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CHAPTER 2

Modelling the Natural Cycle of
Sulphur Through Phanerozoic Time*

W. T. HOLSER, J. B. MAYNARDAND K. M. CRUIKSHANK

2.1 INTRODUCTION

A geochemical model attempts to reduce the complexities of a natural
system to the simplest terms that are operative through geological time, by
integrating and abstracting its important features as aggregate reservoirs and
the fluxes between them. A model of a geochemical cycle approximates a
set of reservoirs and fluxes as a closed system, taking advantage of the
constraints thus afforded by closed balance-equations. Models of exogenic
geochemical cycles emphasize the nearly closed nature of the collective
regime of the Earth's surface-the atmosphere, hydrosphere, biosphere and
sedimentary rocks. This paper reviews the development and status of
modelling the geochemical cycle of sulphur through Phanerozoic time up to
the advent of Man, with primary attention to its important exogenic elements.

An important application of such modelling is to serve as a baseline for
evaluating the impact of Man's activities on both the state and the dynamics
of the sulphur system. Beyond that, however, modelling of the system
should contribute to an understanding of its internal mechanisms, especially
feedback loops that may reinforce or dampen fluctuations of the system.
The models provide a system in which ideas about those mechanisms may
be simulated and tested. A significant byproduct of geochemical modelling
has been the recognition and estimation of fluxes or reservoirs that were
unknown or inaccessible. Eriksson (19§O)uJ>~cllhiLapproach in the first
estimate of fluxes of H2S to the atmosphere. Such models have also been
important in understanding the relations between the sulphur cycle and
cycles of other major elements, such as carbon, oxygen and silicon, and in
deducing the mechanisms by which these cycles are coupled. A final goal
is greater undertanding of the external influences on the cycle, given by,
for example, correlation of variation in the cycle with changes in external
conditions.

* Funded by US National Science Foundation Grant EAR 8115985 to the University of Oregon.
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22 Evolution of the Global Biogeochemical Sulphur Cycle

To begin with, some background data and conceptsare extracted from
more comprehensive recent treatments. The simplest box model of the
sulphur cycle is set up, and then the previous models of the sulphur cycle
are abstracted in terms of inputs, assumptions, outputs, and additional
reservoirs or fluxes. This review focuses on the sulphur cycle itself, while
recognizing its connections with the cycles of carbon and oxygen that have
been of most interest in geochemical history.

In a following section some of the models are tested for sensitivity to
variation of inputs and assumptions, and outputs are compared to each
other and to geological observations.

2.2 GEOCHEMICAL BACKGROUND

2.2.1 Overview

The geochemistry of sulphur in the present exogenic cycle has been treated
extensively in recent reviews (Nielsen, 1978; Ivanov and Freney, 1983;
Rolser et ai., 1988). These works include detailed discussion of reservoirs
with estimates of their present sizes, and description of transfer mechanisms
with estimates of consequent fluxes between reservoirs. Other background
papers in this volume also provide new critical evaluations of certain features
of the modern cycle. It seems unnecessary to repeat these data here-we
arbitrarily assume, as a takeoff point for changes in past geological time,
the balanced present-day cycle of Lein (1983).

Figure 2.1 reduces the cycle to its essentials of three reservoirs (reduced
sulphide of sediments, oxidized sulphate of evaporites and other sediments,
and seawater sulphate), for the purpose of following changes in the geological
past. The fluxes are reduced to four fluxes into and out of seawater. At
steady state the net fluxes between each pair would be zero.
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Figure 2.1 Simplified box model of the sulphur cycle
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2.2.2 Sulphur reduction

A central feature of Figure 2.1 is the marine reservoir of sulphate, whose
fate is either to be reduced and deposited as pyrite in marine sediments
(principally on the continental margins), or, at specific times and places, to
be crystallized as sulphate in evaporite deposits. The reduction process is
dominated by the activity of anaerobic sulphur-reducing bacteria, which also
require organic carbon as an energy source. The overall reaction can be
schematically represented as

(S04)Z- + 2CH2O -? S2- + 2C02 + 2H2O (1)

where the CH20 represents any (degradable) organic carbon, and the S2-
represents any (completely reduced) sulphide. The present ocean has only
a few anaerobic locales in which bacterial sulphate reduction is effective
in the water column, such as the Black Sea. Immediately under the
seawater-sediment interface, however, anaerobic conditions are widespread
in both shelf and abyssal regimes. Differing deep-sea circulation at certain
times and places in past geological periods probably increased the extent of
the anaerobic regime in oceanic sediments (e.g. Arthur, 1979), although it
is not clear to what extent such reducing conditions also extended above
the sediment surface into the overlying water column. Reduced sulphide is
significant in the long-term geochemical cycle of sulphur only after being
fixed by ferric iron that was reduced and dissolved during the depositional
process. The overall reaction may be written

8(S04)2- + 2Fe203 + 8H2O + 15Corg-? 4FeS2 + 15C02 + 16(OH)-

(2)

Of the requirements for sulphur reduction, supplies of both sulphate and
iron compounds are usually in excess in normal marine clastic sediments.
In non-marine conditions, the production of FeS or FeS2 may be limited by
the supply of sulphate (Berner and Raiswell, 1983). In some marine
carbonate facies the fixation of sulphide may be limited by the low
concentration of iron; lack of iron may also be the reason for the
predominance of native sulphur over pyrite in the bacterial reduction of
sulphate in salt-dome cap rock and other evaporite rocks.

In normal marine clastic sedimentation, the parameter that seems to limit
sulphate reduction is the supply of organic carbon in a form usable by the
reducing bacteria (Goldhaber and Kaplan, 1974). In any case, the geological
evidence seems clear that, despite the fact that sulphur reduction is limited
by usable organic carbon, there is always a residue of organic carbon
remaining in the sediment and in the rock that for some reason could not
be used. Surprisingly, pyritic sulphur and residual carbon are in a relatively
constant proportion of about 0.12 (in moles) in Holocene sediments
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(Goldhaberand Kaplan, 1974).Ancient shales show a similar or somewhat
higher SIC ratio that may be related to euxinic conditions (Williams, 1978;
Leventhal, 1983). Such a constant ratio could result under two conditions
(although not necessarily ones that are always easily satisfied in the
environment): (i) the fraction of usable carbon was constant and (ii) the
fraction of produced H2S that was fixed as pyrite was constant. The relation
was derived by Sweeney and Kaplan (Goldhaber and Kaplan, 1974, p. 600),
but is more clearly developed by Williams (1978, p. 1039). Goldhaber and
'Kaplan (1974, p. 602) assumed that the fraction of H2S lost (not used for
pyrite fixation, but reoxidized) in the marine environment was 'relatively
small', but more recent field experiments by Jorgensen et at. (1977) on tidal
flats show a 90% loss.

Most of the deposition of sulphide occurs in the biologically productive
shallows of the continental margins, but the rate is imperfectly known.
Berner (1972) summarized available data on present sediments and guessed
8.7 Tg (S) a-I. Holser et at. (1988) estimated an average sulphide deposition
for previous geological periods at 17.6 Tg (S) a-I by comparing Ronov's
(Ronov et at., 1974) sulphur contents and sedimentation rates (for platform
and geosynclinal sediments). The flux in past geological times would have
been dependent on the prevalence of these biologically productive locales.

