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1 | INTRODUCTION

Partial oxygenation of the atmosphere ~2.34 Ga ago (the Great
Oxidation Event; GOE) is widely accepted due to the disappearance
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| Lauren E. Kinsman-Costello®

Abstract

Constraints on Precambrian ocean chemistry are dependent upon sediment geo-
chemistry. However, diagenesis and metamorphism can destroy primary biosigna-
tures, making it difficult to consider biology when interpreting geochemical data.
Modern analogues for ancient ecosystems can be useful tools 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 oxy-
gen water chemistry and microbial communities that exhibit diverse metabolic func-
tions 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, consistent with conventional understanding of
Mn cycling. Micronutrient trace metals (e.g., Zn) are associated with organic matter
regardless of oxygen and sulfide availability. Although U and V are conventionally
considered to be organically complexed in suboxic and anoxic conditions, U and or-
ganic covary in oxic LH sediments, and Mn-oxyhydroxide cycling dominates V depo-
sition 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 systematics in the geologic record. Finally, while microbial groups vary be-
tween 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 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.
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of non-mass-dependent A%3S anomalies (Farquhar, Bao, & Thiemens,
2000) 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, &
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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, 2015; 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., Planavsky et al., 2018; Reinhard et al., 2013; Sperling,
Halverson, Knoll, Macdonald, & Johnston, 2013). For example, trace
metal (e.g., Mo, U) sediment geochemistry is considered a robust tool
for constraining the redox chemistry of ancient oceans (e.g., Algeo &
Lyons, 2006; Algeo & Maynard, 2004; Planavsky et al., 2018; Tessin,
Chappaz, Hendy, & Sheldon, 2018). However, those ancient sediments
may or may not include direct evidence of an active biosphere (such
as stromatolites or biomarkers; e.g., Brocks et al., 2017; Noffke &
Awramik, 2013) even though one is widely assumed, making it difficult
to consider the role of biology when interpreting geochemical data.
Therefore, modern analogues for ancient ecosystems have been used
to develop hypotheses about biogeochemical cycling in the fossil re-
cord (e.g., Hamilton et al., 2017; Hasiotis, Brake, Dannelly, & Duncan,
2001; Konhauser, Phoenix, Bottrell, Adams, & Head, 2001; Rothschild,
1991). 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 work 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 influ-
enced 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 abiotic characteristics that make it an
appropriate analogue for shallow Proterozoic ocean sites (Table 1).
Low-oxygen groundwater seeps into MIS, creating an environment
with lower oxygen, elevated sulfate concentration, and higher con-
ductivity (i.e., salinity) relative to the rest of Lake Huron (Table 1).
Quantitatively, the dissolved oxygen, iron, and sulfate values are
similar to those reconstructed for shallow Proterozoic ocean wa-
ters (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 sum-
mer (Biddanda et al., 2012; Ruberg et al., 2008). This water chemis-
try allows for the proliferation of microbial communities of diverse

metabolic functions at the sediment-water interface and generally

TABLE 1 Summary of select water
column and sediment parameters,
comparing the Middle Island Sinkhole
(MIS) to the Lake Huron control site (LH)

Water column
parameters

Sediment
parameters
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excludes multicellular life. These microbial mats include cyanobac-
teria that conduct both anoxygenic and oxygenic photosynthesis,
sulfur oxidizers, and reducers and Archaea (Biddanda et al., 2012;
Kinsman-Costello et al., 2017; Voorhies et al., 2012).

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

With stark differences in water chemistry, microbial commu-
nity 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 metabo-
lisms). Relationships between organic matter and different types of
metals—organically complexed, micronutrient, oxide-forming, and
sulfide-complexed—in 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; Rico & Sheldon, 2019; Voorhies et al., 2012), MIS micro-
bial mats can be used to determine whether trace metal geochemistry
could have been influenced by microbial activity in the fossil record.

2 | METHODS
2.1 | Sample collection and processing

National Oceanic Administration Thunder Bay National Marine
Sanctuary (NOAA TBNMS) scuba divers collected surficial sediment

MIS LH
Dissolved oxygen concentration (pM)E"b <125 344
Salinity (PSU)*® 1.23 0.13
Dissolved sulfate concentration (mM)*® 7.8 0.15
Dissolved iron concentration (pM)b 1-2 <0.1
pH 7.3 8.3
Organic C (%)° 7 1.5
Total Fe (%)° 1.5 1.0

?From Ruberg et al. (2008) and Biddanda et al. (2012).
PFrom Rico and Sheldon (2019).



