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• Highest Great Salt Lake methyl mercury
concentrations occur in deepbrine layer.

• Deep brine layer is proximal to highest
reported mercury burdens reported in
birds.

• Methylation rates in thedeepbrine layer
are lowest during mid-summer.

• Mid-summer is when mercury bur-
dens are reported lowest in aquatic
invertebrates.
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Weexaminedmercury (Hg) speciation inwater and sediment of theGreat Salt Lake and surroundingwetlands, a
locale spanning fresh to hypersaline and oxic to anoxic conditions, in order to test the hypothesis that spatial and
temporal variations in Hg concentration and methylation rates correspond to observed spatial and temporal
trends in Hg burdens previously reported in biota. Water column, sediment, and pore water concentrations of
methylmercury (MeHg) and totalmercury (THg), aswell as related aquatic chemical parameterswere examined.
Inorganic Hg(II)-methylation rates were determined in selected water column and sediment subsamples spiked
with inorganic divalent mercury (204Hg(II)). Net production of Me204Hg was expressed as apparent first-order
rate constants for methylation (kmeth), which were also expanded to MeHg production potential (MPP) rates
via combination with tin reducible ‘reactive’ Hg(II) (Hg(II)R) as a proxy for bioavailable Hg(II). Notable findings
include: 1) elevatedHg concentrations previously reported in birds and brine flies were spatially proximal to the
measured highestMeHg concentrations, the latter occurring in the anoxic deep brine layer (DBL) of theGreat Salt
Lake; 2) timing of reduced Hg(II)-methylation rates in the DBL (according to both kmeth andMPP) coincides with
son).
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reducedHgburdens among aquatic invertebrates (brine shrimp and brine flies) that act as potential vectors of Hg
propagation to the terrestrial ecosystem; 3) values of kmeth were found to fall within the range reported by other
studies; and 4) MPP rates were on the lower end of the range reported in methodologically comparable studies,
suggesting the possibility that elevated MeHg in the anoxic deep brine layer results from its accumulation and
persistence in this quasi-isolated environment, due to the absence of light (restricting abiotic photo demethyla-
tion) and/or minimal microbiological demethylation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Reported mercury burdens in higher biota

The Great Salt Lake (GSL), located in northwestern Utah, USA
(Fig. 1), is the largest terminal lake in the Western Hemisphere, and
an important ecosystem for millions of migratory birds. It is recognized
as a site of hemispheric importance by theWestern Hemisphere Shore-
bird Reserve Network, with over 1.4 million shorebirds using the GSL
and surrounding wetlands for breeding and staging areas (Aldrich and
Paul, 2002), and over seven million waterbirds utilizing the GSL and
its associatedwetlands during some portion of their biannual migration
(Cline et al., 2011). Human consumption advisories are in place for three
GSL duck species among seven examined (Scholl and Ball, 2005, 2006),
based on breast muscle tissue mercury (Hg) concentrations exceeding
the EPA screening value of 0.3 mg-kg−1 ww (USEPA, 2000). Several im-
portant spatial and temporal trends are suggested by existing studies of
elevated mercury concentrations among avian species at GSL:

1) Hg concentrations in multiple migratory species increase during
the fall season; e.g., eared grebes, which consume primarily brine
shrimp from GSL during the fall molting period showed factor of
three increased median liver Hg concentrations during the
3–5 month fall molting period (Naftz et al., 2008a), and eared
grebe blood Hg concentrations that spent the fall of 2006 on GSL
were shown to be higher in November than September, and were
greater for adults relative to juveniles (Vest et al., 2008; Conover
andVest, 2009a). A trend towards elevated levels of liver Hg concen-
trations in autumn-collected waterfowl at Ogden Bay wetlands was
observed in 2008 (Cline et al., 2011); however, it was not deter-
mined whether these birds arrived on the lake with that exposure
or if they were exposed to Hg via the GSL open-water food chain,
or in the wetlands.

2) Blood Hg concentrations in eared grebes that spent the fall of 2006
on GSL were higher at Stansbury Island on the west side of Gilbert
Bay (Fig. 1) (10.1 ± 2.6, n = 30) relative to Antelope Island on the
east side of Gilbert Bay (4.3 ± 0.5 mg kg−1, n = 30) (Conover and
Vest, 2009);

3) Elevated Hg concentrations vary inter-annually among avian spe-
cies, as indicated by results collected in 2008 (Cline et al., 2011),
where the mean Hg concentrations in adult breast muscle did not
exceed the EPA screening level of 0.3mg kg−1 ww, except for adults
of one species only during the spring season only. This contrasts
with the preceding studies showing highly elevated Hg burdens,
and suggests inter-annual variation over several year periods
(2005–2008).

1.2. Reported Hg concentrations in the aquatic system

At approximately the same time that high Hg concentrations were
recognized in some waterfowl on the GSL in 2007, exceptionally high
MeHg concentrations were found in the anoxic deep brine layer (DBL)
of the GSL (Naftz et al., 2008), ranging beyond 30 ng-L−1. The DBL oc-
cupies the deepest portions of the GSL at depths (during the study)
from approximately 6.5 to 9 m below the surface (Baskin, 2005; Diaz
et al., 2009). The DBL arises from a strong salinity contrast between
the north and south arms of the GSL, which are separated by a railroad
causeway. Higher salinity water flows from the north to the south arm
through breaches in the causeway (and the permeable fill material),
and pools in the south arm of the lake. This high salinity bottom water
is not subject to annual turnover because of the strong and persistent
density differences between the upper and lower water bodies (Naftz
et al., 2008; Gwynn, 2002; Loving et al., 2002). Since MeHg is the
bioaccumulative form of Hg (Baeyens et al., 2003; Mason et al., 2006),
these high MeHg concentrations in the DBL indicate a possible connec-
tion to elevated Hg in waterfowl.

