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Abstract—A reservoir model describing the time evolution of the sedimentary cycle of sulfur over the past
800 my has been developed. As a first approximation, the ocean sulfate concentration is assumed to be
time-independent. With this assumption, the model is integrated backward in time and a new initialization
procedure is derived in order to calculate the present state of the system which must be compatible with
both observational data and model equations. The effects of a variation of the present state of the cycle on
its past evolution are investigated. It is found that, when the present gypsum reservoir content is too low or
when the weathering rate constants are too high, no acceptable solution can be obtained for the evolution
of the cycle, since one reservoir is forced to depletion. The sensitivity of the model to the mean isotopic
composition of the sedimentary system and to the fractionation factor during pyrite formation is also studied.

Moreover, a model with time-dependent ocean sulfate concentration was developed. The existence of an
acceptable solution appears to be linked to the steady state hypothesis for ocean sulfate, since a model with
no acceptable steady state solution may be integrated until 7 = —800 my without any problem of reservoir
depletion when the time-dependent equations are used.

A tentative evolution of the ocean sulfate concentration is calculated. It is shown that this concentration
is negatively correlated to the 3*S of seawater sulfate. The carbon cycle is modelled in order to compare
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the calculated §'°C of carbonate deposits to the observational data.

INTRODUCTION

IN THE PAST, much effort was devoted to the description
of the present state of the geochemical cycles. Recently,
time-dependent numerical models of the evolution of
the ocean-atmosphere-crust system were developed by
several groups. In this paper, we propose an analysis
of several mathematical problems linked to the mod-
eling of the long-term evolution of the Phanerozoic
sulfur cycle. The knowledge of this geochemical cycle
is important for various reasons. From an ecological
point of view, the sulfur cycle is tied to important bio-
logical processes such as sulfate reduction by bacteria.
The sulfur cyele is also essential to improve our knowl-
erse of the long-term evolution of the atmospheric
~_-position. The evolution of atmespheric oxygen is
closely linked to the evolution of the sulfur eycle since
pyrite burial and pyrite weathering are respectively a
source and a sink for atmospheric oxygen. Moreover,
the mixing ratio of atmospheric carbon dioxide (and
consequently the climate) depends on the alkalinity of
seawater and thus on ocean sulfate concentration.
Therefore, despite the low atmospheric abundance of
sulfur compounds, a time-dependent model of the
geochemical sulfur cycle is necessary to describe the
long-term evolution of atmospheric composition and
climate.

HoOLSER and KAPLAN (1966) published observa-
tional data on the Phanerozoic evolution of 8**S of
sulfates in evaporite deposits showing important time
variations. Since evaporites are formed from seawater
evaporation (a process which does not appreciably alter
the isotopic composition of sulfates), their 5*S reflect
the isotopic abundance of seawater sulfur at the time
of deposition. Thus, it is clear that the sulfur isotopic

composition of seawater has greatly varied throughout
the Phanerozoic. REES (1970) developed a model in
which the ocean sulfate content is in steady state and
showed that this steady state assumption is compatible
with the time variations of 5*S of scawater. He argued
that the §*‘S of seawater is governed by the relative
magnitude of the deposition rate of sulfur in evaporite
formations to the deposition rate of pyrite (light) sulfur
in the sediments. HOLLAND (1973) has extended the
model of Rees to the general case where the seawater
sulfate concentration is allowed to vary. He derived a
relationship linking the time variation of §*S of sea-
water to the isotopic composition of river water and
to the ocean sulfur input and output fluxes.

GARRELS and PERRY (1974) presented steady state
models describing the present state of the geochemicat
cycles for the major elements. They also studied a sys-
tem in which the atmosphere and ocean have a con-
stant composition. They proposed the following global
chemical reaction:

4FeS, + 8CaCO; + TMgCO; + 7Si0, + 31H,0 2
8CaSO, - 2H,0 + 2Fe,0; + 15CH,0
+7MgSiO;. (R1)

This chemical reaction, which can evolve either to the
right or to the left, represents the global exchanges be-
tween the main sedimentary reservoirs of the crust.
The atmosphere and oceans are only “transit™ reser-
voirs and do not affect the contents of the sedimentary
reservoirs.

SCHIDLOWSKI ¢t al. (1977) developed a time-depen-
dent model of the sulfur and carbon cycles based on
the available data for the history of seawater $*S and
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8'3C. They studied the evolution of the sulfate-bound
oxygen (crust + ocean) and calculated the Phanerozoic
evolution of the reservoir of total oxygen (atmospheric
+ sedimentary) which is the stoichiometric equivalent
of sedimentary organic carbon reservoir. SCHIDLOWSKI
and JUNGE (1981) repeated a similar calculation based
on new mean values, by VEIZER et al. (1980), of $°C
for the carbonates deposited during the different geo-
logical periods (these 8'*C have also been revised by
VEIZER, 1983).

CLAYPOOL et al. (1980) reported revised values for
the Phanerozoic evolution of 5*S in evaporite deposits.
The '3C of VEIZER et al. (1980) show a negative cor-
relation with these 5*4S values, suggesting that the car-
bon and sulfur cycles are linked together. VEIZER et
al. (1980) proposed that the linking process was the
chemical reaction (R1). Using the same assumption,
GARRELS and LERMAN (1981) (hereafter referred to as
GLS81) developed a time-dependent reservoir model of
the Phanerozoic cycles of carbon and sulfur. Under
the assumption that the ocean sulfate is in steady state
they calculated the evolution of the sizes and mean
isotopic composition of the sedimentary pyrite and
gypsum reservoirs. As a result of (R1), pyrite and or-
ganic carbon (CH;0) deposition rates must be nega-
tively correlated. However, in modern sediments, the
abundance of pyrite and organic carbon are propor-
tional, a relationship which would suggest a positive
correlation. This apparent paradox was explained by
BERNER and RAISWELL (1983) (hereafter referred to
as BR): the location (marine or continental) of organic
carbon and pyrite deposition changes from one period
to another, so that the rates of these depositions can
be negatively correlated since continental sediments
contain less pyrite than marine sediments. GARRELS
and LERMAN (1984) (hereafter referred to as GL84)
revised the numerical method of GL81. They observed,
indeed, that the initial version of their model was not
reversible in time.

In the GL81 and GL84 models, the time evolution
of the sulfur cyele is calculated backward from the
present state of the cyele. However it is difficult to assign
correct values to present contents and mean §*S of
total reduced and oxidised sulfur sedimentary reser-
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voirs. Thus, it is of interest to investigate the effects of
a variation in the present state of the sulfur cycle on
its calculated past evolution.

Such an investigation, based on a new initialization
procedure, is presented in this paper. Two important
aspects are examined. First, there exists a domain of
present conditions for which the model has no ac-
ceptable solution, as a result of an incompatibility be-
tween the present reservoir sizes and the observational
5*S values of the evaporite deposits. The boundary of
this domain is studied. Secondly, the sensitivity of the
model to the mean §**S of the sedimentary system and
to the fractionation factor during pyrite deposition is
analysed. The validity of the model will be tested in
two ways: the results will be compared with previous
models and the integration will be reverted in time to
ensure numerical stability. Since, in Garrels and Ler-
man’s models, the ocean sulfate reservoir is assumed
to be in steady state, we propose to analyse this ap-
proximation. As in the GL81’s paper, the carbon cyc’
is modelled in order to compare the calculated 8"°C or—
carbonate deposits to the mean observational data of
VEIZER et al. (1980).

THE MODEL

The sulfur and carbon systems are both divided into
three reservoirs. The first one represents the element
in the ocean-atmosphere system and the other two the
element in the crust in reduced and oxidised states. In
Fig. 1, a subscript is assigned to each reservoir. S,, S,
and C,, Cg are respectively the contents of reduced
and oxidised sedimentary sulfur and reduced and ox-
idised sedimentary carbon reservoirs. S; and C, are the
sulfur and carbon contents of the ocean-atmosphere
system.

