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Drivers and Seasonal Variability of
Redox-Sensitive Metal Chemistry in a
Shallow Subterranean Estuary
Alison E. O’Connor1,2*, Elizabeth A. Canuel1 and Aaron J. Beck1,3

1Virginia Institute of Marine Science, William & Mary, Gloucester Point, VA, United States, 2Ramboll, Beachwood, OH,
United States, 3GEOMAR, Kiel, Germany

The subterranean estuary (STE) has been historically defined in terms of themixing of saline
and fresh water, in an analogy to surface estuaries. However, redox gradients are also a
defining characteristic of the STE and influence its role as a source or sink for metals in the
environment. Approaching the STE from a redox-focused biogeochemical perspective
(e.g., considering the role of microbial respiration and availability of organic matter)
provides the ability to quantify drivers of metal transport across spatial and temporal
scales. This study measured the groundwater composition of a shallow STE over 2 years
and used multiple linear regression to characterize the influence of salinity and redox
chemistry on the behavior of redox-sensitive metals (RSMs) including Mo, U, V, and Cr.
Molybdenum and uranium were both supplied to the STE by surface water, but differed in
their removal mechanisms and seasonal behavior. Molybdenum showed non-conservative
removal by reaction with sulfide in all seasons. Sulfide concentrations at this site were
consistently higher than required for quantitative reaction with Mo (10 µM sulfide), evidently
leading to quantitative removal at the same depth regardless of season. In contrast, U
appeared to depend directly on microbial activity for removal, and showed more extensive
removal at shallower depths in summer. Both V and Cr were elevated in meteoric
groundwater (2.5–297 nM and 2.6–236 nM, respectively), with higher endmember
concentrations in summer. Both V and Cr also showed non-conservative addition
within the STE relative to conservative mixing among the observed endmembers. The
mobility of V and Cr in the STE, and therefore their supply to the coastal ocean, was
controlled by the availability of dissolved organic matter and Fe, suggesting V and Cr were
potentially complexed in the colloidal fraction. Complexation by different organic matter
pools led to seasonal variations in V but greater interannual variability of Cr. These results
reveal distinct behaviors of RSMs in response to seasonal biogeochemical processes that
drive microbial activity, organic matter composition, and complexation by inorganic
species.
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1 INTRODUCTION

Submarine groundwater discharge (SGD), advection of water
across the seafloor into the coastal ocean, is an important
source of nutrients and trace metals to the sea (Spinelli and
Fisher 2002; Burnett et al., 2003; Slomp and Van Cappellen 2004;
Beck et al., 2009). The chemical composition of SGD is affected by
reactions that occur within the subterranean estuary (STE), the
mixing zone of fresh and saline water within permeable sediments
(Moore 1999; Charette and Sholkovitz 2006; Santos et al., 2009).
Recent work has shown that the circulation of water through
sandy beaches drives substantial biogeochemical redox reactions
(Snyder et al., 2004; Anschutz et al., 2009): the intrusion of
oxygenated surface water into the beach face and mixing with
outflowing anoxic meteoric groundwater creates a redox
interface. Redox reactions within the shallow STE affect the
cycling of reduced metabolites (such as Fe(II) and sulfide) as
well as redox-active trace metals (Santos et al., 2011; McAllister
et al., 2015; O’Connor et al., 2015).

Redox-sensitive metals (RSMs) are characterized by different
environmental behavior depending on their redox state. The trace
metals Mo, U, V, and Cr form soluble oxyanions under oxidizing
conditions, but their reduced species are particle reactive
(Bruland and Lohan 2006). Due to their redox-active behavior,
these RSMs are widely used as marine paleoproxies to examine
oceanic oxygen levels, productivity, and circulation over geologic
time scales (e.g., Nameroff et al., 2004; Rimmer et al., 2004;
Tribovillard et al., 2006; Algeo et al., 2012). The use of elements
like Mo and U as paleoindicators is influenced by material
budgets controlling their oceanic concentrations and isotopic
composition (Klinkhammer and Palmer 1991; Siebert et al.,
2003; Archer and Vance 2008).

The STE may play an important role in controlling RSM
budgets in coastal and global oceans; however, the reactions that
control RSM concentrations in SGD remain poorly studied.
Redox gradients control the porewater concentrations of these
elements in both fine-grained sediments (Brumsack and Gieskes
1983; Morford and Emerson 1999; Morford et al., 2005; Scholz
et al., 2011), and, although less well studied, in permeable
sediments. Uranium removal in the STE has been observed in
many locations globally (Duncan and Shaw 2003; Windom and
Niencheski 2003; Charette and Sholkovitz 2006; Santos et al.,
2011; Riedel et al., 2011). Both non-conservative removal
(Windom and Niencheski 2003; Riedel et al., 2011) and
addition (Beck et al., 2010) of Mo have been observed in
different locations. Although data on V in the STE are limited,
both removal and enrichment (Beck et al., 2010; Riedel et al.,
2011; Reckhardt et al., 2017) have been observed. Chromium is
also poorly studied in the STE, but one study showed non-
conservative addition in the mixing zone (O’Connor et al.,
2015). In this work, we seek to answer the questions “What
biogeochemical processes control RSM distribution in the
shallow STE” and “How do these processes change on
seasonal and inter-annual time scales”.

Mo, U, V, and Cr have been shown to exhibit distinct
behaviors in coastal ocean porewaters (Brumsack and Gieskes
1983; Morford et al., 2005; Scholz et al., 2011) as well as within

shallow STEs (O’Connor et al., 2015). These elements differ in the
redox potential (Eh) at which they are oxidized/reduced and in
their responses to geochemical variables such as sorption to
reactive metal oxides, complexation with organic matter or
sulfide, and the activity of certain microbial species (Rai et al.,
1989; Wanty and Goldhaber 1992; Barnes and Cochran 1993;
Lovley et al., 1993; Helz et al., 1996). Therefore, seasonal variation
in environmental conditions within the STE suggests that RSMs
are likely to exhibit seasonally variable behavior within this zone
as well. Redox-sensitivity may lead to environmental modulation
of the SGD-driven RSM source to the ocean and may therefore
represent an unexplored mechanism of variation over time.

2 METHODS

2.1 Study Site
The study site is located on the York River Estuary (YRE) in
Gloucester Point, Virginia, United States (37.248884
°N–76.505324 °E) (Supplementary Figure S1A). The YRE is a
microtidal (0.7–0.85 m tidal range), relatively uncontaminated
tributary of the Chesapeake Bay (Moore and Reay 2009).
Salinities of YRE surface water overlying the sediments at this
study site typically range from 14 in the winter to 25 in the
summer (Luek and Beck 2014). The Gloucester Point beach is a
narrow (20–30 m wide) sandy beach with a gradual slope (0.2). It
is bordered to the east by an upland marsh. Granite breakwaters
line the beach ∼40 m from the dune line to prevent erosion and
stabilize the beach morphology (Supplementary Figure S1B).
Sediment porosity at the study site ranges from 0.26 to 0.41
(O’Connor et al., 2018).

