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Proterozoie oecean analogue
Abstract

Constraints on Precambrian ocean chemistry are dependent upon sediment geochemistry.
However, diagenesis and metamorphism can destroy primary biosignatures, making it difficult to
consider biology when interpreting geochemical data. Modern analogues for ancient ecosystems
can be usefulrtools for identifying how sediment geochemistry records an active biosphere. The
Middle Island'Sinkhole (MIS) in Lake Huron is an analogue for shallow Proterozoic waters due
to its low"exygen water chemistry and microbial communities that exhibit diverse metabolic
functions.at'the sediment-water interface. This study uses sediment trace metal contents and
microbial abundances in MIS sediments and an oxygenated Lake Huron control site (LH) to infer
mechanisms for trace metal burial. The adsorption of trace metals to Mn-oxyhydroxides is a
critical burial"pathway for metals in oxic LH sediments, but not for the MIS mat and sediments,
consistentwith’conventional understanding of Mn cycling. Micronutrient trace metalZ(g.g.,
are associated with organic matter regardless of oxygen and sulfide availability. Although U and
V are conyentionally considered to be organically-complexed in sub-oxic and anoxic conditions,
U and organic.covary in oxic LH sediments, and Mn-oxyhydroxide cycling domiates
deposition.in.the anoxic MIS sediments. Significant correlations between Mo and organic matter
across all redox regimes have major implications for our interpretations of Mo isotope
systematicsuin.the geologic record. Finally, while microbial groups vary between the sampling
locales (e.g.the cyanobacteria in the MIS microbial mat are not present in LH sediments), LH
and MIS ultimately have similar relationships between microbial assemblages and metal burial,

making it difficult to link trace metal burial to microbial metabolisms. Together, these results
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indicate that bulk sediment trace metal composition does not capture microbiological processes;
more robust trace metal geochemistry such as isotopes and speciation may be critical for

understanding the intersections between microbiology and sediment geochemistry.

1. Introduction

Partial oxygenation of the atmosphere ~2.34 Ga ago (the Great Oxidation Event; GOE) is widely
accepted due to the disappearance of non-mass-depaft®anomalies (Farquhar, Bao, &
Thiemensg2000) as well as a variety of other observations from the sedimentary record  such
as the appearance of oxidized soils on land and the loss of detrital pyrite from ancient stream
beds (see Lyons, Reinhard, & Planavsky, 2014, for review). The GOE also partially oxygenated
the upper parts.of the Proterozoic oceans, allowing for the diversification of microbial life and
evolution of eukaryotes (Knoll, 2014; Lyons et al., 2014; Planavsky et al., 2018). Our current
understanding‘of Proterozoic ocean chemistry is largely dependent on the geochemistry of
ancient sediments (e.g., Reinhard et al., 2013; Sperling, Halverson, Knoll, Macdonald, &
Johnston;*2013; Planavsky et al., 2018). For example, trace metal (e.g., Mo, U) sediment
geochemistry is considered a robust tool for comstrg the redox chemistry of ancient oceans
(e.g, Algeo & Maynard, 2004; Algeo & Lyons, 2006; Tessin, Chappaz, Hendy, & Sheldon,
2018; Planavsky et al., 2018). However, those ancient sediments may or may not include direct
evidence of‘amactive biosphere (such as stromatolites or biomarkers; e.g., Noffke & Awramik,
2013; Brockseet al., 2017) even though one is widely asdumaking it difficult to consider the
role of biology when interpreting geochemical data. Therefore, modern analogues for ancient
ecosystems hayve been used to develop hypotheses about biogeochemical cycling in the fossil
record (e.gs=Rothschild, 1991; Hasiotis et al., 2001; Konhauser et al., 2001; Hamilton et al.,
2017). In addition, modern analogue systems are excellent models for testing the applicability of
paleoproductivity and paleoredox proxies, and for interpreting results in a geologic context.
This'werk aims to use an analogue for the Proterozoic to examine the burial pathways for
trace metals across modern oxic and anoxic sediments, and to consider how trace metal
geochemistry is influenced by the presence of a cyanobacterial microbial mat system. The

Middle Island Sinkhole (MIS), located 23 m below the surface of Lake Huron, has biotic and
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abiotic characteristics that make it an appropriate analogue for shallow Proterozoic ocean sites
(Table 1). Low-oxygen groundwatse@s into MIS, creating an environment with lower
oxygen, elevated sulfate concentration, and higher conductivity (i.e., salinity) relative to the rest
of Lake Huron (Table 1). Quantitatively, the dissolved oxygen, iron, and sulfate values are
similar to these reconstructed for shallow Proterozoic ocean waters (Rico & Sheldon, 2019). The
groundwater layers persists <3 m above the sediment-water interface, with mixing between MIS
and surrounding Lake Huron waters limited to brief periods in the summer (Ruberg et al., 2008;
Biddanda'etal’; 2012). This water chemistry allows for the proliferation of microbial
communities of diverse metabolic functions at the sediment-water interface and generally
excludes multicellular life. These microbial mats include cyanobacteria that conduct both
anoxygenie‘and oxygenic photosynthesis, sulfur oxidizers and reducers, and Archaea (Biddanda
et al., 2012; Voerhies et al., 2012; Kinsman-Costello et al., 2017).

