Southam and Hay's results are based solely on present day areas of seafloor
representing different age spans, without correcting for prior loss of por-
tions of older seafloor by subduction. We have corrected for subduction
to obtain original areas of seafloor generation by dividing each of their
values by the term exp(—t/t,), where t = age of seafloor and t,, = maxi-
mum age of seafloor = 180 my. This exponential expression represents a
probability function for the loss of seafloor by subduction, and it is in
rough agreement with the results of Parsons (1982) who points out that,
at present, the area of seafloor of a given age-span decreases linearly with
age as a result of prior subduction. (However, using the Southam and Hay
data, we calculated that there have been considerable fluctuations in the
original spreading rate in the past, whereas Parsons suggests that such
fluctuations have been minimal)) To present the Parsons minimal-rate-
change viewpoint we also include two curves in figure 4, one for a linear
decrease of fgr(t) from 1.20 at 100 mysp to today’s value, and the other
for constant fgp(t) = 1.00.

Rate law expressions for metamorphism-magmatism.-—Release of CO,
via the decarbonation of calcite and dolomite during metamorphism or
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igneous melting can be assumed, like weathering, to follow first order
kinetics:

FMD = kMDD (41)
F)Ic = kMCC (42)

Here the subscript M refers to metamorphism-magmatism. The values of
ky for each mineral should change over geologic time as a function of the
intensity of decarbonation. Because most decarbonation should take place
as a result of heating due to the subduction of sediments (see Barnes,
Irwin, and White, 1978), faster rates of seafloor spreading should involve
faster rates of subduction, faster rates of decarbonation, and, thus, faster
rates of CO, outgassing, both along the descending plate margins and,
after long term transport, at mid-oceanic rises. (For a discussion of the
latter, consult Javoy, Pineau, and Allegre, 1982.) In addition, faster CO,
outgassing from below continental interiors should be correlated with
greater worldwide tectonism as indicated by increased spreading rate.
As a result of these considerations, here the values of Ky, and ky, are
assumed to be linearly correlated with spreading rates, as was the case for

Katgy_gw- Accordingly:
kap(t) = kyp(0)fsk (43)
ko (t) = kyo(0)fsr (44)
where g represents the spreading rate correction factor shown in figure 4.
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Fig. 4. Four representations of the spreading rate correction factor, fs(t) as a func-
tion of time: (1) calculated from the data of Pitman (1978), (dashed line based on value,
assumed here, of fgp(t) = 1.70 at 100 my BP). (2) Based on a subduction-corrected version
of the curve of Southam and Hay (1977). (8) Assuming a linear decrease in spreading
rate from 20 percent higher at 100 my sr; (1) constant spreading rate with time equal
to present value.
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Present day values of ky,(0) and ky (o), derived from the flux and reser-
voir size data of table 2 and figure 1, are:

ky, = 0.00144 my—*
kye = 0.000953 my~—*

Rate law expression for calcite precipitation—Almost all CaCO, re-
moval (“precipitation”) from the ocean is accomplished by organisms that
secrete the carbonate as hard parts. Thus, rates of secretion must be con-
trolled by ecological factors such as the availability of nutrients, and this
along with widespread re-dissolution of the carbonate on the seafloor may
well lead to rate laws for oceanic carbonate removal that are rather com-
plicated. However, ecological factors cannot dominate to the extent that
concentrations of Cat+ and HCO,~ in seawater vary greatly from satura-
tion with calcite (or aragonite); otherwise massive inorganic precipitation
or dissolution will take place (as can be readily demonstrated in the lab-
oratory) causing the oceans to return to equilibrium. This suggests that
the precipitation rate law for carbonates, on a long-term basis, must take
into account that the oceans are maintained reasonably close to saturation
with respect to calcite and that the rate law used for the calcite flux should
incorporate an appropriate equilibrium expression (that is, there must be
no {lux at equilibrium). Writing the calcite saturation as:

CaCO,; + €O, + H,0 s Ca*+ + 2HCO,~ (45)
yields (using total worldwide masses M, A, rather than concentrations):
Koy = Mo M?pco, (46)
Aco,

Precipitation of calcite is the result of an imbalance in eq (46). Therefore,
the calcite flux is written as:

