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INTRODUCTION

Data on the carbonate abundance in the Earth’s sed-
imentary shell and, respectively, the average composi-
tion of the latter [1, 2] indicate an excess of Ca, i.e., its
amount in magmatic rocks feeding the sedimentary
process is significantly lower than that in the average
composition of sedimentary rocks. Moreover, a strange
carbonate deficiency was noted in Precambrian
metasediments [2]. These observations were indepen-
dently confirmed by many geologists (table) and leave
no doubts, unambiguously indicating that Ca and CO,
fluxes in the surface geochemical cycle are poorly stud-
ied and require explanation. Various concepts consid-
ered in the literature (evolution of the CO, content in
the atmosphere by Daly [3], Vinogradov [4], and Ronov
[5]; changes in the facies conditions of carbonate depo-
sition by Cameron [6]; influence of metamorphism on
Ca mobility by Yaroshevsky [7], and others) were not
confirmed by independent observations and provoke
doubt.

Another aspect in the problem of Ca balance in the
sedimentary shell is related to Mg involvement in car-
bonate accumulation. According to the available data,
dolomites predominated among sedimentary carbon-
ates up to the Early Mesozoic and disappeared as the
principle component of the sedimentary shell in the
Jurassic (Fig. 1) [3, 8]. These data were supplemented
by facts of secondary dolomite formation in modern
environments during dolomitization (for example, [9])
and a seemingly unbalanced Mg content in the modern
ocean [10]. The hypotheses of the dependence of dolo-
mite formation on CO, pressure in the atmosphere by
Ronov [5] and Veizer [11] and a significant role of sec-
ondary dolomitization in Lower Phanerozoic deposits
by Strakhov [12] or Friedman and Sanders [13] have
not been confirmed by independent evidence and have
been the subject of much controversy. Only the involve-
ment of marine waters in hydrothermal circulation with
Mg consumption by basaltic material of oceanic crust
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[14, 15] could explain Mg imbalance in seawater. How-
ever, it remains uncertain as to what extent this con-
sumption resolves the problem and whether this pro-
cess was efficient in the past.

Relative abundance of major types of sedimentary rocks (af-
ter Ronov, Yaroshevskii, and Migdisov, 1990 [2])

Clays Sands Carbon-
and and ates and Reference
shales | 53~ 1™ G
stones
Mass-balance calculations
82 12 6 Mead, 1907
80 15 5 Clarke, 1924
91 9 Goldschmidt, 1933
79.6 11.9 8.5 |Engelhardt, 1936
70 16 14 Holms, 1937
83 8 9 Wickman, 1954
95 5 Goldberg and Arrhenius, 1958
83 10 7 Brotzen, 1966
73 20 7 Horn, 1966
81 11 8 Garrels and Mackenzie, 1971
56 24 19 Sibley and Wilband, 1977
Direct measurements
46 32 22 Leith and Mead, 1915
44 37 19 Schuchert, 1931
56 14 29 Kuenen, 1941
42 40 18 Krynin, 1948
60 20 20 Ronov, 1948
60 15 25 Poldervaart, 1955
52 25 23 Ronov and Yaroshevsky, 1967
49 23 28 Ronov and Yaroshevsky, 1976
52 28 20 Ronov and Yaroshevsky, 1990
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Fig. 1. Evolution of the Ca/Mg ratio in the carbonates of the
Russian platform depending on their age, based on the data
of Vinogradov and Ronov (1956) [8].

It is clear that the mass and composition of sedimen-
tary rocks accumulating per time unit (sedimentation
rate) are quantitatively determined by the total flux of
feeding material and the abundance of chemical ele-
ments in it. Ca and Mg are supplied mainly by decom-
posed continental rocks. It is also clear that the forma-
tion of Ca and Mg carbonates consumes CO, from a
source independent of continental rocks. According to
Goldschmidt [16], CO, belongs to excess volatiles,
which are considered to originate from deep-seated
material in the Earth during its degassing. Therefore, in
order to interpret the observed geochemical balance
(rather, imbalance) of Ca and Mg and its possible evo-
lution in the geological history of sedimentary shell, it
is important to decipher the composition of fluxes of
these elements. Our model is based on the following
empirical geological principles.

First, the values of the Ca and Mg fluxes during sed-
imentation depend on the denudation rate and the aver-
age composition of surface continental rocks, while the
value of juvenile CO, flux is determined by the degas-
sing of the Earth’s interiors. This indicates that these
processes are independent and controlled by different
geological factors. Hence, the Ca and Mg fluxes should
not be correlated, and, moreover, quantitatively bal-
anced with juvenile CO, flux.

