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CHAPTER 4

Contribution of Endogenous Sulphur
to the Global Biogeochemical Cycle in
the Geological Past

A. Yu LEIN AND M. V. IVANOV

4.1 NATURAL FLUX OF ENDOGENOUS SULPHUR IN THE RECENT
SULPHUR CYCLE

4.1.1 Sulphur flux during subaerial volcanism

For the sake of simplicity, the evaluation of the natural sulphur cycle
described in Chapter 2 examines only three basic reservoirs: the mass of
reduced sulphur (Spy) in sedimentary rocks, mass of sulphur in evaporites
(SeY)and mass of sulphur in seawater (Ssw), and four interconnecting fluxes
(see Figure 2.1). The model calculations discussed here show how the mass
balance and flux parameters must be modified when the sulphur input from
endogenous sources (i.e. subaerial volcanism and hydrothermal vents at the
sea floor) are taken into account. In most previous publications these
contributions have been strongly under estimated. The input of volcanic
sulphur to the atmosphere was estimated as only 3 Tg (S) a-I by Granat et
at. (1976) instead of the 28 Tg (S) a-I reported by Ivanov (1981). For later
estimates see, for example, Lein (1983) and Berresheim and Jaeschke (1983).

A new method based on studies of sulphur concentration in Antarctic
and Greenland ice cores (see Chapter 5) was used to estimate sulphur flux
rates during catastrophic eruptions. The emission of volcanic sulphur to the
atmosphere during the Holocene is estimated as 0.7-3.4 Tg (S) a-I. This
value corresponds to our estimates of the sulphur flux rates during
catastrophic eruptions (Lein, 1983), since only after powerful eruptions can
sulphur reach the middle layers of the troposphere and be transported by
convective circulation from tropical latitudes (where most of the active
volcanoes are located) to polar regions. Berresheim and Jaeschke (1983)
estimated the annual volcanic sulphur flux to the atmosphere as 11.8 Tg (S).
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In the present paper, we adopt the values cited above, which range from
11.8 to 28 Tg (S) a-I and accept the average value of the modern sulphur
flux from subaerial volcanoes as 20 Tg (S) a-I.

4.1.2 Flux of endogenous sulphur from submarine volcanism

Calculations based on the known concentration data for some key elements
in seawater show that the bulk of the oceanic water circulates through the
Earth crust in spreading zones once in 7-8 million years. As a consequence
of the sharp decrease in solubility of calcium sulphate at elevated
temperatures, about 128 Tg (S) are precipitated annually in the form of
anhydrite from the underground waters along the spreading axis (Edmond
et al., 1979; McDuff and Edmond, 1982, and others). Several researchers
believe that this anhydrite will be redissolved .as soon as the impregnated
'rocks move far enough away from the heat source of the spreading centre
(Wolery and Sleep, 1976; Mottl et al., 1979; Mottl, 1983). Such episodic
trapping of anhydrite would not interfere with the endogenous sulphur cycle
and can thus be neglected in further calculations.

On the other hand, an important flux of reduced sulphur to the bottom
water occurs in these rift zones. It is partly connected with the outflow of
lava and partly with the hydrothermal vents. It is either directly discharged
as HzS to the seawater or intermediately deposited as metal sulphide.
Following the data given in Chapter 7, this input of hydrothermal reduced
sulphur to the exogenous sulphur cycle is taken to be about 30-32 Tg (S) a-I.

The 334 values of hydrothermal hydrogen sulphide emanating along the
spreading axis and from sulphide minerals accumulating around the orifices
range from 3 to 5%0(Kerridge et al., 1983; Styrt et al., 1981). Arnold and
Sheppard (1981) conclude from these data that up to 90% of reduced
sulphur must have been leached out basalt and that only 10% arises from
high-temperature inorganic reduction of seawater sulphate. On the other
hand, if the S isotope fractionation is estimated to be about 15%0(Shanks
et al., 1981), this process must contribute a substantially higher portion
(Holland, 1973). Anyway, a minimum for the endogenic component of
around 50% appears realistic, and this means a flux of endogenous sulphur
in spreading zones of mid-ocean ridges somewhere between 15 and
30 Tg (S) a-I. Together with the assumed 20 Tg (S) a-I from subaerial
volcanism, the total input of endogenous sulphur to the modern global
sulphur cycle is 35 to 50 Tg(S) a-I. This is equivalent in magnitude to
almost half the present-day natural sulphur flux in river runoff
(104 Tg (S) a-I) (Ivanov, 1983).