Fczllcite - k])rep(l\/Iszl\/IZIICO;; - Kqu(,‘Og) (47>

where k., represents the calcite precipitation rate constant. We must now
determine the values of both k.., and K. First, eq (46) is not exactly
equivalent to the equilibrium expressions normally used in computing
the composition of a laboratory solution in equilibrium with calcite. The
quantities in eq (46) are the total masses of dissolved Ca2+ and HCO,—
in the oceans, M, and Myeq,, and the mass of CO, in the atmosphere,
Aco, Therefore, eq (46) expresses an effective equilibrium between ‘‘aver-
age” concentrations in the oceans and atmosphere. As a result, K,,, cannot
be best deduced from the AG® of reaction (45). On the other hand, the
present day calcite flux shown in table 2 can be used for the value of
Feueite in €q (47), thereby obtaining, for known M and A, one equation
in the two unknowns. The other equation, needed to derive a value for
Kprep and K, is obtained from use of kinetic theory and knowledge of
ocean circulation times. The precipitation (or dissolution) of calcite af-
fects the CO, content of the atmosphere via reaction (45). If we ignore
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other processes for the time being, the rate of change of CO, related to the
calcite precipitation/dissolution reaction can be written as:

dA 2

—d—io—z— = kprep(MCnMHcog‘ - quAcog) (48)
Recalling that Aco, is much smaller than Mc, or Muco, (see fig. 1), the
latter quantities can be assumed constant in studying the changes in CO,
as a result of a perturbation from equilibrium (or steady state). In this
case eq (48) can be rewritten:

b Aco, (49)

where a = KprepMeaMpeo,®and b = kpepKog
The solution to eq (49) is:

a a
Aco, = - - (T — A%, > e—bt (50)
Eq (50) readily shows that the response time of the system is given by:
1 1
= = — 1
T T KK ©h

Finally, the response time of the system depends on the time required for
CO, to be dissolved and circulated from the surface to the bottom of the
oceans or vice versa. A minimum characteristic time 7 of 500 yrs is used
here. (Larger values will be considered later.) Therefore:

! == 2000 my—* (52)

KoreoKen = 05037
Eqs (47) and (52) as well as Foyee = 17.54 X 1078 mol my—? (table 2) yield
the values:

K. = 1721 (10**moles)? (53A)

Kprep = 1.1620 (10**moles) —2my—? (53B)

prep

which are used in our model.

OPERATION OF THE MODEL

In this section we outline the computational aspects of our model.
First, the initial conditions must be chosen which describe the geochemi-
cal cycle 100 my ago, and a major constraint on this choice is that upon
integration over time, the final values of the reservoir contents and fluxes,
as we arrive at the present, match closely those given in table 2. We will
discuss this constraint further below and under Results.

Throughout the 100 my period, by far the biggest absolute changes
in reservoir sizes occur in the dolomite and calcite reservoirs. Therefore
we must assign values to these reservoirs in the initial condition. To arrive
at these reservoir values, the present day dolomite weathering and meta-
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morphism first order rate constants, k,, = 0.00198 my—! and ky = 0.00144
my—! (see table 2) are added to obtain:

dD
—— = —0.00342 D 57
N 342 ®7)

which, upon integration yields:
D= D()e—o,(mmz t (57A)

where D is the reservoir content of dolomite at any time t, and D, is the
present day content of dolomite, that is, 1000 X 10*# moles based on figure
1. We can use eq (57) and the value t = —100 my to obtain

D(—100 my) = 1408 x 10'* moles

The original D would be slightly different if the rate constants were
different in the past. As a first estimate, therefore, the value of D = 1420
X 10'® moles was used for the approximate amount of dolomite 100 my
ago. From this value, the corresponding value for the mass of calcite neces-
sary to conserve total carbon at —100 my was also calculated (that is, C =
5000 — 2 D, see fig. 1).

To proceed further, a value of Acg,, the CO, content of the atmo-
sphere 100 my ago, has to be chosen. In the calculations, an arbitrary
value Aco, = 0.40 X 10'® moles was picked. However, as will be shown
later, the evolution of the cycle was found to be relatively independent
of the initial CO, value, and the approximate present day (final) value
was obtained no matter what starting value was adopted. (This results
both from the very small mass of carbon in atmospheric CO, relative to
rocks and the constraint that the present masses of dolomite and calcite
be recovered at the end of the calculation.) Because of this a time-consum-
ing self-consistency check on the initial value chosen for Aco, was not
required.

Once an initial Ao, value is adopted, all weathering rate constants
are changed according to the equations given in the previous section to
reflect different land area and difterent A¢o, at —100 my. Likewise the
volcanic-seawater and metamorphism rate constants are corrected for dif-
ferent spreading rates at —100 my. The adjusted rate constants are then
used to calculate the calcite precipitation rate required to maintain
oceanic steady state 100 my ago. To satisfy the calcite flux, we did not
vary the rate constant for precipitation of calcite, k., or Ko, from their
present day values as given in eq (53). Rather, the required calcite pre-
cipitation flux and the initial value of Aco, were used to compute the
initial values (100 my ago) of HCO,~ and Ca*+ in the oceans, Mpco,
and Mc,. To accomplish this, our model ocean (Cat+—Mg++-HCO, )
for an initial My, equal to that today, requires that:

2 AI\IC& = ANIHCO3 = 2 AX

where AM¢, and AMyco, are the shifts of the initial values (100 my ago)
from present day values. Therefore using eq (47)



666 R. A. Berner, A. C. Lasaga, and R. M. Garrels—The carbonate-
Kprep [(M%ca + AX) (M°g1c0, + 2 Ax)? — K gAco,] = flux (58)

where flux is the calcite precipitation flux required by steady state, and
M?° refers to the present day values. Eq (58) is solved for Ax to obtain the
initial values, M¢, and Myco,. As mentioned above, the initial value of
My, is assumed to be the same as that today. (Once the program is run,
charge balance is accomplished by Mg+ + changes as well as by Ca++ and
HCO;~ changes.) With these values and the corrected rate constants, CO,
content, and dolomite and calcite masses at —100 my, the initial (quasi)
steady state is completely constructed.

Next the system is allowed to evolve through time and values for all
variables tracked by numerical (finite-difference) integration of the follow-
ing non-linear mass balance equations:

dD

e —(kyp, + k) D (59A)
1C . ;
1= (e Kag) C o Kpreo(MesMeuco, = Kogheo,)  (59B)
ds aSi
_d_cts__ = k)rc C+ kMD D-— k\\'CaSi Scasi — kV-S\\'I\’ng (590)
dSygesi
_%gs =ky, D — kwMgSi Sagsi T kveswMayrg (59D)
dM
dtMg =ky, D+ kwMgSi Sytgs: — KvoswMagg (59E)
dMg,
dtC = kyp D + kwg € + kg Scasi + KvoswMayg, (59F)
- kprep(MCu]\'IZIICO3 - KquC02>
dM
% =4 ky, D+ 2ky, C+ 2 kye, o Scasi + 2 Kwyres: Soesi
(59G)
- 2 kprep(M(‘,ﬂManO?, - qu ACOQ)
dA
d‘tfof =2 Xkyp D — 2 kyey D — 2 Kyvyg; Saresi — 2 Koy Scast
(59H)

+ ko C - k\VC C + kprep(l\ICﬂl\/IzHCO;; - valACOz)

where D, C, Scusis Sygsi» Marg Mew Mpcoy, and Ago, stand for the mass in
moles of the dolomite, calcite, Ca-silicate, Mg-silicate, ocean magnesium,
ocean calcium, ocean bicarbonate, and atmospheric carbon dioxide reser-
voirs, respectively. The symbols for the rate constants are the same as
defined previously.

A time step of several hundred years was used to integrate the equa-
tions through the 100 my interval. The time step size was varied to verify
the convergence of the integration. It is important to stress that because
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the eqs (59) are non-linear, the theoretically possible 1megrat1on of the
equations starting at t = 0 and working back to t = —100 my, is not feasi-
ble. This problem stems from the amplification by the non-linear terms
of any numerical errors incurred in the backward integration. The non-
linearity also limits the use of the general scheme introduced by Lasaga
(1980, 1981).

The integrations yield among other things, the atmospheric CO, con-
tent Aco,, and the oceanic HCO,~ content, Myco,, as a function of time.
Eq (81) is then used to yield the mean global surface temperature as a
function of time. (In other words, temperature is assumed to be predict-
able via the Manabe and Stouffer CO,-climate model.) The reservoir con-
tents, Aco, and Myco,, can also be used to obtain the pH of the oceans as
a function of time by use of the equation:

CO,(g) + H,0 = HCO,~ + H+

or

where the same remarks made about K., (calcite) in eq (46) are also applic-
able to the “effective” equilibrium constant, K, above. Inserting today’s
values, pH = 8.0 = 0.2, A¢o, = 0.055, and Mpco, = 2.8 (the latter two in
10*% moles) enables a calculation of K, = 1082 Therefore, at any
point in time the pH of surface water can be evaluated from:

pH = 6.29 — log,, [%J (60)

HCOy

After an initial trial run, using the values assumed above for the ini-
tial masses of dolomite and calcite, the program was re-run using slightly
altered dolomite and calcite values that produced final values for D, C,
Meq, Myco,, €t cetera that were in closer agreement with actual present-
day values. Once this was accomplished. initial values for other parameters
were varied to test the sensitivity of the model to such variations. It was
found that because of small relative mass, changes in the initial values
chosen for Aco,, Mc,, and Mpeo, exerted little influence on calculated
results beyond the first few million years. In other words, these parameters
are dependent on the evolution of the system and not on their starting
values. Varying Aco, up and down by a factor of 5 and using present day

values for M, and My, brought about imperceptible changes in time
plots after 90 my BP. (Nonetheless the initial Ao, was adjusted to mini-
mize those minor errors occurring within the first 10 my.) In addition,
varying the value of k., to reflect changes in the time constant for over-
turn of the oceans from 500 to 10,000 yrs yielded maximum changes in
plots at any given time of less than 2 percent. This means that our model
guarantees that the oceans are kinetically close to saturation throughout
the past 100 my.
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RESULTS AND DISCUSSION