RICO ET AL.

464 . [9)
“ | wiLey- EEE

cores from MIS (n = 9; 45°11.911'N, 83°19.662') and 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, one “long core” (30 x 7 cm)
was also collected at MIS. Cores were immediately frozen and
transported upright to the University of Michigan in Ann Arbor, Ml,
where they were stored at -20°C. Frozen cores were sectioned via
a solvent-cleaned table saw according to depth (three 1-cm sec-
tions at the top, then 3-cm intervals downcore), freeze-dried, and

homogenized.

2.2 | Elemental analysis

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 inductively coupled
plasma (ICP)-atomic emission spectroscopy and ICP-mass spectros-
copy. OREA-45d, MRGeo08, OGGeo08, and CDN-CM-34 internal
standards were used to verify elemental concentrations. Relative
error for major elements was <2%, while relative error for trace ele-
and N) used
in this work were determined via Elemental Analyzer, as described
Rico and Sheldon (2019).

ments was <3%. Additional macronutrient contents (Corg

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 vs. authigenic inputs due to a lack of data on de-
trital 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 met-
als (e.g., Mn; Calvert & Pederson, 1993; Tribovillard, Algeo, Lyons,
& Riboulleau, 2006); metals that accumulate under suboxic to an-
oxic conditions (U and V; Algeo & Maynard, 2004; Klinkhammer &
Palmer, 1991; Tribovillard et al., 2006); metals that act as micronu-
trients, especially as incorporated by microbial metabolisms (Zn,
Cd, Ni, and Cu; Jelen, Giovannelli, & Falkowski, 2016; Lepp, 1992;
Moore, Jelen, Giovannelli, Raanan, & Falkowski, 2017; Tribovillard
et al., 2006), and metals that are proxies for free sulfide availability
(e.g., Mo; Erickson & Helz, 2000; Zheng, Anderson, Van Geen, &
Kuwabara, 2000). It is important to note that some of these metals
could belong to multiple categories (e.g., Mn is also involved pho-

tosystem Il during oxygenic photosynthesis and therefore serves

as a micronutrient; Ferreira, lverson, Maghlaoui, Barber, & Iwata,
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., 2019). Although
Fe geochemistry is also considered to be one of the most robust
tools for understanding the redox chemistry of aquatic environ-
ments (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 to sulfide, and can be used as enzymatic
cofactor across a variety of microbial metabolisms; Huerta-Diaz &
Morse, 1992; Moore et al., 2017; Tessier, Fortin, Belzile, DeVitre, &
Leppard, 1996). In addition, the Fe geochemistry of MIS and LH has
already been explored in Rico and Sheldon (2019). Hence, discus-

sion of Fe in this study is limited.

2.4 | Microbial community composition

Relative abundances and composition of microbial communities for
MIS sediments (n = 87), MIS mat (n = 17, wherein mat is defined as
0-1 cm 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, se-

quencing, and taxonomic clustering.

2.5 | Ordination methods

Principal component analysis (PCA) was performed using Past 3.14
(Hammer, Harper, & Ryan, 2001) in order to (a) represent how dif-
ferent trace metals and macronutrients are associated with MIS mat
and sediment, and LH sediment, and (b) how trace metal and ma-
cronutrient geochemistry are related to the relative abundances of
major biological groups. Redundancy analysis (RDA) was also used
to consider the ways in MIS 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 (Oksanen et al., 2013). In order to demonstrate true variance
in the data and account for different unit scales, all variables were

standardized by z-score (see Supporting Information for details).

3 | RESULTS AND DISCUSSION
3.1 | Broad controls on trace metal burial

Independent of water column oxygen and iron measurements,
the iron geochemistry of MIS and LH sediments has corroborated
known water chemistries of the two locales—with MIS as lower in
oxygen and rich in Fe relative to the oxic Lake Huron—providing a
redox-based mechanism for the enhanced burial of macronutri-

ents and the different species of Fe in MIS sediments relative to
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LH sediments (Table 1; Rico & Sheldon, 2019). Based upon these Fe
speciation results, MIS Fe 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 geochem-
istry could also be impacting the burial of trace metals in MIS mat
and sediments.