Reactive gaseous mercury (RGM) is produced within the GSL basin
on the basis that a regular diel pattern in RGM concentrations was ob-
served regardless of season and boundary layer height (Peterson and
Gustin, 2008). Measured cumulative annual riverine Hg load to the
GSL (~6 kg) (Naftz et al., 2009) was far less than measured cumulative
annual atmospheric deposition load (~36 kg) (Peterson and Gustin,
2008). With respect to aquatic geochemical processes, the DBL has
unique characteristics relative to typical surface water bodies, includ-
ing: a) anoxia (Gwynn, 2002; Diaz et al., 2009b) high activity levels of
sulfate reducing bacteria (Naftz et al., 2009; Ingvorsen and Brandt,
2002);and c) high organic carbon content ca. 60–90 mg-L−1 (Diaz
et al., 2009, Supporting information); all of which have been associated
with MeHg production (King et al., 2000; Sunderland et al., 2006;
Graham et al., 2012). The above characteristics suggest that the DBL
may have uniquely high Hg(II)-methylation rates relative to other
water bodies.

The eventual propagation of Hg from the DBL to shallow portions of
GSL is suggested by direct measurement of at least limited mixing that
occurs during wind events (Beisner et al., 2009), and by high north-
to-south velocities measured in the DBL (Beisner et al., 2009) that sug-
gest relatively rapid convection and imply eventual re-entrainment of
DBL into the shallow brine layer at the south end of the GSL. Water
column depths in the overall GSL system range from ~9 m in the main
body of the GSL to approximately 1–1.5 m in the impounded wetlands
and shallow portions of the freshwater-influenced bays to (Fig. 1). The
impounded wetlands experience diel cycles in water column pH,
dissolved oxygen (DO), and trace elements (e.g., selenium, antimony,
manganese), with the greatest diel swings occurring during summer
(Dicataldo et al., 2010; Carling et al., 2011). Despite diel and seasonal
variations, wetland surface water, pore water, and sediment show
major and trace element chemistries that occupy unique locations in
non-metric multidimensional scaling (NMS) space. These locations in
NMS space correspond to proximity of the wetland to, for example,
metropolitan effluent and hypersaline GSL water (Carling et al., 2013).
The Impounded wetlands contain freshwater, whereas pore water in
thewestern-most Sheetflowwetlands have elevated salinity due to peri-
odic encroachment by saline water from Farmington Bay, a freshwater-
influenced bay of GSL. Pintail, an impounded pond at the north end of
the system that is groundwater fed, shows elevated salinity relative to
other freshwater wetlands in the system (Carling et al., 2013).

1.3. Reported Hg burdens in lower biota

The above-described Hg burdens in multiple avian species and ex-
ceptional MeHg concentrations in at least one aquatic settling highlight
the need to understand potential pathways of Hg bioaccumulation in
this hydrologic system that also has a constrained foodweb. Specifically,
salinities N120 g L−1 inmost parts of the GSL exclude predacious fish, so



Fig. 1. Locations sampled in the continuum from freshwater (Impounded and Sheetflow) wetlands to Freshwater-influenced bays to hypersaline (GSL Gilbert Bay DBL and SSL). Shading
represents typical salinities (% total dissolved solids) observed during the study, equal to approximately 28% (Gunnison Bay and DBL in Gilbert Bay), approximately 15% (Ogden Bay and
shallow brine layer that overlies the DBL in Gilbert Bay), and ranging from 5% to b0.5% (Freshwater-influenced Bear River and Farmington Bays). Closed circles indicate Impounded wet-
lands, open circle— Sheetflow wetlands, closed triangles— the deep brine layer, and open triangles— Freshwater-influenced bays.
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that birds constitute the sole predator of invertebrates produced in the
open water system (Wurtsbaugh et al., 2011). With respect to aquatic
invertebrates that potentially convey Hg from open water aquatic
reservoirs to terrestrial invertebrates, the lake's pelagic zone pro-
duces abundant brine shrimp (Artemia franciscana), and the only
other abundant macroinvertebrate is the brine fly (Ephydra gracilis),
which feed primarily on periphyton growing on, and forming the abun-
dant carbonaceous biostromes (stromatolites) that cover 260 km2 of
the lake's shallow littoral zone,with a biomass that rivals that ofArtemia
in the water column (Wurtsbaugh et al., 2011). Two intriguing trends
are suggested by the limited measured Hg concentrations in aquatic
invertebrates:

1) Brine fly Hg concentrations were significantly higher at Stansbury
Island (west side of Gilbert Bay) relative to samples obtained from
the eastern side of the south arm of GSL (Wurtsbaugh et al., 2011),
similar to the spatial relationship previously observed for Hg in
eared grebes (Conover and Vest, 2009);
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2) Aquatic invertebrates showed reduced Hg burdens in mid-summer
(July) relative to other sampling periods. This temporal trend was
observed for adult brine shrimp (Peterson and Gustin, 2008; Van
Leeuwen et al., 2011), and brine flies (Wurtsbaugh et al., 2011).
More recently, monthly THg concentrations in brine flies mea-
sured at two locations on Antelope Island in 2012 showed lowest
values in June–July (~100 to 200 mg kg−1) versus highest values
in March–April (~200 to 500 mg kg−1) (Frank Black, personal
communication).

1.4. Objectives of the study

The above results for Hg concentrations in higher and lower biota
suggest some general spatial and temporal trends, specifically: 1) great-
er elevated Hg burdens in avian species on the west side relative to the
east side of Gilbert Bay; 2) minimum Hg burdens in aquatic inverte-
brates (adult brine shrimp and brine flies) during mid-summer (July).
On the basis of these spatial and temporal differences in Hg burden
among lower and higher trophic levels, reported in multiple studies
summarized above, we posit that a survey of THg andMeHg concentra-
tions across the freshwater to hypersaline continuum of the GSL will
show correspondence; that is, proximity of locations of highest MeHg
concentrations in water and sediment to locations of highest Hg
burdens reported in biota. Furthermore, assuming that the DBL is the
primary reservoir from which MeHg propagates into the ecosystem,
we expect that Hg(II)-methylation rates and perhaps MeHg concentra-
tions in the DBL will show correspondence with temporal variation in
burdens among the ecosystem.

