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Abstract
Substantial isotopic fractionations are associated with many microbial sulfur metabolisms and measurements of the bulk d34S
isotopic composition of sulfur species (predominantly sulfates and/or sulﬁdes) have been a key component in developing our
understanding of both modern and ancient biogeochemical cycling. However, the interpretations of bulk d34S measurements
are often non-unique, making reconstructions of paleoenvironmental conditions or microbial ecology challenging. In particular,
the link between the lm-scale microbial activity that generates isotopic signatures and their eventual preservation as a bulk rock
value in the geologic record has remained elusive, in large part because of the diﬃculty of extracting suﬃcient material at small
scales. Here we investigate the potential for small-scale (100 lm–1 cm) d34S variability to provide additional constraints for
environmental and/or ecological reconstructions. We have investigated the impact of sulfate concentrations (0.2, 1, and
80 mM SO4) on the d34S composition of hydrogen sulﬁde produced over the diurnal (day/night) cycle in cyanobacterial mats from
Guerrero Negro, Baja California Sur, Mexico. Sulﬁde was captured as silver sulﬁde on the surface of a 2.5 cm metallic silver disk
partially submerged beneath the mat surface. Subsequent analyses were conducted on a Cameca 7f-GEO secondary ion mass
spectrometer (SIMS) to record spatial d34S variability within the mats under diﬀerent environmental conditions. Isotope measurements were made in a 2-dimensional grid for each incubation, documenting both lateral and vertical isotopic variation within
the mats. Typical grids consisted of 400–800 individual measurements covering a lateral distance of 1 mm and a vertical depth
of 5–15 mm. There is a large isotopic enrichment (10–20&) in the uppermost mm of sulﬁde in those mats where [SO4] was nonlimiting (ﬁeld and lab incubations at 80 mM). This is attributed to rapid recycling of sulfur (elevated sulfate reduction rates and
extensive sulﬁde oxidation) at and above the chemocline. This isotopic gradient is observed in both day and night enrichments
and suggests that, despite the close physical association between cyanobacteria and select sulfate-reducing bacteria, photosynthetic forcing has no substantive impact on d34S in these cyanobacterial mats. Perhaps equally surprising, large, spatially-coherent d34S oscillations (20–30& over 1 mm) occurred at depths up to 1.5 cm below the mat surface. These gradients must arise
in situ from diﬀerential microbial metabolic activity and fractionation during sulﬁde production at depth. Sulfate concentrations
were the dominant control on the spatial variability of sulﬁde d34S. Decreased sulfate concentrations diminished both vertical and
lateral d34S variability, suggesting that small-scale variations of d34S can be diagnostic for reconstructing past sulfate concentrations, even when original sulfate d34S is unknown.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
The sulfur cycle is one of the principal biogeochemical
regulators of Earth’s surface redox over geologic time (Garrels and Lerman, 1981; Holser et al., 1988; Berner, 2006).
Measurements of the sulfur isotopic composition
(d34Sx = ((34S/32S)x/(34S/32S)STD 1)103, reported in permil (&) relative to the international V-CDT standard) of
sulfate and sulﬁde minerals have been instrumental for
reconstructing modern and ancient sulfur cycling (Thode
and Monster, 1965; Holser and Kaplan, 1966; Holser,
1977; Claypool et al., 1980; Thode, 1980; Ross et al.,
1995; Canﬁeld and Teske, 1996; Hurtgen et al., 2004,
2005; Kampschulte and Strauss, 2004; Gill et al., 2007; Fike
et al., 2006; Fike and Grotzinger, 2008). The fractionation
between coeval sulfate and sulﬁde phases results primarily
from microbial metabolic activity and thus encodes information about the dominant microbial metabolisms and prevailing geochemical conditions (Fry et al., 1984, 1985,
1986a; Canﬁeld and Des Marais, 1993; Canﬁeld and
Thamdrup, 1994; Canﬁeld and Teske, 1996; Habicht and
Canﬁeld, 1996, 1997; Canﬁeld et al., 1998; Habicht et al.,
1998, 2002; Canﬁeld, 2001a; Detmers et al., 2001).
The type and relative activity of diﬀerent microbial sulfur metabolisms (e.g., reduction, disproportionation, oxidation) place ﬁrst-order controls on sulfur isotope
fractionations (Harrison and Thode, 1958; Kaplan and Rittenberg, 1964; Kemp and Thode, 1968; Rees, 1973; Fry
et al., 1984, 1985; Canﬁeld and Thamdrup, 1994; Canﬁeld
and Teske, 1996; Canﬁeld et al., 1998; Habicht et al.,
1998). The fractionation during bacterial sulfate reduction
(BSR) is thought to be the main driver of sulfate and sulﬁde
d34S in the geologic record (Canﬁeld, 2001a; Habicht et al.,
2002). Additional metabolisms, particularly sulfur disproportionation (Bak and Cypionka, 1987; Jorgensen, 1990,
1994; Fuseler and Cypionka, 1995; Cypionka et al., 1998;
Finster et al., 1998), are capable of adding additional fractionations (Canﬁeld and Thamdrup, 1994; Canﬁeld et al.,
1998; Habicht et al., 1998). Based on the magnitude of coeval sulfate–sulﬁde fractionation, the environmental importance of these auxiliary metabolisms is believed to have
increased in the last 580 million years, as the oxidative
sulfur cycle began to play an increasingly important role
(Canﬁeld and Teske, 1996; Hurtgen et al., 2005; Fike
et al., 2006).
Fractionation during BSR itself is highly variable and
depends upon a variety of biological and environmental
parameters (Fig. 1). The most relevant parameters controlling fractionation during BSR include sulfate concentration, sulfate reduction rate, electron donor, and
temperature (Harrison and Thode, 1958; Kaplan and Rittenberg, 1964; Chambers et al., 1975; Canﬁeld, 2001a,b;
Habicht et al., 2002). The eﬀect of sulfate concentration
on isotopic fractionation is fairly well understood from
both theoretical and experimental work (Harrison and
Thode, 1958; Canﬁeld, 2001b; Habicht et al., 2002): sulfate
concentrations below 200 lM preclude signiﬁcant fractionation, whereas higher concentrations (up to modern
seawater) are generally correlated with increasing fractionation to ca. 30&. Elevated sulfate reduction rates are typi-