Trace metal 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 sedi-
ments, 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 vari-
able redox chemistry between LH and MIS has an impact on trace
metal burial.

The PCA is used to group trace metals, macronutrients, and rela-
tive abundances of major biological groups based on their covariance
across LH and MIS sediments as a function of depth. The first two
components account for ~87% of the total variance: PC1 accounts
for 58.2% of the variability, while PC2 accounts for 28.4%. MIS sedi-
ments and LH sediments are distributed separately across PC1, with
PC1 separating LH sediments by their depth bins and PC2 separat-
ing MIS sediments by depth (Figure 2). With the exception of Mn,
trace metals and macronutrients are associated with the MIS mat

and sediments, rather than LH sediments (Figure 2). PC2 separates

TABLE 2 Average® trace metal
contents for MIS sediments (n = 38), MIS
mat (n = 18), and LH (n = 22) sediments

Mn (ppm)

Mn/Al (mmol/mol)
U (ppm)

U/Al (umol/mol)
V (ppm)

V/Al (umol/mol)
Cd (ppm)

Cd/Al (pmol/mol)
Zn (ppm)

Zn/Al (mmol/mol)
Ni (ppm)

Ni/Al (mmol/mol)
Cu (ppm)

Cu/Al (mmol/mol)
Mo (ppm)

Mo/Al (pmol/mol)

¥ o 4
gebiology SR RIBSG

the macronutrients and the trace metals across the MIS sediments,
with trace metals associated with deeper MIS sediments, and macro-
nutrients covarying with shallower MIS sediments and the MIS mat
(0-1 cm; Figure 2). PC1 therefore effectively serves as a gradient
from oxic (LH) to low-oxygen (MIS) settings, while the variance de-
scribed by PC2 is dependent on the influence of the microbial mat
(and associated macronutrients) in surficial MIS sediments.

In addition to PCA, RDA was considered to determine which
major microbiological groups explain most of the variance in sedi-
ment geochemistry (Figure S2). RDA results indicate that the relative
abundance of six microbial groups constrains 19% of the variabil-
ity in sediment geochemistry. The orientation of MIS and LH depth
bins, microbial groups, macronutrients, and trace metals is similar
between the RDA and the PCA (Figures 2 and S2); RDA did not yield
additional insight about the relationships between trace metal burial
and microbial community assemblage in MIS and LH. Instead, the
relationships between trace metal burial and organic matter in LH
sediments, MIS sediments, and MIS sediments dominated by the mi-
crobial mat (0-3 cm depth according to 138C0rg values; Nold et al.,
2013; Rico & Sheldon, 2019) become clearer with direct correlative
analyses.

For LH sediments, MIS sediments, and MIS mat, S is significantly
correlated with COrg (p < .01; Figure S3; Table 4), indicating that S
in these environments is directly tied to organic matter, and mak-
ing it difficult to disentangle the two cycles. Therefore, generally
speaking, correlations between trace metals and S are inferred to
reflect metal-organic matter cycling. In fact, among all correlative
analyses between trace metals and COrg or S (Figures 3, 4, S4, and

S5), there are only three metals for which there are significant

MIS sediments MIS mat LH

305 + 47 22526 275+ 83
5.15+0.68 4.33+0.48 440+ 1.42
1.57 +0.12 1.47 £0.13 1.05+0.18
6.13 £0.49 6.55+0.56 3.85+0.70
325+29 28.4+2.3 249+29
592 + 14 592 +43 428 + 52
0.61+0.11 0.46 0.39+0.11
499 +0.73 4.36+0.79 3.03+0.86
557 +7.2 46167 351+92
0.79 +0.07 0.75+0.12 0.47 +0.12
21.3+25 1711+ 2.4 13.0+3.1
0.34+0.03 0.31 +0.04 0.19 + 0.05
20.8+2.2 17.7 3.1 9.17 +3.22
0.30+0.02 0.30£0.05 0.13+0.04
0.48 +0.06 0.50+0.08 0.25+0.05
4.73+0.74 5.57 +0.93 2.27 +0.54°

Abbreviations: LH, Lake Huron;MIS, Middle Island Sinkhole.
2Uncertainties are 1o about the mean.

