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ABSTRACT
The top 20 cm of sediments at active cold seeps in Monterey Bay, coastal California,
contain framboidal pyrite that occurs as infillings and pseudomorphs of the chambers of
the tests of foraminifera and rarely as irregularly shaped grains. Sulfur isotope compositions obtained with the ion microprobe show depletions in 34S (d34S 5 241 to 25‰, CDT),
and large variations both within and among these pyrite grains. Intergranular differences
in d34S values in the same sediment are as large as 35‰, and intragranular zoning reaches
15‰. Zoning is regular in some grains, with systematic isotope changes from core to rim
or from one foraminiferal chamber to another, but irregular in others. The regular zoning
is consistent with an increase in 34S through time. Backscattered-electron imaging reveals
three types of pyrite: isolated framboids in a porous aggregation (‘‘PF-pyrite’’), agglomerated framboids with cementing interstitial pyrite (‘‘F1I-pyrite’’), and recrystallized pyrite
with isolated relicts of framboids (‘‘RF-pyrite’’). In individual grains, RF-pyrite cores grade
into F1I-pyrite toward grain rims, and F1I-pyrite grades into PF-pyrite at the grain edges.
These textures are consistent with a paragenetic sequence whereby framboids first agglomerate (PF-pyrite), then cement (F1I-pyrite), and finally recrystallize (RF-pyrite). The d34S
values of RF-pyrite are generally lower than that of F1I-pyrite; if the paragenetic sequence
is correct, then this trend parallels the regular core-rim isotopic zoning observed in some
grains. The implied increase in d34S with time is consistent with Rayleigh fractionation of
sulfur in a closed system. Bacteria are intimately involved in the production of pyrite from
our samples, and heterogeneous colonization by bacteria provides a simple explanation for
the sulfur isotope heterogeneity among and within grains: The foraminifera provide open
space for colonization and local nutrients for bacterial growth, whereas the cell walls of
the bacteria may provide a local nucleation site for sulfides. If so, then initial colonization
is reflected in lower d34S values, whereas later bacterial emigration to other foraminifera
chambers is indicated by higher d34S values.

INTRODUCTION
Sulfur isotope compositions of iron sulfides have been
instrumental in elucidating the role of microorganisms in
the precipitation of minerals. For example, low (,5‰)
and variable d34S values in 2.75 Ga pyrite have been used
to argue for the presence of sulfate-reducing bacteria by
the late Archean on Earth (Goodwin et al. 1976; Thode
and Goodwin 1983), whereas high d34S values for pyrite
are believed to indicate a non-biological origin for possibly low-temperature minerals in Martian meteorites
(Shearer et al. 1996; Greenwood et al. 1997). In parallel
with the development of detailed chemical descriptions
of how sulfides may form in sediments (e.g., Berner
1970, 1984; Sweeney and Kaplan 1973; Morse et al.
1987; Schoonen and Barnes 1991a, 1991b; Wilkin and
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Barnes 1996; Rickard 1997), dramatic improvements
have occurred in the analytical capabilities for measuring
sulfur isotopes in solid phases. Within the last 10 years,
secondary ion mass spectrometry (SIMS) or the ‘‘ion microprobe’’ has taken a lead role in rapidly and precisely
resolving sulfur isotope heterogeneities at a ;10 mm
scale (e.g., Deloule et al. 1986; Eldridge et al. 1987; Graham and Valley 1991; Paterson et al. 1997). Indeed, in
situ microanalysis now allows renewed examination of
the complex biological and chemical interplay that occurs
in sediments during sulfide precipitation.
In this paper, we present new sulfur isotope data for
pyrites obtained for sediments of Monterey Bay, coastal
California, U.S.A. The ion microprobe was used to maximize spatial resolution, with a view toward using the
data to obtain new insights into the possible chemical and
physical controls on authigenic pyrite precipitation. Our
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