cally associated with decreased fractionation, especially for
organic electron donors (Kaplan and Rittenberg, 1964;
Chambers et al., 1975; Canﬁeld, 2001a), although this trend
is not universal (Canﬁeld et al., 2006). Isotopic fractionation with hydrogen as an electron donor generally results
in smaller fractionations than with an organic electron donor, and with less dependence on sulfate reduction rates
(Canﬁeld, 2001a). Fractionations are often maximal when
organisms are at their optimal growth temperature (Canﬁeld, 2001a); however, the complex relationships between
temperature, microbial growth, and metabolic activity
mean that the temperature–fractionation relationship is
variable (Canﬁeld et al., 2006).
Because multiple environmental, metabolic, and ecological factors inﬂuence the fractionation between sulfate and
coexisting sulﬁde (Fry et al., 1986a, 1988a; Habicht and
Canﬁeld, 1997; Habicht et al., 1998; Canﬁeld, 2001a; Wortmann et al., 2001; Werne et al., 2003; Canﬁeld et al., 2006),
reconstructions of sulfur cycling (both modern and ancient)
based on bulk d34S values are commonly non-unique. One
approach to placing additional constraints on sulfur cycling
can be provided by analyzing small deviations from traditional mass-dependent relationships in minor sulfur isotopes (D33S, D36S) that are attributed to diﬀerent
microbial metabolic pathways (Farquhar et al., 2003; Johnston et al., 2005) [but see (Watanabe et al., 2009)]. Here, we
advocate a diﬀerent approach, focusing instead on the
information encoded in the spatial variability of d34S on
the 100 lm–cm scale. Measurements of variability on
these ﬁner spatial scales, more relevant to microbial activity, are likely to encode additional information beyond that
contained in bulk isotope measurements.
Previous work using a similar approach to that presented here highlighted signiﬁcant (>30&) isotopic variability at the lm- to mm-scale found within modern microbial
mats (Fike et al., 2008). It is our aim in the present paper to
further constrain the causes for this and other small-scale
isotopic variability by investigating the impact of speciﬁc
environmental conditions on observed ﬁne-scale (100 lm–
1 cm) d34S patterns. Speciﬁcally, we investigate the impact
of varying sulfate concentrations and of diurnal redox forcing from photosynthesis on the absolute value and spatial
variability of sulﬁde d34S within modern microbial mats.
A reﬁned understanding of how these parameters are linked
to d34S will improve our ability both to understand modern
biogeochemical cycling and to interpret the biological signiﬁcance of geochemical patterns in the rock record.
2. FIELD SITE AND EXISTING CONTEXT
We analyzed microbial mats from the Exportadora del
Sal, S.A. salt works, Guerrero Negro, Baja California
Sur, Mexico. This system has been well characterized for
its bulk microbiological community structure (Risatti
et al., 1994; Spear et al., 2003; Ley et al., 2006; Green
et al., 2008; Jahnke et al., 2008; Kunin et al., 2008; Orphan
et al., 2008; Robertson et al., 2009), large-scale sulfur
cycling (Canﬁeld and Des Marais, 1993; Jorgensen, 1994),
and the diurnal variations that arise from photosynthetic
redox changes (Canﬁeld and Des Marais, 1993; Jorgensen,
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Fig. 1. Controls on sulfur isotope fractionation during microbial sulfur cycling. Thick arrows indicate trends that are well supported by the
data; thin arrows reﬂect relationships that are less clear or direct. *Dashed line indicates that while changing sulfate reduction rates has a
strong impact on fractionation during BSR with an organic electron donor, it has little eﬀect when H2 is the electron donor. **Temperature
impacts many other microbial growth and metabolic factors and in ecologically-diverse environmental samples, the relationship with
fractionation is not straightforward. ***The fractionation(s) during biological sulﬁde oxidation remain poorly constrained and merit
additional study. References are: (1) (Harrison and Thode, 1958); (2) (Canﬁeld et al., 2000); (3) (Canﬁeld, 2001b); (4) (Habicht et al., 2002); (5)
(Kaplan and Rittenberg, 1964); (6) (Chambers et al., 1975); (7) (Canﬁeld et al., 2006); (8) (Fry et al., 1984); (9) (Fry et al., 1986a); (10)
(Canﬁeld and Thamdrup, 1994); (11) (Canﬁeld et al., 1998); (12) (Habicht et al., 1998).

1994; Visscher et al., 2003; Decker et al., 2005). These
Microcoleus-dominated mats support active aerotolerant
sulfate reducers (Teske et al., 1998) in the photosynthetically-active uppermost few mm as well as anerobic sulfate
reduction in the permanently anoxic zones beneath the
chemocline (Canﬁeld and Des Marais, 1993). Existing data
point to a complex architecture governing the distribution
of sulfate-reducing microorganisms with depth within the
Guerrero Negro mats and similar mat environments (Risatti et al., 1994; Minz et al., 1999a; Fike et al., 2008; Fourcans
et al., 2008).
Field sampling was done in a hypersaline pond (salinity
of 90 ppt (g/kg)) known as pond 4 near 5 (P4n5). A detailed
description of the area and mat geochemistry is provided in
Des Marais et al. (1989) and Hoehler et al. (2001). P4n5
mats are permanently submerged in approximately 1 m of
pond water with a seasonal in situ temperature ranging
from 14 to 29 °C. P4n5 is situated on top of a gypsum
pan and characterized by high levels of sulfate (80 mM)
throughout the mat and in the overlying water. Such high
sulfate concentrations are ideal for studying isotopic variations associated with sulﬁde production because the natural
levels of sulﬁde produced (500 lM) are insuﬃcient to
appreciably alter the original sulfate d34S composition: under these conditions mass balance limits localized variation
in d34S due to enhanced sulﬁde oxidation or sulfate reduction to less than 0.2&. This is not the case for experimental
greenhouse incubations maintained at lower SO4 concentrations (1 and 0.2 mM SO4), where sulﬁde concentrations
can be an appreciable fraction of initial sulfate concentrations (see below).
2.1. NASA Ames greenhouse facility
Sections of the subtidal mats from P4n5 measuring
20 cm  25 cm were collected in triplicate from Guerrero
Negro in March 2006 (Fig. 2a). The mat sections were
maintained in ﬂumes under normal sunlight conditions at
the dedicated greenhouse facility at NASA Ames Research
Center in Moﬀett Field, CA as described in Bebout et al.
(2002). The individual mat sections were maintained at dif-

ferent sulfate concentrations (80 mM (environmental levels), 1 mM, and 0.2 mM SO4) prior to sampling in August
2007. The sulfate concentrations in the 80 mM mat were
held ﬁxed over the 17 months in which they remained in
the Ames Greenhouse. Sulfate concentrations in the
1 mM mat were decreased from environmental levels to
1 mM over 7 months and then held at 1 mM from October
2006 until they were sampled in August 2007. Sulfate concentrations in the 0.2 mM mat were decreased from environmental levels to 0.2 mM over 1 year and then held at
0.2 mM from March 2007 until they were sampled in
August 2007. Rapid recycling of sulfate within the mats
precluded attempts to lower sulfate concentration beyond
0.2 mM (Bebout et al., 2004). This 17-month interval between mat collection and our silver disk incubations allowed the microbial community to equilibrate to the new
geochemical environment – in particular, the experimental
sulfate concentrations for the diﬀerent incubations and
the isotopic composition of the sulfate used in the experiments, which at 0.7 ± 0.1& is oﬀset from the Guerrero
Negro value of 21.0 ± 0.1&.
3. ANALYTICAL PROCEDURES
3.1. Incubations
Sulﬁde was captured from the microbial mats by precipitation onto a 2.5 cm silver disk (Fike et al., 2008), inspired
by earlier 35S radioisotope experiments designed to generate
two-dimensional maps of sulfate reduction (Cohen, 1984;
Cohen and Helman, 1997; Visscher et al., 2000). Silver disks
were polished with 1 lm colloidal alumina paste (Buehler;
Lake Bluﬀ, IL, USA) and allowed to form an oxidized surface coating under exposure to atmospheric oxygen prior to
deployment. Previous comparisons between microelectrode
generated sulﬁde proﬁles and the silver disk incubations has
shown that the amount of sulﬁde that templates on the disk
is generally proportional to the ambient sulﬁde concentration (Fike et al., 2008). As these incubations occur over a
ﬁxed time interval, however, other factors may play an
important role in modifying the sulﬁde signal. In particular,
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Fig. 2. Subtidal hypersaline Microcoleus-dominated microbial mats from Guerrero Negro. (a) Example of subtidal mats (scale bar 1 cm). (b)
Day and night incubations from the ﬁeld. Mat surfaces are indicated in marker at the sides of the disks. Sulﬁde deposition occurs 2.7 mm
below the mat surface during the day and contours the irregular surface of the mat at night. Note there is some sulﬁde captured from the water
column during the night incubation. (c) Incubations on mats maintained at the NASA Ames Research Center greenhouse facility. 80 and
1 mM incubations were done during the day and night, while the 0.2 mM incubation was done for 24 h. See Table 1 for list of all disks
examined.