Second, Ca silicates and aluminosilicates are unsta-
ble in sedimentation environments. The major stable
phase of Ca during the entire geological evolution of
the sedimentary shell is carbonate (CaCO;). In other
words, CO, pressure in the Earth’s atmosphere and the
corresponding content of dissolved CO, in the hydro-
sphere during carbonatization were higher than those in
equilibrium Ca silicates and aluminosilicates.

Third, unlike Ca minerals, both Ca—Mg carbonates
[MgCO;, more precisely, CaMg(CO;),] and silicates
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(hydrosilciates, more specifically, clay minerals) are
stable during sedimentation. These observations are of
principle significance for understanding the geochemi-
cal balance during the formation of carbonates, because
they indicate that the CO, pressure in the atmosphere
during the geological history of the sedimentary shell
could not significantly deviate from that in equilibrium
with Mg silicates (hydrosilicates) during carbonatiza-
tion and must be close to the modern values. Any pos-
sible deviations of pressure (either its increase or
decrease) should relax with a rate defined by the geo-
logical kinetics of weathering—sedimentation reactions,
which, unfortunately is unstudied as of yet (for exam-
ple, [17]), making it impossible to evaluate the scales of
such deviations accurately enough. It is generally
accepted that the kinetic restrictions of chemical reac-
tions of continental weathering and mineral precipita-
tion do not prevent the attainment of a local equilib-
rium, at least, on the scales of geological processes:
supposedly hundreds of thousands of years to a few
million years.

It is pertinent to mention that the equilibrium
between Mg carbonate and silicates (hydrosilicates)
exerts a buffering effect on the CO, pressure in the
atmosphere [18], since the concepts of possible signifi-
cant variations in the CO, concentrations in the atmo-
sphere, up to formation of “hydrocarbonic” atmosphere
in the Precambrian, are widely accepted in geology.
There were many attempts to evaluate these amounts
based on the assumption that the mass of carbonate in
sedimentary rocks is functionally related to the mass of
CO, in biospheric exchange reservoirs (for example,
[19-21]). This approach to the problem of CO, evolu-
tion in the atmosphere is principally misleading,
because the amount of CO, consumed during carbonate
accumulation is determined by its degassing flow from
the interior rather than by the resource of this gas in
exchange reservoirs.

In order to understand the geochemical balance of
Ca and Mg and their modes of occurrences (proportions
of carbonates and silicates) in the sedimentary shell, it
is important to consider another aspect of the stability
of Mg carbonates and hydrosilicates. Indeed, mineral
equilibria with Ca and Mg in sedimentary rocks can be
written in a simplified form, for example:

MgCO; + CaSiO; — CaCO; + MgSiOs,
AG® = —8.26 kcal mol,
CaMg(COs;), + CaSiO; — 2CaCO; + MgSiO;,
AG° = -5.56 kcal mol,
CaMg(COs;), + CaMgSi,04 —= 2CaCO; + 2MgSiO;,
AG® =-2.15 kcal mol,
CaMg(CO5), + CaMgSi,0; + 4/3H,0
—+ 2CaCO; + 1/3Mg,Si;0,o(OH)g + 2/3Si0,,
AG° = -4.67 kcal mol.
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Fig. 2. Scheme of the first cycle of Ca: the cycling of Ca carbonate. Indices of fluxes are explained in text.

Empirical data show that the quantitative propor-
tions of the masses and fluxes of Ca, Mg, and CO, in
the biosphere caused the shift of the reaction to the
right, which led to the exhaustion of Ca silicates and to
the stability of the assemblage of Mg silicates and Ca
and Mg carbonates. The CO, atmospheric pressure is
buffered by this assemblage owing to variations in the
amounts of Mg carbonates and silicates: an increase in
CO, flux in the atmosphere, for example, owing to inte-
rior degassing, causes the transformation of Mg sili-
cates into carbonates, while a decrease induces a shift
of the reaction toward silicate formation. Geological
observations indicate that this flux compensated by Mg
decarbonatization has never been lower than that
required for the complete transformation of Ca silicates
into carbonates and has never reached values at which
Mg hydrosilciates become unstable. These buffering
properties of the mineral assemblage of Ca—Mg car-
bonates and Mg silicates and resulting balance propor-
tions serve as the basis to quantify the geological evo-
lution of sedimentation and degassing of the Earth’s
interiors.

GEOCHEMICAL CYLCE OF Ca

The first cycle of Ca is the cycle of Ca carbonate.
The surface cycling of Ca carbonate includes the fol-
lowing reactions and processes (Fig. 2).

(1) Dissolution of Ca carbonate in ancient sedimen-
tary rocks during weathering and the formation of eas-
ily soluble bicarbonate (main modes of occurrence of
dissolved Ca in the riverine flux) by the reaction

CaCO3 + C02 + Hzo — Ca(HCO3)2. (1)
carb.Ca

The value of the dissolved Ca flux (Jeme) 1S deter-
mined by the rate of chemical weathering during the
denudation of surface continental rocks and the abun-
dance of Ca carbonate in them; the partial flux of Ca
carbonate in sedimentation basins in the form of partic-
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ulate matter owing to incomplete dissolution is not
involved in the balance system, but reflects only the
mechanical redistribution of Ca from the denudation to
the sedimentation zone.