The isotopic composition of reservoir i is represented
by r; or 3;, where r; is the ratio of the quantity of heavy
to the quantity of light isotope in the reserveir and §;,
expressed in per mil, is related to r; by

Kot

ai=(§—1)x1o?(%a), m

® Ocean Ocean-atmosphere @
r— Sulfate - —] CO:,HCO3,C03 -
S3,8; C..8,
Fy Fis Fa3 Fa Fis Fs. Fse Fis
\')rcduced crustal oxidised @ @ reduced oxidised @
sulfur crustal sulfur crustal carbon crustal carbon
pyrite sulfate organic carbon carbonates
S, 6 51,8 Cs, 65 Cs, &6

FIG. 1. Sedimentary cycles of sulfur and carbon as modelled in the numerical simulations.
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with r, the ratio of the abundance of heavy to the
abundance of light isotope in the standard for the mea-
sure of 83S (i = 1, 2, 3) or 8'3C (i = 4, 5, 6). With this
definition, §; is the mean value of 3*S or 5'*C in the
reservoir.

1. Sulfur

Reduced sedimentary sulfur is composed mainly of
pyrite (FeS,) which is formed by bacterial sulfate re-
duction in seafloor sediments. During this process, an
isotopic fractionation occurs so that the pyrite is iso-
topically lighter than the sulfate from which it origi-
nates. In other words, if, at a given time, the sulfate in
the ocean has an isotopic composition é3, the pyrite
which forms in the sediments has the composition
8 = 5; + off?, where af’ is a negative number. In the
model, this fractionation factor of is assumed to be
time-independent and equal to —35%.. This value, also

ypted by GL81 and GL84, is a mean of different

“mractionation factors showing substantial discrepancies
(CLAYPOOL et al., 1980). The flux of pyrite deposition is
labelled Fy,.

The reservoir of oxidised sedimentary sulfur is com-
posed of sulfate minerals (gypsum and anhydrite)
which are mostly deposited during evaporite formation
(F3,). This deposition flux is accompanied by a frac-
tionation process: the sulfate in newly deposited evap-
orites is heavier than seawater sulfate. Thus the frac-
tionation factor o’ for sulfate deposition is positive.
In the model, its value is 1.5%0, not very different from
the 1.65%0 value of CLAYPOOL et al. (1980), it is also
assumed time-independent.

Fy; and F,; are weathering fluxes which feed the ocean
sulfate reservoir. They are assumed to be proportional to the
sizes of pyrite and gypsum reservoirs, i.e.

Fi3=kys8, )

Foy = kS,. 2)

With these assumptions, it is possible to derive three relations

cribing the time evelution of §,, 8, and §;. Using a method

“Stilar to HOLLAND (1973), we write from the definition of
I

= g,

dry_d (“s,) 1 (d"S, d”S,) 3

at di\%s, a a
where 32S; and *S, are the numbers of moles of *2S and S
in ocean water. Let r{? be the *S/32S ratio in pyrite formed

by sulfate reduction in seafloor sediments and r@ the same
ratio for sulfate formed during evaporite deposition, then

d3453 n T2 r§” fg)

- + - Fy——= 4
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ass, 1 1 1 1
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Introducing these values of d*S;/dt and d°?S;/dt in (3) and
noting that *2S; = S;/(1 + r3), it comes:

S; dr, n—r; h—nr
= 13 Fy
l+rndt t+n 14+n,
r—rg n—rf
1470 F3'+_l+r§2’ Fi.  (5)
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The time evolution of r, and 7, may be obtained in a similar
fashion:

S| dﬁ r&" —n
PRI 6
1+r dt 1+ri;"F’I ©
Sz drz_ Tg)—’z
l+rpd 1+/2 Fa. ©
Making use of (1), noting that, for usual values of g,
é 1
—<—+1 7
103 = Ta ™
and since 8 = 5; + of and 8 = 55 + o, it comes
ds
$1— =@y +af)—5)Fy, ®
t
db
S;—= (33 +af —8)Fn ®)

dé
S 71,—’ = (8, — 8:)F 13+ (5= 85)Fps — o 'F3, — ofPFy,.  (8)

This set of three differential equations may be completed with
another set of equations describing the time evolution of res-
ervoirs:

ar =Fy—Fy;3 ()]
ds.
—d_tz- =Fp—Fy o
s,

e (Fi3+ F3)— (F3y + Fa).

When relations (8), (8'), and (8") are added together, it can be
shown, using (9), (9) and (9") that the quantity §,S, + &,S;
+ 8,5, is a constant. Since the total sulfur Sy =8, + S; + S,
is a constant, this means that the mean isotopic compesition
of the whole system

ss _ 8181, + 6282. + 6383

S;+85;+8S;
is also a constant, as stated by GL8k and GL84. Note that
this statement is true only for the domain of § values where

(7) is valid but if a reservoir was to become abnormally en-
riched in S, relations (5), (6) and (6") weuld have to be used.

b

€10)

The curve plotted in Fig. 2 is from CLAYPOOL ef al.
(1980) and shows the 5*S of sulfates (3§") deposited in
seafloor sediments of various geological ages. The §3S
of seawater at the time of deposition is obtained by
subtracting of® from 5§ value of Fig. 2, so that the
function 8; and its derivative in relations (8), (8) and
(8”) are known.

Since 85 is known, Eqns. (2), (2), (8), (8, (8"), (9),
(9" and (9”) form a system of eight equations with nine
unknowns (4 fluxes, 3 reservoir sizes and 2 é values).
One equation is lacking for the solution to be found
and it is thus necessary to make a last hypothesis or to
constrain the model with other observational data.

As a first approximation, it can be assumed that the
sulfate content of the oceans is constant, i.e.

ﬁ=0 and S;=S50)

dr an

where S;(0) is the present value of S;. Both GL81 and
GL84 made this steady state assumption and used an



£34S OF EVAPORITE DEPOSITS , %

2292

n
]
1

101"

pE

7680

[EJoBlolc PR I T X 1T
0 50'. . 1;0 208

iee [}
TIME (my BP)

8eo €80 4ee

FIG. 2. 5*S of sulfate in evaporite deposits of different geo-
logical ages as reported by CLAYPOOL et al. (1980).

explicit method to integrate the system of differential
equations, with time steps of 10 my. We have integrated
the system with an implicit procedure using Gear’s
method (GEAR, 1971) for systems of differential equa-
tions. In order to test this steady state approximation,
it is interesting to allow the ocean sulfate content to
vary, assuming that the relation among F3; and the
other variables of the model is known. The simplest is
to assume that Fs, is proportional to S;, i.e.

Fy, = k3,8;. (12)
A dependence of F3; on S; of the form
Fi33 = k(8; — Ss(eq)) (12)

will also be used in the model calculation.

Si(eq) represents an equilibrium value of S; under
which the oceans would become globally undersatu-
rated relative to gypsum and anhydrite. In fact, both
assumptions are highly speculative since the evaporite
deposition rate depends on many factors which are not
taken into aceount in thé model, such as climate, extent
of intracontinental seas, average concentration of cal-
cium in the ocean, ete.

2. Carbon

Oxidised sedimentary carbon is composed of car-
bonates (calcite, aragonite, dolomite, ete). Synthesis of
organic carbon by organisms is accompanied by a frac-
tionation process for which the mean fractionation
factor of® has a value of —25%0 (JUNGE et al., 1975),
so that the organic carbon deposited on the seafloor is
lighter than carbon in ocean (mainly HCO; and
CO3) and atmosphere (CO.). In the model, of has a
time-independent value of —25%. No fractionation
occurs during carbonates deposition. The fluxes of or-
ganic carbon and carbonate deposition are labelled Fis
and Fg.

Again, weathering fluxes (Fs4 and Fg,) are assumed to be
proportional to the sizes of organic carbon and carbonates
reservoirs:

L. M. Frangois and J.-C. Gérard

Fsqa=ksCs 13)
Fey=keCs. (13)

The time evolution of reservoir sizes and isotopic compositions
is described by the same relations as for the sulfur cycle, pro-
vided of?! be set equal to zero and subscripts 1, 2 and 3 be
replaced by 5, 6 and 4 respectively. Thus, one can write:

ac,

2= Faut Fu) = (Fis+ F) (14)
& F-F a4)
g‘?‘? =F—Fet (14)
ds, 5

C471?=(55—54)Fs4+(56—54)F«“¢1§:ch (15)
dé

c57;=(a.+a8>—6s)F.s (15)
db,

Co—) = Ga=80Fus. as',_

[fit is assumed that the transfers between the reservoirs of the
system can be globally represented by the chemical reaction
(R1), carbon and sulfur cycles are tied together and the evolu-
tion of Cs is imposed by the stoichiometry of reaction (R1),
ie

dcy_ 1545,

a8 ()

8 a’
For carbon, the steady state hypothesis for the ocean-
atmosphere system is more appropriate than for sulfur,
since the size of the ocean atmosphere reservoir of car-
bon is small compared to the sizes of the other reser-
voirs, so that moderate variations of eceanic and at-
mospherie carbon cannot appreciably modify the sizes
and isotopic compositions of the other reservoirs.