high sulfate reduction rates (SRR) will cause proportionally
higher amounts of sulﬁde to template out on the disk compared to depths with lower SRR for the same ambient sulﬁde concentration (e.g., 1 mM incubations in Fig. 2).
Biological sulﬁde oxidation may also compete for sulﬁde
and limit precipitation on the disk. Similarly, diﬀerential
diﬀusivity of diﬀerent layers of the mat (Wieland et al.,
2001) will inﬂuence the amount of sulﬁde from adjacent regions that can reach the disk (experiments to evaluate the
isotopic impact of diﬀusion are discussed below). As such,
sulﬁde concentrations on the disk cannot (and should
not) be directly correlated to ambient sulﬁde concentration.
To this end, sulﬁde yields are reported as normalized values
(0–1, with 1 as the maximum sulﬁde yield for that incubation). Nonetheless, they record qualitative information
about relative sulﬁde levels and comparative rates of sulfate
reduction. Because these incubations occur over many
hours, whatever high frequency time variations exist within
the mats are smoothed over to some extent (both in terms
of the amount of sulﬁde templating onto the disk and its
isotopic composition). As such, it is likely that the spatial
variations measured by SIMS represent minimum estimates
for actual in situ variability. However, broad trends in d34S
can be examined between the day and nighttime
incubations.
Disks were inserted vertically into the microbial mats,
typically leaving approximately 0.5 cm of the disk exposed
in the overlying water. The mat–water surface was marked
onto the silver disk during incubation and subsequently
indicated with permanent marker (Fig. 2b). This method
of sulﬁde capture preserves ﬁne-scale spatial variability
within microbial systems (Visscher et al., 2000; Fike et al.,
2008). Field incubations were done in the hypersaline
(80 mM SO4) subtidal mats at Guerrero Negro during the
day and the night (Fig. 2b). Day and night incubations were
also done at the NASA Ames greenhouse facility high
(80 mM SO4) and medium (1 mM SO4) sulfate incubations

(Fig. 2c). These incubations were all conducted over a
12 h time period (ca. 6 AM to 6 PM ‘day’ and 6 PM to
6 AM ‘night’). An additional incubation in the low sulfate
(0.2 mM) mat at the NASA Ames greenhouse facility was
done over 24 h in order for suﬃcient sulﬁde to template
onto the disk (Fig. 2c). Table 1 contains a list of these incubations as well as control experiments to evaluate the eﬀects
of diﬀusion and abiotic sulﬁde oxidation (see below). For
the incubations at NASA Ames, the incubations in all three
sulfate systems (80, 1, 0.2 mM) were conducted in parallel
with microelectrode measurements and other geochemical
and microbiological sampling. Images of the incubated
disks are shown in Fig. 2 (note some images depict the disks
after SIMS analysis).
3.2. Diﬀusion and oxidation experiments
A series of abiotic experiments were conducted to assess
the impact of diﬀusion, abiotic oxidation, and pH on the
sulﬁde d34S signal from our microbial mat incubations.
All experiments involved a block of 1% agar (approximately 2 cm thick) containing 5 mM Na2S buﬀered at either
pH 7 or pH 8. To evaluate the impact of diﬀusion and abiotic oxidation on d34S proﬁles, these experiments were conducted either in an anaerobic chamber under N2-purged
water (‘anaerobic’ treatment) or alternatively incubated
on the bench and overlain by oxygenated water (‘oxic stagnant’ treatment). An additional oxic treatment consisted of
a sulﬁdic agar plug overlain with water that was actively
oxygenated by bubbling air through it (‘oxic agitated’ treatment). For each treatment, the water and sulﬁdic agar were
allowed to equilibrate for several hours prior to sulﬁde capture. To capture sulﬁde, a strip of photographic ﬁlm (Ilford
100 Delta Professional B&W, Ilford, Cheshire, UK) was inserted into the agar and incubated for 1 h, allowing for sulﬁde within the agar and overlying water to react with the
silver emulsion in the ﬁlm. Initial experiments showed that
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Table 1
Silver disk incubations for sulﬁde capture in microbial mats and
agar.
Locationa

Sample type

Sulfate (mM)

Periodb

Guerrero Negro, P4n5
Guerrero Negro, P4n5
Greenhouse, ﬂume 1
Greenhouse, ﬂume 1
Greenhouse, ﬂume 2
Greenhouse, ﬂume 2
Greenhouse, ﬂume 3
Lab (oxic, stagnant)
Lab (oxic, stagnant)
Lab (oxic, agitated)
Lab (oxic, agitated)
Lab (anaerobic)
Lab (anaerobic)

Subtidal mat
Subtidal mat
Subtidal mat
Subtidal mat
Subtidal mat
Subtidal mat
Subtidal mat
Agarc, pH 7
Agarc, pH 8
Agarc, pH 7
Agarc, pH 8
Agarc, pH 7
Agarc, pH 8

80
80
80
80
1
1
0.2
–
–
–
–
–
–

Day
Night
Day
Night
Day
Night
24 h
1h
1h
1h
1h
1h
1h

a

See text for detailed description of laboratory agar experiments.
Day incubation from 6 AM to 6 PM; night incubation from
6 PM to 6 AM.
c
Sulﬁde concentration in agar (5 mM).
b

the sulﬁde templated onto silver-containing photographic
ﬁlm and onto silver disks gave comparable results under
SIMS analysis (data not shown).
3.3. SIMS analysis and calibration
Disks were analyzed over a 10-month period (Feb–Nov
2008) on a Cameca 7f-GEO magnetic sector secondary ion
mass spectrometer (SIMS) at the Caltech Center for Microanalysis. Analyses were conducted with a primary beam
current of 5 nA, corresponding to a primary beam size
of 10 lm. The primary beam was rastered over an area
of 25 lm by 25 lm, with individual measurements taking
approximately 4 min. Ions were collected using Faraday
cups with 32S collected on FC1 and 34S collected on FC2.
At this current, typical secondary ion yields were: 32S
2108 counts/s; 34S 107 counts/s. For reference, Faraday
cup background levels were FC1 5104 counts/s and FC2
3103 counts/s. Backgrounds and ion yields on the Faraday cups were recalibrated daily. Automatic peak centering
(ﬁeld and contrast apertures) and mass calibration occurred
at the start of each measurement to correct for any drift in
the magnetic ﬁeld or position of the secondary ion beam.
No pre-sputtering occurred beyond that during this calibration process.
Each measurement was divided into 20 cycles, where
each cycle consisted of collection of 32S for 1s on FC1
and collection of 34S for 5s on FC2. The individual cycles
were screened for anomalous points (e.g., those arising
from electronic errors). An isotope cycle was considered
anomalous if it was more than 3.5r away from the average
d34S value of the 20 cycles. Average isotopic compositions
and standard deviations were recalculated excluding any
anomalous cycles. Approximately 1% of the measurements
had an anomalous cycle. The correction of these points had
no substantive eﬀect on isotopic trends in our disk incubations, but decreased the standard error associated with
these particular measurements. The internal error (standard
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error of n = 20 cycles) of individual measurements was typically 1& (Fig. 3). The external error (standard deviation
of multiple adjacent points on standards) was 1&. Both
values are substantially smaller than the up to 50& variation observed within our samples. Error generally scaled
with the concentration of sulﬁde in the sample (i.e., error
was counting-statistics limited): samples analyzed from
the zone of minimal sulﬁde near the mat surface therefore
had larger errors than those at depth. The ionization of
the sulﬁde layers during analysis precluded establishing a
steady-state ion yield (Fike et al., 2008) and ultimately limits the precision of these analyses.
Instrumental mass fractionation (IMF) was corrected for
by standard-sample bracketing. Previous work examining a
variety of sulﬁde standards suggested that a sodium sulﬁde
solution (Na2S) of known isotopic composition ( 0.2&) precipitated onto a silver disk was the most appropriate standard (Fike et al., 2008). The average isotopic composition
of replicate analyses of this sulﬁde standard on the SIMS
was 27.2 ± 1.0& (1r standard deviation), resulting in typical IMF for these sulﬁde measurements of 27.0&. This mass
fractionation varied depending on instrument conditions,
but the isotopic oﬀset between standards and a given sample
was independent of instrument conditions.
We assessed the impact of instrument drift on d34S over
the course of our measurements by two methods. First, we
observed the drift in d34S composition of known standards
at the beginning and end of a sequence of samples (Fig. 3b).
This value was typically less than 2& over 24 h. If substantial drift (>1&) was observed over the course of a
run, data were corrected by assuming a constant drift during the analysis. In no case did this noticeably alter the isotopic trends observed in our incubations. As a second
check, we oriented our sample analyses to provide an internal measure of instrument drift. This is especially important
because of the substantial (12–24 h) time between analysis
of standards. For each run, analyses were organized into
rectangular grids, which were aligned perpendicular to the
mat surface and analyzed sequentially as indicated in
Fig. 3a. As the primary trends of interest are those occurring as a function of depth beneath the mat surface, each
grid of data was collected as a series of analyses oriented
from shallow to deep and then deep to shallow within the
mat, for a total of 10 adjacent, parallel depth proﬁles.
This resulted in multiple, independent transects in the direction of interest (half shallow to deep; half deep to shallow).
Drift within the analysis would manifest itself as a lateral
gradient superimposed on any depth variation. At the resolution of these analyses (1&), no such lateral (left–right)
shift was observed in the isotopic composition of any of
the samples. For example, in one incubation, two parallel
d34S minima at 6 and 8 mm below the mat surface
(Fig. 3c) occur in all 10 of the parallel depth proﬁles with
no shift in d34S laterally across the grid. This lateral reproducibility (both against instrument drift and random variations within the sample) makes these 2-D grids a robust
approach for mapping spatial variability in d34S at high
resolution.
The d34S composition of sulfate from the Guerrero Negro mats was 21.0 ± 0.1& (i.e., seawater). The
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Fig. 3. Analytical approach. (a) Incubations were analyzed in 2D grids with the long axis oriented perpendicular to the mat surface (the disk
shown is the daytime 80 mM incubation from the NASA Ames greenhouse). Analyses were run from shallow ? deep, deep ? shallow, etc.,
allowing for multiple independent d34S depth proﬁles beneath the mat. (b) d34S from sequential analyses of the Guerrero Negro nighttime ﬁeld
incubation (blue) with standards shown (red). *Indicates instrument recalibration between sets of standards. Vertical error bars represent the
standard error (n = 20 cycles) for each measurement. There is signiﬁcant variability when observing the analyses sequentially (b). However,
when they are viewed spatially (c), the variation becomes more coherent. The x, y coordinates in (c) reﬂect the physical location on the disk
where the measurements were made (i.e., in a 2D grid) and the height/color record the d34S value measured at that point. Note particularly
that two local minima in d34S at 6 and 8 mm depth repeat in each of the ten parallel transects across the mat. Any instrument drift over the
course of this run is insigniﬁcant compared to the 10& variations in d34S into and out of these troughs. Note also that much of the apparent
scatter of enriched d34S values observed in (b) are conﬁned to a narrow depth zone near 4 mm.

