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The sedimentary pyrite sulfur isotope (34S) record is an archive of ancient microbial 31 

sulfur cycling and environmental conditions. Interpretations of pyrite 34S signatures in 32 

sediments deposited in microbial mat ecosystems are based on studies of modern microbial mat 33 

porewater sulfide 34S geochemistry. Pyrite 34S values often capture 34S signatures of 34 

porewater sulfide at the location of pyrite formation. However, microbial mats are dynamic 35 

environments in which biogeochemical cycling shifts vertically on diurnal cycles. Therefore, 36 

there is a need to study how the location of pyrite formation impacts pyrite 34S patterns in these 37 

dynamic systems. Here we present diurnal porewater sulfide 34S trends and 34S values of pyrite 38 

and iron monosulfides from Middle Island Sinkhole, Lake Huron. The sediment water-interface 39 

of this sinkhole hosts a low-oxygen cyanobacterial mat ecosystem, which serves as a useful 40 

location to explore preservation of sedimentary pyrite 34S signatures in early Earth 41 

environments. Porewater sulfide 34S values vary by up to ~25‰ throughout the day due to 42 

light-driven changes in surface microbial community activity that propagate downwards, 43 

affecting porewater geochemistry as deep as 7.5 cm in the sediment. Progressive consumption of 44 

the sulfate reservoir drives 34S variability, instead of variations in average cell-specific sulfate 45 

reduction rates and/or sulfide oxidation at different depths in the sediment. The 34S values of 46 

pyrite are similar to porewater sulfide 34S values near the mat surface. We suggest that 47 

oxidative sulfur cycling and other microbial activity promotes pyrite formation in and 48 

immediately adjacent to the microbial mat and that iron geochemistry limits further pyrite 49 

formation with depth in the sediment. These results imply that primary 34S signatures of pyrite 50 

deposited in organic-rich, iron-poor microbial mat environments capture information about 51 

microbial sulfur cycling and environmental conditions at the mat surface and are only minimally 52 

affected by deeper sedimentary processes during early diagenesis. 53 

 54 

1. Introduction 55 

 56 

Sulfur isotope (34S) signatures of sedimentary pyrite deposited in Precambrian microbial 57 

mat environments have been used to investigate microbial sulfur cycling and environmental 58 

conditions during the early evolution of life (Wacey et al., 2010; Fischer et al., 2014; Meyer et 59 

al., 2017; Gomes et al., 2018). Geological evidence suggests that coastal environments and 60 
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possibly also the terrestrial realm were shaped by abundant microbial mats throughout 61 

Precambrian until the Neoproterozoic, which marks the decline of “matworld” and is linked with 62 

the appearance of complex eukaryotic life (Walter, 1976; Grotzinger and Knoll, 1999; Riding, 63 

2006; Lenton and Daines, 2017; Peters et al., 2017). Microbial mat environments are multi-64 

layered ecosystems composed of diverse microbial consortia, which host various types of 65 

photosynthetic, chemosynthetic, respiration, and fermentation reactions that drive rapid 66 

elemental cycling and shape geochemical gradients within the layers of the mat and the 67 

surrounding environment. Precambrian microbial mats likely represented hotspots for the 68 

evolution of new avenues of life due to steep physico-chemical gradients and were oases for 69 

intense local cycling of compounds that might have not undergone intense redox dynamics on a 70 

global scale, such as of sulfur (Des Marais, 2003). Microbial sulfate reduction (MSR) is among 71 

the most ancient metabolisms as inferred from isotope signatures, despite a much later onset of 72 

abundant sulfate supply to the oceans by weathering after the Great Oxidation Event (Lyons et 73 

al., 2009; Fike et al., 2015). Sulfur isotopes can record information about MSR, oxidative sulfur 74 

cycling, and environmental conditions and are thus particularly useful for investigating the 75 

history of biogeochemical cycling and how microbial mat ecosystems shaped Earth’s redox 76 

evolution. 77 

Pyrite 34S signatures in sediments deposited in microbial mat environments are often 78 

interpreted based on studies of sulfur isotope patterns in porewater sulfide (34Ssulfide) in modern 79 

microbial mats where there is accompanying information about microbial communities and 80 

environmental conditions (Habicht and Canfield, 1997; Fike et al., 2008; 2009; Gomes et al., 81 

2020). These studies have shown that depth profiles of 34Ssulfide values can be explained by 82 

differential rates of metabolic activity operating at different depths in the mat, mostly involving 83 

microbially-mediated sulfate reduction, sulfide oxidation, and sulfur disproportionation 84 

processes. The 34Ssulfide patterns vary over diurnal cycles due to changes in light availability and 85 

microbial activity, and are also affected by sulfate levels (Fike et al., 2009).  86 

A key question is if and how 34S signatures of pyrite (FeS2, often extracted as the 87 

operationally-defined chromium reducible sulfide or CRS pool; Canfield et al., 1986) in 88 

microbial mats capture 34Ssulfide variability over diurnal cycles. In marine settings, 34S values of 89 

pyrite often reflect 34Ssulfide values at the location(s) of pyrite formation (Lyons, 1997). While it 90 

has been shown that pyrite 34S values are similar to porewater sulfide 34S values in sediments 91 
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underlying a cyanobacterial mat (Habicht and Canfield, 1997), the microbial mats that have been 92 

the subject of previous studies of diurnal trends in porewater 34S values lacked significant pyrite 93 

formation due to low reactive iron availability (Huerta-Diaz et al., 2011). This hinders our ability 94 

to determine how diurnal changes in sulfur cycling and the location(s) of pyrite formation in 95 

mats impact 34S signatures in pyrite deposited in microbial mat ecosystems.  96 

Here we report 34S values of porewater sulfide and sequentially-extracted sedimentary 97 

sulfide mineral phases, including the acid-volatile sulfide fraction (primarily iron monosulfides; 98 

Rickard and Morse, 2005; Luther, 2005) and the CRS fraction that is operationally defined as 99 

sedimentary pyrite but may also include elemental sulfur (Canfield et al., 1986), in low-oxygen 100 

microbial mats in Middle Island Sinkhole (MIS), Lake Huron, USA. Low-oxygen conditions are 101 

a result of the combined influence of dense, oxygen-poor groundwater that enters through an 102 

alcove at the edge of the sinkhole and sinks to cover the mat-water interface and low rates of 103 

oxygen production via oxygenic photosynthesis (Biddanda et al., 2006; Ruberg et al., 2008; 104 

Biddanda and Weinke, accepted). In addition to being a useful site for studying geochemical 105 

records of sulfur cycling because pyrite is present in the sediments (Rico and Sheldon, 2019), 106 

MIS is also a valuable early Earth analog because it hosts low-oxygen cyanobacterial mats that 107 

were likely to be common in ancient, low-oxygen oceans (Grotzinger and Knoll, 1999; Dick et 108 

al., 2018). We show that 34Ssulfide patterns can be explained by progressive consumption of the 109 

sulfate reservoir. Diurnal changes in 34Ssulfide patterns are driven by changes in net sulfate 110 

reduction at different depths in the sediment underlying the mat, which vary in response to light-111 

driven changes in microbial communities and other taxa that affect porewater chemistry as deep 112 

as 7.5 cm within the sediment. Despite dynamic 34Ssulfide gradients, pyrite 34S values do not 113 

change significantly with depth and are similar to 34Ssulfide values recorded at the mat surface. 114 

These results, combined with previously published iron geochemistry data (Rico and Sheldon, 115 

2019), indicate that pyrite primarily forms near the mat-water interface and captures 34Ssulfide 116 

signatures in the upper portions of the microbial mat. Surface microbial communities are likely 117 

to play a major role in promoting pyrite formation at the surface, and iron geochemistry (Rico 118 

and Sheldon, 2019) limits pyrite formation in deeper portions of the sediment.  These results 119 

have implications for the interpretation of pyrite sulfur isotope records preserved in sediments 120 

deposited in ancient microbial mat environments. 121 

 122 
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1.1  Sedimentary sulfur isotope geochemistry 123 

 124 

Sulfur isotope signatures in sedimentary pyrite record information about ancient sulfur 125 

cycling (Canfield and Farquhar, 2009; Fike et al., 2015). Sulfur isotopes are expressed in delta 126 

notation as permil (‰) deviations from an international standard (34S = 127 

{[( 34S/32Ssample)/(
34S/32Sstandard)]-1}*1000; where the standard is the Vienna Canyon Diablo 128 

Troilite or V-CDT). The dominant process that fractionates sulfur isotopes is MSR, where 129 

microorganisms use sulfate (SO4
2-) to oxidize organic matter (‘CH2O’), producing bisulfide 130 

(H2S), bicarbonate (HCO3
-), and a hydrogen ion (H+): 131 

 132 

SO4
2- + 2CH2O  HS- + 2HCO3

- + H+     (eqn. 1) 133 
 134 

Sulfur isotope fractionation between sulfate and sulfide (34MSR = 34Ssulfide- 34Ssulfate) during  135 

MSR can be up to 70‰ and is commonly negatively correlated with cell-specific sulfate 136 

reduction rate (Harrison and Thode, 1958; Canfield et al., 2010; Sim et al., 2011; Leavitt et al., 137 

2013). Thus, strain-specific relationships between cell-specific sulfate reduction rates and 138 

environmental conditions such as sulfate concentrations, mechanisms of sulfate transport across 139 

the cell membrane, organic carbon type and availability, and nutrient limitation and co-limitation 140 

impact 34S values of sulfate and sulfide (Bradley et al., 2016). Reservoir effects can also impact 141 

