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Abstract
The sedimentary pyrite sulfur isotope (δ34S) record is an archive of ancient microbial 
sulfur cycling and environmental conditions. Interpretations of pyrite δ34S signatures 
in sediments deposited in microbial mat ecosystems are based on studies of modern 
microbial mat porewater sulfide δ34S geochemistry. Pyrite δ34S values often capture 
δ34S signatures of porewater sulfide at the location of pyrite formation. However, 
microbial mats are dynamic environments in which biogeochemical cycling shifts ver-
tically on diurnal cycles. Therefore, there is a need to study how the location of pyrite 
formation impacts pyrite δ34S patterns in these dynamic systems. Here, we present 
diurnal porewater sulfide δ34S trends and δ34S values of pyrite and iron monosulfides 
from Middle Island Sinkhole, Lake Huron. The sediment– water interface of this sink-
hole hosts a low- oxygen cyanobacterial mat ecosystem, which serves as a useful lo-
cation to explore preservation of sedimentary pyrite δ34S signatures in early Earth 
environments. Porewater sulfide δ34S values vary by up to ~25‰ throughout the day 
due to light- driven changes in surface microbial community activity that propagate 
downwards, affecting porewater geochemistry as deep as 7.5 cm in the sediment. 
Progressive consumption of the sulfate reservoir drives δ34S variability, instead of 
variations in average cell- specific sulfate reduction rates and/or sulfide oxidation at 
different depths in the sediment. The δ34S values of pyrite are similar to porewater 
sulfide δ34S values near the mat surface. We suggest that oxidative sulfur cycling and 
other microbial activity promote pyrite formation in and immediately adjacent to the 
microbial mat and that iron geochemistry limits further pyrite formation with depth 
in the sediment. These results imply that primary δ34S signatures of pyrite deposited 
in organic- rich, iron- poor microbial mat environments capture information about mi-
crobial sulfur cycling and environmental conditions at the mat surface and are only 
minimally affected by deeper sedimentary processes during early diagenesis.
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1  |  INTRODUC TION

Sulfur isotope (δ34S) signatures of sedimentary pyrite deposited in 
Precambrian microbial mat environments have been used to inves-
tigate microbial sulfur cycling and environmental conditions during 
the early evolution of life (Fischer et al., 2014; Gomes et al., 2018; 
Meyer et al., 2017; Wacey et al., 2010). Geological evidence suggests 
that coastal environments and possibly also the terrestrial realm 
were shaped by abundant microbial mats throughout Precambrian 
until the Neoproterozoic, which marks the decline of “matworld” and 
is linked with the appearance of complex eukaryotic life (Grotzinger 
& Knoll, 1999; Lenton & Daines, 2017; Peters et al., 2017; Riding, 
2006; Walter, 1976). Microbial mat environments are multi- layered 
ecosystems composed of diverse microbial consortia, which host 
various types of photosynthetic, chemosynthetic, respiration, and 
fermentation reactions that drive rapid elemental cycling and shape 
geochemical gradients within the layers of the mat and the surround-
ing environment. Precambrian microbial mats likely represented hot 
spots for the evolution of new avenues of life due to steep physico- 
chemical gradients and were oases for intense local cycling of com-
pounds that might have not undergone intense redox dynamics on a 
global scale, such as of sulfur (Des Marais, 2003). Microbial sulfate 
reduction (MSR) is among the most ancient metabolisms as inferred 
from isotope signatures, despite a much later onset of abundant sul-
fate supply to the oceans by weathering after the Great Oxidation 
Event (Fike et al., 2015; Lyons et al., 2009). Sulfur isotopes can re-
cord information about MSR, oxidative sulfur cycling, and environ-
mental conditions and are thus particularly useful for investigating 
the history of biogeochemical cycling and how microbial mat ecosys-
tems shaped Earth's redox evolution.

Pyrite δ34S signatures in sediments deposited in microbial mat 
environments are often interpreted based on studies of sulfur iso-
tope patterns in porewater sulfide (δ34Ssulfide) in modern microbial 
mats where there is accompanying information about microbial 
communities and environmental conditions (Fike et al.,2008, 2009; 
Gomes et al., 2020; Habicht & Canfield, 1997). These studies have 
shown that depth profiles of δ34Ssulfide values can be explained by 
differential rates of metabolic activity operating at different depths 
in the mat, mostly involving microbially mediated sulfate reduction, 
sulfide oxidation, and sulfur disproportionation processes. The δ34S-

sulfide patterns vary over diurnal cycles due to changes in light avail-
ability and microbial activity and are also affected by sulfate levels 
(Fike et al., 2009).

A key question is whether and how δ34S signatures of pyrite 
(FeS2, often extracted as the operationally defined chromium- 
reducible sulfide or CRS pool; Canfield et al., 1986) in microbial 
mats capture δ34Ssulfide variability over diurnal cycles. In marine 

settings, δ34S values of pyrite often reflect δ34Ssulfide values at the 
location(s) of pyrite formation (Lyons, 1997). While it has been 
shown that pyrite δ34S values are similar to porewater sulfide δ34S 
values in sediments underlying a cyanobacterial mat (Habicht & 
Canfield, 1997), the microbial mats that have been the subject of 
previous studies of diurnal trends in porewater δ34S values lacked 
significant pyrite formation due to low reactive iron availability 
(Huerta- Diaz et al., 2011). This hinders our ability to determine 
how diurnal changes in sulfur cycling and the location(s) of pyrite 
formation in mats impact δ34S signatures in pyrite deposited in mi-
crobial mat ecosystems.

Here, we report δ34S values of porewater sulfide and sequen-
tially extracted sedimentary sulfide mineral phases, including the 
acid- volatile sulfide fraction (primarily iron monosulfides; Luther, 
2005; Rickard & Morse, 2005) and the CRS fraction that is op-
erationally defined as sedimentary pyrite but may also include 
elemental sulfur (Canfield et al., 1986), in low- oxygen microbial 
mats in Middle Island Sinkhole (MIS), Lake Huron, USA. Low- 
oxygen conditions are a result of the combined influence of dense, 
oxygen- poor groundwater that enters through an alcove at the 
edge of the sinkhole and sinks to cover the mat– water interface 
and low rates of oxygen production via oxygenic photosynthesis 
(Biddanda et al., 2006; Ruberg et al., 2008; Biddanda and Weinke, 
accepted). In addition to being a useful site for studying geochem-
ical records of sulfur cycling because pyrite is present in the sed-
iments (Rico & Sheldon, 2019), MIS is also a valuable early Earth 
analog because it hosts low- oxygen cyanobacterial mats that were 
likely to be common in ancient, low- oxygen oceans (Dick et al., 
2018; Grotzinger & Knoll, 1999). We show that δ34Ssulfide patterns 
can be explained by progressive consumption of the sulfate res-
ervoir. Diurnal changes in 34Ssulfide patterns are driven by changes 
in net sulfate reduction at different depths in the sediment un-
derlying the mat, which vary in response to light- driven changes 
in microbial communities and other taxa that affect porewater 
chemistry as deep as 7.5 cm within the sediment. Despite dynamic 
δ34Ssulfide gradients, pyrite δ34S values do not change significantly 
with depth and are similar to δ34Ssulfide values recorded at the mat 
surface. These results, combined with previously published iron 
geochemistry data (Rico & Sheldon, 2019), indicate that pyrite pri-
marily forms near the mat– water interface and captures δ34Ssulfide 
signatures in the upper portions of the microbial mat. Surface mi-
crobial communities are likely to play a major role in promoting 
pyrite formation at the surface, and iron geochemistry (Rico & 
Sheldon, 2019) limits pyrite formation in deeper portions of the 
sediment. These results have implications for the interpretation of 
pyrite sulfur isotope records preserved in sediments deposited in 
ancient microbial mat environments.
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1.1  |  Sedimentary sulfur isotope geochemistry

Sulfur isotope signatures in sedimentary pyrite record information 
about ancient sulfur cycling (Canfield & Farquhar, 2009; Fike et al., 
2015). Sulfur isotopes are expressed in delta notation as permil (‰) 
deviations from an international standard (δ34S = {[(34S/32Ssample)/
(34S/32Sstandard)]- 1}*1000; where the standard is the Vienna Canyon 
Diablo Troilite or V- CDT). The dominant process that fractionates 
sulfur isotopes is MSR, where microorganisms use sulfate (SO4

2−) to 
oxidize organic matter (“CH2O”), producing bisulfide (H2S), bicarbo-
nate (HCO3

−), and a hydrogen ion (H+):