One outlier removed for this average.
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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 suboxic 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 as means, with error bars representing variability (10)
between different cores at particular depths (n = 9 for MIS, and
n =8 for LH)

correlations with Corg, but not with S: Mn, V, and Mo (discussed in
detail in Sections 3.2.1, 3.2.2, and 3.2.4, respectively; Tables 3 and
4). Strong correlations between trace metals and organic C in LH
(p < .0005; Table 3; Figures 3 and S4) indicate that metal burial is
tied to organic matter burial in this oxic environment. Given that
redox chemistry drives enhanced macronutrient burial in MIS sedi-
ments relative to LH sediments (Rico & Sheldon, 2019) and that the
bulk of the trace metals are correlated with organic C in MIS mat and
sediments (Table 3; Figures 3 and S4), redox 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; Figures 3 and S4). Although both slopes
are positive, the different slopes provide quantitative evidence
of different metaI—CDrg 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 or-
ganic C (~4%; Figures 3 and S4) is unclear. The presence of a break
in slope indicates that in MIS, relative to LH, fewer metals are buried
for the same amount of organic matter, potentially due to the abun-
dance of organic matter (Nold et al., 2013; Rico & Sheldon, 2019),
and/or a limited metal reservoir in MIS. However, without a quan-
tification of trace metals in the Lake Huron water column vs. 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 contribu-
tion 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 (MnO, and MnOOH; Calvert & Pedersen, 1993;
Tribovillard et al., 2006). These Mn-oxyhydroxides can trap organic
matter and trace metals (Tessier et al., 1996), which provides a mech-
anism for the correlations for each trace metal and Mn (p < .05), and
(r = .76; p < .0001) in the oxic LH (Tables 3
and Figure S1; Figures 3 and S4). However, it is difficult to discern

between Mn and CDrg
whether trace metals are adsorbed directly to the Mn-oxyhydroxide
surfaces, or whether they require the additional presence of or-
ganic 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 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 Corg as seen in Figure 3. Additionally, Mn-oxyhydroxides can
also be transported through reducing waters to the sediment-
water interface via a “particulate shuttle” (Algeo & Tribovillard,
2009). Such a mechanism in MIS and LH is corroborated by Mo vs.

U covariation in these sediments (Rico et al., 2019). However, few
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correlations between metals and Mn in MIS sediments, and no cor-
relations between metals and Mn in the MIS mat, indicate that Mn-
oxyhydroxide deposition is not a key trace metal transport in these
systems (Table S1). A 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 similar to that of LH sediments (Table 2; Figure 1),
and are not correlated to MIS Corg 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 sediments.

The formation 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 sedi-
ments of all of the trace metals in the PCA (Figure 2). There may
also be a biological mechanism for this: Mn is required by oxy-
genic photosynthesis in the oxygen-evolving complex of photo-
system 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 be-
tween both Vand Mn (r = .91, p <.0001), and a significant correlation
between V and C
sorption of V to Fe- and Mn-oxyhydroxides (Tables 4 and Figure S1;
Figure 3; Calvert & Piper, 1984; Tribovillard et al., 2006). With Mn

org (r=.5, p <.05), could be explained by the ad-

PC1 (56.8%)

cycling independent of S cycling (e.g., a lack of a correlation between
Mn and S in LH sediments; Table S1), a Mn-oxyhydroxide shuttle of V
to LH sediments is consistent with the lack of a correlation between
V and S (Table 4; Figure S5). However, because U is not impacted
by Fe- and Mn-oxyhydoxides (Tribovillard et al., 2006), this trans-
port mechanism cannot explain the correlation between U/Al and
Corg (r=.91,p >.0001), nor the correlation between U and S (r = .78,
p <.0001) in LH sediments (Tables 3 and 4; Figures 3 and 4). Instead,
these data suggest that, in some oxic sediments, U can also be bur-
ied readily via the formation of organometallic ligands in humic and
fulvic acids (Figures 3 and S4). Alternatively, these correlations could
be evidence for some reducing conditions within sediments beneath
the oxic water column, which is partially corroborated by a depletion
in pore water NOj and increases in pore water Na”, Ca?*, Mg?", SOi’
,and ClI” with depth (>2 cm) in LH (Kinsman-Costello et al., 2017).