In comparison, a fully oxygenated Lake Huron control site (LH) of comparable depth
does not have a microbial mat at the sediment-water interface; instead, LH sediments have a
different mierebial community structure than MIS (e.g., a lack of cyanobacteria that dominate
MIS microbiakmats; Kinsman-Costello et al., 2017). Sediment geochemistry of these localities
also variesglin that MIS sediments are enriched in macronutrients such as C, N, and P, as well as
metals sueh'as Fe, Mn, and Mo, relative to LH sediments (Nold et al., 2013; Kinsman-Costello et
al., 2017; Rico & Sheldon, 2019; Rico, Sheldon, Gallagher & Chappaz, 2019). Differences in
chemistry‘extend to the pore waters, with inorganic nutrient concentrations of MIS pore waters
higher than'that of LH pore waters, and evidence for variable oxygen penetration and sulfide
accumulatien«in MIS pore waters (Kinsman-Costello et al., 017

With stark differences in water chemistry, microbial community composition, and
sediment geochemistry, MIS and LH serve as low-oxygen and fully oxygenated endmembers for
considering.how trace metals respond to different abiotic (i.e., redox chemistry) and biotic
controls (i.e.,microbial community composition and metabolisms). Relationships between
organic maitter and different types of metatsrganically-complexed, micronutrient, oxide-
forming, and sulfide-complexedin oxic LH and anoxic MIS serve as a test to gauge whether or
not these metals are responding as expected based on their use as paleoredox and
paleoproductivity proxies. Additionally, considering MIS as an analogue for Proterozoic oceans
(Biddanda et al., 2012; Voorhies et al., 2012; Rico & Sheldon, 2019), MIS microbial mats can be
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used to determine if trace metal geochemistry could have been influenced by microbial activity
in the fossil record.

2. Methods
2.1 Sample.eellection and processing

National Oceanic Administration Thunder Bay National Marine Sanctuary (NOAA
TBNMS) scuba‘divers collected surficial sediment cores from MIS (n =9; 45°11.911" N,
83°19.662"yand'LH (n = 8§; 45°12.267' N, 83°19.831" W) during September 2014 and May 2015.
Sediments were collected in 20 x 7 cm (length x inner diameter) clear polycarbonate tubes. In
May 2015, eng‘long core” (30 x 7 cm) was also collected at MIS. Cores were immediately
frozen anditransported upright to the University of Michigan in Ann Arbor, MI, where they were
stored at -28C. Frozen cores were sectioned via a solvent-cleaned table saw according to depth

(three 1 cm sections at the top, then 3 cm intervals downcore), freeze-dried, and homogenized.

2.2. Elementalanalysis

MIS*(n'="56) and LH (n = 22) samples were analyzed for metal (Mn, U, V, Cd, Zn, Ni,
Cu, Fe, Mo, Al) and macronutrient (S, P) contents at ALS Laboratories in Vancouver, British
Columbia«(Mo and U contents previously reported in Rico et al., 2019; Fe, S, and P contents
were previously reported in Rico & Sheldon, 2019). Samples (0.25 g each) were digested with
perchloric,.hydrofluoric, nitric, and hydrochloric acids, and concentrations were determined by
inductivelyseoupled plasma (ICP)-atomic emission spectroscopy and ICP-mass spectroscopy.
OREA-45d:MRGe008, OGGeo0O8m CDN-CM-34 internal standards were used to verify
elemental concentrations. Relative error for major elements was less than 2%, while relative
error for trace elements was less than 3%. Additional macronutrient contepn(CN) used in

this work were determined via Elemental Analyzer, as described Rico and Sheldon (2019).

2.3 Trace_element organization

Trace metals are presented as normalized to Al content in order to represent authigenic
enrichments of target elements (Van der Weijden, 2002). Al was chosen because Al contents
across MIS and LH had lower variability than other immobile elements (i.e., Ti and Zr; Van der

Weijden, 2002)Al-normalization was used instead of calculating detrital versus authigenic
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inputs due to a lack of data on detrital inputs to the Great Lakes region. The metals selected (Mn,
U, V, Cd, Zn, Ni, Cu, Mo) were divided into four categories based upon their uses as redox and
productivity proxies: oxide-forming metals (e.g., Mn; Calvert & Pederson, 1993; Tribovillard,
Algeo, Lyons, & Riboulleau, 2006inetals that accumulate under sub-oxic to anoxic conditions

(U and V; Klinkhammer & Palmer, 1991; Algeo & Maynard, 2004; Tribovillard et al., 2006);
metals that,act/as micronutrients, especially as incorpdogtedcrobial metabolisms (Zn, Cd,

Ni, and"Ca;Lepp, 1992; Tribovillard et al., 2006; Jelen, Giovannelli, & Falkowski, 2016; Moore,
Jelen, Giovanelli, Raanan, & Falkowski, 2017), and metals that are proxies for free sulfide
availability (e.g., Mo; Erickson & Helz, 2000; Zheng, Anderson, Van Geen, & Kuwabara, 2000).

It is importantte note that some of these metals could belong to multiple categories (esg., Mn
also involved photosystem Il during oxygenic photosynthesis and therefore serves as a
micronutrienf Ferreira et al., 2004), however categories are used in this work to group metals
that are used similarly as paleoproxies throughout the literature (e.g., Algeo & Maynard, 2004;
Tribovillard.et al., 2006; Sperling et al., 2013; Miller et al., 2017; Nguyen et al., 28i1ugh

Fe geochemistry is also considered to be one of the most robust tools for understanding the redox
chemistry of agquatic environments (Raiswell & Canfield, 2012; Raiswell et al., 2018), Fe could

be placed-the various categories of metals explored in this study (e.g., Fe forms oxides, is
reactive torsulfide, and can be used as enzymatic cofactor across a variety of microbial
metabolisms; Huerta-Diaz & Morse, 1992; Tessier, Fortin, Belzile, DeVitre, & Leppard, 1996,
Moore et al., 2017). In addition, the Fe geochemistry of MIS and LH has already been explored

in Rico & Sheldon (2019). Hence, discussion of Fe in this study is limited.

2.4 Microhial community composition

Relative abundances and composition of microbial communities for MIS sediments (n =
87), MIS mat.(n.= 17, wherein mat is defined a% 6m depth), and LH sediments (n = 11) were
previously published by Kinsman-Costello et al. (2017); see methods therein for complete
information.on DNA extraction, quantification, amplification, sequencing, and taxonomic

clustering.