34S values of sulfate and sulfide when sulfate levels are low and/or MSR is active in locations 142 

with limited system-openness (Jorgensen, 1979; Gomes and Hurtgen, 2013; 2015; Pasquier et 143 

al., 2017). The reservoir effect can be modeled as an irreversible reaction with a kinetic isotope 144 

effect occurring in a closed-system (i.e., Rayleigh fractionation; Mariotti et al., 1981) where the 145 

isotopic composition of the product approaches the isotopic composition of the initial reactant 146 

reservoir as the reactant reservoir is progressively consumed. Oxidative sulfur cycling reactions 147 

can also fractionate sulfur isotopes. However, magnitudes of these fractionations are generally 148 

low  (~-7 to 5‰; see compilations in Zerkle et al., 2009; Gomes and Johnston, 2015; or Pellerin 149 

et al., 2019) compared to MSR, although fractionations of as low as -18‰ or as high as 18‰ 150 

have been reported at low pH (Kaplan and Rittenberg, 1964; Nakai and Jensen, 1964; Taylor et 151 

al., 1984) and for disproportionation reactions (Böttcher et al., 2001) or sulfide oxidation under 152 

alkaline conditions (Pellerin et al., 2019), respectively.   153 
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Sulfur isotope values of pyrite (34Spyrite) capture isotopic signatures of ambient sulfide at 154 

the location of pyrite formation (e.g., at different locations in the sediment column or in the 155 

water column versus the sediment; Lyons, 1997) and therefore recorded values are not always 156 

representative of an entire system where they form. For example, it has been shown that 34Spyrite  157 

values can differ from porewater sulfide 34S values by up to ~30‰, likely due to pyrite 158 

precipitation in biofilms utilizing sulfide that is the immediate product of sulfate reduction 159 

(Raven et al., 2016). Thus, information about both porewater sulfide and pyrite 34S patterns in 160 

modern microbial mats are particularly valuable for investigating what paleoenvironmental 161 

information is recorded in 34Spyrite signatures in sediments deposited in microbial mat 162 

environments. 163 

 164 

1.2  Pyrite formation 165 

 166 

Relating the effects of microbial activity and environmental conditions on porewater 34S 167 

values to the pyrite 34S record requires accounting for the timing and location of pyrite 168 

formation and differentiating microbial impacts from post-depositional overprinting. Pyrite 169 

formation in natural systems is thought to occur through either the polysulfide (Sn
-2) pathway 170 

(eqn. 2, the Bunsen reaction) or the hydrogen sulfide (H2S) pathway (eqn. 3, the Berzeluis 171 

reaction or Wächtershauser reaction; Rickard and Luther, 2007; Rickard, 2012): 172 

FeSaq + Sn
-2  FeS2 + Sn-1

-2            (eqn. 2) 173 

FeSaq + H2S  FeS2 + H2        (eqn. 3) 174 

 Where FeS is iron monosulfide, which forms from the reaction of H2S and Fe(II) in 175 

locations where pyrite formation is favorable (Rickard and Luther, 2007). Pyrite is the stable iron 176 

sulfide phase in Earth surface environments (Rickard and Luther, 2007; Rickard, 2012). 177 

However, pyrite formation is limited by the kinetic inhibition of pyrite nucleation, which 178 

requires supersaturated solutions (Schoonen and Barnes, 1991; Rickard and Luther, 2007; 179 

Rickard, 2012). 180 

The mechanism that limits pyrite nucleation and therefore formation differs between the 181 

two pathways. For the polysulfide pathway (eqn. 2), high polysulfide concentrations increase 182 

rates of pyrite formation and thus the reaction between polysulfide and an iron species is the rate-183 

controlling step (Rickard, 1975). For the hydrogen sulfide pathway (eqn. 3), the rate-controlling 184 
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step is the electron transfer between S(-II) and H(I) via an inner sphere complex between FeS 185 

and H2S (Rickard and Luther, 1997; Ricard, 1997). More broadly, it is thought that microbes can 186 

play a role in promoting pyrite formation – via direct effects on precipitation (Thiel et al., 2019) 187 

or due to templating on cell walls or other organic substrates (Donald and Southam, 1999; 188 

Rickard et al., 2007). Conversely, some types of organic matter can hinder pyrite formation (e.g., 189 

aldehydic carbonyls; Rickard et al., 2001). These studies provide insights into why pyrite 190 

formation often occurs near the transition to sulfidic waters in modern systems; for example, 191 

sedimentary pyrite in the Black Sea captures the 34S signature of sulfide at the top of the zone of 192 

sulfate reduction, which occurs in the water column, rather than deeper in the water column 193 

and/or sediment (Lyons, 1997). Reactants involved in the rate-limiting steps (i.e., Sn
-2, H2S, and 194 

FeSaq) are stable and/or formed by microbial activity in these locations, resulting in 195 

supersaturated conditions that promote pyrite nucleation and formation (Rickard and Luther, 196 

2007; Rickard, 2012). These steep geochemical gradients occur in microbial mats and shift over 197 

diurnal cycles (e.g., Fike et al., 2008; 2009). Thus, knowledge of how these gradients shape 198 

34Spyrite signatures will improve our ability to use the geological record to investigate the 199 

coupled evolution of life and the Earth surface. 200 

 201 

2. Methods 202 

 203 

2.1 Study Site 204 

 205 

A modern analog for Proterozoic cyanobacterial mats with pyrite formation can be found in 206 

Middle Island Sinkhole (MIS), MI, USA (45° 11.914 N, 83° 19.671 W; Figure 1). MIS is a 207 

submerged depression in Lake Huron formed by the collapse of Devonian aged carbonates of the 208 

Traverse group. The ~10,000 m2 depression lies ~13 m below the surrounding lake floor at a 209 

water depth of 23 m (Biddanda et al., 2006; Ruberg et al., 2008) and is overlain by high-210 

conductivity water (specific conductivity of ~2300 μs cm-1) that emerges from a seep (termed the 211 

alcove) located in the south-east edge of the sinkhole (Biddanda et al., 2006; Ruberg et al., 212 

2008). The ionic strength of the water arises from dissolution of salts due to reactions between 213 

groundwater and limestones and evaporites from the Middle Devonian Detroit River Group that 214 

underlies the Traverse group (Biddanda et al., 2006; Ruberg et al., 2008). Density stratification 215 
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inhibits mixing with the overlying water, resulting in low-oxygen (~2-4 mg L-1) waters overlying 216 

the sediment-water interface (SWI; Ruberg et al., 2008). Light penetration to the SWI supports a 217 

dynamic microbial mat ecosystem (Biddanda et al., 2006; 2015; Nold et al., 2010a; Voorhies et 218 

al., 2012; 2016; Snider et al.,  2017; Kinsman-Costello et al., 2017; Grim, 2019).   219 

 Much of the SWI of the flat, deep portion of the sinkhole is covered with ~2 mm-thick 220 

purple mats dominated by cyanobacterial groups taxonomically similar to Phormidium and 221 

Planktothrix (Nold et al., 2010a; Voorhies et al., 2012; 2016). Patches of white, filamentous 222 

sulfide-oxidizing bacteria, such as Beggiatoa or Epsilonproteobacteria, are also variably present 223 

at the SWI (Biddanda et al., 2006; 2015; Nold et al., 2010a; Voorhies et al., 2012). Both the 224 

purple cyanobacteria and the white filamentous bacteria are capable of vertical migration and 225 

therefore the surface appearance of the mat can change over diurnal cycles (Nold et al., 2010a; 226 

Voorhies et al., 2012; Biddanda et al., 2015). Deltaproteobacteria, including various potential 227 

sulfate reducers, are abundant within the mat and underlying sediment (Kinsman-Costello et al., 228 

2017). Eukaryotic taxa identified in the mats by 18S rRNA gene surveys include ciliates, 229 

nematodes, and tardigrades (Nold et al., 2010b). Microscopy confirmed the presence of many of 230 

these eukaryotic taxa, as well as diatoms (Merz et al., 2020).  231 

Sediment underlying the ~2 mm-thick microbial mats is different than the surrounding Lake 232 

Huron sediment (Nold et al., 2013; Rico and Sheldon, 2019; Rico et al., 2020).  Carbon isotope 233 

signatures in the sedimentary organic matter underlying the mats indicate that it is sourced from 234 

settling phytoplankton (Nold et al., 2013; Rico and Sheldon, 2019; Rico et al., 2020), and some 235 

trace metals like molybdenum show modest enrichments due to particulate shuttling (Rico et al., 236 

2019).  Overall, the MIS sediments have higher total organic carbon, iron, and trace metal 237 

concentrations than Lake Huron sediments due to differences in redox chemistry and 238 

geomicrobiological conditions between the sinkhole and surrounding environment (Nold et al., 239 