In suboxic to anoxic environments, U and V are both reduced and
removed to sediments via the formation of organometallic ligands
(Tribovillard et al., 2006). For U, this process can be promoted by the
presence of bacterial sulfate reduction and subsequent free sulfide
availability (sulfide production via bacterial sulfate reduction aids in
the reduction of U to produce uraninite, the precursor to organo-
metallic ligand formation; Klinkhammer & Palmer, 1991; McManus,
Berelson, Klinkhammer, Hammond, & Holm, 2005). In comparison,
the availability of free sulfides reduces V further, removing it from
organometallic ligands (Morford & Emerson, 1999). A significant cor-
org (r=.75,p <.0005,r=.9,p <.0001,
respectively; Tables 3 and 4; Figures 3 and S4), and no correlation
between U or V and Mn (Table S1) where the bulk of the MIS bac-
terial sulfate reduction is taking place (the anoxic microbial mat;
Kinsman-Costello et al., 2017; Voorhies et al., 2012), indicates no Mn-
oxyhydroxide shuttle of these metals, but instead low enough oxy-

relation between U and V and C

gen to allow for U and V to complex with organic ligands, and limited
sulfide production to disrupt the organometallic complexation of V.
In comparison, a correlation between Mn and V in MIS sediments

(r = .63, p < .0001) demonstrates that Mn-oxyhydroxide transport
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FIGURE 3 Correlations between Al-normalized trace metals and Corg for the four different forms of trace metals explored in this study—
oxide-forming trace metals (e.g., Mn), metals that accumulate under suboxic to anoxic conditions (e.g., U), micronutrient trace metals (e.g.,
Zn), and sulfide-complexed trace metals (e.g., Mo)—in Lake Huron (LH) sediments, Middle Island Sinkhole (MIS) sediments, and MIS mat. Mo/
Al LH outlier is not included in presented statistics. Corg data from Rico and Sheldon (2019). Mo and U data from Rico et al. (2019)

of V to sediment-water interface is playing a critical role in V cy-
cling (Table S1). With no significant correlation between U and Corg
in MIS sediments (r = .1, p = .6), it appears that U may be precipitat-
ing in MIS sediments as authigenic phases, separate from organic
complexation (Algeo & Maynard, 2004; Tribovillard et al., 2006).
Ultimately, the key differences in U and V cycling—response to sul-
fide (e.g., McManus et al., 2005), and the propensity to adsorb to
Fe- and Mn-oxyhydroxides (e.g., Tribovillard et al., 2006)—lead to
different burial pathways for these metals in LH sediments, MIS mat,
and MIS sediments, with evidence Mn-oxyhydroxide shuttling dom-

inating deposition of V, and organic complexation driving U burial.

3.2.3 | Micronutrient trace metals

In oxic environments, Cd, Zn, Ni,and Cu can act as micronutrients and

are thus incorporated into organic matter or complex with humic/

fulvic acids (Calvert & Pedersen, 1993; Tribovillard et al., 2006);
these metals can also adsorb to Fe- and Mn-oxyhydroxides and be
transported to the sediments (Tessier et al., 1996). These metals act
as expected in the oxic LH sediments, with contents strongly corre-
lating to organic C (p < .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 dur-
ing bacterial sulfate reduction (Calvert & Pedersen, 1993; Huerta-
Diaz & Morse, 1992). 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 sig-
(p < .0001;
Table 3). This indicates that these metals are serving as micronutri-

nificant correlations between these metals and C,,
ents 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 < .05; Table 3; Figures 3 and

Figure S4), where sulfide availability would be expected to facilitate
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FIGURE 4 Correlations between Al-normalized trace metals and S for the four different forms of trace metals explored in this study—
oxide-forming trace metals (e.g., Mn), metals that accumulate under suboxic to anoxic conditions (e.g., U), micronutrient trace metals (e.g.,
Zn), and sulfide-complexed trace metals (e.g., Mo)—in Lake Huron (LH) sediments, Middle Island Sinkhole (MIS) sediments, and MIS mat. Mo/
Al LH outlier is not included in presented statistics. S data from Rico and Sheldon (2019). Mo and U data from Rico et al. (2019)

the formation of metal-sulfide complexes above metal-organics
complexes. Alternatively, with enhanced organic C burial relative
to LH and other Great Lakes sediments (Kinsman-Costello et al.,
2017; Nold et al., 2013; Rico & Sheldon, 2019), MIS sediments may
be sequestering and preserving organic matter efficiently enough
that Cd, 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 < .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 plotin similar PC1 and PC2 space (Figure 2),
which is expected because all of those elements are biotic micro-
nutrients (Lepp, 1992; Moore et al., 2017; Tribovillard et al., 2006).