2. Methods

2.1. Locations, sampling, and field methods

Three aquatic settings in the system were examined for THg and
MeHg concentrations: south arm (main body) of the GSL (6 sites),
freshwater influenced bays (Ogden and Farmington Bays, 15 sites),
impounded freshwater wetlands (16 sites), and sheet flow wetlands
(5 sites) (Fig. 1). At impounded freshwater wetlands, samples were col-
lected near the pond outfall to integrate concentrations across thewater
body.

Three types of media were collected from these locations: water
column, sediment, and sediment pore water, with the exception
that water column samples were not collected in the sheet flow
wetlands (negligible water column depth) and pore water was not col-
lected in the freshwater-influenced bays. The target water column in
the south arm of GSL was the DBL, a hypersaline lens with a thickness
of ~2.0 m (Diaz et al., 2009). The target sediment in the GSL was the
fine, unconsolidated, organic rich sediment slurry underlying the
DBL. Water column samples from the DBL and freshwater-influenced
bay were unfiltered, except where specifically stated otherwise. All
impounded wetland water column and pore water samples were fil-
tered (0.45 μm PES membrane).

Samples were collected during the period from May 2009 to
December 2012. In the south arm of the GSL, three transects were sam-
pled in August 2011 (3 sites each), and April and July 2012 (2 sites
each). In freshwater-influenced Ogden and Farmington Bays (OB and
FB, respectively), five-site transects were sampled in late July and Octo-
ber 2009 at FB and in August 2010 at OB. In the Freshwater impounded
wetlands, 16 locations were sampled throughout summer 2012 and 5
corresponding locations throughout summer 2010–2011, with varying
frequency of 2-to-4 times each summer. In the Sheet flow wetlands, 5
locations were sampled during June and July 2011.

Methods used for collecting samples from the above threemedia are
described in detail in the Supporting information. Pore water sampling
methods were adapted from Chin et al. (1998). Field measurements in-
cluded dissolved oxygen (DO), temperature (T), conductivity, and pH,
allmeasured in thewater columnusing afield probe (YSI Quatro Profes-
sional Series). Sulfide was measured on filtered water column and pore
water samples immediately after collection (V-2000 Multi-analyte LED
Photometer and Vacu-vials®, CHEMetrics).

2.2. Purification and concentration analyses

Sample preparation for analyses depended on the sample medium
and target analyte. Extraction for analysis of sediment constituents
was performed according to USEPA Method 1631 (2001b) for THg,
Bloom et al. (1997) for MeHg, Marvin-DiPasquale and Cox (2007) for
reactive inorganic Hg, (Hg(II)R), and Carling et al. (2011) for trace
elements. Analysis of aqueous samples (including post-extraction)
was performed according to USEPA Method 1631 (2002) (THg) and
USEPA Method 1630 (2001a) (MeHg), and Marvin-DiPasquale and
Cox (2007) (Hg(II)R). For MeHg concentrations related to determining
methylation and demethylation, isotope dilution (ID) correction was
used (described below). Inorganic (204Hg(II), Oak Ridge National
Laboratory) and methyl (Me201Hg, Applied Isotope Technologies) Hg
isotopic tracers were mixed with DBL, SSL, and impounded wetland
samples and, after purification and trapping (as further described in
Supporting information), detected via inductively coupled plasma
mass-spectrometry (ICP-MS) (Agilent 7500ce). Hg released from ther-
mal desorption (gold or carbon traps) was transported into the ICP-
MS under an argon flow using a custommade PTFE interface connected
directly to the torch injector. All measurements (except Hg(II)R) were
performed at the University of Utah. Hg(II)R, an estimation of bioavail-
able Hg (II) using SnCl2 reduction (Marvin-DiPasquale and Cox, 2007)
followed by CVAFS, was performed at the USGS (Menlo Park, CA).
These methods and associated quality control monitoring are described
in detail in the Supporting information. Using isotopically-enriched
Hg(II) and MeHg, methylation and demethylation was characterized
across this range of settings, including the near-surface sediment usual-
ly considered to be the primary zone of net MeHg production (Choi and
Bartha, 1994; Gilmour et al., 1998; Marvin-DiPasquale et al., 2003;
Marvin-DiPasquale and Agee, 2003).

2.3. Spiking and equilibration

Methylation and demethylation rates were determined in select
samples spiked with 204Hg(II) and Me201Hg, respectively. These sam-
ples were prepared under argon in a glove box (Vacuum Glovebox
VGB, MTI Corporation), within 12 h of sample collection. Isotope tracer
concentrationswere targeted tomatch ambient THg andMeHg concen-
trations (total of all isotopes). However, not all ambient THg and MeHg
concentrations were known a priori, in which case estimates were
made based on previously existing data. 204Hg(II) and Me201Hg tracer
amendment concentrations were within a factor of three of ambient
concentrations for 74% and 65% of samples, respectively. These amend-
ments were within a factor of 10 of ambient concentrations for 97%
(204Hg(II)) and 85% (Me201Hg) of samples. A complete table of isotope
tracer amendment concentrations (represented as % ambient concen-
trations) is provided in the Supporting information. 204Hg(II) and
Me201Hg amendments were pipetted to each sample aliquot (200 g
water column, 50 g sediment) and homogenized by subsequent stirring.

Following isotope addition, samples were subdivided to allow mul-
tiple incubation times in parallel subsamples. Subsamples were placed
into crimp-top serum bottles with chlorobutyl-isoprene blend septa
(50 mL bottles for water column samples, and 10 mL bottles for
sediment slurries from wetlands and SSL below DBL). Subsamples
were replicated to allow analysis of pre- and post-amended samples,
and to allow correction for extraction inefficiencies via isotope dilution
(described below). Subsample incubations were performed at room
temperature (19–21 °C) on a shaker table (130 rpm). Incubations
were arrested after 2, 4, and 10 h (GSL), and 12, 24, 48, and 72 h (fresh-
water influenced bays and impounded wetlands) via the addition of
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tracemetal grade HCl (1% v-v−1) and refrigeration (water column sam-
ples), or via flash freezing (ethanol bath in −20 °C freezer) (sediment
and SSL samples).