Previous work at the study site used a Ra budget to estimate
seasonally variable SGD volume fluxes to the York River between
93 and 178 L m−2 d−1 (Luek and Beck 2014), comparable to other
SGD fluxes estimated using Ra (Cable et al., 1996; Burnett et al.,
2008). Groundwater hydraulic head at the study site is inversely
correlated with tidal height (Beck et al., 2016), and seasonal
fluctuations in groundwater and sea level control saline water
intrusion and groundwater discharge (Luek and Beck 2014).
Previous sampling of redox-active constituents at the same
mid-tide location showed that advection of water through the
sandy sediments drives the formation of a “classic” redox
sequence typical of diffusion-dominated fine-grained
sediments (O’Connor et al., 2015). Sediments at the mid-tide
line (MT; Supplementary Figure S1C) are oxic down to ∼70 cm
depth, exhibit a peak in NOx between 70 and 100 cm, followed by
a peak in dissolved Fe and Mn starting at 100 cm, and increasing
sulfide below approximately 140 cm depth (depths relative to the
high tide sediment surface level) (O’Connor et al., 2015). The
vertical distributions of DOC and reduced metabolites remained
consistent over time, but concentrations varied with season
(O’Connor et al., 2018). Dissolved organic carbon
concentrations were greatest in the summer, and shallow
meteoric groundwater supplied the majority of DOC to the
STE. Dissolved Fe and Mn were highest in a plume through
the middle of the STE (100–140 cm) that was characterized by
both higher concentrations and greater non-conservative
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FIGURE 1 | Sampling locations of the subterranean estuary transect and concentrations of dissolved redox-sensitive metals (A) Mo (B) U (C) V, and (D) Cr
measured in July 2014 and February 2015. Depth profiles were located at the spring high tide (HT), mid-tide (MT), and just below low tide (LT) water levels. Depths are
measured relative to the high tide sediment surface (0 cm).
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addition in the winter. In contrast, sulfide was higher in summer
at depths within the Fe andMn plume (100–140 cm). The general
distributions of RSMs have also been previously described
(O’Connor et al., 2015). Both Mo and U were supplied to the
STE from overlying estuarine water, and V and Cr had a mid-
depth maximum at a sampling profile bisecting the shallow STE
(O’Connor et al., 2015).

2.2 Groundwater Collection and Analysis
Sample collection and analyses have been described previously
(O’Connor et al., 2018), and will be discussed briefly here.
Groundwater samples were collected using permanently
installed wells comprising a 1 cm-long stainless steel screened
point (AMS, Inc.; e.g., Gonneea et al., 2013) attached to 3 mm
diameter No-Ox® PTFE tubing (Supelco/Sigma-Aldrich), or from
an all-plastic multi-level sampler (Beck et al., 2007). Low-flow
sampling methods were used to minimize oxygen introduction
into the sample. Groundwater was pumped from depth using a
portable peristaltic pump and filtered through an in-line 0.45 μm
Millipore polypropylene capsule filter into sampling containers.
Salinity, temperature, and Eh were measured in an included flow-
through unit at the time of collection with a hand-held
YSI556 multi-probe.

Samples were collected from the mid-tide (MT) profile,
located at the center of the shallow saline recirculation cell
(Supplementary Figure S1C), each month (March 2013 to
February 2015) during the week of spring tide at the ebb
phase of the tidal cycle. Groundwater samples were also
collected from a shore-normal transect (Figure 1) during
4 months (April 2014, July 2014, October 2014, and February
2015) to capture variations over a year. Depth profiles were
collected along a shore-normal transect, at the locations of
average water levels during high tide (HT), MT, and low tide
(LT). Additional shallow groundwater samples were collected
between the HT and MT locations (Figure 1) using a drive-point
piezometer to better delineate chemical distributions. To remain
consistent between profiles, all depths were calculated relative the
sediment surface at the high tide profile (rather than sediment
surface at the location of collection).

Groundwater samples for dissolved (<0.45 µm) trace metal
analysis (Fe, Mn,Mo, U, V, and Cr) were collected in acid-washed
LDPE bottles, acidified immediately after collection, and analyzed
by two-fold dilution and direct injection on a Thermo Element
2 inductively-coupled plasma mass spectrometer at the
University of Southern Mississippi’s Center for Trace Analysis.
Isotope dilution was used to account for matrix effects. Detection
limits were ≤2 nM (nM). Samples for organic-metal complex
measurements (<0.45 µm) were collected during the February
seasonal transect sampling in 1 L acid-washed LDPE bottles and
immediately frozen. These samples were later thawed and
extracted through a Bond Elut C18 column (Agilent, 500 mg
bed mass). Columns were acid-washed in dilute trace metal grade
HCl and rinsed thoroughly. Before use, columns were
conditioned with 100 ml of methanol followed by 500 ml of
MilliQ water. Approximately 250 ml of sample was loaded
through the column (confirmed by sample mass difference),
followed by a 10 ml MilliQ water rinse (Lemaire et al., 2006).

The column was dried by pulling air through for 30 minutes, and
then elution was done with 10 ml of HPLC-grade methanol.
Concentrated ultrapure HNO3 (100 µL) was added to samples
before they were dried under a HEPA-filtered laminar flow hood.
Samples were reconstituted with 1 N ultrapure HNO3 for analysis
as described above. This method isolates 20–60% of DOC,
primarily hydrophobic species (Lemaire et al., 2006). The
amount of DOC recovered in the extractions here is not
reported because efforts to prevent metal contamination were
prioritized over preventing organic carbon contamination (e.g.,
collecting eluent in LDPE bottles). The metals extracted along
with this organic phase will be referred to here as associated with
hydrophobic dissolved organic matter (hDOM). Due to the
uncertainty in DOC recovery in hDOM, the association of
metals with hDOM can be considered to be a semi-
quantitative assessment of how the metals are associated with
DOM overall within the STE; comparisons can be made across
space, time, and different metals within the study, but caution
should be used if comparing precise numbers to other studies.
Details for collection and analysis of DOC, humic C, and sulfide
can be found in O’Connor et al. (2018).