Evidently, this contribution is not only an important factor in models of
the modern global balance of sulphur, but should also be taken into account
when we try to understand the variations in the exogenous sulphur cycle
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during the geological past as evidenced, for example, by the f)34age curve
(see Holser et al., Chapter 2, this volume).

4.2 CONTRIBUTION OF ENDOGENOUS SULPHUR TO THE
GLOBAL CYCLE IN THE GEOLOGICAL PAST

4.2.1 Distribution of mass of volcanic and sedimentary rocks during the
Phanerozoic

As shown in Figure 4.1 and Table 4.1, the maximum volcanic activity
observed was during the entire Ordovician, on the Devonian-Carboniferous
boundaJ;y, on the Carboniferous-Permian boundary and from the end of
the Jurassic through the entire Cretaceous. The mass ratios between
sedimentary (Ms) and terrigenic (Mt) rocks demonstrate extensive formation
of carbonate rocks and active release of carbon dioxide by volcanoes
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Figure 4.1 Time variations of masses of (1) volcanogenic rocks, (2) ~C02 of
carbonate rocks and carbonate admixtures in other rocks (from Budyko et al., 1985),

and (3) evaporite sulphur (from Holser et al., Chapter 2, this volume).



(Budyko et ai., 1985) together with minimum quantities of terrigenic rocks
(Table 4.1). No relation was found between the quantity of volcanic rocks
and the amount of sulphur in evaporites (Migdisov et ai., 1983). This fact
is mentioned without further development in Chapter 2. Furthermore,
Holser et ai. (Chapter 2, this volume) note that Migdisov and co-workers
(1983) did not account for the release of sulphur during rock erosion,
although this is of particular importance in the evaluation of the actual
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Table 4.1. Masses of continental rocks, sedimentary and volcanogenic, by strati-
graphic intervals

Mass' Mass' Mass' Mass'
(10Z1g) (lOZ1g) (lOZ1g) (lOZ1g)

carbonate, halogenic, terrigenic
Strati- sedimen- volcano- Mc Mh Mt=Ms-
graphic tary, Ms genic, mv (Mc+Mh)
interval (l)t Ms/Mv (2) (3) Ms/Mt

Nz 21.16 2.24 9.45 0.45 0.023 20.53 1.03
N1 40.13 5.57 7.20 4.71 0.92 34.50 1.16
P3 21.56 2.04 10.56 1.56 1.43 18.57 1.16
Pz 43.62 7.78 5.60 11.57 0.46 31.59 1.38
PI 13.54 2.46 5.50 3.20 0.07 10.29 1.32
Kz 98.56 22.04 4.47 27.00 0.18 71.38 1.38
Kl 106.81 21.39 4.89 21.40 1.13 83.48 1.27

3 55.95 6.55 8.54 16.20 1.66 38.09 1.47
z 49.59 5.71 8.68 11.20 0.02 38.38 1.29
l 46.53 5.57 8.35 10.90 0.046 35.58 1.31

T3 59.44 21.17 2.80 11.80 1.012 46.63 1.27
Tz 22.26 11.04 2.01 6.10 0.023 16.14 1.38
Tl 23.37 4.73 4.94 4.00 0.23 19.14 1.22
Pz 37.83 6.97 5.42 4.60 0.805 32.43 1.17
PI 61.76 23.74 2.60 28.00 3.17 30.59 2.02
CZ+C3 69.25 10.95 6.32 22.40 0.07 46.78 4.48
C1 60.48 25.62 2.36 35.20 0.368 24.91 2.42
D3 54.84 26.46 2.07 19.30 0.322 33.19 1.56
Dz 58.65 22.86 2.57 19.50 0.437 38.71 1.52
Dl 53.22 14.78 3.60 9.30 0.046 43.87 1.21
S 65.06 6.64 9.80 12.70 0.299 52.80 1.25
0 92.55 17.95 5.15 22.90 0.069 69.58 1.33
E3 44.53 3.47 12.83 16.68 0.046 27.78 1.60
Ez 49.20 5.40 9.11 19.50 0.69 29.00 1.70
El 56.25 8.85 6.35 22.40 2.53 31.29 1.80

* Massesare given accordingto Ronov (1980).
t(l), (2), (3) in Figure 4.1
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quantity of halides as the most easily leached deposits. Tables 2.6 and 2.7
in Chapter 2 contain data for the rocks of each geological epoch, including
erosion coefficients. The comparison of these new estimates of the masses
of evaporite sulphur and of volcanic rocks (Figure 4.1) shows that periods
of maximum evaporite formation coincide with periods of strongest volcanic
activity along the lines already seen for the interrelation of volcanism with
the intensity of carbon dioxide release and accumulation of carbonate rocks
(Budyko et al., 1985).