(2) The rate of chemical weathering of Ca carbonate
unambiguously defines the value of the CO, flux con-
sumed from the atmosphere according to reaction (1);
in equivalent units (each 40 g of Ca coming into the
chemical weathering zone consume 44 g of CO, from

carb.Ca
weather *

CO,
the a'[mOSPhere), J weather.1 — J

(3) The deposition of Ca carbonate in sedimentation
basins accompanied by the decomposition of bicarbon-
ate and the return of CO, consumed during weathering
according to the reaction (reaction of “reverse weather-
ing”) in the atmosphere by the reaction

Ca(HCO5), —= CaCO; + CO, + H,O0.  (2)

The value of the precipitation flux of Ca carbonate

( I ) is determined by the rate of the continental

sink of Ca bicarbonate. Since Ca is not accumulated in
route to the hydrosphere owing to seawater saturation
with respect to Ca carbonate, this value should be equal

carb.Ca
=]

carb.Ca
weather ) .

to the weathering flux (Jq |

(4) The rate of Ca carbonate precipitation unambig-
uously defines the value of the reverse CO, flux from
the hydrosphere (sedimentation basins) into the atmo-
sphere, which should accordingly be strictly equal to
the rate of CO, consumption during weathering
(J Sﬁzl =] Svgjmer. 1). There are no grounds for anticipat-
ing the disturbance of either this balance or the steady
state of the first Ca cycle.

The participation of water in weathering and precip-
itation reactions does not limit the Ca and CO, fluxes,
because of the giant water resource in the hydrosphere
and a high rate of its surface cycling (H,O flux con-
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Fig. 3. Scheme of the second cycle of Ca: the weathering of silicates and aluminosilicates and the precipitation of newly formed Ca

carbonate. Indices of fluxes are explained in text.

sumed by weathering accounts for only a small fraction
of the atmospheric hydrological cycle).

The second cycle of Ca is the weathering of silicates
and aluminosilicates and the precipitation of a newly
formed Ca carbonate. This cycle includes the following
reactions and processes (Fig. 3).

(1) The carbonatization of Ca silicates and alumino-
silicates in crystalline (magmatic and metamorphic)
rocks during weathering with the formation of a readily
soluble Ca bicarbonate

CaSiO; + 2CO, + H,0 —» Ca(HCO,), + Si0,, (3)
CaAl,Si,04 + 2CO, + H,0

4

silic.Ca

The value of the dissolved Ca flux (J e ) 1S deter-

mined, as in the first Ca cycle, by the chemical weath-
ering rate of continents and the abundance of Ca sili-
cates and aluminosilicates in them.

(2) The rate of chemical weathering of Ca silicates
and aluminosilicates uniquely determines the flux of
CO,, which is consumed from the atmosphere accord-

. . . . . .CO
ing to reactions (3) and (4); in equivalent units, J e =
o) Jsilic,Ca

weather *

(3) The deposition of Ca carbonate in sedimentation
basins, which is accompanied by the decomposition of
bicarbonates and the return of CO, consumed during
weathering to the atmosphere according to reaction (2).

The precipitation flux value of newly formed Ca car-

bonate (J<*™*) depends on the rate of the newly

formed Ca bicarbonate flux from continents and should

carb.Ca

be equal to the Ca silicate weathering flux (J4, =

silic.Ca
J weather ) .

(4) The precipitation rate of newly formed Ca car-
bonate directly defines the value of reverse CO, flux
from the hydrosphere into the atmosphere, which
should be, accordingly, strictly equal to half of the CO,
amount consumed during the weathering of silicates

and aluminosilicates ( JSC:;,ZZ =0.5J if;meﬂ ), since the
other half is incorporated in sedimentary rocks with
newly formed CO,. To maintain a CO, balance in
exchange reservoirs (hydrosphere and atmosphere), it
is important to compensate CO, by an ingress from
additional source. The evident additional source could
be juvenile CO, flux or, as will be shown below, CO,
redistribution between the cycles of Ca and Mg. To pre-
serve the balance, this additional flux (source) of CO,,

designated here as Jiifc‘l (Fig. 2), should be equal to
co,

05 Jwealher.Z .

The scheme of the overall (total) surface cycle of Ca
is shown in Fig. 4. Symbols in this figure are the same
as in Fig. 1 and 2, with the exception of a combination
of the same fluxes:

CO, co, Cco,
J weather.Ca — J weather. 1 +J weather.2 »

Cco, CO, co,
Jsed. Ca = Jsed.l + Jsed.Z ’
carb.Ca carb.Ca carb.Ca
Jsed. = Jse:d.l + Jsed.2

The mass balance condition requires equality
between the precipitation fluxes of Ca carbonates and
the total of the weathering fluxes of Ca carbonates and
silicates, which serves as the boundary condition for the
total rate of the surface Ca cycle.