For GSL methylation/demethylation subsamples, an isotope dilution
(ID) spike, Me200Hgwas added prior to distillation (water column sam-
ples) or extraction (SSL samples) via glass syringe through chlorobutyl-
isoprene blend septa. ID spike concentrationswerematched to ambient
when known, and otherwise were based on the most recent existing
data. ID spike concentrationswere within a factor of 3-to-10 of ambient
MeHg concentrations for 75% and 95% of samples, respectively
(Supporting information Table S3). Following ID spike addition, the
sample was allowed to equilibrate for 15 min before extraction. The
time period following tracer isotope addition over which samples
remained frozen before thawing, ID spike addition, and analysis was
at most one month for water samples and three months for sediment.

2.4. Kinetic analysis

Isotope dilution (ID)was used to correct for extraction inefficiencies
in determining isotope concentrations, based on recovery of the ID
isotope (Me200Hg) as follows (Hintelmann and Evans, 1997).

CpreID
204 ¼

mMe200ID
204 RMe200ID

200
204

−RpostID
200
204

� �

sample mass RpostID
200
204

−RpreID
200
204

� � ð1Þ

where, CpreID204 is the ID-corrected concentration of Me204Hg,
mMe200ID

204 is the mass of Me204Hg in the enriched Me 200Hg ID spike,
RMe200ID

200/204 is the ratio of Me200Hg to Me204Hg in the ID spike,
RpostID

200/204 is the ratio of Me200Hg to Me204Hg in the sample post ID
spike addition, RpreID200/204 is the ratio of Me200Hg to Me204Hg in the
sample pre ID spike addition and sample mass corresponds to that
which the ID spike was added.

Finite difference was used to back-out net methylation and demeth-
ylation rate constants (kmeth and kdemeth, respectively) from either the
ID-corrected concentrations (GSL samples) or isotopic ratios (GSL,
freshwater-influenced bay, and wetland samples). kmeth and kdemeth

were determined from ID-corrected concentrations according to the
equations below (Marvin-DiPasquale et al., 2008):

kmeth ¼ ln 1− f m½ �=t ð2Þ

kdemeth ¼ ln 1− f d½ �=t ð3Þ

where fm is the fraction of [204Hg(II)] converted to [Me204Hg], fd is the
fraction of [Me201Hg] converted to [I201Hg] (brackets here refer to con-
centrations), and t is the time of incubation. kmeth was also determined
from isotopic ratios by numerical approximation of the methylation/
demethylation process according to the equation below:

MeiHg
h i

t
¼ MeiHg

h i
t−1

þ kmeth
iHg IIð Þ
h i

t−1
Δt−kdemeth MeiHg

h i
t−1

Δt ð4Þ

where the time series was simulated for all measured MeHg isotopes
(i = 200, 201, 202, 204), t and t − 1 represent present and previous
time steps, respectively, and Δt is the length of the time step. Because
the conditions influencing kmeth and kdemeth (e.g., [SO4

2−], [S2−]) in the
serum vials likely evolved over the course of incubation, the concentra-
tions corresponding to the first two sample times were emphasized to
determine kmeth and kdemeth. Under the reasonable assumption that
rate constants were equivalent for all isotopes, Eq. ((4) provides two
equations (for isotopes 204 and 201) with two unknowns (kmeth and
kdemeth).

Our methods for estimating Hg(II)-methylation rates evolved over
several years. Initially, we used isotopic ratios (Eq. (4) to estimate
kmeth and kdemeth on samples from the freshwater-influenced bays and
impounded wetlands. Subsequently, we used ID correction for concen-
trations (Eqs. (1)–(3)) of DBL and sediment slurry samples from the
south armof GSL. For the latter set of samples, values of kmeth and kdemeth

were obtained using both ID-corrected concentrations (Eqs. 1–3) and
isotope ratios (Eq. (4). Both methods produced similar rate constants,
demonstrating that a single rate constant was able to fit trends in both
ID-corrected concentrations and isotope ratios effectively. These fits
are shown for all sites (DBL and SSL) in the Supporting information
(Figure S4). Overall, the discrepancy between ID-corrected- and isotope
ratio-based kmeth values (measured as the absolute value of the differ-
ence normalized to the ID-corrected kmeth value) was small. The maxi-
mum and average discrepancies were 84% and 39% (SSL), and 24% and
11% (DBL). These discrepancies are small relative to the factors of 10
and 30 variation, respectively, in the SSL and DBL kmeth values. Demeth-
ylation results were considered not representative of potential in-situ
conditions due to light exposure in the laboratory, and are provided
and discussed in the Supporting information.

MPP rates (units = ng-kg−1-h−1) were calculated as a function of
kmeth and Hg(II)R according to the equation below:

MPP ¼ Hg IIð ÞR−Hg IIð ÞR � exp −kmeth � tð Þ� �
=t ð5Þ

where t is time (hours), and Hg(II)R refers to SSL wetweight concentra-
tions and DBL mass concentrations.

2.5. Other analyses

Analysis of carbon content in aqueous and sediment media were
performed according to USEPA Method 1684 (2001c) and as described
in detail in the Supporting information. Trace and major elements
were measured using a quadrupole ICP-MS according to USEPA
Method 200.8 (1994) and as described in the Supporting information
and Carling et al. (2013).While Hg(0)was notmeasured in themajority
of our samples, it was found to benegligible inDBL samples duringmea-
surements made to support Hg(II)R analyses.