RESULTS AND DISCUSSION

1. Model with steady state ocean sulfate reservoir

Comparison with previous models. We first consider—

the steady state case for which S; is assumed to be
time-independent. In their steady state model, both
GL81 and GL84 neglected the fractionation process
taking place during sulfate deposition. GL81 integrated
the differential system backward through time until
600 my BP.

In their set of initial conditions, the three reservoirs
at the present time are in steady state with respect to
their sizes and isotopic compositions, that is neither
sizes nor 8 would change if the system was to evolve
without being constrained by 8>S of evaporite deposits.

GL84 have revised the numerical method in the
model of GL81. They noticed that the GL81 model
was not reversible in time. To overcome this problem
they developed a “movie model” in which the fluxes
are reversed. We have run our model with the same
initial conditions and the same rate constants as GL84.
The calculated evolutions are similar to those of GL84,
the relative deviations being at most of 10%, at the
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beginning of the Phanerozoic. This difference is attrib-
uted to the fact that GL84 did not include the frac-
tionation factor o in their model.

It is however interesting to study the evolution of
the sulfur cycle with initial conditions close to those
of GL81, in view of the uncertainties on the present
system. Thus, we have tried to integrate backward our
system of equations with the initial conditions of GL81.
However, the integration stops at 370 my BP where
S; tends to become negative. The problem is tied to
the sharp variation of 3; during Carboniferous time
(see Fig. 2). Thus, an apparent disagreement exists be-
tween our model and that of GL81, the latter being
integrable through whole Phanerozoic time. However,
when our equations are integrated forward with initial
conditions at ¢ = 600 my BP equal to the values ob-
tained by GL81 for that time, the integration is pursued
until £ = 0, at which time the results do not differ
=arkedly from GL81’s initial conditions.

_ Thus, we may conclude that, when the equations
are integrated backward, two domains of initial con-
ditions appear: one for which integration is stopped
and another for which integration is pursued through-
out the Phanerozoic. In what follows, a model which
cannot be integrated until £ = —800 my due to a res-
ervoir depletion will be said unintegrable. The word
“integrability” will be used with this particular meaning
and will not refer to its common mathematical signif-
icance. For initial conditions not too far from GL81’s,
the model is very sensitive to the initial values and
probably to numerical method (as mentioned earlier,
GL81 integrated the system step by step using an ex-
plicit method). In this region of high sensitivity, it is
interesting to test the time reversibility of our model.
Therefore, the model just deseribed (obtained by a for-
ward integration from the conditions of GL81 at ¢
= —600 my) has been integrated backward, starting
with the calculated present conditions. Between 0 and
300 my, the results of the forward and backward in-

~grations are very close, since they do not differ by
~more than 0.01%. Beyond the 3*S peak at 350 my,
the discrepancy is somewhat larger but it never exceeds
1.5%. Consequently, it is concluded that the problem
of reversibility in time does not arise in our model.
The lack of integrability obtained for a backward in-
tegration from the initial conditions of GL81 is not
simply numerical but denotes an incompatibility be-
tween these initial conditions and the recorded *S of
evaporites.

Using the steady state model of GL81, BR have cal-
culated the time evolution of the pyrite deposition rate
F;, with present values of pyrite and gypsum reservoir
contents higher than for the GL81 model. We have
also computed the same flux F;, using our system of
equations (backward integration) with the initial con-
ditions of BR. The results are presented in Fig. 3. A
good agreement is obtained with BR results: general
features are the same, both curves showing an obvious
positive correlation with 8*S of evaporite deposits (Fig.
2). The only differences between the two curves are
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FIG. 3. Burial rate of reduced sulfur (F3,) as a function of
time calculated (using our steady state model) with the fol-
lowing initial conditions for the present time (see text): S,(0)
= 250 X 10'® moles S, S;(0) = 250 X 10'® moles S, 5,(0)
= —16%0, 5(0) = 19%o0, F3,(0) = 0.5 X 10'® moles S/my, F3(0)
= 1.0 X 10' moles S/my. The constant value of ocean sulfate
reservoir content is 38 X 10'® moles S and the weathering
coefficients are k;; = 0.189 X 102 my ™ and k;; = 0.41 X 1072
my™'.

the peak values at about 220 my BP and 360 my BP.
In the BR model, these peak values of F3, are slightly
lower than ours. However this disagreement is possibly
due to different time resolutions of the models: the
cutve of Fig. 3 has been plotted with a time resolution
of 1 my whereas BR show only 30 points between 0
and 700 my BP. Another striking feature in Fig. 3 is
that, for some short epochs between 300 and 400 my
BP, F,, takes negative values. Especially, sharply neg-
ative values between 391 and 394 my BP have been
removed from the curve. However this situation is not
really troublesome since negative results appear for very
short time intervals and are due to local values of 4;
and db;/dt on which uncertainties are important
(CLAYPOOL et al., 1980).

In order to test the validity of their model, GL81
calculated the 8,;C values of carbonates deposited at
different geological ages with the assumption that car-
bon and sulfur cycles are linked together through the
stoichiometry of reaction R1, ie. the time evolution
of organic carbon reservoir is given by Eqn. (16). The
same calculations were repeated with the results of the
model presented in Fig. 3. The present state of the
carbon cycle was assumed to be the same as in the
GL81’s model. Mean values of 8'3C for the geological
periods have been computed, so that they can be com-
pared with means of observational data reported by
VEIZER et al. (1980). The results are given in Table 1.
The same general trends are observed between data
and model results in this sense that '3C are negatively
correlated with §*S. However some substantial differ-
ences exist between the two mean values for most geo-
logical periods. For example, the calculated mean §'°C
is too low for Tertiary, Cretaceous and Permian. The
same was true in the GL81 model as it is obvious from
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Table 1.
by Velzer et
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Comparison between obaervatlona11f‘3c reported
al. 3
from steady state and S

(1980) and ¢ “C calculated
time dependent models

for the sulfur cyclex

Time before 6‘30 values 613(2 values 6‘30 values
Period o d
present (my) from Veizer
et al.(1980) from the from the
fixed ocean S, time-
sulfate model ddpendent
of fig.3 model of
rig.7
Tertiary 0-65 0.59 0.17 0.12
Cretaceous 65-143 1.16 0.80 054
Jurassic 143-212 0.48 0.72 0.52
Triassic 212-2u47 0.92 1.23 0.90
Permian 2u7-289 2.00 1.57 1.43
Carboniferous 289-367 0.35 1.07 1.05
Devonian 367-416 0.21 1.03 1.01
Silurian 116-446 -0.15 -0.08 0.07
Ordovician 446-509 -0.79 ~0.27 -0.13
Cambrian 509-575 -0.57 -0.28 -0.29

their Fig. 4. This point will be further examined in the
discussion of the S; time-dependent model.

Integrability of the equations. Neither GL81 nor
GL84 did justify their initial conditions. There is no
obvious reason for all the present reservoirs to be in
steady state with respect to both sizes and isotopic
compositions. A new initialization method for sulfur
is presented in the Appendix. It enables us to fix only
two independent parameters: the present pyrite res-
ervoir content S,(0) and the present total weathering
flux F.,. The other initial values as well as the rate
constants k3 and k,; are implicitely calculated. In the
following text, the terms “initialization procedure” will
refer specifically to this new method. The initialization
procedure has been used for a set of models with present
values of S, varying from 100 X 10'® moles to 500
X 10'® moles and present total weathering flux Fy, in
the range 1.0 X 10! moles/my to 3.5 X 10'® moles/
my. As guessed earlier, two domains of S; and Fi
values appeared: one where the integration can be per-
formed until 800 my BP and another where the inte-
gration is stopped because either S, or S, reservoir is
depleted. An approximate boundary between the two
domains is represented in Fig. 4 (standard case). In-
tegrability occurs for high present values of S, or low
present weathering fluxes Fy,. S;(0) and F,,, values of
GLS81’s model fall near the boundary between the two
domains. This is the reason why, as shown earlier, their
model is very sensitive to the initial conditions or nu-
merical method used. On the contrary, both BR and
GL84 adopted higher S,(0) and S;(0) so that their
models are integrable.