Sulfur isotope fractionation between sulfate and sulfide 
(34εMSR = δ34Ssulfide-  δ34Ssulfate) during MSR can be up to 70‰ and is 
commonly negatively correlated with cell- specific sulfate reduction 
rate (Harrison & Thode, 1958; Canfield et al., 2010; Sim et al., 2011; 
Leavitt et al., 2013). Thus, strain- specific relationships between cell- 
specific sulfate reduction rates and environmental conditions such 
as sulfate concentrations, mechanisms of sulfate transport across 
the cell membrane, organic carbon type and availability, and nutrient 
limitation and co- limitation impact δ34S values of sulfate and sulfide 
(Bradley et al., 2016). Reservoir effects can also impact δ34S values 
of sulfate and sulfide when sulfate levels are low and/or MSR is ac-
tive in locations with limited system openness (Gomes & Hurtgen, 
2013, 2015; Jorgensen, 1979; Pasquier et al., 2017). The reservoir 
effect can be modeled as an irreversible reaction with a kinetic iso-
tope effect occurring in a closed system (i.e., Rayleigh fractionation; 
Mariotti et al., 1981) where the isotopic composition of the product 
approaches the isotopic composition of the initial reactant reservoir 
as the reactant reservoir is progressively consumed. Oxidative sul-
fur cycling reactions can also fractionate sulfur isotopes. However, 
magnitudes of these fractionations are generally low (~- 7 to 5‰; see 
compilations in Zerkle et al., 2009; Gomes and Johnston, 2017; or 
Pellerin et al., 2019) compared with MSR, although fractionations 
of as low as −18‰ or as high as 18‰ have been reported at low 
pH (Kaplan & Rittenberg, 1964; Nakai & Jensen, 1964; Taylor et al., 
1984) and for disproportionation reactions (Bottcher et al., 2001) 
or sulfide oxidation under alkaline conditions (Pellerin et al., 2019), 
respectively.

Sulfur isotope values of pyrite (δ34Spyrite) capture isotopic signa-
tures of ambient sulfide at the location of pyrite formation (e.g., at 
different locations in the sediment column or in the water column 
versus the sediment; Lyons, 1997), and therefore, recorded values 
are not always representative of an entire system where they form. 
For example, it has been shown that δ34Spyrite values can differ from 
porewater sulfide δ34S values by up to ~30‰, likely due to pyrite pre-
cipitation in biofilms utilizing sulfide that is the immediate product of 
sulfate reduction (Raven et al., 2016). Thus, information about both 
porewater sulfide and pyrite δ34S patterns in modern microbial mats 
is particularly valuable for investigating what paleoenvironmental 

information is recorded in δ34Spyrite signatures in sediments depos-
ited in microbial mat environments.

1.2  |  Pyrite formation

Relating the effects of microbial activity and environmental condi-
tions on porewater δ34S values to the pyrite δ34S record requires 
accounting for the timing and location of pyrite formation and dif-
ferentiating microbial impacts from post- depositional overprinting. 
Pyrite formation in natural systems is thought to occur through ei-
ther the polysulfide (Sn

−2) pathway (eqn. 2, the Bunsen reaction) or 
the hydrogen sulfide (H2S) pathway (eqn. 3, the Berzelius reaction or 
Wächtershauser reaction; Rickard & Luther, 2007; Rickard, 2012):

where FeS is iron monosulfide, which forms from the reaction of H2S 
and Fe(II) in locations where pyrite formation is favorable (Rickard & 
Luther, 2007). Pyrite is the stable iron sulfide phase in Earth surface 
environments (Rickard, 2012; Rickard & Luther, 2007). However, pyrite 
formation is limited by the kinetic inhibition of pyrite nucleation, which 
requires supersaturated solutions (Rickard, 2012; Rickard & Luther, 
2007; Schoonen & Barnes, 1991).

The mechanism that limits pyrite nucleation and therefore for-
mation differs between the two pathways. For the polysulfide path-
way (eqn. 2), high polysulfide concentrations increase rates of pyrite 
formation, and thus, the reaction between polysulfide and an iron 
species is the rate- controlling step (Rickard, 1975). For the hydro-
gen sulfide pathway (eqn. 3), the rate- controlling step is the electron 
transfer between S(- II) and H(I) via an inner sphere complex between 
FeS and H2S (Rickard & Luther, 1997; Rickard, 1997). More broadly, 
it is thought that microbes can play a role in promoting pyrite 
formation— via direct effects on precipitation (Thiel et al., 2019) or 
due to templating on cell walls or other organic substrates (Donald 
& Southam, 1999; Rickard et al., 2007). Conversely, some types of 
organic matter can hinder pyrite formation (e.g., aldehydic carbo-
nyls; Rickard et al., 2001). These studies provide insights into why 
pyrite formation often occurs near the transition to sulfidic waters 
in modern systems; for example, sedimentary pyrite in the Black Sea 
captures the δ34S signature of sulfide at the top of the zone of sulfate 
reduction, which occurs in the water column, rather than deeper in 
the water column and/or sediment (Lyons, 1997). Reactants involved 
in the rate- limiting steps (i.e., Sn

−2, H2S, and FeSaq) are stable and/or 
formed by microbial activity in these locations, resulting in super-
saturated conditions that promote pyrite nucleation and formation 
(Rickard, 2012; Rickard & Luther, 2007). These steep geochemi-
cal gradients occur in microbial mats and shift over diurnal cycles 
(e.g., Fike et al., 2008, 2009). Thus, knowledge of how these gra-
dients shape δ34Spyrite signatures will improve our ability to use the 

(1)SO2−
4

+ 2CH2O → HS−
+ 2HCO−

3
+ H+

(2)FeSaq + S− 2
n

→ FeS2 + S− 2
n− 1

(3)FeSaq + H2S → FeS2 + H2



    |  63GOMES Et al.

geological record to investigate the coupled evolution of life and the 
Earth surface.

2  |  METHODS

2.1  |  Study site

A modern analog for Proterozoic cyanobacterial mats with pyrite 
formation can be found in Middle Island Sinkhole (MIS), MI, USA 
(45°11.914 N, 83°19.671°W; Figure 1). MIS is a submerged depres-
sion in Lake Huron formed by the collapse of Devonian aged carbon-
ates of the Traverse group. The ~10,000 m2 depression lies ~13 m 
below the surrounding lake floor at a water depth of 23 m (Biddanda 
et al., 2006; Ruberg et al., 2008) and is overlain by high- conductivity 
water (specific conductivity of ~2300 μs/cm) that emerges from a 
seep (termed the alcove) located in the south- east edge of the sink-
hole (Biddanda et al., 2006; Ruberg et al., 2008). The ionic strength 
of the water arises from dissolution of salts due to reactions be-
tween groundwater and limestones and evaporites from the Middle 
Devonian Detroit River Group that underlies the Traverse group 
(Biddanda et al., 2006; Ruberg et al., 2008). Density stratification 
inhibits mixing with the overlying water, resulting in low- oxygen 
(~2– 4 mg/L) waters overlying the sediment– water interface (SWI; 
Ruberg et al., 2008). Light penetration to the SWI supports a dy-
namic microbial mat ecosystem (Biddanda et al., 2006, 2015; Grim, 
2019; Kinsman- Costello et al., 2017; Nold et al., 2010; Snider et al., 
2017; Voorhies et al., 2012, 2016).

Much of the SWI of the flat, deep portion of the sinkhole is 
covered with ~2- mm- thick purple mats dominated by cyanobac-
terial groups taxonomically similar to Phormidium and Planktothrix 
(Nold et al., 2010; Voorhies et al., 2012, 2016). Patches of white, 
filamentous sulfide- oxidizing bacteria, such as Beggiatoa or 
Epsilonproteobacteria, are also variably present at the SWI (Biddanda 
et al., 2006, 2015; Nold et al., 2010; Voorhies et al., 2012). Both the 
purple cyanobacteria and the white filamentous bacteria are capa-
ble of vertical migration, and therefore, the surface appearance of 
the mat can change over diurnal cycles (Biddanda et al., 2015; Nold 
et al., 2010; Voorhies et al., 2012). Deltaproteobacteria, including 
various potential sulfate reducers, are abundant within the mat and 
underlying sediment (Kinsman- Costello et al., 2017). Eukaryotic taxa 
identified in the mats by 18S rRNA gene surveys include ciliates, 
nematodes, and tardigrades (Nold et al., 2010). Microscopy con-
firmed the presence of many of these eukaryotic taxa, as well as 
diatoms (Merz et al., 2020).

Sediment underlying the ~2 mm- thick microbial mats is differ-
ent than the surrounding Lake Huron sediment (Nold et al., 2013; 
Rico & Sheldon, 2019; Rico et al., 2020). Carbon isotope signatures 
in the sedimentary organic matter underlying the mats indicate that 
it is sourced from settling phytoplankton (Nold et al., 2013; Rico & 
Sheldon, 2019; Rico et al., 2020), and some trace metals such as mo-
lybdenum show modest enrichments due to particulate shuttling 
(Rico et al., 2019). Overall, the MIS sediments have higher total or-
ganic carbon, iron, and trace metal concentrations than Lake Huron 
sediments due to differences in redox chemistry and geomicrobi-
ological conditions between the sinkhole and surrounding envi-
ronment (Nold et al., 2013; Rico & Sheldon, 2019; Rico et al., 2019, 
2020).