3. Results and discussion

3.1. Water

Mean concentrations (and standard deviations for replicates) of
THg, MeHg, sulfide, sulfate, DOC, and pH, in surface and pore water
(from ambient non-incubated samples) among the various aquatic set-
tings are presented in Fig. 2. Note that pH was not measured in every
pore water sample due to limited sample volumes. Figures, and a
spreadsheet, providing specific sample locations and corresponding
data within each setting are provided in the Supporting information.
Across the continuum from freshwater to hypersaline settings, the
highest mean MeHg concentrations in water occurred in the DBL
(25.5 ng L−1) and pore water of the sheet flow wetlands (7.4 ng L−1)
(Fig. 2 and Supporting information). In contrast, the lowest MeHg
concentrations in water occurred among the impounded wetlands
(0.14 ng L−1 and 0.081 ng L−1 for surface and pore water, respectively).
Intermediate to these two ends of the spectrumwere MeHg concentra-
tions in the waters of the Freshwater-Influenced Bays (1.1 ng L−1).
Two-tailed t-tests (assuming unequal variances) demonstrated statisti-
cally significant differences between DBL and Freshwater-influenced
Bays (p b 5E−9) and Sheetflow Wetland pore water (P b 0.01), as
well as between DBL and Impounded Wetland surface water/pore
water (p b 9E−9). The difference between Freshwater-influenced
Bays/Sheetflow pore water and Impounded Wetland surface water/
pore water settings was also statistically significant (p b 0.007).

The worldwide uncontaminated value for MeHg in water is
0.3 ng L−1 (Gray and Hines, 2009), and this threshold is exceeded
in the DBL, unfiltered Freshwater-influenced bays, and pore water of
the Sheetflow wetlands. Naftz et al. (2009) observed mean MeHg



Fig. 2. Average water column MeHg, THg, sulfide, sulfate, DOC and pH across the freshwater to hypersaline continuum of the Great Salt Lake. SW = surface water, PW = pore
water, Filt = filtered, Unfilt = unfiltered. Filtered DBL SW involves only two samples from a single site (A1). IQR= interquartile range=Q3–Q1. Blank values represent non-measured.
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concentrations ranging 1–2 ng L−1 in freshwater-influenced bays
(in agreement with our results), and dissolved MeHg averaged and
1.2 ng L−1 in the shallow brine layer overlying biostromes, and showed
negligible spatial variation (Wurtsbaugh et al., 2011), four times the un-
contaminatedworldwide baseline of 0.3 ng L−1 (Gray andHines, 2009).
Notably, the fraction of THg comprised by MeHg ranged approximately
30–80% in the DBL, and 20–50% in the Sheetflow wetland pore water
(Fig. 2 and Supporting information), consistent with that fact that
anoxic water within stratified systems can accumulate extremely high
levels of THg and MeHg (Watras et al., 1995; Regnell et al., 1997). THg
concentration differences among the settings mirrored those of MeHg,
with mean THg concentrations equal to 55 ng L−1 (DBL), 29 ng L−1

(unfiltered Freshwater-influenced bays), 1.1 ng L−1 (filtered
Impounded Wetland surface water), 1.7 (filtered impounded wetland
pore water), and 24 ng L−1 (filtered Sheetflow pore water). The
USEPA aquatic life standard for unfiltered THg is 12 ng L−1 (USEPA,
1992), which was exceeded by the mean values in the DBL and
Freshwater-Influenced bays, andwasmatched in the filtered Sheetflow
pore water (Fig. 2). The worldwide uncontaminated value for THg in
water is 2 ng L−1 (Gray andHines, 2009),whichwas exceeded in all set-
tings except the filtered Impounded Wetland surface and pore waters
(Fig. 2). Naftz et al. (2009) observed in limited samples amongmultiple
sites mean THg concentrations ranging approximately 20 to 32 ng L−1

in the DBL of the South Arm of GSL, and approximately 4 to 9 ng L−1

in Freshwater-Influenced bays, in agreement with our results.
Across the continuum from freshwater to hypersaline settings,

values for sulfate, sulfide, DOC and pH were bracketed within those
for the freshwater wetlands at one end of the spectrum, and the hyper-
saline/anoxic DBL/SSL at the other end (Fig. 2 and Supporting informa-
tion). The freshwater wetlands had the lowest sulfate (pore water
ranging 5 to 160 mg L−1), lowest sulfide (surface water ranging 0.04
to 0.2 mg L−1), lowest DOC (surface water ranging 5 to 20 mg L−1),
and highest pH (surface water ranging 8–10). In contrast, the hypersa-
line anoxic DBL/SSL had the highest sulfate (DBL and SSL pore water
ranging 12,000 to 20,000mg L−1), highest sulfide (SSL porewater rang-
ing 37 to 63 mg L−1), highest DOC (DBL and SSL pore water ranging 60
to 90mg L−1), and lowest pH (SSL pore water ranging 6.5 to 7.2) (Fig. 2
and Supporting information). Values of these parameters for other
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settings were intermediate to the end-of-spectrum values given above.
The high sulfate variability for freshwater-influenced bay site FBN3
(Fig. 2 and Supporting information) was due to a wind-driven brine
wedge entering the causeway breach just north of that site during one
of the sampling periods.