4.2.2 The variation of 834in seawater, 813Cof organic C, the isotopic
composition of Sr and changes of the ocean level during the Phanerozoic

The 'traditional' explanation for the strong decrease in 834S of marine
sulphate at the end of the Palaeozoic is assumed to arise from a sharp drop
of the ocean level (regression theory) and/or a decrease in seawater salinity
through deposition of huge masses of evaporites (Chapter 2). The decrease
in 834S(Table 4.2, Figure 2.6) would eventually be enhanced by the inflow
of light continental sulphur from weathered rocks of the Variscan orogeny.

This very mechanism explains the increase in 813C (Figure 2.6) of the
organic carbon during the Permian but contradicts the Sr isotope record in
seawater during that time. The continental material supplied to the ocean
by increased erosion would be expected to have a mean 87Sr/86Srratio
around 0.716. This would raise the 87Sr/86Srminima during the Permian,
the Jurassic and Cretaceous, ranging around 0.706, which is closer to the
87Sr/86Srratio in fresh basalts (0.703) or average values for the oceanic crust
(0.704). If increasing erosion has played a role in bringing down the oceanic
034Svalue at the end of the Palaeozoic, its influence on the 87Sr/86Srratio
of ocean water must have been counterbalanced by another component with
isotopically light strontium. Evidently, this can only have been 'mantle'
material at spreading zones.

Summing up, the following parameters are accessible to the computation
of an advanced model for the sulphur cycle during the geological past: (1)
the contribution of endogenous sulpnur to the global cycle at a higher rate
than today (Lein, 1983); (2) correspondence of the distribution curve of
evaporite sulphate, masses of volcanic and terrigenic rocks (Table 4.1 and
Figure 4.1); (3) correspondence of 034S age curves for sulphate and 013C
for organic carbon and CaC03, together with the variations in carbon and
strontium isotopic composition of seawater (Figure 2.6); (4) variation of
ocean level with time, indicating the effect of tectonic factors on biogenic
cycles and associated endogenous processes and volcanic gas. The most
relevant of these curves are inserted in Figure 2.6 of Chapter 2.
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Table 4.2 Mass and isotopic position of sulphur in reservoirs and fluxes of the Phanerozoic

Fpy--->"w'

S,'WI Sev, Fev--->.I'w'

Sx
Geol. t

834Spy 834Sev (Tg (S)
epoch (Ma) (Eg)t (Eg) (Eg) (Eg a-I) 834S (Eg a-I) 834S (%o)a (%0) a-I)

23
42

-9.6
Ng 75 1300 430 264 14.91 -6.84 4.43 19.91

-18.7
20.6

Pg 55 1500 67 390 15.08 -6.75 4.59 18.57 -6.0
17.7

K 35 1000 369 895 15.04 -6.62 4.36 18.60 -5.8 16.5 127.3
J 1000 799 869 15.24 -5.37 3.88 18.98 -4.6

16.9 25.9
T 50 1700 177 581 15.43 -5.31 3.22 20.05 -7.4 16.1 -
P 65 1800 589 683 15.38 -5.28 2.27 20.50 11.6 195.0
C 50 2200 155 804 15.52 -5.33 2.21 25.35 -0.8 15.9 343
D 40 2000 366 1084 15.18 -5.14 1.71 26.77 -12.3 '23.5
S 2600 68 287 15.88 -5.69 1.73 28.24 -6.0 24.6-2.60 65 2200 100 569 16.34 -5.48 1.71 22.8 +2.4 22.8
E3 70 1800 698 998 16.53 -5.45 0.68 29.5 29.5
EI,2 130 2100 362 298 19.05 -5.76 0 28.80

*T 2.6 F 2.11 T 2.6 T 2.7 T 2.7 T 2.7 T 2.6 T 2.6 T 2.3 T2.2

.Tables and Figures from Holser et al. (Chapter 2, this volume).
t Eg = lOJ"g.
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4.3 APPLICA nON OF HOLSER'S 'INVENTORY' MODEL IN
CALCULA nONS OF THE ENDOGENOUS SULPHUR FLUX DURING