These metals have varying affinities for organic ligands, sulfide,

and sorption to Fe- and Mn-oxyhydroxides (Huerta-Diaz, Tessier,
& Carignan, 1998; Tessier et al., 1996; Tribovillard et al., 2006),
which could explain both the variability in significance in correla-
S, and Mn (Tables 3, 4, and S1;
Figures 3, 4, S4, S5) and their associations with one another in PCA

tions between the metals and Corg,
space (Figure 2). However, the incorporation of these metals as en-
zymatic cofactors may also play a role, as they are highly variable
across taxa and metabolisms (e.g., Moore et al., 2017). For exam-
ple, 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 mechanism for Cd to be least associated with
(i.e., the farthest from) the microbial mat in the PCA (Figure 2).
Conversely, the metal most closely associated with the microbial
mat is Cu (Figure 2). Cu is critical in enzymes that catalyze microbial

metabolisms such as nitrification, denitrification, aerobic oxidation
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TABLE 3 Pearson's correlation coefficient (r) and significance (p-
value) for Al-normalized trace metal contents vs. 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 2 .3 .2 .5 .76 <.0001
U/Al 1 .6 5, <.0005 91 <.0001
V/AI 4 <.05 9 <.0001 .5 <.05
Cd/Al .36 <.05 .88 <.0001 .90 <.0001
Zn/Al 45 <.05 .87 <.0001 91 <.0001
Ni/Al .45 <.005 B <.001 .93 <.0001
Cu/Al .50 <.005 .95 <.0001 .94 <.0001
Mo/Al 41 <.01 75 <.0005 .79° <.0001°

Abbreviations: LH, Lake Huron; MIS, Middle Island Sinkhole.
30ne outlier removed for these statistics.

TABLE 4 Pearson's correlation coefficient (r) and significance (p-
value) for Al-normalized trace metal contents vs. 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 1 4 2 .5 .3 .3
U/Al 2 4 .79 <.001 .78 <.0001
V/AI .59 <.0005 .89 <.0001 .07 .8
Cd/Al .62 <.0001 .73 <.005 .69 <.0005
Zn/Al .62 <.0001 75 <.0005 .68 <.0005
Ni/Al .68 <.0001 .75 <.0005 71 <.0005
Cu/Al .8 <.0001 7 <.0001 71 <.0005
Mo/Al .03 9 .78 <.0001 .827 <.0001°

20ne outlier removed for these statistics.

of ammonia, and aerobic respiration (Jelen et al., 2016). Given the
breadth of metabolisms present in the MIS microbial mat (e.g., an-
oxygenic photosynthesis, oxygenic photosynthesis, and chemo-
synthesis; Voorhies et al., 2012; Kinsman-Costello et al., 2017), the
association of Cu in the PCA with respect to the other micronutri-
ent 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 oxic waters, Mo is present as the unreactive molybdate anion
(MnOf{) and can be adsorbed to Fe- and Mn-oxyhydroxides (Calvert
& Pedersen, 1993; Chappaz, Gobeil, & Tessier, 2008), which can ex-
plain the correlation between Mo and organic C (r = .76, p < .0001;
Table 3; Figure 3) and the correlation between Mo and Mn (r = .51,

p < .05; Table S1) in LH sediments. Mo can also be transported to
the sediments via Fe- and Mn-oxyhydroxides in reducing sediments
(Algeo & Tribovillard, 2009; Scholz, Siebert, Dale, & Frank, 2017), and
via complexation with organic matter (not associated with sulfide) in
weakly sulfidic sediments (Tessin et al., 2018; Wagner, Chappaz, &
Lyons, 2017). 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
Mo and Corg (r=.75, p < .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 transport via Fe- and
Mn-oxyhydroxides.