2.5 Ordination methods
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Principal Component Analysis (PCA) was performed using Past 3.14 (Hammer, Harper,
& Ryan, 2001) in order to a) represent how different trace metals and macronutrients are
associated with MIS mat and sediment, and LH sediment, and b) how trace metal and
macronutrient geochemistry are related to the relative abundances of major biological groups.
Redundancy-Analysis (RDA) was also used to consider the ways in Middle Island Sinkhole and
Lake Huron microbial assemblages constrain the variability in sediment geochemistry (Figure
S2). RDA'was carried out with the Vegan package in RStudio software version 1.1.463
(Oksakenetal’; 2013). In order to demonstrate true variance in the data and account for different

unit scales, all variables were standardized by z-score (see supplemental materials for details).

3. Results‘andDiscussion
3.1 Broad Controls on Trace Metal Burial

Independent of water column oxygen and iron measurements, the iron geochemistry of
MIS and LH sediments have corroborated known water chemistries of the two-lewatles
MIS as lowersin oxygen and rich in Fe relative to the oxic Lake Huqmmoviding a redox-based
mechanism forithe enhanced burial of macronutrients and the different species of Fe in MIS
sedimentsurelative to LH sediments (Table 1; Rico & Sheldon, 2019). Based upon these Fe
speciationsresults, MISe geochemistry is not recording the bulk of the water column (i.e., 20 m
of oxic Lake Huron water), but rather rapid transformations across the redoxcline, or the
influence of early diagenesis (Rico & Sheldon, 2019). These controls on iron geochemistry could
also be impacting the burial of trace metals in MIS mat and sediments.

Tracesmetal contents do not vary between the MIS mat and MIS sediments, but are
generally higher than those of the LH sediments, with Mn as the only exception (Table 2). In
MIS sediments, downcore trace metal contents do not change with depth for U, V, Ni, Cu, and
Fe (Figures.1.and S1), increase in Cd and Zn with depth (Figures 1 and S1), and decrease with
depth for Mo (Figure 1). Trace metal contents of LH sediments show a pattern of decreasing
abundance.with depth after 10 cm, however Mn also decreases with depth in the first 3 cm
(Figure 1)."Principal Component and correlative analyses help to determine how variable redox
chemistry between LH and MIS has an impact on trace metal burial.

The PCA is used to group trace metals, macronutrients, and relative abundances of major

biological groups based on their covariance across LH and MIS sediments as a function of depth.
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186 The first two components account for ~87% of the total varidnC& accounts for 58.2% of the

187  variability, while PC2 accounts for 28.4%. MIS sediments and LH sediments are distributed

188 separately across PC1, with PC1 separating LH sediments by their depth bins and PC2 separating
189 MIS sediments by depth (Figure 2). With the exception of Mn, trace metals and macronutrients
190 are associated with the MIS mat and sediments, rather than LH sediments (Figure 2). PC2

191 separates the macronutrients and the trace metals across the MIS sediments, with trace metals
192 associated'with'deeper MIS sediments, and macronutrients covarying with shallower MIS

193 sedimentsandthe MIS mat(Dcm; Figure 2). PC1 therefore effectively serves as a gradient

194  from oxic (LH) to low-oxygen (MIS) settings, while the variance described by PC2 is dependent
195 on the influenee of the microbial mat (and associated macronutrients) in surficial MIS sediments.
196 In addition to PCA, Redundancy Analysis (RDA) was considered to determine which

197 major microbiological groups explain most of the variance in sediment geochemistry (Figure

198 S2). RDA results indicate that the relative abundance of six microbial groups constrains 19% of
199 the variabllity in sediment geochemistry. The orientation of MIS and LH depth bins, microbial
200 groups, maeronutrients, and trace metals are similar between the RDA and the PCA (Figures 2
201 and S2); RDA«did not yield additional insight about the relationships between trace metal burial
202 and microbial community assemblage in MIS and LH. Instead, the relationships between trace
203 metal burial"and organic matter in LH sediments, MIS sediments, and MIS sediments dominated
204 by the microbial mat (8B cm depth according fﬁSCorgvalues; Nold et al., 2013; Rico &

205 Sheldon, 2019) become clearer with direct correlative analyses.

206 For/tH'sediments, MIS sediments, and MIS mat, S is significantly correlated yg(ip C

207 < 0.01; Figure'S3; Table 4), indicating that S in these environments is directly tied to organic
208 matter, and making it difficult to disentangle the two cycles. Therefore, generally speaking,

209 correlations between trace metals and S are inferred to reflect metal-organic matter cycling. In
210 fact, amongst.all correlative analyses between trace metals,grat § (Figures 3, 4, S4, and

211 S5), there.are.only three metals for which there are significant correlationsgwitbu€ not with

212 S:Mn, V, and Mo (discussed in detail in 3.2.1, 3.2.2, and 3.2.4, respectively; Tables 3 and 4).
213 Strong correlations between trace metals and organic C in LH (p < 0.0005; Table 3; Figures 3
214 andS4) indicate that metal burial is tied to organic matter burial in this oxic environment. Given
215 that redox chemistry drives enhanced macronutrient burial in MIS sediments relative to LH

216 sediments (Rico & Sheldon, 2019), and that the bulk of the trace metals are correlated with
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organic C in MIS mat and sediments (Table 3; Figures Bdpdedox is also a key control on
enhanced trace metal burial for MIS. For most trace metals, there are differences in slopes
between the LH sediments, and the MIS mat and sediments (Table 3; FigureS4g and

Although both slopes are positive, the different slopes provide quantitative evidence of different
metal-Gq relationships for the various abiotic-biotic redox regimes. Whether or not this is
attributable. to different redox chemistries (e.g., Rico & Sheldon, 2019), or a threshold value of
organic"C"(=4%; Figures 3 ai®¥)) is unclear. The presence of a break in slope indicates that in
MIS, relativeto'LH, fewer metals are buried for the same amount of organic matter, potentially
due to the abundance of organic matter (Nold et al., 2013; Rico & Sheldon, 2019), and/or a
limited metal reservoir in MIS. However, without a quantification of trace metals in the Lake
Huron water column versus the groundwater that seeps into MIS, the mechanism for this break in
slope remains unresolved. Similarly, although trace metal contents are greater in MIS than LH
(Figures 1 and S1; Table 2), the contribution of trace metals from the groundwater to the trace
metals in MIS mat and sediments is not constrained. Instead, by dividing select trace metals into
four categories'based upon their respective uses as redox and productivity proxies, we are able to

differentiate the abiotic and biotic mechanisms for their burial in these freshwater environments.