Jcarb‘Ca _ Jcarb.Ca Jsilic.Ca
sed. weather. weather. »
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Fig. 4. Scheme of combined (integral) surface Ca cycling. Indices of fluxes are explained in text.

and equality between the consumption flux and the total
atmospheric flux of CO, during weathering

o, Co, o,

Jweather. Ca = Jsed.Ca Jsourc.l ;
with
CO, silic.Ca
J sourc.l J weather *

GEOCHEMICAL CYCLES OF Mg

The first cycle of Mg is the cycling of Mg carbonate
and silicates in sedimentary rocks. The surface cycling
of Mg carbonate and hydrosilicates involves the follow-
ing reactions and processes (Fig. 5).

(1) Dissolution of Mg carbonate from ancient sedi-
mentary rocks during weathering with the formation of
highly soluble bicarbonate (the major mode of occur-
rence of Mg dissolved in the riverine flux) by the reac-
tion

The value of the dissolved Mg flux (Jsfer:tﬁff) is

determined by the rate of chemical weathering during
the denudation of the continental surface rocks and by
the abundance of Mg carbonate in them; the partial sink
of Mg carbonate (dolomite) in the form of particulate
matter in the sedimentation basin owing to incomplete
dissolution is not considered in the balance system
because it reflects only the mechanical redistribution
from the denudation into the sedimentation zone.

(2) The rate of chemical weathering of Mg carbon-
ate directly controls the value of the CO, flux con-
sumed from the atmosphere according to reaction (5);

. . . Cco carb.M
in equivalent units, J We;[herj =] therg .

(3) Dissolution of Mg hydrosilicates in ancient sed-
imentary rocks during weathering, with the formation

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 8

of readily soluble Mg bicarbonate by the reaction
(Mg hydrosilicate is exemplified by chlorite)

1/6Mg,Si,0,,(OH); + 2CO, + 1/3H,0

6
—= Mg(HCO,), + 2/3Si0,. ©)

The value of the dissolved Mg flux (IS M 1y is

determined by the rate of chemical weathering during
the denudation of continental surface rocks and by the
abundance of Mg hydrosilicates in them.

(4) The rate of chemical weathering of Mg hydrosil-
icates unambiguously determines the value of the CO,
flux consumed from the atmosphere according to reac-

silic. Mg

. . . . .CO
tion (6); in equivalent units, J . her s = 2 Jweather 1 -

(5) Deposition of Mg carbonate in sedimentation
basins associated with the decomposition of bicarbon-
ate and the return of CO, consumed during weathering
to the atmosphere following the “reverse weathering”
reaction

Mg(HCOs5), — MgCO; + CO, + H,,0. @)

(6) The precipitation rate of Mg carbonate defines
part of the reverse CO, flux from the hydrosphere to the

CO . . .
atmosphere (J.,’3), which equals, in equivalent

amounts in accordance to the stoichiometry of reac-
carb. Mg )

tion (7), the value of the Mg carbonate flux (Jo4 ;
(7) Deposition of Mg hydrosilicates in sedimentation
basin associated with the decomposition of dissolved

bicarbonate and interaction with dissolved (and, perhaps,
also particulate) silica according to the reaction

Mg(HCO;), + 2/3Si0,

(8) The precipitation rate of Mg hydrosilicate
defines part of the reverse CO, flux from the hydro-

®)

2006



746 YAROSHEVSKY
Atmosphere
CO,
J(sjeodzj J(.s?eod2.4 nggglherA vc,gfmerg
Weathering
Ocean Riverine flux
Ca(HCO3), .
Tstig carb Mg
SiO, * |

Sedimentation

Jsilic.Mg

I sed )
MgCO; i

Si0, MgSi;0,o(OH); MgCO;, ‘

Sedimentary rocks

|

MggSi40,0(OH)g

Fig. 5. Scheme of the first cycle of Mg: the cycling of Mg carbonate and hydrosilicates in sedimentary rocks. Indices of fluxes are

explained in text.

co S .
sphere to atmosphere (J,’;), which is, in equivalent

amounts, twice as high as the value of the Mg hydrosil-
icate flux (J2 M ).

When a system is completely closed with respect to
CO, cycling, a complete balance is kept,

Jcarb.Mg _ Jcarb Mg
sed. 1 weather

Jsilic Mg _ Jsilic.Mg
sed. 1 weather. 1

o,

] Co, co, Co,
sed.3

+ Jsed.4 = Jweather.3 + Jweather.4 ’

and cycling is maintained in a steady state.