2.2.3 Deposition of sulphate

At the present time sulphate is not deposited in significant amounts. In past
geological times sulphate evaporites occurred in a variety of palaeogeographic
situations, including: prograding sabkha shorelines, lagoons, and deep basins
of cratonic, mediterranean or rift-valley origin, where the brine may have
varied from hundreds of metres deep to sub-sea level desiccation. All these
conditions are very unusual, and are initiated by specific tectonic accidents.
Once precipitation begins, it proceeds rapidly. Rates are typically about
700g (S) m-2a-1 (Holser, 1979, p. 266) which is three orders of magnitude
faster than sulphide precipitation in muds. Available basins are quickly
filled, especially if halite precipitation is also involved. But the special
conditions necessary for evaporite concentration generally do not last long
(hundreds of thousands of years) before tectonic conditions again change
shorelines, barriers and basinal circulation to either fully marine or non-
marine conditions. While evaporite deposition is going on, a large fraction
of the sulphate in the affected seawater is precipitated (90% by the beginning
of the halite facies: Holser, 1979, p. 245). Consequently, removal of sulphate
from the ocean has been highly episodic (Zharkov, 1981; Holser et at.,
1980).
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2.2.4 Weathering

The present weathering flux of sulphur to the sea may be estimated from
the flow and composition of the world's rivers and subtracting the sulphur
added through atmospheric fallout over the continents from the burning of
fossil fuels, etc. It can also be estimated from the rate of transport of
sediments to the sea (Holeman, 1968), multiplied by the average sulphur
content and mass of rock types being weathered.

2.2.5 The question of steady state

An important aspect of the geochemical cycle that figures prominently in
calculations is the question as to whether the cycle is in a dynamic steady
state, and especially whether the ocean reservoir and its fluxes are relatively
constant or not. This question can be addressed separately in terms of
constancy of reservoir mass and reservoir isotope ratio. Berner (1972)
calculated that the ocean is presently grossly out of balance with respect to
sulphate. Its concentration is increasing because more sulphur is transferred
to the oceans in river water than is deposited as sulphide (and sulphate).
The new central estimates by Holser et al. (1988) agree with this conclusion,
but within the wide limits of precision of the data they found it possible to
balance the system.

Some authors have simply assumed a constant ocean composition,
estimating either weathering or sedimentation, and equating the two. Many
modellers have assumed, not only that the ocean composition is presently
in a steady state, but that it has remained so throughout most of geological
time. Holland (1972) has reasoned that the composition of the ocean has
remained constant within a factor of two or three during the Phanerozoic,
because both the mineralogy of marine evaporites, and the sequence of
their crystallization (CaC03, CaS04, NaCI; no sodium sulphates or
carbonates) have not noticeably changed during that time. Within those
limits, however, variations are not only possible, but required by the gross
irregularity of the chemical composition of sediments through time (a theme
that we shall develop below). Indeed, feedback mechanisms that act to
maintain the chemical contents, even within Holland's limits, are difficult
to pin down.

2.2.6 Is the exogenic sulphur cycle leaky?

Is it feasible to limit our model calculations of the history of the sulphur
cycle to the simple three reservoirs of Figure 2.1, or does a significant
amount of sulphur leak in or out of the oceanic or continental crust? A
recent evaluation of the whole cycle (Holseretat., 1988)suggests that the
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simple approximation holds reasonably well, but not all geochemists would
agree with that conclusion. In a quest for ideal steady state balance of
marine sulphur, some authors have sought an additional sink of sulphur in
mid-ocean ridge (MaR) activity and plate subduction. Circulation of
seawater in a sub-sea floor hydrothermal system may deliver sulphur to the
oceanic crust by precipitation of anhydrite (resulting from its low solubility
at high temperature) or it may precipitate sulphide by reduction with the
ferrous iron of silicates. Alternatively seawater may leach sulphide from the
intruded basalts. Perhaps each of these processes is active at some times or
places, but for the sulphur cycle the question is whether the total flux of
sulphur in either direction is significant. Specifically, Edmond et ai. (1979)
measured a sharply decreasing level of sulphate in approaching the Galapagos
deep-sea hydrothermal vents, which indicated complete removal of sulphate
from the circulating seawater at 380°C, and he extrapolated this result to
infer a flux of 120:1:::20Tg (S) a-I into the MaR; this value was strengthened
by McDuff and Edmund (1982) on the East Pacific Rise. Andrews (1979),
Rolser et ai. (1979, p. 10) and Wolery and Sleep (1988) have argued some
points against massive transfer of sulphur from the sea to MaRs, e.g. major
seawater circulation for even a few million years should have reduced the
sulphate concentration of seawater to the very low solubility of anhydrite
at high temperature, or if the sulphate underwent reduction then all the
FeO in several kilometres of crust should have been oxidized. On the sea
floor itself comparison of chemical analyses of altered basalt with quenched
basaltic glass indicates that between 20 and 80% of the sulphur Content of
the erupted basalt was added to seawater. This represents an appreciable
component of the seawater balance. Sulphide deposited on the deep ocean
floor by sulphur-reducing bacteria represents an equally small flux, because
of the small amount of organic carbon available there. Some undetermined
fraction of this sedimentary sulphide is returned to the exogenic cycle by
metamorphism and volcanism in subduction zones.

These subcycles are minor perturbations to the main exogenic cycle of
sulphur, and most investigators have ignored them in modelling the exogenic
sulphur cycle through time.

2.2.7 Reservoirs of sulphur and their changes through time

In line with the above discussions, we simplify the sulphur cycle to three
main reservoirs: sediments (mainly shales) containing reduced (sulphide)
sulphur, sediments (mainly evaporites) containing oxidized (sulphate)
sulphur, and the world ocean (also oxidized); see Figure 2.1. At any point
in time, each reservoir of sulphur represents an inventory of all sulphur in
the defined reservoir. The most useful characteristics to be inventoried are
the mass and the isotope ratio of sulphur. Other characteristics or subdivisions
of these simplified reservoirs may also be useful: age, rock type, tectonic
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milieu. In the simple dynamic operation of the model
reservoir is regarded as equally accessible to a flux,
homogeneously mixed. This may not always be true.

Table 2.1 lists the masses and isotope ratios of these reservoirs for the
present time, as estimated by previous authors. The key figure, the fraction

the whole of a
if not actually

Table 2.1. Balance of sulphur reservoirs in the exogenic cycle

" Not including seawater.
h Including about 1280 x 10" Tg sulphate sulphur in seawater with 0345 = 20%0.
c (A) assumes the evaporite mass deduced by Holser and Kaplan (1966), whereas (B) assumes a
smaller evaporite mass suggested by Otto Braitsch (K. H. Wedepohl, personal communication).
d (A) is data as measured by Ronov (1980, etc.), whereas (B) is corrected for primary sulphide
oxidized to sulphate (Migdisov et ai., 1983, p. 83).
e (A) takes Ronov's (1980) analyses for sulphate and sulphide at face value, except evaporite
sulphate modified by Holser; (B) assumes that all sulphur in geosynclinal clastic sediments is
sulphide (a correction similar to that made by Migdisov et ai. (1983)-footnote n above).
! Recalculated from data on isotopesby Ronov et al. (1974)and on volumesby Ronov (1980) and
Southam and Hay (1981)-see Holser et al. (1988).
* CDT = with respect to Canyon Diablo Troilite.