2.3 Sediment Collection and Analyses
A 4-m long vibracore was collected adjacent to the mid-tide
sampling location in May 2013, and processed as described
previously (O’Connor et al., 2018). The core was sectioned
into 5 cm intervals to evaluate vertical variations in sediment
contents. Sequential leaches were performed to isolate the metal
oxide and recalcitrant metal fractions (Tessier et al., 1979). Dried
and weighed sediments (∼1 g) were shaken for 180 min in 5 ml of
1 M hydroxylamine hydrochloride in 25% acetic acid, centrifuged
at 3000 g for 10 min. Four milliliters of supernatant were removed
to a new, clean tube and diluted in 0.5 M HNO3 (Aristar Plus,
trace metal grade). This represented the fraction liberated upon
reductive dissolution of Fe and Mn (hydr)oxides (Tessier et al.,
1979), and will be referred to here as the “metal oxide fraction.”
The leach method used in the current study does not provide the
specific information about speciation or redox state of solid-phase
metal oxides afforded by other chemical leach methods (e.g.,
Anschutz et al., 2005; Hyacinthe et al., 2006). The simpler leach
method was used here to liberate metals associated with the bulk
amorphous oxide pool, comparable to other studies of Fe and Mn
cycling in the STE (e.g., Charette et al., 2005). The remaining
sediment was shaken in 5 ml aqua regia (1:3 HNO3:HCl) for 13 h.
Samples were centrifuged, and the supernatant removed and
diluted with MilliQ water. Metal concentrations in these
fractions were analyzed as described for groundwater samples
above. This fraction represents more recalcitrant sedimentary
phases (but does not dissolve pyrite) and will be referred to as the
“recalcitrant fraction” (Tessier et al., 1979; Huerta-Diaz and
Morse 1992). Metal concentrations in both fractions were
analyzed as described for groundwater samples above.

2.4 Data Analysis
As previously described (O’Connor et al., 2018), this STE is
characterized by three endmember mixing between saline,
estuarine surface water and two distinct up-gradient
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freshwater sources: one shallow and one deep (Supplementary
Figure S1C). The shallow freshwater endmember is more
oxidizing than the deep endmember (Eh around 100 mV
compared to < −100 mV) and has higher organic matter
contents. Therefore, mixing of chemical elements could not be
evaluated only with respect to a single fresh endmember. To
evaluate chemical addition or removal along the seasonal STE
transects, two mixing lines were inferred on salinity-
concentration plots: one between the surface endmember and
the shallow fresh endmember, and one between the surface and
deep fresh endmember. Points that fall within the triangle created
by the two mixing lines were interpreted as resulting frommixing
between the three endmembers, while those falling outside result
from non-conservative addition or removal.

To quantify the addition or removal of an element at the MT
profile over the 2-years time series, we calculated the
concentration anomaly relative to conservative mixing. The
concentration anomaly is the difference between the measured
concentration and the expected concentration given conservative
mixing between the endmembers, calculated as:

Canomaly � (Cobserved − Cexpected)/Cexpected

The expected concentration (Cexpected) was calculated using
the fractional contributions of the three endmembers. The
contribution of each endmember was calculated using salinity
and humic carbon as tracers (described in O’Connor et al., 2018).

Multiple linear regression models were used to evaluate the
response of the RSEs (Mo, U, V, and Cr) to changes in
biogeochemically relevant predictor variables. All analyses
were performed using existing functions in R (R Core Team
2015). The goal of these regressions was to determine the effect of
major groundwater constituents on the distribution of RSMs,
providing insight into how these elements respond to
geochemical changes in the STE. These relationships also
suggest what major constituents could be used to predict RSM
behavior in other coastal groundwaters.

Two sets of regressions were used to understand the
responses of redox-sensitive trace metals to other chemical
constituents in the STE across time and space. The first used
data measured monthly at the MT location and explored
seasonal changes over the 2 years of sample collection (referred to
here as “time effects”). Time effects regressions were performed on
MT profile data separated into summer (May to October) and winter
(November toApril) of 2013 and 2014 (seasonswere differentiated by
differences in groundwater temperature; O’Connor et al., 2018). The
second set of regressions assessed how RSM responses to predictor
variables differed along a shore-normal transect (referred to here as
‘space effects’). The space effect regressions were done on the HT,
MT, and LT profile data separately (using all 4months of data at each
location) to determine if RSM response to predictor variables differed
spatially throughout the STE. Depth ranges included for each well
were selected to exclude depths at which a given RSM concentration
was consistently below the detection limit (below which any
correlation analysis becomes meaningless).

Models using different combinations of geochemically
relevant predictor variables were considered. Final models

were selected based on p values the Akaike information
criterion (AIC). AIC is used to compare the relative quality of
potential models, with a lower AIC indicating a higher quality
model. The model’s p value indicates the chance that the data fit
to a model is due to random chance, rather than due to a true
relationship in the data. Therefore, a lower p value indicates that a
model is statistically significant. Due to the need to select a model
that was the best overall fit for several conditions, a hard cut-off
for p value was not used. Rather, a combination AIC and p value
were evaluated in combination. In reporting model results, all R2

values reported are the adjusted R2 of the model which accounts
for the sample size.

All response variables (i.e., RSM concentrations), as well as
salinity, dissolved Fe, DOC, humic C, and sulfide concentrations
were natural log transformed to achieve data normality.
Temperature data were normal without transformation. In
cases where DOC and humic C were both predictors in a
model, collinearity was checked using the variance inflation
factor (VIF). The VIF never exceeded 5, the recommended
cut-off for multicollinearity in a model (James et al., 2014), so
both predictors were retained in these cases.

The biogeochemical rationales for inclusion of various
predictor variables considered for inclusion are described here.
Salinity was considered for inclusion in all models to account for
mixing of fresh and saline waters. Temperature was considered
for the space effect models because chemical reactions (both
biotic and abiotic) are temperature dependent. The time effects
model, already split up by season, accounted for temperature in
its design and temperature was therefore not considered as a
possible predictor.

Dissolved Fe was considered as a predictor in all Mo and U
models because Mo(VI) can sorb to iron oxides, and some Fe
reducing bacteria can reduce U. Sulfide was considered in all Mo
and U models because sulfide reacts directly with Mo, and
because several sulfur-reducing microbial species are capable
of reducing U. Although U(VI) can be reduced by Fe(II)
(Behrends and Van Cappellen 2005) and sulfide (Hua et al.,
2006), the rates of these reactions are comparable to those of
enzymatic reduction only under certain conditions (e.g., the ready
availability of certain reactive metal hydroxide surfaces;
dominance of uranium hydroxide species). Therefore,
geochemical associations of U with Fe and S here are generally
considered to be proxy relationships for the microbial processes
that generate these reduced metabolites, although abiotic
reduction may also play a role.

DOC, humic C, and dissolved Fe were considered for all V and
Crmodels because reduced V and Cr species can be complexed by
organic matter (Wehrli and Stumm 1989; Remoundaki et al.,
2007) and co-precipitate with iron (hydr)oxides (Rai et al., 1989).