2.2  |  Sampling

Sampling, in situ deployments, site characterization, and site pho-
tography were carried out by SCUBA divers from The Thunder Bay 
National Marine Sanctuary Dive Unit. Sediment cores were hand- 
collected using plexiglass tubes that were inserted into the sediment 
and then sealed with rubber stoppers before extraction. The cores 
were used to assess (1) sulfate reduction rates and porewater sul-
fate concentrations; (2) porewater sulfide, pH, and dissolved oxygen 
dynamics using microsensors under controlled laboratory condi-
tions; and (3) sulfur isotope compositions of solid- phase sulfides. In 
situ deployments of black and white photographic film were used 
to capture diurnal δ34Ssulfide patterns in the porewater (Fike et al., 
2017). Water emerging from the alcove was sampled by a peristal-
tic pump for (1) analysis of sulfate δ34S values and (2) use in ex situ 
microsensor measurements. In situ deployments, water sampling for 
sulfate δ34S analysis, core collection for sulfate reduction rate, and 
porewater sulfate concentration measurements were performed 
over the course of a 2- week field campaign in July 2016. Cores for 
solid- phase sulfide sulfur isotope geochemistry were sampled in 

F I G U R E  1  Bathymetric image of Middle Island Sinkhole (from 
Nold et al., 2013) with sampling grid in white and showing locations 
of purple mat photographic film deployments (purple box), gray 
mat photographic film deployments (orange box), core for solid- 
phase sulfide (SPS) sediment geochemistry (black box), cores for 
sulfate reduction rate (SRR) and porewater sulfate concentration 
([SO4

2−]) determination (yellow box), and cores for ex situ 
microsensor measurements (red box).
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2015. Cores and water for ex situ microsensor measurements were 
collected in May 2017.

2.3  |  Sulfate reduction rates and porewater sulfate 
concentrations

Two sediment cores for porewater sulfate concentration and five 
sediment cores (ID 2.5 cm) for sulfate reduction rate measurements 
were obtained from locations covered with purple mat (near node 
A0 in Figure 1). Cores were transported upright and in the dark back 
to land, where incubations were done the same day that the cores 
were collected.

Sulfate reduction rates were measured according to the whole- 
core injection method (Jørgensen, 1978). Radio- labeled sulfate 
(200 KBq 35SO4 dissolved in 6 μl water) was injected in 1- cm depth 
intervals. After injection, cores were incubated in a water bath at in 
situ temperature (~9℃) in the dark for 20 min. After incubation, cores 
were sectioned at 1- cm intervals. Sulfate reduction was stopped by 
transferring core sections immediately into 10 ml of ice- cold 20% 
zinc acetate. Sulfate reduction rates were determined using the cold 
chromium distillation for radiolabeled sulfide (Fossing & Jørgensen, 
1989; Kallmeyer et al., 2004).

Porewater from a separate set of two cores was obtained by cen-
trifugation of 1- cm sediment sections and subsequent filtration of 
the supernatant with 0.45- µm PES syringe filters. Samples were flash 
frozen in liquid butane and kept frozen until analysis. Sulfate concen-
tration in the porewater was determined by membrane- suppression 

ion chromatography (Dionex, Thermo Scientific). Uncertainty of sul-
fate concentration analyses is <2%, determined as the relative stan-
dard deviation of check standards.

2.4  |  Ex situ microsensor measurements

Cores (ID 10 cm) with purple mat and water taken between nodes 
A1, A2, B1, and B2 in Figure 1 were transported to the laboratory 
in Ann Arbor, MI upright, in the dark, and cooled. During measure-
ments, the core was kept at 14℃ and the water column was covered 
with paraffin oil to prevent exchange with air. The water column 
was fed with MIS bottom water using a peristaltic pump from a 
thermostated recycling reservoir to adjust a gentle flow across the 
mat– water interface and purged with N2- air mixtures to adjust oxy-
gen concentration. Light was supplied from a halogen light source 
(Schott). Light intensity was assessed with a cosine- corrected quan-
tum sensor connected to a light meter (both LI- COR).

Microsensors for dissolved oxygen (O2), H2S, and pH determina-
tion were built, calibrated and used as described previously (de Beer 
et al., 1997; Jeroschewski et al., 1996; Revsbech, 1989). Uncertainty 
of these measurements is ±12% for O2, ±3% for H2S, and ±0.1% for 
pH. Total sulfide concentrations (Σ[S2−], [HS−], [H2S], where brackets 
denote concentration) were calculated from the H2S and pH profiles 
using a pKa of 7.16. Profiles were measured under different light and 
dissolved oxygen levels to examine whether dynamics in pH, O2, and 
sulfide concentration could be explained by the presence of cable 
bacteria (e.gNielsen et al., 2010; Pfeffer et al., 2012; Seitaj et al., 

Deployment 
interval Date Time in Time out

Deployment 
duration (h)

Morning 7/21/2016 9:30 13:30 4

Afternoon 7/23/2016 15:00 17:30 2.5

Evening 7/22/2016 16:30 22:00 5.5

Night 7/22/2016- 7/23/2016 22:15 2:45 4.5

TA B L E  1  Deployment times and 
durations for photographic films used 
to trap porewater sulfide over a diurnal 
cycle to determine pore water δ34Ssulfide 
patterns

F I G U R E  2  Black and white photographic film deployed in (A) a purple mat location and (B) a gray mat location in the afternoon (15:00– 
17:30). Film width is 25.4 cm. Deployment times of all films are provided in Table 1.

(a) (b)
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2015). Conditions were as follows: (1) light (58 µmol photons/m2/s) 
to mimic mid- day light conditions at MIS (cf., Merz et al., 2020) and 
~130 μM O2 and (2) dark (<0.5 µmol photons/m2/s) and ~13 µM O2 
in the overlying water column. Profiles under both conditions (light 
and dark, low O2) were measured in the same spot over the course 
of ~1 h –  time scales that are sufficiently long to differentiate the 
impact of cable bacteria versus diffusion on chemical profiles (e.g., 
Nielsen et al., 2010), but sufficiently short that processes related to 
cm- scale migration of diatoms and other diurnally varying processes 
should not affect pH, O2, and sulfide trends (Merz et al., 2020).

2.5  |  Deployments for porewater sulfide sulfur 
isotope geochemistry

Black and white photographic film (Ilford Delta 100 Professional) 
was used to capture 2D patterns of porewater sulfide sulfur iso-
tope geochemistry by reaction between porewater sulfide and sil-
ver within the film, forming silver sulfide (Fike et al., 2017). Over 
a period of three days (July 21– 23, 2016), the films were deployed 
for 2.5– 5.5 h at four time intervals to explore changes in porewa-
ter sulfide δ34S values over diurnal cycles (Table 1): morning (9:30– 
13:30), afternoon (15:00– 17:30), evening (16:30– 22:00), and night 
(22:15– 2:45). The films were deployed at locations (Figure 1) with 
two different surface characteristics: (1) sediment covered with pur-
ple microbial mat during the day and white mat at night, hereafter 
termed the purple mat (located near nodes B4 and B5 in Figure 1; 
image of a deployed film shown in Figure 2a) and (2) gray sediment 
lacking visible cohesive mat at the surface with white material vari-
ably present (located near node B2 in Figure 1; image of a deployed 
film shown in Figure 2b), hereafter termed the gray mat. In total, 8 
films were deployed (i.e., four time intervals at two sites). Pictures 
of deployed films were taken at the beginning and end of each de-
ployment. After retrieval, films were removed from sunlight, rinsed, 
and allowed to dry before storage in the dark. Images of deployed 
films and appearance after removal, rinsing, and drying are shown 
in Figures S1– S8.

Sulfide was extracted from film sections cut at 1- cm intervals by 
boiling in 6N hydrochloric acid for 2 h in an anoxic reaction vessel. 
The hydrogen sulfide gas released by the reaction was driven via 
a N2 carrier gas through a citric acid and sodium citrate- buffered 
water trap (pH = 4) into a trap vessel with 1 M silver nitrate to pre-
cipitate the sulfide as silver sulfide. The silver sulfide was purified 
by rinsing with 1 M ammonium hydroxide solution and rinsed three 
times with deionized water. Sulfide yields from films were deter-
mined gravimetrically.

Silver sulfide samples were mixed with vanadium pentoxide and 
combusted to SO2 for sulfur isotope analysis on a Costech Elemental 
Analyzer coupled to a DeltaV Isotope ratio mass spectrometer at 
Washington University. S isotope measurements were reproducible 
within 0.2‰ based on repeat analysis of international standards 
(IAEA S1 and IAEA S3) and the Washington University in- house 
Ag2S, BaSO4, and ZnS standards. All porewater sulfide δ34S data 

were corrected to account for the small (1.2 ± 0.5 ‰) known offset 
between aqueous sulfide and sulfide trapped in photographic films 
associated with sulfide diffusion into the film and the reaction with 
silver to form Ag2S (Fike et al., 2017).