3.2 Trace.metals as redox and productivity proxies
3.2.1 Manganese: An Oxide-Complexing Trace Metal

Oxidized Mn is predominantly found as a solid in the form of Mn-oxyhydroxides gMnO
and MnOQH;*Calvert & Pederson, 1993; Tribovillard et al., 2006). These Mn-oxyhydroxides can
trap organie.matter and trace metals (Tessier et al., 1996), which provides a mechanism for the
correlations for each trace metal and Mn (p < 0.05), and between Mn,giid=30.76; p <
0.0001) in.the oxic LH (Tab&3 and S1Figures 3 an®&4). However, it is difficult to discern
whether trace. metals are adsorbed directly to the Mn-oxyhydroxide surfaces, or whether they
require the additional presence of organic matter on Mn-oxyhydroxides surfaces for adsorption
(e.g., Tessier'et al., 1996). That being said, Mn is not correlated to S in LH sediments, MIS
sediments,;"or,MIS mat (Table 4; Figure 4); Mn-oxyhydroxide formation and deposition may be
independent of S cycling, regardless of redox regime.

In reducing environments, Mn-oxyhydroxides can be dissolved, with Mn released into

the water column as Mn(ll) (Huerta-Diaz & Morse, 1992; Tribovillard et al., 2006). Dissolution
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of Mn in MIS mat and sediments may therefore limit the metal reservoir in MIS, resulting in the
similarity between LH, MIS mat, and MIS sediment Mn contents (Table 2), and the lack of
correlations between Mn and,gas seen in Figure 3. Additionallyln-oxyhydroxides can also
be transported through reducing waters to the sedimant-interface via a “particulate shuttle”
(Algeo & Tribevillard, 2009). Such a mechanism in MIS and LH is corroborated by Mo vs U
covariation,in these sediments (Rico et al., 2019). However, few correlations between metals and
Mn in MIS'sediments, and no correlations between metals and Mn in the MIS mat, indicate that
Mn-oxyhydroxide deposition is not a key trace metal transport in these systems (Talle S1).
rapid transport of Mn-oxyhydroxides from the oxygenated Lake Huron, through the low-oxygen
MIS waters, and to MIS sediments would explain why Mn contents in MIS mat and sediments
are similarto that of LH sediments (Table 2; Figure 1), and are not correlated ta,/IS C
contents (Table 3; Figure 3). Thus, the burial of Mn in LH, MIS sediments, and MIS mat is in
accordance with the current understanding of Mn-oxyhydroxide formation in oxic waters and
rapid transport to the sedimsnt

Thesfermation of Mn-oxyhydroxides in the LH sediments (and dissolution of these oxides
in the MIS environments) provides an abiotic mechanism for why Mn is most associated to LH
sediments«of all of the trace metals in the PCA (Figure 2). There may also be a biological
mechanismrfor this: Mn is required by oxygenic photosynthesis in the oxygen-evolving complex
of photosystem Il (Ferreira et al., 2004), and some of the microbial groups in high (>5%)
abundance.in LH sediments (e.g., Actinobacteria and Acidobacteria; Kinsman-Costello et al.,
2017) have'the,capability to conduct aerobic respiration. Regardless, this work demonstrates that

Mn serves-as-an oxygen indicator in freshwater, and possibly marine, environments.

3.2.2 Proxies for suboxic-anoxic conditions

In the.open ocean and in oxic sediments, U and V are present mainly as dissolved U(VI)
and V(V), respectively, and are presumed to be dissociated from organic matter (e.g.,
Klinkhammer'& Palmer, 1991; Tribovillard et al., 2006). Strong correlations in LH sediments
between both,V aniin (r = 0.91, p < 0.0001), and a significant correlation between V ggd C
(r =0.5, p <0.05), could be explained by the adsorption of V to Fe- and Mn-oxyhydroxides
(Tables 4 and S1; Figure 3). Calvert & Piper, 1984; Tribovillard et al., 2006). With Mn cycling

independent of S cycling (e.g., a lack of a correlation between Mn and S in LH sediments; Table
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279 S1), aMn-oxyhydroxide shuttle of V to LH sediments is consistent with the lack of a correlation
280 between V and S (Table 4; Figure S5). However, because U is not impacted by Fe- and Mn-
281 oxyhydoxides (Tribovillard et al., 2006), this transport mechanism cannot explain the correlation
282 between U/Al and g4 (r = 0.91, p > 0.0001), nor the correlation between U and S (r =0.78, p <
283 0.0001) in LH.sediments (Tables 3 and 4; Figures 3 and 4). Instead, these data suggest that, in
284 some oxicsedimentt) can also be buried readily via the formation of organometallic ligands in
285 humic andfulvic acids (Figures 3 aB8d). Alternatively, these correlations could be evidence for
286 some reducing-conditions within sediments beneath the oxic water column, which is partially
287 corroborated by a depletion in pore water {\&hd increases in pore water'N&&*, Mg?*,

288 SO, and.Clwith depth (>2 cm) in LH (Kinsman-Costello et al., 2017).

289 In sub-oXxic to anoxic environments, U and V are both reduced and removed to sediments
290 viathe formation of organometallic ligands (Tribovillard et al., 2006). For U, this process can be
291 promoted by the presence of bacterial sulfate reduction and subsequent free sulfide availability
292 (sulfide proeduction via bacterial sulfate reduction aids in the reduction of U to produce uraninite,
293 the precurserto organometallic ligand formation; Klinkhammer & Palmer, 1991; McManus et
294 al., 2005).In"'eomparison, the availability of free sulfides reduces V further, removing it from
295 organometallic ligands (Morford & Emerson, 1998)significant correlation between U and V

296 and G (r-="0.75, p < 0.0005, r = 0.9, p < 0.0001, respectjvedples 3 and 4; Figures 3 and

297 S4), and no correlation between U or V and Mn (Table S1) where the bulk of the MIS bacterial
298 sulfate reduction is taking place (the anoxic microbial mat; Voorhies et al., 2012; Kinsman-

299 Costello etral52017), indicates no Mn-oxyhydroxide shuttle of these metals, but instead low
300 enough oxygen to allow for U and V to complex with organic ligands, and limited sulfide

301 production to disrupt the organometallic complexation of V.