Model results are presented using normalized coefficient plots.
For a given model, the coefficients are calculated based on scaled
and centered data (using the scale function in R) in order to be
comparable across different predictors. Stronger relationships
between predictor and response variables are represented by
larger (either positive or negative) coefficients. Normalized
coefficients and p values can be found in the Supplementary
Material.
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3 RESULTS

3.1 Groundwater
3.1.1 Molybdenum
The mean concentration of Mo in the shallow freshwater
endmember (7.8 ± 4 nM) tended to be higher than for the
mean deep freshwater endmember (0.63 ± 1 nM), but both
were much lower than estuarine surface water concentrations
(63 ± 8 nM) (Table 1). Molybdenum was highest in the
surface water and shallow STE groundwater, with the
25 nM contour falling between 50 and 150 cm depth, and
the 10 nM contour between 100 and 200 cm depth
(Figure 1A). At MT, concentrations decreased steadily
from surface water concentrations (62 ± 11 nM in summer;
57 ± 9 nM in winter) to 24 ± 12 nM at 115 cm depth across all
seasons (Figure 2A). Below 115 cm depth, Mo declined
sharply to less than the detection limit of 1 nM. At LT, Mo
was consistently lower than at other locations (3 ± 5 nM) but
tended to be highest in the shallowest sampled depth
(Figure 1A). Concentrations of dissolved Mo associated
with hDOM were highest at depths between 50 and 100 cm
throughout the STE, reaching 4.5–10.8 nM (Figure 3A). The
percent of Mo associated with hDOM increased with depth in
the STE, from 2.7% in the surface to >50% below 150 cm depth
(Figure 3A).

In the seasonal transects, samples with sulfide
concentration >10 µM showed evidence of non-conservative
removal (Figure 4A). Most non-sulfidic (shallow groundwater)
samples fell within the conservative mixing area or slightly below

with the exception of clear non-conservative excess in July.
Molybdenum anomalies calculated at the MT profile were
near zero in shallow groundwater (<100 cm), and the
concentration anomaly dropped to below zero at 130–140 cm
(Figure 5A).

The time effects linear model selected (based on AIC) for
Mo was:

log(Mo) ∼ log(salinity) + log(Fe) + log(sulfide)
The models for individual seasons explained between 68

and 81% of the variability in Mo concentrations (Figure 6A).
Molybdenum was correlated negatively with sulfide across all
seasons. In seasons where the correlation with sulfide
explained a lower percent of Mo variability (summer 2013
and winter 2014), the positive correlation with salinity was
stronger.

The space effects linear model selected for Mo was the same as
for the time effects model. The models for each location explained
between 56 and 62% of the variability in Mo concentrations
(Figure 7A). Salinity was the best predictor of Mo distribution at
LT, whereas Fe and sulfide were better predictors at HT and MT,
respectively.

3.1.2 Uranium
The mean U concentration for the shallow freshwater
endmember (1.2 ± 0.6 nM) tended to be higher than that for
the deep freshwater endmember (0.2 ± 0.2 nM), but both were
much lower than estuarine surface water concentrations (7.2 ±
0.6 nM) (Table 1).

Dissolved U was highest in the surface water and shallowest
parts of the STE. The 1 nM contour fell between 100 and 150 cm
in July, and between 150 and 350 cm in February (Figure 1B).
Summer U concentrations at MT remained relatively constant
down to 90 cm (5 ± 3 nM), then decreased to <1 nM by 130 cm
(Figure 2B). Winter U concentrations at MT remained
relatively constant down to 100 cm (6 ± 4 nM), then
decreased to <1 nM by 130 cm depth. At LT, U
concentrations were consistently low (0.6 ± 0.6 nM), with
somewhat higher concentrations evident at the shallowest
(125 cm, 0.9 ± 0.2 nM) and deepest (300 cm, 1.6 ± 0.5 nM)
sampled depths (Figure 1B). Concentrations of dissolved U
associated with hDOM were relatively uniform (<0.5 nM)
throughout the depth profile, with one sample reaching a
maximum 1.4 nM between 300 and 400 cm depth
(Figure 3B). The percent of U associated with hDOM was
low in the surface (2.0%) and reached a maximum in the
200–300 cm depth range (15% ± 12) (Figure 3B).

In the seasonal transects, nearly all samples above salinity ∼3
showed non-conservative removal (in all months except April)
(Figure 4B). Greater non-conservative behavior was observed in
July than in other months based on the distance of points below
the conservative mixing lines (Figure 4B) and the consistent
negative concentration anomaly at shallower depths (Figure 5B).
Uranium anomalies calculated at the MT were generally at or
below zero from 62 to 115 cm, except in winter 2014, when
anomalies were between zero and one, indicating enrichment

TABLE 1 | Endmember salinities and RSM concentrations used to estimatemixing
and concentration anomalies. The notes identify the months corresponding to
the endmember concentrations that were used to calculate the conservative
mixing lines and concentrations.

Surface

Salinity Mo (nM) U (nM) V (nM) Cr (nM)

Aprila 14.3 54.54 6.47 12.78 3.33
Julyb 18.3 64.56 6.91 41.87 <1
Octoberc 20.0 74.26 7.56 42.10 8.61
Februaryd 16.6 59.45 7.91 7.24 1.10

Freshwater–shallow

Salinity Mo (nM) U (nM) V (nM) Cr (nM)

Aprila 0.33 13.42 1.37 2.48 235.55
Julyb 0.33 8.15 1.97 296.87 197.33
Octoberc 0.43 5.51 1.04 159.43 58.86
Februaryd 1.37 3.93 0.40 45.69 19.37

Freshwater–deep

Salinity Mo (nM) U (nM) V (nM) Cr (nM)

Aprila 1.94 <1 0.12 12.58 2.56
Julyb 1.96 2.53 0.46 30.73 10.96
Octoberc 2.63 <1 <0.01 14.08 9.19
Februaryd 2.72 <1 0.17 8.79 3.12

aMar, Apr.
bMay, Jun, Jul.
cAug, Sep, Oct.
dNov, Dec, Jan, Feb.
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(Figure 5B). Non-conservative removal occurred at all depths in
summer 2013; at 90 cm and deeper in summer 2014; and at
140 cm and deeper in both winters. The anomalies calculated
from three-endmember mixing typically fell between those
calculated from mixing between the surface water and either
the shallow or deep freshwater endmember.

The time effects linear model selected for U was:

log(U) ∼ log(salinity) + log(Fe) + log(sulfide)
The models for individual seasons explained between 54 and

84% of the variability in U concentrations (Figure 6B). The most
statistically significant predictor of U concentrations over the 2-

FIGURE 2 | Dissolved (A)Mo, (B) U, (C) V, and (D) Cr concentrations from the MT profile over the 2-year time series. Summer is defined as May to October, and
winter is defined as November to April. At each depth, the filled circles represent the mean, and shaded areas represent one standard deviation, of all the months
sampled in each season.