GEOLOGICAL EPOCHS

The system of equations for the numerical evaluation of the simple 'inventory'
model of the exogenous sulphur cycle with only three reservoirs and four
connecting fluxes is described in detail in Chapter 2. The input parameters
are the erosion coefficient and the masses of reduced sulphur, evaporite
sulphur and seawater sulphur. Our own calculation of the flux of endogenous
sulphur to the oceanic sulphate reservoir during each epoch of the
Phanerozoic applies a model (Figure 4.2) based on the material isotopic
balance equation:

SSWt' 034SSWt = (SSWt-l . 034SSWt-l) + [(FpY-SWt-l . 034S FpY--->SWt-l;

+ (FeV--->SWt-l . o34Sev--->swt-i) + Sx' 034S xJ - [(SeVt' o34Sev,) + (Spy,' 034Spy,)]

~
Fev~sw t-1

S II
SWt -1

~ II!

Fpy--;,sWt-1

VII/

s~

I Sev~ I

\W t

IYil~
Figure 4.2 Sulphur cycle model.
I, mass of sulphur in oceanic water during time t (epoch).
II, mass of sulphur in oceanic water in the previous epoch (time t-1).
III, flux of pyrite sulphur to ocean during time t from rocks of the previous time

(t-1).
IV, flux of evaporite sulphur to ocean of time t from rocks of the previous time (t-

1).
V, mass of evaporite sulphur formed during t (deposited).
VI, mass of pyrite sulphur deposited in ocean of time t.
VII,flux of endogenous sulphur to ocean of time t.
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where SSWt is the massof seawatersulphate sulphur for each epoch
(time t); 334SSWtis the isotopic composition of seawater sulphate sulphur for
each epoch (time t);

SSWt-1is the mass of seawater sulphate sulphur of any previous epoch (time
t~; .

334SSWt-lis the isotopic composition of sea sulphate of time t-l;
Fpy-->sWt-1is the flux of sulphur formed on oxidation of sulphide sulphur and
getting into the sea sulphate reservoir during the period calculated (time t);
334SF is the isotopic composition of sulphur of this flux;PY->SWt- I

Fev-->swt-lis the flux of sulphur due to erosion of evaporites into the sea
sulphate reservoir during the period calculated (time t);
334S FeV-->SWt-1is the isotopic composition of sulphate sulphur of this flux;

Se/ is the mass of evaporite sulphur deposited from the sea basin during
the period calculated (time t);
334Sevtis the isotopic composition of sulphate sulphur of evaporites deposited
from the sea basin during time t;
SpYt is the mass of reduced (pyrite sulphur) deposited in the sea during
time t;

334SpYtis the isotopic composition of pyrite sulphur in sea sediments during
time t;
Sx is the flux of endogenous sulphur to the ocean during time t;
334Sxis the isotopic composition of endogenous sulphur of this flux, adopted
as equal to 1.0%.

All the values used in the equation are listed in Table 4.2.
The calculations show that during the Carboniferous, Permian, Jurassic

and Cretaceous periods the flux of endogenous sulphur made up
26-343 Tg (S) a-I. It reached its maximum by the end of the Carboniferous
period, namely 343 Tg (S) a-I, which is two times higher than the modern
anthropogenic sulphur flux into the biosphere. It is known that the addition
of large amounts of anthropogenic sulphur can lead to regional problems of
acidification of rainfall. Hence twofold increases in the global flux of sulphur
to the biosphere in the geological past may have had catastrophic results.

4.4 CHANGES IN THE GLOBAL SULPHUR CYCLE AND
CATACLYSMS IN THE GEOLOGICAL PAST

Since Cuvier's work 150 years ago we know about at least three radical
changes in the composition of the fauna and flora of the Earth: late
Permian, late Jurassic and on the Cretaceous-Palaeogene boundary. Modern
palaeontology rejects the idea of the gradual evolution of the organic world
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as the only pathway of its development and admits the occurrence of crisis
in the biosphere of the geological past (Sokolov, 1976).

When comparing the data on fluxes of endogenous sulphur during different
Phanerozoic epochs one can easily see that the increase in the volcanic
activity, and specifically a sharp peak in the release of sulphur dioxide gas
associated with the global tectonics and activation of rift formation and
change of sea level, may be one of the causes of mass extinction of different
organisms at the, boundaries of Carbonic-Permian, Permian-Triassic and
Cretaceous-Palaeogenic periods.

Concluding the discussion of the role of endogenous processes in the
global sulphur cycle of the geological past, one should emphasize again that
the current idea of the history of our planet is based not only on the
consideration of both long-term evolutionary changes but also on such
episodical cataclysms.
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