The results for the calculation of atmospheric CO, and worldwide
mean annual air surface temperature, using all the previous expressions
and the weathering land area and spreading rate correction curves shown
in figures 2 and 4, are shown in figures 5 and 6. Note from figure 5 that
calculated CO, values in the geological past range up to between three
times and one-hundred times the present atmospheric value depending on
which spreading rate curve is adopted. Regardless of spreading rate formu-
lation, the level of CO, in the Cretaceous (before 60 my ago) is predicted
to have been distinctly higher than exists today and this implies also that
there were distinctly higher mean worldwide surface air temperatures at
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Fig. 5. Computer results for the mass of CO. (in 10"® moles) as a function of time for the
past 100 my using the land area curve of Barron and others (1980) (see fig. 2) and various
spreading rate formulations (see fig. 4 for details on spreading rates):

A. Pitman (1978) spreading rate. (Dashed line based on value, assumed here, of fgp(t) =
1.70 at 100 my BP).

B.- Southam and Hay (1977) spreading rate corrected for loss by subduction (see text).

C. Linear decrease in spreading rate from 20 percent higher at 100 my Bp.

D. Constant spreading rate with time equal to the present value.

NOTE DIFFERENCES IN VERTICAL (CO,) SCALE, BUT WITH THAT FOR C AND D
BEING THE SAME.
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that time. This is the major finding of the present paper. The tempera-
tures and CO, levels predicted from the Pitman spreading rate formula-
tion may be too high (see next section on Paleoclimatic Implications), and
this helps to put some backing behind the contention of Parsons (1982)
that changes in spreading rate were considerably lower than those calcu-
lated from the Pitman data. However, we are not in a position here to
select independently a “best” spreading rate formulation, and this is why
all four situations are equally depicted in figures 5 and 6.

One aspect of the corrected Southam and Hay spreading rate formula-
tion, however, commends itself to our attention. It is that, using this ap-
proach, we predict (fig. 6B) a secondary temperature maximum centered
about 40 my BP which, as will be seen in the next section, is in accord with
independent paleoclimatic evidence. Regardless of absolute CO, values
derived, the Southam and Hay curve predicts a pronounced Eocene tem-
perature maximum which is not present or much subdued using the other
spreading rate curves.
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Fig. 6. Computer results for worldwide mean annual air surface temperature as a function
of time corresponding to each of the four situations for CO, depicted in figure 5. NOTE DIF-
FERENCES IN VERTICAL (TEMPERATURE) SCALE, BUT WITH THAT FOR C AND D
BEING THE SAME.
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Figures 5 and 6 show liow sensitive our results are to changes in
spreading rates. What about other factors? In figures 7 and 8 we present
some results illustrating sensitivity to changes in land area and to the
weathering CO, correction (feedback) function. Using the corrected
Southam and Hay spreading rate formulation, we show in (7A) how CO,
levels and in (8A) how temperatures are altered by holding land area
constant with time (f4(t) = 1.00) and in (7B) how CO, and in (8B) how
temperature is affected by using an alternative linear functionality for the
CO, weathering feedback factor as employed by Budyko and Ronov
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Fig. 7. Effect of varying specific input functions on the mass of atmospheric CO, (in 10™
moles) as a function of time.

A. Constant land surface arca (fi(t) = 1.00) and spreading rate according to corrected
Southam and Hay (1977) curve. Use of eq (32) for CO, weathering feedback.

B. Changing land surface area according to Barron and others (1980) and spreading rate
according to corrected Southam and Hay (1977) curve. Use of linear weathering CO, feedback
function (see text) in place of eq (32).

C. Both constant land surface area (£,(1) = 1.00) and constant spreading rate (fsz(t) = 1.00).
Use of eq (32) for CO, weathering feedback.

D. Changing land surface area according to Barron and others (1980) and spreading rate
according to corrected Southam and Hay (1977) curve. Use of eq (32) for CO, weathering feedback
(this is a reproduction of fig. 5B).

NOTE FOR ALL CURVES THE VERTICAL (CO,) SCALE HERE IS THE SAME.
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(1979). (In place of eq (32) we set f,(CO.) = Aco,(t)/Aco,(0), where Aco,
refers to the mass of atmospheric CO,, (t) refers to time Bp, and (0) to the
present.) In addition, in figures 7C and 8C the situation for both con-
stant land area (f,(t) = 1.00) and constant spreading rate (fgp(t) = 1.00),
using the standard CO, feedback function of eq (82), is presented. Finally,
figures 5B and 6B are reproduced in (7D) and (8D) to serve as a reference.