FIGURE 3 |Groundwater depth profiles for concentrations (solid circles; lower axis) and percent of total dissolved metal (open circles; upper axis) associated with
hydrophobic organic matter (as determined by extraction on a C18 column). Surface water concentrations are shown at 0 cm depth.
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year sampling period was sulfide (negative correlation), followed
by Fe (positive correlation) (Figure 6B). In winter 2014, the effect
of Fe was not significant, but unlike other seasons, the effect of
salinity was statistically significant.

The space effects linear model selected for U was:

log(U) ∼ log(salinity) + log(Fe) + log(sulfide)
The models for each location explained between 34 and 71%

of the variability in U concentrations (Figure 7B). The best
predictor of U concentration varied between locations. At HT, U
was directly proportional to dissolved iron. At MT, U was
inversely proportional to dissolved sulfide whereas salinity
was the strongest predictor of U concentrations at LT
(Figure 7B).

3.1.3 Vanadium
Dissolved V showed a mid-depth concentration maximum
throughout the STE (Figure 1C). The maximum was generally
between 50 and 250 cm from HT to MT, and 150–250 cm at LT.
Dissolved V concentrations were highest from HT to MT and
were never below the detection limit (2 nM) at any location.
Within the MT profile maximum (from 100 to 140 cm), V
concentrations ranged from a low of 147 ± 24 nM in winter
2014 to a high of 256 ± 54 nM in summer 2014 (Figure 2C), with
generally higher concentrations in summer than in winter
(Figures 1C,2C; Supplementary Figure S2). Concentrations of
dissolved V associated with hDOM were typically 1–2 nM at all
depths and the fraction of V associated with hDOM was low
throughout the surface water and STE (<5%; Figure 3).

FIGURE 4 | Salinity mixing diagrams of dissolved (A)Mo, (B) U, (C) V, and (D) Cr. Solid symbols indicate samples in which sulfide concentrations exceed 10 µM.
Conservative mixing lines are drawn between the saline surface water endmember and both the deep and shallow freshwater endmembers (Table 1). Samples falling
above and below the conservative mixing lines suggest non-conservative addition and removal, respectively.
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On average, vanadium was lowest in the deep freshwater
endmember and highest in the shallow freshwater endmember
(Table 1). The shallow freshwater endmember concentration was
variable, increasing by a factor of six between April (2.48 nM) and
July (296.9 nM). This shallow freshwater endmember was the
primary source of V to the STE (having the highest concentration
in all months but April). The deep freshwater endmember varied
between a low of 8.8 nM in February to a high of 30.7 nM in July.
Surface water concentrations varied between a low of 7.24 in
February to a high of 42.1 in October.

In salinity mixing diagrams for the seasonal transects, V
generally showed non-conservative addition, although patterns
varied by month (Figure 4C). In July (with the highest shallow
freshwater endmember concentration), most samples showed
conservative behavior. In April and February (with lower
shallow freshwater endmember concentrations), several
sulfidic and non-sulfidic samples showed non-conservative
addition. The calculated V anomalies at MT were primarily
positive and were greatest between 100 and 175 cm in all
seasons, coinciding with the mid-depth V concentration
maximum. The concentration anomalies within the peak
were higher in winter than in summer (Figure 5C). The
anomalies within the V concentration maximum from three-
endmember mixing typically were lower than those calculated
from mixing between the surface water and the shallow or deep
freshwater endmember.

The time effects linear model selected for V was:

log(V) ∼ log(DOC) + log(humic) + log(Fe)
The models for individual seasons explained between 67 and

83% of the variability in V concentrations (Figure 6C). Both
DOC and Fe were directly correlated with V in most seasons
(Figure 6C). Humic carbon was a significant predictor of V only
in winter.

The space effects linear model selected for V was:

log(V) ∼ log(DOC) + log(humic) + temperature

Models for each location explained between 40 and 74% of the
variability in V concentration (Figure 7C). Dissolved organic
carbon and temperature were positively correlated with V at MT
and LT (Figure 7C), whereas V was significantly correlated with
only humic carbon at HT. The direct correlation of V with
temperature reflects the observed higher V concentrations in
summer (Figures 1C,2C). Salinity was not a predictor of V in
either the time effects or space effects models, which is consistent
with only one of the freshwater endmembers acting as a primary
source of V to the STE (as opposed to the existence of a single
consistent fresh or saline source) (Table 1).

3.1.4 Chromium
Chromium was lowest in surface water (3 ± 3 nM) and highest in
the shallow freshwater endmember (19.4–235.6 nM) (Table 1).
Similar to V, Cr showed a mid-depth concentration maximum
throughout the shallow STE (Figure 1D). Maximum Cr

FIGURE 5 | Concentration anomalies (calculated using three endmember mixing as described in the text) of (A)Mo, (B) U, (C) V, and (D) Cr at the MT profile. The
points shown are the median anomaly values for each season.

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 6131919

O’Connor et al. Drivers of STE Metal Chemistry

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


concentrations were observed from 90 to 130 cm depth at HT,
from 100 to 200 cm depth at MT, and 125–150 cm at LT
(Figure 1D). Concentrations of Cr were typically highest at
HT, with concentrations commonly >100 nM, and up to
235 nM (Figure 1D). In the MT time series, Cr concentrations
within the maximum ranged from 28 ± 3 nM in winter 2014 to a
high of 53 ± 31 nM in winter 2013 (Figure 2D). Like V, Cr
concentrations were always above the detection limit (1 nM).
Concentrations of Cr within the maximum at MT did not show
any consistent trends with season, but were higher during 2013
(Figure 2D, Supplementary Figure S2). Concentrations of
dissolved Cr associated with hDOM were highest in the same
depth range as the dissolved Cr maximum, between 100 and
200 cm depth (Figure 3). The percent of Cr associated with
hDOM increased with depth in the STE from the surface water
(2.8%) to the 301–410 cm depth interval (81% ± 26; Figure 3).

In salinity mixing diagrams for the seasonal transects, Cr
concentrations generally exhibited conservative mixing
behavior in the summer and non-conservative addition in the
fall/winter when shallow freshwater endmember Cr
concentrations were lower (Figure 4D). Additionally, positive
Cr concentration anomalies (indicating addition) were observed
at the MT profile, and tended to be higher in winter than summer
(Figure 5D).

The time effects linear model selected for Cr was:

log(Cr) ∼ log(DOC) + log(humic) + log(Fe)
The models for individual seasons explained between 45 and

75% of the variability in Cr concentrations (Figure 6D). In 2013,
Cr was positively correlated with DOC and humic carbon
(Figure 6D). However, Cr was correlated with DOC and Fe
(and not humic carbon) in 2014.