Mass (106 Tg) Mean i)34Ssediments
sedimentary S (%o(CDT)*)

Reduced
Author Reduced Oxidized" Totalb Reduced Oxidized" Totalb

Holser and Kaplan
(1966) 2690 5190 0.29 -12.0 +17.0 +8.9

Li (1972) 7410 4780 0.55 -12.0 +17.0 +1.3

Garrels and Perry
(1974) 9430 6410 0.55 -12.0 +17.0 +1.3
Schidlowski et al.
(1977) 5900 6350 0.44 -16.0 +19.0 +3.8

Neilsen (1978)< (A) 5710 5290 0.46 -15.2 +17.0 +2.3

(B) 5710 1310 0.69 -15.2 +17.0 -4.7
Garrels and Lerman
(1981) 5710 3460 0.55 -16.0 +19.0 0.0
Berner and Raiswell
(1983) 8010 8010 0.42 - -

Migdisov et al.
(1983,

Table 2.13)d (A) 3960 2630 0.50 -9.3 +8.7 +1.4

(B) 4970 1380 0.65 -9.3 +8.7 -1.1

Holser et al. (1988)'
(A) 4910 4870 0.44 -7.9 8.41 +2.9

(B) 5770 4040 0.52 -7.4 + 12.1/ +2.91
Garrels and Lerman
(1984) 6410 6410 0.45 -16.0 +19.0 +3.2
Present work 4970 2470 0.57 -7.0 + 19.4 +4.6
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Table 2.2. Present inventory of sulphate sulphur in rock", 106Tg

Period Elapsed Duration Dispersed sulphateb Evaporites' Total 834S(VI)3
time (Ma) (Ma) sulphated (%0)

Shelf/Slope/ Total
Platforms Geosynclines Oceanic dispersed

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Neogene 2 21 15 6 9 30 400 430 +20.6

Palaeogene 23 42 29 6 15 50 14 64 17.7
Cretaceous 65 75 77 17 40 134 190 324 16.5
Jurassic 140 55 46 14 25 84 520 604 16.9
Triassic 195 35 34 11 19 65 55 120 16.1
Permian 230 50 26 11 15 52 320 372 11.6
Carboniferous 280 65 26 15 18 59 30 89 15.9
Devonian 345 50 34 22 23 79 105 184 23.5
Silurian 395 40 11 7 7 25 6 31 24.6
Ordovician 435 65 18 10 12 40 2 42 22.8
Cambrian 500 70 37 12 21 70 150 220 29.5
Total Phanerozoic 353 133 204 690 1780 2470
Eocambrian 570 130 8 3 5 16 100 116 28.8

" Sulphate sulphur in present oceans: 1280 x 10"Tg (S), at 34S(VI) = +20.0%0.
h Aggregate analyses of dispersed sulphate (corrected for oxidized pyrite), from Migdisovet al. (1983, Table 2.13), apportioned to periods
accordingto masses of rock in each period (Ronov, 1980,Table 13, column 16).
, Evaporite volumes for Permian-Neogene from Holser et al. (1980);for Cambrian-Carboniferousfrom Zharkov (1981, 1984).
d Total dispersed and evaporite sulphate.
e Mean 34Sof marine evaporite sulphate from Lindh (1983); Saltzman et al. (1982).
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of reduced sulphur, varies from 0.29 to 0.69. Some of the differences are
simply a measure of the inherent uncertainties of estimation, but other
differences reflect real differences in definition and method. The classical

method of estimating geochemical reservoirs is to take some list of rock
types and determine their relative importance by geochemical balance of
their key major constituents against an average igneous rock. Then
independently published analyses (e.g. sulphur content) of rocks given the
same type name are averaged to get a mean concentration. Ronov and co-
workers used a more direct approach, made possible by the existence of
inventories of the amount and composition of various rock types (Ronov,
1980; Migdisov et al., 1983). The reservoir estimates, based on Ronov's
data, are indicated in the footnotes of Table 2.1.

If the inventory approach of Ronov is used, rather than a geochemical
balance, then in the course of estimating the sulphate and sulphide reservoirs
at the present time, one can also assign an inventory of sulphate and sulphide
to each geological period. In Tables 2.2 and 2.3 we have recalculated the
data, newly compiled by Migdisov et al. (1983), to give estimates of the
present surviving masses of the two reservoirs for each geological period.
Table 2.2 shows our own estimates of the mass of sulphate surviving (mainly
as anhydrite) in giant evaporites (Holser et al., 1980; Zharkov, 1981);
alternatively one could take the compilation of Migdisov et al. (1983, Table
2.17; note that they converted volumes as gypsum rather than anhydrite).
The amounts of sulphates (Table 2.2, column 7) dispersed in other rocks
(not including sulphate from surface oxidation of pyrite) were calculated
from the data of Migdisov et al. (1983). The 'corrected' mass of dispersed
sulphate from their Table 2.13 was divided among the geological periods
according to the rock masses on the continent (from their Table 2.15). Our
Table 2.3 similarly takes Migdisov's data for sulphide in platform rocks by
period (their Table 2.8 corrected for oxidation by their Table 2.13), and for
sulphide in geosynclinal rocks by era (their Table 2.12) divided among
periods in proportion to their time.

These estimates will be used as a check on the operation of dynamic
models.

2.2.8 Isotope geochemistry of sulphur

Fractionation of the stable isotopes of sulphur has played a central role in
geochemical calculations. The isotope relations in the present and ancient
sulphur cycles are discussed in some detail in other SCOPE Reports by
Grinenko and Ivanov (1983) and Krouse and Grinenko, and only certain
points relative t6. geochemical modelling will be reviewed here.
. Departures of the isotope ratio in parts per thousand from a standard

(Canyon Diablo Troilite) are designated by the '834S' notation. Dissimilatory



u Migdisovet al. (1983,Table 2.8, corrected for oxidized pyrite accordingto aggregateof Table 2.13).
h Geosynclinal sulphide for each era (Migdisov et al., Table 2.12) apportioned among periods according to rock masses (Ronov, 1980, Table
13, column 16), corrected for oxidized pyrite according to geosynclines averaged over Phanerozoic (Migdisov et al., 1980, Table 2.13).
c Corrected Phanerozoic totals (Migdizov et al., 1983, Table 2.13) distributed among periods same as all continental rocks (columns 2 + 3).
d Columns 2 + 3 + 4.
e Table 2.2, column 9, plus Table 2.3, column 5.
f Columns 5/6.

g Grinenko et al. (1983), Table 2.16).
h ~34S = (')34S(VI)- (')34S(- II): Table 2.2, column 10, less Table 2.3, column 8.

v.J
0

Table 2.3. Present inventory of sulphide sulphur in rock, 10° Tg

Period Platforms" Geosyn- Shelf/' Slope/ Total e Sulphide!
clinesb Oceanic Totald sulphur total /)J4S(-II)g L J4Sh

sulphide inventory (in rock) (%0) (%0)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Neogene 92 123 49 264 694
0.38 \ -9.6 30.2

Palaeogene 170 135 70 375 439 0.85 27.3
Cretaceous 293 359 150 802 1126 0.71 -18.7 35.2
Jurassic 291 266 128 685 1289 0.53 -6.0 22.9
Triassic 104 235 78 417 537 0.78 -5.8 21.9
Permian 166 10 86 462 834 0.55 -4.6 16.2
Carboniferous 114 293 93 500 589 0.85 -7.4 23.3
Devonian 80 412 113 605 789 0.77 -0.8 24.3
Silurian 60 60 27 147 178 0.83 -12.3 36.9
Ordovician 131 90 51 272 314 0.87 -6.0 28.8
Cambrian 224 123 80 427 647 0.66 -2.6 32.1