3.2. Sediment

THg and MeHg concentrations (dry weight) in sediment (from am-
bient non-incubated samples) were averaged across replicate samples
and time series where available for given sites, and were averaged
across sites within a given setting (Fig. 3). Figures, and a spreadsheet,
providing specific sample locations and corresponding data within
each setting are provided in the Supporting information. Across the con-
tinuum from freshwater to hypersaline settings, the highest mean
MeHg concentrations in sediment occurred in the SSL (0.85 ng g−1

dw) and Sheetflow wetlands (0.65 ng g−1 dw), reflecting the prepon-
derance of MeHg in water in the DBL and Sheetflow pore water. In
contrast, mean sediment MeHg concentrations in the Freshwater-
influenced bays (0.14 ng g−1 dw) and Impounded Wetlands
(0.11 ng g−1 dw) were much lower. Mean THg concentrations were
103 ng g−1 dw (SSL), 212 ng g−1 dw (Sheetflow Wetlands),
56 ng g−1 dw (Freshwater-influenced Bays), and 116 ng g−1 dw
(Impounded wetlands), showing far smaller variability relative to sedi-
ment MeHg across the freshwater-to- hypersaline continuum. Also
shown in Fig. 3 are C and N concentrations for samples in which these
constituents were measured, with the highest values being associated
with the hypersaline open water sediments (SSL and Freshwater-
influenced Bays). The marine sediment quality standard for THg is
410 ng g−1 dw (State of Washington, 1995), which was not exceeded
in any setting. Naftz et al. (2009) observed mean concentrations in
GSL sediments ranging between approximately 90 and 260 ng g−1

dw, in agreement with our data. Typical sediment MeHg/THg ratios
are 1.0% to 1.5% according to Ullrich et al. (2001), which were not
exceeded in any of the settings examined here.

3.3. Hg(II)-methylation

Values of kmeth were variable even within any given setting in the
continuum from freshwater to hypersaline (Fig. 4, Supporting informa-
tion), ranging from1E−6 to 1E−3h−1, but predominantly on theorder
Fig. 3. Sediment and sediment slurry (SSL underlyingDBL)MeHg, THg concentrations (ng kg−1

values represent non-measured.
of 5E−4 h−1. These values are similar to other reported ranges, for
example, values of kmeth in sediments lakes and estuaries in sites in
North America and Europe ranged from 0.01 to 0.05 day−1 (4E−4 to
2E−3 h−1) (Hintelman et al., 1995, 2000; Martın-Doimeadios et al.,
2004; Heyes et al., 2006; Drott et al., 2008; Avramescu et al., 2011).
Whereas incubation experiments were also performed to examine po-
tential Hg(II) methylation rates in Freshwater-influenced bay surface
water and the DBL, only the DBL showed significant Hg(II) methylation
among water column incubations. Notably, SSL showed greater consis-
tency of kmeth values across season (April versus July) relative to the
DBL (Fig. 4), suggesting that the SSL may be a more robust source of
MeHg to the system relative to the DBL. Impounded wetlands as a
group seem to show relatively low kmeth values; however, the data are
too limited to be conclusive.

Comparison of kmeth values across multiple phases (SSL, sediment,
DBL) and different locations is difficult because while rate constants
provide an integrated measure of both microbial and abiotic Hg(II)-
methylating and MeHg degrading processes, they are imperfect, as
many processes are inherently lumped into a single ‘apparent’ rate con-
stant. In particular, the inorganic Hg(II) reservoir (both the native pool
and the isotope amendment) may not be fully available for microbial
and abiotic Hg(II)-methylation reactions. The fraction of Hg(II) that is
available is governed by many complex processes. For example, while
SO4

2− reduction is most closely associated with methylation (Compeau
andBartha, 1985; Ranchou-Peyruse et al., 2009), high sulfide concentra-
tions may inhibit methylation by reducing the bioavailability of com-
plexed Hg(II) (Marvin-DiPasquale and Agee, 2003), depending on
whether Hg is associated with dissolved versus nanoparticulate versus
microparticulate sulfide (Gondikas et al., 2010; Zhang et al., 2012;
Hsu-Kim et al., 2013; Gerbig et al., 2011). While there is no universally
accepted method to measure biogoechemically available Hg(II), a
number of approaches have been used, including selective extraction
(Bloom et al., 2003; Yin et al., 2013), geochemical modeling (Benoit
et al., 2001); chelation (Han et al., 2008), ethylation (Liang et al., 2013),
and stannous chloride (SnCl2) reduction (Miller et al., 2009). While de-
bate continues as to the most appropriate approach (Liang et al.,
2013), the methodologically-defined SnCl2 reducible ‘reactive’ inorgan-
ic Hg (Hg(II)R) assay has been successfully used in conjunction with
kmeth values derived from isotope amendment assays to calculate sedi-
mentMeHg production potential (MPP) rates, whichwere better corre-
lated with in-situ MeHg concentrations than were kmeth values alone
) and C,N concentrations (g kg−1) (dryweight). IQR= interquartile range=Q3–Q1. Blank



Fig. 4. Apparent first-order methylation rate constants (kmeth) in across the freshwater to hypersaline continuum. All values are from sediment slurries except for DBL. Blank values
represent non-measured. Negligible values were substituted with 1.2E−6 (h−1) (DBL B1 and C1, SSL C1) to differentiate from not measured.
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(Marvin-DiPasquale et al., 2009a, 2014). The Hg(II)R proxy for the truly
bioavailable Hg(II) pool has also proven extremely useful in ecosystem
studies examining how changes in sediment geochemistry and redox
conditions affect Hg(II) availability, and thus MeHg production
(Windham-Myers et al., 2010; Marvin-DiPasquale et al., 2011, 2014).

Hg(II)R concentrations (wet weight basis) were generally lower in
DBL relative to the underlying SSL (1.01 versus 58.2 ng kg−1 ww, re-
spectively, p b 0.033, using two-tailed t-test assuming equal variances)
Fig. 5. April and July Hg(II)R concentrations and methylmercury production potentials (MPPs,
Sediment Slurry (SSL). SSL. Hg(II)R concentrations and MPPs expressed as wet weight rates for
with one-half the detection limit (SSL A1, C1 April 2012; DBL A1, B1, C1, and SSL C1 July 2012)
(Fig. 5, top), as expected from the lower solids content of DBL relative to
SSL. Hg(II)R values (Fig. 5, top)were lower in July (open bars) relative to
April (patterned bars) in the DBL (at the 0.05 level of significance via a
two-sample t-test), and this temporal trend was also observed for
kmeth (Fig. 4). Hg(II)R concentrations in the SSL were relatively constant
over time (equivalent July and April values at the 0.05 level of
significance using a two-sample t-test) aswas observed for kmeth values.
Methyl mercury production potential rates (MPP) (Fig. 5, bottom)
time-integrated function of kmeth and Hg(II)R) for Deep Brine Layer (DBL) and underlying
a more direct comparison with DBL. Hg(II)R values below detection limit were substituted
.



