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ABSTRACT. Iron speciation and trace metal proxies are commonly applied together
in efforts to identify anoxic settings marked by the presence of free sulfide (euxinia)
or dissolved iron (ferruginous) in the water column. Here, we use a literature
compilation from modern localities to provide a new empirical evaluation of coupled
Fe speciation and Mo concentrations as a proxy for pore water sulfide accumulation at
non-euxinic localities. We also present new Fe speciation, Mo concentration, and S
isotope data from the Friends of Anoxic Mud (FOAM) site in Long Island Sound,
which is marked by pore water sulfide accumulation of up to 3 mM beneath oxygen-
containing bottom waters. For the operationally defined Fe speciation scheme, ‘highly
reactive’ Fe (Feyy) is the sum of pyritized Fe (Fe,,,) and Fe dominantly present in oxide
phases that is available to react with pore water sulfide to form pyrite. Observations
from FOAM and elsewhere confirm that Fe, /Feyr from non-euxinic sites is a
generally reliable indicator of pore fluid redox, particularly the presence of pore water
sulfide. Molybdenum (Mo) concentration data for anoxic continental margin sedi-
ments underlying oxic waters but with sulfidic pore fluids typically show authigenic Mo
enrichments (2-25 ppm) that are elevated relative to the upper crust (1-2 ppm).
However, compilations of Mo concentrations comparing sediments with and without
sulfidic pore fluids underlying oxic and low oxygen (non-euxinic) water columns
expose non-unique ranges for each, exposing false positives and false negatives. False
positives are most frequently found in sediments from low oxygen water columns (for
example, Peru Margin), where Mo concentration ranges can also overlap with values
commonly found in modern euxinic settings. FOAM represents an example of a false
negative, where, despite elevated pore water sulfide concentrations and evidence for
active Fe and Mn redox cycling in FOAM sediments, sedimentary Mo concentrations
show a homogenous vertical profile across 50 cm depth at 1 to 2 ppm. A diagenetic
model for Mo provides evidence that muted authigenic enrichments are derived from
elevated sedimentation rates. Consideration of a range of additional parameters, most
prominently pore water Mo concentration, can replicate the ranges of most sedimen-
tary Mo concentrations observed in modern non-euxinic settings. Together, the
modern Mo and Fe data compilations and diagenetic model provide a framework for
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identifying paleo-pore water sulfide accumulation in ancient settings and linked
processes regulating seawater Mo and sulfate concentrations and delivery to sedi-
ments. Among other utilities, identifying ancient accumulation of sulfide in pore
waters, particularly beneath oxic bottom waters, constrains the likelihood that those
settings could have hosted organisms and ecosystems with thiotrophy at their founda-
tions.

Key words: paleoredox, iron speciation, molybdenum, pore water sulfide, Long
Island Sound

INTRODUCTION

Iron speciation and molybdenum concentrations have been well calibrated in
modern settings for recognizing end-member euxinic (anoxic and H,S-containing)
and ferruginous (anoxic and iron-rich) settings in the geologic record (Berner, 1970;
Raiswell and others, 1988; Canfield and others, 1992; Canfield and others, 1996;
Raiswell and Canfield, 1998; Poulton and Canfield, 2005, 2011; Lyons and Severmann,
2006; Algeo and Lyons, 2006; Raiswell and others, 2018). This past research has
resulted in extensive application of these proxies toward an improved understanding
of water column redox evolution and dynamics through time, including Phanerozoic
ocean anoxic events (Marz and others, 2008; Gill and others, 2011), the Proterozoic
(Poulton and others, 2004; Canfield and others, 2007; Scott and others, 2008; Li and
others, 2010; Planavsky and others, 2011; Johnston and others, 2012; Sperling and
others, 2015), and the Archean (Reinhard and others, 2009; Kendall and others, 2010;
Scott and others, 2011). Beyond the recognition of ancient euxinic and ferruginous
water columns, more recent research has provided a context for using Fe and Mo
proxies to infer accumulation of sulfidic pore waters in ancient sediments, including
those deposited beneath water columns lacking dissolved sulfide and Fe (Scott and
Lyons, 2012; Sperling and others, 2015). Refined recognition of these conditions has
important implications for the evolution of the marine sulfate reservoir and for
interpretation of the geochemical impacts of sediment mixing induced by benthic
infaunal communities through time (Canfield and Farquhar, 2009; Tarhan and others,
2015). Additionally, pore water sulfide has implications for bottom water habitability
and the evolution of thiotrophy and associated symbiotic relationships among com-
bined micro-/macrofaunal communities (Sperling and others, 2015; Tarhan and
others, 2015). However, although a broad framework currently exists for understand-
ing the conditions leading to Mo and Fe fixation in sulfidic sediments (see back-
ground), few studies have systematically evaluated proxy expressions from modern
sediments to assess their potential as uniquely pore fluid indicators of paleoredox in
ancient sediments.

Here, we specifically assess the paleoredox proxy potential of Fe speciation and
Mo concentrations to recognize the presence or absence of pore water sulfide
accumulation during early diagenesis from modern marine sediments underlying
water columns without stable euxinia and a range of ambient oxygen concentrations.
This endeavor is grounded in a broad context provided by compilations of Fe
speciation and Mo concentrations from modern localities where water column and
pore water redox conditions are well characterized. In addition, we present an original
case study with Fe-speciation, Mo concentration, and S concentration and isotope data
for sediments from the oxic FOAM (Friends of Anoxic Mud) site in Long Island Sound
(LIS), USA, where sedimentary pore fluids are well-known to host elevated and
persistent pore water sulfide concentrations. Previous studies of LIS, including the
FOAM site, have been fundamental to the initial development of the Fe paleoredox
proxies and a range of other sedimentary geochemical signatures (Aller and Cochran,
1976; Goldhaber and others, 1977; Benninger and others, 1979; Benoit and others,
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1979; Aller, 1980a, 1980b; Krishnaswami and others, 1980; Westrich, ms, 1983; Berner
and Westrich, 1985; Canfield, 1989; Canfield and Berner, 1987; Canfield and others,
1992; Canfield and Thamdrup, 1994; Raiswell and others, 1994; Raiswell and Canfield,
1998). We use a diagenetic model for Mo to provide constraints on the environmental
factors that best explain the observed modern sediment concentration ranges and
provide a context for interpreting non-euxinia related drivers of changes in Mo
concentrations from ancient sediments.

BACKGROUND AND PROXY FRAMEWORK

The Iron Proxies

The utility of the Fe geochemical proxies is built on a foundation of extensive
work on the reactivity of Fe minerals with dissolved sulfide in sedimentary environ-
ments (Berner, 1970; Raiswell and others, 1988; Canfield and others, 1992; Raiswell
and others, 1994; Canfield and others, 1996; Raiswell and Canfield, 1998; Poulton and
Canfield, 2005) and a well-developed understanding of syngenetic (water column)
versus diagenetic pyrite formation (Canfield and others, 1996; Lyons, 1997; Wijsman
and others, 2001; Lyons and others, 2003; Anderson and Raiswell, 2004; Raiswell and
Anderson, 2005). The refined sequential extraction scheme of Poulton and Canfield
(2005) is designed to target Fe phases, emphasizing carbonate-bound Fe, oxide Fe
(dithionite extractable, Feg;y,), and magnetite Fe (oxalate extractable, Fe,,,,), which
all react with sulfide to form pyrite (Fe,) and Fe monosulfides (acid volatile sulfur,
Fe,ys) on time scales relevant to early diagenesis (Canfield, 1989; Canfield and others,
1992; Canfield and others, 1996). These iron phases, when summed with pyrite,
comprise the operationally defined ‘highly reactive’ Fe (Feyy) pool.

Inputs of detrital Feyy into sediments permit the production of pyrite when
exposed to sulfide, but typical lithogenic ratios of Feyr/Fet <0.38 and Fe/Al mass
ratios ~0.5 are maintained when anoxic (euxinic or ferruginous) conditions are not
present in the water column (Raiswell and Canfield, 1998; Lyons and others, 2003;
Lyons and Severmann, 2006). In contrast, if anoxia develops and persists in the water
column, both Feyr/Fe and Fer/Al are elevated beyond these crustal baselines, and
those enrichments are often used to infer ancient anoxia. According to one model,
soluble Fe (II) generated during reductive dissolution of Fe-oxides along continental
margins diffuses out of sediments, allowing enhanced delivery of Fe, through an ‘Fe
shuttle’ to the deep basin where it is captured as syngenetic pyrite (Canfield and
others, 1996; Lyons, 1997; Raiswell and Canfield, 1998; Wijsman and others, 2001;
Anderson and Raiswell, 2004; Raiswell and Anderson, 2005; Lyons and Severmann,
2006; Severmann and others, 2008; Severmann and others, 2010; Scholz and others,
2014b). This ‘extra’ Fe is decoupled from the local delivery of silicate phases, including
unreactive Fe fractions, with the net result of Fe,;z/Fe >0.38 (Raiswell and Canfield,
1998) and Fe/Al >0.5. Under euxinic conditions, near complete reaction of the Feyy
to form pyrite leads to Fe, /Fey ratios in excess of 0.7 to 0.8 (Poulton and others,
2004; Méarz and others, 2008; Poulton and Canfield, 2011).