However, the “double” carbonate—silicate cycle of
Mg has a feature that may be very important for a sys-
tem open with respect to CO,. The appearance of addi-
tional fluxes (for example, CO, consumption during the
weathering of Ca silicates and aluminosilicates) should
cause an increase in the reverse CO, flux in the atmo-
sphere owing to the additional precipitation of Mg
hydrosilicate instead of carbonates, thus compensating
the consumption of atmospheric CO, for the precipita-
tion of newly formed Ca carbonate. An additional sup-
ply of, for example, juvenile CO, must cause a partial
compensating transfer from the Mg hydrosilicate into
carbonate fluxes. The possibility of compensating the
external influence of the redistribution of Mg fluxes
between carbonate and silicate constituents follows
from the conditions of the thermodynamic stability of
the assemblage of Ca and Mg carbonates and silicates
and reflects the aforementioned buffering role of coex-
isting Mg carbonate (dolomite) and hydrosilicates (clay
minerals) throughout the whole geological evolution of
the sedimentary shell.

The second cycle of Mg involves the weathering of
silicates and the precipitation of newly formed Mg car-

GEOCHEMISTRY INTERNATIONAL  Vol. 44

bonates and hydrosilicates. This cycle comprises of the
following reactions and processes (Fig. 6).

(1) Carbonatization of Mg silicates in crystalline
(magmatic and metamorphic) rocks during weathering
with the formation of an easily soluble Mg bicarbonate

MgSiO; + 2CO, + H,0 —= Mg(HCO,), + SiO,. (9)

The value of the dissolved Mg flux (Jiiﬁj;,?jfz) is

determined, like in the first cycle, by the rate of the
chemical weathering of the continental surface and
abundance of crystalline rocks bearing Mg silicates.

(2) The chemical weathering rate of Mg silicates
unambiguously defines the value of the atmospheric
CO, flux according to reaction (9); in equivalent units,

co,
€0

_ silic. Mg
weather.5 — 2]

weather.2 *

(3) The deposition of Mg hydrosilicates in sedimen-
tation basins according to reaction (8), which is accom-
panied by the decomposition of bicarbonate and the
return of CO, consumed during weathering to the
atmosphere; in the system closed with respect to CO,,
the precipitation flux of newly formed Mg hydrosili-

silic. Mg

cates (Jq» ~ ) must be exactly equal to the weathering

flux of Mg silicates (JThse ),
(4) The precipitation rate of newly formed Mg
hydrosilicates partly defines the reverse CO, flux from

the hydrosphere into atmosphere (Ji(;_z5 ), which is

equal to doubled precipitation flux of newly formed Mg
hydrosilciates.

However, as geological observations indicate that
juvenile CO, was continuously supplied to and
involved in surface cycling, part of the weathered Mg
silicates in crystalline rocks can be transformed into
carbonates. This process must be involved in the gen-
eral scheme of fluxes of second Mg cycle.
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hydrosilicates. Indices of fluxes are explained in text.

(5) The precipitation of newly formed Mg carbonate in
sedimentation basins according to reaction (7), which is
accompanied by the decomposition of bicarbonate and
the partial return of CO, consumed during the weather-

ing of silicates to the atmosphere (J ?6(326 ). The value of

the precipitation flux of newly formed Mg carbonate

(J* M2y i determined by the supply rate of the

required amount of CO, from an external source

J iOuic.z ). Correspondingly, the precipitation flux of Mg

carbonate increases by the value of this flux, in equiva-
lent amounts; the precipitation flux of Mg hydrosili-
cates and the reverse CO, flux from the hydrosphere to
the atmosphere by the same value.

A scheme of combined (total) surface cycling of Mg
is shown in Fig. 7. Symbols in the figure are the same
as in Figs. 4 and 5, with the exception of the combina-
tion of the same fluxes:

CO, CO, CO, CO,
J weather. Mg =] weather.3 J weather.4 J weather.5 »
CO, Co, Co, Cco, CoO,
Jsed.Mg = Jsed43 + Jsed.4 + Jsed.5 + Jsed.6 H

J(:arbAMg — Jcarb.Mg Jcarb.Mg .

sed sed.1 sed.2 ’
silic.Mg  __ ysilic.Mg silic.Mg
Jsed - Jsed.l Jsed.2

The maintenance of a balance requires that the pre-
cipitation fluxes of Mg carbonates and hydrosilicates
should be equal to the total of the weathering fluxes of
Mg carbonate and hydrosilicates and Mg silicates in
ancient crystalline rocks, which is the boundary condi-
tions for the total rate of surface Mg cycling,

Jcarb.Mg Jsilic.Mg _ Jcarb.Mg Jsi]ic.Mg Jsilic.Mg
sed sed — Y weather weather. 1 weather.2 »