In all the integrable models that we have run, the
gypsum reservoir content S, has a minimum value al-
ways located around 425 my BP. Such a minimum
has also been obtained by G1.84 and by SCHIDLOWSK1
et al. (1977), but not by GL81, a fact that suggests a
high sensitivity of the time evolution to the initial values
of S; and S,. This high sensitivity of the GL81 model
is tied to the proximity of their initial conditions to
the boundary of the domain of integrability. In fact,
our results indicate that in the vicinity of the boundary

between the two domains, the problem of non-integra-
bility arises because S, is forced to depletion. In som
cases, the problem is linked to the presence of the 425
my minimum, in this sense that, while the backward
integration is pursued after 425 my, S, continues to
decrease until depletion. In some other cases, however,
the problem is not the consequence of the 425 my
minimum. Indeed, this minimum is simply shifted
backward in time, but a second S, decrease appears
between 700 and 800 my BP and the reservoir tends
to become depleted.

The lower S, values between 700 and 800 my are
real, since they are also observed in the integrable
models, i.e. the S, evolution consists of a minimum
located at ~425 my and a maximum at ~725 my.
Near the boundary between the domains of integra-
bility, the height of the 725 my maximum is very sen-
sitive to the initial values (note that this is not true far
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T =
Vi
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e NON - INTEGRABILITY,
we
s
z
w201 -1
W DOMAIN OF
3 INTEGRABILITY
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PRESENT VALUE OF THE REDUCED RESERVOIR CONTENT
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FIG. 4. Domains of integrability and non-integrability for
the equations describing the time evolution of the sulfur cycle.
A new initialization procedure has been used for which present
value of reduced sulfur reservoir content S,(0) and present
weathering flux F, are the only independent parameters (sce
text). In the standard model, 3,, the primordial value of 5*S
is assumed to be 0% and the fractionation factor during pyrite
formation o is equal to —35%.. Either &, or of? is varied in
the other presented models.
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from the boundary). Thus, when Sx(0) is too small, the
725 my maximum is lowered or even vanishes (as in
our simulation of the GL81 model) and the gypsum
reservoir is forced to depletion, preventing any further
progress in the integration. With our initialization pro-
cedure, higher S,(0) values correspond to higher total
sulfur and hence to higher S,(0), so that it is safer to
integrate the problem with larger S,(0).

As mentioned before, a higher initial present weath-
ering flux F,,, makes the integration more difficult to
perform. The reason is that, with the same S;(0) value,
the rate constants k3 and k;; are greater for high F.
In this case, the weathering fluxes F,; and F; are higher
during the whole past evolution. As a result, the ex-
trema of the S, curves are more pronounced and the
gypsum reservoir becomes more easily depleted.

GL84 adopted a value of 3.17%. for 3, instead of
0%o. Thus, it is interesting to study the sensitivity of
the integrability to 3,. In the same way, the sensitivity

‘he fractionation factor o{” must be examined since
Values slightly different from —35%» are possible (for
example CLAYPOOL et al. (1980) have used ofV
= —40%). In Fig. 4, an approximate boundary between
the domains of integrability and non-integrability is
displayed for two classes of models, one with 3, = 3%
and the other with of? = —40%.. As for the standard
case, the new initialization procedure was used. The
effects of an increase in 3, or a decrease in of" are the
same. In each case, the boundary between the two do-
mains is shifted to lower S$,(0) values. It is observed
that, owing to the initialization procedure, models with
the same S;(0) and F,,, have larger S,(0) and lower rate
constants when Jg is higher or of" is lower. As discussed
earlier, both conditions act in opposition to the S, de-
pletion, thus increasing the size of the integrability do-
main.

The rate constant k,; seems critical for the integra-
bility problem. In all the models based on the initial-
ization procedure, it was indeed noticed that the non-
*~tegrability arises when k,; became larger than roughly

S
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0.9 X 1072 my~". The GL8! value ky; = 0.926 X 1072
my~! is very close to this limit (by contrast, note that
GL84 adopted a much lower value k3 = 0.5 X 1072
my~!). The question which comes to mind is the fol-
lowing: can a non-integrable model become integrable
after a single decrease in ky;? In order to answer this
question, a model with initial conditions close to those
of GL81 (except that S,(0) = 200 X 10'® moles) has
been run. The values of the rate constants were k3
= 0.25 my ! and ky; = 0.9 my~'. The integration was
stopped at ¢ = 380 my BP. If k,; is decreased to the
value ky; = 0.5 my~', the model is still non-integrable
and a further decrease until k,; = 0.3 my™! is necessary
to recover the integrability.

In conclusion, one may say that two parameters ba-
sically control the integrability: the present gypsum
reservoir content S,(0) and the rate constant k3. The
problem may be summarized as follows: a too low S;(0)
or a too high k»; are incompatible with the recorded
evolution of the isotopic composition of seawater sul-
fate. However, low S;(0) or high k,; values are not
necessarily to be refuted since it is not sure that the
incompatibility is real or if it is a mere consequence
of some model hypothesis. For example, the possible
dependence of the rate constants on climate (WALKER
et al., 1981) and on the presence or the absence of land
plants has not been taken into account. If, due to these
factors, the rate constants k,; and k;; were lower in the
past, the domain of integrability would be enlarged.
Another important assumption is that the ocean sulfate
is in steady state. As we shall see later, the abandon of
this hypothesis is also a possible way to make low S,(0)
or high k,; values compatible with the isotopic data.

Sensitivity analysis. In this section, the models which
were run to study the problem of integrability will be
used to describe the sensitivity of the time evolutions
of §,, S,, 8, and 4, to a variation in the basic parameters
$1(0), Foox, 0 and of". For this purpose, several models
have been selected for which the various parameters
are listed in Table 2.

Table 2. Values of the various parameters in the models labelled
1 to 8 in figures 5 and 6. The calculated values of the
rate constants are displayed. The initialization procedure

was used in each

case except for model 8 where the

initial conditions and the rate constants were taken from

model 6.

Model Present content Present total

34

Primordial §°°S Fractiona- Rate constants

Number 5, (o) of reduced weathering 3 tion factor
i ruswis Huchg by e
(10" "moles my ) (°/oo) (°/ao) (10-2 my-l)
1 350 1.5 [o] =35 0.136 0.469
2 200 1.5 [o] -35 0.233 0.876
3 350 3.0 [o] -35 0.264 0.857
4 200 1.5 3 =35 0.232 0.556
5 350 3.0 3 ~-35 0.264 0.571
6 250 2.0 o] -35 0.247 0.866
7 250 2.0 o -40 0.216 0.654
8 250 2.0 o] -40 0.247 0.866
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Sensitivity to S;(0) and F,. The sensitivity to S,(0)
and F,, is illustrated in Fig. 5. Owing to the initializa-
tion procedure, an increase in S,(0) corresponds to an
increase in total sulfur and, thus, to an increase in S;0).
The effect on the evolution is simply to shift the S,
and S, curves to higher values. The evolutions of 6,
and &, are not very dependent on the initial pyrite res-
ervoir content. For §;, the maximum scatter between
model 1 and 2 is observed for ¢ = 0 and ¢t = —800 my,
the differences between the two curves being of the
order of 1%.. For 8, the magnitude of the difference
is somewhat higher (2-3%o) but the present value seems
better known. The comparison between model 1 and
3 gives an idea of the sensitivity to the total present
weathering flux F,. As already mentioned during the
discussion of integrability, a variation of F,,, leads to
a variation in the rate constants k3 and k,;. Conse-
quently, an increase in Fi., results in the amplification
of the time fluctuations in the reservoirs contents. As
shown in Fig. 5a-b, when F,, is varied from 1.5 X 10'8
moles/my to 3.0 X 10'® moles/my, S; and S, show
relative variations of at most 10%. From Fig. 5c—d, it
is seen that model 3 is very similar to model 2, as far
as the isotopic compositions are concerned. Thus, an
increase of Fy, has the same effect on é; and §, than a
decrease of S;(0). It is also interesting to mention that,
in all the integrable models which were performed,
present §; values range between —14.8%0 and —13%o
and present 8, are always very close to 18%.. It seems
therefore that present &, and 8, are well-known quan-
tities. To ensure that the results are not too much de-
pendent on the mean §*S of river water (8g), model 1
has been re-run with g = 6% instead of 8% in the
initialization procedure. No large differences were ob-
served for the evolutions of the reservoir sizes or iso-
topic compositions. S; did not deviate from model 1

110" males S)

Reduced sullur reservoir content

§-

500 400 300 200 00 O

110" moles S)

Oxidised sulfur reservar content

1 1 1 Il
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results by more than ~ 1%, while the S, curve was
shifted to higher contents by only an amount of 10
X 10'® moles (~5%) due to a small difference in its
initial value. Similarly, the deviations for §, and &, were
not important, since, at most, they were of the order
of ~0.5%o.