302 In comparison, a correlation between Mn and V in MIS sediments (r = 0.63, p < 0.0001)
303 demonstrates.that Mn-oxyhydroxide transport of V to sediment-water interface is playing a

304 critical role.in.\V cycling (Table S1). With no significant correlation between U apdrGMIS

305 sediments(r=10.1, p = 0.6), it appears that U may be precipitating in MIS sediments as

306 authigenic phases, separate from organic complexation (Algeo & Maynard, 2004; Tribovillard et
307 al., 2006). Ultimately, the key differences in U and V cyclrgsponse to sulfide (e.qg.,

308 McManus et al., 2005), and the propensity to adsoAetandMn-oxyhydroxides (e.g.,

309 Tribovillard et al., 2006)-lead to different burial pathways for these metals in LH sediments,
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MIS mat, and MIS sediments, with evidence Mn-oxyhydroxide shuttling dominating deposition
of V, and organic complexation driving U burial.

3.2.3 Micronutrient trace metals

In oxie.environments, Cd, Zn, Ni, and Cu can act as micronutrients, and are thus
incorporated into organic matter or complex with humic/fulvic acids (Calvert & Pederson, 1993;
Tribovillard"etal., 2006); these metals can also adsofgtandMn-oxyhydroxides and be
transportedto'the sediments (Tessier et al., 1996). These metals act as expected in the oxic LH
sediments, with contents strongly correlating to organic C (p < 0.0001; Table 3; Figures 3 and
S4). In reducing, sediments, they are mobilized and released into the water column during organic
matter degradation, and can complex with sulfide during bacterial sulfate reduction (Huerta-Diaz
& Morse, 1992; Calvert & Pederson, 1993). Although MIS mats are reducing, and therefore Cd,
Zn, Ni, and_Cu would be expected to be released into the water column (i.e., not associated with
organic matter), there are still significant correlations between these metalg gpd<.0001
Table 3). Thistindicates that these metals are serving as micronutrients to the microbial mat
itself, and/or ‘otherwise incorporated into the organic matter of the microbial mat. Significant
relationships were also found in MIS sediments (p < 0.05; Table 3; FiguresS3)amdhere
sulfide availability would be expected to facilitate the formation of metal-sulfide complexes
above metal-organics complexes. Alternatively, with enhanced organic C burial relative to LH
and other'Great Lakes sediments (Nold et al., 2013; Kinsman-Costello et al., 2017; Rico &
Sheldon, 2019), MIS sediments may be sequestering and preserving organic matter efficiently
enough that:€d, Zn, Ni, and Cu remain in metal-organic complexes. This also could be
facilitated by the complexation of these metals with organic matter that is adsorbed to Mn-
oxyhydroxides (e.g. , Tessier et al., 1996), and rapid transport to the sediment-water interface;
correlations between Mn, and Ni and Cu (p < 0.001) suggest shuttle by Mn-oxyhydroxides may
play a role for. micronutrient trace metal burial in MIS sediments (Table S1).

Cd,Zn; Ni, and Cu all plot in similar PC1 and PC2 space (Figure 2), which is expected
because allof.those elements are biotic micronutrients (Lepp, 1992; Tribovillard et al., 2006;
Moore et al., 2017). These metals have varying affinities for organic ligands, sulfide, and
sorption toFe- andMn-oxyhydroxides (Tessier et al., 1996; Huerta-Diaz, Tessier, & Carignan,

1998; Tribovillard et al., 2006;), which could explain both the variability in significance in
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correlations between the metals ang,GS, and Mn (Tables 3, 4, and S1; Figures 3, 4, S4, S5)

and their associations with one another in PCA space (Figure 2). However, the incorporation of
these metals as enzymatic cofactors may also play a role, as they are highly variable across taxa
and metabolisms (e.g., Moore et al., 2017). For example, bacterial cells have specific
mechanisms.for taking up Cu, Ni, and Zn (Lepp, 1992). In contrast, Cd is a nonessential element
for most bacteria with no specific uptake mechanism (Silver, 1998), providing a biological
mechanismfor'Cd to be least associated to (i.e., the farthest from) the microbial mat in the PCA
(Figure 2)-"Conversely, the metal most closely associated to the microbial mat is Cu (Figure 2).
Cu is critical in enzymes that catalyze microbial metabolisms such as nitrification,
denitrificationg/aerobic oxidation of ammonia, and aerobic respiration (Jelen et al., 2016). Given
the breadth“ofimetabolisms present in the MIS microbial mat (e.g., anoxygenic photosynthesis,
oxygenic photosynthesis, and chemosynthesis; Voorhies et al., 2012; Kinsman-Costello et al.,
2017), the association of Cu in the PCA with respect to the other micronutrient trace metals
(Figure 2)‘'may be indicative of its use by various metabolisms in the microbial mat.