Fig. 6. Surface and pore water MeHg versus THg concentrations. SW = surface water,
PW = pore water. Trendline reflects combined data from filtered PW samples.
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calculated as a function of kmeth and Hg(II)R were dramatically lower in
July (open bars) compared to April (patterned bars) in the DBL (at the
0.05 level using a two-sample t-test), and were relatively temporally
consistent in the SSL relative to DBL (no difference at the 0.05 level).
The temporal trends in MPP parallel the temporal trends seen in both
the Hg(II)R concentrations (Fig. 5, top) and kmeth values (Fig. 4), with
the former reflecting Hg(II) bioavailability and the latter reflecting
microbial activity. Because MPP rates in the SSL are temporally less
dynamic and generally greater than those in the DBL, this suggests
that the SSL may be responsible for a greater cumulative flux of MeHg
into the system relative to the DBL, although additional work is needed
to understand this possibility.

As a side note, comparison of MPPs in the SSL versus DBL could also
be performed under the assumption thatmethylation is associatedwith
particulates (i.e., reported as dry weight MPPs), or that areal extent of
each phase is the critical point of comparison (reported as per area),
as performed by Monperrus et al. (2007a). The former is common for
sediment core-derived MPPs. However, the DBL and SSL are both
water-dominated media (the dry weight % of SSL ranges from 23 to
39%, Supporting information), and their areal extents are equivalent
(SSL beingdefined as directly below theDBL). Since our goal is to under-
stand the relative significance of these twowater-dominated phases re-
garding net production of MeHg in the GSL, we compared wet weight
MPP values among those two phases.

MPPs measured in the SSL (expressed as dry weight) ranged from
0.0011 to 0.0572 (ng-kg−1-h−1 dry weight) (Supporting information),
with a median and mean of 0.00495 and 0.00536, respectively. In com-
parison, MPP rates measured using the same approach in San Francisco
Bay-Delta agricultural and freshwater wetland sediment, ranged
from 0.012 to 20.4 (ng-kg−1-h−1 dry weight), with a median and
mean MPP of 1.23 and 2.47 (ng-kg−1-h−1 dry weight), respectively
(Marvin-DiPasquale et al., 2014). In a similarly conducted study of
eight diverse streams from across the U.S.A., MPP rates ranged from
b0.0001 to 3.78 (ng-kg−1-h−1 dry weight) across all streams, with in-
dividual stream medians ranging from 0.0065 to 0.393 (ng-kg−1-h−1

dry weight) (Marvin-DiPasquale et al., 2009a). Thus, MPPs from the
DBL and SSL appear to correspond to the low end of the range exhibited
in other settings, which suggests that the observed excess of MeHg in
the DBL might reflect processes promoting its persistence rather than
exceptional production. It should be noted that direct comparison of
our MPPs to other reported “methylation potentials” (e.g., Furutani
and Rudd, 1980; Kim et al., 2006; Han et al., 2007), even those focused
on subsurface water (e.g., Korthals andWinfrey, 1987; Xun et al., 1987;
Miskimmin et al., 1992; Mason et al., 1993; Monperrus et al., 2007b;
Malcolm et al., 2010) is not useful since these studies considered kmeth

or % Hg(II) methylated as equivalent to methylation potential, and did
not determineHg(II)R, or otherwise attempt to account for labile Hg(II).

The above findings suggest a possible persistence ofMeHg in theDBL.
Among factors that potentially act to stabilizeMeHg in theDBL are: salin-
ity (Black et al., 2012; Zhang et al., 2012), light attenuation (Black et al.,
2012), and complexation with dissolved organic matter (Zhong and
Wang, 2009; Dong et al., 2010; Hsu-Kim et al., 2013) and other moieties
such as sulfide (Hintelmann et al., 1997; Zhong andWang, 2009). Light is
absent in the DBL due to absorption in the algae-rich upper brine layer
and high concentrations of dissolved and particulate organic matter in
the DBL (Diaz et al., 2009). Field measurements made in July 2013
(LiCor model LI-193SA spherical quantum sensor) showed that photo-
synthetically active radiation (PAR) decreased from 2000 to 131 μmol-
s−1-m−1 from the lake surface to the top of the DBL (6.5 m depth),
with additional decrease to 4.7 μmol-s−1-m−1 at 7m depth (Supporting
information), well above the maximum ~9 m depth of the DBL.

3.4. Correlations

THgwas positively power-law correlated toMeHg in filtered surface
and pore water, but not unfiltered samples (Freshwater-influenced Bay
samples) (Fig. 6), indicating (as expected) that particulate (N0.45 μm)
fractions of Hg are not in chemical equilibriumwith dissolved fractions.
A power-law correlation was examined (Excel 2010) in order to exam-
ine the relationship across the several-log range in concentrations
across the range of settings. In linear space the correlation was
[MeHg] = 0.4015[THg] − 0.5571 (r2 = 0.95). Unfiltered DBL samples
also fell within the MeHg-THg correlation, likely because MeHg in DBL
is overwhelmingly in the b0.45 μm size fraction. In replicate samples
fromDBL site A1 (Fig. 2 and Supporting information), comparison of fil-
tered andunfiltered samples shows that 61%of THgwas in the b0.45 μm
size fraction (106±0.54 ng-L−1 unfiltered, 64.4±1.93 ng-L−1

filtered)
and 92% of MeHgwas in the b0.45 μm size fraction (34.2± 0.87 ng-L−1

unfiltered, 31.6 ± 1.15 ng-L−1
filtered). Whereas A1 is only one site in

the DBL, it is likely representative, as demonstrated by highly consistent
results for a suite of trace elements at three sites spanning the DBL
(Supporting information). That 61% of THg in the DBL lies within the
b0.45 μm size fraction is a distinct contrast to the more common
observation such as in the Impounded freshwater wetlands, where
THg is predominantly associated (N90%) with the N0.45 μm fraction
(e.g., Carling et al., 2011, 2013). Notably, Diaz et al. (2009), showed
using flow field flow fractionation that Hg in the DBL is associated
with macromolecule-sized moieties (b3 nm).

