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G436 Biogeochemistry

Assoc. Prof. A. Jay Kaufman

Coupling of the long-term carbon and sulfur cycles


Temporal analyses of Phanerozoic and Precambrian carbonates, organic matter, sulfates and sulfides have resulted in the recognition of long-term changes in the isotopic compositions of the oceans.

Phanerozoic


The Phanerozoic record reveals strong temporal variations, which are interpreted in terms of relative fluxes of oxidized and reduced phases into sediments.  Long term trends are typically interpreted in terms of geological processes; short term excursions are notably associated with periods of mass extinction and/or climatic perturbations.
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In the Phanerozoic the carbon and sulfur cycles are generally coupled via the overall redox reaction, which appears as a negative correlation on a crossplot of 13C and 34S through time.  Note that crustal abundances of S are 17x lower than those of C (C/S)crust ~ 17, and that in this reaction there is a net change of 7 electrons in sulfur and only 4 for carbon (in other words less pyrite has to be oxidized to provide the electrons necessary for the reduction of organic matter)

8SO42- + 2Fe2O3 + H+ + 15CH2O ( 4 FeS2 + 15HCO3- + 8H2O
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The slope of the line defined by C/S = -0.14 (in other words a 2‰ shift in C should yield a 14‰ shift in S).  The negative correlation suggests that the redox cycling of iron played a subordinate role in the Phanerozoic C and S cycles, and that atmospheric O2 concentrations were relatively stable.  However, the negative correlation does NOT hold when finer time scales are employed and for the Precambrian in general, where iron cycling and pO2 fluctuations were profound.

Precambrian

Strontium isotope variations


In the Precambrian, Sr isotope variations in seawater proxies reflect the monotonic evolution of the crust to higher 87Sr/86Sr values superimposed by variations in the fluxes of continental and hydrothermal inputs to the oceans.  These variations are important to the carbon and sulfur cycles as they reflect the strength of iron inputs into the exogenic system.
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As we have discussed earlier in the semester, the rate and magnitude of strontium (or any other element) isotopic change in seawater proxies is a function of the timescale for ocean mixing, the concentration of the element in seawater, and the flux rate of the element into or out of the system.  Since aragonite contains appreciably more Sr than calcite – and the dominance of one of these carbonates over the other may be a function of pCO2 – the residence time of Sr may also reflect changing ocean chemistry.
[image: image4.png]Tsr (Ma)

5.0

4.5

4.0

3.5

3.0

2.5

20

1.5

1.0

0.5

0.0

<—— biotic aragonite

_abiotic fcalcite

present /ocean

_biotic calcite

0.1 Ma™
~

T T T

.

Sr residence time

abiotic aragonite

100






The history of 87Sr/86Sr variations also reflects the delivery of reductants to surface environments through the delivery of reduced iron and sulfur compounds and gases.  The Fe/Scrust ~110.
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FIGURE 6 Manganese concentrations in Precambrian and Phanerozoic carbonate rocks. Iron
concentrations show a similar pattern. (From Veizer et al. 1992.)




Supply of reduced Fe must be diminished before O2 can accumulate in the atmosphere, so we must consider the turnover of the crust

Sulfur isotope variations


Variations in sulfur isotope compositions of sedimentary sulfates and sulfides have long been used to estimate the antiquity of bacterial sulfate reduction.  Some suggest that the deviation of sulfate and sulfide pools around 2.0 Ga indicates the evolution of this bacterial process.  Others (Shen et al., 2001) interpret a much longer history of BSR.
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Ficure 5 Isotopic composition of
sedimentary sulfide and sulfate
through time. The isotope age curve
of Phanerozoic and late Proterozoic
sulfates (younger than about 1.2 Ga)
is the better documented part of the
record, the stippled area being the
estimated uncertainty. The typical
feature of the Precambrian record is
the predominance of heavy sulfide
values, particularly during the
Proterozoic. The possible explana-
tions are discussed in Lambert &
Donnelly 1991 and Bottomley et al.
1992. (From Schidlowski ef al. 1983.)





However, the spread of sulfide 34S values through the latter part of the Proterozoic and into the Phanerozoic is difficult to explain in terms of simple bacterial sulfate reduction.  Canfield and Teske (1996) explain the record in terms of the evolution of non-photosynthetic sulfide-oxidizing bacteria driven by a significant rise in atmospheric oxygen in the Neoproterozoic.
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igure 1: Above is a plot of %S versus time (reworked from Canfield, 2001). All diamonds represent a sedimentary
sulfide measurement, whereas the top two lines represent an estimate of the isotopic composition of scawater sulfate.
‘The bottom line is a reference line offset from seawater sulfate by 55 %. Stage I represents low oceanic sulfate, and
consequently small fractionations. Stage 2 is the proposed “Canfield Ocean” where sulfate reducing bacteri
dominated and the deep ocean became sul Stage 3 represents a oxidation of the deep ocean and the possible
onset of sulfur disproportionati






Recall that sulfate reducers utilize a wide range of substrates, like formate, acetate, and lactate, which are largely supplied by fermentative bacteria that live in close association.
2H+ + CH3COO- + SO42- = 2CO2 + 2H2O + HS-

The isotope effects associated with BSR are dependent on the rate of reaction as well as sulfate concentrations such that fast reactions result in small  values (~7‰) and slow reactions result in large  values (up to 46‰).  If BSR is occurring in sediments, the rate of reduction is thus dependent on supply of organic substrates and sulfate ion into sediments.
Notes from 28 September lecture: 


One group of lithotrophic bacteria that typically form mats and is ubiquitous in aquatic environments is the colorless sulfur bacteria.  These organisms oxidize reduced sulfur compounds with molecular oxygen (or nitrate), and are thus microaerophiles (preferring about 5% pO2).

HS- + 2O2 → SO42- + H+
These bacteria may also use So and S2O3- as substrates when sulfide concentrations are limited.  In addition, elemental sulfur is considered to be an important reaction intermediate of sulfide oxidation.

Examples: Beggiatoa, Thiovulum

Colorless sulfur bacteria are a common component of cyanobacterial mats, lying below the aerobic top layers during the day when O2 penetration reduces sulfide concentrations.  At night when the cyanobacteria are dormant, sulfide concentrations increase and colorless sulfide bacteria migrate upward.  Permanent colonies of colorless sulfur bacteria develop in deeper waters in darkness or dim light where O2 is limited, but where there are large fluxes of organic matter. 

[image: image8.png]mmol(C,0,,S) m?day’

0, allochthonous

S0,
N (144) org.C  (120)

of¢+——— 0, — 0,
(120) (24) (24)

|

aerobic

photosynthesis respiration

org.C (24) ~ I

. sulphide org.c (48)
SO +— oxidation—» org.C (24) — N
T org.C
§*(72) T (144)

sulphate
(72) = | reduction| Hy ¥FA

CH,(5) «— +—Ha, acetate





Thus if sulfide oxidizing bacteria evolved in the latest Proterozoic the spread in 34S values may be explained by the disproportionation and recycling of elemental sulfur by oxidative processes.  The disproportionation results in 34S enriched sulfate and progressively 34S depleted sulfide, which presumably ends up as pyrite in sediments.
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