Sensitivity to §,. The sensitivity to 8 is illustrated in
Fig. 6a-b. In models 4 and 5, 3, has been increased to
3%0 and may be compared with models 2 and 3. It is
clear that the time evolution of S; depends very weakly
on §,. Many models with 8, = 3% were run to study
the problem of integrability. The deviation with the
corresponding cases at 8, = 0% is never higher than 1
or 2%. When §, is increased, it is observed that S, be-
comes higher. That is the result of the initialization
procedure, in which the present isotopic composition
of river water must remain equal to 8 %0 independently
of the increase in 5. Thus, the model starts the inte-
gration with a higher S, value, and, hence, with higher
total sulfur. The effect is similar to the results obtained .
when S,(0) is varied, i.e. the S, curve is globally shifted
to higher values. By contrast, the 4, and 8, evolutions
are not greatly affected by a higher §, value: they are
increased by only a fraction of per mil during the whole
history, except in the vicinity of the S, minimum (425
my BP) where they are somewhat decreased, probably
resulting from the lower values of k3 and ky; (see the
discussion of integrability).

Sensitivity to of’. The sensitivity to of" has also been
examined. One model with of? = —40%. was chosen
and is displayed in Fig. 6¢c—d (case 7). The comparison
of curves 6 and 7 shows that, if the initialization pro-
cedure is used, the evolution of S, is almost indepen-
dent of the of" value. The S, curve is again shifted to
higher values, when o{" is decreased, as for the models
described to study the effect of a change in 3,. The

8§%5 OF Sy,%e

AL i 1 1
700 600 SO0 0O

L
300

2 e

515 OF S,
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0 1 1
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1 L 1 L 1
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00 100 O
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FIG. 5. Influence of the present pyrite reservoir content S,(0) and of the present total weathering flux Fy,
on the past evolution of the sulfur cycle. Both the time evolution of the reservoir contents (a, b) and of the
isotopic compositions {c, d) are shown. The numbers besides the curves refer to the models in Table 2. The
values 35 = 0% and ol = —35%0 are adopted. S,(0) and F,, are as follows: 1: $;(0) = 350 X 10'® moles,
Fop = 1.5 X 10" moles yr™!; 2: §,(0) = 200 X 10'® moles, F,,, = 1.5 X 10'* moles yr™'; 3: §,(0) = 350 X 10

moles, F, = 3.0 X 10" moles yr™'.
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of, the fractionation factor during pyrite formation. The numbers beside the curves refer to the models in
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3s = 0%. In models 6, 7 and 8 the values S,(0) = 250 X 10'8 moles, F,,, = 2.0 X 10'® moles yr™' and s

the initialization procedure (see text) is not used.

evolution of 3, is not greatly altered, since it shows at
most a 1% variation. On the contrary, 3, is decreased
by about 5%, reflecting the 5% decrease in of". Case
8 in Fig. 6¢c—d shows the S, and S; evolutions obtained
for of? = —40%., when the initialization procedure is
not used, i.e. when the initial conditions (for reservoir
contents and isotopic compositions) and rate constants
are taken from mode! 6. It is observed that the sensi-
tivity of S, and S, is increased. Furthermore, the max-
imum in the S, curve at ¢t = —725 my BP has vanished.
The evolutions of §; and 4, between ¢ = —800 my and
t = —500 my differ radically from the usual evolution:
5, becomes negative and §, is forced to positive values.
In fact, this indicates a high sensitivity of the model to
the initial value of §,. When &, is calculated by the
initialization method, it is consistent with the other
ta of the model. However, when §; is arbitrarily fixed,
“wie consequences on the evolution curves may be dra-
matic.

2. Model with time-dependent ocean sulfate reservoir

The S, time-dependent system has been previously
studied by LASAGA et al. (1985). They analysed the
sensitivity of a geochemical model of carbon and sulfur
cycles to the hypothesis that the ocean sulfate is in
steady state. For this purpose, they imposed an arbitrary
evolution of seawater sulfate. This approach may be
justified when it is intended to study the influence of
the steady state hypothesis on the carbon cycle. How-
ever, when the purpose is the study of the sulfur cycle
itself, Eqns. (12) and (12') are more useful. Further-
more, the model of LASAGA et al. (1985) is valid only
for the last 100 my. In this section, the S; time-depen-
dent model will help us to discuss further the problem

= (%o are adopted. For model 6, af? = —35% and for models 7 and 8, af’’ = ~40%». In the latter case (8),

of integrability and, thereafter, a tentative evolution of
ocean sulfate will be derived.

The S; time-dependent system was integrated for-
ward in time for reasons of numerical stability. Con-
sequently, initial conditions were chosen at ¢ = 800
my BP and the new initialization procedure was not
used. As discussed earlier, the time evolution of §, and
3, are relatively well determined, so that their initial
values at 800 my BP were imposed:

5,(—800) = —14.45%0
5,(—800) = 18.50%.

First, a model based on (12) has been run. The constant
coefficient k;; was computed from present values of
ocean sulfate content (S;(0) = 38 X 10'® moles) and
gypsum deposition rate (F3(0) = 0.87 X 10'® moles/
my). This value for F3,(0) somewhat lower than GL81’s
value, is from BOLIN et al. (1983). Weathering coeffi-
cients k3 and k3 were initially chosen close to GL81’s
values but were regarded as free parameters. S; and S,
values at t = —800 my were also regarded as param-
eters. S;(—800) was evaluated from the requirement
that 8s = 0%e. It was observed that varying S3(—800)
had an appreciable effect only on the evolution of the
first SO my which is twice the residence time of sulfate
in the ocean. Thus S5(—800) has been fixed to 50 X 10'®
moles, keeping in mind that the results are uncertain
between 800 my BP and 750 my BP. Values of
S1(—800), ky3 and k,3 were varied in such a way that
the present ocean sulfate reservoir content be equal to
38 X 10'® moles and the present 8*S of river water be
close to 8%¢. (Eqn. (A2)). The optimum run was ob-
tained with S,(—800) = 178 X 10'® moles, k;; = 0.23
X 102 my ! and k,; = 0.9 X 1072 my ™. Present state
of the system is as follows:
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S.(0) = 185.4 X 10'® moles
$2(0) = 104.6 X 10'® moles
S;(0) = 38.1 X 10'® moles
8,(0) = —14.45%0
65(0) = 18.28%0
F3;(0) =0.445 X 10'® moles/my
F;3,(0)=0.873 X 10" moles/my
or = 8.07%..

These values were used as initial conditions for a steady
state model integrated backward.