incubations in the greenhouses at NASA Ames Research
Center were conducted with an artiﬁcial brine, in which
the sulfate d34S had a value of 0.7 ± 0.1&. To directly
compare the sulﬁde results from the Ames greenhouse
with those from the ﬁeld incubations, the resulting sulﬁde
d34S from Ames were corrected to the values they would
have had if the artiﬁcial seawater had the same isotopic
composition as seawater (d34SSW). Brieﬂy, the fractionation a = (d34SAmes-SO4/1000 + 1)/(d34Ssulﬁde/1000 + 1) between Ames sulfate and observed (IMF-corrected)
sulﬁde was determined. This fractionation was then used
to determine the seawater-corrected d34SSC value for the
sulﬁde from the Ames incubations: d34SSC = (d34SSW/
1000 + 1)/a.
3.4. Fluorescence in situ hybridization (FISH)
The distributions of select sulfate-reducing bacterial
groups were visualized by 16S rRNA-targeted ﬂuorescence in situ hybridization and tyramide signal ampliﬁcation (CARD-FISH) (Pernthaler et al., 2002). Here,
whole-cell hybridization was performed on thin sections
(15 lm thick) of mat spanning a vertical depth of

12 mm. Mat samples were collected in parallel with silver disk incubations from the NASA Ames greenhouse
and from the P4n5 ﬁeld site. Cores of mats were collected using a 3 cm3 disposable syringe with the tip removed and preserved in 2% paraformaldehyde as
described in Fike et al. (2008). FISH hybridizations were
conducted with the following HRP-labeled oligonucleotide probes (Biomers, Ulm, Germany): DSS 658 (targeting
select
members
of
the
sulfate-reducing
Desulfobacteraceae family (Manz et al., 1998)), DSV
687 (members of the Desulfovibrioaceae (Devereux
et al., 1992)), and DSB 660 (targeting members of the
Desulfobulbaceae (Devereux et al., 1992)). The ﬂuorescent signal was subsequently ampliﬁed using a ﬂuorescein-labeled tyramide as described in Fike et al. (2008).
Cyanobacteria appear red under epiﬂuorescence microscopy due to the autoﬂuorescence of photosynthetic pigments. Mat sections were counter-stained with
diamidino-2-phenylindole (DAPI), which binds to
DNA. Slides were examined on a DeltaVision RT
deconvolution microscope system (Applied Precision,
Ithaca, WA, USA) with 20, 40 or 60 Olympus
objectives (PlanApo or UPlanApo). Images were cap-
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tured and processed using the Softworx package (version
3.5.1; Applied Precision) and paneled images were exported as TIFFs for ﬁnal ﬁgure assembly in Adobe
Photoshop CS (Adobe Systems Incorporated).
When assembling composite FISH images that cover
substantial (50 mm2) regions of the Guerrero Negro mats,
there are often irregularities in mat thickness and the presence of small folds, leading to diﬀerential brightness in the
image. To compensate for these variations in signal intensity, we set the blue (DAPI) channel to a constant value
and scaled the red (cyanobacterial autoﬂuorescence) and
green (sulfate reducers of the Desulfobacteraceae, Fig. 8)
accordingly in Matlab. Average depth proﬁles were created
of the cyanobacterial and sulfate-reducing bacterial abundances from the image, which were then broadly compared
with the ﬁne-scale d34S isotope trends generated from SIMS
analysis.
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4. RESULTS
4.1. Field incubations at Guerrero Negro
4.1.1. Subtidal mats (80 mM SO4)
During the day incubation in the subtidal mats at Guerrero Negro, the ﬁrst visible accumulation of sulﬁde occurred approximately 2.7 mm below the mat surface
(Fig. 2). The distance between the mat surface and onset
of sulﬁde was maintained despite the undulatory surface
of the mat. Visible banding on the disk was observed in
the ﬁrst mm of sulﬁde accumulation, after which sulﬁde levels precluded visual recognition of variation. Despite the
lack of visible banding in the lower portion of the disk, variations were documented in the relative SIMS 32S counts
(right panel of Fig. 4). There is a pronounced d34S enrichment at the top of the chemocline (with values at 10 to

Fig. 4. SIMS data from Guerrero Negro ﬁeld incubations. 2D grids are shown in the center with color corresponding to d34S on the left and
sulﬁde yield (normalized relative to the maximum value in each incubation) on the right. Depth-averaged values are shown on the sides. Note
the horizontal range in these depth-averaged graphs depicts the lateral variability (1r standard deviation of values) for a given depth and not
errors on the measurements (which are 1&). Here and in subsequent ﬁgures, the y-axis indicates depth beneath the mat surface. The analysis
of the day and night incubations starts at correspondingly diﬀerent depths due to the diurnal vertical migration of the sulﬁde gradient. Note
that in the night incubations, the analyses extended into the water column to measure the sulﬁde captured there (see Fig. 2). n.a. = Not
analyzed.
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20&, 2.3 mm below the mat surface). With depth d34S
values decrease to a minimum value around 35& at
4.5 mm below the mat surface, before rising again toward
10& approximately 8 mm below the mat surface.
During the night incubation, the zone of sulﬁde accumulation migrated upward to just below the mat/water interface, reﬂecting the vertical shift in the chemocline caused
by the end of daylight photosynthetic activity (Figs. 2 and
4). Sulﬁde precipitation on the disk highlights the irregular
topography of the mat surface. Additionally, sulﬁde was
observed to template onto the silver disk from within the
water column. However, no visible sulﬁde deposition occurred at the mat surface itself (Fig. 2), suggesting rapid sulﬁde oxidation at this interface. This is seen in the 32S sulﬁde
counts in Fig. 4. The sulﬁde in the water column at night
has similar d34S values ( 25 to 20&) to that recorded
in the surface layers of the mat and may have been sourced
from sulﬁde diﬀusing from the mat or perhaps from active
sulfate reduction in the water column, particularly within
the diﬀusive boundary layer overlying the mat (Jorgensen
and Des Marais, 1990). Sulfate levels are suﬃciently high
in these mats (80 mM), relative to maximum sulﬁde levels
(500 lM), to preclude any enrichment in the residual sulfate d34S with depth due to ongoing sulfate reduction
(which could, in turn, aﬀect the measured sulﬁde d34S). Similar to the day incubation, there is an enrichment in d34S at
the top of the chemocline (the mat surface), where values
average  20&. d34S decreases with depth down to
30& at 1.5 mm below the surface, and subsequently increase back toward 15& at 2.5 mm below the mat surface. Further d34S oscillations between 15& and 30&
occur with depth down to 1 cm below the mat surface.
The absolute values of d34S observed in the day and
night incubations were similar, including the d34S enrichments in the chemocline. Two depleted d34S bands (down
to  30&) are prominent in the night incubation at
5 mm and 6.2 mm depth. Similarly spaced depletions in
d34S to  30& also occur at 4.5 and 5.5 mm during
the day incubations, suggesting that d34S-banding may be
ubiquitous at depth and spatially invariant over day/night
cycles when located suﬃciently deep below the chemocline.
The uncertainty in the exact position of the mat/water
interface in our analysis caused by irregularities in the
mat surface (up to 1 mm variation in topography) may be
responsible for the oﬀset in the d34S bands observed in
the day and night incubations.
4.2. Ames greenhouse incubations
4.2.1. Incubation at 80 mM SO4
Mats were maintained in the greenhouse ﬂume system in
an artiﬁcially-prepared brine for 17 months prior to silver
disk incubation to ensure adequate time for microbial
mat equilibration with the laboratory environment. During
the day incubation of 80 mM sulfate mat in the greenhouse,
the ﬁrst visible accumulation of sulﬁde occurred 2.4 mm below the mat surface, and again tracked the slightly irregular
mat surface (Fig. 2c). Similar to the ﬁeld incubation, visible
banding occurred in the upper mm of the sulﬁdic zone during the day incubation. Oxygen microelectrode proﬁles