In sulfidic sediments underlying non-euxinic or ferruginous water column condi-
tions, hence Feyp/Fer<<0.38 and Fe/Al ~ 0.5, the Fe  /Feyy ratio is anticipated to
be > 0.7. This prediction is based on work from the Long Island Sound FOAM site (see
FOAM background) where it was initially shown that pore water sulfide accumulation
is preceded by the consumption of ‘highly reactive’ Fe minerals via reaction with
sulfide to form pyrite (Canfield, 1989; Canfield and others, 1992). Sequential Fe
extractions and associated Fe,, /Feyg of ancient shales have been applied previously to
interpret pore water redox in ancient sediments (Sperling and others, 2015), but no
study has evaluated the potential of Fe, /Feyz from modern non-euxinic settings to
uniquely indicate pore water sulfide accumulation—hence this study.
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Molybdenum Geochemistry

Molybdenum is the most abundant transition metal in the modern ocean, with a
near uniform concentration of ~104 nM (Broecker and Peng, 1982; Emerson and
Huested, 1991) and a relatively long residence time of ~450 kyr (Miller and others,
2011). Molybdenum exists almost entirely as molybdate (MOO4_2) under oxic condi-
tions, delivered primarily from oxidative weathering of sulfide minerals (Miller and
others, 2011). Molybdate has a strong affinity for sorption to Mn and Fe oxides, which
is a significant pathway of Mo deposition in the modern, dominantly oxic ocean
(Shimmield and Price, 1986; Barling and Anbar, 2004). In the absence of free sulfide
in the water column and sediments, Mo buried with oxides will often diffuse back to
the overlying water column following reductive dissolution of the oxides during
sediment diagenesis (Shimmield and Price, 1986; Goldberg and others, 2012; Scott
and Lyons, 2012), with the possibility of little to no authigenic sediment enrichment
and thus concentrations near those characteristic of average continental crust (~1-2
ppm).

Under sulfide-rich conditions, however, Mo is readily converted from MOOA:2 to
particle reactive thiomolybdate (MoO,.S,” % (Helz and others, 1996; Erickson and
Helz, 2000; Zheng and others, 2000), which is buried in association with organic
matter and pyrite (Algeo and Lyons, 2006; Chappaz and others, 2014; Dahl and others,
2017; Wagner and others, 2017). This relationship has particular importance when
considering settings with sulfide restricted to the sediment pore fluids versus euxinic
sites. In either case, if total dissolved sulfide concentrations exceed ~100 uM (with
some sensitivity to ambient pH), quantitative sulfidization of MoO, * to MoS, ? is
expected (Helz and others, 1996; Erickson and Helz, 2000; Zheng and others, 2000;
Helz and others, 2011). Molybdenum enrichments under euxinic water column
conditions typically exceed the average continental crust value of approximately 1 to 2
ppm (Taylor and McLennan, 1995) by a significant margin—with sediment concentra-
tions of up to hundreds of ppm (Scott and Lyons, 2012) and distinct relationships with
the abundance of organic carbon in the sediments (Algeo and Lyons, 2006). In
modern sulfidic sediments accumulating beneath an oxic water column, Mo delivered
to the sediments—including that associated with oxide deposition and subsequent
dissolution—is retained upon oxide dissolution via reaction with dissolved sulfide,
among other possibilities (Scholz and others, 2017). Rather than diffusing back to the
overlying water column, this Mo is sequestered with organic matter and/or pyrite in
the subsurface layers (Helz and others, 1996; Erickson and Helz, 2000; Helz and
others, 2011; Chappaz and others, 2014; Dahl and others, 2017; Wagner and others,
2017). A recent survey of Mo concentrations from non-euxinic settings with sulfidic
pore fluids suggests that authigenic enrichments rarely exceed 25 ppm, with most of
these settings having enrichments below 10 ppm (Scott and Lyons, 2012). A new
diagenetic model, the new FOAM data, and the literature data compilation presented
here is intended to extend the proxy potential of Mo concentrations to differentiate
settings with pore fluid sulfide accumulation from those lacking sulfide or with sulfide
also present in the water column.

FOAM—The Historical Context

Past studies of FOAM and several nearby locations in Long Island Sound must get
credit for giving rise to the Fe-based paleoredox proxies—specifically, degree of
pyritization (DOP), Feyr/Fer, and Fe, /Feyr. The water column is oxygenated at
each of these localities (Lee and Lwiza, 2005; Lee and Lwiza, 2008; Wallace and others,
2014), and sedimentary sulfide concentrations range from 2 to 6 mM at FOAM and the
adjacent study sites characterized by high rates of sulfate reduction (Goldhaber and
others, 1977; Westrich, ms, 1983; Canfield, 1989; Canfield and others, 1992). Studies at
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FOAM demonstrate that DOP data from sediments with sulfidic pore waters, but
underlying oxic water columns, are clearly distinguishable from those of euxinic water
column settings. Specifically, DOP values from FOAM and nearby LIS sediments do
not exceed ~0.4 (Berner, 1970; Canfield and others, 1992; Raiswell and Canfield,
1998), which are readily distinguished from the values of >0.7 found in sediments
underlying euxinic water columns (Raiswell and others, 1988). Similarly, comparisons
of Feygr/Fer data from FOAM and other modern oxic localities to sediments in
modern euxinic basins established the Feyy/Fet threshold of ~0.38 now used widely
to identify ancient euxinic and ferruginous water columns (Raiswell and Canfield,
1998). These same studies also demonstrated the reactivity of common Fe minerals—
ferrihydrite, lepidocrocite, goethite, hematite, magnetite—towards sulfide to form
pyrite. Concurrently, other Fe minerals (for example, sheet silicates) were found
instead to react with sulfide on much longer timescales well beyond those of early
diagenesis (Canfield and Berner, 1987; Canfield, 1989; Canfield and others, 1992;
Raiswell and others, 1994).

The intermediate DOP values at FOAM, despite high and persistent levels of pore
water sulfide, set the stage of a deeper exploration of reactive iron (reviewed in Lyons
and Severmann, 2006) and the mechanistic underpinnings of the Fe-based paleoredox
proxies—leading ultimately to the now widely used sequential extraction protocol
(Poulton and Canfield, 2005). This refined approach targets the ‘highly reactive’ Fe
phases described above. Collectively, data from FOAM and the modern Black Sea
(Canfield and others, 1996) exposed the need for ‘extra’ highly reactive Fe in euxinic
settings to explain observations of elevated DOP and Feyr/Fe (Canfield and others,
1996; Lyons, 1997; Raiswell and Canfield, 1998; Wijsman and others, 2001; Anderson
and Raiswell, 2004; Raiswell and Anderson, 2005; Lyons and Severmann, 2006;
Severmann and others, 2008; Severmann and others, 2010; Scholz and others, 2014b).
Our study, however, is the first report of Feyr/Fer data from FOAM using the
expanded suite of Fe extractions (Poulton and Canfield, 2005) and to specifically
report Fe, /Feyy for this location. Comparisons with previous studies are possible,
however, since data for Fey;y,, Fe,, and Fe,yg were already available for the upper 12
cm of FOAM (Berner and Canfield, 1989; Raiswell and Canfield, 1998). Those studies
yielded Feyyg/Fer ratios of 0.2 to 0.3 and Fe,/Feyy values approaching 0.8 in the
presence of high concentrations of pore water sulfide.

Beyond Fe proxy development and calibration, the FOAM site has been the focus
of numerous, now classic studies on sulfate reduction and sulfur disproportionation
(Goldhaber and others, 1977; Westrich, ms, 1983; Canfield and Thamdrup, 1994),
bioturbation (Aller, 1980a, 1980b; Berner and Westrich, 1985), and sedimentation
rates (Krishnaswami and others, 1984), among other topics (Aller and Cochran, 1976;
Benninger and others, 1979; Benoit and others, 1979; Krishnaswami and others, 1980).