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 8

and that the CO, consumption flux during weathering
should be equal to the total of CO, fluxes supplying the
atmosphere

CO,

) Co, Cco,
weather. Mg =

Jsed.Mg + Jsourc.Z;

J

at the same time,

CO, carb.Mg
Jsourc.2 = Jsed.Z

An important feature of surface Ca and Mg cyclings,
which is of principal significance for the scheme of bal-
ances considered in this publication, is their relation
through CO, redistribution, which depends on the bal-
ance of two independent fluxes, the weathering rate,
which determines the weathering fluxes of Ca and Mg
and the degassing rate of CO,. This relation predeter-
mines the relative sedimentation rates of Ca and Mg
carbonates and, respectively, the proportions of these
elements in the precipitating sedimentary rocks. Varia-
tions in the values of the fluxes of weathering, on the
one hand, and degassing, on the other hand, are geolog-
ical factors that control the composition of carbonates
during the geochemical evolution of the sedimentary
shell.

SIMULTANEOUS CYCLING OF Ca AND Mg

The described scheme of the balances of Ca, Mg,
and CO, fluxes makes it possible to construct a general
scheme of fluxes, which can be represented as follows.
Note that this scheme considers empirical geological
observations, which indicate that the ratio between the
rates of the chemical weathering of continental rocks
and ingress of juvenile CO, during the evolution of the
sedimentary shell provided conditions for the stability
of only one Ca compound, carbonate (CaCQOj), incom-
plete Mg carbonatization, and the existence of two pre-
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Fig. 7. Scheme of the combined (complete) surface cycle of Mg. Indices of fluxes are explained in text.

cipitation fluxes of Mg: carbonate (MgCO;, more
exactly, dolomite) and hydrosilciates.

The precipitation flux of Ca carbonate is uniquely
determined by the former factor: the denudation rate
and abundance of Ca minerals in the sedimentary and
crystalline (magmatic and metamorphic) continental
rocks exposed for weathering

carb.Ca

silic.Ca
=] weather

carb.Ca J
weather *

J sed

(10)

The total of precipitation fluxes of Mg carbonate
and hydrosilicates is also determined by the weathering
rate and content of Mg minerals in the denuded rocks:

carb.Mg silic.M, carb.Mg
J J £

=] silic. Mg silic.Mg
sed sed — Y weather

+ Jwealher.l + Jweather.Z > (1 1)

but the relationships between the precipitation fluxes of
carbonate and hydrosilicates are not equal, generally, to
respectively the weathering fluxes of Mg carbonate and
silicates but depend on the latter factor, the rate of the
juvenile CO, flux into the biosphere (degassing rate of
the Earth’s interior). There can be two possible propor-
tions of the rates of these two geologically independent
processes. If the flux of juvenile CO, is less than that of
the carbonatization of Ca silicates and aluminosilicates,
a mechanism is initiated that redistributes Mg from the
carbonate to hydrosilicate fluxes:

Jcarb.Mg _ Jcarb.Mg Jcarb.Mg
sed — “Yweather — weather »

(12)

Jsilic.Mg _ Jsilic.Mg Jcarb.Mg
sed weather weather *

(13)

In these equations, x is the fraction of the Mg flux,
which is redistributed from carbonate into hydrosilicate
species. This fraction is quantitatively determined by
the difference between the weathering flux of Ca sili-
cates and aluminosilciates and the CO; degassing flux:

silic.Ca CO, carb.Mg
x= (Jweather - Jjuven )/ Jweathf:r .
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Substituting this equation into Egs. (12) and (13)
yields

silic.Ca

carb.Mg _ ycarb.Mg CO,
Jsed - Jweather Jjuven - Jweather > (14)
silic. Mg ysilic.Mg CO, silic.Ca
J sed =] weather J juven J weather * (15 )

If the flux of juvenile CO, is higher than the carbon-
atization flux of Ca silicates and aluminosilicates, the
Mg redistributing mechanism is also switched on, but
in opposite direction: the flux of Mg hydrosilicates is
partly transformed into the carbonate mode of occur-
rence

silic. Mg

carb.Mg _  ycarb.Mg

Jsed - Jweather y Jweather > (16)
silic.Mg  _ ysilic.Mg silic. Mg

Jsed - Jweather -y Jweather (17)

In these equations, y is a fraction of the Mg flux,
which is redistributed from hydrosilicate to carbonate
modes. Quantitatively, this fraction is determined by
the difference between the degassing flux of CO, and
the weathering flux of Ca silicates and aluminosilicates,
which has, unlike the first case, a positive value

Co,

y= (Jjuven - J;EZH&? )/ J:Iel;lli\grg .

Substituting this expression into Eqgs. (16) and (17),
we obtain equations similar to (14) and (15).