(Fig. 5a) show that the chemocline migrated approximately
3 mm over the diurnal cycle. This can be seen by the vertical
migration toward the mat surface of the visible sulﬁde accumulation during the night incubation, similar to trends previously documented in other microbial mats (Revsbech
et al., 1983). No substantial sulﬁde precipitation occurred
at or above the mat water interface during the night incubation. The diﬀerence between this greenhouse incubation (no
water-column sulﬁde) and the ﬁeld night incubation (watercolumn sulﬁde) likely arises from the fact that the ﬂowing
water in the greenhouse ﬂume maintains equilibrium between atmospheric oxygen and the water overlying the
mats.
SIMS analysis of the 80 mM day incubation revealed
that the uppermost zone of sulﬁde accumulation is substantially enriched in d34S with respect to lower layers. From the
upper sulﬁde zone, d34S drops sharply by 15& between
3–4 mm below the mat surface, followed by a more gradual
decrease for another 3 mm. At greater depths, d34S displayed signiﬁcant variations, becoming alternately more enriched from 7–10 mm (d34S  15&) and 11–12 mm
(d34S  25&) and more depleted (d34S  35& from
10–11 and 12–14 mm). During the night incubation, d34S
values showed a similar trend with enriched values in the
uppermost sulﬁdic layers and a sharp and then more gradual depletion in d34S over the next 3 mm. As observed with
the mat incubations in the ﬁeld, the absolute values of d34S
observed in the greenhouse day and night incubations were
similar.
4.2.2. Incubation at 1 mM SO4
During the day incubation at 1 mM SO4, the ﬁrst visible
accumulation of sulﬁde occurs 2.4 mm below the mat surface, while visible sulﬁde accumulation occurs just below
the mat surface during the night incubation (with no substantial sulﬁde deposits at or above the mat surface)
(Fig. 2c). This distance is consistent with the migration of
the oxygen proﬁles (Fig. 5b) over the diurnal cycle. Significantly less sulﬁde templated out on the disk during these
incubations than the 80 mM sulfate incubations (Fig. 2b).
There is a peak in sulﬁde concentration just below the
mat surface and sulﬁde concentration decreased at depth
below this level, observed both visually and in the SIMS
data (Fig. 5b). This trend was not observed in other incubations (at high sulfate concentrations) and likely reﬂects rapid sulfate reduction rates in the upper sulﬁdic zone. In
these incubations, it is possible that a substantial portion
of the original sulfate pool is consumed at depth. Depending on the fractionation associated with sulfate reduction in
the upper portion of the mat, this may result in an isotopic
enrichment in the remaining sulfate (and potentially sulﬁde)
in the deeper layers of the mat.
The apparent fractionations between sulfate–sulﬁde in
these incubations (30&, Fig. 5b) are much smaller than
those in the 80 mM incubations (both ﬁeld and in the Ames
greenhouse), where fractionations typically reached 50&.
In addition, there was much less d34S variability in these
1 mM incubations (ranging from 20& to 0&) than in
either of the 80 mM incubations (Fig. 5b). The main zone
of variability is represented by a 5& enrichment in d34S

Author's personal copy

SIMS analysis of submillimeter-scale sulﬁde d34S in microbial mats

6195

Fig. 5. Paired oxygen microelectrode data (left) and SIMS data (d34S in center and normalized sulﬁde yield on the right) from the greenhouse
incubations at NASA Ames Research Center. The depth of the chemoclines in the individual incubations varied laterally and no consistent
diﬀerences were observed between the diﬀerent incubations. Note the horizontal range for the SIMS data in these depth-averaged graphs
depicts the lateral variability (1r standard deviation of values) for a given depth. Photosynthesis causes a strong diurnal migration of redox
gradients within the mat. (a) 80 mM SO4 day (blue) and night (black) incubations. Isotope enrichments are observed in the upper sulﬁdic
layers during both the day and night incubations (center). The migration of the redox front results in a vertical shift in the sulﬁde zone but no
change in its isotopic composition or gradient with depth. Signiﬁcant sulﬁde d34S variations occur at depths up to 1.5 cm below the mat
surface. Sulﬁde concentrations increase over the ﬁrst 2 mm, followed by smaller variations at greater depths. No data were collected from
the day incubation disk between 10 and 10.8 mm below the mat surface (see Fig. 2). (b) 1 mM SO4 day (blue) and night (black) incubations.
There is less d34S variability in these incubations than in (a). A pronounced 5& enrichment is visible across the chemocline in both day and
night incubations. Peaks in sulﬁde yield indicate elevated sulfate reduction rates just beneath the chemocline (1–2 mm during the day and
2–3 mm during the night). (c) 0.2 mM incubation (24 h). d34S show the little variation (total range 10&) and lateral variability is on the
same scale as the changes in d34S with depth. A pronounced 5& enrichment across the chemocline is also observed in this incubation.
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at and above the ﬁrst layer of visible sulﬁde accumulation
(at 2 mm depth (day) and 0.5 mm depth (night)).
4.2.3. Incubation at 0.2 mM SO4
Sulﬁde levels in the 0.2 mM SO4 incubation were suﬃciently low that only a single 24-h (day/night) incubation
was conducted. Observed fractionations for this incubation
(20–25&; Fig. 5c) were slightly less than those observed in
the 1 mM incubations (30&) and there was little variability in d34S with depth, except for a small enrichment (5&)
at the top of the zone of visible sulﬁde accumulation
(0.5 mm depth). Note that because of the long (24 h) incubation in this 0.2 mM experiment, the diurnal vertical
migration of the chemocline (4 mm) may have smoothed
any spatial signals in d34S or sulﬁde yield in the upper several mm.
4.3. Diﬀusion and abiotic oxidation experiments
Analysis of our diﬀusion experiments (Fig. 6) revealed
that sulﬁde concentrations in the upper portion of the agar
had decreased substantially and sulﬁde was detected in the
water column immediately above the agar (decreasing in
abundance with distance from the agar surface). Agar
d34S was approximately uniform at depth with a slight
enrichment (2&) in the upper agar approaching the contact with the water column, presumably caused by the preferential diﬀusion of 32S out of the agar. A corresponding
depletion in d34S of sulﬁde trapped from the water column
was observed. Similar variations (a few permil enrichments
and depletions in the upper agar layers and in the overlying
water column, respectively) were observed in the anoxic
incubation at pH 7 (Fig. 6a) and those conducted with agi-