Sedimentation rates at FOAM and adjacent study sites have been found to range
from 0.03 to 0.3 cm/yr (Goldhaber and others, 1977; Krishnaswami and others, 1984).
The presence of bioturbation and infaunal irrigation to depths of 8 to 10 c¢m
(Goldhaber and others, 1977) has left the upper 4 cm of the sediment well mixed
(Aller, 1980a; Krishnaswami and others, 1984). The activities of these burrowing
organisms have been documented to change on seasonal time scales (Goldhaber and
others, 1977; Aller, 1980a, 1980b), thus enhancing infaunal irrigation of sulfate to the
sediments in the summer compared to winter and creating distinct differences in the
depth of sulfide accumulation from winter to summer. Bioturbation is the dominant
transport mechanism in the summer, and diffusion dominates during the winter
(Goldhaber and others, 1977). Previous FOAM studies have suggested that diagenetic
processes are not in steady state in the upper ~10 cm, where active bioturbation and
maximum seasonal temperature variation occur, and are approximately at steady state
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Fig. 1. Map showing FOAM location. Image is taken from Google Earth.

at depth (Aller, 1980a, 1980b; Westrich, ms, 1983; Boudreau and Canfield, 1988).
Occasional dredging of portions of the Sound may cause sediment reworking, but no
direct impacts of dredging have been observed at FOAM.

METHODS

Our FOAM core was collected in October 2010 using a modified piston-gravity
corer (fig. 1). The site is located at 41°14°26.82”’N, 72°44°44.78"°W at a water depth of
approximately 10 m. Cores were sectioned into 1 to 2 cm intervals within 2 hours of
collection, and the sediment was transferred into 50 mL centrifuge tubes. Pore waters
were extracted within an Ne-flushed glove bag using rhizons within several hours of
core retrieval (Seeberg-Elverfeldt and others, 2005). Pore water subsamples for
hydrogen sulfide (2H,S) were fixed with zinc acetate, while subsamples for metal
analysis were acidified with trace metal grade HCI. Residual sediment samples were
sealed and frozen immediately, minimizing oxidation.

Pore water 2H,S concentrations were measured using the methylene blue method
(Cline, 1969). Sulfate concentrations were determined by suppressed ion chromatog-
raphy with conductivity detection (ICS-2000, AS11 column; Dionex) at the Stable
Isotope Geobiology Laboratory at Harvard University. Pore water concentrations of
Mn, Fe, and Mo were measured via inductively coupled plasma-mass spectrometry
(ICP-MS; Agilent 7500ce) at the University of California Riverside. Sample replicates
yielded standard deviations <5 percent for Mn, Fe, and Mo.

Acid volatile sulfur (AVS) and chromium reducible sulfur (CRS) were determined
sequentially using freshly thawed frozen samples and quantified by iodometric titra-
tion (Canfield and others, 1986). Recoveries of sulfur for pure pyrite standards
averaged 86 * 9.2 percent of the expected amount (n = 8); however, duplicate
analyses of FOAM samples revealed better reproducibility. To determine the degree of
pyritization (DOP) for FOAM sediments, Fe was extracted using the boiling HCI
method of Berner (1970) and Raiswell and others (1988). Following from previous
work (Berner, 1970; Raiswell and others, 1988), DOP was calculated as Fe,./(Fe,, +
Feye).

Samples with the bulk of pore water previously extracted but still wet were thawed
and weighed for determination of Fe speciation using a modified version of the
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sequential Fe extraction of Poulton and Canfield (2005). An ascorbate step targeting
ferrihydrite (Ferdelman, ms, 1988; Kostka and Luther, 1994; Raiswell and others,
2010), or Fe, ., was added and replaced a sodium acetate extraction that targets
carbonate-bound Fe given the unlikelihood of Fe carbonate precipitation in these
sulfide-rich sediments. To minimize oxidation of Fe sulfide phases during the extrac-
tion procedures, the solutions were bubbled with Ny gas prior to extraction, and the
headspace extraction vials were filled with N, gas and sealed throughout the extrac-
tions. Replicate samples yielded precisions of <7 percent for Fe,,, Feg;y,, and Fe,,.
All iron phase values are reported on dry sediment basis corrected for water contents.
Combined, Fe,, Fe,ys, Fe,, Fegy,, and Fe,,,, represent the total ‘highly reactive’ Fe
pool (Feyy).

FOAM sediment samples were dried and then homogenized via mortar and pestle
after removal of visible shell material. Total carbon was measured using an Eltra CS-500
carbon-sulfur analyzer. Total inorganic carbon was determined by measuring COq
liberated after addition of 2.5 N HCI. Total organic carbon (TOC) was determined as
the difference between total carbon and total inorganic carbon.

Bulk concentrations of Fe, Mn, Al, and Mo were determined using a total
digestion of ashed samples (450 °C) in trace metal grade HF:HNO4:HCI. Contents of
Fe, Mn, Al, and Mo were measured using an Agilent 7500ce ICP-MS at the University of
California-Riverside. Repeated analyses of USGS reference material SDO-1 were in-
cluded to assess accuracy and precision, with all elements analyzed in this study falling
within the reported ranges. The SDO-1 standard contains elevated concentrations of
each of the elements of interest relative to FOAM samples and was therefore diluted
during ICP-MS analysis to mimic the concentration range observed at FOAM. Diges-
tion and analysis of duplicate and triplicate FOAM sediment samples revealed standard
deviations (1o) of <0.1 weight percent for Al, Mn, and Fe and <0.2 ppm for Mo.

For the sake of comparison to past studies, we also include previously unpublished
S isotope data from FOAM. The FOAM-1 core was collected in August 1974 and
sectioned in 1 to 2 cm intervals under N, in a glove bag within ~12 hours of collection.
Pore waters were extracted by squeezing and filtered (Kalil and Goldhaber, 1973).
Additional details can be found in Aller (1980a, 1980b).

To determine the isotopic composition of pore water sulfate in FOAM-1, pore
water samples were diluted with ~70 mL distilled water, acidified with HCI, and
heated. BaSO, was precipitated following addition of BaCl, (10% w/v). The acid
volatile sulfur was extracted immediately following sample collection by reaction with
cold 12 N HCl and the resulting HyS was stripped with Ny and precipitated as Ag,Sin a
AgNOg trap (Aller, 1980a, 1980b). BaSO, and Ag,S were combusted to SO, (Ag,S by
the cupric oxide method), and the sulfur isotope compositions were measured via a
Nuclide 6-60 isotope ratio mass spectrometer at Yale University. For both SO,*~ and
AVS, the sulfur isotope data are presented in conventional delta notation (8**S) in
permil (%o) relative to the Vienna Canyon Diablo Troilite (VCDT) standard and
equation 1 below, which also applies to 3°’S. Park City pyrite, a synthetic ZnS, and
a synthetic PbS were used as secondary standards. Standard deviations (lo) for the
analyses of secondary standards and duplicate samples were less than 0.1 permil.

S%XS = [(SXS/SQS)samplc/(gxs/:ms)s[andard - 1] X 1000 (1)

For the 2010 FOAM core, sulfur isotope analyses were performed at the Stable
Isotope Geobiology Laboratory at Harvard University. Minor isotopes were measured
via fluorination of Ag,S, as shown below in equation 2. For sulfate, the samples are first
reduced to Ag,S with a mixture of hydriodic acid (HI), hypophosphorous acid
(HgPO,), and hydrochloric acid (HCI) at ~90 °C for 3 hours (Forrest and Newman,
1977; Johnston and others, 2007). Powdered Ag,S samples were fluorinated at 300 °C
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in an F, atmosphere at 10X stoichiometric excess. Product SF; was cryogenically and
chromatographically purified and analyzed on a ThermoFinnigan 253 in Dual Inlet
mode. Repeated analyses of standards IAEA-S1, S2, S3 yielded a reproducibility of =0.2
permil and +0.006 permil for §°*S and A**S, respectively. Samples are reported versus
VCDT, which is calibrated from the long-term running average of IAEA-SI versus the
working standard gas at Harvard University.

A¥S = 8% — [(3%1$/1000 + 1)°°1* — 1] X 1000 (2)

RESULTS

We compiled literature data (figs. 2 and 3) that includes new data and earlier
results from FOAM, Fe speciation from diverse modern settings (n = 1068), and Mo
concentrations from modern non-euxinic settings (n = 1421). All citations are given in
the respective figure captions. For both Fe speciation and Mo concentrations, ‘oxic’ is
defined as settings with >15 uM O,, and low oxygen conditions are defined as having
<15 pM O, but without persistent sulfide accumulation in the water column. For Mo,
data from the Namibian Shelf are included in the low oxygen settings. In some cases,
these low oxygen settings, such as the Peru Margin, are reported to have transient
water column sulfide plumes (Scholz and others, 2016). We distinguish between data
associated with dissolved hydrogen sulfide in the pore waters and pore waters with
either dissolved sulfide below detection or appreciable dissolved Fe, which implies
negligible sulfide. When available, the compiled Fe, /Fey data include iron associ-
ated with acid-volatile sulfide (AVS or ‘FeS’, the iron monosulfide precursors to pyrite
formation). In figure 3, intervals with Mo associated with surface Mn enrichments (>2
wt. % Mn in most cases) are not included.