Total Phanerozoic 1734 2312 928 4974 7444 0.67
Eocambrian 39 53 21 113 229 0.49 +2.4 26.4
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sulphur metabolism during reduction by sulphur bacteria generates substantial
isotope fractionation, particularly in the intermediate step of sulphite
formation. The sulphide produced is light by 6 = 8S (VI) - 8S (- II) = +45
to + 60%0 (where VI and - II refer to sulphur as sulphate and sulphide),
depending on the overall rate of reduction, and on which of several steps
is rate limiting. Natural environments may also involve local depletion of
sulphate supply, depending on whether the system was open or closed to
sulphate diffusion. Differences between the isotope ratios of pyrite and the
seawater sulphate from which it was formed may vary from nearly +60%0
to nearly 0%0,and many are near +40%0 (see discussion in Claypool et at.,
1980). These conditions vary radically within the sediment, so that the
isotope ratios in the sulphide of the resulting sedimentary rocks are extremely
variable in place and time (Schwarcz and Burnie, 1973; Migdisov et at.,
1983). Consequently, it is difficult to determine mean 834S for reduced
sediments. Most modellers have been forced to assume that 6sw-pyremained
constant regardless of age, facies or rate of sedimentation of the rocks, but
this assumption may be substantially in error, as we will show in a later
section of this review.

In contrast to reduction, the process of crystallization of sulphate (as
gypsum or anhydrite) results in only a small fractionation of about -1.3%0.
Usually this fractionation can be ignored, and the 834Svalue of a marine
evaporite rock approximates that of the surface seawater brine from which
it crystallized. It has also been found by experience in most (but not all)
cases that the seawater brine in a marine evaporite basin is so dominated
by the inflowing marine sulphate that the deposited sulphate has the same
834Sas the seawater (see discussion in Claypool et at., 1980).

However, Chapter 3 compiles some case studies where the assumption of
an oceanic evaporite would lead to quite unreasonable conclusions.

2.2.9 A geochemical record of the sulphur cycle: the isotope age curve

Despite this problem marine sulphate evaporite rocks do generally hold a
record of past changes in the fluxes and reservoirs of the sulphur cycle. As
discussed above, the level of 834S(VI) in marine evaporite rocks usually
closely mimics sulphur isotopes in the brine filling the evaporite basin, which
in turn is mainly governed by that of the surface of the world ocean. The
record of 834S(VI) in evaporite rocks (the isotope age curve) consequently
corresponds to shifts in the oxidation/reduction system of sulphur through
time. Several representations of the isotope shifts are shown in Fig. 2.2,
where it is clear, no matter whose compilation is used, that isotope
shifts in both directions have been large and irregular. At the risk of
oversimplification, the record might be characterized in this way: lower
values of 834S,as in Permian time, indicate a pervasive oxidation of sulphide



to sulphate, while high values of 1)34S,as in early Palaeozoic time, represent
massive reduction of sulphate to sulphide. The differences are substantial.
Consequently the sulphur isotope age curve has been a starting point for
all historical modelling of the sulphur cycle. Pilot has discussed the sulphur
isotope age curve in another SCOPE Report (Krouse and Grinenko).

2.2.10 Interconnections of the exogenic sulphur cycle with those of carbon
and other elements

The exogenic geochemical cycle of sulphur is clearly linked to that of oxygen,
which led Holland (1973) and many later modellers to try to calculate
putative changes in composition of the ancient atmosphere. Holland pointed
out that any tendency to atmospheric changes owing to reduction (or
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oxidation) in the sulphur cycle may well be compensated by opposite
oxidation (or reduction) changes in the carbon cycle, as exemplified by the
box model of Fig. 2.3. Holland recognized that such compensation might
be demonstrated by an inverse relation of 034S(VI) to Ol3Ccarb(where Ccarb
is carbon as carbonate) through time, i.e. oxidationlreduction of sulphur
compensated by reduction/oxidation of carbon. Garrels and Perry (1974)
made this prediction more explicit. However, neither Holland nor Garrels
and Perry (also Schidlowski et ai., 1977) could detect a clear variation in
ol3C in the data available to them. Veizer et ai. (1980) were able to
demonstrate by statistical treatment of several thousand analyses of Ol3Ccarb
that at least in the long-term the values were inversely related to 034S(VI).
This relation was refined by Lindh (1983) (see also Saltzman et ai., 1982)
as shown in Fig. 2.4, where several real deviations from the relationship are
also evident (Holser, 1984).

More sophisticated models of the exogenic chemical cycles have further
involved the isotope ratios of oxygen in sulphate (Holser et ai., 1979;
Claypool et ai., 1980), the oxidation/reduction of iron (Schidlowski et ai.,
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1977), or silication (metamorphism)-desilication (weathering) of carbonates
(Garrels and Lerman, 1981; Lasaga et ai., 1985).

For the latter system, the idealized controlling composite reaction, the
'Garrels Equation', can be written in a way so as to involve no shifts of the
atmospheric reservoirs of either O2 or CO2:

4FeS2 + 8CaC03 + 7MgC03 + 7Si02 + 15H2O ~
15CH2O + 8CaS04 + 2Fe203 + 7MgSi03 (3)

Fig. 2.5 is one example of such a system (Lasaga et at., 1985). In this review
we will not attempt to analyse these more complex models in detail, although
some of their results for the sulphur cycle will be cited in a later section.

2.2.11 Relations of the sulphur cycle to other geological parameters

Extensive variations in the sulphur or related chemical cycles through
geological time, raise questions concerning the external forcing mechanisms
responsible for these changes. Correlative variations in isotope ratios of
marine strontium may suggest a proximate cause of some sulphur isotope
variations. Although strontium basically owes its isotope ratio, 87Sr/86Sr,to
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Weathering

Figure 2.5 Enlarged model of present day cycles of sulphur, carbon and silica, after
Lasaga et al. (1985). Reservoirs are in 1018mols and fluxes in 1018mol Ma-I

radioactive decay of 87Rb, the ratio in marine rocks can be attributed mainly
to the erosion of old granitic rocks from shield areas, which provide 87Sr/
86Sr that is high (~0.720), and interaction with young basaltic rocks such
as at mid-ocean ridges, which provide 87Sr/86Srthat is low (-0.704). The
isotope age curve for marine strontium, as determined in both carbonates
(Burke et al., 1982) and biogenic apatite (Kovach, 1980) is loosely correlated
with the sulphur curve (Hoefs, 1981; Holser, 1984). World sea-level (Vail
and Mitchum, 1979), which is thought to be driven mainly by variations in
activity at mid-ocean ridges, also correlates with the sulphur curve (Hoefs,
1981), but less significantly and in the 'wrong' direction (Holser, 1984).
Mackenzie and Pigott (1981) proposed a tectonic model to account for these
correlations, and their model has been debated in Holser et al. (1988). A
more quantitative, kinetic relation of these chemical cycles (particularly that
of carbon) to geological variables (weathering, volcanic-seawater reaction,
magmatism, and metamorphism, as functions of land area and seafloor
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uncertainty; dashed lines indicate lack of data

spreading rate) was recently developed by Berner et at. (1983) and refined
by Lasaga et at. (1985).