2.6  |  Solid- phase sulfide sulfur isotope 
geochemistry

Two sediment cores were used for solid- phase sulfide δ34S analy-
sis (location near node C3 in Figure 1). No specific mat types were 
targeted for core extraction because the appearance of mats at the 
sediment– water interface varies from year to year and sediment ge-
ochemistry is time- averaged. Sediment geochemistry was preserved 
by placing the cores on dry ice; cores were transported frozen to the 
University of Michigan in Ann Arbor, MI, where they were stored at 
−20℃. Frozen cores were sectioned via table saw according to depth 
(three 1- cm sections at the top, then 3 cm downcore). Sections were 
freeze- dried and homogenized prior to analysis.

A sequential procedure was used to extract operationally de-
fined pools of sedimentary sulfide: (1) acid- volatile sulfide (AVS), 
which is predominantly iron monosulfides (Chanton & Martens, 
1985), and (2) chromium- reducible sulfide (CRS), which recovers py-
rite and elemental sulfur (Canfield et al., 1986). Sediment was placed 
in reaction vessels, which were purged of oxygen using N2 gas. 
The AVS was first extracted by boiling in 6N HCl for 2 h (Chanton 
& Martens, 1985), and the CRS was then extracted by boiling the 
residual sediment with acidified chromium (II) chloride solution for 
2 h (Canfield et al., 1986). For both AVS and CRS extractions, the 
liberated hydrogen sulfide was driven via a N2 carrier gas through a 
citric acid and sodium citrate- buffered water (pH = 4) into the silver 
nitrate solution filled trap vessel to trap the sulfide as silver sulfide. 
The silver sulfide was purified, rinsed, and analyzed for δ34S values 
as previously described in section 2.5.

The sequential extraction procedure was done on samples that 
had been previously freeze- dried, homogenized, and stored under 
ambient atmospheric conditions. It is likely that some components of 
the AVS pool may have been lost during sample handing; nonethe-
less, the sequential extraction procedure was performed in order to 
preclude mixing of the CRS and AVS pools. It is unlikely that the stor-
age conditions impacted sulfur isotope signatures of CRS because 
fractionations associated with abiotic oxidation of pyrite in the pres-
ence of oxygen are low (<1‰; Balci et al., 2007).

2.7  |  Sulfate sulfur isotope geochemistry

Alcove water samples were treated with 3% zinc acetate solution 
in the field to trap any sulfide as zinc sulfide. After transport back 
to the laboratory, the samples were filtered at 0.45 µm to remove 
zinc sulfide and any other particulates. Saturated barium chloride 
solution was added to the filtered samples to precipitate sulfate as 
barium sulfate. Purification of the barium sulfate was done using 
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the diethylenetriaminepentaacetic acid dissolution and reprecipita-
tion procedure (D- DARP; Bao, 2006). Barium sulfate samples were 
mixed with vanadium pentoxide, and δ34S values were determined as 
described in Section 2.3.

3  |  RESULTS

3.1  |  Site conditions

In July 2016, much of the sediment– water interface (SWI) of the 
Middle Island Sinkhole (MIS) was dominated with surface coverings 
that were similar to those described in previous studies (Biddanda 
et al., 2006, 2015; Kinsman- Costello et al., 2017; Nold et al., 2010, 
2013; Ruberg et al., 2008; Snider et al., 2017; Voorhies et al., 2012): 
purple mats, gray sediment lacking cohesive mat, and intermittently 
observed white patches. We chose to focus on the two most com-
monly observed surface coverings to study diurnal δ34S patterns in 
porewater sulfide in 2016: the purple mats and gray sediment with 
diffuse mat at the SWI (i.e., gray mats) as two common end- member 
environments (Figure 2). The thickness of the purple mat was ~2 mm. 
The diffuse gray mat lacked a substantial cohesive mat layer at the 
surface (Figure 2).

3.2  |  Sulfate reduction rates and porewater sulfate 
concentrations

Sulfate reduction rates in the sediment underlying the purple 
mat (Figure 3; Table S1) are highest just below the SWI at 0.5 cm 
(mean = 1803.7 nmol/cm3/day, σ = 896.8 nmol/cm3/day; n = 5) 
and decrease to low and variable values deeper in the sediment 
(between ~25 and ~835 nmol/cm3/day, with one potential outlying 
value of 1707.7 nmol/cm3/day at 5.5 cm). There is a second peak in 
sulfate reduction rates at 5.5 cm, consistent with the concave shape 

of the concentration depth profiles (Figure 3). The mean sulfate re-
duction rate at this depth was 841.6 nmol/cm3/day (σ = 502.6 nmol/
cm3/day; n = 5) or 625.1 nmol/cm3/day (σ = 156.0 nmol/cm3/day; 
n = 4) if the potential outlier is removed. However, given that the 
increase in sulfate reduction rate is not defined by one point and is 
reproducible in all five cores, it is not likely to be an analytical arti-
fact and therefore may be representative of the natural variability in 
the system. Sulfate concentrations decreased from 5.3 ± 0.2 mM at 
0.5 cm to 0.1 ± 0.03 mM at 9.5 cm (Figure 3; Table S1). There was a 
slight increase in sulfate concentrations to 0.6 ± 0.5 mM at 10.5 cm 
before sulfate concentrations continue to decrease to 0.5 ± 0.6 mM 
at 11.5 cm (although this deep sulfate concentration variability was 
only observed in one porewater profile).

3.3  |  Ex situ microsensor measurements of O2, 
pH, and sulfide

Ex situ microsensor measurements were done on purple mat and un-
derlying sediments under illumination mimicking mid- day light con-
ditions at MIS (58 µmol photons/m2/s; Merz et al., 2020; Biddanda 
and Weinke, accepted). Concentrations of O2 were ~125 uM in the 
overlying water, peaked at 271.4 µM at 0.5 mm in the mat, decreased 
to undetectable levels by 2 mm, and remained undetectable in the 
sediment underlying the mat (Figure 4; Table S2). Sulfide was unde-
tectable in the mat and started to increase at 2.75 mm, reaching a 
maximum of 5.1 mM in the deepest measurements (48.5; Figure 4; 
Table S2). A peak in pH (8.2) occurred at 0.5mm in the mat overlap-
ping with the O2 peak, consistent with photosynthetic O2 production 
(e.g., Revsbech et al., 1983). The pH peak was followed by a rapid 
decline to 7.3 at 1.25 mm in the zone of O2 and sulfide consumption, 
suggesting aerobic sulfide oxidation to sulfate (Klatt & Polerecky, 
2015). Below the mat, pH gradually increased to ~7.7 in the deep-
est measurements (48.5 mm; Figure 4; Table S2). Upon darkening 
and adjustment of water column O2 concentrations to ~13 μM, the 

F I G U R E  3  Porewater sulfate 
concentration ([SO4

2−]; left) and sulfate 
reduction rates (SRR; right) from dark 
incubations. Gray symbols show the 
results of individual analyses with 
analytical errors smaller than the size of 
the symbol. The solid black line is the 
average of all analyses. Data are provided 
in Table S1.
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photosynthetic O2 concentration and pH peak disappeared and the 
zone of aerobic sulfide oxidation moved to the uppermost 0.5 mm. 
Changes in the light regime and O2 concentration in the water col-
umn over ~30 min to 1 h did not affect the concentration profiles 
beyond the uppermost 3 mm.

3.4  |  Sulfur isotope patterns

Porewater sulfide was recovered using photographic film (Fike et al., 
2017) from all analyzed depth intervals at all times of day except 
for the uppermost sample (0.5 cm) from the purple mat in the af-
ternoon. All of the porewater sulfide sulfur isotope (δ34Ssulfide) pro-
files show similar patterns (Figure 5; Table S3): δ34Ssulfide values were 
low (−7.1– 11.1‰) near the SWI relative to deeper portions of the 

mat, where δ34Ssulfide values stabilized at ~15– 18‰ with maximum 
values reached at ~1– 8 cm below the mat surface (Figure 5; Table 
S3). The deep δ34Ssulfide values (~15– 18‰) were slightly lower than 
δ34Ssulfate in the alcove water, which had an average δ34S value of 
18.9‰ (σ = 0.16‰; n = 4).

The magnitude of surface porewater sulfide 34S depletion and the 
depth where δ34Ssulfide values approach δ34Ssulfate values varied with 
time of day and between the purple and gray mats. In the purple mat, 
night and morning δ34Ssulfide patterns were similar (Figure 5; Table S3). 
In the afternoon, sulfide levels were too low at 0.5 cm to measure 
δ34Ssulfide values. The depth where δ34Ssulfide values approached their 
maximum also gets lower in the afternoon reaching ~15‰ only at 
7.5 cm. In the evening, the δ34Ssulfide profile was 34S- enriched com-
pared with other times in the day, with a δ34Ssulfide value of 11.1‰ at 
0.5 cm and approaching maximum values at 1.5 cm. In the gray diffuse 
mat, δ34Ssulfide values were generally higher at the surface compared 
with purple mat and the depth at which values reach their maximum 
was less dynamic. Maximum values were approached at 4.5 cm in the 
evening, night, and morning (Figure 5; Table S3). In the evening, δ34S-

sulfide values in the surface were slightly enriched compared with night 
and morning (3.5‰ vs ~2‰). In the afternoon, the δ34Ssulfide profiles 
were the most 34S- enriched, with a δ34Ssulfide value of 11.0‰ below 
the SWI (0.5 cm) increasing to high values (~15– 16‰) at 1.5 cm.