Note in figures 7 and 8 that little CO, or temperature variation re-
sults if both land area and spreading rate are held constant or if a linear
CO, feedback function is used. This, along with the lower Cretaceous
values for CO, and T in figures 7A and 8A compared to 7D and 8D, shows
that our predicted results of figures 5 and 6 are sensitive mainly to changes
in land area and spreading rates while at the same time being also sensi-
tive to the functional dependence adopted for the weathering feedback
function. The almost imperceptible changes depicited in figures 7C and
8C are brought about solely by the monotonic conversion of dolomite to
calcite with time and consequent differential weathering. Obviously this

24

T

1 T T T T T T T

A

{ H 1 I 1 | | ]

24

IileO -80 -60 —-40 —20 I—L“‘IOO -80 -60 -40 —20 -0
TIME (million years) TIME (million years)
I ! T T T T I T T T T T T T T T T
24 - c 241
22 22 =
20t 20 .
TC | T°C |
181 18— -
[15) ol 16— —
14 ! 1 I { 1 | 1 | { I | 1 i 1 1 I 1 !
%0 -s0 -0  -40 20 Y6 80 -6 -4 =20 o0

TIME (million years)

TIME (million years)

Fig. 8. Effect of varying specific input functions on the mean annual air surface temperature
as a function of time. Each curve corresponds to the CO, situation depicted in figure 7. NOTE
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has a far smaller quantitative effect on CO, than that due to land area and
seafloor spreading rate changes.

We feel that the non-linear CO, weathering feedback function, as
embodied in eq (32), is a far more realistic representation of the role of
atmospheric CO, in weathering than use of a simple linear function as
portrayed in figures 7B and 8B. The non-linear function, as pointed out
earlier during our discussion of weathering, reflects the important obser-
vation that weathering rates respond to changes in temperature, as it
affects runoftf and the microbiological production of soil CO,, and that
the level of soil CO, is generally different from and relatively independent
of that found in the atmosphere. Thus, we feel that relatively small
changes in atmospheric CO, and temperature, predicted for the use of a
linear CO, weathering feedback function (figs. 7B, 8B), are a consequence
of the use of an unrealistic assumption as to the nature of weathering, and,
as a result, the larger predicted values of CO, and temperature shown in
figures 5 and 6 are closer to the truth. Regardless of what feedback formu-
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Fig. 9. Computer results for oceanic composition, in terms of Mca, Magg, Muco,, 2nd pH, and

dolomite mass D, as a function of time, for the linearly-decreasing spreading rate formulation
(see fig. 4) and land area-versus-time data of Barron and others (1981). Masses in 10 moles.
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lation is used, it is necessary to have some CO, feedback accompanying
weathering. Without any feedback (f3(CO,) = 1), the values for atmo-
spheric CO, and temperature grow rapidly with time to impossibly high
levels (for example Aco, attains values in excess of 1000 times the present
level).

Resulting changes in the Cat++, Mg+ +, and HCO;~ content and the
pH of the oceans, as well as the mass of dolomite, for the linear and cor-
rected Southam and Hay spreading rate formulations, are shown in figures
9 and 10. Note that relatively large changes in M¢, and Myco, occur, but
that fluctuations, due to changes in spreading rate and land area, are com-
pletely damped out for the dolomite reservoir. The smooth exponential-
like response of the dolomite reservoir is consistent with its large residence
time (>>100 my) (for example, see Lasaga, 1981).

The oceanic Ca content decreases and then increases with time in
figures 9 and 10. The HCO, evolution, on the other hand, shows an initial
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increase followed by a decrease. Note that the Ca and HCO, histories,
while roughly mirroring each other, are not correlated in a simple man-
ner. The Mg reservoir evolution is likewise the opposite of Ca, namely an
initial increase followed by a decrease.

One independent constraint on the fluctuations in the ocean Ca and
HCO, contents has been raised by Holland (1972). Based on the geologic
record, the amount of Ca in the oceans must be large enough to precipi-
tate CaSO, during evaporative concentration without all Ca being re-
moved by earlier CaCO, precipitation. Consequently, we require that:

Me, > Mico,

The results shown in figure 9A, for the linear spreading rate assumption
satisfy this inequality. However, the results using the corrected Southam
and Hay spreading curve (fig. 10A) mildly violate the inequality in the
short time span —80 my to —70 my, but this is not too serious.