Figure 2.6 (Holser, 1984) presents an overall view of the isotope age
curves of C, Sand Sr, and the curve of eustatic sea-level changes. Several
relations discussed in previous paragraphs are illustrated in this figure:

(a) The large swings of 034Sthrough time are roughly balanced by smaller
opposite swings of ol3C.

(b) This antithesis is imperfect even in its major aspects.
(c) The slow shifts of 034S,ol3C and ~7Sr/~6Srare punctuated by short-term,

uncorrelated events, which will be discussed in the following section.

2.2.12 Events in the sulphur cycle

Both in the papers mentioned above and in the detailed discussions in
following sections, quantitative modelling of the sulphur cycle has necessarily
been based on the long-term trends of the isotope age curve (or the means
for whole geological periods). However, at particular geological times these
trends are interrupted by short-term events for which modelling has been
qualitative at best. Holser (1977) pointed out several such events, in the
late Proterozoic, in the late Devonian, and in the early Triassic. The early
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greatly expanded time scale in the Scythian Stage

Triassic Rot Event has since been documented in detail, as shown in Fig. 2.7,
from Holser (1984), who reviewed trends and events in oceanic chemistry.
The episodic nature of the marine cycle of sulphur is also demonstrated by
the record of 'saline giants' that remove CaS04 from the ocean at a very
high rate (Holser et at., 1980), as discussed in a previous section.

The proximal causes of isotope events like that of 034S in the Lower
Triassic are speculative. For a positive swing of 034S with little or no
correlative shift of ol3C, a massive deposition of extra sulphide in a euxinic
ocean basin (Leventhal, 1983) would seem to be required. Holser and
Magaritz (1987) pointed out that the extraordinary magnitude of the resulting
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positiveswingin 834S(Figure2.6)wasfacilitatedby the lowlevel of sulphate
in the oceanic reservoir remaining after the widespread precipitation of
sulphate in the saline giants of the Permian.

The short-term events demonstrate a certain independence of the sulphur
cycle from the carbon and other cycles, although the specific origin of the
events is still obscure.

2.3 MODELS OF THE SULPHUR CYCLE THROUGH TIME

2.3.1 A simple box model and its equations

Modelling of the sulphur cycle starts from a box model (like that of Figure
2.1), an estimated level of reservoirs for the recent past (like those listed
in Table 2.1), and an estimate of the present balanced fluxes between
reservoirs (Lein, 1983; or Figures 2.3, 2.5). Dynamic operation of the model
is designed to account for the past variations of reservoirs such as indicated
by Figures 2.2 or 2.6. The dynamics and balances of the system are expressed
in a set of equations relating reservoirs, fluxes and their isotopic ratios. The
following simple example (based on Garrels and Lerman, 1981; and Berner
and Raiswell, 1983) indicates the nature of these analytical relationships as
a basis for discussing the inputs, assumptions and outputs calculated by
various modellers.

The sulphur (or carbon) system is described by a set of eight equations
for the model of Figure 2.1.

Mass balance of the reservoirs of sulphur:

ST = Spy + Sev + Ssw (4)

where the subscripts py = pyrite, ev = evaporite, sw = seawater, and T =
total exogenic sulphur.

Steady state seawater condition:

Fpy-sw + Fev-sw - Fsw.py + Fsw-cv (5)

where Fpy-sw signifies flux from sedimentary pyrite to seawater, etc. This
equation requires that Ssw,the mass of sulphate dissolved in the oceans, be
constant through time, an assumption that is convenient and often made,
but this constraint is so unlikely that it should be relaxed if possible.

Reservoir changes:

d Spyldt - Fsw-py - Fpy-sw

d Se)dt - Fsw-ev - Fev-sw
(6)

(7)

First-order weathering reactions:
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Fpy-sw - kpy Spy

Fev-sw - key Sev

(8)

(9)

where kpy = erosion rate for pyrite, etc.
Some modellers have also introduced first-order depositional reactions,

but Fsw-py and Fsw-ev are each likely to be independent of Ssw,as discussed
in a previous section.

Isotope mass-balance:
- - - -
OyST = OpySpy + oevS:v + osw Ssw (10)

Where the os are the mean values of sulphur isotope ratio in each reservoir.

Isotope changes in seawater:

Ssw (d oswldt) = Opy Fpy-sw + oev Fev-sw - (osw-~) Fsw-py

-osw Fsw-ev (11)

where the os are the sulphur isotope values of deposited sulphur in a given
period, and ~ is an average sulphate-sulphide fractionation, osw- Opy.

Garrels and Lerman (1984) assume a constant L:,.= +35%0in their modelling.
The constants kpy and key may be evaluated from modern-day values of

these parameters, and in the absence of contrary information, are assumed
to have remained unchanged through time. The system is thus described by
the eight equations, (4)-(11). It may be used to move backward in time,
step by step through short time intervals, assuming that one knows the
values for Ssw,°sw, kpy, key, and L:,.,and determine the eight unknowns °py,
°ev, Spy, Sev, Fpy-sw, Fsw-py, Fev-sw, and Fsw-ev. Even this simplified model
is deceptive. Garrels and Lerman (1984) discovered that the system is not
symmetrical in time, so that stepping backward is not exactly the same as
stepping forward with the same assumptions and equations.

The more complex models mentioned in a previous secton, involving the
carbon and silicate cycles, comprise more equations and more unknowns.
Most calculations are done on computer by numerical methods.

2.3.2 Assumptions and results of some previous models

Table 2.4 summarizes some characteristics of several models that have

attempted to calculate the course of the sulphur cycle through time. Each
of these authors began with a set of equations similar to equations (4)-(11),
put in a set of known data, a set of assumptions dependent on their
judgement, and calculated the time variance of one or more parameters of
the cycle.

Some time ago Nielsen (1965), Holser and Kaplan (1966), Rees (1970)

and McKenzie (1972)recognized the potential of the sulphur isotope age



"Subscripts: ev = evaporite; Is = limestone; py = pyrite; ri = river water; sw = seawater; see
text, Section 2.3 and Figure 2.1. 'f (t)' means 'function of (geological) time'.
bdOs, dOc = differential oxygen due to sulphur and carbon cycles, respectively.

curve for calculating time shifts in the sulphur cycle, and made sample
calculations. The first comprehensive calculation was by Holland (1973),
who assumed a constant river flux and residence time for sulphur in the
ocean, and calculated the putative oxygen variation consequent to the
variations of 834S. He expected these variations to be compensated by
counterflows in the carbon cycle, and while the data for 813C available to
him were too diverse to support this assumption, he was able to find
tentative corroboration in the averages of Sp/Corg compiled by Ronov and
Migdisov (1971) for geological eras on the Russian Platform.
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Table 2.4 Models for the sulphur cycle through time

Input
Reference dataa Assumptionsa Outputsb Comments

Holland (1973) 834S Sey> Fri-sw, fixed dOs Suggests dOs= -dOc
Garrels and Perry 834S Ssw, Fri-sw, 8r;, dSpy, dCorg Example calculations

(1974) f::::.,Oatm fixed
Garrels et al. 834Sev, 6 k's for C, 0, dS, dC, dO Calculates deviations

(1976) 813C1s S fluxes, Sev from present
fixed 'steady-state'; varies

erosion rate.
Schidlowski et al. 834Sev, F sw-ev= kSsw: dOs Calculates dOs

(1977) 813C1s Ssw/Sev fixed -dOc
Claypool et al. 834Sev, 'Symmetrical' dOs

(1980) 81!!Oev net sw fluxes
Garrels and 834Sev Ssw, Csw, 0 dS's, F's, Reproduces 813C of

Lerman (1981) fixed 813Ces Veizer et al. (1980)
Mackenzie and Tectonic 0 fixed dS, dC Qualitative analysis

Pigott (1981) events of forcing functions
Schidlowski and 834Sev, As in 1977 dOs Recalculation

Junge (1981) 813C1s dOs-dOc
Berner and 834Sev, SsW>0 fixed dS's, dC's Garrels and Lerman

Raiswell (1983) Corg/Spy (1981) model
Garrels and 834Sev, Ssw, 0 fixed dS's Corrected Garrels

Lerman (1984) and Lerman (1981)
(A) model, calculated

for various S's,
Garrels and 813C1s Ssw, Csw, 0 fixed dSev Fpy-sw, Fev-sw.