Sequentially extracted sedimentary sulfides include the opera-
tionally defined pools of acid- volatile sulfide (AVS; primarily com-
posed of iron monosulfides) and chromium- reducible sulfide (CRS; 
primarily composed of pyrite and elemental sulfur). Due to sample 
drying prior to the sequential extraction procedure and storage at 
ambient atmospheric conditions, it is likely that some component of 
the AVS was lost. In many of the samples, especially deep (>10.5 cm) 
samples, there was insufficient recovery of AVS for δ34SAVS analyses.

Similar to the δ34Ssulfide patterns, δ34SAVS values were lowest near 
the SWI and became 34S- enriched with depth (Figure 6; Table S4). 
In the October core, δ34SAVS values were –  0.3‰ at the surface, in-
creased to 9.9‰ at 2.5 cm, and then decreased slightly to 7.8‰ at 
10.5 cm. In the July core, δ34SAVS values ranged between −7.3‰ and 
−3.4‰ in the top 3 cm and then became higher but also quite vari-
able, reaching a value of 18.5‰ at 7.5 cm before decreasing to 5.7‰ 
at 10.5 cm. CRS showed the smallest amount of δ34S variability; 
δ34SCRS values ranged from ~- 10 to 1‰ in both the July and October 
2015 cores. There was a slight pattern of 34S enrichment with depth 
in both cores, but δ34SCRS values never reached the high δ34S values 
in porewater sulfide (~15– 18‰) measured from deeper sediments 
(>5 cm below SWI).

4  |  DISCUSSION

4.1  |  Diurnal trends in porewater sulfide

Profiles in both purple and gray mats at Middle Island Sinkhole 
(MIS) show similar trends of low porewater δ34Ssulfide values (−7.1– 
11.1‰) at the sediment– water interface (SWI) that increase with 

F I G U R E  4  Profiles of pH (black circles), O2 concentrations 
(blue squares), and total sulfide concentrations (Σ[S2−], [HS−], 
[H2S], where brackets denote concentration; red triangles) from 
ex situ microsensor measurements under light (58 µmol photons/
m2/s; open symbols) and dark, low O2 (<0.5 µmol photons/m2/s 
and ~13 µM O2; closed symbols) conditions measured within 
~1 h in the same location in a core with a surface purple mat. 
Data are provided in Table S2.
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depth as the sulfate reservoir is progressively consumed (Figures 3 
and 5). Consumption of the sulfate reservoir by MSR is consistent 
with previously measured porewater sulfate and sulfide concentra-
tion profiles (Kinsman- Costello et al., 2017). These concentration 

and isotope patterns are often attributed to Rayleigh isotope frac-
tionation under closed system conditions (e.g., Jorgensen, 1979). 
In order to determine whether the δ34Ssulfide trends are due to pro-
gressive consumption of the sulfate reservoir (i.e., Rayleigh isotope 

F I G U R E  5  Porewater sulfide sulfur 
isotope (δ34Ssulfide) values from purple 
(left) and diffuse gray (right) mat locations. 
The sulfur isotope composition of sulfate 
(δ34Ssulfate) in water emerging from the 
alcove is indicated on both plots with a 
dashed line. Reproducibility of S isotope 
measurements is 0.2‰ (i.e., within the 
size of the symbols) based on standard 
deviation of international standard 
analyses. Deployment times are provided 
in Table 1. Data are provided in Table 
S3.

F I G U R E  6  Solid- phase sulfur and 
iron geochemistry. Left: Sulfur isotope 
composition (δ34S) of acid- volatile 
sulfide (AVS; squares) and chromium- 
reducible sulfide (CRS; diamonds) from 
cores taken in July 2015 (gray) and 
October 2015 (black). The range of 
δ34Ssulfide values in porewater from the 
purple and gray diffuse mat locations 
is shown in shaded purple and orange, 
respectively. Reproducibility of S isotope 
measurements is 0.2‰ (i.e., within the 
size of the symbols) based on standard 
deviation of international standard 
analyses. Data are provided in Table S4. 
Right: Concentration of Fe as pyrite (wt %) 
from nine cores taken in 2014 and 2015 
from data published in Rico and Sheldon 
(2019).
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fractionation or the reservoir effect), we use an approximation of 
the isotopic evolution of the product of an irreversible reaction in 
closed system (after Mariotti et al., 1981):

where δ34SH2S,d is the sulfur isotope composition of sulfide at depth d, 
ε is the average apparent sulfur isotope fractionation effect (34εMSR), 
f is the fraction of sulfate remaining at depth d, and δ34SSO4,0 is the 
sulfur isotope composition of sulfate when f = 0. This approximation 
linearizes the relationship between the fraction of sulfate remain-
ing and δ34SH2S value at each depth such that the slope of the line is 
the average apparent sulfur isotope fractionation that is likely domi-
nated by sulfate reduction (34εMSR) and the y- intercept is the S isotope 
composition of the sulfate reservoir (δ34SSO4,0; Mariotti et al., 1981; 
Mandernack et al., 2003). We used the porewater δ34Ssulfide data from 
the afternoon purple mat profile and sulfate concentration data from 
cores sampled in the purple mat in the afternoon as inputs into the 
equation. These data fit a linear regression (r2 = 0.95, n = 12) where the 
slope of the line is −22.7‰ and the y- intercept is 18.8‰ (Figure 7). The 
value for 34εMSR predicted from this model (−22.7‰) is within the range 
of sulfur isotope fractionations during sulfate reduction reported for 
microbial mats at Solar Lake (Habicht & Canfield, 1997), which had sim-
ilar sulfate reduction rates to those measured here. Additionally, the 
δ34SSO4,0 value (18.8‰) is similar (i.e., within uncertainty of 0.2‰) to 
the δ34S value of sulfate emanating from the alcove (18.9‰). Setting 
the y- intercept to the δ34S value of sulfate emanating from the alcove 
(18.9‰) yields a similar 34εMSR value (−22.8‰) to that predicted by the 
porewater data alone (−22.7‰). Thus, the δ34Ssulfide data can be ex-
plained by progressive consumption of the sulfate reservoir with depth 

such that deep δ34Ssulfide values approach the δ34S value of the sulfate 
reservoir.

Porewater sulfide sulfur isotope (δ34Ssulfide) patterns vary 
throughout the day in both purple and gray diffuse mats at Middle 
Island Sinkhole (MIS; Figure 5). Given that δ34Ssulfide patterns are 
driven by progressive consumption of the sulfate reservoir, changes 
in the δ34Ssulfide values throughout the day are caused by variation 
in net sulfate consumption with depth in the mat and underlying 
sediment. In particular, when the sulfate reservoir is nearly com-
pletely consumed, δ34Ssulfide values approach the δ34S value of the 
overlying sulfate reservoir. The depth where δ34Ssulfide values reach 
~15– 18‰ moves between 1.5 and 7.5 cm throughout the day. While 
changes in geochemistry within and immediately adjacent to the 
~2 mm- thick mat may be driven by light cycles, light only penetrates 
down to ~750 μm within the mat (Merz et al., 2020). Therefore, the 
deep (up to 7.5 cm below the SWI) δ34Ssulfide dynamics are unlikely 
due directly to diurnal trends in light availability. Instead, we must 
ask what processes influence variation in rates of sulfate reduction 
and sulfide oxidation at different depths in the mat and sediment 
over diurnal cycles. In what follows, we review diurnal changes in 
the geomicrobiology of the surface mat and then explore potential 
mechanisms— migration of bacteria, migration of diatoms, sulfide ox-
idation by cable bacteria— that potentially drive δ34Ssulfide trends in 
the sediment underlying the mat.