Average calculated pH values for the entire ocean (figs. 9C and 10C)
are reasonably constrained. Initial values at —100 my Bp are lower (7.2-
7.6) than at present, reflecting the higher atmospheric Peg, at that time.
(This, however, does not mean that the oceans were more undersaturated
with respect to CaCOy in the subsurface than at present, because levels of
Ca*+ and HCO,— were correspondingly higher.) From —100 my to about
—60 my the pH is predicted to have risen and after that to have fluctuated
near the present-day value of 8.0. It is interesting that the calculations do
not show excursions to relatively alkaline pH values. Since reverse weath-
ering (authigenic neoformation of silicate minerals at the seafloor) is
favored by high pH (greater than 8.5-9.0), this failure to attain elevated
pH helps to justify our assumption that, over the past 100 my, reverse
weathering has not been an important process for the removal of Mg++
from seawater.

A simple method can be used to cvaluate semi-quantitatively the ef-
fects of changes in various rates on atmospheric CO,. This rests on the fact
that, because the CO, content is so small, it must always be very close to
a quasi-steady state:

dAm2

= {) 61
de 61

Therefore, using eq (59H) and ignoring the fact that the rate constants

are themselves functions of CO,, we can solve for Aco,:

2(kMD - ka>D + (kMC - k\\'C)C‘ - 21“\\'53 + kp:'\-])l\l(‘:lI\/IQII(T()g
k Kw[

Ac02 -

(62)
prep
Eq (62) can be used to analyze CO, evolution. One of the basic questions
of interest is the role that the dolomite breakdown has in CO, formation.
A major overall reaction occurring in our cycle is the transformation of
dolomite to calcite with concomitant changes in the silicate reservoirs:

CaMg(CO,), + CaSiO; —» MgSiO, + 2CaCO, (63)
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As a result, the changes in the dolomite and calcite reservoir contents, AD
and AG respectively, are related according to eq (63):

AC = —2AD (64)

Using eq (64) in eq (62), we can determine the shift in the quasi-steady
state CO, content as a result of changes in the mass of dolomite:
_ 2(kygy, — k,\[‘; + k\\'c - ka)AD

Avo, = 65
AA‘ 02 km'vpK‘ o ( )

The dolomite content is constantly decreasing from the Cretaceous
to the present; therefore, AD < 0. Substituting present values from table
2 we obtain for (ky, — ky + kg, — kw,) @ positive number. Therefore,
from eq (65) the value of AA“,: should be negative. This was actually
found to be the case for the complete computer model, where CO, was
found to decrease with time toward the present. However, this decrease
is very small and almost imperceptible on the scale shown in figure 7C.

Another use of eq (65) is in predicting the relative importance of
dolomite metamorphic-magmatic decarbonation, as opposed to calcite
decarbonation, as it affects atmospheric CO,. The rate constants for weath-
ering, ky, and ky, are reasonably well constrained by the available data.
By contrast, only the tofal metamorphic flux, given in table 2, is well-
constrained. Therefore, it is fruitful to analyze the effect of shifting the
metamorphic flux differently between calcite and dolomite from that
shown in table 2. An increase in ky,—ky,, should increase the CO, effect
according to eq (65). In table 2 the total metamorphic flux of CO,, 5.74,
is split into 2.88 for dolomite and 2.86 for calcite. Instead we will here
increase the dolomite metamorphic flux to 4.0 and reduce the calcite flux
to 1.74. The cycle is allowed to evolve on the computer with these changes
and with no changes with time in weathering area or spreading rate. The
result for CO, is shown in figure 11, where it is compared with the result
for the fluxes given in table 2. Note that it is clear that the increase in
Ky Ky has affected the CO, and temperature histories in accord with
eq (65). However, the changes again are not nearly as large as in figure 5.
In other words, the dolomite reaction (63), which of itself does not con-
sume or produce any CO,, can lead to a higher CO, in the Cretaceous,
but the change is very small compared to that brought about by spreading
rate and land area changes. Analogous calculations for decreasing ky, —
ky give similar results.

The above calculations indicate that the most important influence
in the carbonate-silicate geochemical cycle is clearly tectonic history, as it
affects spreading rate and land area changes. The tectonic effects are also
explained by use of eq (62). Even at constant D and C, increases in spread-
ing rate would yield increases in both kar, and ky.. Increases in these k's
will clearly lead to increases in Aco, using eq (62). Similarly from (62),
decreases in weathering rates arising from decreases in land area would
also lead to increases in Aco,e It is important to note that these tectonic
changes in Aco, do not depend on differences in the rate constants and
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Fig. 11. Atmospheric CO, for constant seafloor spreading rate (fsr(t) = 1.00), con-

stant surface area of land with time (f,(t) = 1.00), and:
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(see also fig. 7C)
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hence are more marked than those stemming from the transformation of
dolomite to calcite (eq 65). Finally, it should be stressed that quantitative
use of eq (62) can be done only if the variations in M¢, and Mgco, (which
are ignored in eq 65) are properly accounted for, especially since this term
is the biggest one in eq (62). However, qualitatively, eq (62) does indeed
give an insight into some of the factors playing a role in the CO, and
temperature fluctuations presented in the earlier figures.