The space effects linear model selected for Cr was:

log(Cr) ∼ log(salinity) + log(DOC) + log(Fe)
The models for each location explained between 55 and 71% of the

variability in Cr concentrations (Figure 7D). Chromiumwas positively
correlated with Fe at LT, and correlated with both DOC and Fe atMT.
AtHT, the predictor closest to statistical significancewas Fe (p� 0.066).
Similar to the linear models of V concentrations, salinity was not a
predictor of Cr. However, unlike models for V, temperature was not a
predictor of Cr concentrations, reflecting its more constant
concentrations between summer and winter (Figure 2D).

3.2 Sediment
Metal oxide-associatedMo content in sediments was low (<1.5 μmol/
cm3) in the shallowest sediments, increased to ∼4 μmol/cm3 between

FIGURE 6 | Regression results for (A)Mo, (B) U, (C) V, and (D)Cr for the time series taken at the MT sampling location (time effects). The horizontal axis represents
the scaled coefficient for each predictor in the multiple linear regression (vertical axis). The color of the points shows the absolute magnitude of the coefficient. More
extreme values (positive or negative) represent a stronger relationship between the predictor and the metal concentration. The horizontal line associated with each point
represents the 95% confidence interval for the coefficient. For points where the confidence interval does not intersect 0, the p value for the coefficient is < 0.05.
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70 and 150 cm, then increased to reach as high as 7.8 µmol/cm3 at
depth (Figure 8). Metal oxide-associated Uwas low (∼0.1 μmol/cm3)
down to 45 cm depth, increased to 1–2 μmol/cm3 between 70 and
250 cm depth, then increased to 5 μmol/cm3 at the base of the profile.
Recalcitrant Mo and U profiles showed similar distributions to their
metal oxide fractions.

Metal oxide-associated V and Cr content were highest between
60–90 cmand190–300 cmdepths (Figure 8). Sediment concentrations
of metal oxide-associated V reached as high as 86 μmol/cm3 while
reducible Cr reached as high as 11 μmol/cm3. Recalcitrant V and Cr
showed similar distributions as the metal oxide fractions, but with a
sharper peak at 70 cm depth and similar concentrations.

FIGURE 7 | Regression results for (A)Mo, (B) U, (C) V, and (D) Cr for measurements taken along the STE transect (space effects). The horizontal axis represents
the scaled coefficient for each predictor in the multiple linear regression (vertical axis). The color of the points shows the absolute magnitude of the coefficient. More
extreme values (positive or negative) represent a stronger relationship between the predictor and the metal concentration. The horizontal line associated with each point
represents the 95% confidence interval for the coefficient. For points where the confidence interval does not intersect 0, the p value for the coefficient is < 0.05.
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4 DISCUSSION

4.1 Molybdenum
High Mo concentrations in the surface water and shallow STE
(compared to freshwater endmembers) showed Mo was supplied to
the STE by estuary surface water (Figures 1A,2A). Once in STE
groundwater,Mowas non-conservatively removed during advection
into sulfidic portions of the STE (Figures 4A, 5A). Mo in sulfidic
samples was always below concentrations expected for conservative
mixing (Figure 4A), and calculated anomalies showed that Mo was
consistently removed from groundwater where dissolved sulfide was
first present, between 100 and 140 cm depth at MT (Figure 4A;
O’Connor et al., 2018). These results are consistent with Mo
observations from other STEs globally. Non-conservative removal
of molybdenum was observed in several other study sites on the
Atlantic and North Sea coasts (Windom and Niencheski 2003; Beck
et al., 2008; Reckhardt et al., 2017). Reckhardt et al. (2017)
demonstrated that Mo and sulfate depletion were correlated.

Measuring sulfide and using statistical modelling provided
quantitative support for previous hypotheses regarding sulfide
control on the removal of Mo. Multiple linear regression
confirmed a negative correlation between Mo and sulfide
throughout the STE (with the exception of the low tide location,
discussed below) in all seasons (Figures 6A,7A). Laboratory and
field studies suggest that at a sulfide threshold of ∼10 µM a
geochemical “switch” is flipped and molybdate quantitatively
reacts to form highly particle reactive thiomolybdate (MoS4

2-)
(Helz et al., 1996; Erickson and Helz 2000). In this work, we
confirm Mo removal primarily occurs where sulfide is present at
concentrations higher than 10 µM (Figure 4A), consistent with these
laboratory results. The negative correlation between Mo and sulfide
throughout the 2-year time series suggests the importance of Mo
removal by sulfide in every season (Figure 6A).

Sulfide concentrations varied seasonally in this STE
(O’Connor et al., 2018), with higher concentrations during
summer in the depth range where Mo was removed

(100–140 cm; Figure 5A). However, Mo removal did not
appear to be more extensive in summer (Figures 4A,5A). This
may be because sulfide reached sufficiently high concentrations to
drive Mo removal (>10 µM) by 140 cm depth in all seasons
(O’Connor et al., 2018). Seasonal removal of Mo is more likely
to occur in STEs where sulfide concentrations vary around a low-
micromolar concentration threshold (e.g., Beck et al., 2008;
Morford et al., 2009).

Sediment Mo content was consistent with Mo removal from
groundwater to form insoluble compounds. Both metal oxide-
associated and recalcitrant Mo increased in the 100–140 cm
depth range (Figure 8) where sulfide and Mo co-occurred and
dissolved Mo was removed (Figure 5A). Sediment Mo contents
also increased with depth (Figure 8) suggests that the Mo-sulfide
interface may shift over time, resulting in thiomolybdate
compounds sorbing to sediments at different depths.

The pattern ofMo removal differed spatially throughout the STE.
At LT, lowerMo concentrations and stronger correlation ofMowith
salinity (Figure 7A) suggested that Mo removal typically occurs at
shallow enough depths (sulfide concentrations were >250 μM at
every sampled depth; O’Connor et al., 2018) that increasingly
reducing conditions at depth did not drive further changes in
Mo. This observation suggests that more seaward portions of
shallow STEs may act as a greater Mo sink than intertidal zones.

Modeling done in this study supports a potential mechanism
for Momobilization from the shallow STE observed by Beck et al.
(2010) and in several samples in this study. Because molybdate
can sorb to Mn oxides under oxic conditions (Shimmield and
Price 1986), Beck et al. (2010) suggested that this may be
associated with mobilization of metal (particularly Mn) oxides.
This study confirms that dissolved Fe and Mo are correlated in
summer months and that metal oxide-associated Mo occurs in
shallow STE sediments (Figure 8), supporting the hypothesis that
under non-sulfidic conditions, Mo cycling may be seasonally
controlled by Fe and/or Mn oxidation and reductive dissolution
(described in O’Connor et al., 2018).