2013; Rico and Sheldon, 2019; Rico et al., 2019; 2020). 240 

 241 

2.2 Sampling 242 

 243 

Sampling, in situ deployments, site characterization, and site photography were carried out 244 

by SCUBA divers from The Thunder Bay National Marine Sanctuary Dive Unit. Sediment cores 245 

were hand-collected using plexiglass tubes that were inserted into the sediment and then sealed 246 
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with rubber stoppers before extraction. The cores were used to assess (1) sulfate reduction rates 247 

and porewater sulfate concentrations, (2) porewater sulfide, pH, and dissolved oxygen dynamics 248 

using microsensors under controlled laboratory conditions, and (3) sulfur isotope compositions 249 

of solid-phase sulfides. In situ deployments of black and white photo film were used to capture 250 

diurnal 34Ssulfide patterns in the porewater (Fike et al., 2017). Water emerging from the alcove 251 

was sampled by a peristaltic pump for (1) analysis of sulfate 34S values and (2) use in ex situ 252 

microsensor measurements. In situ deployments, water sampling for sulfate 34S analysis, and 253 

core collection for sulfate reduction rate and porewater sulfate concentration measurements were 254 

performed over the course of a 2-week field campaign in July 2016. Cores for solid-phase sulfide 255 

sulfur isotope geochemistry were sampled in 2015. Cores and water for ex situ microsensor 256 

measurements were collected in May 2017. 257 

 258 

2.3 Sulfate reduction rates and porewater sulfate concentrations 259 

 260 

Two sediment cores for porewater sulfate concentration and five sediment cores (ID 2.5 cm) 261 

for sulfate reduction rate measurements were obtained from locations covered with purple mat 262 

(near node A0 in Figure 1). Cores were transported upright and in the dark back to land, where 263 

incubations were done the same day that the cores were collected. 264 

Sulfate reduction rates were measured according to the whole-core injection method 265 

(Jørgensen, 1978). Radio-labeled sulfate (200 KBq 35SO4 dissolved in 6 μl water) was injected in 266 

1-cm depth intervals. After injection, cores were incubated in a water bath at in situ temperature 267 

(~9° C) in the dark for 20 minutes. After incubation, cores were sectioned at 1-cm intervals. 268 

Sulfate reduction was stopped by transferring core sections immediately into 10 ml of ice-cold 269 

20% zinc acetate.  Sulfate reduction rates were determined using the cold chromium distillation 270 

for radiolabeled sulfide (Fossing & Jørgensen 1989, Kallmeyer et al. 2004). 271 

Porewater from a separate set of two cores was obtained by centrifugation of 1 cm sediment 272 

sections and subsequent filtration of the supernatant with 0.45 µm PES syringe filters. Samples 273 

were flash frozen in liquid butane and kept frozen until analysis. Sulfate concentration in the 274 

porewater was determined by membrane-suppression ion chromatography (Dionex, Thermo 275 

Scientific). Uncertainty of sulfate concentration analyses is <2%, determined as the relative 276 

standard deviation of check standards. 277 
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 278 

2.4 Ex-situ microsensor measurements 279 

 280 

Cores (ID 10 cm) with purple mat and water taken between nodes A1, A2, B1, and B2 in 281 

Figure 1 were transported to the laboratory in Ann Arbor, MI upright, in the dark, and cooled. 282 

During measurements, the core was kept at 14°C and the water column was covered with 283 

paraffin oil to prevent exchange with air. The water column was fed with MIS bottom water 284 

using a peristaltic pump from a thermostated recycling reservoir to adjust a gentle flow across 285 

the mat-water interface and purged with N2-air mixtures to adjust oxygen concentration. Light 286 

was supplied from a halogen light source (Schott). Light intensity was assessed with a cosine-287 

corrected quantum sensor connected to a light meter (both LiCor). 288 

Microsensors for dissolved oxygen (O2), H2S, and pH determination were built, 289 

calibrated and used as described previously (Revsbech, 1989; Jeroschewski et al., 1996; de Beer 290 

et al., 1997). Uncertainty of these measurements are ±12% for O2, ±3% for H2S, and ±0.1% for 291 

pH. Total sulfide concentrations ([S2-], [HS-], [H2S], where brackets denote concentration) were 292 

calculated from the H2S and pH profiles using a pKa of 7.16. Profiles were measured under 293 

different light and dissolved oxygen levels to examine if dynamics in pH, O2, and sulfide 294 

concentration could be explained by the presence of cable bacteria (e.g., Nielsen et al., 2010; 295 

Pfeffer et al., 2012; Seitaj et al., 2015). Conditions were: (1) light (58 µmol photons m-2 s-1) to 296 

mimic mid-day light conditions at MIS (cf., Merz et al., 2020) and ~130 M O2 and (2) dark 297 

(<0.5 µmol photons m-2 s-1) and ~13 µM O2 in the overlying water column. Profiles under both 298 

conditions (light and dark, low O2) were measured in the same spot over the course of ~1 hour – 299 

time scales that are sufficiently long to differentiate the impact of cable bacteria versus diffusion 300 

on chemical profiles (e.g., Nielsen et al., 2010), but sufficiently short that processes related to 301 

cm-scale migration of diatoms and other diurnally varying processes should not affect pH, O2, 302 

and sulfide trends (Merz et al., 2020).  303 

 304 

2.5 Deployments for porewater sulfide sulfur isotope geochemistry 305 

 306 

 Black and white photo film (Ilford Delta 100 Professional) was used to capture 2D patterns 307 

of porewater sulfide sulfur isotope geochemistry by reaction between porewater sulfide and 308 
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silver within the film, forming silver sulfide (Fike et al., 2017). Over a period of three days (July 309 

21-23, 2016), the films were deployed for 2.5-5.5 hours at four time intervals to explore changes 310 

in porewater sulfide 34S values over diurnal cycles (Table 1): morning (9:30-13:30), afternoon 311 

(15:00-17:30), evening (16:30-22:00), and night (22:15-2:45). The films were deployed at 312 

locations (Figure 1) with two different surface characteristics: (1) sediment covered with purple 313 

microbial mat during the day and white mat at night, hereafter termed the purple mat (located 314 

near nodes B4 and B5 in Figure 1; image of a deployed film shown in Figure 2A) and (2) grey 315 

sediment lacking visible cohesive mat at the surface with white material variably present (located 316 

near node B2 in Figure 1; image of a deployed film shown in Figure 2B), hereafter termed the 317 

grey mat. In total, 8 films were deployed (i.e., four time intervals at two sites). Pictures of 318 

deployed films were taken at the beginning and end of each deployment. After retrieval, films 319 

were removed from sunlight, rinsed, and allowed to dry before storage in the dark. Images of 320 

deployed films and appearance after removal, rinsing, and drying are shown in Figures S1-S8 in 321 

the supplemental materials. 322 

Sulfide was extracted from film sections cut at 1 cm intervals by boiling in 6N hydrochloric 323 

acid for 2 hours in an anoxic reaction vessel. The hydrogen sulfide gas released by the reaction 324 

was driven via a N2 carrier gas through a citric acid and sodium citrate buffered water trap (pH = 325 

4) into a trap vessel with 1M silver nitrate to precipitate the sulfide as silver sulfide. The silver 326 

sulfide was purified by rinsing with 1M ammonium hydroxide solution and rinsed three times 327 

with deionized water. Sulfide yields from films were determined gravimetrically. 328 

Silver sulfide samples were mixed with vanadium pentoxide and combusted to SO2 for sulfur 329 

isotope analysis on a Costech Elemental Analyzer coupled to a DeltaV Isotope ratio mass 330 

spectrometer at Washington University. S isotope measurements were reproducible within 0.2‰ 331 

based on repeat analysis of international standards (IAEA S-1 and IAEA S-3) and the 332 

Washington University in-house Ag2S, BaSO4, and ZnS standards.  All porewater sulfide 34S 333 

data was corrected to account for the small (1.2  0.5 ‰) known offset between aqueous sulfide 334 

and sulfide trapped in photo films associated with sulfide diffusion into the film and the reaction 335 

with silver to form Ag2S (Fike et al., 2017). 336 

 337 

2.6 Solid-phase sulfide sulfur isotope geochemistry 338 

 339 
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Two sediment cores were used for solid-phase sulfide 34S analysis (location near node C3 340 

in Figure 1). No specific mat types were targeted for core extraction because the appearance of 341 

mats at the sediment-water interface varies from year to year and sediment geochemistry is time-342 

averaged. Sediment geochemistry was preserved by placing the cores on dry ice; cores were 343 

transported frozen to the University of Michigan in Ann Arbor, MI, where they were stored at 344 

−20 °C. Frozen cores were sectioned via table saw according to depth (three 1 cm sections at the 345 

top, then 3 cm downcore). Sections were freeze-dried and homogenized prior to analysis.  346 

A sequential procedure was used to extract operationally defined pools of sedimentary 347 

sulfide: (1) acid-volatile sulfide (AVS), which is predominantly iron monosulfides (Chanton and 348 

Martens, 1985), and (2) chromium-reducible sulfide (CRS), which recovers pyrite and elemental 349 

sulfur (Canfield et al., 1986). Sediment was placed in reaction vessels, which were purged of 350 

oxygen using N2 gas.  The AVS was first extracted by boiling in 6N HCl for 2 hours (Chanton 351 

and Martens, 1985) and the CRS was then extracted by boiling the residual sediment with 352 

acidified chromium (II) chloride solution for 2 hours (Canfield et al., 1986). For both AVS and 353 