Finally the role of organic matter in the CO, evolution is still not
fully settled. Part of the reasoning why organic matter was not included
in these calculations is that the isotopic carbon record (Garrels and Ler-
man, 1981) suggests that the flux of organic matter via weathering to the
atmosphere and oceans and the flux of organic matter via burial from the
oceans to sediments have not changed significantly in the last 100 my.
Preliminary calculations indicate that changing organic carbon burial
rates over ranges permitted by the isotopic record has only a moderate
effect on atmospheric CO, and the general trend of decreasing CO, since
the Cretaceous is not appreciably altered; our future work will look at
organic matter burial, however, in a quantitative manner and how it re-
lates to atmospheric CO,.

PALEOCLIMATIC IMPLICATIONS

The carbonate-silicate computer model using reasonable tectonic in-
put data (figs. 5, 6, 9, and 10) predicts that the level of atmospheric car-
bon dioxide was several-fold greater during the Cretaceous period (60-100
my Bp) than it is today. Is this reasonable? We feel that it is. Carbon
dioxide in the atmosphere transmits incoming short-wave solar radiation,
while absorbing outgoing long-wave earth radiation and returning it to
the ground. In this way it acts like a greenhouse trapping the long-wave
radiation as heat. (For an up-to-date discussion of the atmospheric “green-
house effect” see Hecht, 1981; Revelle, 1982.) If there were more CO, in
the Cretaceous atmosphere, there should have been a larger greenhouse
effect at that time, and as a result, the climate should have been warmer
worldwide. From paleontological, paleobotanical, geochemical, and paleo-
geographic evidence (for example, see Schwartzbach, 1963; Frakes, 1976;
Budyko, 1977; Savin, 1977), this appears to be true. During most of the
Cretaceous there was a lack of polar ice caps, high ocean bottom tempera-
tures, wide-spread shallow seas across much of the continents (which
should have helped to increase the poleward transport of heat, for ex-
ample, see Barron, Thompson, and Schneider, 1981), and a spread of low
latitude marine and terrestrial organisms to higher latitudes. All these
factors indicate a much warmer climate during the Cretaceous than at
present. Why couldn’t this warming have been due, at least partly, to an
increased level of CO, in the atmosphere? Such a cause for global warm-
ing in the past has already been suggested by, for example, Arrhenius
(1896), Chamberlin (1898), Callendar (1938), Plass (1956), Budyko and
Ronov (1979), and Fischer (1983). Over long (million year) time scales CO,
fluctuations provide a ready explanation for temperature changes which
may not be easily explicable in terms of the astronomical-orbital or Milan-
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kovitch-type models which have been so successfully applied to shorter
term (that is, Pleistocene time scale) oscillations (for example, see Hays,
Imbrie, and Shackleford, 1976).

Our predicted evolution of worldwide mean annual surface air-tem-
perature over the past 100 my, using both the linear decrease and cor-
rected Southam and Hay spreading rate curves (fig. 6,B and C), is re-
produced in figure 12. Also included in the figure are some estimates of
mid-latitude paleotemperatures based on paleobotanical observations and
oxygen isotopic studies of marine planktonic calcareous organisms as
summarized by Savin (1977). Note that there is reasonably good agree-
ment, especially considering the many problems associated both with our
model and the interpretation of paleobotanical and *0 /1O data. This
gives us some confidence in our model and in our assumption that, over
a multi-million year time scale, changes in atmospheric temperature reflect
mainly changes in CO, levels. Regardless of what spreading rate curve is
used we are convinced that the carbon dioxide level of the late Cretaceous
atmosphere was higher than it is today, and that this was, at least partly,
involved in bringing about higher worldwide air temperatures. In fact if
the data of figure 12 are taken at all seriously, our model, using the cor-
rected Southam and Hay spreading rate curve, also predicts an Eocene
temperature maximum, which is in agreement with independent paleo-
botanical evidence. Obviously our model leaves much ground for improve-
ment especially since eq (81) is an extrapolation of the Manabe and
Stoufter model to higher CO, levels not studied by them and to a different
paleogeography than exists today. What is sorely needed are new atmo-
spheric climate models based on high CO, levels and Cretaceous paleo-
geography (for example, see Barron, Thompson, and Schneider, 1981) as
well as, among other things, greater investigations into the phenomenon
of metamorphic-magmatic CO, outgassing and the feedback relation be-
tween atmospheric CO, and rates of weathering. Nevertheless, we feel that
at the present stage our results provide a first order attack on the problem.
If nothing else, the model indicates that CO, in the atmosphere could
easily have changed in the past as a result of geological, as opposed to
biological, processes.