Our pore water sulfide concentrations at FOAM are near 3 mM, which are within
the range of concentrations previously observed (~6 mM; Goldhaber and others,
1977; Canfield and others, 1992), with measureable sulfide accumulation limited to
depths of approximately 8 cm and greater (fig. 4A). Consistent with the down core
increase in sulfide, pore water sulfate concentrations decrease with depth (fig. 4A).
The TOC content ranges from 0.5 to 2.0 weight percent (fig. 4B). Pyrite is observed
at all depths (fig. 4C) and is consistent with previously reported ranges at FOAM
(Canfield, 1989; Canfield and others, 1992; Raiswell and Canfield, 1998). AVS was
not detected in this study. Because some AVS has been reported from past FOAM
studies (Aller, 1980b; Canfield, 1989; Canfield and others, 1992; Raiswell and
Canfield, 1998), it may be missing in our samples due to oxidation. Sulfur isotope
data (%28, ®°S, and **S) for pyrite, acid volatile sulfide, and sulfate are shown for
both the FOAM-1 (1974) and FOAM 2010 cores (fig. 4D) and are remarkably
similar despite collection separated by nearly 40 years. For the minor sulfur
isotopes (fig. 4E), the data mimic previous observations from similar sites (John-
ston and others, 2008), with sulfate showing increasing A**S in parallel with 8**S
increases. Sulfide A**S compositions are also enriched (averaging 0.16%o). Sulfur
isotope data are show in tables 1 and 2.

Results for individual Fe fractions are shown in table 3 and figure 5. Dissolved pore
water Fe concentrations peak in the upper 4 cm, rising from 4.24 uM at 0.5 cm to 6.29
M at 2 cm, before decreasing to 0.94 uM at 10 cm (fig. 5A). These dissolved Fe values
are notably similar to autumn cores from previous studies at FOAM (Aller, 1980b).
Dithionite Fe is the most abundant measured highly reactive Fe fraction in the upper
10 cm other than pyrite, peaking at 0.14 weight percent (fig. 5B), while other Fe
fractions are negligible (table 3). Calculated values for DOP are mostly near 0.4,
Fer/Al ratios are approximately 0.5, and Fey,/Fe remains <0.38 (figs. 5C and 5D).
Ratios of Fe,,/Feyg ratios decline in the upper 5 cm of the core from 0.86 to 0.55 and
are persistently >0.8 starting at 8 cm (fig. 5D). Our values for Fe/Al, Feyy/Fer,



535

and iron as proxies for pore fluid paleoredox conditions

“e1ep aandadsorx o) Jo 0 x Juasoxdor sreq PI[os oY T, “IXd) UTBWI O} UT PISSNISIP ST YIIYM /,*() JO UONB[NUINIOE IPY[NS JO UONEIIPUI JOJ
Arepunoq WMo 1 /45 1 oy syuasoxdax sur [eonaoa oYL - (8661 ‘[[PMSIEY PUE PAYUE)) 8¢ () ‘SIUIWIPIS UIGPOUI 10 SUONRIPUOD UWIN[OD 197eM JIXO 10§ Arepunoq paisaSsns
o1 S1uasa1dal SUI] [BIUOZLIOY ST, "I0ILISWNU 9} UL UONIRIIXD § I[HE[OA PIOE o) WOy uodr sopnpout THo g /495 roqerese uaym (9107 ‘s1o130 pue uasey ‘ojduwrexs 103)
SUOTEOYIPOW IDYIO PUE ‘(F()()g ‘SIOYIO PU IV Q66T ‘Ployue) pue [[omsiey ‘Oidurexs 10y) s1ossadopaid $)1 ‘(GoOg) PlRYUE) pue uojnod Jo uondenxs renuanbas oyl
Surpnput ‘suonedrqnd oy u9aMIIQ APUIIIJJIP PIUTULINIP SI 9 ,9ANIBAI A[YSIY, o) ‘A[qRION "9PY[NSs Pa1d1op sunyde] Ing °Q N GT> se pouyap st ua84xo Mo (L1038
‘SI9U10 PUE I23UIPATY QTG ‘SIYIO PUR [UIL] GG ‘SIOYIO PUL NYZ GG ‘SIOYIO PUL NI J FT0g ‘SIOYI0 PUL UUBULIYIM ‘qF[0g ‘SI2YIO pue Z[oydg F (g SIYI0
pue eurmby (g10g ‘SIOYI0 pue NY7 (Z10G ‘SO0 PUR ZIBI ‘G10g SIOYI0 pue SI19qp[o) F(0g SIOYI0 PUR II[[V ‘8661 ‘PRYUR) PUE [[PMSIEY ‘6861 ‘P[PYUE)) suwunjod
I9)eM JIXO PUR (Q[()g ‘SIOYIO PUR UIARY GF (g ‘SIOYI0 PUR Z[OYDS ‘RGHT ‘P[RYUL) PUE [[OMSIEY) UISAX0 MO[ (£ ‘SIOYIO puk SUOAT {10 ‘SI1o110 pue uewslip 8661
‘PIeyUE) PUR [[AMSTEY) OTUTXNF () "SIUWIPIS ISOY ) Ul 2pY[ns 197em a10d (£, 103 19710 pue I28UIpany {903 ‘SI2YI0 PUL [U F](F ‘SIOYI0 pUB UUBULIYIM ‘F 103
SIDUJO PUEB Z[OYDS ‘g 10 ‘SIOI0 pue S1aqp[o9) F()0g ‘SIOYI0 PUB II[[V ‘[00g ‘SI1oy10 pue uewslip ‘6861 ‘PleYUE)) INoym pue (L10g ‘syYI0 pue 123UIpary 910G ‘SOYO
pue uoAry (qF (g ‘SIYIO Puk Z[OYdS (GRG] ‘PIRYUE)) 1M SUWN[OD IJBM DIUIXNI-UON (V) SIUIWIPds UWIdpowr wolj erep uonenads of jo uonendwor) -z "Sig

hmu_\z_._mu_ pmu_\mzmn_

b 80 90 vo ¢0 0 b 80 90 vo ¢0 0

O L . . .m 2 o .O. L — PP P O
. : 58 o o’ .
¢ 0 1 19 00H - A
o Q" S0 oo
S 0 ogop es® | L 0 @
< - 5 <
(1] . ° % "ﬁw oP. ob - D
3 907 ° "oow BQMO I - 90 z
ot R ) bllll"IOIQIAY - - ik
oo @
s ! 8 I oY
80 w%oooo o ‘oge H@ﬂo%o@% 80
g 0®o o ° o %o{o Qmo_oﬁo xS g ]

21X0 © (DIUIXN3-UOU) %0 MO| © DIUIXND © :OM |[B apyins md ou © apyns md © oM DIUIXN3-UOU



D. Hardisty and others—An evaluation of sedimentary molybdenum

536

"SUOTIENUIIUOD
9] POA[OSSIP PIIEA[ (JIM 1IN PAINSEIW JOU IPYNS 10 ‘UONINIP MO[q INg painseaws apyms 1 001> INg painseawr apyns Aq pauyap st apyms a[qenaidde