CRS extractions, the liberated hydrogen sulfide was driven via a N2 carrier gas through a citric 354 

acid and sodium citrate buffered water (pH = 4) into the silver nitrate solution filled trap vessel 355 

to trap the sulfide as silver sulfide. The silver sulfide was purified, rinsed, and analyzed for 34S 356 

values as previously described in section 2.5. 357 

 The sequential extraction procedure was done on samples that had been previously freeze-358 

dried, homogenized, and stored under ambient atmospheric conditions.  It is likely that some 359 

components of the AVS pool may have been lost during sample handing, nonetheless the 360 

sequential extraction procedure was performed in order to preclude mixing of the CRS and AVS 361 

pools. It is unlikely that the storage conditions impacted sulfur isotope signatures of CRS 362 

because fractionations associated with abiotic oxidation of pyrite in the presence of oxygen are 363 

low (<1‰; Balci et al., 2007).  364 

 365 

2.7 Sulfate sulfur isotope geochemistry 366 

 367 

Alcove water samples were treated with 3% zinc acetate solution in the field to trap any 368 

sulfide as zinc sulfide. After transport back to the lab, the samples were filtered at 0.45 µm to 369 

remove zinc sulfide and any other particulates. Saturated barium chloride solution was added to 370 
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the filtered samples to precipitate sulfate as barium sulfate. Purification of the barium sulfate was 371 

done using the diethylenetriaminepentaacetic acid dissolution and reprecipitation procedure (D-372 

DARP; Bao, 2006). Barium sulfate samples were mixed with vanadium pentoxide and 34S 373 

values were determined as described in section 2.3. 374 

 375 

3. Results 376 

 377 

3.1 Site conditions 378 

 379 

In July 2016, much of the sediment-water interface (SWI) of the Middle Island Sinkhole 380 

(MIS) was dominated with surface coverings that were similar to those described in previous 381 

studies (Biddanda et al., 2006; 2015; Ruberg et al., 2008; Nold et al., 2010a; 2013; Voorhies et 382 

al., 2012; Snider et al.,  2017; Kinsman-Costello et al., 2017): purple mats, grey sediment 383 

lacking cohesive mat, and intermittently observed white patches. We chose to focus on the two 384 

most commonly observed surface coverings to study diurnal 34S patterns in porewater sulfide in 385 

2016: the purple mats and grey sediment with diffuse mat at the SWI (i.e., grey mats) as two 386 

common end-member environments (Figure 2). The thickness of the purple mat was ~2 mm.  387 

The diffuse grey mat lacked a substantial cohesive mat layer at the surface (Figure 2). 388 

 389 

3.2 Sulfate reduction rates and porewater sulfate concentrations 390 

 391 

Sulfate reduction rates in the sediment underlying the purple mat (Figure 3; Table S1) are 392 

highest just below the SWI at 0.5 cm (mean = 1803.7 nmol cm-3 d-1,  = 896.8 nmol cm-3 d-1; n = 393 

5) and decrease to low and variable values deeper in the sediment (between ~25 and ~835 nmol 394 

cm-3 d-1, with one potential outlying value of 1707.7 nmol cm-3 d-1 at 5.5 cm). There is a second 395 

peak in sulfate reduction rates at 5.5 cm, consistent with the concave shape of the concentration 396 

depth profiles (Figure 3). The mean sulfate reduction rate at this depth was 841.6 nmol cm-3 d-1 397 

( = 502.6 nmol cm-3 d-1; n = 5) or 625.1 nmol cm-3 d-1 ( = 156.0 nmol cm-3 d-1; n = 4) if the 398 

potential outlier is removed.  However, given that the increase in sulfate reduction rate is not 399 

defined by one point and is reproducible in all five cores, it is not likely to be an analytical 400 

artifact and therefore may be representative of the natural variability in the system. Sulfate 401 
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concentrations decreased from 5.3  0.2 mM at 0.5 cm to 0.1  0.03 mM at 9.5 cm (Figure 3; 402 

Table S1). There was a slight increase in sulfate concentrations to 0.6  0.5 mM at 10.5 cm 403 

before sulfate concentrations continue to decrease to 0.5  0.6 mM at 11.5 cm (although this 404 

deep sulfate concentration variability was only observed in one porewater profile). 405 

 406 

3.3 Ex situ microsensor measurements of O2, pH, and sulfide 407 

 408 

Ex situ microsensor measurements were done on purple mat and underlying sediments under 409 

illumination mimicking mid-day light conditions at MIS (58 µmol photons m-2 s-1; Merz et al., 410 

2020; Biddanda and Weinke, accepted). Concentrations of O2 were ~125 uM in the overlying 411 

water, peaked at 271.4 uM at 0.5 mm in the mat, decreased to undetectable levels by 2 mm, and 412 

remained undetectable in the sediment underlying the mat (Figure 4; Table S2). Sulfide was 413 

undetectable in the mat and started to increase at 2.75 mm, reaching a maximum of 5.1 mM in 414 

the deepest measurements (48.5; Figure 4; Table S2). A peak in pH (8.2) occurred at 0.5mm in 415 

the mat overlapping with the O2 peak, consistent with photosynthetic O2 production (e.g., 416 

Revsbech et al., 1983). The pH peak was followed by a rapid decline to 7.3 at 1.25 mm in the 417 

zone of O2 and sulfide consumption, suggesting aerobic sulfide oxidation to sulfate (Klatt and 418 

Polerecky, 2015). Below the mat, pH gradually increased to ~7.7 in the deepest measurements 419 

(48.5 mm; Figure 4; Table S2). Upon darkening and adjustment of water column O2 420 

concentrations to ~13 M, the photosynthetic O2 concentration and pH peak disappeared and the 421 

zone of aerobic sulfide oxidation moved to the uppermost 0.5 mm.  Changes in the light regime 422 

and O2 concentration in the water column over ~30 mins to 1 hour did not affect the 423 

concentration profiles beyond the uppermost 3 mm.   424 

 425 

3.4 Sulfur isotope patterns  426 

 427 

Porewater sulfide was recovered using photo film (Fike et al., 2017) from all analyzed depth 428 

intervals at all times of day except for the uppermost sample (0.5 cm) from the purple mat in the 429 

afternoon. All of the porewater sulfide sulfur isotope (34Ssulfide) profiles show similar patterns 430 

(Figure 5; Table S3): 34Ssulfide values were low (-7.1 to 11.1‰) near the SWI relative to deeper 431 

portions of the mat, where 34Ssulfide values stabilized at ~15 to 18‰ with maximum values 432 
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reached at ~1 to 8 cm below the mat surface (Figure 5; Table S3).  The deep 34Ssulfide values 433 

(~15 to 18‰) were slightly lower than 34Ssulfate in the alcove water, which had an average 34S 434 

value of 18.9‰ ( = 0.16‰; n = 4).  435 

The magnitude of surface porewater sulfide 34S-depletion and the depth where 34Ssulfide 436 

values approach 34Ssulfate values varied with time of day and between the purple and grey mats. 437 

In the purple mat, night and morning 34Ssulfide patterns were similar (Figure 5; Table S3). In the 438 

afternoon, sulfide levels were too low at 0.5 cm to measure 34Ssulfide values.  The depth where 439 

34Ssulfide values approached their maximum also gets lower in the afternoon reaching ~15‰ only 440 

at 7.5 cm.  In the evening, the 34Ssulfide profile was 34S-enriched compared to other times in the 441 

day, with a 34Ssulfide value of 11.1‰ at 0.5 cm and approaching maximum values at 1.5 cm. In 442 

the grey diffuse mat, 34Ssulfide values were generally higher at the surface compared to purple 443 

mat and the depth at which values reach their maximum was less dynamic. Maximum values 444 

were approached at 4.5 cm in the evening, night and morning (Figure 5; Table S3). In the 445 

evening, 34Ssulfide values in the surface were slightly enriched compared to night and morning 446 

(3.5‰ vs ~2‰). In the afternoon, the 34Ssulfide profiles were the most 34S-enriched, with a 447 

34Ssulfide value of 11.0‰ below the SWI (0.5 cm) increasing to high values (~15-16‰) at 1.5 448 

cm. 449 

Sequentially extracted sedimentary sulfides include the operationally defined pools of acid-450 

volatile sulfide (AVS; primarily composed of iron monosulfides) and chromium-reducible 451 

sulfide (CRS; primarily composed of pyrite and elemental sulfur). Due to sample drying prior to 452 

the sequential extraction procedure and storage at ambient atmospheric conditions, it is likely 453 

that some component of the AVS was lost. In many of the samples, especially deep (>10.5 cm) 454 

samples, there was insufficient recovery of AVS for 34SAVS  analyses. 455 

Similar to the 34Ssulfide patterns, 34SAVS values were lowest near the SWI and became 34S-456 

enriched with depth (Figure 6; Table S4). In the October core, 34SAVS values were – 0.3‰ at the 457 

surface, increased to 9.9‰ at 2.5 cm, and then decreased slightly to 7.8‰ at 10.5 cm. In the July 458 

core, 34SAVS values ranged between -7.3‰ and -3.4‰ in the top 3 cm and then became higher 459 

but also quite variable, reaching a value of 18.5‰ at 7.5 cm before decreasing to 5.7‰ at 10.5 460 

cm. CRS showed the smallest amount of 34S variability; 34SCRS values ranged from ~-10 to 1‰ 461 

in both the July and October 2015 cores. There was a slight pattern of 34S-enrichment with depth 462 
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in both cores, but 34SCRS values never reached the high 34S values in porewater sulfide (~15 to 463 

18‰) measured from deeper sediments (>5 cm below SWI). 464 

 465 

4. Discussion  466 

 467 

4.1 Diurnal trends in porewater sulfide  468 

 469 

 Profiles in both purple and grey mats at Middle Island Sinkhole (MIS) show similar trends of 470 

low porewater 34Ssulfide values (-7.1 to 11.1‰) at the sediment water interface (SWI) that 471 

increase with depth as the sulfate reservoir is progressively consumed (Figures 3 and 5). 472 