tated oxic water at pH 7 (Fig. 6b) and pH 8 (Fig. 6c), as
well as the other control experiments conducted. These data
indicate that the eﬀects of diﬀusion, abiotic oxidation, and
pH change may only account for minor shifts in d34S and
are not plausible explanations for the large amplitude variations (>>10&) that we observe in the microbial mat
incubations.
4.4. FISH experiments
As a ﬁrst step in trying to assess the factors inﬂuencing
patterns of d34S distribution within the Microcoleus mats,
we characterized the spatial distribution of some of the major sulfate-reducing bacterial groups as a function of depth
within the mat using ﬂuorescence in situ hybridization
(FISH). CARD-FISH analysis with a general probe targeting members of the Desulfobacteraceae (DSS 658) revealed
a thick (ca. 1 mm) horizontal band of abundant long ﬁlamentous Desulfobacteraceae cells at or just below the main
concentration of autoﬂuorescent cyanobacteria (Fig. 7).
This banding pattern near the surface layers of the mat
was observed in both ﬁeld collected and greenhouse maintained microbial mats (80 and 1 mM SO4 treatments).
The cells had a morphology that is reminiscent of members
of the Desulfonema genus (Fukui et al., 1999), a group targeted by the DSS 658 probe and known to be oxygen tolerant (Teske et al., 1998). Additional CARD-FISH
experiments using probes targeting members of the Desulfobulbaceae (DSB 660) and Desulfovibrioaceae (DSV
687) also yielded positively hybridized cells, however the
abundance of these groups relative to the Desulfobacteraceae was low and their distribution in replicate samples
more heterogeneous, making it diﬃcult to interpret any

Fig. 6. SIMS data from abiotic diﬀusion experiments. For each, an experimental schematic is shown at left, followed by d34S and sulﬁde yield,
respectively. (a) Anaerobic (N2-purged) overlying water with sulﬁdic (pH 7) agar, conducted in an anaerobic chamber. A small enrichment in
d34S in the residual sulﬁde in the upper layers of agar was observed, along with a corresponding d34S depletion in sulﬁde trapped from the
water column. (b and c) Agitated (air-bubbled) overlying water with sulﬁdic (pH 7 (b) and pH 8 (c)) agar, conducted on the lab bench. A
similar enrichment in d34S in the residual sulﬁde in the upper layers of agar was observed, as well as a depletion of the same magnitude in the
sulﬁde trapped from the water column. The resulting enrichments in the upper layers of the agar and depletions in overlying water column
result in small (2–4&) shifts away from the baseline d34S value. Note that the trend toward depleted values upward across the ‘chemocline’
in these experiments is opposite the d34S enrichment observed across the chemocline in the mat incubations.
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Fig. 7. Composite low magniﬁcation (10) CARD-FISH image showing the distribution of Desulfobacteraceae hybridized with probe DSS
658 (in green) within the 80 mM SO4 mat from a sample collected at 6 AM. The red signal is from cyanobacterial autoﬂuorescence and the
blue signal is the DNA stain DAPI. Scale bar is 3 mm and total imaged area of mat is ca. 10 mm deep by 5 mm wide. (a) Raw image
composite. The irregular bright zones are areas where the mat has folded in upon itself. (b) The same image as in (a), but here normalized to a
constant intensity in the blue channel (to mitigate the eﬀects of folding). (c) Depth average of cyanobacterial autoﬂuorescence in red and DSS
sulfate.

general trends regarding their distribution in the mat. The
dominance of Desulfobacteraceae within the chemocline is
consistent with previous studies both from the Guerrero
Negro site and other locations using non-microscopy-based
molecular detection methods (Risatti et al., 1994; Minz
et al., 1999a,b; Fourcans et al., 2006). Earlier studies additionally reported the presence of Desulfovibrio in the upper
layers of the mat (Risatti et al., 1994). The discrepancy between previous rRNA-based abundance estimates and the
limited detection of Desulfovibrio-aﬃliated cells by
CARD-FISH is not understood at this time; it is possible
that the probe and hybridization conditions need further
optimization for successful detection of members of this
group within the microbial mat.
The mat CARD-FISH hybridization shown in Fig. 7
was collected before dawn (6 AM) and represents a nighttime incubation. There was a sharp boundary approxi-

mately 1–1.5 mm from the mat surface marking the
uppermost zone of the sulfate-reducing Desulfobacteraceae
cells. By comparing the average channel brightness (0–255)
in the FISH images (Fig. 7), we can get a sense of the depth
distribution of cyanobacteria (in red) and select sulfatereducers (those targeted by the DSS 658 probe, in green).
To minimize the eﬀects of variable mat thickness in the
raw FISH composite images (Fig. 7a), we used an image
that has been normalized to a constant value in the blue
channel, corresponding to the DAPI DNA stain (Fig. 7b).
A plot of the resulting depth-averaged pixel values
(0–255) revealed a broad peak in the abundance of cyanobacteria in the upper 3 mm, which corresponded to the oxic
zone during daytime photosynthesis (Fig. 5a). A dense
band of Desulfobacteraceae cells partially overlapped with
the peak in cyanobacterial autoﬂuorescence, approximately 1.5–2.5 mm below the mat surface in the nighttime
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incubation. While this is the most visually signiﬁcant band
of sulfate-reducing Desulfobacteraceae in all treatments
(high and low SO4 incubations), deeper layers in the mat
also harbored distinct distribution patterns of this group,
with discrete mat layers supporting greater concentration
of hybridized cells relative to surrounding horizons. In
Fig. 7, bands of Desulfobacteraceae-aﬃliated cells below
the chemocline were apparent at approximately 6.5, 8.5,
9.8 and 10.5–11 mm. A direct correlation between the FISH
data and microscale sulﬁde isotope distribution is not possible at this time, however it is worth noting that the mm
spacing of these deeper layers, and those reported previously (Fike et al., 2008) is of the same magnitude as the variability in d34S observed with depth (Figs. 4 and 5).
5. DISCUSSION
5.1. d34S enrichment near the mat surface
The surface photosynthetic layers and underlying
chemocline represent the most dynamic and productive
horizons of the microbial mat, supporting high levels of
microbial diversity and biomass relative to permanently anoxic underlying layers (Ley et al., 2006; Jahnke et al., 2008).
This 3–4 mm zone is also deﬁned by steep photosynthetically controlled redox gradients and elevated rates of microbial activity, including some of the highest levels of
bacterial sulfate reduction on record (Visscher et al.,
1992; Canﬁeld and Des Marais, 1993; Baumgartner et al.,
2006; Dillon et al., 2007). Examination of the trends in sulﬁde d34S across this dynamic horizon revealed signiﬁcant
isotopic enrichments (15–20&) in the upper mm of sulﬁde
accumulation during both the day and night incubations
conducted in the ﬁeld and at 80 mM SO4 in the Ames
greenhouse. These represent the suite of samples with surplus sulfate, where distillative enrichment of sulfate d34S
(and thereby sulﬁde) with depth can be excluded. A similar
trend represented by smaller d34S enrichments (5&) was
also observed in the upper layers of the 1 mM SO4 (day
and night) and in the 0.2 mM SO4 mat incubations
(Fig. 5). While sulfate limitation may inﬂuence the magnitude of the sulﬁde d34S recorded in these greenhouse incubations, the general enrichment pattern observed within
the chemocline is opposite from the trend predicted by progressive consumption of the sulfate pool (increasing d34S
with depth as the sulfate pool is partially consumed). As
such, the d34S enrichments recorded in these silver disk
incubations represent a minimum estimate of the true
change in fractionation.
There are several factors that could inﬂuence d34S trends
at the chemocline, including diﬀusion, abiotic or biotic sulﬁde oxidation, sulfur disproportionation, and changing
fractionation during sulfate reduction. Sulfur cycling within
the mats is inherently complex and it is possible that all of
these factors may inﬂuence the resulting sulﬁde d34S pool to
varying degrees. However, existing microbiological and
geochemical data (Canﬁeld and Des Marais, 1993; Bebout
et al., 2004) suggest that the observed enrichment in d34S
is likely due to enhanced microbial activity within the
chemocline, speciﬁcally driven by elevated sulfate reduction