Jo Yol Yy 's1orem axod oy ul suonenuaduod apyns d[qenardde (11(0g SI19Y10 pue Z[oydS ZOOZ SIOYI0 PuL JJoIdweN ()00g SOYI0 pue Sudyyz) IMoIM pue (1103
‘SIOYIO PUE Z[OYDS ‘600G ‘SIOYIO PUL ININIG UOS[NOJ F())g ‘SIOYI0 Pue SUIHoq )00g ‘SIOYI0 pue Suayy) [YIIM SIS UWN[0D I9IeM UISEX0 MO (D)) "OPL[NS PIAJOSSIP
Sunpoe[ng 50 WM GT> se pauyep—(110g ‘SIOYI0 PUE Z[OYDS ‘600G ‘SIOYIO PUE IINIF UOS[NOJ Q)G ‘SIOYIO PUue UOS[NOJ ‘9()()g ‘SIOYI0 pUe SNUBAD F()0G ‘SIOYI0
pue Suruog ‘g3 ‘SIYI0 PUL JOIIWEN] (000G ‘SIOYI0 PUE SUIYYZ (666 UOSIIW PUR PIOLIOIN ‘GG T “QOLIJ PUR JIDA[R)) {086 T ‘SI9U10 PUE SIOPULG-BWSIIFUOIY) SUWN[OD
I97eM UASAX0 MO] PUE (T3 ‘SIPYI0 pUe 13GP[O9) ([ (g ‘SIOYIO PUE Z[OYIS {600F ‘SI2YI0 PUL PIOJIO (6003 SIYIO PUE IONIG UOS[NOJ (£,003 ‘SIYIO PUR PIOJIOTA
£90()g ‘SI9YI0 PUE UOS[NOJ ‘9()(g ‘SIOYIO PUE SNUBDIA F0(g ‘SIOYI0 pue Aqpung (g ‘SI9YI0 pue uruog ‘))0g ‘SIOYI0 pue Sudyy ‘566 ‘UOSIdW PUe PIOJON 9861
‘9011 PUE PRIWUWIYS (GG ‘UISIIPIJ ‘GG ‘WI[OI[RIN) IIXO) () D) PUL g 01 9ANL[I Y 11ed UL 9[LIS UT 9DUIIIIJIP ) DION] "PIPN[OUI JOU I (SISLI ISOW UT U 9, "IM <)
SIUDUYDLIUD UJA [IIM PIIRIDOSSE ST OJA] QIIYM S[EAIIU] "SUONEIIUSIUO0D apy[ns 1a1em a1od o[qenardde (z1(g ‘s1oyio pue S1oqpoo) {1 1()g ‘SI9Y10 Pue Z[oyodSs ‘5003 ‘SIOYI0
pue 1yonig uos[nod 600z ‘SI19Ylo pue PIOION F((g SI9YI0 pue Suruog {000g ‘SIoYIo pue Susalz) MOYIM pUe ()03 ‘SIdYI0 PUR ININIYG UOSNOJ (/003 ‘SIdYI0
PUE PIOJIOJN GG ‘USIIPIJ ‘GRGT ‘WI[OI[BA) M SSUNIIS UWIN[OD 191eM IIX() (V) :WOIJ SUONBNUIIU0D O Areruawipas Surredurod sjofd roysiym pue xog ¢ “Siy

smd S md ou mqg°o mo]  mq aIxo s md S mdou
o * i B :
0c 02 1 rS
= 1 L =
o or v oL 3
o - p
g - o &
° 09 oo... 3
3 . oz §
5 08 08\ S
= 2 lsz &
S oot 00l 3 S
z o o 8
k=) : k=)
.m oct ocl ] L ge .m
orl ovlk 3] 1 Loy
9GL=u 8GL=u 128=u 009=u - /2l=u 8y i=u
091 3 2 81 o1 = Vig
mq °o moj e mq °Q a1xo



537

and iron as proxies for pore fluid paleoredox conditions

" pue [ sa[qe) ur umoys axe eyep adojost

myms (4861 “BO86 T 12IIV) [-INVO 2102 woy erep paysijqndun £jsnomaxd pue (9100 (10g) 28y sIyl Jo F ) ‘g V Ul JUIWINSLIW 10J PIZI[NN $II0D Y} IO WOIJ
umoys aue v1ep ‘ 3ed U "opy[ns paA[ossIp pue MBJNS 10J (S V) S, (A) PUR OPYNS PIA[OSSIP PUB MBJNS JO (S,.Q) S, () Jo suonisodwod adojost axe papnput ospy
ouAd ur angns jusoaad 1ySom (D) pue ‘(D) UOQIed dIUuEsIOo [e10} () ‘Opyns uaSorpAy pue aejms 1o3em axod () 10y sa[goid uonenuaduod WO § “Su]

o(iNw) uonenuaduoy s°HIo

12 g 2 L 0
o= (0102) @reyns 0 a (vL61) SAV= 0 o o v o ° 0s
(0102) 8pyins o (v261) @yikdm o . o
(v261) oveyns o . o °
(0102) @pyinse o . o
0 1 ° ° (0102) oveynsof ° . L ° o tov
o L ] o
o ) [e] @ o
o L] o
° o o L] o
O 0€ 1 1 o . r o r0€ O
[+ o o ° o o (]
.m ° o ° o =
m ° o . ° M
[2) o ) o ° o (2]
3 oz ° ° 1 o . ! 0 roe 2
o ) H " o . )
o o o o o
o o n = 9 . &
o n__u o" o o o
Ol o " E o o + o FOL
) o () [e]
& o °
° Lo o ° ) q
] o ] [} o
0 T T T T Ter T T - T T T Q T T 0
020 G0 OL0O SO0 O 09 O 02 O 0¢c- OF-G'I b S0 0 c L 0 g2 0c Sl (0] 8
(%) Secv (%) Svee (% ") anyng anukg (% "mW) 201 ° (Ww)'0s °



538 D. Hardisty and others—An evaluation of sedimentary molybdenum

TABLE 1

Sulfur isotope values for pore water sulfate and AVS for samples from FOAM

Core Depth (cm)  8*S sulfate (%o) 6°°S AVS (%0) &S pyrite (%o)

FOAM-1 0 20.5

FOAM-1 0.5 23.4 -20.1
FOAM-1 1.5 25.1 -18.4

FOAM-1 25 24.7 21.1 -23.0
FOAM-1 3.5 26.2 -20.3 232
FOAM-1 4.5 25.8 -19.9 23.4
FOAM-1 55 26.8 -20.7 22.9
FOAM-1 6.5 28.2 22.7

FOAM-1 7.5 28.6 -23.1
FOAM-1 10.5 30.9

FOAM-1 11.5 30.9

FOAM-1 12.5 32 232
FOAM-1 13.5 33.3 22.1
FOAM-1 14.5 -21.8
FOAM-1 14.5 21.7
FOAM-1 15.5 33.8 21.6
FOAM-1 16.5 33.5 21.1
FOAM-1 17.5 343

FOAM-1 18.5 34.6 -19.1

The data are presented in figure 4.

Fepy/ Feygr, and DOP are all similar to those reported or calculated from data
published in previous FOAM studies (Krishnaswami and others, 1984; Canfield, 1989;
Canfield and others, 1992; Raiswell and Canfield, 1998).

TABLE 2
Multiple sulfur isotope data from the 2010 FOAM core

sulfate sulfide

Depth  8*S (%) A”S (%) 8°'S (%) A S (%0)
0 (bw) 20.85 0.040

2 21.87 0.032

4 21.44 0.041

8 23.98 0.036

12 37.35 0.113 -18.95 0.149

16 36.00 0.104 -19.48 0.155

20 37.97 0.122 -17.80 0.159

24 42.16 0.115 -17.07 0.179

28 43.63 0.117

32 44.28 0.119

36 43.65 0.102

40 43.80 0.116

The data are presented in figure 4.
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Solid-phase Mo concentrations at FOAM do not exceed 2 ppm (figs. 6A and 6B;
table 4). There is a subsurface pore water Mo maximum of ~300 nM at 5 to 7 cm (fig.
6C). Sedimentary Mn concentrations are in the same range as previous work (Aller,
1980b), which also show a homogenous distribution in the upper 10 cm (fig. 6D). The
range in pore water Mn (fig. 6E) is similar to that reported for autumn cores in a
previous FOAM study (Aller, 1980b). Pore water Mn accumulation overlies the depth
of initial sulfide accumulation and overlaps with pore water Mo concentrations
elevated above those of seawater (fig. 6).

DISCUSSION

Iron Speciation as a Pore Fluid Paleoredox Indicator

Iron speciation has been widely used to infer water column paleoredox
conditions, but only recently has this application been extended to recognize
paleo-pore water sulfide accumulation (Sperling and others, 2015). Applications
toward recognizing ancient pore water sulfide accumulation are well grounded in
work from modern sites, such as FOAM, but no previous study has evaluated the
ability of Fe speciation to uniquely discern pore water sulfide in a diverse range of
modern localities. Pore water sulfide does not accumulate until the most ‘highly
reactive’ Fe minerals—for example, ferrihydrite and hematite—are quantitatively
titrated in the sediments to form pyrite or other Fe sulfides (Canfield, 1989;
Canfield and others, 1992; Raiswell and others, 1994), thus elevated Fepy/FeHR are
anticipated for these settings.