The results are displayed in Fig. 7 where time evo-
lutions of S;, S,, 8; and &, are represented for the steady
state (dashed line) and S; time-dependent (solid line)
models. The evolutions of the two models are similar
between 0 and 350 my BP, but they are radically dif-
ferent for earlier time. Again, for the S; time-dependent
model, a minimum S, value is obtained at about 400
my BP. However, this minimum value does not occur
in the steady state case: S, continues to decrease beyond
400 my and ultimately reaches zero, so that the prob-
lem is not integrable. In other words, a non integrable
steady state model becomes integrable when the ocean
sulfate concentration is allowed to vary. Furthermore,
the main features of the evolution of a S; time-depen-
dent model are the same as for integrable steady state
models, i.e. S, reaches a minimum value about 400
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my BP and the evolutions of é; and 6, are similar to
the steady state evolutions of Fig. Sc—d. As shown for
the steady state case, a lower ky; value makes the in-
tegration easier to perform. To test the integrability,
the rate constant k,; has been increased (ky; = 1.1
X 1072 my™") in the time-dependent model. The for-
ward integration was easily performed and yielded a
lower present S, value. Neither a high k,; nor a low
Sx(0) favours the integrability of the steady state system.
Consequently, the present conditions calculated with
k3 = 1.1 X 1072 my~! in the S; time-dependent model
fall largely in the domain of non-integrability in the
steady state case. It is tempting to believe that fluctu-
ations of ocean sulfate can always solve the problem
of integrability. This point may be understood as fol-
lows. In the steady state case, the non-integrability
arises when S; is too low to explain the large fluctua-
tions in the ocean isotopic composition as recorded in
the evaporite deposits. However, in a S; time-depen-
dent model, the integrability is recovered because the -
ocean sulfate content may decrease in such a way that
a similar change in the fluxes may have greater effects
on the isotopic composition of seawater.

Assuming that (16) is valid, mean §"C values of
carbonates of different geological periods have been
calculated from the results of the S; time-dependent
model. These §'3C values are displayed in Table 1.
There is no marked difference with the steady state

lc)

[

-

-
n

-12

625 OF Sy, "%,

-14+4

=13

84S OF S,;,%.
B,
“ L3
n ®

a
¥

L]
ry

22.5
20.94
17.54
13.6
688 S‘. 400 k] l" l‘” )
{d} TIME {(my BP)

Fi1G. 7. Time evolution of reduced and oxidised sulfur reservoir contents (a, b) and isotopic compositions
(c, d) for a model where the ocean sulfate reservoir is in steady state (dashed line) and another where it is
allowed to vary (solid line). Present states of the system are the same for the two models. Weathering
coefficients are k;3 = 0.23 X 102 my™ and k3 = 0.9 X 1072 my~'. The integration was stopped in the
steady state case since oxidised sulfur reservoir content tended to become negative.
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case except that recent 4'*C are somewhat lower. In
each case, it is obvious that 8'>C are negatively corre-
lated with §S. Observational data show the same neg-
ative correlation. Thus, it is clear that when the organic
carbon burial rate increases the pyrite burial rate de-
creases and inversely, this being possibly linked to the
location of organic carbon burial, as suggested by BR.
However this assertion does not mean that (16) is re-
liable, i.e. it is possible that the fluctuations of the or-
ganic carbon burial rate are not entirely compensated
but simply damped by the fluctuations of pyrite burial,
so that the atmospheric oxygen production rate could
vary. One could consider computing the time evolution
of this oxygen production rate with a model of the
carbon cycle where observational §'3C are used as input
data as it was the case for 8*S in our model of the
sulfur cycle. SCHIDLOWSKI et al. (1977) and SCHID-
LOWSKI and JUNGE (1981) have performed similar
calculations. However, the validity of this method is

ot guaranteed when the purpose is the calculation of
the evolution of non sulfate-bound oxygen since un-
certainties on observational §'>C are important and
actually larger (VEIZER and HOEFS, 1976) than the de-
viations of observational 8'C from our calculated vai-
ues. Another possible reason for which (16) might not
be valid is given by LERMAN (1982). If the CO, con-
sumed by photosynthesis in reaction R1 is derived from
the weathering of FeCQ; instead of MgCO;, then the
proportionality factor in Eqn. (16) would be equal to
13/6 instead of 15/8. LERMAN (1982) proposed a more
general approach of the problem where the CO, source
for photosynthesis is the weathering of siderite and do-
lomite or may even take into account the CO, release
from the earth’s interior by volcanoes.

The results of the S; time-dependent model may be
used to discuss the history of seawater sulfate. In Fig.
8, the evolution of the ocean sulfate reservoir content
is represented for the S; time-dependent model which
has been previously deseribed (solid line) and for a

nodel in which the gypsum depeosition flux is calcu-
~—
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lated from Eqn. (12') (dashed line). In the latter case,
the parameter Si(eq) was fixed to 19 X 10'® moles.
This arbitrary value was chosen midway between S;(eq)
= Q implicit in Eqn. (12) and the present ocean sulfate
content, in order to test the sensitivity of the model to
kinetics of SO$~ removal. Initial conditions at 600 my
BP and weathering coefficients are the same for the
two models and ‘the requirements that the present
ocean sulfate reservoir content and present §**S of river
water be close to the values

S3(0) =38 X 10'® moles
6R = 8%0

are fulfilled in each case. The comparison of Figs. 2
and 8 shows that seawater sulfate concentration is neg-
atively correlated to 5**S, the only effect of setting S(eq)
to a positive value being to smooth the fluctuations of
ocean sulfate. The gypsum deposition flux probably
depends on some factors which are not taken into ac-
count in Eqns. (12) and (12').

Consequently, the history of ocean sulfate displayed
in Fig. 8 remains speculative. However, the negative
correlation to §*S is obtained with both assumptions
on evaporite deposition rate and may be regarded as
a significant result. The time variations of S; displayed
in Fig. 8 are not negligible since departures from the
present value of 30% to 40% are obtained. Such de-
partures are small compared to the range of permitted
variations between extreme seawater sulfate reservoir
content of 2.7 X 10'® moles and 4 X 10 moles deduced
by HOLLAND (1972) from the mineral sequence of
evaporites in Phanerozoic sediments.

CONCLUSION

The main purpose of this paper was to analyse the
effects of a variation in the present conditions or in
various parameters on the past evelution of the sedi-
mentary sulfur cycle.

110"® moles §)
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468 300 208 100 8
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FI1G. 8. Evolution of seawater sulfate based on the assumptions that the sulfate deposition flux is related
to the ocean sulfate reservoir content through Eqn. (12) (solid line) or (12) (dashied line), with S;(eq) = 19
X 10" moles in the latter case. Weathering coefficients are k;; = 0.23 X 1072 my ™! and ky; = 0.9

X 1072 my~".



2300

A model with steady state ocean suifate has been
run. The system of differential equations describing
the evolution of the cycle has been integrated backward
in time. It is observed that, when the gypsum reservoir
content is too low, the integration cannot be pursued
until £ = —800 my. The lack of integrability denotes
an incompatibility between the recorded history of the
isotopic composition of seawater and a low gypsum
reservoir content at the present time. Similarly, a high
weathering rate constant k,; is not compatible with
past %S of ocean sulfate. A new initialization proce-
dure was developed in order to caiculate the present
state of the cycle. When this method is applied, the
size of the domain of integrability may be studied. In
general, the integration is favoured by a higher mean
3%S of the whole sedimentary system (3,), 2 more neg-
ative fractionation factor of" during pyrite deposition,
higher present reservoir contents or lower fluxes.

The initialization procedure was used to study the
sensitivity of the system to the present conditions or
to &, and of". It is observed that, when the present
reservoir sizes are increased, the evolution curve for
this reservoir is simply shifted to higher values. An
increase of the present total weathering flux F,
strengthens the fluctuations of the reservoir sizes. A
variation of 3, or af" has no important consequences
on the evolution curves, except for af"” when the ini-
tialization procedure is not used. It is also interesting
to mention that the evolutions of §; and é,—the mean
5*S of reduced (pyrite) and oxidised (evaporite sulfur)
sedimentary reservoir—seem to be well determined
except for §; when of is varied.

A model with time-dependent ocean sulfate was also
developed. It was observed that the problem of inte-
grability vanished, even for low gypsum reservoir con-
tents and a high weathering rate constant k,;. Fur-
thermore, the results of this time-dependent model
show that the Phanerozoic history of seawater sulfate
concentration is negatively correlated to the history of
its 6*S. This conclusion is probably enly dependent
on the assumption that the burial rate of evaporite
sulfate increases with the ocean sulfate concentration,
as it can be shown with the following arguments. When
the ocean sulfate concentration increases, the ratio of
the burial rate of evaporite sulfate to the burial rate of
pyrite is increased (the pyrite burial rate cannot be in-
creased proportionally to the evaporite sulfate burial
rate since, according to BERNER (1984), the rate of
bacterial sulfate reduction in seafloor sediments is
controlled primarily by the availability and the reac-
tivity of organic matter rather than by the sulfate con-
centration), so that the mean §*S of the sulfur removed
from the ocean is higher and seawater sulfate tends to
become lighter. Possible departures of 30% to 40% from
the present value have been calculated for the evolution
of seawater sulfate concentration during the Phanero-
Z0iC.