3.2.4 Molybdenum: A Proxy for Euxinia

In“exic waters, Mo is present as the unreactive molybdate anion£Ma@d can be
adsorbed.té e andMn-oxyhydroxides (Calvert & Pederson, 1993; Chappaz , Gobeil, & Tessier,
2008), which can explain the correlation between Mo and organic C (r = 0.76, p < 0.0001; Table
3; Figure 3) and the correlation between Mo and Mn (r = 0.51, p < 0.05; Table S1) in LH
sedimentsgMaeycan also be transported to the sedimerfisvaadMn-oxyhydroxides in
reducing sediments (Algeo & Tribovillard, 2009; Sholz, Siebert, Dale, & Frank, 2017), and via
complexation with organic matter (not associated with sulfide) in weakly sulfidic sediments
(Wagner, Chappaz, & Lyons, 2017; Tessin et al., 2018). For the MIS mat, wherein sulfide is
being produced,via bacterial sulfate reduction but does not persist in high concentrations
(Kinsman-Costello et al., 2017), there is a strong correlation between Ma,giId=00.75, p <
0.0005; Table'3; Figure 3), and no correlation between Mo and Mn (Table S1). These data
indicate organic matter complexation driving Mo burial in MIS mat, not transpoReviand
Mn-oxyhydroxides.

With free sulfides present, Mo can be converted into particle-reactive thiomolybdates

(MoOXS(4_X)2') and scavenged with organic matter (Erickson & Helz, 2000; Tribovillard et al.,
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2006; Vorlicek, Chappaz, Groskreutz, Young, & Lyons, 2015), buried with Fe(ll)-S phases
(Helz, Erikson, & Vorlicek, 2019), and/or buried with organic matter independent of Fe or S
(Dahl et al., 2017). As a result, a strong covariation between Mo &nllaS been demonstrated

in euxinic basins and euxinic black shaleddre ‘euxinia’ is defined by persistent hydrogen

sulfide in the.water column; Algeo & Lyons, 2006; Lyons, Anbar, Severmann, Scott, & Gill,
2009; Helz & Vorlicek, 2019). The absolute concentrations of Mo in MIS samples are <1 ppm,
values toolowto be considered to be even anoxic according to the threshold of 20 ppm
designated by"Scott and Lyons (2012), in spite of measured dissglWede3 consistent with
anoxia (Ruberg et al., 2008). However, Hardisty et al. (2018) has demonstrated sedimentary Mo
does not always effectively capture sulfide concentrations in pore waters beneath oxic and low
oxygen water columns. Instead, using independent measurenparts water sulfide
concentrations up to 7 mM (Kinsman-Costello et al., 2017) and the MIS waters that are
ferruginous rather than euxinic with respect to Fe (Rico & Sheldon,-2049)fies that MIS is

not euxini¢. Therefore, covariation between Mo agg € = 0.41; p < 0.01) must be explained

by somethingather than thiomolybdate formation or complexation with sulfide minerals. Using
Mo-U covariation, Rico et al. (2019) found that Mo buriaMiS may follow the “particulate

shuttle” pathway—wherein authigenic Mo is adsorbed to Mn- and Fe-(oxy)hydroxides
transportedthrough the water column, and buried in sedimeassopposed to a burial pathway
associated with euxinia.

This, “particulate shuttle” pathway would explain significant correlations between Mo and
organic C for'MIS sediments (p < 0.01; Figure 3). However, Mo is negatively correlated to Mn (r
=-0.32, p <0:05), indicating that the Mo in MIS sediments is not associated with Mn-
oxyhydroxides. Correlations between Mo ang, @ MIS sediments are weaker than that of LH
sediments and MIS mat (Table 3; Figure 3), and while Mo is correlated to S for LH sediments
and MIS mat (attributable to the bulk of S being integrated with organic matter; Figure S3), Mo
and S are not correlated for MIS sediments (Table 4; Figure 4). These data suggest that Mo and S
may be asseciated with different pools of organic matter in MIS sediments.

Correlations between Mo and,&in LH sediments, MIS mat, and MIS sediments (Figure
3) suggest a mechanism for Mo burial that is dependent on organic matter burial, regardless of
redox regime. With current understanding of Mo isotope systematics largely dependent on the

thiomolybdate burial pathway of Mo in euxinic environments (e.g., Neubert, Nagler, & Béttcher,
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2008; Helz, BuraNaki¢, Mikac, & Ciglenecki, 2011; Nagler, Neubert, Bottcher, Dellwig, &
Schnetger, 2011), the propensity for Mo to be buried with organic matter independent of
thiomolybdate formation (thisork; Dahl et al., 2017; Wagner et al., 2017; Tessin et al., 2018)
necessitates a reinterpretation of Mo isotope ratios in sediments (King et al., 2018; Tessin et al.,
2018).

3.3 Relating'microbiology to trace metal burial

Comparing the major microbial groups with relative abundances greater than 5% for MIS
mat (G-1 cm; n = 17), MIS sediments (>1 cm; n = 87) and LH sediments (n = 11) demonstrates
substantialitaxenomic overlap at the phylum level (e.g., Bacteroidetes, Betaproteobacteria,
Verrucomierobia) between the three sample regimes, irrespective of redox chemistry (Figure 5;
Kinsman-Costello et al., 2017, Moore et al., 2017). Together, organisms represented by these
phyla are capable of an extensive list of microbial metabolisms (Moore et al., 2017). This
overlap could just be attributed to similar microbial assemblages across freshwater environments,
or could inspart be attributed to groundwater influergeoundwater directly interacts with MIS
mat and sediments from above the sediment-water interface, whereas there is some subsurface
groundwater influence in LH sediments (as indicated by pore water ion chemistry; Kinsman-
Costello.etal., 2017).

Despite substantial taxonomic overlap between LH, MIS mat, and MIS sediments (Figure
5), there are some key phyla that are prominent for each of the environments. For example, as
evident in Figures 2 and 5, relative abundances of the major phyla Nitrospirae, Actinobacteria,
and Acidobagteria are the most associated to LH sediments; these are in high (>5%) abundance
only in LH sediments (Figure 5; Kinsman-Costello et al., 2017). Additionally,
Deltaproteobacteria is abundant only LH sediments (>20%). In comparison, the MIS microbial
mats include cyanobacteria (>20% abundance; Figure 5; Kinsman-Costello et al., 2017), which is
corroborated by the strong association between cyanobacteria and MIS sediments where the
active or buried microbial mat is present3@m depth; Figure 2; Voorhies et al., 2012; Nold et
al., 2013, Rice.& Sheldon, 2019). Additionally, the only phylum of Archaea with substantial
presence—Euryarchaeota-is at relatively high abundance (>5%) in the MIS sediments (Figure
5), and is particularly associated with deeper MIS sediments (Figure 2). Euryarchaeota notably

includes methanogens, which explains the production of methane in MIS sediments (Biddanda et
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al., 2012; Kinsman-Costello et al., 2017).