With free sulfides present, Mo can be converted into par-
ticle-reactive thiomolybdates ( MoOxS(Z‘;X)) and scavenged with
organic matter (Erickson & Helz, 2000; Tribovillard et al., 2006;
Vorlicek, Chappaz, Groskreutz, Young, & Lyons, 2015), buried
with Fe(ll)-S phases (Helz, Erickson, & Vorlicek, 2014), and/or bur-
ied with organic matter independent of Fe or S (Dahl et al., 2017).
As a result, a strong covariation between Mo and C, . has been
demonstrated in euxinic basins and euxinic black shales (where
“euxinia” is defined by persistent hydrogen sulfide in the water
column; Algeo & Lyons, 2006; Helz & Vorlicek, 2019; Lyons, Anbar,
Severmann, Scott, & Gill, 2009). The absolute concentrations of
Mo in MIS samples are <1 ppm, values too low to be considered
to be even anoxic according to the threshold of 20 ppm desig-
nated by Scott and Lyons (2012), in spite of measured dissolved
O, levels 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 wa-
ters beneath oxic and low oxygen water columns. Instead, using
independent measurements—pore 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, 2019)—verifies that MIS is not euxinic. Therefore, co-

variation between Mo and COrg

(r=.41; p <.01) must be explained
by something other than thiomolybdate formation or complex-
ation with sulfide minerals. Using Mo-U covariation, Rico et al.
(2019) found that Mo burial in MIS may follow the “particulate
shuttle” pathway—wherein authigenic Mo is adsorbed to Mn- and
Fe-(oxy)hydroxides, transported through the water column, and
buried in sediments— as opposed to a burial pathway associated
with euxinia.

This “particulate shuttle” pathway would explain significant cor-
relations between Mo and organic C for MIS sediments (p < .01;
Figure 3). However, Mo is negatively correlated to Mn (r = -.32,
p < .05), indicating that the Mo in MIS sediments is not associated
with Mn-oxyhydroxides. Correlations between Mo and Corg in
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 or-
ganic matter; Figure S3), Mo and S are not correlated for MIS sedi-
ments (Table 4; Figure 4). These data suggest that Mo and S may be

associated with different pools of organic matter in MIS sediments.
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Correlations between Mo and COrg 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, & Bottcher, 2008; Helz, Bura-Naki¢, Mikac, &
Ciglenecki, 2011; Nagler, Neubert, Bottcher, Dellwig, & Schnetger,
2011), the propensity for Mo to be buried with organic matter indepen-
dent of thiomolybdate formation (this work; Dahl et al., 2017; Wagner
et al., 2017; Tessin et al., 2018) necessitates a reinterpretation of Mo
isotope ratios in sediments (King, Perakis, & Pett-Ridge, 2018; Tessin
etal,, 2018).

3.3 | Relating microbiology to trace metal burial

Comparing the major microbial groups with relative abundances >5%
for MIS mat (0-1 cm; n = 17), MIS sediments (>1 cm; n = 87), and
LH sediments (n = 11) demonstrates substantial taxonomic over-
lap at the phylum level (e.g., Bacteroidetes, Betaproteobacteria,
Verrucomicrobia) 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 as-
semblages across freshwater environments, or could in part be at-
tributed to groundwater influence—groundwater directly interacts
with MIS mat and sediments from above the sediment-water inter-

face, whereas there is some subsurface groundwater influence in

FIGURE 5 Venn diagram depicting the
relative abundances of major microbial
groups within the Middle Island Sinkhole
(MIS) mat (0-1 cm; n = 17), MIS sediments
(>1 cm; n = 87), and Lake Huron (LH)
sediments (n = 11). Different symbols
adjacent to the major microbial groups
represent varying relative abundance

in their respective locations. Relative
abundances are from Kinsman-Costello et
al. (2017)

Anoxic
with light

CIFirmicutes
M Bacteroidetes

MIS MAT
(0-1 cm)

[ Epsilonproteobacteria
M Cyanobacteria
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LH sediments (as indicated by pore water ion chemistry; Kinsman-
Costello et al., 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 exam-
ple, as evident in Figures 2 and 5, relative abundances of the
major phyla Nitrospirae, Actinobacteria, and Acidobacteria 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 as-
sociation between cyanobacteria and MIS sediments where
the active or buried microbial mat is present (0-3 cm depth;
Figure 2; Nold et al., 2013; Rico & Sheldon, 2019; Voorhies et al.,
2012). 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 meth-
ane in MIS sediments (Biddanda et al., 2012; Kinsman-Costello
etal., 2017).