FIGURE 8 | Sediment concentrations of metals dissolved by reducing (Metal Ox.) and aqua regia (recalcitrant [Recal.]) leaches (described in Methods). The
sediment core was taken adjacent to the MT profile. The dotted line represents the sediment surface; depths are relative to the sediment surface at HT.
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The distribution of Mo contents in the groundwater and
sediment suggests there may be spatial differences in the
permanence of sequestration. Increasing concentrations of Mo
in sediment occur near the redox interface, and may be mobilized
with mixing of saline and oxic surface water into the STE. This
mixing depends on the hydraulic gradient between groundwater
and surface water (Gonneea et al., 2013; Luek and Beck 2014),
which may be disturbed by short-term events such as storm
surges or long-term events such as sea level rise. The highest
concentrations of Mo in sediment occur at depth, where oxygen
intrusion and remobilization are less likely.

4.2 Uranium
Consistent with many other studies (Duncan and Shaw 2003;
Windom and Niencheski 2003; Charette and Sholkovitz 2006;
Beck et al., 2008; Riedel et al., 2011; Reckhardt et al., 2017),
uranium was supplied to the Gloucester Point STE by surface
water and showed non-conservative removal with depth (Figures
1B, 2B, 4B, 5B). Sampling over several years and seasons showed
that non-conservative removal was greater in summer. This is
demonstrated by concentrations falling farther below the
conservative mixing range in summer (Figure 4B) and
shallower removal depths in the summer than the winter
(Figure 5B).

Previous work has found inverse correlations between U and
Fe, Mn, and sulfate reduction rate (Riedel et al., 2011; Reckhardt
et al., 2017). This inverse relationship is consistent with U
reduction coupled to metal oxide or sulfate reduction. Several
microbial species, including many iron-reducing bacteria and
sulfate/sulfur-reducing bacteria, (e.g., Geobacter metallireducens
strain GS-15, Alteromonas putrefaciens, Shewanella putrefaciens,
Desulfovibrio desulfuricans, Desulfovibrio vulgaris), can reduce U
to its particle reactive species (Lovley et al., 1991; Lovley and
Phillips 1992; Lovley et al., 1993; Fredrickson et al., 2000).

This work expands on these observations by assessing the
relative importance of geochemical factors for U removal.
Quantifying the relationship between U and other chemical
parameters using multiple linear regression, rather than
separate regressions, allowed for concurrent assessment of
possible influences on U distribution. At the Gloucester Point
STE, U was consistently inversely correlated with sulfide, while it
showed either no correlation or a positive correlation with Fe
(Figures 6B,7B). This suggests that sulfate/sulfur-reducing
bacteria played a greater role in U reduction compared to
iron-reducing bacteria at this STE. More extensive U removal
in summer may be due to increased activity of sulfate/sulfur-
reducing bacteria during warmer temperatures, which is
consistent with conclusions drawn in O’Connor et al. (2018).

Similar to Mo, salinity exerted a stronger control on U
concentrations at LT than at other locations in this STE
(Figure 7B). Because redox conditions are largely consistent
with depth at LT, U exhibits more conservative behavior
compared to parts of the STE with more distinct redox
gradients. Despite the strongly reducing conditions observed
within the LT profile and consistently low U concentrations,
U concentrations were always above the detection limit.
Complexation with inorganic or organic ligands, which are

both abundant throughout this STE, has been shown to
inhibit the rate of microbially-mediated U reduction (Ganesh
et al., 1997; Ganesh et al., 1999) and may therefore have led to the
presence of soluble U within reducing groundwater.

Although both metal oxide-associated and recalcitrant U
increased steadily with sediment depth (Figure 8), there was
no U peak indicating a single clear depth of removal (as observed
by Charette et al., 2005). Additionally, the increase in sediment U
content was not as dramatic as the increase of Mo, despite similar
contents in shallow (<100 cm) sediments. This may indicate that
U removed to the sediments is more susceptible to remobilization
during temporary increases in groundwater redox potential.

4.3 Vanadium
Dissolved V concentrations in the STE were highest mid-depth,
evidently originating from shallow fresh groundwater
(Figure 2C). Vanadium concentrations within the maximum
(Figure 2C) and throughout the STE (Figure 1C) were
highest in summer. These high summer concentrations appear
partly due to higher concentrations of V in the shallow freshwater
endmember (Table 1). A similar spatial and temporal pattern was
observed in a tidal flat by Beck et al. (2008).

Dissolved V tends to be highest in groundwaters that are
oxidizing and slightly basic (Wright and Belitz 2010; Pourret
et al., 2012), unlike the reducing conditions throughout large
portions of this and other coastal groundwater sites where high
concentrations of V were measured in fresh water (Beck et al.,
2008; Reckhardt et al., 2017). These studies found that V tends to
be associated with higher DOC in reducing waters. Our multiple
linear regression to model V concentrations found that V was
correlated with both DOC and Fe throughout the 2-year time
series (Figure 6A), suggesting that complexation by an inorganic-
organic colloidal phase may have kept particle reactive reduced V
species soluble (Pourret et al., 2012; Telfeyan et al., 2015). Only a
small percent of V measured was in the hDOM pool at the
Gloucester Point STE (Figure 3C). Therefore, hydrophilic
organic matter (such as fulvic acids) may be important for
complexation of V at this site (Stolpe et al., 2013; Telfeyan
et al., 2015).

Higher V concentrations and higher DOC concentrations
occurred in summer both at the Gloucester Point STE and the
tidal flat studied in Beck et al. (2008). As proposed by Beck et al.
(2008), this may be due to higher microbial activity in summer
generating more labile organic compounds capable of
complexing V. Our models found that the pool of organic
matter associated with high V concentrations was different in
the summer (correlated with DOC) versus the winter (correlated
with humic carbon) (Figure 6A). This result suggests that,
seasonal differences in organic matter concentration and
composition could also drive seasonal changes in V
concentration, and therefore mobility and eventual flux to the
coastal ocean.

In addition to the seasonal variations in meteoric V supply,
non-conservative addition of V occurred within the STE itself.
Although higher V concentrations occurred in summer, greater
non-conservative addition occurred during winter in both years
(shown in seasonal transects and MT anomalies; Figures 4C,5C).
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Reduced V can sorb to hydrous metal oxides (Wehrli and Stumm
1989), and V was correlated with dissolved Fe in both winters
(Figure 6C) at MT (Figure 7C). This is consistent with V release
during the dissolution of Fe oxides, which occurs just up-gradient
of the MT profile (O’Connor et al., 2018). These results suggest
that the magnitude of the STE as a V source to the ocean depends
on both organic matter source and seasonal redox dynamics.