Lerman (1984) Similar result for dSev
(B)

Lasaga et al. 834Sev, f::::.fixed; various dSpy Last 108 years.
(1985) 834C]s> sSW= f (t) Elaboration of CO2

tectonic assumed model of Berner et
factors al. (1983)
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After Garrels and Perry (1974) elaborated the interconnections Qf the
long-term cycles of sulphur, carbon and silica (Equation 3), Garrels et at.
(1976) set up a series of rate equations for the overall system and calculated
changes expected (including Spyand Sev) in 10 Ma from changes in rates of
erosion or photosynthesis. They made two important assumptions that are
retained in most later models: (a) that atmospheric oxygen was held exactly
balanced through geological time by the compensation of carbon oxidation/
reduction for sulphur reduction/oxidation; and (b) that the sulphate reservoir
in seawater also remained constant. These two reservoirs probably did not
vary during the Phanerozoic by a factor of more than two or three, as
attested for (a) by the fossil record and (b) by the mineralogy of evaporites
(Holland, 1972), but we think that within these limits they are not very
closely controlled. While assumptions of constancy in these reservoirs were
necessary to the solution of the models, we should be alert to the applicability
of new data to checking their variations.

Schidlowski et at. (1977) worked from a model first applied to the carbon
cycle (Junge et at., 1975) that assumed exponential weathering functions
and a constant ratio of SsjScv' They calculated the oxygen flux from both
the sulphur and carbon cycles. Using the isotope age curves then available
they were unable to balance that from sulphur with contrary variations from
the carbon cycle, and ascribed the differences to oxidationlreduction of iron
minerals. Later (Schidlowski and Junge, 1981) recalculated this using the
carbon isotope curve of Veizer et at. (1980), and found approximate
compensation, but with some possible phase lag between the sulphur and
carbon systems that might indicate short-term fluctuations of atmospheric
oxygen.

Garrels and Lerman (1981) extended the model of Garrels et at. (1976)
described above to get a detailed output of the variations through time of
the two reservoirs of sulphur (seawater constant) and their mean isotope
ratios, and the fluxes that led to the differences. Assuming equation (3)
they used the sulphur results to calculate a corresponding carbon isotope
curve, which they found compared favourably with the compilation of Veizer
et at. (1980). Berner and Raiswell (1983) made similar calculations to derive
Sp/Corg through time. Garrels and Lerman (1984) have recently improved
this model, to remove an inconsistency in the calculation scheme. Their
results for the sulphur cycle in terms of Scv are summarized in Figure 2.8,
curve A. The same figure compares results from Schidlowski and Junge
(1981) (curve C) and two unpublished calculations of Berner using different
amounts of ST (curves B and E). Curve D is an additional calculation by
Garrels and Lerman that started with assumed reservoirs at 700 Ma BP
(million years before present) and projected forward in time to the present.
Interactions of the sulphur and carbon cycles were checked by recalculating
the sulphate reservoir, Sev, from the carbon isotope age curve, with similar
results.
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Garrels and Lerman (1984) state in conclusion, 'The trends deduced by
the various modellers are similar. The sulfate reservoir decreased from 700

million years ago to 400 million years ago, then increased strikingly, reaching
a maximum between 220 and 100 million. Since then it has declined slightly.
The mass is about 80 x 1018mol in all the models. This range corresponds
to a change in the organic carbon reservoir (oxygen production) of 150 x
1018mol, about 4 times the oxygen in the present atmosphere.' However,
the model is insensitive to the size of the initial sulphate reservoir in the
Precambrian, and in a later section we will compare these calculated sizes
of the evaporite reservoir with those estimated from the geological record.
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Another recent calculation, in which Garrels also participated (Lasaga et
at., 1985), pursues a more elaborate model first applied to the carbon system
(Berner et at., 1983), in which the system is driven by tectonically generated
factors such as seafloor spreading. These models are not confined to a closed
exogenic cycle, but take into account fluxes to the mantle at mid-ocean
ridges, and out of the mantle/crust in volcanism. The effect of the assumption
of constant ocean composition was tested by comparing the pyrite flux
generated through time in such an ocean with one in which the sulphate
content varied linearly with time-the results were not very different. Results
for Sev were not given in that paper, so it cannot be compared explicitly
with other models.

2.3.3 A new model using reservoir inventory data

All of the previously published models discussed in the last section input a
single initial value (at 0 or 700 MaBP), of each of the reservoirs Sevand Spy,
with Sswconstant, and calculate the variation in the evaporite and pyrite
reservoirs through time. This procedure throws away such information as
we have about the actual distribution of these reservoirs through time. The
direct information consists of estimates of the residual masses of evaporite
and pyrite sulphur for each geological period remaining after erosion, as
listed in Tables 2.2 and 2.3. If we deduce or assume an erosion constant
for each of these reservoirs, as was also necessary anyway in the isotope
input models, we can calculate the original masses of evaporite and pyrite
sulphur deposited during each geological period, independent of the sulphur
isotope age curve. If we also estimate the mass of evaporite and pyrite
sulphur present at the beginning of the Eocambrian, we can calculate
reservoir masses Scvand Spyfor each period. This is done by letting Scvand
Spy decay exponentially to account for weathering, and adding each new
increment of evaporite or pyrite deposition at the end of its geological
period, so that an increment is not exposed to weathering until the end of
its deposition. Once the courses of change in Sev and Spy have been
calculated, changes in the seawater reservoir, Ssw, can be estimated by
subtraction (equation 4). The entire dynamic model is highly sensitive to
the choices of erosion rates and initial (Eocambrian) masses, all of which
are only poorly known, so the results of such modelling must be tested by
independent criteria.

Table 2.2 implies that only an insignificant mass of evaporites is presently
represented in the rocks older than the late Proterozoic, and although the
supposition is widely debated we have assumed for this preliminary modelling
that the initial evaporite sulphate before the Eocambrian was zero. In
contrast, sulphide is abundantly evident in Precambrian rocks. For the initial

Precambrian value of Spy, the assumption of a small Scv indicates a large
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Spy (ST constant). Garrels and Mackenzie (1971, p. 257) calculated a ratio
of 0.77 for Precambrian/Phanerozoic sedimentary mass. Applying this ratio
to the data of Migdisov et al. (1983), we calculate a preserved mass of
Precambrian pyrite sulphur of 3800 x 106Tg (S).