The purple mats contain cyanobacteria capable of both anox-
ygenic and oxygenic photosynthesis, large sulfide- oxidizing bacte-
ria, and sulfate- reducing bacteria including some with the genetic 
potential for sulfur disproportionation (Nold et al., 2010; Voorhies 
et al., 2012, 2016; Klatt et al., 2017; Sharrar et al., 2017; Grim, 
2019; Biddanda and Weinke, accepted). Over a diurnal light cycle, 
activity in the purple mat transitions between predominantly an-
oxygenic photosynthesis in the morning until the early afternoon 
to simultaneous anoxygenic and oxygenic photosynthesis in the 
afternoon and evening (Figure 8; Klatt et al., 2017; Biddanda and 
Weinke, accepted). These diurnal changes are linked with changes in 
the surface appearance of the mat; the surface of the mat is white 
in the morning because it is dominated by chemosynthetic sulfide- 
oxidizing bacteria, becomes purple in the afternoon when purple 
cyanobacteria are at the surface, and then becomes white again in 
the late evening and night (Klatt et al., 2017; Biddanda and Weinke, 
accepted). Anoxygenic photosynthesis throughout the day is sus-
tained by the sulfide flux from underneath the mat and local sulfide 
production within the photic zone (Voorhies et al., 2012). This is con-
sistent with the observation that the mat and sediment between 0 
and 1 cm depth below the SWI have high rates of sulfate reduction 
relative to the sediment below (1803.7 nmol ±896.8 nmol/cm3/day 
at 0.5cm versus ~25 to ~835 nmol/cm3/day in the deeper sediment; 
Figure 3; Table S1). The consumption of sulfate by sulfate reduction 
near the surface may also play a role in limiting diffusion of sulfate 
to the deeper sediment. The gray mat lacks cohesion at the surface 
and does not have the purple cyanobacteria that drive changes in 
rates of gross anoxygenic and oxygenic photosynthesis throughout 
the day. The gray mat does contain a diffuse layer of chemosynthetic 

(4)δ
34SH2S,d = −

�(1 − f)ln(1 − f)

f
+ δ

34SSO4,0

F I G U R E  7  Porewater sulfide sulfur isotope evolution using 
the Mariotti et al., (1981) approximation of isotopic evolution of 
a product of a reaction with a kinetic isotope effect in a closed 
system. The linear regression predicts the average apparent sulfur 
isotope fractionation effect that is most likely dominated by 
microbial sulfate reduction (34εMSR) as the slope of the line and the 
sulfur isotope composition of the initial sulfate reservoir as the y- 
intercept.
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sulfide- oxidizing bacteria that can play a role in sulfide oxidation at 
the mat surface (Klatt et al., 2017; Biddanda and Weinke, accepted). 
Although diurnal changes in geomicrobiological cycling in the sur-
face mat impact net sulfate consumption and δ34Ssulfide values near 
the SWI, additional processes that vary with depth throughout the 
day must drive the deeper (>1 cm) δ34Ssulfide trends.

Many bacterial taxa capable of motility have been identified in 
the MIS mats (Biddanda et al., 2015; Nold et al., 2010; Voorhies et al., 
2012). If motile bacteria in the mats are able to migrate to depths 
>1 cm below the SWI, their activities could play a role in diurnal 
changes in deep δ34Ssulfide trends. For example, some migratory fila-
mentous sulfide- oxidizing bacteria can reduce intracellular reservoirs 
of elemental sulfur to sulfide (Schwedt et al., 2012). A diurnal migra-
tion over this distance would imply a migration speed of >2 µm/s, 
which is in the range of previously reported values (e.g., Dunker 
et al., 2011). However, large vacuolated filamentous sulfur oxidizers 
similar to the sulfide- oxidizing bacteria with intracellular elemental 
reservoirs that have been the subject of the migratory studies have 
not been found at MIS (Kinsman- Costello et al., 2017; Merz et al., 
2020; Nold et al., 2010). Thus, although the large sulfide- oxidizing 

bacteria at MIS may migrate down and release elemental sulfur or 
sulfide at depth, it is unlikely that the sulfide- oxidizing mat- forming 
microbial communities alone shape these patterns. Another option is 
that the zone of sulfate reduction moves due to migration of sulfate- 
reducing bacteria. Sulfate- reducing bacteria have been reported to 
reach a speed of up to 63 µm/s in aqueous solution (Krekeler et al., 
1998). As migration over multiple cm has not been observed previ-
ously, this would represent an extreme rate of migration of these 
taxa on a daily basis, with unknown competitive advantage consid-
ering the energetic requirements for migration. Thus, it is unlikely 
that migration of either sulfide- oxidizing or sulfate- reducing bacteria 
drives the deep δ34Ssulfide trends.

Diatoms are common components of benthic microbial mat eco-
systems (Longphuirtet al., 2009; Guarini et al., 2009; Cahoon, 1999; 
Macintyre et al., 1996) and have been shown to migrate vertically 
over diurnal cycles (Cartaxana et al., 2008; Pinckney & Zingmark, 
1991; Round & Palmer, 1966). Diatoms also are one of the few eu-
karyotic taxa that are capable of dissimilatory nitrate reduction to 
ammonium (DNRA) using intracellularly stored nitrate (Kamp et al., 
2011). In the MIS mats and sediment, the migration of diatoms is 

F I G U R E  8  Schematic showing diurnal 
changes in the depth of near- complete 
sulfate consumption in sediment 
underlying purple (top) and gray (bottom) 
mats. Purple and white lines near the 
sediment– water interface indicate 
filamentous purple cyanobacteria and 
sulfide- oxidizing bacteria, respectively. 
Green ovals depict migratory diatoms.
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linked to variations in rates of DNRA (Merz et al., 2020). Isotope 
labeling indicates that these migrating diatoms take up nitrate near 
the SWI in the afternoon and then migrate downward where they 
conduct DNRA. The diatoms reach maximum depths of 4 cm be-
tween ~2am and 7am, before returning to the SWI at around noon 
(Figure 8). This diurnal migration matches diurnal variations in the 
depth where sulfate is nearly completely consumed (as indicated by 
the depth where δ34Ssulfide values approach δ34S values of the sulfate 
reservoir) in the gray mats. Thus, it is possible that oxidants trans-
ported by the vertical migration of diatoms directly or indirectly 
stimulate sulfide oxidation at cm- scale depths in the sediment below 
the gray mats. While the depth where sulfate is nearly completely 
consumed below the purple mats is similar to maximum depths that 
diatoms reach in the morning, evening, and night, either these taxa 
migrate to greater depths in the afternoon than have been shown 
previously or additional processes are necessary to explain the sul-
fur isotope geochemistry of the purple mats in the afternoon.

Cable bacteria are filamentous microorganisms that oxidize hy-
drogen sulfide by transporting electrons along cm- scale distances in 
sediment (Nielsen et al., 2010; Pfeffer et al., 2012). Although these 
sulfide oxidizers are appealing candidates for explaining the deep 
(>1 cm) δ34Ssulfide trends, none of the 16S rRNA gene data from 0 to 
12 cm depths matches with >95% similarity to known cable bacte-
rial 16S rRNA genes (Grim, 2019), indicating that there are no taxa 
at MIS that are similar at the genus level to known cable bacteria 
(Kjeldsen et al., 2019). It is possible that taxonomically novel cable 
bacteria are present at MIS. However, pH profiles (Figure 4) do not 
display the pH typology associated with sulfide oxidation via cable 
bacteria and changes in O2 concentration in the surface layer and 
water column did not change sulfide concentrations with depth over 
~30- min to 1- h timescales (Nielsen et al., 2010; Pfeffer et al., 2012; 
Seitaj et al., 2015). The apparent absence of cable bacteria might 
be due to sediment reworking by diatoms inhibiting their activity 
(Malkin et al., 2014). Thus, although we cannot rule out that cable 
bacteria are impacting diurnal δ34Ssulfide trends, we currently lack ev-
idence that these taxa are present at MIS.

We still lack an explanation for why the depth where sulfate is 
completely consumed increases to 7.5 cm in the afternoon in the sed-
iment underlying the purple mat. The shape of the δ34Ssulfide profile 
in the afternoon in the purple mat sediment is similar to the night and 
morning profiles, but shifted 1– 2 cm lower. Net oxygen production 
in the purple mat may result in higher rates of sulfide oxidation near 
the SWI and play a role in shifting the δ34Ssulfide profile lower. This is 
consistent with poor sulfide recovery in samples closest to the SWI. 
Thus, the activity of phototrophic organisms in the surface mat may 
influence the differences in the depth at which sulfate is nearly com-
pletely consumed between the purple and gray mats by impacting 
other organisms. The migration patterns of the diatoms are shaped 
by the amount of nitrate captured near the surface and the rate at 
which they consume it at depth (Merz et al., 2020). Therefore, it is 
possible that oxidant production by cyanobacteria in the purple mat 
promotes nitrification and increases the amount of nitrate that dia-
toms can store, enabling the diatoms to travel to greater depths in 

the purple mat than in the gray mat. In sum, although it is likely that 
the diurnal δ34Ssulfide patterns are determined by the activity of both 
the surface mat communities and the migrating diatoms (Figure 8), 
we cannot rule out that other geomicrobiological processes (e.g., 
motile bacteria or cable bacteria) are also impacting the sulfur cycle 
over cm scales in the sediment underlying the mat.