Consumption of the sulfate reservoir by MSR is consistent with previously measured porewater 473 

sulfate and sulfide concentration profiles (Kinsman-Costello et al., 2017). These concentration 474 

and isotope patterns are often attributed to Rayleigh isotope fractionation under closed system 475 

conditions (e.g., Jorgensen, 1979). In order to determine if the 34Ssulfide trends are due to 476 

progressive consumption of the sulfate reservoir (i.e., Rayleigh isotope fractionation or the 477 

reservoir effect), we use an approximation of the isotopic evolution of the product of an 478 

irreversible reaction in closed-system (after Mariotti et al., 1981): 479 

 480 

戴替��態�,� =  − �岫怠−�岻 ln岫怠−�岻� + 戴替���替,待                                                            (eqn. 4) 481 

 482 

Where 34SH2S,d is the sulfur isotope composition of sulfide at depth d,  is the average apparent 483 

sulfur isotope fractionation effect (34MSR), f is the fraction of sulfate remaining at depth d, and 484 

34SSO4,0 is the sulfur isotope composition of sulfate when f = 0.  This approximation linearizes 485 

the relationship between the fraction of sulfate remaining and 34SH2S value at each depth such 486 

that the slope of the line is the average apparent sulfur isotope fractionation that is likely 487 

dominated by sulfate reduction (34MSR) and the y-intercept is the S isotope composition of the 488 

sulfate reservoir (34SSO4,0; Mariotti et al., 1981; Mandernack et al., 2003). We used the 489 

porewater 34Ssulfide data from the afternoon purple mat profile and sulfate concentration data 490 

from cores sampled in the purple mat in the afternoon as inputs into the equation. These data fit a 491 

linear regression (r2 = 0.95, n = 12) where the slope of the line is -22.7‰ and the y-intercept is 492 
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18.8‰ (Figure 7). The value for 34MSR predicted from this model (-22.7‰) is within the range 493 

of sulfur isotope fractionations during sulfate reduction reported for microbial mats at Solar Lake 494 

(Habicht and Canfield, 1997), which had similar sulfate reduction rates to those measured here. 495 

Additionally, the 34SSO4,0 value (18.8‰) is similar (i.e., within uncertainty of 0.2‰) to the 34S 496 

value of sulfate emanating from the alcove (18.9‰).  Setting the y-intercept to the 34S value of 497 

sulfate emanating from the alcove (18.9‰) yields a similar 34MSR value (-22.8‰) to that 498 

predicted by the porewater data alone (-22.7‰). Thus, the 34Ssulfide data can be explained by 499 

progressive consumption of the sulfate reservoir with depth such that deep 34Ssulfide values 500 

approach the 34S value of the sulfate reservoir.  501 

 Porewater sulfide sulfur isotope (34Ssulfide) patterns vary throughout the day in both purple 502 

and grey diffuse mats at Middle Island Sinkhole (MIS; Figure 5). Given that 34Ssulfide patterns 503 

are driven by progressive consumption of the sulfate reservoir, changes in the 34Ssulfide values 504 

throughout the day are caused by variation in net sulfate consumption with depth in the mat and 505 

underlying sediment. In particular, when the sulfate reservoir is nearly completely consumed, 506 

34Ssulfide values approach the 34S value of the overlying sulfate reservoir.  The depth where 507 

34Ssulfide values reach ~15-18‰ moves between 1.5 and 7.5 cm throughout the day. While 508 

changes in geochemistry within and immediately adjacent to the ~2 mm-thick mat may be driven 509 

by light cycles, light only penetrates down to ~750 m within the mat (Merz et al., 2020). 510 

Therefore, the deep (up to 7.5 cm below the SWI) 34Ssulfide dynamics are unlikely due directly to 511 

diurnal trends in light availability. Instead, we must ask what processes influence variation in 512 

rates of sulfate reduction and sulfide oxidation at different depths in the mat and sediment over 513 

diurnal cycles. In what follows, we review diurnal changes in the geomicrobiology of the surface 514 

mat and then explore potential mechanisms – migration of bacteria, migration of diatoms, sulfide 515 

oxidation by cable bacteria – that potentially drive 34Ssulfide trends in the sediment underlying the 516 

mat. 517 

 The purple mats contain cyanobacteria capable of both anoxygenic and oxygenic 518 

photosynthesis, large sulfide-oxidizing bacteria, and sulfate-reducing bacteria including some 519 

with the genetic potential for sulfur disproportionation (Nold et al., 2010a; Voorhies et al., 2012; 520 

2016; Klatt et al., 2017; Sharrar et al., 2017; Grim, 2019; Biddanda and Weinke, accepted). Over 521 

a diurnal light cycle, activity in the purple mat transitions between predominantly anoxygenic 522 
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photosynthesis in the morning until the early afternoon to simultaneous anoxygenic and oxygenic 523 

photosynthesis in the afternoon and evening (Figure 8; Klatt et al., 2017; Biddanda and Weinke, 524 

accepted). These diurnal changes are linked with changes in the surface appearance of the mat; 525 

the surface of the mat is white in the morning because it is dominated by chemosynthetic sulfide-526 

oxidizing bacteria, becomes purple in the afternoon when purple cyanobacteria are at the surface, 527 

and then becomes white again in the late evening and night (Klatt et al., 2017; Biddanda and 528 

Weinke, accepted). Anoxygenic photosynthesis throughout the day is sustained by the sulfide 529 

flux from underneath the mat and local sulfide production within the photic zone (Voorhies et 530 

al., 2012). This is consistent with the observation that the mat and sediment between 0 and 1 cm 531 

depth below the SWI have high rates of sulfate reduction relative to the sediment below (1803.7 532 

nmol ± 896.8 nmol cm-3 d-1 at 0.5cm versus ~25 to ~835 nmol cm-3 d-1 in the deeper sediment; 533 

Figure 3; Table S1). The consumption of sulfate by sulfate reduction near the surface may also 534 

play a role in limiting diffusion of sulfate to the deeper sediment. The grey mat lacks cohesion at 535 

the surface and does not have the purple cyanobacteria that drive changes in rates of gross 536 

anoxygenic and oxygenic photosynthesis throughout the day. The grey mat does contain a 537 

diffuse layer of chemosynthetic sulfide-oxidizing bacteria that can play a role in sulfide 538 

oxidation at the mat surface (Klatt et al., 2017; Biddanda and Weinke, accepted). Although 539 

diurnal changes in geomicrobiological cycling in the surface mat impact net sulfate consumption 540 

and 34Ssulfide values near the SWI, additional processes that vary with depth throughout the day 541 

must drive the deeper (> 1 cm) 34Ssulfide trends. 542 

 Many bacterial taxa capable of motility have been identified in the MIS mats (Nold et al., 543 

2010a; Voorhies et al., 2012; Biddanda et al., 2015). If motile bacteria in the mats are able to 544 

migrate to depths >1 cm below the SWI, their activities could play a role in diurnal changes in 545 

deep 34Ssulfide trends. For example, some migratory filamentous sulfide-oxidizing bacteria can 546 

reduce intracellular reservoirs of elemental sulfur to sulfide (Schwedt et al., 2012). A diurnal 547 

migration over this distance would imply a migration speed of >2 µm s-1, which is in the range of 548 

previously reported values (e.g., Dunker et al., 2011). However, large vacuolated filamentous 549 

sulfur oxidizers similar to the sulfide-oxidizing bacteria with intracellular elemental reservoirs 550 

that have been the subject of the migratory studies have not been found at MIS (Nold et al., 551 

2010a; Kinsman-Costello et al., 2017; Merz et al., 2020). Thus, although the large sulfide-552 

oxidizing bacteria at MIS may migrate down and release elemental sulfur or sulfide at depth, it is 553 
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unlikely that the sulfide-oxidizing mat-forming microbial communities alone shape these 554 

patterns. Another option is that the zone of sulfate reduction moves due to migration of sulfate-555 

reducing bacteria. Sulfate-reducing bacteria have been reported to reach a speed of up to 63 µm 556 

s-1 in aqueous solution (Krekeler et al., 1998). As migration over multiple cm has not been 557 

observed previously, this would represent an extreme rate of migration of these taxa on a daily 558 

basis, with unknown competitive advantage considering the energetic requirements for 559 

migration. Thus, it is unlikely that migration of either sulfide-oxidizing or sulfate-reducing 560 

bacteria drives the deep 34Ssulfide trends. 561 

 Diatoms are common components of benthic microbial mat ecosystems (Longphuirtet al., 562 

2009; Guarini et al., 2008; Cahoon, 1991; Macintyre et al., 1996) and have been shown to 563 

migrate vertically over diurnal cycles (Cartaxana et al., 2008; Pinckley and Zingmark, 1991; 564 

Round and Palmer, 1966). Diatoms also are one of the few eukaryotic taxa that are capable of 565 

dissimilatory nitrate reduction to ammonium (DNRA) using intracellularly stored nitrate (Kamp 566 

et al., 2011). In the MIS mats and sediment, the migration of diatoms is linked to variations in 567 

rates of DNRA (Merz et al., 2020). Isotope labeling indicates that these migrating diatoms take 568 

up nitrate near the SWI in the afternoon and then migrate downward where they conduct DNRA. 569 