rates and substantial re-oxidation of newly produced sulﬁde, rather than physico-chemical variability. Both of these
processes will contribute toward decreased sulfate–sulﬁde
fractionations and therefore an enrichment in sulﬁde d34S
(Fig. 1). Below we explore each of these possible mechanisms for generating the observed sulﬁde d34S enrichment
at the chemocline.
Experiments designed to examine the d34S fractionation
associated with diﬀusion, abiotic sulﬁde oxidation, and pH,
were shown to have a relatively minor inﬂuence on the variation in d34S (Fig. 6) and are unlikely to account for the
magnitude of enrichment measured in the surface layers
of the mat (Figs. 4 and 5). Control experiments using sulﬁde-impregnated agar (approximating the consistency of
the gelatinous mat) and overlain by oxic or anoxic water
maintained at pH 7 or 8 consistently showed 63–4& variation in d34S, adjacent to the mat/water interface, independent of treatment. In addition, these diﬀusion-dominated
trends (increasingly 34S-depleted above the ‘chemocline’)
are opposite that observed from our mat incubations
(increasingly 34S-enriched above the chemocline. These
ﬁndings are consistent with reports from independent studies showing only small fractionation between sulfate and
sulﬁde d34S associated with abiotic sulﬁde oxidation (Fry
et al., 1986b, 1988b; Habicht et al., 1998; Canﬁeld, 2001a).
Explanations of this mm-scale d34S enrichment that rely on
changes in physical factors (e.g., temperature, or salinity)
(Arnosti et al., 1998; Sagemann et al., 1998; Canﬁeld et al.,
2006; Hoek et al., 2006; Porter et al., 2007; Finke and Jorgensen, 2008), or sulfate concentrations (Habicht et al., 2002)
within the individual mat incubations can also be ruled
out. At nearly 3 times seawater concentrations, sulfate levels
are non-limiting for both the ﬁeld and 80 mM greenhouse
mats and localized depletion in sulfate concentration (and
resulting enrichment in d34S due to distillation) is insuﬃcient
to account for the change in sulﬁde d34S observed.
Other possible factors that could cause this isotopic
enrichment are changes in electron donor or in sulfate
reduction rate (Fig. 1). The use of hydrogen or organic carbon as the electron donor during sulfate reduction can impact fractionation during BSR, with use of hydrogen
associated with decreased isotopic fractionations (Canﬁeld,
2001a). Generation of H2 is associated with photosynthesis
and respiration within the upper surface of the mats (Hoehler et al., 2002). A switch from BSR predominantly associated with H2 utilization in the upper chemocline to organic
carbon respiration in the deeper layers of the mat could explain the d34S enrichment observed in this zone. However, if
H2-coupled sulfate reduction is in part responsible for the
enrichment in d34S, this process appears to be insensitive
to the substantial diurnal variation in the in situ H2 concentration (Hoehler et al., 2002), as the magnitude of enrichment was consistent in both the day and night incubations.
Similar to the diﬀerences in fractionation between
H2- and organic carbon-utilizing BSR, 34S-fractionation
during BSR can vary based on diﬀerent sources of organic
carbon (e.g., acetate vs. lactate) (Canﬁeld, 2001a). Diﬀerential carbon availability has been considered a likely candidate for regulating sulfate reduction in these mats because
of the diurnal oscillation between photosynthesis- and
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respiration-dominated metabolic cycles. The availability of
excess photosynthate (organic compounds synthesized during photosynthesis) during the day may explain the occurrence of sulfate-reducing bacteria within the oxic upper
layers of the mats (Minz et al., 1999b; Baumgartner et al.,
2006) and the observed close physical association between
the Desulfonema-like sulfate-reducing bacteria and ﬁlamentous cyanobacteria (Fig. 8).
A change in the composition and relative activity of
microbial metabolisms (e.g., sulfate reduction, sulfur disproportionation, sulﬁde oxidation) involved in sulfur
cycling can signiﬁcantly alter the fractionation between
coexisting sulfate and sulﬁde d34S (Fry et al., 1984, 1985,
1986a, 1988a; Canﬁeld and Thamdrup, 1994; Canﬁeld
and Teske, 1996; Canﬁeld et al., 1998; Habicht et al.,
1998; Canﬁeld, 2001a). For example, sulfur disproportionation typically leads to increased isotopic fractionation between sulfate and sulﬁde (Canﬁeld and Thamdrup, 1994;
Canﬁeld et al., 1998; Habicht et al., 1998). Disproportionation reactions are most likely to occur in the chemocline
itself, where redox gradients allow for the creation of intermediate sulfur species (Jorgensen, 1994). However, the increased fractionation in sulﬁde d34S predicted from
disproportionation is opposite from the isotopic enrichment observed in the chemocline (Habicht et al., 1998).
Sulfate reduction rates are also known to impact the
fractionation during sulfate reduction (Fig. 1). Speciﬁcally,
elevated sulfate reduction rates, such as are observed in and
above the chemocline of microbial mats (Baumgartner
et al., 2006) are typically associated with decreased fractionation during BSR, especially when organic carbon sources
are used as electron donors (Canﬁeld, 2001a). Decreased
fractionation during BSR would manifest itself as an
enrichment in sulﬁde d34S, such as observed in our incubations (Figs. 4 and 5). High sulfate reduction rates occur at
and above the chemocline in the Guerrero Negro mats during both the day and night (Canﬁeld and Des Marais, 1993)