4.2  |  Comparison with other modern 
microbial mats

Previous work on diurnal trends in sulfur isotope geochemistry 
of microbial mats was done with mats from Guerrero Negro, Baja 
California Sur, Mexico (Fike et al., 2009). Guerrero Negro mat 
δ34Ssulfide patterns were documented at higher spatial resolution (i.e., 
sub- mm resolution over ~1- cm length scale) than our results from 
MIS (i.e., cm resolution over ~8– 20 cm). Nonetheless, both systems 
show changes in δ34Ssulfide values over diurnal cycles. Sulfide in 
Guerrero Negro mats is 34S- enriched by ~20– 25‰ in the top 1- 2mm 
of the mat relative to the deep portions (Fike et al., 2008, 2009), 
and there was vertical migration of the δ34Ssulfide pattern over diur-
nal cycles (Fike et al., 2009). The δ34Ssulfide trends were attributed to 
differential metabolic activity of S cycling microorganisms through-
out the mats; higher rates of sulfate reduction and/or sulfide oxida-
tion at the mat surface result in lower sulfur isotope fractionations 
between sulfate and sulfide such that δ34Ssulfide values are higher 
at the surface. Greater light intensity at Guerrero Negro relative 
to MIS impacts oxidant availability (Canfield & Des Marais, 1993), 
which may promote sulfide oxidation at Guerrero Negro and thus 
the differential metabolic effect over the reservoir effect in deter-
mining δ34Ssulfide patterns at Guerrero Negro. The striking difference 
between MIS and Guerrero Negro δ34Ssulfide patterns could be due 
to the different resolution of measurements, with the cm resolution 
here masking a potential enrichment at the surface. However, the 
microbial mats from Little Ambergris Cay, Turks, and Caicos Islands 
show a similar pattern as Guerrero Negro of 34S- depleted sulfide 
near the mat surface over cm scales (Gomes et al., 2020). Although 
only measured during the daytime, this δ34Ssulfide pattern was at-
tributed to differential metabolic activity, with a potential additional 
influence of mixing of sulfide with different δ34Ssulfide signatures due 
to tidal pumping. No 34S enrichment in sulfide over cm scales was 
documented in a study of sulfur isotope geochemistry in cyanobac-
terial mats at Solar Lake, Sanai, Egypt; however, no peak in sulfate 
reduction rates was documented in situ (Habicht & Canfield, 1997). 
Thus, sulfur isotope geochemistry at MIS is different than these 
previously studied mat sites because the δ34Ssulfide pattern over cm 
scales is dominated by progressive consumption of the sulfate reser-
voir rather than differential metabolic activity, despite sulfate reduc-
tion rates being highest at the surface (Figure 5).

A potential explanation for the difference in the shape of δ34S-

sulfide profiles between MIS and previously studied mat sites is the 
difference in sulfate concentration between these systems. The 
previously studied sites have salinities greater than seawater and 
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therefore sulfate concentrations greater than seawater concen-
trations (28mM; Fike et al., 2008, 2009; Habicht & Canfield, 1997; 
Gomes et al., 2020). Importantly, sulfide production was not suffi-
cient to completely consume the sulfate reservoir at any of these 
sites (Fike et al., 2008, 2009; Habicht & Canfield, 1997; Present 
et al., 2018). In contrast, sulfate concentrations in water overlying 
the mat at MIS are ~7.1 ± 1.5 mM (Kinsman- Costello et al., 2017), 
with some of the variation in sulfate concentration due to hydrolog-
ically driven differences in mixing between alcove water and Lake 
Huron water. Given the relatively low sulfate concentrations at MIS 
and high availability of organic matter (Kinsman- Costello et al., 2017; 
Nold et al., 2013; Rico & Sheldon, 2019), sulfate is almost completely 
exhausted at depths of ~1- 8cm (Figure 3; Kinsman- Costello et al., 
2017) such that δ34S values of deep sulfide are similar to those of 
the overlying sulfate (Figure 5). Thus, sulfate concentrations at MIS 
are sufficiently low that progressive consumption of the sulfate res-
ervoir dominates over differential metabolic activity in determining 
δ34Ssulfide patterns over cm scales.

Another important factor promoting consumption of the sulfate 
reservoir at MIS is organic matter. MIS hosts a thin (~2 mm) microbial 
mat overlying lake sediments. The sedimentary organic matter un-
derlying the MIS mats has geochemical characteristics more similar 
to settling phytoplankton than the microbial mat biomass (Nold et al., 
2013; Rico & Sheldon, 2019). Deep anaerobic communities are thus 
able to utilize labile planktonic biomass rather than microbial mat 
biomass, which can contain abundant cyanobacterial sheaths that 
are relatively resistant to microbial decay (Bartley, 1996; Horodyski 
et al., 1992). This enables sulfate reduction to exhaust the sulfate 
reservoir at depth, as is common in organic- rich marine sediments 
composed of labile planktonic biomass (e.g., Aller et al., 1996). In 
contrast, in the Guerrero Negro mats, high rates of organic mat-
ter remineralization at the surface consumes labile organic matter 
(Canfield & Des Marais, 1993), leaving mat material below composed 
primarily of degraded organic matter (Lee et al., 2019). Similarly, the 
organic matter below the ~1- cm- thick pigment- rich layer at the sur-
face of the Little Ambergris Cay mats is composed of diagenetically 
altered, chemically recalcitrant organic matter (Gomes et al., 2020). 
The presence of degraded organic matter at depth may limit sulfate 
reduction, proving insufficient to fully consume the sulfate reservoir 
at depth in these other mat sites. Incomplete sulfate reduction may 
also be a result of microbial communities with sulfate transporters 
adapted to the high sulfate concentrations (>40 mM) of these sys-
tems (Bradley et al., 2016). In sum, differences in δ34Ssulfide trends 
between MIS and previously studied mat sites can be attributed to 
sulfate reduction being limited by electron acceptors versus electron 
donors, respectively.

4.3  |  Solid- phase sulfide δ34Ssulfide signatures

Pyrite is a major geological archive of sulfide, and thus, δ34S values of 
pyrite and other sulfide minerals have been used to evaluate patterns 
of sulfur cycling and environmental conditions in ancient sediments 

and microbial mats (see review in Fike et al., 2015). Here, we com-
pare δ34Ssulfide patterns to δ34S values in two solid- phase sulfide 
pools: (1) acid- volatile sulfides (AVS), which are primarily composed 
of iron monosulfides that are an important intermediates in some 
pyrite formation pathways (Rickard, 2012; Rickard & Luther, 2007), 
and (2) chromium- reducible sulfides (CRS), which are primarily com-
posed of pyrite and elemental sulfur (Canfield et al., 1986), with the 
latter potentially playing a role in the polysulfide pathway when 
elemental sulfur reacts with sulfide to form polysulfides (Rickard, 
2012; Rickard & Luther, 2007). Trends in δ34S values differ between 
AVS, CRS, and porewater sulfide (Figure 6). AVS δ34S values are more 
variable (range from −7.3 to 18.5‰, σ = 8.1‰, n = 11) than CRS 
δ34S values (range from −10.4 to 0.9‰, σ = 3.9‰, n = 14). Trends in 
δ34SAVS values with depth are somewhat similar to δ34Ssulfide trends; 
δ34SAVS values are low below the SWI and increase with depth. 
However, only one measured δ34SAVS value was within the range of 
high δ34Ssulfide values (~15 to 18‰) measured in the deep porewater 
(below 1.5 to 7.5 cm, depending on the time of day and mat type). 
Other δ34SAVS values measured below 2.5 cm ranged from −0.1 to 
9.9‰. There is a subtle increase in δ34SCRS values with depth, but 
δ34SCRS values remained between −10.4 and 0.9‰.

In order to improve interpretations of δ34SCRS values preserved 
in ancient low- oxygen microbial mat environments, it is useful to 
explore how δ34SCRS values relate to porewater δ34Ssulfide values. 
Porewater δ34Ssulfide values vary over diurnal cycles and vary be-
tween mat types. In contrast, sedimentary δ34SCRS values represent 
a time- averaged signal because sediment accumulates at a rate of 
~0.3 g/cm2/year (Nold et al., 2013). It is also necessary to consider 
the timescale of change in mats at the SWI. The appearance of the 
mat (e.g., purple versus gray or white patches) varies over seasonal 
and annual timescales (Grim, 2019; cf., Nold et al., 2010; Voorhies 
et al., 2012, 2016; Kinsman- Costello et al., 2017). Thus, the sedi-
ment integrates δ34S signatures such that δ34SCRS values represent 
an average of the geochemical conditions of sediment covered by 
different mat types, similar to other sedimentary environments (e.g., 
Houghton et al., 2019).