The diatoms reach maximum depths of 4 cm between ~2am and 7am, before returning to the 570 

SWI at around noon (Figure 8). This diurnal migration matches diurnal variations in the depth 571 

where sulfate is nearly completely consumed (as indicated by the depth where 34Ssulfide values 572 

approach 34S values of the sulfate reservoir) in the grey mats. Thus, it is possible that oxidants 573 

transported by the vertical migration of diatoms directly or indirectly stimulate sulfide oxidation 574 

at cm-scale depths in the sediment below the grey mats. While the depth where sulfate is nearly 575 

completely consumed below the purple mats is similar to maximum depths that diatoms reach in 576 

the morning, evening, and night, either these taxa migrate to greater depths in the afternoon than 577 

have been shown previously or additional processes are necessary to explain the sulfur isotope 578 

geochemistry of the purple mats in the afternoon.  579 

Cable bacteria are filamentous microorganisms that oxidize hydrogen sulfide by 580 

transporting electrons along cm-scale distances in sediment (Nielsen et al., 2010; Pfeffer et al., 581 

2012). Although these sulfide-oxidizers are appealing candidates for explaining the deep (>1 cm) 582 

34Ssulfide trends, none of the 16S rRNA gene data from 0-12 cm depths matches with >95% 583 

similarity to known cable bacteria 16S rRNA genes (Grim, 2019), indicating that there are no 584 
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taxa at MIS that are similar at the genus level to known cable bacteria (Kjeldsen et al., 2019). It 585 

is possible that taxonomically novel cable bacteria are present at MIS.  However, pH profiles 586 

(Figure 4) do not display the pH typology associated with sulfide oxidation via cable bacteria 587 

and changes in O2 concentration in the surface layer and water column did not change sulfide 588 

concentrations with depth over ~30 min to 1 hour timescales (Nielsen et al., 2010; Pfeffer et al., 589 

2012; Seitaj et al., 2015). The apparent absence of cable bacteria might be due to sediment 590 

reworking by diatoms inhibiting their activity (Malkin et al., 2014). Thus, although we cannot 591 

rule out that cable bacteria are impacting diurnal 34Ssulfide trends, we currently lack evidence that 592 

these taxa are present at MIS. 593 

 We still lack an explanation for why the depth where sulfate is completely consumed 594 

increases to 7.5 cm in the afternoon in the sediment underlying the purple mat. The shape of the  595 

34Ssulfide profile in the afternoon in the purple mat sediment is similar to the night and morning 596 

profiles, but shifted 1-2 cm lower. Net oxygen production in the purple mat may result in higher 597 

rates of sulfide oxidation near the SWI and play a role in shifting the 34Ssulfide profile lower.  598 

This is consistent with poor sulfide recovery in samples closest to the SWI. Thus, the activity of 599 

phototrophic organisms in the surface mat may influence the differences in the depth at which 600 

sulfate is nearly completely consumed between the purple and gray mats by impacting other 601 

organisms. The migration patterns of the diatoms are shaped by the amount of nitrate captured 602 

near the surface and the rate at which they consume it at depth (Merz et al., 2020). Therefore, it 603 

is possible that oxidant production by cyanobacteria in the purple mat promotes nitrification and 604 

increases the amount of nitrate that diatoms can store, enabling the diatoms to travel to greater 605 

depths in the purple mat than in the grey mat.  In sum, although it is likely that the diurnal 606 

34Ssulfide patterns are determined by the activity of both the surface mat communities and 607 

migrating diatoms (Figure 8), we cannot rule out that other geomicrobiological processes (e.g., 608 

motile bacteria or cable bacteria) are also impacting the sulfur cycle over cm-scales in the 609 

sediment underlying the mat. 610 

 611 

4.2 Comparison with other modern microbial mats 612 

 613 

 Previous work on diurnal trends in sulfur isotope geochemistry of microbial mats was done 614 

with mats from Guerrero Negro, Baja California Sur, Mexico (Fike et al., 2009). Guerrero Negro 615 
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mat 34Ssulfide patterns were documented at higher spatial resolution (i.e., sub-mm resolution over 616 

~1 cm length scale) than our results from MIS (i.e., cm resolution over ~8-20 cm). Nonetheless, 617 

both systems show changes in 34Ssulfide values over diurnal cycles. Sulfide in Guerrero Negro 618 

mats is 34S-enriched by ~20-25‰ in the top 1-2mm of the mat relative to the deep portions (Fike 619 

et al., 2008; 2009) and there was vertical migration of the 34Ssulfide  pattern over diurnal cycles 620 

(Fike et al., 2009). The 34Ssulfide trends were attributed to differential metabolic activity of S 621 

cycling microorganisms throughout the mats; higher rates of sulfate reduction and/or sulfide 622 

oxidation at the mat surface result in lower sulfur isotope fractionations between sulfate and 623 

sulfide such that 34Ssulfide values are higher at the surface. Greater light intensity at Guerrero 624 

Negro relative to MIS impacts oxidant availability (Canfield and Des Marais, 1993), which may 625 

promote sulfide oxidation at Guerrero Negro and thus the differential metabolic effect over the 626 

reservoir effect in determining 34Ssulfide patterns at Guerrero Negro. The striking difference 627 

between MIS and Guerrero Negro 34Ssulfide patterns could be due to the different resolution of 628 

measurements, with the cm-resolution here masking a potential enrichment at the surface. 629 

However, the microbial mats from Little Ambergris Cay, Turks and Caicos Islands show a 630 

similar pattern as Guerrero Negro of 34S-depleted sulfide near the mat surface over cm-scales 631 

(Gomes et al., 2020). Although only measured during the daytime, this 34Ssulfide pattern was 632 

attributed to differential metabolic activity, with a potential additional influence of mixing of 633 

sulfide with different 34Ssulfide signatures due to tidal pumping. No 34S-enrichment in sulfide 634 

over cm-scales was documented in a study of sulfur isotope geochemistry in cyanobacterial mats 635 

at Solar Lake, Sanai, Egypt, however no peak in sulfate-reduction rates was documented in situ 636 

(Habicht and Canfield, 1997). Thus, sulfur isotope geochemistry at MIS is different than these 637 

previously studied mat sites because the 34Ssulfide pattern over cm-scales is dominated by 638 

progressive consumption of the sulfate reservoir rather than differential metabolic activity, 639 

despite sulfate reduction rates being highest at the surface (Figure 5). 640 

 A potential explanation for the difference in the shape of 34Ssulfide profiles between MIS 641 

and previously studied mat sites is the difference in sulfate concentration between these systems. 642 

The previously studied sites have salinities greater than seawater and therefore sulfate 643 

concentrations greater than seawater concentrations (28mM; Fike et al., 2008; 2009; Habicht and 644 

Canfield, 1997; Gomes et al., 2020). Importantly, sulfide production was not sufficient to  645 
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completely consume the sulfate reservoir at any of these sites (Fike et al., 2008; 2009; Habicht 646 

and Canfield, 1997; Present et al., 2018). In contrast, sulfate concentrations in water overlying 647 

the mat at MIS are ~7.1  1.5 mM (Kinsman-Costello et al., 2017), with some of the variation in 648 

sulfate concentration due to hydrologically driven differences in mixing between alcove water 649 

and Lake Huron water. Given the relatively low sulfate concentrations at MIS and high 650 

availability of organic matter (Nold et al. 2013, Kinsman-Costello et al., 2017, Rico and 651 

Sheldon, 2019), sulfate is almost completely exhausted at depths of ~1-8cm (Figure 3; Kinsman-652 

Costello et al., 2017) such that 34S values of deep sulfide are similar to those of the overlying 653 

sulfate (Figure 5). Thus, sulfate concentrations at MIS are sufficiently low that progressive 654 

consumption of the sulfate reservoir dominates over differential metabolic activity in 655 

determining 34Ssulfide patterns over cm-scales.   656 

 Another important factor promoting consumption of the sulfate reservoir at MIS is organic 657 

matter. MIS hosts a thin (~2 mm) microbial mat overlying lake sediments. The sedimentary 658 

organic matter underlying the MIS mats has geochemical characteristics more similar to settling 659 

phytoplankton than the microbial mat biomass (Nold et al., 2013; Rico and Sheldon, 2019). Deep 660 

anaerobic communities are thus able to utilize labile planktonic biomass rather than microbial 661 

mat biomass, which can contain abundant cyanobacterial sheaths that are relatively resistant to 662 

microbial decay (Horodsyki et al., 1992; Bartley, 1996). This enables sulfate reduction to 663 

exhaust the sulfate reservoir at depth, as is common in organic-rich marine sediments composed 664 

of labile planktonic biomass (e.g., Aller et al., 1996). In contrast, in the Guerrero Negro mats, 665 

high rates of organic matter remineralization at the surface consumes labile organic matter 666 

(Canfield and Des Marais, 1993), leaving mat material below composed primarily of degraded 667 

organic matter (Lee et al., 2019).  Similarly, the organic matter below the ~1cm-thick pigment-668 

rich layer at the surface of the Little Ambergris Cay mats is composed of diagenetically-altered, 669 

chemically-recalcitrant organic matter (Gomes et al., 2020). The presence of degraded organic 670 

matter at depth may limit sulfate reduction, proving insufficient to fully consume the sulfate 671 

reservoir at depth in these other mat sites. Incomplete sulfate reduction may also be a result of 672 

microbial communities with sulfate transporters adapted to the high sulfate concentrations (> 40 673 

mM) of these systems (Bradley et al., 2016). In sum, differences in 34Ssulfide trends between MIS 674 

and previously studied mat sites can be attributed to sulfate reduction being limited by electron 675 

acceptors versus electron donors, respectively.  676 
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 677 