Fig. 8. CARD-FISH image of the upper mat section (ca. 1.5 mm
beneath the mat surface) highlight the physical association of
cyanobacteria (red, chlorophyll autoﬂuorescence) and sulfate
reducers (green, DSS 658 probe), which morphologically resemble
the genus Desulfonema. Blue indicates the DNA stain DAPI.
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in association with abundant microorganisms related to the
sulfate-reducing Desulfobacteraceae and other groups in
and above the chemocline (Figs. 7 and 8) (Risatti et al.,
1994; Fike et al., 2008). Abundant SRBs at or above the
chemocline, as observed in this study and reported by others (Risatti et al., 1994; Krekeler et al., 1997, 1998; Minz
et al., 1999a,b; Sigalevich et al., 2000; Wieringa et al.,
2000; Baumgartner et al., 2006; Fike et al., 2008; Fourcans
et al., 2008), and the extremely elevated sulfate reduction
rates occurring in these layers with respect to those in the
strictly anoxic underlying strata (Frund and Cohen, 1992;
Canﬁeld and Des Marais, 1993), strongly suggest that enhanced activity by sulfate-reducing assemblages within the
chemocline is inﬂuencing the sulﬁde signature (i.e., enriched
d34S) measured within this dynamic zone.
In addition to the potential eﬀects from elevated sulfatereduction rates, enhanced biological oxidation within this
zone may also lead to d34S enrichment in the residual sulﬁde
pool (Kaplan and Rittenberg, 1964; Fry et al., 1984, 1986a,
1988a). Both phototrophic and chemotrophic sulﬁde-oxidizing microorganisms are active within the upper mat layers (Cohen et al., 1975, 1986; Jorgensen and Des Marais,
1986; Castenholz et al., 1991; Dannenberg et al., 1992; Fuseler et al., 1996), and many of these, like the anoxygenic
phototrophs, reside within or immediately below the oxycline (Fourcans et al., 2006). Members of the large sulﬁde-oxidizing gammaproteobacteria (e.g. Beggiatoa) are
also common within this zone and can migrate over the
course of the diurnal cycle (Hinck et al., 2007). Additionally, members of the dominant mat building cyanobacterial
group (Microcoleus chthonoplastes) have also been shown
to oxidize sulﬁde to thiosulfate in the light through anoxygenic photosynthesis (Jorgensen et al., 1986; de Wit and van
Gemerden, 1987). The juxtapositioning of members of the
sulfate-reducing Desulfobacteraceae with Microcoleus-like
cyanobacterial ﬁlaments suggest the possibility of accelerated sulfur cycling (e.g., through anoxygenic sulﬁde oxidation) over short (lm) spatial distances (Figs. 7 and 8).
Currently, it is not possible to properly evaluate biotic sulﬁde oxidation as the source of the observed chemocline d34S
enrichment because the fractionations associated with this
biotic oxidation, while small, remain poorly constrained
(Fry et al., 1984, 1985, 1986a, 1988a; Habicht et al., 1998;
Canﬁeld, 2001a). The comparable trend in d34S enrichment
observed both in the day and night incubations (Figs. 4 and
5), however, suggests that if biological oxidation plays a
role, the sink for sulﬁde is constant over the diurnal cycle,
independent of oxygen and light, and capable of rapidly
responding to the changing vertical position of the redox
gradient in the mat. Similarly, while photosynthesis modulates the vertical position of the chemocline and thus, the
base of the d34S enrichment zone, it has no direct impact
on the magnitude of the d34S enrichment observed in the
upper sulﬁdic zone of these photosynthetic mats.
In summary, elevated sulfate reduction rates are inferred
to be the likely cause of the d34S enrichment we observe in
the uppermost zone of sulﬁde accumulation within and
above the chemocline, possibly magniﬁed by intense
biological scavenging/oxidation of sulﬁde by phototrophic
and chemosynthetic microorganisms (e.g., Microcoleus,
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Beggiatoa or anoxygenic phototrophs) operating both
during the day and at night. High-resolution (sub-mm)
studies of sulfate reduction rates using radiolabel 35S in
parallel with silver disk incubations may assist in further
constraining probable cause of the d34S enrichment within
this unique mat horizon.
5.2. Coherent d34S banding at depth
In addition to the d34S enrichments observed in the upper
few mm of the mat, there are also variations in d34S of equal
or greater magnitude deeper within the mats in both the ﬁeld
incubations and the 80 mM SO4 Ames incubations in the
NASA Ames greenhouse (Figs. 4 and 5). These variations
are found up to depths of at least 1.5 cm below the mat surface and occur in both day and night incubations. Unlike
the upper portion of the mats (above), no day/night diﬀerence is expected at these depths since they are deep enough
not to be impacted by the diurnal photosynthetic forcing.
The majority of the d34S variation at depth is found perpendicular to the mat surface (i.e., vertical rather than horizontal
changes in d34S) (Figs. 4 and 5). This variation at depth, presumably decoupled from the mat surface, is surprising; the
sharp redox gradients at the mat surface are thought to be
the primary driver of microbial metabolic activity within
the mats. However, the signiﬁcant d34S gradients (20& over
as little as 1 mm) observed at depth must arise in situ from the
diﬀerential expression of microbial metabolic activity. Diﬀusion over time would eliminate both relict in situ isotope gradients and any arising through transport of sulﬁde from the
surﬁcial mat layers. It is diﬃcult to a priori identify the
cause(s) of these large, spatially-organized and frequent variations at depth: what environmental gradients are suﬃciently
steep at 1 cm below the mat surface to give rise to such a range
in isotopic fractionation?
The observed variation in distribution and abundance of
members of the Desulfobacteraceae at depth suggests that
there is the potential for stratiﬁcation in at least some of
the sulfate-reducing bacterial assemblages throughout the
mat and this may be one possible source for the variable
fractionation in sulﬁde recorded in the deeper mat horizons.
While not directly targeted in this study, members of the
acetate-utilizing Desulfobacter have been reported to increase in abundance in the deeper mat layers and may also
contribute to the variations observed in sulﬁde d34S at
depth (Risatti et al., 1994). Several of the factors (e.g., type
of carbon source and/or organic carbon availability) that
are thought to play a role in sulfur fractionation are likely
to also impact SRB population densities. Whether this relationship is direct (e.g., population density aﬀecting sulfate
reduction rate or substrate availability and, therefore isotopic fractionation during bacterial sulfate reduction) or indirect (both the population density and the isotopic
fractionations reﬂect variations in another parameter), remains to be determined. However, these observations indicate that the deeper layers within these microbial mats
remain ecologically and metabolically stratiﬁed and merit
additional investigation. Until we can understand the spatial distribution of the relevant parameters (e.g., diversity,
sulfate reduction rate, organic carbon and hydrogen avail-

ability, sulfur speciation) at an appropriately high resolution, we cannot fully assess the cause of the isotopic (and
SRB population) variability that we document here.
5.3. The impact of SO4 concentration on isotopic
fractionation
In the ﬁeld and greenhouse incubations with 80 mM
SO4, typical values for fractionation between sulfate and
sulﬁde were 45–55&, similar to values reported previously
from laboratory incubations (Fike et al., 2008). The fractionation for these incubations varied by over 60&, spanning the range from almost no fractionation to nearly
70&. In contrast, the magnitude of fractionation observed
in the 1 and 0.2 mM appeared to be substantially less (15–
30&). Note, however, that given the low SO4 concentrations in these incubations, we cannot rule out enrichment
in sulfate d34S and thus a larger fractionation between sulfate–sulﬁde than is apparent from the initial sulfate d34S.
However, the lateral variability is less in these low sulfate
incubations (rarely exceeding 10&) than observed in the
higher sulfate incubations, and is on par with the total vertical variations. The decreased lateral d34S variability in
these low sulfate incubations (which is independent of the
absolute value of d34SSO4) suggests that the parallel decrease in d34S variation with depth in these incubations is
driven by decreased fractionation during BSR rather than
any enrichment in sulfate d34S with depth. Previous investigation of bulk fractionation in microbial cultures has
shown that fractionation during BSR is a function of ambient sulfate concentrations (Harrison and Thode, 1958; Canﬁeld, 2001b; Habicht et al., 2002). For example, for sulfate
concentrations below 0.1 mM, little to no fractionation
was observed; whereas for sulfate concentrations above
1 mM fractionation generally increased with increasing
sulfate concentrations (Habicht et al., 2002). Our data here
show that these trends seem to hold in these complex environmental samples down to the 50 lm-scale.
These observations may provide additional constraints
on the ancient sulfur cycle, particularly in Precambrian
time, when there is signiﬁcant uncertainty in the size of
the sulfate reservoir (Brennan et al., 2004; Halverson and
Hurtgen, 2007; Fike and Grotzinger, 2008; Hurtgen et al.,
2009). One of the key proxies for the size of the marine sulfate reservoir is the fractionation between coeval sulfates
and sulﬁdes (Canﬁeld, 2001a; Habicht et al., 2002; Hurtgen
et al., 2005; Fike et al., 2006). However, through much of
early Earth history, there are precious few direct records
of sulfate d34S, making it challenging to measure the true
fractionation between sulfate and sulﬁde. If the small-scale
variation in sulﬁde d34S can be related to the ambient sulfate concentration, the application of analyses like those
presented here to sedimentary sulﬁdes in the geologic record may improve our ability to constrain the size of the
sulfate reservoir over Earth history.
6. CONCLUSIONS
We have documented the utility of 2D gridded analyses
on a 7f-GEO SIMS in capturing small-scale (100 lm–
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1 cm) d34S variability in hydrogen sulﬁde produced within
cyanobacterial mats from Guerrero Negro, Baja California
Sur, Mexico. Investigations of daytime and nighttime incubations revealed that photosynthetic forcing had no detectable impact on observed near surface d34S patterns, which
appear to be controlled by rapid sulfur recycling (elevated
sulfate reduction rates coupled with enhanced sulﬁde oxidation) in the upper chemocline. Large, spatially-coherent
oscillations (20& over 1 mm) in d34S occurred at depths
up to 1.5 cm below the mat surface. These gradients must
arise from diﬀerential microbial fractionation during active
production of sulﬁde, possibly arising from diﬀerent microbial populations and/or metabolic levels, diﬀerential availability of carbon substrates, or additional sulfur species
(e.g., polysulﬁdes) at depth. Ambient sulfate concentrations
were the dominant factor in determining the magnitude of
fractionation (both vertical as well as lateral variability)
associated with sulﬁde production. This suggests that
small-scale d34S variations can be diagnostic for reconstructing past sulfate concentrations, even when the d34S
of the initial sulfate pool is not known.
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