Spatial variability in solid- phase sulfide formation (i.e., AVS or 
CRS) can also impact δ34SCRS and δ34SAVS signatures. Previous work 
showed that there is not significant formation of pyrite in the sed-
iment underlying the microbial mat. In particular, Rico and Sheldon 
(2019) reported iron speciation data from 9 cores sampled in October 
2014 and June 2016 which showed no increase in pyrite concentra-
tions with depth in the sediment (Figure 6). These results are consis-
tent with our observation that δ34SCRS values are similar to δ34Ssulfide 
values proximal to the microbial mat and indicate that δ34SCRS values 
are primarily capturing δ34Ssulfide signatures near the SWI. There is a 
slight 34S enrichment (at most ~10‰) in CRS with depth, which could 
be due to the minor additional CRS formation (i.e., pyrite or elemen-
tal sulfur) deeper in the sediment and inheritance of δ34S signatures 
of the corresponding sulfide, AVS, or polysulfides. Elemental sulfur 
produced from chemotrophic oxidation of sulfide is slightly 34S- 
enriched relative to the sulfide (e.g., Zerkle et al., 2016). Thus, the 34S 
enrichment in CRS with depth could be due to the incorporation of 
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34S- enriched elemental sulfur into the CRS pool and/or formation of 
pyrite via the polysulfide pathway with the 34S- enriched elemental 
sulfur serving as a polysulfide precursor. However, given that there 
is no increase in pyrite concentrations with depth, it is unlikely that 
the amount of additional pyrite formed over the studied depth inter-
val (0 to ~20cm) is greater than the relative uncertainty associated 
with the pyrite concentration analysis (replicate analyses have a rel-
ative standard deviation of ~12%; Rico & Sheldon, 2019). Further, 
decreases in AVS concentrations with depth in sediment have been 
shown to be due to dissolution of metastable iron monosulfide pre-
cipitates to aqueous iron monosulfides, rather than transformation 
of AVS to CRS (Rickard et al., 1999). Thus, although we cannot rule 
out that some AVS dissolves and then precipitates as pyrite in the 
deeper (>1 cm) sediment, we lack evidence for substantial pyrite 
formation at depth (Figure 6; Rico & Sheldon, 2019). Thus, the CRS 
pool, which is likely to be the most geologically stable sulfide pool, 
is primarily formed near the microbial mat at the SWI and captures 
δ34S signature sulfide in that location.

Sulfur cycling within the mat may play a role in promoting pyrite 
formation near the SWI. Both sulfate- reducing and sulfide- oxidizing 
taxa have been documented in the surface mat (Nold et al., 2010) 
and sediments (0– 3 cm; Kinsman- Costello et al., 2017). Various 
types of sulfide oxidation processes produce S0 or other sulfur in-
termediates near the mat surface. In particular, anoxygenic photo-
synthetic cyanobacteria at MIS produce these sulfur intermediates 
and immediately secrete them to their surroundings (Nold et al., 
2010). These intermediate sulfur species can react with sulfide to 
form polysulfides, which promote CRS formation via the polysulfide 
pathway (eqn. 2; Rickard, 1975; Rickard & Luther, 2007). Besides 
producing intermediate sulfur species, experimental studies have 
shown that other activities of microorganisms can promote pyrite 
formation. The formation of iron sulfide precursors to pyrite can 
occur on cell surfaces of sulfate- reducing microorganisms (Picard 
et al., 2018). Pyrite formation can also be coupled to methane pro-
duction in microbial cultures containing sulfate- reducing bacteria 
and methanogens (Thiel et al., 2019). In Santa Barbara Basin, it was 
proposed that pyrite formed in biofilms rather than in sedimentary 
pore waters (Raven et al., 2016). Thus, although iron geochemistry 
may have played a role in limiting the depth interval over which py-
rite formation could occur (Rico & Sheldon, 2019), it is likely that the 
production of sulfur intermediates that could react with sulfide to 
form polysulfide and other microbial activity also played a role in 
promoting pyrite formation near the SWI.

These results have implications for studies of both bulk and 
high- spatial resolution sedimentary sulfur isotope geochemistry of 
sediments interpreted to be formed in microbial mat environments 
(e.gFischer et al., 2014; Gomes et al., 2018; Meyer et al., 2017; Wacey 
et al., 2010). Specifically, our results and iron speciation data (Rico & 
Sheldon, 2019) indicate that pyrite formation primarily occurs near 
the surface microbial mat (within the top 1 cm), where microbial 
activity can promote pyrite formation. Therefore, in systems such 
as MIS, δ34SCRS values preserve information about environmental 

conditions at the mat surface and are only minimally influenced by 
early diagenetic processes that affect deeper portions of the sedi-
ment. This is in part due to iron geochemistry that is unfavorable to 
further CRS precipitation in deeper portions of the mat, as indicated 
by invariant pyrite concentrations (Figure 6) and iron speciation with 
depth in the sediment (Rico & Sheldon, 2019). In ancient oceans 
with more abundant iron, it is possible that iron geochemistry more 
favorable to CRS formation could have extended the zone of CRS 
formation deeper into the sediment, resulting in the incorporation 
of deeper sulfide and/or AVS into early diagenetic pyrite. Of course, 
later diagenetic processes can also affect δ34SCRS values, and there-
fore, petrography or additional chemical tools should be used to 
assess evidence for further post- depositional sulfide formation or 
transformation. Petrographically constrained micro- scale δ34Spyrite 
analyses can be used to infer different phases of sulfide formation, 
as well as other phases of post- depositional metal sulfide formation 
and/or recrystallization, especially when done in conjunction with 
other high- spatial resolution geochemical analyses (e.gBryant et al., 
2019; Cui et al., 2018; Fischer et al., 2014; Gomes et al., 2018; Meyer 
et al., 2017; Wacey et al., 2010). These studies can be used to dis-
cern whether sulfur cycling within ancient mat environments was 
more similar to those documented in higher sulfate (>28 mM) en-
vironments dominated by recalcitrant cyanobacterial biomass (Fike 
et al., 2008, 2009; Gomes et al., 2020; Lee et al., 2019) or in mats 
such as MIS characterized by planktonic- sourced organic matter and 
substantial consumption of the ambient sulfate reservoir.

In the low- oxygen system at MIS, low sulfate concentrations 
(~7.1 ± 1.5 mM; Kinsman- Costello et al., 2017) result in sulfur iso-
tope geochemistry dominated by progressive consumption of the 
sulfate reservoir rather than differential metabolic activity. The di-
urnal δ34Ssulfide variability is shaped by both geomicrobiological cy-
cling in the surface mat and the activities of migrating diatoms. This 
style of geomicrobiological cycling is not known to be common in 
the modern ocean, and it is unclear if it was common in the past. 
Therefore, it is not our intention to imply that similar migratory activ-
ity shaped δ34Ssulfide trends in ancient oceans dominated by microbial 
mat ecosystems. Whatever taxa were present in ancient microbial 
mat ecosystems, electron- donor versus electron- acceptor limita-
tion would have impacted δ34Ssulfide trends (i.e., if they are driven 
by differential metabolic activity versus progressive consumption of 
the sulfate reservoir) and iron geochemistry would have impacted 
the location of pyrite formation. At MIS, low sulfate concentrations 
(~7.1 ± 1.5 mM), labile planktonic biomass, and iron geochemistry all 
result in early diagenetic pyrite that captures δ34S signatures of pore 
water sulfide near the SWI of the low- oxygen microbial mat.

5  |  CONCLUSIONS

Geomicrobiological cycling in low- oxygen microbial mats at Middle 
Island Sinkhole results in dynamic δ34Ssulfide patterns over diurnal 
cycles that span depths well below the microbial mats. The diurnal 
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cycles primarily affect δ34Ssulfide values near the sediment– water 
interface, where δ34Ssulfide values range from −7.1 to 11.1‰. The 
availability of oxidants and transport of oxidants by migrating taxa 
have cascading effects on net sulfate reduction rates deeper in the 
sediment. The consumption of the sulfate reservoir in deeper sedi-
ments results in δ34Ssulfide trends where sulfide is 34S- depleted at 
the surface and becomes 34S- enriched with depth, approaching δ34S 
values of the overlying sulfate reservoir. Despite the dynamic diur-
nal δ34Ssulfide patterns, pyrite captures δ34S signatures of the ambi-
ent sulfide at the locus of its formation at or immediately adjacent 
to the surface microbial mat. Thus, the chromium- reducible sulfur 
pool, usually considered to be composed primarily of pyrite, cap-
tures δ34S signatures near the sediment– water interface and is only 
minimally altered by deeper early diagenetic processes. In addition 
to the role of the low- oxygen microbial mat communities, these δ34S 
patterns are also likely due to a relatively low sulfate concentrations 
(~7 mM), inputs of labile planktonic biomass, and limited iron avail-
ability. These results, and their contrast with those from other mat 
systems in distinct geochemical and environmental settings such as 
Guerrero Negro, have implications for the interpretations of both 
bulk and fine- scale studies of δ34S signatures of pyrite in sediments 
formed in microbial mat environments. Specifically, bulk δ34S values 
will integrate δ34Ssulfide signals over the location of pyrite formation, 
which is primarily the mat surface at MIS. Microanalytical studies 
of δ34S values of pyrite may document individual pyrite grains with 
δ34S values that span the range of δ34Ssulfide values at the mat surface 
with a mean δ34S value corresponding to the bulk pyrite δ34S value.
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