Other modellers have assumed various erosion rates within a rather
restricted range (Table 2.5). In our modelling we initially calculated a smaller
erosion rate of key = 0.86 X 10-9 a-I from the estimate of Holser et al.
(1980) that 18% of Permian CaS04 has been eroded in the 250 Ma since
the close of that period. If this same weathering constant is used for both
sulphate and pyrite and for all Phanerozoic time, then very large swings in
Sswresult, which violate the Holland constraint (Holland, 1972) that limits
fluctuations in the concentration of sulphate in seawater to a factor of about
two. Accordingly, we ran the model at various erosion rates for sulphide
and found that for kpy between 1.79 and 1.95 x 10-9 a-I (key still 0.86 x
10-9a-I), the Holland constraint can be met. In all of these cases evaporite
sulphate Seyincreased monotonically by irregular amounts through the entire
Phanerozoic, owing to an erosion rate key so low that it never completely
compensated for each episode of evaporite deposition. Increasing key to 2.0
X 10-9 a-I and varying kpy between 1.70 and 1.89 x 10-9 a-I also keeps
Ssw essentially within those bounds, and these levels of k are more
commensurate with those estimated by Garrels and Lerman (1984; see Table
2.5) from the decrement of rock masses with age.

These calculations demonstrate that, even with the large and episodic
variations in depositional rate of sulphate and sulphide, and with nominal
erosion rate constants, the variations in the sulphur cycle can be modelled
within geochemical constraints and independently of the sulphur isotope age
curve and equations (10) and (11). We can now refine the inventory model
by making partial use of the isotope data. We can calculate the mean isotope
levels present in the three reservoirs, 534Sey,534Spy,and 534Ssw,at the end
of each geological period from the results of a run of the inventory model
that already satisfies the Holland criterion. The mean isotope value, °T, is
then summed by equation (10). The set of calculated values of 5T for all
periods for that run are then examined for constancy at a value near zero.
For example, for key = 2.0 X 10-9 a-I, a kpyof 1.7 x 10-9 a-I (the lowest
value consistent with the Holland constraint) gives the results shown in
Tables 2.6-2.8 and illust!:!lted in Figures 2.9-2.11. As listed in Table 2.8,
column 10, the resulting OTvaries only from +0.23 to +2.74, with a mean
for all periods of +1.24 ::!::0.77. For kpy = 1.89 X 10-9 a-I (the highest

value consistent with the Holland constraint) 5T ranges from -1.12 to + 1.18.
Either of these ranges of values seems close to constancy considering the
uncertainties of the inputs, including the assumption of k's constant with
time, and no leakage in or out of the exogenic cycle (Section 2.2.6; equation
4). However, the model has not yet been subjected to sensitivity tests, and
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Table 2.5 Input conditions for modelling of the sulphur cycle

Modeller Figure or Initial conditions Erosion rate constants
table

Time Sov Spy 8sw 8ev 8py kev kJ'Y(Ma) (106 Tg) (106 Tg) (%0 moles) (%0 moles) (%0moles) (10-Ya-l) (10- a-I)

Garrels and F2.8A 0 6410 6410 +20.0 +18.5 -15.7 5.0 2.5
Lerman
Berner F2.8B 0 6410 6410 +19.0 +19.0 -16.0 4.0 2.0
Garrels and F2.8D 700 6410 6410 +17.0 +19.0 -16. 5.0 2.5
Lerman
Berner F2.8E 700 8180 8180 +17.0 +19.0 -16.0 4.0 2.0
Present work T2.6-2.8 0 2590 5080 +22.0 - 9.6 2.0 1.7

F2.9
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Table 2.6 Inventory model: sulphate reservoir (for kev = 2.0 X 10-9 a-I)

Time (Maa) Mass (10° Tg) Flux (Tg a-I)

Period End Duration Present Original Totalh To ev To sw 8cv (%0)

Neogene 0 23 430 430 2594 18.69 4.43 18.91
Palaeogene 23 42 64 67 2266 1.59 4.59 18.57
Cretaceous 65 75 324 369 2391 4.92 4.36 18.60
Jurassic 140 55 604 799 2350 14.52 3.28 18.98
Triassic 195 35 120 177 1732 5.05 3.22 20.05
Permian 230 50 372 589 1668 11.78 2.27 20.50
Carboniferous 280 65 89 155 1192 2.39 2.21 25.35
Devonian 345 50 184 366 1180 7.33 1.71 26.77
Silurian 395 40 31 68 900 1.70 1.73 28.24
Ordovician 435 65 42 100 902 1.54 1.71 28.54
Cambrian 500 70 220 598 912 8.54 0.68 29.26
Eocambrian 570 130 116 362 362 2.78 0 28.80

" Arbitrarily assumingthe time scale of Van Eysinga (1975).
b Total mass at end of period.
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Table 2.7 Inventory model: sulphide reservoir (for kpy = 1.7 X 10-9 a-I)

Time (Ma") Mass (106 Tg) Flux (Tg a-I)

Period End Duration Present Original Total To py To sw 8py (%0)

Neogene 0 23 264 264 8867 11.47 14.91 -6.84
Palaeogene 23 42 375 390 8946 9.28 15.08 -6.75
Cretaceous 65 75 802 895 9190 11.94 15.04 -6.62
Jurassic 140 55 685 869 9422 15.80 15.24 -5.37
Triassic 195 35 417 581 9391 16.59 15.43 -5.31
Permian 230 50 462 683 9351 13.66 15.38 -5.28
Carboniferous 280 65 500 804 9437 12.38 15.52 -5.33
Devonian 345 50 605 1087 9641 21.75 15.18 -5.14
Silurian 395 40 147 287 9312 7.18 15.88 -5.69
Ordovician 435 65 272 569 9660 8.76 16.34 -5.48
Cambrian 500 70 427 998 10 150 14.26 16.53 -5.45
Eocambrian 570 130 113 298 10310 2.29 19.05 -5.76
Precambrian 700 - 3800 12 490 12 490 - - -6.00
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Table 2.8 Inventory model: sulphur reservoir summary (for key = 2.0 X 10-9 a-I; kpy = 1.7 X 10-9 a-I)

Time Mass (106 Tg) 8 (%0)

Period py ev sw py ev sw (calc)" sw(obs)b TC
(end) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Neogene 0 8867 2594 1291 -6.84 +18.91 +20.6 +20.6 +1.18
Palaeogene 23 8946 2266 1540 -6.75 18.57 21.7 17.7 +0.70
Cretaceous 65 9190 2391 1171 -6.62 18.60 26.8 16.5 +0.23
Jurassic 140 9422 2350 980 -5.37 18.98 21.5 16.9 +0.83
Triassic 195 9391 1732 1629 -5.31 20.05 18.5 16.1 +0.87
Permian 230 9351 1668 1733 -5.28 20.50 17.4 11.6 +0.39
Carboniferous 280 9437 1192 2123 -5.33 25.35 16.5 15.9 + 1.07
Devonian 345 9641 1180 1930 -5.14 26.77 17.1 23.5 +2.15
Silurian 395 9312 900 2540 -5.69 28.24 16.8 24.6 +2.74
Ordovician 435 9660 902 2190 -5.48 28.54 19.3 22.8 + 1.78
Cambrian 500 10 150 912 1687 -5.45 29.26 25.9 29.5 + 1.66
Eocambrian 570 10310 362 2079 -5.76 28.80 30.8 28.8

Assuming3T = O.
Table 2.2, column 10.
Using 3ry, 3ev, O'W(obs).
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Figure 2.9 Mass of sulphate in the sedimentary section (Table 2.6), showing both
that presently preserved for each geological period, and an originally deposited mass
calculated by an erosional rate constant of key = 2.0 X 10-9 a-I. V = Vendian =

Eocambrian = Precambrian

it is evident that the large mass of pyrite relativ~ly constant in Spy (Table
2.7) effectively buffers variations in calculated °T' Stated otherwise, the
Sswthat would be calculated from the inventory model (Table 2.8, column
8) does not track the oswobserved in evaporite rocks (Table 2.8, column 9).