Thus, the system of equations for the balances of the
Ca and Mg fluxes (10), (14), and (15) describes all the
redistribution processes, which were taken into account
in the cycling schemes of sedimentation and includes
(in the right-hand side of the equations) an explicit form

of the factors quantitatively controlling the composition

of precipitating rocks: the weathering rate (J&oct

silic. Mg carb.Mg silic. Mg
J weather » J weather and J weather

) and the rate of the
Earth’ interior degassing, which does not depend on the

. . (e[0)
denudation rate of continental rocks J. .-

juven *
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A balance system can also be written for CO, fluxes
involved in the weathering and precipitation of Ca and
Mg compounds.

The CO, bounding flux during weathering (indices
of the fluxes are shown above) is as follows:

Co, CO, Co, CO, Co,
Jweather = Jweather.Ca + Jweather.Mg = Jwealher.l + Jweather.Z
Cco, Cco, co,
+ Jweather.3 + Jweather.4 + Jweather.S (18)
_ yCacarb.Ca silic.Ca carb. Mg silic. Mg
=J weather 2] weather J weather +2] weather *

In other words, the rate of CO, consumption from
biospheric exchange reservoirs (atmosphere and hydro-
sphere) is given by the denudation rate of continental
sedimentary, magmatic, and metamorphic rocks and is
the boundary conditions for the surface cycling of
Co,.!

The CO, flux in exchange reservoirs consists of two
components: the flux of juvenile CO, and the reverse
flux of CO, from sedimentation basins owing to the
decarbonatization of dissolved Ca and Mg:

co, Cco,
Jjuven Jsed
Co, Co, Co, Co,
= Jjuven + Jsed.Ca Jsed.carb.Mg + Jsed.silic,Mg

With regard for the relations of the precipitation
fluxes of Ca carbonate, Mg carbonate, and hydrosili-
cates to the corresponding weathering fluxes (Egs. (10),
(14), (15)), we obtain:

€O, CO, Co, carb.Ca silic.Ca carb. Mg
J juven +J sed — J juven J weather +J weather J weather
CO, silic.Ca silic.Mg silic.Ca Co,
+ Jjuven - Jweather 2 Jweather +2 Jwealher - 2Jjuven (19)
_ carb.Ca carb. Mg silic. Mg silic.Ca
=] weather +17 weather +21] weather +21] weather *

The right-hand side of Egs. (18) and (19) are the
same, implying a simple condition of CO, mass bal-
ance in the biospheric exchange reservoirs:

Co,
weather

CO,
juven

Co,
+ Jsed

J =] (20)

Equation (20) is the condition of a steady state of
biospheric exchange reservoirs, which is evidently
related to the steady state of the surface cycling of Ca

and Mg.

—

CO, cycling in the biosphere includes CO, consumption by liv-
ing organisms during photosynthesis. It should be emphasized
that, first, the biogeochemical cycling of C, is geologically
minute and is always (>99.5%) closed, and, second, the global
CO, balance is contributed only by the flux of C,, buried in sed-
imentary rocks, but it is negligible (less than 0.5% of the primary
production) and exerted almost no effect on the global balance of
carbonate carbon.
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Equations (10) and (14) can be used to obtain a rela-
tion that controls the composition (Ca/Mg ratio) of car-
bonates in the sedimentary shell:

carb.Ca carb.Mg
J sed / J sed
_ carb.Ca silic.Ca carb.Mg
- ( J weather +J weather )/ ( J weather (2 1)
CO, silic.Ca
+ Jjuven - Jweather )

This equation demonstrates a simple relation
between the Ca/Mg ratio in carbonates and the flux of
juvenile CO,: an increase in the latter leads to an
increase in the denominator and, correspondingly, a
decrease in the proportion of the limestone to dolomite
abundances (decrease in Ca/Mg ratio), and, on the con-
trary, a decrease in the degassing rate of the Earth’s
interior leads to a decrease in dolomite abundance. This
equation can be used to obtain the conditions of a con-
stant Ca/Mg ratio in carbonates during sedimentation,
i.e., a relation between weathering and degassing rates
at which the Ca/Mg ratio in newly formed carbonates is
similar to that in the weathered ancient carbonates:

carb.Ca

carb.Ca _ carb.Mg
J =] weather / J weather

carb.Mg
sed /J

sed

_ carb.Ca silic.Ca carb.Mg
- ( J weather + ] weather )/ ( J weather

silic.Ca

o,
- Jweather )

+ I

juven

. . . . co
The solution of this equation with respect to Jjuvezn
yields

o0

jwen = Tneainr (e / Tveaper + - (22)

As can be seen from Eq. (22), to preserve a constant
Ca/Mg ratio in carbonates, the flux of juvenile CO,
should exceed the weathering flux of Ca silicates by a
value proportional to the ratio of the weathering fluxes
of Ca and Mg carbonates (the expression in parentheses
in the right-hand side of the equation is universally
greater than one). A higher flux of juvenile CO, leads to
a decrease in Ca/Mg ratio [see Eq. (21)]. At a lower
degassing rate, the contribution of Mg carbonate (dolo-
mite) decreases.