In line with expectations, the Fe speciation data compilation in figure 2 provides
broad evidence that Fe,, /Feygvalues are <0.7 in modern sediments where sulfide is
independently constrained to be absent. Data from sulfidic pore water systems are less
common but, with few exceptions (discussed next paragraph), display Fe, /Feyp ratios
>(.7. Examples of sites with sulfidic pore waters include the FOAM site (this study;
Canfield, 1989), Peru Margin (Boning and others, 2004; Scholz and others, 2011),
Santa Barbara Basin (Raven and others, 2016), and Argentine Margin (Riedinger and
others, 2017). Our FOAM data reveal up to 3 mM of pore water sulfide (fig. 4) and
Fe, /Feyr >0.7 (fig. 5). Though the collective data from sites without pore water
sulfide have Fe, /Fey <0.7, portions of the FOAM sediment profile without pore
water sulfide do have elevated Fe, /Feyg (fig. 5). In the upper 4 cm at FOAM, ratios of
Fe, /Feyr and DOP are elevated compared to the remainder of the upper ‘sulfide
free’ zone in part because of dissolution of Fe-oxides to produce dissolved Fe in the
pore waters—a ‘highly reactive’ Fe phase, not included in these proxy calculations.
Factors leading to the presence of pyrite in the ‘sulfide free’ zone may result from
sediment mixing, terriginous input, as well as ongoing sulfate reduction (Canfield and
others, 1992; Riedinger and others, 2017). Regardless, the collective data support that
paleo-pore water sulfide accumulation can be recognized in the geologic record via
Fe, /Feyg values >0.7, Feyg/Fer ratios of <0.38, DOP <~0.4, and Fer/Al <0.5
(Raiswell and others, 1988; Raiswell and Canfield, 1998; Lyons and others, 2003),
although threshold values should be applied with caution.

The collective data from sites without stable euxinia suggest that Fe, /Feyy ratios
of >0.7 are generally a consistent indicator of pore water sulfide accumulation (fig.
2A), but lower values lower do not necessarily imply a lack of pore water sulfide.
Exceptions include sediments from the Santa Barbara Basin and the Argentine
Margin, where pore water sulfide concentrations approach mM levels, yet Fe,, /Feyg
ratios are <0.7. The trends in the Argentine Margin are likely a combination of high
sedimentation rates and an abundance of magnetite and anomalously high levels of
Fe-oxides that react with sulfide to form pyrite (Riedinger and others, 2017). As was
shown in a landmark study at the FOAM site, dissolved sulfide reacts with ‘reactive’ Fe
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TABLE 4

Sedimentary and pore water Mo concentrations

Depth Pore water Bulk Mo
(cm) Mo (nM) (ppm)
0.5 157.4 1.1
2 139.8 1.1
4 1.1
6 296.5 1.0
8 1.0
10 79.9 1.0
12 1.2
14 115.1 1.0
16 1.3
18 359 1.1
20 0.9
22 3.0
24 0.9
26 4.5
28 1.0
30 13.9 1.0
32 0.9
34
36 1.0
38 34.2 0.9
40 1.1
42 14.4 1.0
44 1.0
46 14.8 1.1
48 1.0
50 8.4 1.2

The data are presented in figure 6.

minerals such as Fe-(oxy) hydroxides and hematite prior to dissolved sulfide accumula-
tion, but the kinetics of the reaction with magnetite are up to seven orders of magnitude
slower, thus allowing for pore water sulfide accumulation despite the presence of ‘highly
reactive’ Fe as magnetite (Canfield and others, 1992). Sulfur isotope data at FOAM are
consistent with continued pyrite formation from magnetite well below the onset of sulfide
accumulation (Canfield and others, 1992). Along the Argentine Margin, sporadic and
rapid sedimentation maintain non-steady state geochemical conditions and decrease
the residence time of sediments and ‘reactive’ Fe minerals, including magnetite, in a
thin zone of sulfide accumulation (Riedinger and others, 2017). In this zone, the rate
of sulfate reduction exceeds reaction rates between dissolved sulfide and the abun-
dance of various ‘highly reactive’ Fe phases (Riedinger and others, 2017).

To our knowledge, the Fe speciation data compilation in figure 2 is the first to
consider both Feyy/Fer and Fe, /Feyy from the full range of modern settings with
available data. The original work of Raiswell and Canfield (1998) did not consider
Fe, /Fepy, but the data compilation presented here generally reinforces their conclu-
sions. Specifically, only sediments from the euxinic Black Sea, Cariaco Basin, and
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Framvaren Fjord record clear indications of euxinia from the collective Fe speciation
data. Raiswell and Canfield (1998) made the same observation based on their Feyg/
Fer compilation. Other euxinic sites (for example, Orca Basin and Kau Bay) and low
oxygen or ‘nitrogenous’ settings with and without intermittent euxinia (for example,
Peru Margin) have Feyr/Fer <0.38 and Fe, /Feyy values that are not consistently
elevated. Other euxinic settings can fall in this group, particularly when marked by very
rapid sedimentation, such as along the Black Sea margin (Lyons and Kashgarian,
2005). For the sample set in figure 2, the only low oxygen (in this case, seasonally
anoxic), non-euxinic site to yield Fey/Fer ratios of >0.38 from multiple samples is
the Santa Barbara Basin (Raven and others, 2016), where the Fe speciation data are in
arange typically interpreted as reflective of ferruginous conditions. Redox boundaries,
either temporal or spatial, have been suggested as necessary for elevated Fe-oxide
delivery relative to detrital values, and thus Fe speciation indications of ferruginous
conditions (Scholz and others, 2014a; Scholz and others, 2014b; Hardisty and others,
2016), but such settings are seemingly rare in the modern ocean. It is possible,
however, that Fe speciation evidence for ferruginous conditions may be more common
than currently known in sediments from modern low oxygen settings lacking persistent
water column sulfide accumulation. To date, each of the modern low oxygen or
euxinic localities measured for Fe speciation only include Fe  and Fe;,, as part of the
‘highly reactive’ Fe pool (Raiswell and Canfield, 1998; Scholz and others, 2014b; Raven
and others, 2016). Consideration of Feyr/Fer and Fe, /Fey g without Fe . and Fe

mag carb

specifically makes ferruginous settings more difficult to identify (Raiswell and others,
2018).

Lastly, some oxic localities—specifically nearshore deltaic and fjordic sites charac-
terized by rapid sediment reworking and high Feyy/Fer in the source sediments—
yield Fe speciation values also consistent with ferruginous conditions (Poulton and
Raiswell, 2002; Aller and others, 2004; Mirz and others, 2012). Similar trends can be
found in Fe/Al for some of these localities, with mass ratios exceeding the ~0.5
typical of sediments underlying oxic waters. Such observations stress the necessity to
consider local Feyr/Fe and Fey/Al detrital baselines, the sedimentary context, and
independent paleoredox proxies when interpreting Fe geochemistry from ancient
settings (Cole and others, 2017; Raiswell and others, 2018).

Molybdenum Concentrations as a Pore Fluid Paleoredox Indicator

Concentrations of Mo and Fe speciation are commonly used to infer the presence
of ancient water column sulfide and some recent studies provide evidence that unique
ranges exist for Mo concentrations beneath modern non-euxinic water columns
containing pore water sulfide (Scott and Lyons, 2012). Our compilation of Mo
concentrations from oxic settings with and without pore water sulfide support these
applications and past studies (fig. 3). Specifically, sedimentary Mo concentrations
above crustal values but <40 ppm—but mostly <10 ppm—and with independent
constraints of oxic water column conditions can generally be attributed to the
presence of pore water sulfide (fig. 3A). The authigenic Mo enrichments in oxic
settings with sulfidic pore fluids is largely a function of a Mn or Fe oxide shuttle that
delivers Mo to the sediments, and then fixation with sulfide following reductive
dissolution of the oxides (Zheng and others, 2000; Scott and Lyons, 2012). Indeed, the
range in Mo concentrations from oxic settings with sulfidic pore fluids is largely
derived from settings with a clear enrichment in Mn and Mo at the surface (omitted
from compilation in fig. 3) and a secondary enrichment in Mo following a decrease in
Mn concentrations below the zone of sulfide accumulation (Scott and Lyons, 2012).
For example, this relationship is observed from sediment at Loch Etive, Scotland
(Malcolm, 1985), and an estuary in British Columbia (Pedersen, 1985). These observa-
tions can be clearly contrasted by environments with surficial Mn enrichments that lack
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an adjacent subsurface zone of sulfide accumulation, such as some hemipelagic
sediments (Shimmield and Price, 1986). In hemipelagic sediments, large Mo enrich-
ments—in some cases 100s of ppm—can occur in Mn,Fe-crusts in the upper sediment
zone, but decrease to near-detrital values upon Mn and Fe dissolution, and thus
elevated concentrations are not preserved in the geologic record.