The primary source of high V in the Gloucester Point STEmay
be local environmental factors. In inland groundwaters, V tends
to be highest in aquifers composed of mafic and ultramafic rocks
(Aiuppa et al., 2003; Wright and Belitz 2010; Luengo-Oroz et al.,
2014). Sediments in the Chesapeake Bay region are rich in mafic
and ultramafic minerals such as ilmenite, epidote, and staurolite
(Firek et al., 1977; Darby 1984; Carpenter and Carpenter 1991).
Additionally, fossil fuels can contribute to increased V
concentrations in the environment (Andrade et al., 2004;
Fiedler et al., 2008; Moreno et al., 2011), and coal burning
emissions are a major source of contamination to sediments in
the Chesapeake Bay region (Dickhut et al., 2000).

4.4 Chromium
Cr (like V) is enriched in minerals associated with mafic and
ultramafic rock and in fossil fuels Robles-Camacho and
Armienta, 2000 and Oze et al., 2007, which may provide the
source of high Cr concentrations in fresh groundwater observed
at the Gloucester Point STE. Cr concentrations were highest in a
mid-depth maximum originating from shallow fresh
groundwater (Figure 1D) and in the shallow freshwater
endmember (Table 1). A similar distribution was observed in
a tidal flat by Beck et al. (2008). The presence of dissolved Cr
under reducing conditions is unusual given that soluble Cr(VI) is
readily reduced to insoluble Cr(III) by Fe(II) (Eary and Rai 1989),
organic matter (Bartlett and Kimble, 1976), and sulfide (Smillie
et al., 1981), all of which are abundant in the Gloucester Point
STE. Additionally, previous equilibrium calculations predict that
Cr is reduced and therefore highly particle reactive throughout
the STE (O’Connor et al., 2015). Beck et al. (2008) found a
correlation between DOC and Cr and proposed that
complexation with organic matter kept reduced Cr in solution
(Bartlett and James 1983).

The multiple linear regression models for Cr offer more details
regarding Cr complexation in the STE. At MT, Cr was correlated
with DOC, supporting the hypothesis that complexation with
organic matter can solubilize Cr in the STE. At MT, Cr was
correlated with either humic carbon (in 2013) or Fe (in 2014)
along with DOC (Figure 7D). In groundwater, colloids (small
particles made up of aluminosilicate, iron (hydr)oxide, and
organic components; Buffle et al., 1998) can enhance the
transport of particle-reactive metals (Sanudo-Wilhelmy et al.,
2002; De Jonge et al., 2004; Kim and Kim 2015). The correlation
of Cr with both organic material and Fe at HT and MT suggested
either that both Fe and Cr are present in organic complexes
(Boggs et al., 1985), or that Cr is bound to mixed organic/
inorganic colloidal material. However, Fe was the exclusive
and strongest predictor at LT (Figure 7D). Colloids based on
solid iron oxide material, rather than organic matter, are
mobilized at oxic/anoxic interfaces and can transport metals

(Pokrovsky and Schott 2002; Hassellov and von der Kammer
2008). As a result, the occurrence of sharp redox interfaces in the
STE, including reductive dissolution of Fe oxides (O’Connor
et al., 2015), may mobilize Fe-based colloids. This mobilization
of Fe colloids may result in a shift from DOC- to Fe-mediated Cr
transport moving seaward and shows that colloidal iron may play
an important role for metal transport in addition to colloidal
organic matter.

Unlike the other redox-active metals in this study, Cr showed
interannual, rather that seasonal, variability in concentration.
Interannual differences in the association of Cr with DOC, humic
carbon, and Fe (Figure 6D) may have also contributed to
interannual variability in groundwater Cr concentrations.
Along with DOC, humic carbon predicted Cr concentrations
in 2013, whereas Fe was the significant predictor in 2014,
indicating a change in the composition of the material to
which Cr was bound. A shift in composition could change
binding constants or Cr solubility, resulting in increased
concentrations. However, interannual variability was not
observed for V. Compared with V, Cr was more strongly
associated with the hDOM pool (Figure 3D), suggesting that
distinct pools of dissolved organic matter complex V and Cr,
which may account for differences in seasonal and interannual
variability.

Despite not showing differences in concentration with season,
Cr showed seasonally dependent non-conservative addition
(Figures 4D,5D). Similar to V, non-conservative addition of
Cr was greater in the winter. Because Cr species can sorb to
reactive metal (hydr)oxide surfaces, this addition may be due to
release upon reductive dissolution of Fe oxides, which is greater in
winter in this STE (O’Connor et al., 2018).

5 CONCLUSION

Despite having similar chemical properties, Mo, U, V, and Cr
behave differently in the STE due to differences in their sources
within the STE and distinct biogeochemical properties. These
differences cause seasonal variations in the concentrations and
distributions of these elements in coastal groundwater at this
study site.

Dissolved Mo and U were supplied to the STE by estuarine
surface water and showed non-conservative removal when oxic
surface water mixed into the reducing portions of the shallow
STE. Molybdenum was removed by reaction with sulfide, but
sulfide concentrations at this site were sufficiently high (i.e., in
great excess of the 10 µM required to quantitatively react with
Mo) that seasonal trends in removal were not evident. In contrast,
U removal appeared linked to the activity of sulfate/sulfur-
reducing bacteria and showed greater removal during summer
(when temperatures are warmer and microbial metabolic rates
are higher).

Both V and Cr were primarily supplied to the STE by meteoric
groundwater and showed non-conservative addition within the
STE. Minerals common to sediments in the region are enriched in
V and Cr and were the most likely source of these elements to
local groundwater. The mobility of V and Cr within the STE, and
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therefore their supply to the coastal ocean, was controlled by
association/complexation with groundwater organic matter and
Fe-rich colloids. Complexation with different organic matter
pools may have led to seasonal variability in the distribution
of V, but greater interannual variability of Cr.

Results from this study emphasize the importance of seasonality
on biogeochemical cycling in the STE. Although the broader redox
structure of the shallow STE was stable over this 2-year study, the
magnitude of its source/sink functions changed in predictable ways.
For example, studying metals cycling at a seasonal scale revealed
greater U removal in summer, which could lead to an
overestimation of the STE as a U sink. By simultaneously
measuring trace metal concentrations and major redox
constituents, seasonal variability in V and Cr concentrations was
observed, and these changes could be explained by concomitant
variability in DOC and Fe. This result also illustrates that easily
measuredmajor redox species such as organic carbon and Fe, which
vary seasonally in other STEs, can help explain and even predict the
behavior of redox-active trace metals. Understanding these seasonal
changes in the distribution of RSMs within the STE can contribute
to more accurate estimates of regional or global SGD-driven fluxes
of heavy metals.
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