While metagenomics and metatranscriptomics work by Medina (2016) and Grim (2019)
demonstrate greater metabolic diversignd diversity in the use of electron accepteirs MIS
than in LH, this diversity is not evident when assessing phylum-level community assemblages,
making it difficult to correlate trace metal burial to specific metabolic processes (e.g., the spread
in microbial groups across Figure 2). At this biological scale, and considering total trace metal
content(as‘opposed to speciation of metals), the direct relationships between microbial

assemblages and metal burial in LH and MIS remain unresolved.

4.4 Influeneegqof MIS microbial mat on trace metal geochemistry

Withssimilar microbial presence and water chemistry as has been inferred for the
Proterozoic (Biddanda et al., 2012; Voorhies et al., 2012; Kinsman-Costello et al., 2017; Rico &
Sheldon, 2019), the Middle Island Sinkhole is a useful modern analogue to consider the
relationships between sediment trace metal geochemistry and microbial communities. Based on
the presumed-mechanisms behind trace metal burial in aquatic environments, and subsequently
the ways in' which trace metal geochemistry in ancient environments are used as paleoredox and
paleoproductivity proxies, it was expected that the three abiotic/biotic regimes LH
sedimentsyanoxic MIS mat, and anoxic MIS sediments with free sulfides preseuld yield
different relationships between trace metals and organic matter. However, for trace metals, there
was significant overlap in their relationship with organic matter between the three regimes
(Figures 3.and\6). Notably, there are no trace metal categories that feature significant correlations
to Corg for onlysthe MIS mat, nor for the MIS sediments. Despite the differences in oxygen
availability, sulfide availability, and microbial mat presence, there is no evidence that the
presence of the, MIS microbial mat generates vastly different impacts on the trace metal
geochemistry.in MIS. Instead, considering the ways in which sediment metal geochemistry
records biological processes may necessitate examining how biology influences tools such as

metal speciation and metal isotope systematics.
4.5 Conclusions

Trace metal data from MIS and LH reveal that the relationships between trace metals and

organic matter are not consistent with what is expected from their use as paleoredox and
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465 paleoproductivity proxies. Of the types of trace metals assessed, evidence for Mn-oxyhydroxide
466 formation and deposition in LH was the most consistent with expectations for burial

467 mechanisms. In comparison, for U and V, which are generally anticipated to complex with

468 organic matter under sub-oxic and anoxic conditions (Tribovillard et al., 2006), there was also
469 evidence for.erganic matter complexation with U in oxic LH, and V burial dominated by Mn-

470 oxyhydroxide shuttling in LH sediments and MIS sediments. Given that U accumulation is often
471 used to'reflect'suboxic-anoxic (but not euxinic) environments in ancient environments (e.g.,

472 Algeo & Tribovillard, 2009), the accumulation of this metal in oxic environments has

473 implications for’how we interpret U geochemical data in the fossil record. Correlations between
474  the micronutrient metals Cd, Zn, Ni, and Cu indicate complexation with organic matter

475 regardlessof redox, directly contradicting the hypothesized model of Algeo and Maynard (2004)
476 and Tribovillard\et al. (2006), which assumed no enrichment nor correlation under oxic-suboxic
477 conditions. Importantly, this work demonstrates Mo covariation with organic C regardless of
478 redox chemistry (Figure 3), which is decoupled from S cycling where free sulfides are present
479 (i.e., the MiISrsediments). This is consistent with recent work highlighting organic matter as

480 critical for Mosburial, independent of Fe or S (Dahl et al., 2017; Tessin et al., 2018), and informs
481 our current.understanding of Mo isotope systematics (e.g., Neubert et al., 2008; Helz et al., 2011,
482 Nagler etal’; 2011). Altogether, these results demonstrate a need for a greater understanding of
483 the burial mechanisms for redox-sensitive trace metals under a variety of redox regimes that
484 include suboxic and anoxic settings as well as euxinic ones, with special consideration for

485 environments'with significant microbiological presence.

486
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Figure 1 Al-normalized depth profiles of the four different forms of trace metals explored in this
study— oxide-forming trace metals (e.g. Mn), metals that accumulate under sub-oxic to anoxic
conditions (e.g. U), micronutrient trace metals (e.g. Zn), and sulfide-complexed trace metals (e.g.
Mo)—for Middle Island Sinkhole (MIS) and Lake Huron (LH). Values for a given depth are
reported assmeans, with error bars representing variabijyb@tween different cores at

particular depths (n = 9 for MIS, and n = 8 for LH).

Figure 2 Principal component analysis demonstrating associations between trace metals and
macronutrients, and relative abundances of major microbial groups for Middle Island Sinkhole
(MIS; n = 56)7and Lake Huron (LH; n = 22) sediments. LH and MIS sediments grouped by depth
bins, and individual variable vectors are extended 10x for visualization. Macronutrient and Fe
data from Rico & Sheldon (2019). Mo and U data from Rico et al. (2019). Relative abundances

are from Kinsman-Costello et al. (2017).

Figure 3 Correlations between Al-normalized trace metals agpgfd@ the four different forms

of trace metals.explored in this studyoxide-forming trace metals (e.g. Mn), metals that
accumulate under sub-oxic to anoxic conditions (e.g. U), micronutrient trace metals (e.g. Zn),
and sulfide-complexed trace metals (e.g. Ma) Lake Huron (LH) sediments, Middle Island
Sinkhole (MIS) sediments, and MIS mat. Mo/Al LH outlier is not included in presented
statistics. &g data from Rico & Sheldon (2019). Mo and U data from Rico et al. (2019).