Importantly, we acknowledge that Mo concentrations from low oxygen settings
with intermittent water column and pore water sulfide have concentrations similar to
many stable euxinic settings and oxic settings with pore water sulfide (fig. 3B). This is
important for the proxy perspective presented here, as the current Fey/Fep data
from low oxygen and intermittently euxinic localities overlap with that of oxic settings
(fig. 2), indicating a need for further proxies for distinction. Additional redox proxies
which can discriminate low oxygen settings from oxic settings include U concentra-
tions (Sundby and others, 2004; McManus and others, 2006; Algeo and Tribovillard,
2009; Scholz and others, 2011), Mo isotopes (Poulson Brucker and others, 2009;
Hardisty and others, 2016; Scholz and others, 2017), nitrogen isotopes (Scholz and
others, 2017), and iodine contents (Owens and others, 2017; Zhou and others, 2017).
In addition, a relationship between TOC and Mo concentrations like that from the
Peruvian (Boning and others, 2004; Scholz and others, 2011; Scholz and others, 2017)
and Namibian (Calvert and Price, 1983; Algeo and Lyons, 2006) oxygen minimum
zones (OMZs) is not observed in oxic settings (Algeo and Lyons, 2006).

One possible explanation of the elevated Mo concentrations in these mostly
‘nitrogenous’ localities is the intermittent accumulation of low water column hydrogen
sulfide; however, thermodynamic considerations and observations from weakly sulfidic
plumes (<15 uM) in the Peru OMZ have been suggested as inconsistent with Mo
scavenging in these waters (Scholz and others, 2016; Scholz and others, 2017). We
point out that multiple field and theoretical studies indicate a requirement of
significant dissolved sulfide accumulation (>100 wM) prior to authigenic Mo accumu-
lation (Helz and others, 1996; Erickson and Helz, 2000; Zheng and others, 2000; Helz
and others, 2011; Helz and others, 2011; Chappaz and others, 2014; Dahl and others,
2017; Wagner and others, 2017). In addition, a distinct relationship between Mo and
TOC, like that observed in the Peruvian (Boning and others, 2004; Scholz and others,
2011; Scholz and others, 2017) and Namibian (Calvert and Price, 1983; Algeo and
Lyons, 2006) upwelling zones, is otherwise uniquely attributed to settings with at least
intermittent water column sulfide accumulation (Algeo and Lyons, 2006). Additional
mechanisms of authigenic Mo enrichments from low oxygen localities include sedimen-
tary delivery via oxides during episodic bottom water oxygenation and Mo fixation
following reaction with pore water sulfide (Algeo and Tribovillard, 2009; Scholz and
others, 2011; Scholz and others, 2017). In our data compilation, Mo concentrations
from low oxygen settings with and without pore water sulfide present during sampling
are not distinguishable (fig. 3C). This observation likely stems from intermittent or
past pore water and water column sulfide accumulation not captured or recognized
during sampling.

Lastly, even with elevated pore water sulfide concentrations, a number of factors
in oxic localities can lead to a lack of Mo enrichments beyond detrital values. This is
evident from figure 3, which shows that there is an overlap in the Mo concentration
range from oxic settings with and without pore water sulfide accumulation. In the next
section, we provide a case study from the FOAM site, where we observe elevated pore
water sulfide, but sedimentary Mo concentrations are near detrital values. Ultimately,
oxic settings with and without pore water sulfide accumulation can be discerned via
Fe, /Feyg values (fig. 2). However, as discussed below, the lack of authigenic Mo
enrichments from sediments with Fe,, /Feyr >0.8 may provide additional insights to
early diagenetic processes in ancient settings, including sedimentation rates and
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seasonal oxidative processes. A diagenetic model is used to demonstrate the conditions
leading to the range of authigenic Mo enrichments observed in figure 3.

FOAM Case Study and Diagenetic Model

Previous studies have not measured Mo at FOAM, but localities with water column
redox and diagenetic regimes similar to FOAM, such as an adjacent site in New Haven
Harbor and Boston Harbor, Massachusetts, USA, have reported sedimentary Mo
enrichments up to 8 ppm (Bertine and Turekian, 1973; Morford and others, 2007).
These Mo concentrations are easily distinguished from detrital values (1-2 ppm) and
are well below Mo concentrations typical of sediments underlying euxinic water
columns (Scott and Lyons, 2012). The up to 3 mM sulfide levels at FOAM are well
above the 100 wM ‘action point’ for total dissolved sulfide concentration that favors the
transformation of molybdate to tetrathiomolybdate, which can then be efficiently,
often quantitatively, scavenged (Helz and others, 1996; Zheng and others, 2000). In
sulfidic sediments, following Mn and Fe oxide dissolution, near-complete authigenic
Mo removal from pore waters typically occurs at the transition zone to sulfide
accumulation, forming a deeper second solid-phase Mo peak (Scott and Lyons, 2012).
Sedimentary Mo peaks are not observed at all at FOAM despite pore water Mo levels
greater than those of the overlying seawater and a clear indication of subsurface Mn
and Fe oxide reduction seen in both pore water and sediment data (figs. 5 and 6).
Below we consider sediment mass balance and a diagenetic model for Mo to determine
the factors that influence authigenic Mo enrichments at FOAM and other non-euxinic
localities.

We use estimates of the lithogenic Mo (Moy;,) input relative to the observed bulk
Mo concentrations (Moy, ;) to determine the contribution, if any, from authigenic Mo
(Moaulh) :

Moy = Moy, + Mo,y (3)

Although constraints on the lithogenic input of Mo to sediments in Long Island
Sound are lacking, we can estimate this component using a bulk average value of

Mo/Al for granite- and sandstone-derived lithogenic material of 8-18x10~° (Turekian
and Wedepohl, 1961; McLennan, 2001; Poulson Brucker and others, 2009). Both rock
types are common regionally near FOAM. This lithogenic Mo range also overlaps with
baseline Mo concentrations found in Buzzards Bay and Boston Harbor, Massachusetts
(Morford and others, 2007; Morford and others, 2009), which have similar weathering
source rocks. Considering an average sedimentary Al concentration of 6.0 weight
percent at FOAM (table 3), we calculate a lithologic Mo input of 0.36 to 1.4 ppm. This
contribution is negligible for sediments with large authigenic Mo enrichments, but
considering an average Mo concentration for FOAM sediments of 1.02 ppm, Moy, has
the potential to make up anywhere from 35 to 100 percent of the bulk Mo concentra-
tions. If authigenic Mo is accumulating at FOAM, it is clearly at very low concentra-
tions.

The total authigenic consumption flux of dissolved Mo within marine sediments
can be quantitatively estimated using an early diagenetic model (eq. 4). The model
tracks solid (organic matter accumulation and authigenic tetrathiomolybdate forma-
tion) and dissolved phases (Mo, H,S, O,) in diffusional exchange with seawater, within
the upper 200 cm of the sediment column.

a[X] 9*[X] a[X]
9 =D 02 —u)iéz — rxn (4)

Parameters and associated citations are given in table 5. The sum reaction of the
time rate of change of dissolved species in pore waters can be described as the sum of
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TABLE 5

Variables and values used for model calibration and sensitivity tests in figure 7

Parameters Values Units Sources
Dissolved seawater [Mo] 150 nM (this study — FOAM)
Dissolved seawater [O5] 150 uM
Mo Diffusion coefficient 391 em’” yr’! (Malinovsky and others, 2007)
(D Mu)
O, Diffusion coefficient 621 cm’ yr'1 (Ferrell and Himmelblau, 1967;
(Do2) Hayduk and Laudie, 1974)
Sedimentation rate () 0.2 cm yr'1 (Goldhaber and others, 1977;
Krishnaswami and others, 1984)
Sediment porosity () 0.8 - (Boudreau, 1997)
Organic rate constant (ko) 4.0% 10° yr'1 (Arndt and others, 2009) (this
study - FOAM)
Thiomolybdate rate 1x10°  mmol cm™ yr’! (this study — FOAM)
constant (ky,)
Limiting concentration for 20x10®  mmol cm™ (Reed and others, 2011)
0, (Ko2)
Organic rain flux (Fo) 0.3 mmol cm™ yr’' (this study — FOAM)

2
the diffusion term (D TZQ), the advection term (w Tz)’ and the reaction term
(rxn). The variable D is the diffusion coefficient, w is the sedimentation rate, and z the
depth away from the sediment-water interface (Boudreau, 1997). The consumption of
oxygen through aerobic respiration of organic matter was parameterized as

LO,] : : -
kmg[org]m, where k., is the reaction rate constant and kg, the limiting

J[Mo]

concentration for O,. The term considers the gradient in pore water Mo

concentrations from the depth of O, consumption—and hence the onset of oxide
dissolution and associated release of sorbed Mo—to the depth where Mo concentra-
tions decrease to stable values within the zone of pore water sulfide accumulation. The
reaction term for tetrathiomolybdate is expressed as k;, [HoS] [Mo], where k, is the
reaction rate constant. The k,,, and k,, were determined by calibrating the model to
pore water Mo and sulfide data derived from the FOAM site (table 5). Dissolved sulfide
levels were set at a constant value under conditions where oxygen has been quantita-
tively consumed through respiration. Further, if [O,] is greater than zero, [HyS] is
assumed to be zero.