4.3 Solid-phase sulfide 34Ssulfide signatures 678 

 679 

Pyrite is a major geological archive of sulfide and thus 34S values of pyrite and other 680 

sulfide minerals have been used to evaluate patterns of sulfur cycling and environmental 681 

conditions in ancient sediments and microbial mats (see review in Fike et al., 2015). Here, we 682 

compare 34Ssulfide patterns to 34S values in two solid-phase sulfide pools: (1) acid-volatile 683 

sulfides (AVS), which are primarily composed of iron monosulfides that are an important 684 

intermediates in some pyrite formation pathways (Rickard and Luther, 2007; Rickard, 2012), and 685 

(2) chromium-reducible sulfides (CRS), which are primarily composed of pyrite and elemental 686 

sulfur (Canfield et al., 1986), with the latter potentially playing a role in the polysulfide pathway 687 

when elemental sulfur reacts with sulfide to form polysulfides (Rickard and Luther, 2007; 688 

Rickard, 2012). Trends in 34S values differ between AVS, CRS, and porewater sulfide (Figure 689 

6). AVS 34S values are more variable (range from -7.3 to 18.5‰,  = 8.1‰, n = 11) than CRS 690 

34S values (range from -10.4 to 0.9‰,  = 3.9‰, n = 14). Trends in 34SAVS values with depth 691 

are somewhat similar to 34Ssulfide trends; 34SAVS values are low below the SWI and increase 692 

with depth. However, only one measured 34SAVS value was within the range of high 34Ssulfide 693 

values (~15 to 18‰) measured in the deep porewater (below 1.5 to 7.5 cm, depending on the 694 

time of day and mat type). Other 34SAVS values measured below 2.5 cm ranged from -0.1 to 695 

9.9‰. There is a subtle increase in 34SCRS values with depth, but 34SCRS values remained 696 

between -10.4 and 0.9‰. 697 

In order to improve interpretations of 34SCRS values preserved in ancient low-oxygen 698 

microbial mat environments, it is useful to explore how 34SCRS values relate to porewater 699 

34Ssulfide values. Porewater 34Ssulfide values vary over diurnal cycles and vary between mat types. 700 

In contrast, sedimentary 34SCRS values represent a time-averaged signal because sediment 701 

accumulates at a rate of ~0.3 g cm-2 year-1 (Nold et al., 2013). It is also necessary to consider the 702 

timescale of change of mats at the SWI.  The appearance of the mat (e.g., purple versus grey or 703 

white patches) varies over seasonal and annual timescales (Grim, 2019; cf., Nold et al., 2010a; 704 

Voorhies et al., 2012; 2016; Kinsman-Costello et al., 2017). Thus, the sediment integrates 34S 705 

signatures such that 34SCRS values represent an average of the geochemical conditions of 706 
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sediment covered by different mat types, similar to other sedimentary environments (e.g., 707 

Houghton et al., 2019).  708 

Spatial variability in solid phase sulfide formation (i.e., AVS or CRS) can also impact 709 

34SCRS and 34SAVS signatures.  Previous work showed that there is not significant formation of 710 

pyrite in the sediment underlying the microbial mat. In particular, Rico and Sheldon (2019) 711 

reported iron speciation data from 9 cores sampled in October 2014 and June 2016 which 712 

showed no increase in pyrite concentrations with depth in the sediment (Figure 6).  These results 713 

are consistent with our observation that 34SCRS values are similar to 34Ssulfide values proximal to 714 

the microbial mat and indicate that 34SCRS values are primarily capturing 34Ssulfide signatures 715 

near the SWI. There is a slight 34S-enrichment (at most ~10‰) in CRS with depth, which could 716 

be due to the minor additional CRS formation (i.e., pyrite or elemental sulfur) deeper in the 717 

sediment and inheritance of 34S signatures of the corresponding sulfide, AVS, or polysulfides. 718 

Elemental sulfur produced from chemotrophic oxidation of sulfide is slightly 34S-enriched 719 

relative to the sulfide (e.g., Zerkle et al., 2016). Thus, the 34S-enrichment in CRS with depth 720 

could be due to the incorporation of 34S-enriched elemental sulfur into the CRS pool and/or 721 

formation of pyrite via the polysulfide pathway with the 34S-enriched elemental sulfur serving as 722 

a polysulfide precursor. However, given that there is no increase in pyrite concentrations with 723 

depth, it is unlikely that the amount of additional pyrite formed over the studied depth interval (0 724 

to ~20cm) is greater than the relative uncertainty associated with the pyrite concentration 725 

analysis (replicate analyses have a relative standard deviation of ~ 12%; Rico and Sheldon, 726 

2019). Further, decreases in AVS concentrations with depth in sediment have been shown to be 727 

due to dissolution of metastable iron monosulfide precipitates to aqueous iron monosulfides, 728 

rather than transformation of AVS to CRS (Rickard et al., 1999). Thus, although we cannot rule 729 

out that some AVS dissolves and then precipitates as pyrite in the deeper (>1 cm) sediment, we 730 

lack evidence for substantial pyrite formation at depth (Figure 6; Rico and Sheldon, 2019). Thus, 731 

the CRS pool, which is likely to be the most geologically stable sulfide pool, is primarily formed 732 

near the microbial mat at the SWI and captures 34S signatures sulfide in that location. 733 

Sulfur cycling within the mat may play a role in promoting pyrite formation near the 734 

SWI. Both sulfate-reducing and sulfide-oxidizing taxa have been documented in the surface mat 735 

(Nold et al., 2010a) and sediments (0-3cm; Kinsman-Costello et al., 2017). Various types of 736 

sulfide-oxidation processes produce S0 or other sulfur intermediates near the mat surface. In 737 
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particular, anoxygenic photosynthetic cyanobacteria at MIS produce these sulfur intermediates 738 

and immediately secrete them to their surroundings (Nold et al., 2010a). These intermediate 739 

sulfur species can react with sulfide to form polysulfides, which promote CRS formation via the 740 

polysulfide pathway (eqn. 2; Rickard, 1975, Rickard and Luther, 2007). Besides producing 741 

intermediate sulfur species, experimental studies have shown that other activities of 742 

microorganisms can promote pyrite formation. The formation of iron sulfide precursors to pyrite 743 

can occur on cell surfaces of sulfate-reducing microorganisms (Picard et al., 2018). Pyrite 744 

formation can also be coupled to methane production in microbial cultures containing sulfate-745 

reducing bacteria and methanogens (Thiel et al., 2019). In Santa Barbara Basin, it was proposed 746 

that pyrite formed in biofilms rather than in sedimentary pore waters (Raven et al., 2016). Thus, 747 

although iron geochemistry may have played a role in limiting the depth interval over which 748 

pyrite formation could occur (Rico and Sheldon, 2019), it is likely that the production of sulfur 749 

intermediates that could react with sulfide to form polysulfide and other microbial activity also 750 

played a role in promoting pyrite formation near the SWI.  751 

These results have implications for studies of both bulk and high-spatial resolution 752 

sedimentary sulfur isotope geochemistry of sediments interpreted to be formed in microbial mat 753 

environments (e.g., Wacey et al., 2010; Fischer et al., 2014; Meyer et al., 2017; Gomes et al., 754 

2018).  Specifically, our results and iron speciation data (Rico and Sheldon, 2019) indicate that 755 

pyrite formation primarily occurs near the surface microbial mat (within the top 1 cm), where 756 

microbial activity can promote pyrite formation. Therefore, in systems like MIS, 34SCRS values 757 

preserve information about environmental conditions at the mat surface and are only minimally 758 

influenced by early diagenetic processes that affect deeper portions of the sediment.  This is in 759 

part due to iron geochemistry that is unfavorable to further CRS precipitation in deeper portions 760 

of the mat, as indicated by invariant pyrite concentrations (Figure 6) and iron speciation with 761 

depth in the sediment (Rico and Sheldon, 2019). In ancient oceans with more abundant iron, it is 762 

possible that iron geochemistry more favorable to CRS formation could have extended the zone 763 

of CRS formation deeper into the sediment, resulting in the incorporation of deeper sulfide 764 

and/or AVS into early diagenetic pyrite. Of course, later diagenetic processes can also affect 765 

34SCRS values and therefore petrography or additional chemical tools should be used to assess 766 

evidence for further post-depositional sulfide formation or transformation. Petrographically 767 

constrained micro-scale 34Spyrite analyses can be used to infer different phases of sulfide 768 
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formation, as well as other phases of post-depositional metal sulfide formation and/or 769 

recrystallization, especially when done in conjunction with other high-spatial resolution 770 

geochemical analyses (e.g., Wacey et al., 2010; Meyer et al., 2017; Fischer et al., 2014; Gomes 771 

et al., 2018; Cui et al., 2018; Bryant et al., 2019). These studies can be used to discern if sulfur 772 

cycling within ancient mat environments was more similar to those documented in higher sulfate 773 

(>28 mM) environments dominated by recalcitrant cyanobacterial biomass (Fike et al., 2008; 774 

2009; Lee et al. 2019; Gomes et al., 2020) or in mats like MIS characterized by planktonic-775 

sourced organic matter and substantial consumption of the ambient sulfate reservoir.   776 