The model presented in this paper is far from com-
plete. Two major approximations have been made. The
first one is to consider the sedimentary cycle as closed.

L. M. Frangois and J.-C. Gérard

It is clear that, in the real system, metamorphism and
volcanism may have affected in an appreciable way
the evolution of the sulfur cycle. Secondly, the weath-
ering rate constants k,3 and k,; were assumed constant,
although they are dependent on climate (WALKER et
al., 1981). The inclusion of this last point would require
the calculation of the history of the atmospheric carbon
dioxide pressure as well as the exact knowledge of the
response of the climate system to an increase in CO,.
An attractive geochemical description of the evolution
of the CO; cycle has been presented by BERNER et al.
(1983) and LASAGA et al. (1985) for the last 100 million
years. However, we feel that many aspects of the cal-
culation of the atmospheric CO, pressure in such
models remain speculative in view of our present
knowledge of the geochemical and atmospheric pro-
cesses involved. In such a case where the system is not
well-known, it is clear that sensitivity studies similar
to the one presented here may play a complementary
role to improve our understanding of the key processes
which govern the evolution of the cycles.

Acknowledgements—J.-C. Gerard is supported by the Bel-
gian National Foundation for Scientific Research (F.N.R.S.)
and L. Frangois by a fellowship from the Belgian Institute for
the encouragement of Industrial and Agricultural Scientific
Research (LR.S.LA.).

Editorial handling: H. P. Schwarcz

REFERENCES

BERNER R. A. (1984) Sedimentary pyrite formation: an up-
date. Geochim. Cosmochim. Acta 48, 605-615.

BERNER R. A. and RAISWELL R. (1983) Burial of organic
carbon and pyrite sulfur in sediments over Phanerozoic
time: a new theory. Geochim. Cosmochim. Acta 47, 855~
862.

BERNER R. A., LASAGA A. C. and GARRELS R. M. (1983)
The carbonate-silicate geochemical cycle and its effect on
atmospheric carbon dioxide over the past 100 million years.
Amer. J. Sci. 283, 641-683.

BoLiN B, RosswaLt T., FRENEY J. R, IvaANov M. V,
RODHE H. and RIcHEY J. E. (1983) C, N, P and S cycles:

Major reservoirs and fluxes. In The Major Biogeochemica:.

Cycles and Their Interactions (eds. B. BOLIN and R. B.
Cook), pp. 41-65. Scope Report No 21, Wiley.

CLAYPOOL G. E., HoLser W. T., KaPLAN 1. R., SaKal H.
and ZAK 1. (1980) The age curves of sulfur and oxygen
isotopes in marine sulfate and their mutual interpretation.
Chem. Geol. 28, 199-260.

DEINES P. and GoLD D. P. (1973) The isotopic composition
of carbonatite and kimberlite carbonates and their bearing
on the isotopic composition of deep-seated carbon. Geo-
chim. Cosmochim. Acta 37, 1709-1733.

GARRELS R. M. and PERRY E. A. (1974) Cycling of carbon,
sulfur and oxygen through geologic time. In The Sea, vol.
5, (ed. E. D. GOLDBERG), pp. 303-336. Wiley.

GARRELS R. M. and LERMAN A. (1981) Phanerozoic cycles
of sedimentary carbon and sulfur. Proc. Natl. Acad. Sci.
USA 78, 4652-4656.

GARRELS R. M. and LERMAN A. (1984) Coupling of the sed-
imentary sulfur and carbon cycles—an improved model.
Amer. J. Sci. 284, 989-1007.

GEAR C. W. (1971) Numerical Initial Value Problems in Or-
dinary Differential Equations. Prentice-Hall, Englewood
Cliffs, N.J.

HOLLAND H. D. (1972) The geologic history of scawater—

g



Evolution of ocean sulfate

case except that recent 6'°C are somewhat lower. In
each case, it is obvious that 8'>C are negatively corre-
lated with 6*S. Observational data show the same neg-
ative correlation. Thus, it is clear that when the organic
carbon burial rate increases the pyrite burial rate de-
creases and inversely, this being possibly linked to the
location of organic carbon burial, as suggested by BR.
However this assertion does not mean that (16) is re-
liable, i.e. it is possible that the fluctuations of the or-
ganic carbon burial rate are not entirely compensated
but simply damped by the fluctuations of pyrite burial,
so that the atmospheric oxygen production rate could
vary. One could consider computing the time evolution
of this oxygen production rate with a model of the
carbon cycle where observational §'>C are used as input
data as it was the case for 5*S in our model of the
sulfur cycle. SCHIDLOWSKI et al. (1977) and SCHID-
LOWSKI and JUNGE (1981) have performed similar
calculations. However, the validity of this method is
ot guaranteed when the purpose is the calculation of
the evolution of non sulfate-bound oxygen since un-
certainties on observational §'*C are important and
actually larger (VEIZER and HOEFS, 1976) than the de-
viations of observational 8'C from our calculated val-
ues. Another possible reason for which (16) might not
be valid is given by LERMAN (1982). If the CO, con-
sumed by photosynthesis in reaction R1 is derived from
the weathering of FeCQj; instead of MgCO;, then the
proportionality factor in Eqn. (16) would be equal to
13/6 instead of 15/8. LERMAN (1982) proposed a more
general approach of the problem where the CO, souree
for photosynthesis is the weathering of siderite and do-
lomite or may even take into account the CO;, release
from the earth’s interior by volcanoes.

The results of the S; time-dependent model may be
used to discuss the history of seawater sulfate. In Fig.
8, the evolution of the ocean sulfate reservoir content
is represented for the S; time-dependent model which
has been previously described (solid line) and for a

~odel in which the gypsum depesition flux is calcu-

e’
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lated from Eqn. (12') (dashed line). In the latter case,
the parameter S;(eq) was fixed to 19 X 10'® moles.
This arbitrary value was chosen midway between Ss(eq)
= 0 implicit in Eqn. (12) and the present ocean sulfate
content, in order to test the sensitivity of the model to
kinetics of SO~ removal. Initial conditions at 600 my
BP and weathering coefficients are the same for the
two models and ‘the requirements that the present
ocean sulfate reservoir content and present §*S of river
water be close to the values

S;(0) = 38 X 10'® moles
6R = 8%0

are fulfilled in each case. The comparison of Figs. 2
and 8 shows that seawater sulfate concentration is neg-
atively correlated to S, the only effect of setting Sx(eq)
to a positive value being to smooth the fluctuations of
ocean sulfate. The gypsum deposition flux probably
depends on some factors which are not taken into ac-
count in Eqns. (12) and (12).

Consequently, the history of ocean sulfate displayed
in Fig. 8 remains speculative. However, the negative
correlation to §S is obtained with both assumptions
on evaporite deposition rate and may be regarded as
a significant result. The time variations of S; displayed
in Fig. 8 are not negligible since departures from the
present value of 30% to 40% are obtained. Such de-
partures are small compared to the range of permitted
variations between extreme seawater sulfate reservoir
content of 2.7 X 10'® moles and 4 X 10?° moles deduced
by HOLLAND (1972) from the mineral sequence of
evaporites in Phanerozoic sediments.

CONCLUSION

The main purpose of this paper was to analyse the
effects of a variation in the present conditions or in
various parameters on the past evolution of the sedi-
mentary sulfur eycle.

110® moles S )

SEAWATER SULFATE RESERVOIR CONTENT

400 300 200 180 L]
TIME {my BP)

FIG. 8. Evolution of seawater sulfate based on the assumptions that the sulfate deposition flux is related
to the ocean sulfate reservoir content through Eqn. (12) (solid line) or (12') (dashed line), with S;(eq) = 19
X 10" moles in the latter case. Weathering coefficients are k,3 = 0.23 X 1072 my™ and k3 = 09

X 1072 my~',
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A model with steady state ocean sulfate has been
run. The system of differential equations describing
the evolution of the cycle has been integrated backward
in time. It is observed that, when the gypsum reservoir
content is too low, the integration cannot be pursued
until # = —800 my. The lack of integrability denotes
an incompatibility between the recorded history of the
isotopic composition of seawater and a low gypsum
reservoir content at the present time. Similarly, a high
weathering rate constant k,; is not compatible with
past 8*S of ocean sulfate. A new initialization proce-
dure was developed in order to calculate the present
state of the cycle. When this method is applied, the
size of the domain of integrability may be studied. In
general, the integration is favoured by a higher mean
5%S of the whole sedimentary system (3,), a more neg-
ative fractionation factor o during pyrite deposition,
higher present reservoir contents or lower fluxes.