Next, we explore the sensitivity of authigenic Mo enrichments within marine
sediments over a wide range of parameter space considered in figure 3 and the
associated discussions—but using FOAM site values as a baseline (fig. 7; table 5). At the
most basic level, the delivery of organic carbon and the associated accumulation of
pore water sulfide through sulfate reduction is a requirement from the model in order
to achieve even muted authigenic Mo enrichments (figs. 7D and 7E). The model is
sensitive to pore water Mo concentrations at the depth of O, consumption (fig. 7A),
which implies that higher delivery of Mo to the sediments via oxides and burial and
diffusion of seawater will increase authigenic enrichments upon reaction of the
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dissolved Mo with appreciable pore water sulfide. As in similar previous models
(Morford and others, 2009), we find authigenic Mo enrichment to be most highly
sensitive to sedimentation rates (figs. 7A and 7C). For example, sedimentation of >0.2
cmyr~ ! can severely mute authigenic enrichments in marginal settings such as FOAM,
explaining the observed sediment Mo concentration values (fig. 6). Muted Mo
concentrations have even been observed from euxinic portions of the Black Sea where
sedimentation rates are elevated (Lyons and Kashgarian, 2005). Conversely, particu-
larly low sedimentation rates in combination with elevated pore water Mo at the depth
of O, consumption can allow for relatively elevated authigenic Mo concentrations
(figs. 7A and 7C). These conditions replicate the ranges of Mo concentrations
observed from other oxic sites with pore water sulfide and elevated authigenic
enrichments (fig. 3). In addition, if we consider a sensitivity analysis that integrates the
d[Mo]

most extreme and w from Peru Margin Sites with available data (~350 nM and

~0.025 cm yr', respectively; Scholz and others, 2011), the model provides evidence
that sedimentary Mo concentration of up to ~70 ppm are possible (figs. 7A and 7C)—a
range which explains the bulk of the existing sedimentary Mo data from low oxygen
environments (fig. 3). However, under no relevant conditions can the model replicate
the >100 ppm Mo found in some of these low oxygen environments (Brongersma-
Sanders and others, 1980; Calvert and Price, 1983; Boning and others, 2004; Scholz
and others, 2011; Scholz and others, 2017). Such a result provides evidence that water
column sulfide accumulation, or additional sedimentary Mo delivery parameters not
considered in our model are likely necessary to explain the extreme elevated Mo
enrichments from these low oxygen settings (fig. 3; Scholz and others, 2017).

Lastly, though sedimentation rates and sedimentary Mo delivery can explain the
ranges of authigenic Mo accumulation from oxic settings, seasonal variations in
sediment chemistry not considered in our model are all likely to contribute to muted
authigenic Mo formation. Previous studies have shown that sediments with seasonal
variations in redox state, metabolic rates, or biogenic mixing of particles between
redox zones of the sediments, like FOAM (Goldhaber and others, 1977; Aller, 1980a,
1980b), minimize retention of authigenic Mo phases (Morford and others, 2009; Wang
and others, 2011). At FOAM, a range of previous work provides evidence that
bioturbation, pore water redox, and organic matter remineralization rates all vary
seasonally within the upper few cm of the sediment pile (Goldhaber and others, 1977;
Aller, 1980a, 1980b). Specifically, lower temperatures during the winter months
decrease infaunal activity and metabolic rates. Together, these processes result in
relatively more oxidizing conditions near the sediment water interface during the
winter relative to summer through decreased upward mixing of reduced sediments
and decreased rates of sulfate reduction, with the consequence of net oxidation of
reduced sedimentary phases such as pyrite (Goldhaber and others, 1977; Aller, 1980a,
1980b; Westrich and Berner, 1988; Green and Aller, 1998, 2001). However, despite
these known dynamics, data generated for this study that overlap with that of previous
FOAM works [S isotopes (fig. 4D); dissolved Fe and Mn, and sulfide; sedimentary Fe
speciation, Mn, and S concentrations] are remarkably comparable despite, in some
cases, nearly 40 years difference in the time of our sampling (see Results section for
details). Indeed, despite temperature, metabolic, and faunal seasonal dynamics which
induce non-steady state sedimentary and geochemical conditions in the upper ~10
cm, previous seasonal observations have also proven a consistency of dissolved and
sedimentary geochemical characteristics for a given season from year to year (Aller,
1980a, 1980b). Non-steady state factors should be considered in future models, but
previous studies and ours provide evidence that FOAM may be best characterized as a
‘dynamic steady state.’
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CONCLUSIONS

Based on observations from modern settings, we provide constraints on the use of
sedimentary Fe speciation and Mo concentrations as paleoredox proxies to uniquely
identify the presence/absence of pore water sulfide accumulation during early diagen-
esis in ancient non-euxinic water column settings. To this end, we compare ratios of
pyrite-to-‘highly reactive’ Fe (Fe /Feyr) and Mo concentrations from modern non-
euxinic settings with and without observations of sedimentary pore water sulfide
accumulation. We also provide original Fe speciation, sedimentary Mo, and S isotope
data from the FOAM site in Long Island Sound, where pore water sulfide concentra-
tions are in excess of 3 mM. The FOAM site has played an essential role in our
understanding of Fe reactivity toward sulfide and the development of a commonly
applied Fe speciation scheme (Canfield and Berner, 1987; Berner and Canfield, 1989;
Canfield and others, 1992; Raiswell and Canfield, 1998) and the earlier DOP approach
(Berner, 1970; Raiswell and others, 1988; Canfield and others, 1992)—in large part
through proximity to Yale University and the research group of Bob Berner. Given
previous observations at FOAM and other similar localities with pore water sulfide, we
expected Fepp/Fer values of <0.38 (Raiswell and Canfield, 1998), Fe|/Al ratios of
~0.5, (Krishnaswami and others, 1984), Fepy/FeHR >(.8, and Mo concentrations 2 to
25 ppm (Scott and Lyons, 2012). Deviations from these predictions are explored in the
context of the broader data compilation and sensitivity analyses of an authigenic Mo
model.

Iron speciation data from the literature and our new FOAM results fit the
predicted ranges, with most of the ‘highly reactive’ Fe pool reacted with ZH,S to form
pyrite and resulting, with few exceptions, in Fepy/ Feyy values as a generally confident
indicator of the presence/absence of pore water sulfide accumulation during early
diagenesis. Molybdenum concentrations at FOAM, by contrast, did not fall within the
typical range for sulfidic pore fluids (Scott and Lyons, 2012). Oxic settings with pore
water sulfide accumulation, including FOAM, commonly display Mo concentrations
similar to detrital values, hence overlapping with that observed in oxic settings lacking
pore water sulfide. A diagenetic model that considers pore water dissolved Mo, bottom
water O,, pore water sulfide, sedimentation rate, and organic rain rates provides
evidence that there is indeed an authigenic Mo flux to the sediments at FOAM, but
that episodic and generally high sedimentation rates likely prevent expression beyond
typical lithologic values. In addition, low oxygen (but non-euxinic) water column
environments—most prominently the Peru Margin—have the potential for a large
range of Mo concentrations, regardless of pore water redox, overlapping with both
euxinic settings and oxic environments with pore water sulfide. The additional
application of Fe speciation differentiates euxinic and low oxygen (non-euxinic)
settings, but other paleoredox proxies (for example, U concentrations, N isotopes, Mo
isotopes, iodine contents) are necessary to discern low oxygen environments from oxic
settings. If paleoredox indicators beyond Fe speciation and Mo concentrations provide
independent constraints on oxic water column conditions, Mo concentrations are a
generally reliable indicator of pore water sulfide accumulation.

Overall, our results confirm that Fe speciation applications to identify ancient
pore water sulfide accumulation are reasonable, similar to applications of Sperling and
others (2015), but point to the requirement of more nuanced considerations for
similar applications of Mo concentrations. When Fe speciation and Mo concentrations
are applied together to ancient sediments, the modern framework and authigenic Mo
model combined here may be used to constrain trends in pore water sulfide accumula-
tion and modes and ranges of Mo delivery to non-euxinic sediments. These constraints
provide a context for tracking evolutionary trends in benthic habitation as well as
controls on seawater sulfate and Mo concentrations through time.
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