In the low-oxygen system at MIS, low sulfate concentrations (~7.1  1.5mM; Kinsman-777 

Costello et al., 2017) result in sulfur isotope geochemistry dominated by progressive 778 

consumption of the sulfate reservoir rather than differential metabolic activity.  The diurnal 779 

34Ssulfide variability is shaped by both geomicrobiological cycling in the surface mat and the 780 

activities of migrating diatoms. This style of geomicrobiological cycling is not known to be 781 

common in the modern ocean and it is unclear if it was common in the past. Therefore, it is not 782 

our intention to imply that similar migratory activity shaped 34Ssulfide trends in ancient oceans 783 

dominated by microbial mat ecosystems. Whatever taxa were present in ancient microbial mat 784 

ecosystems, electron-donor versus electron-acceptor limitation would have impacted 34Ssulfide 785 

trends (i.e., if they are driven by differential metabolic activity versus progressive consumption 786 

of the sulfate reservoir) and iron geochemistry would have impacted the location of pyrite 787 

formation. At MIS, low sulfate concentrations (~7.1  1.5 mM), labile planktonic biomass, and 788 

iron geochemistry all result in early diagenetic pyrite that captures 34S signatures of pore water 789 

sulfide near the SWI of the low-oxygen microbial mat. 790 

 791 

5. Conclusions 792 

 793 

Geomicrobiological cycling in low-oxygen microbial mats at Middle Island Sinkhole results in 794 

dynamic 34Ssulfide patterns over diurnal cycles that span depths well below the microbial mats.  795 

The diurnal cycles primarily affect 34Ssulfide values near the sediment-water interface, where 796 

34Ssulfide values range from -7.1 to 11.1‰.  The availability of oxidants and transport of oxidants 797 

by migrating taxa have cascading effects on net sulfate-reduction rates deeper in the sediment. 798 

The consumption of the sulfate reservoir in deeper sediments results in 34Ssulfide trends where 799 
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sulfide is 34S-depleted at the surface and becomes 34S-enriched with depth, approaching 34S 800 

values of the overlying sulfate reservoir. Despite the dynamic diurnal 34Ssulfide patterns, pyrite 801 

captures 34S signatures of the ambient sulfide at the locus of its formation at or immediately 802 

adjacent to the surface microbial mat. Thus, the chromium-reducible sulfur pool, usually 803 

considered to be composed primarily of pyrite, captures 34S signatures near the sediment-water 804 

interface and is only minimally altered by deeper early diagenetic processes. In addition to the 805 

role of the low-oxygen microbial mat communities, these 34S patterns are also likely due to a 806 

relatively low sulfate concentrations (~7 mM), inputs of labile planktonic biomass, and limited 807 

iron availability. These results, and their contrast with those from other mat systems in distinct 808 

geochemical and environmental settings such as Guerrero Negro, have implications for the 809 

interpretations of both bulk and fine-scale studies of 34S signatures of pyrite in sediments 810 

formed in microbial mat environments. Specifically, bulk 34S values will integrate 34Ssulfide 811 

signals over the location of pyrite formation, which is primarily the mat surface at MIS. 812 

Microanalytical studies of 34S values of pyrite may document individual pyrite grains with 34S 813 

values that span the range of 34Ssulfide values at the mat surface with a mean 34S value 814 

corresponding to the bulk pyrite 34S value. 815 

 816 

Data Availability Statement 817 

The data that supports the findings of this study are available in the supplementary material of 818 

this article. 819 

 820 

Acknowledgements 821 

We thank the NOAA Thunder Bay National Marine Sanctuary Dive Unit – John Bright, Russ 822 

Green, Phil Hartmeyer, Wayne Lusardi, Stephanie Gandulla, Katie Clevenger, and Annie Wright 823 

– and R/V Storm Ship Captain Travis Smith for field support, site access, and sampling.  We also 824 

thank Dirk de Beer, Arjun Chennu, Bopaiah Biddanda, Dack Stuart, Greg Druschel, Martin 825 

Kurek, Chase Howard, John Shukle, Hui Chien Tan, and Heidi Babos for help with field science 826 

operations and useful conversation and Stephanie Moore for laboratory and technical assistance. 827 

This work was supported by NSF grant EAR-1637066 to G.J.D. and W.Z. 828 

 829 



 

This article is protected by copyright. All rights reserved 

Figure and table captions: 830 

 831 

Figure 1 Bathymetric image of Middle Island Sinkhole (from Nold et al., 2013) with sampling 832 

grid in white and showing locations of purple mat photo film deployments (purple box), grey mat 833 

photo film deployments (orange box), core for solid phase sulfide (SPS) sediment geochemistry 834 

(black box), cores for sulfate reduction rate (SRR) and porewater sulfate concentration ([SO4
2-]) 835 

determination (yellow box), and cores for ex situ microsensor measurements (red box). 836 

 837 

Figure 2 Black and white photo film deployed in (A) a purple mat location and (B) a grey mat 838 

location in the afternoon (15:00 – 17:30).  Film width is 25.4cm. Deployment times of all films 839 

are provided in Table 1. 840 

 841 

Figure 3 Porewater sulfate concentration ([SO4
2-]; left) and sulfate reduction rates (SRR; right) 842 

from dark incubations. Grey symbols show the results of individual analyses with analytical 843 

errors smaller than the size of the symbol.  The solid black line is the average of all analyses. 844 

Data are provided in Table S1. 845 

 846 

Figure 4 Profiles of pH (black circles), O2 concentrations (blue squares), and total sulfide 847 

concentrations ([S2-], [HS-], [H2S], where brackets denote concentration; red triangles) from ex 848 

situ microsensor measurements under light (58 µmol photons m-2 s-1; open symbols) and dark, 849 

low O2 (<0.5 µmol photons m-2 s-1 and ~13 µM O2; closed symbols) conditions measured within 850 

~1 hour in the same location in a core with a surface purple mat. Data are provided in Table S2. 851 

 852 

Figure 5 Porewater sulfide sulfur isotope (34Ssulfide) values from purple (left) and diffuse grey 853 

(right) mat locations.  The sulfur isotope composition of sulfate (34Ssulfate) in water emerging 854 

from the alcove is indicated on both plots with a dashed line. Reproducibility of S isotope 855 

measurements is 0.2‰ (i.e., within the size of the symbols) based on standard deviation of 856 

international standard analyses. Deployment times are provided in Table 1. Data are provided in 857 

Table S3. 858 

 859 
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Figure 6 Solid phase sulfur and iron geochemistry. Left: Sulfur isotope composition (34S) of 860 

acid volatile sulfide (AVS; squares) and chromium reducible sulfide (CRS; diamonds) from 861 

cores taken in July 2015 (grey) and October 2015 (black). The range of 34Ssulfide values in 862 

porewater from the purple and grey diffuse mat locations are shown in shaded purple and orange, 863 

respectively. Reproducibility of S isotope measurements is 0.2‰ (i.e., within the size of the 864 

symbols) based on standard deviation of international standard analyses. Data are provided in 865 

Table S4. Right: Concentration of Fe as pyrite (wt %) from nine cores taken in 2014 and 2015 866 

from data published in Rico and Sheldon (2019). 867 

 868 

Figure 7 Porewater sulfide sulfur isotope evolution using the Mariotti et al. (1981) 869 

approximation of isotopic evolution of a product of a reaction with a kinetic isotope effect in a 870 

closed system. The linear regression predicts the average apparent sulfur isotope fractionation 871 

effect that is most likely dominated by microbial sulfate reduction (34MSR) as the slope of the 872 

line and the sulfur isotope composition of the initial sulfate reservoir as the y-intercept.  873 

 874 

Figure 8 Schematic showing diurnal changes in the depth of near complete sulfate consumption 875 

in sediment underlying purple (top) and grey (bottom) mats. Purple and white lines near the 876 

sediment water interface indicate filamentous purple cyanobacteria and sulfide-oxidizing 877 

bacteria, respectively.  Green ovals depict migratory diatoms.  878 

 879 

Table 1 Deployment times and durations for photo films used to trap porewater sulfide over a 880 

diurnal cycle to determine pore water 34Ssulfide patterns. 881 

 882 

Supplementary Files:  883 

 884 

Supplementary document with figures showing pictures of: the back of photo films deployed to 885 

trap sulfide for determination of sulfur isotope (34S) values of porewater sulfide; the front of 886 

photo films deployed to trap sulfide for determination of 34S values of porewater sulfide; and 887 

pictures of films deployed in the field. 888 

 889 
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Table S1: Sulfate concentration and sulfate reduction rates (SRR) from dark incubations of cores 890 

obtained on July 27, 2016 and July 28, 2016 (data shown in Figure 3). 891 

 892 

Table S2: Ex situ microsensor pH, O2 concentration, and total sulfide concentration values for 893 

light (58 µmol photons m-2 s-1) and dark (<0.5 µmol photons m-2 s-1 and ~13 µM O2 in the 894 

overlying water column) conditions (data shown in Figure 4). 895 

 896 

Table S3: Sulfur isotope composition of porewater sulfide over a diurnal cycle. Sulfide yields in 897 

units of moles S/cm2 of film are also provided. (data shown in Figure 5). 898 

 899 

Table S4: Sulfur isotope composition and concentration of acid-volatile sulfide and chromium-900 

reducible sulfide (data shown in Figure 6). 901 

 902 
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