While metagenomics and metatranscriptomics work by Medina
(2016) and Grim (2019) demonstrate greater metabolic diversity—
and diversity in the use of electron acceptors—in MIS than in LH,
this diversity is not evident when assessing phylum-level commu-
nity assemblages, making it difficult to correlate trace metal burial

to specific metabolic processes (e.g., the spread in microbial groups

Anoxic without light

MIS sediment
(>1cm)

Relative Abundance
0 5-20%
M >20%
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OEuryarchaeota
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across Figure 2). At this biological scale, and considering total trace
metal content (as opposed to speciation of metals), the direct rela-
tionships between microbial assemblages and metal burial in LH and

MIS remain unresolved.

3.4 | Influence of MIS microbial mat on trace metal
geochemistry

With similar microbial presence and water chemistry as has been in-
ferred for the Proterozoic (Biddanda et al., 2012; Kinsman-Costello
etal., 2017; Rico & Sheldon, 2019; Voorhies et al., 2012), the MISis a
useful modern analogue to consider the relationships between sedi-
ment 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—oxic LH sediments, anoxic MIS mat, and anoxic MIS
sediments with free sulfides present—would yield different relation-
ships between trace metals and organic matter. However, for trace
metals, there was significant overlap in their relationship with or-
ganic matter between the three regimes (Figures 3 and 6). Notably,
there are no trace metal categories that feature significant correla-
tions to Corg for only the MIS mat nor for the MIS sediments. Despite
the differences in oxygen availability, sulfide availability, and mi-
crobial 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

LH sediment

Oxide-forming
trace metals

FIGURE 6 Venn diagram depicting the
significant correlations (p < .05) between
trace metals and COrg for the Middle
Island Sinkhole (MIS) mat (0-3 cm; n = 18),
MIS sediments (>3 cm; n = 38), and LH
sediments (n = 22)

Oxic

(Mn)

sediment metal geochemistry records biological processes may ne-
cessitate examining how biology influences tools such as metal spe-
ciation and metal isotope systematics.

4 | CONCLUSIONS

Trace metal data from MIS and LH reveal that the relationships be-
tween trace metals and organic matter are not consistent with what
is expected from their use as paleoredox and paleoproductivity
proxies. Of the types of trace metals assessed, evidence for Mn-
oxyhydroxide formation and deposition in LH was the most consist-
ent with expectations for burial mechanisms. In comparison, for U
and V, which are generally anticipated to complex with organic mat-
ter under suboxic and anoxic conditions (Tribovillard et al., 2006),
there was also evidence for organic matter complexation with U
in oxic LH, and V burial dominated by Mn-oxyhydroxide shuttling
in LH sediments and MIS sediments. Given that U accumulation is
often used to reflect suboxic-anoxic (but not euxinic) environments
in ancient environments (e.g., Algeo & Tribovillard, 2009), the accu-
mulation of this metal in oxic environments has implications for how
we interpret U geochemical data in the fossil record. Correlations
between the micronutrient metals Cd, Zn, Ni, and Cu indicate com-
plexation with organic matter regardless of redox, directly contra-
dicting the hypothesized model of Algeo and Maynard (2004) and
Tribovillard et al. (2006), which assumed no enrichment nor correla-
tion under oxic-suboxic conditions. Importantly, this work demon-
strates Mo covariation with organic C regardless of redox chemistry

(Figure 3), which is decoupled from S cycling where free sulfides
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are present (i.e., the MIS sediments). This is consistent with recent
work highlighting organic matter as critical for Mo burial, independ-
ent of Fe or S (Dahl et al., 2017; Tessin et al., 2018), and informs
our current understanding of Mo isotope systematics (e.g., Neubert
et al., 2008; Helz et al., 2011; Nagler et al., 2011). Altogether, these
results demonstrate a need for a greater understanding of the bur-
ial mechanisms for redox-sensitive trace metals under a variety of
redox regimes that include suboxic and anoxic settings as well as
euxinic ones, with special consideration for environments with sig-

nificant microbiological presence.
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