Our calculated atmospheric CO, levels, according to the various
spreading rate models (fig. 3), for 70 to 100 my ago, are in rough agree-
ment with that calculated by Budyko and Ronov (1977) from a simple
model which assumes that over geologic time CO, is controlled only by
volcanism and the formation of CaCO; from weathering plus sedimenta-
tion. In their model Budyko and Ronov assume that the uptake of CO,
by weathering plus sedimentation of CaCO, can be described in terms of
a simple first order dependence on atmospheric CO, (with constant coeffi-
cient) without consideration of rock type, temperature, oceanic composi-
tion, et cetera. We feel that this is oversimplifying the situation and that
the rough agreement between their study and ours is fortuitous. Certainly
weathering responds to biogenically-produced soil CO, (and organic acids)
which in general is not present at levels equivalent to that of the atmo-
sphere.
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Regardless of exact CO, levels and temperatures, our modeling shows
the important influence that the carbonatesilicate cycle exerts on atmo-
spheric carbon dioxide. This point has been emphasized by, amongst
others, Plass (1956), Budyko (1977), Holland (1978), Mackenzie and Pigott
(1981), Garrels (1982), Garrels and Berner (1983), and Fischer (1983).
(Plass, Budyko, Mackenzie and Pigott, and Fischer call upon a variety of
geological, as opposed to biological, phenocmena to explain changes in
atmospheric CO, over the past 500 my.) The reason that the carbonate-
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Fig. 12. Plots of worldwide mean annual air surface temperature versus time, based
on predictions of the present computer model, compared with some mid-latitude
temperatures based on independent evidence. 'The curve marked “paleobotanical” is
based on an average of the results summarized and quantified by Savin (1977, fig. 7)
for land plants of Japan, western Europe, and North America, modified to show the
stecp drop in temperature around 35 my se found (in a study of leaf margins) by Wolfe
and Hopkins (1967). The curve marked “planktonic carbonate 35°N" is an average
based on §"0 studies of planktonic forams and nanno-fossils of Cretaceous sediments of
the Shatsky Rise (North Pacific) summarized by Savin (1977, fig. 1C).
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silicate cycle is so important is that carbon fluxes between reservoirs are
very large compared to the amount of CO, in the atmosphere. Thus, very
slight imbalances in an otherwise steady state cycle can lead to rapid
changes (on a geological time scale) in the level of atmospheric CO,.

As pointed out in the Results Section, most of the fluctuations we see
in atmospheric CO, over the past 100 my are due to changes in the rates
of tectonic processes, as they affect CO, loss to the atmosphere by meta-
morphism-magmatism and changes in area of continents exposed to weath-
ering. (Eustatic sealevel rise and drowning of the continents may be due
to displaced seawater resulting from increased rates of generation of mid-
oceanic ridge basalt via seafloor spreading — see Pitman, 1978.) This con-
clusion should have applied if we had also considered the weathering and
reconstitution of sodium and potassium silicates. Thus, since changes in
the rate of sedimentary organic carbon burial over the past 100 my
(Garrels and Lerman, 1981) are lower than changes in weathering and
metamorphic-magmatic decarbonation rates, the predominant factor af-
fecting atmospheric CO, and climate over this period, we believe, is world-
wide tectonic activity. (Changes in organic carbon burial rate should act
in opposition to tectonic processes because calculated burial rates for the
Cretaceous are slightly higher than they are today — see Garrels and Ler-
man, 1981; or Berner and Raiswell, 1983.) This idea of tectonically con-
trolled climate is in agreement with the hypotheses of Hays and Pitman
(1973), Fischer and Arthur (1977), Mackenzie and Pigott (1981), and
Fischer (1983).

An important additional factor not considered by earlier workers is
that brought about by the monotonic decrease in the amount of dolomite
available for weathering over the past 100 my. We have shown here that
this decrease can also bring about a decrease in atmospheric CO, level
with time, although much smaller than that resulting from tectonic fac-
tors. Thus, such subtle effects as changing reservoir size also need to be
taken into account when considering geologic controls on atmospheric
CO..

Recently there has been considerable environmental concern over the
present-day buildup of atmospheric CO, due to the burning of fossil fuels.
(For a recent summary consult Revelle, 1982.) It is tacitly assumed that
changes in atmospheric CO, are due solely to human activities and that
the natural background level is constant with time. Although this may be
true for the past 100 yrs, it is most unlikely over longer periods for the
reasons given above. Some direct evidence for past changes is provided by
recent determinations of the CO, content of Pleistocene air trapped in
glacial ice which shows distinctly lower levels than at present (Berner,
Oeschger, and Stauffer, 1980, Broecker, 1982). What is sorely needed are
other methods for deducing palecatmospheric CO, levels for more ancient
times. Only in this way can predictions, as brought out in the present
paper, be directly tested.
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