CONCLUSIONS

The most interesting features of the balances, which
were reveled by examining the scheme proposed for the
surface cycles of Ca, Mg, and CO,, are as follows:
(1) the regulation of Ca and Mg carbonate fluxes by Mg
redistribution between carbonate and hydrosilicate
modes and (2) the compensation of variations in juve-
nile CO, fluxes by the internal redistribution of the
forms of Mg fluxes. These two features provide the
basis for the solution of the very important problems of
the internal (endogenous) and external (exogenic) geo-
dynamics.
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First, the denudation of continents, which consist of
primary (juvenile) silicates and aluminosilciates of Ca
and Mg, throughout the entire geological history of the
sedimentary shell suggests that the degassing of the
Earth’s interior existed for the entire geological history;
the supply of juvenile volatiles to the Earth’s surface
and their involvement in surface cycling is evident of
weathering. The structure of the sedimentary shell can-
not be explained by an “initial reserve” of volatiles in
the hypothetical “primary” atmosphere; the concepts of
this atmosphere have no factual basis. It is pertinent to
clarify the meaning of fairly indefinite terms of “juve-
nile” and “the Earth’s interiors”. In this context, the
term “the interiors” as a source of “juvenile” rocks and
volatiles includes mantle and deep-seated crustal mate-
rial. The operation of both of the sources during geo-
logical history of the sedimentary shell is an evident
fact. The exposure of granitoids and metamorphic
rocks, which were affected by decarbonatization during
metamorphism and granite formation, to weathering
distinctly demonstrates the input of a “rejuvenated”
(phreatic, according to V.I. Vernadsky) component in
juvenile flux of CO,, while the outflow of magmatic
(volcanic) mantle rocks at the surface and their incorpo-
ration in sedimentation definitely testify to truly “juve-
nile” mantle CO.,.

Second, the obligatory correspondence between the
juvenile CO, flux and the amounts of Ca and Mg sili-
cates and aluminosilciates supplied to the weathering
zone may be abandoned when the quantitative relations
of carbonate formation during the geological evolution
of the sedimentary shell are interpreted. This condition
seems to be peculiar since there is no evidence of any
quantitative correlations between these processes. The
only limitation of this conclusion is that the juvenile
CO, flux (in equivalent units) could not be lower than
the weathering rates of Ca silicates and aluminosili-
cates and the complete decarbonatization rate of Mg
and could not be higher than the limiting flux at which
hydrosilicates would disappear as equilibrium Mg
compounds from the biosphere. However, this range of
values is fairly wide.

Third, to explain the variations in the proportions of
Ca and Mg carbonates with geological time within the
framework of our stationary model, neither the change
in the CO, resource in the exchange biospheric reser-
voirs, nor corresponding variations in the abundance of
Ca and Mg supplied to the weathering zone (constant
ratio of fluxes of these elements in the continental sink)
are required.

In this aspect, very important consequences follow
from the drastic decrease in the dolomite abundance in
the sedimentary shell starting at Mesozoic time. Within
the scope of the model, this means only a sharp
decrease in the flux of juvenile CO, from this moment,
i.e., a dramatic decrease in the degassing rate of the
Earth’s interiors. Accepting this conclusion, we have to
admit that the onset of the formation of recent oceanic
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structures was accompanied by a significant modifica-
tion of the dynamics of endogenous and exogenic pro-
cesses, which was primarily expressed in a sharp dec-
celeration of the degassing process.

Of course, this conclusion is of model character and
its significance depends on the plausibility of our model
for surface Ca and Mg cycles. However, the model is
based on the only assumption that local chemical equi-
librium in weathering and sedimentation was main-
tained throughout the entire geological evolution of the
sedimentary shell, with all other characteristics of the
model seeming evident from geological viewpoint.
However, any complications of the model (for example,
due to the consideration of the geological kinetics of
these processes) will not affect the equation system,
and require only incorporation of the members in the
corresponding equations that take into account the
finite (on the geological scale) relaxation rates of the
reservoirs in response to outer disturbances. Evidently,
these considerations will require the incorporation of
the regime of relaxation fluctuations into the system
dynamics but will not modify the principal interrelations.
However, the problem does not concern abandoning the
model but rather the deviations from equilibrium per-
missible in the system, including deviations from the
stationary CO, content in the atmosphere, a parameter
believed to be critical in many schemes proposed for
the geological evolution of the biosphere. However, this
problem is beyond the scope of the model considered in
the paper.
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