Figure 4 Correlations between Al-normalized trace metals afwd $e four different forms of
trace metals explored in this studyoxide-forming trace metals (e.g. Mn), metals that
accumulate under sub-oxic to anoxic conditions (e.g. U), micronutrient trace metals (e.g. Zn),
and sulfide=seemplexed trace metals (e.g. Ma) Lake Huron (LH) sediments, Middle Island
Sinkhole (MIS)'sediments, and MIS mat. Mo/Al LH outlier is not included in presented
statistics Sdata from Rico & Sheldon (2019). Mo and U data from Rico et al. (2019).

Figure 5 Vennidiagram depicting the relative abundances of major microbial groups within the
Middle Island Sinkhole (MIS) mat {@ cm; n = 17), MIS sediments (>1 cm; n = 87), and Lake
Huron (LH) sediments (n = 11). Different symbols adjacent to the major microbialsgroup
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represent varying relative abundance in their respective locations. Relative abundances are from
Kinsman-Costello et al. (2017).

Figure 6 Venn diagram depicting the significant correlations (p < 0.05) between trace metals and
Corgfor the Middle Island Sinkhole (MIS) mat8 cm; n = 18), MIS sediments (>3 cm; n = 38),
and LH sediments (n = 22).
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Table 1 Summary of select water column and sediment parameters, comparing the Middle Island
Sinkhole (MIS) to the Lake Huron control site (LH).

MIS LH
Dissolved oxygen concentrationyM) -2 <125 344
Water Salinity (PSU)*? 1.23 0.13
Colurfin Dissolved sulfate concentration (mM}? 7.8 0.15
Paramegers Dissolved iron concentration gM) ° 1-2 <0.1
pH 7.3 8.3

Sediment Organic C (%)° 7 1.5
Parameters Total Fe (%)° 1.5 1.0

Yrom Ruberg et al., 2008 and Biddanda et al., 2012
%rom Rico & Sheldon, 2019
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Table 2 Averagé trace metal contents for MIS sediments (n = 38), MIS mat (n = 18), and LH (n
= 22) sediments.

MIS Sediments MIS Mat LH
Mn.(ppm) 305 + 47 225+ 26 275 + 83
Mn/Al
5.15+0.68 4.33+£0.48 4.40 £1.42
(mmol mol™)
U (ppm) 1.57+£0.12 1.47 £0.13 1.05+0.18
U/AI
L 6.13 £ 0.49 6.55 + 0.56 3.85+0.70
(wmol mol™)
V (ppm) 325+2.9 28.4+2.3 249+29
VIAI
L 592+ 14 592+ 43 428+ 52
(pmol mol™)
Cd(ppm) 0.61+£0.11 0.46 0.39+0.11
Cd/Al
L 499 +0.73 4.36 £0.79 3.03+0.86
(wmol mol™)
Zn{(ppm) 55.7+7.2 46.1+6.7 35.1+9.2
Zn/Al
L 0.79 £0.07 0.75+0.12 0.47 £0.12
(mmol mol™)
Ni (ppm) 21.3+25 171124 13.0+3.1
Ni/Al
L 0.34 +0.03 0.31+0.04 0.19 £ 0.05
(mmaol mol™)
Cus(ppm) 20.8+2.2 17.7+3.1 9.17 +3.22
Cu/Al
L 0.30£0.02 0.30£0.05 0.13+0.04
(mmol mol™)
Mo.(ppm) 0.48 +0.06 0.50 + 0.08 0.25+0.05
Mo/Al
473 +£0.74 5.57 +0.93 2.27+0.54
(umol mol™?)

YUncertainties ared.about the mean.

One outlier removed for this average.
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Table 3Pearson correlation coefficient (r) and significance (p-valuédlfmormalized trace
metal contents versus organic C contents for MIS sediments (n = 38), MIS mat (n = 18), and LH

(n = 22) sediments. Relationships with significance < 0.05 are in bold.

MIS Sediments MIS Mat LH
r P r p r p
Mn/Al 0.2 0.3 0.2 0.5 0.76 <0.0001
W/Al 0.1 0.6 0.75 <0.0005| 0.91 <0.0001
V/AI 04 <0.05 0.9 <0.0001 05 <0.05
Cd/Al 0.36 <0.05 0.88 <0.0001| 0.90 <0.0001
Zn/Al 0.45 <0.05 0.87 <0.0001| 0.91 <0.0001
Ni/Al 0.45 <0.005 0.95 <0.001 0.93  <0.0001
Cu/Al 0.50 <0.005 0.95 <0.0001| 0.94 <0.0001
MolAl 0.41 <0.01 0.75 <0.0005| 0.79 <0.000%

'One outlier removed for these statistics
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Table 4 Pearson correlation coefficient (r) and significance (p-valuédlfmormalized trace
metal contents versus S contents for MIS sediments (n = 38), MIS mat (n = 18), and LH (n = 22)

sediments. Relationships with significance < 0.05 are in bold.

MIS Sediments MIS Mat LH

r P r p r p
Mn/Al 0.1 04 0.2 0.5 0.3 0.3
W/Al 0.2 04 0.79 <0.001 0.78 <0.0001
V/AI 0.59 <0.0005 0.89 <0.0001| 0.07 0.8
Cd/Al 0.62 <0.0001 0.73 <0.005 0.69 <0.0005
Zn/Al 0.62 <0.0001 0.75 <0.0005| 0.68 <0.0005
Ni/Al 0.68 <0.0001 0.75 <0.005| 0.71  <0.0005
Cu/Al 0.8 <0.001 0.7 <0.0001 0.71 <0.0005
MolAl 0.03 0.9 0.78 <0.0001| 0.82 <0.000%

'One outlier removed for these statistics
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Ex. Oxide-Forming Trace Metal Ex. Paleoproxy for Sub-oxic to
Anoxic Conditions
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