The initialization procedure was used to study the
sensitivity of the system to the present conditions or
to & and of". It is observed that, when the present
reservoir sizes are increased, the evolution curve for
this reservoir is simply shifted to higher values. An
increase of the present total weathering flux F,
strengthens the fluctuations of the reservoir sizes. A
variation of &, or of" has no important consequences
on the evolution curves, except for af"’ when the ini-
tialization procedure is not used. It is also interesting
to mention that the evolutions of 8, and 6,—the mean
3*S of reduced (pyrite) and oxidised (evaporite sulfur)
sedimentary reservoir—seem to be well determined
except for §; when of is varied.

A model with time-dependent ocean sulfate was also
developed. It was observed that the problem of inte-
grability vanished, even for low gypsum reservoir con-
tents and a high weathering rate constant k,;. Fur-
thermore, the results of this time-dependent model
show that the Phanerozoic history of seawater sulfate
concentration is negatively correlated to the history of
its §%S. This conclusion is probably only dependent
on the assumption that the burial rate of evaporite
sulfate increases with the ocean sulfate concentration,
as it can be shown with the following arguments. When
the ocean sulfate concentration increases, the ratio of
the burial rate of evaporite sulfate to the burial rate of
pyrite is increased (the pyrite burial rate cannot be in-
creased proportionally to the evaporite sulfate burial
rate since, according to BERNER (1984), the rate of
bacterial sulfate reduction in seafloor sediments is
controlled primarily by the availability and the reac-
tivity of organic matter rather than by the sulfate con-
centration), so that the mean 8*S of the sulfur removed
from the ocean is higher and seawater sulfate tends to
become lighter. Possible departures of 30% to 40% from
the present value have been calculated for the evolution
of seawater sulfate concentration during the Phanero-
Zoic.

The model presented in this paper is far from com-
plete. Two major approximations have been made. The
first one is to consider the sedimentary cycle as closed.

L. M. Frangois and J.-C. Gérard

It is clear that, in the real system, metamorphism and
volcanism may have affected in an appreciable way
the evolution of the sulfur cycle. Secondly, the weath-
ering rate constants k,; and k,; were assumed constant,
although they are dependent on climate (WALKER et
al., 1981). The inclusion of this last point would require
the calculation of the history of the atmospheric carbon
dioxide pressure as well as the exact knowledge of the
response of the climate system to an increase in CO,.
An attractive geochemical description of the evolution
of the CO, cycle has been presented by BERNER ef al.
(1983) and LASAGA et al. (1985) for the last 100 million
years. However, we feel that many aspects of the cal-
culation of the atmospheric CO, pressure in such
models remain speculative in view of our present
knowledge of the geochemical and atmospheric pro-
cesses involved. In such a case where the system is not
well-known, it is clear that sensitivity studies similar
to the one presented here may play a complementary

role to improve our understanding of the key processes

which govern the evolution of the cycles.
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APPENDIX

The mathematics of the initialization procedure is described
below. This method is used only for the steady state ocean
sulfate model, where S; is assumed time-independent. Its role
is to derive several relations between the present values of the
reservoir contents, the isotopic compositions the fluxes and
the rate constants. These relations are found from the re-
quirement that the initial values be compatible with the re-
corded evolution of §;, with the differential system and with
the present state of the cycle.

Let F,, be the total weathering flux at the present time (¢
=0), ie

Fa=Fyu+Fys (=0) (Al)

F, and S,(0) are taken as input parameters. It will be seen
that, when these two parameters have been assigned a value,
the other variables of the model are fixed for time ¢ = 0 and
initial values are fully determined. The following conditions
are imposed at time ¢ = 0:

a) the mean 8*S of river water (3g) is equal to 8% (PISAR-
CHIK et al., 1977), that is, with approximation (7),

_BFuthF_ oo
F

b) the mean 3**S of the whole system is equal to the pri-
mordial value of §*S = 0% (DEINES and GOLD, 1973)

B 5|S| + 6282 * 5383

(A2)

=0 A
S;+S,+8S; % )
c) the ocean sulfate is in steady state
Fi3+Fy=Fy+Fy (Ad)

d) the system must be compatible with present values of
03 and db;/dt shown in Fig. 2, i.e. Eqn. (8”) must be satisfied

Ss d = (8, — 83)F 13+ (8; — 03)F s — o 'Fy, — of'F3,.  (AS)

The present value of S; is the product of the mean sulfate
concentration in seawater by the total mass of the oceans, i.e.
(HOLLAND, 1978)

S, =28.2 X 1072 (moles/kg) X 1.35 X 10%' (kg)
~ 38 X 10'® moles.
From Eqgns. (A1) and (A2), comes

Fi3= 6’_5“F (A6)
_51
6R_61

F; Fux A6

Ry (A6)

Let v be the present ratio Fs, /F;;, then, using (A1) and (A4),
it follows that

7

Fy =——F, A7

3=y e (A7)
I

Faz—H_ Fia. (AT)

Combining (A6), (A6), (A7) and (A7) with (AS) and solving
for v

Sy
F3| Fm dt
y=a—= . (A3)
F32 SS dal + 85— 81— gl)
TFgd R

Equation (A8) shows that, when the value of F,, is fixed, the
ratio ¥ = Fj,/F;, is determined. For example, with GL81’s
F,, value of 1.5 X 10'® moles/my, vy = 0.498. Furthermore,
for not too small values of F,,, ¥ cannot be very different
from its 0.58 value calculated for dé;/dt = 0, because the term
S(d8/dt)/ Fo is relatively small. It is thus concluded that, for
a steady state model, the present ratio F;,/Fs, of pyrite de-
position flux to sulfate deposition flux must be close to 0.5.
Present mean isotopic compositions of reduced and oxidised
sulfur reservoirs are the results of deposition and recycling of
pyrite and gypsum during the whole history of the earth, that
is (see SCHIDLOWSKI et al., 1977)

f Fyy(r)eb15'(35(r) + of)dr

&=
r Fy(r)ebwdr

(A9)

f Fyr)e" (35(r) + of)dr
61 =

(A10)
.r) Fyr)e*rdr
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Since recycling times 1 /k; and 1/k,; are appreciably less than
800 my, the integrations in (A9) and (A 10) may be performed
between ¢ = —800 my and ¢ = 0. In fact, this approximation
is of small consequence in view of the uncertainties on %S
of evaporite deposits. When S, and F, are fixed, Eqns. (A1),
(A2), (A3), (A9) and (A10) combined with (2) and (2) form
a system of 7 equations with 7 unknowns S,, 8y, 8;, Fi3, Fa3,
ky3 and k3. It can be solved provided the time evolutions of
F,; and Fj; are known. An initial guess of these evolutions
can be obtained by setting present 5, and §, to arbitrary values.
The present deposition fluxes F3,(0) and F3x(0) are found from
(A7), (A7) and (A8). Their values are only dependent on F,,,
S,, 6z and on the evolution of 8,, which are all fixed quantities.
Afterwards, S;(0), F,5(0), F>3(0), k,5 and k»; are calculated as
the solution of the algebraic system (2), (2), (A1), (A2) and
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(A3). When all these initial values are fixed, the differential
system is completely determined and its solution gives the
time evolution of all the variables in the model. In particular,
the method yields the evolution of the deposition fluxes. This
calculated function Fi,(r) is introduced in (A9) and (A10) to
derive present §, and 8, values compatible with the observed
evolution of 8;. The algebraic system (2), (2, (A1), (A2) and
(A3) is solved again to compute new initial conditions per-
mitting a new integration of the differential system and a new
calculation of §; and ,. This procedure is repeated until con-
vergence. When the integrability problem mentioned in the
text does not appear, this iterative calculation is convergent,
so that, when F,, and S,(0) are fixed, the problem is fully
determined.