Figure 2.9 makes clear that, whatever the assumptions of erosion rate,
the deposition of massive evaporites (and also of sulphide) is so episodic
(Holser et at., 1980) that the widely accepted assumption (Table 2.4) of
constant seawater, Ssw,is very unlikely to hold. The up-and-down variations
of the sulphate reservoir, Sev>given by the inventory-based model (Figure
2.9) contrast with those of the isotope-based model (Figure 2.8, which
includes 1280 x 106Tg (S) in seawater).

2.3.4 Comparison of isotope-basedand inventory-basedmodels

The isotope-based model relies on one set of relativelyprecise input data-
the o34S(VI)isotope age curve, and on numerous assumptions: constant
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Figure 2.10 Mass of sulphide in the sedimentary section (Table 2.7); erosional rate
constant kpy = 1.7 X 10-9 a-I. V = Vendian= Eocambrian= Precambrian

mass of exogenic S, mass of seawater S, erosion rates and fractionation
factor. The inventory-based model starts from observations of reservoir
masses, assumes only constant erosion rates, and uses both isotope age
curves, 1)34S(VI)and 1)34S(-II),only in refining the guessed values of erosion
rates. We would like to make clear, however, that our estimates of the
reservoirs and of the sulphide isotope age curve are for the most part still
only provisional and imprecise, so that we cannot clearly say that our new
model is already a closer approximation to history. In particular, referring
to our basic input displayed in Tables 2.2 and 2.3, the masses of evaporite
sulphate (Table 2.2, column 8) and platform sulphide (Table 2.3, column
2) are fairly well based in separate measurements for geological periods.
The geosynclinal sulphide (Table 2.3, column 3) and the dispersed sulphate
(Table 2.2, columns 4, 5, 6, 7) had to be apportioned among geological
periods. We used the masses of rock for this apportionment, while Migdisov
et al. (1983; Table 2.15) made a different distribution of sulphide apportioned
according to masses of organic carbon measured for each geological period.
In addition, we had to make a substantial correction that transferred some
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measured sulphate to the sulphide reservoir because of oxidation of the
sampled material. Finally, we followed Ronov (e.g. 1980) in guessing that
the unmeasured composition of the continental shelf and slope and the
oceanic sediments were all of a mean composition equivalent to that of the
sum of continental platforms and geosynclines, although unlike Ronov we
calculated evaporite rocks separately. Is this pile of minor ad-hoc assumptions
made in constructing the inventories any better or worse than the gross
assumptions made in the isotope models? If one compares the models
independently of whether oxidized sulphur is in CaS04 or seawater, one
finds that the mass of oxidized sulphate in the various runs of the inventory-
based models is strongly dependent on the erosion rate constants. From the
Precambrian to the present, the mass of oxidized sulphate would have either
monotonically decreased (key, kpy = 0.86 X 10-9 a-I), monotonically
increased (key = 0.86 X 10-9 a-), kpy = 1.79 X 10-9 a-(), or remained
roughly constant (key = 2.00 X 10-9 a-I, kpy = 1.70 X 10-9 a-I, as in
Figure 2.11). These trends may be compared to the isotope-based models
of Figure 2.8.

I I I

2000 4000

106 Tg (S)

I
~,ooo

Figure 2.11 Variations of masses of sulphur in three reservoirs through time (Table
2.8), based on an inventory model with erosion constants optimized for Holland
criterion (Holland, 1972) and for overall isotope balance through time (kev = 2.0 x

10-9 a-I, kpy = 1.7 X 10-9 a-I). V = Vendian= Eocambrian= Precambrian
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The relative constancy of OT that can be modelled from observed
inventories of sulphate and sulphide (Table 2.8, column 9) is an indication
that the exogenic system is virtually closed (Section 2.2.6), that is, mid-
ocean ridge activity, volcanicity and metamorphism have not been an
important part of the sulphur cycle in the Phanerozoic. This is in agreement
with the observation of Migdisov et al. (1983, p. 87) that 'A relationship
between sulphur and volcanic intensity has not been found, possibly due to
the buffering activity of the ocean; nor was it observed when comparing the
rate of increase of evaporite sulphur and the rate of accumulation of pyrite
sulphur. '

All isotope modellers necessarily assume that the mean effective fraction-
ation in sulphide reduction has remained constant through time, as averaged
over all the appropriate facies and rates of sedimentation. Calculation from
the inventoried isotope data, however, shows that 6 varies from a low of
+16.2%0 (Permian) to a high of +36.9%0 (Silurian), with a mean of +27.6%0
over the geological periods (Table 2.3, column 9). Similar variations in 6
are illustrated in detail by Migdisov et al. (1983, pp. 51, 87), who also
suggested that at least for the Russian Platform the isotope age curve for
(')34S(-II) is a mirror image of, rather than a parallel to, that for (')34S(VI).
However, the data going into these preliminary estimates of (')34S(-II are
so diverse that it is not yet clear whether these calculated variations of 6
with time are significant. Variations in 6 may be one of the main
circumstances accounting for the fact that the isotope-based models do not
come close to reproducing inventories based in any regular way (constant
k) on the geologicallyobserved time distribution of sulphur in sediments.

2.4 CONCLUSIONS

This comparison and preliminary evaluation of various previous models
based on the sulphur isotope age curve, with one based on the present
inventories of sulphur, suggest that not only do the former differ among
themselves (Figure 2.8), but the two methods also give differing answers.
The least known and most critical factors seem to be the rate constants for

erosion that are applied to each of the reservoirs. The inventory data suggest
that the assumptions of constant seawater composition and constant mean
isotopic fractionation, which are primary assumptions of many isotope-based
models, may also be far from the mark.

What is needed now is a critical re-evaluation of the system, in which
both isotope and inventory data are taken as inputs, each input with an
evaluated precision, and the set of equations solved for a best fit to the
complete (but generally imprecise) data set. A necessary preliminary step
will be a critical evaluation of the precision of the inventory data; such is
already estimated (Lindh, 1983; Saltzman et al., 1982) for the sulphate
isotope data.
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The erosion rate constants (or variables) are apparently critical, and the
study of factors that control them should be a primary objective of future
work. A first step might be to extend to the early Mesozoic and the
Palaeozoic the correction factors, for variations in erosion based on exposed
continental area and other tectonic factors, that were applied by Lasaga et
at. (1985) to the last 100 Ma.

Most of the isotope-based modelling and all of the inventory-based
modelling depends on long-term trends of isotopes and inventories, and
does not take much account of the short-term events discussed in Section
2.2.12. A further objective of future work should be an assessment as to
whether such events are driven by the same equations and connections as
the long-term trends of the cycle.

Finally, an inventory approach to the corresponding variations with time
in the carbon cycle should be attempted, integrated with the carbon isotope
data, and then the carbon cycle compared with the sulphur cycle to assess
the extent of oxidation-reduction compensation between the two cycles
(equation 2).
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