Dissolved sulfate showed positive power-law correlationwithMeHg
in unfiltered and filtered surface and pore water samples (Supporting
information), although this relationship was significant for the com-
bined set of samples only, and was not significant for any single aquatic
compartment (unfiltered DBL, unfiltered freshwater-influenced bay
surface water, filtered wetland surface water, filtered wetland pore
water). DOC also showed positive log-linear correlation with MeHg
in unfiltered and filtered surface water (excluding pore water)
(Supporting information), but again the correlation was not significant
within any single aquatic compartment. There was a lack of correlation
betweenMeHg and sulfide, pH, and Cl (as a proxy for salinity) in water,
as well as between MeHg and THg in sediment (Supporting informa-
tion). Ratios such asMeHg/THg or sulfide/sulfate did not improve corre-
lations, and greatly weakened them in the case of sulfide/sulfate
because of the large range of sulfate concentrations within the system.

Correlations between kmeth values and all other parameterswere sig-
nificant only for sediment organic matter content (positive) in the
freshwater influenced bays and impounded wetlands, as has been pre-
viously reported in other settings (e.g., Lambertsson and Nilsson, 2006;
Marvin-DiPasquale et al., 2009a), and likely reflects the stimulatory in-
fluence of organic matter on overall microbial activity. The kmeth values
for two of the freshwater influenced bay transects (FBN summer, OB
summer) and the impounded wetlands were significantly correlated
(P b 0.05) to sediment organic matter content (Fig. 7), with r2 values
of 0.90, 0.67, and 0.82, respectively. The corresponding 90% confidence
intervals are provided for FBN summer, OB summer, and the
impounded wetlands in Fig. 7. The FBN fall correlation had a relatively



Fig. 7. Scatter plots of methylation rate constants (kmeth) (h−1) vs. percent sediment organic matter content (%LOI) in sediment from the freshwater bays (summer and fall 2009) and
impounded wetlands (summer 2011) with trend lines and r2. Dashed lines represent 90% confidence intervals.
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high r2 of 0.88 but this correlation results froma single outlier, and is not
statistically significant with P N 0.05 (P = 0.06).

The Kmeth-OM correlations suggest an important role of sediment
organic matter in regulating the production of MeHg in the freshwa-
ter influenced bays and impounded wetlands. However, when kmeth

from the various transects of the freshwater influenced bays exam-
ined here are grouped together, the correlation disappears, indicat-
ing that other factors in addition to sediment organic matter
content (e.g., possibly organic matter lability, sulfide concentrations,
among others) influence kmeth. Whereas there was no correlation be-
tween Hg(II)R and DOC in the DBL or in SSL pore water, nor between
Hg(II)R and sulfide in the DBL, there was significant inverse correla-
tion (r2 = 0.89) between Hg(II)R and sulfide in SSL pore water
(Fig. 8). This is similar to the negative relationship reported between
Hg(II)R and solid phase reduced sulfur pools reported in other stud-
ies (Marvin-DiPasquale et al., 2009a,b, 2014) and is consistent with
the assertion that Hg(II)R serves as a reasonable proxy for the pool
of Hg(II) most readily available for methylation, the rationale being
that Hg(II) bound to sulfides is less available for SnCl2 reduction
and microbial Hg(II) methylation.

3.5. Spatial correspondence

The measured concentrations highlight the DBL and SSL, as well as
the Sheetflow wetlands, as locations having exceptional MeHg
Fig. 8. Correlation of Hg(II)R to sulfide in SSL pore water, both constituent concentrations
expressed as wet weight.
concentrations and MeHg/THg ratios in water relative to other areas
of the GSL (Figs. 2 and 3). The DBL, SSL, Sheetflow wetlands, and
Impounded wetlands each have elevated sulfide concentrations;
whereas the Impounded wetlands lack elevated MeHg (Fig. 2). DOC is
exceptional among the DBL and SSL, but not among the other settings
(Fig. 2). The spatial constancy of the elevated MeHg concentrations
within the DBL is notable given the large area it encompassed within
the GSL aquatic system during the study (Fig. 2). The findings suggest
that elevated Hg concentrations in avian species at Stansbury Island
relative to Antelope Island (described above) may reflect closer
proximity of Stansbury Island to the elevated MeHg concentrations
in the DBL relative to lower-MeHg concentration Freshwater-
influenced bays. However, connection of elevated MeHg in the DBL
to elevated Hg in biota is not proven. The recent finding of high Hg
concentrations in spiders (ranging ~500 to 2100 mg kg−1 dw) sam-
pled from two shoreline locations on Antelope Island in 2012 (Frank
Black, personal communication) suggests a potential connection be-
tween aquatic invertebrates (e.g., brine flies) and terrestrial inverte-
brates at the shoreline.
3.6. Temporal correspondence

Water column MeHg concentrations showed no clear temporal
trend. In contrast, SSL and sediment MeHg concentrations indicated
a weak overall decreasing trend from April to September in 2012
(Supporting information). This possible temporal dynamic in sediment
MeHg concentrations warrants additional investigation because it may
influence inter-annual dynamics of Hg accumulation in the ecosystem.
An important temporal trend identified in the Hg(II) methylation rate
measurements (kmeth and MPP) is the reduced rate of methylation in
the DBL that occurs during mid-summer (July), since it appears to cor-
respond to the reduced Hg burden in aquatic invertebrates (described
above). This apparent correspondence in timing is intriguing because
there is a potential connection of MeHg in the DBL to aquatic inverte-
brates in the shallow brine layer via the observed and expected entrain-
ment of DBL into overlyingwater (described above). The factors driving
the timing of increased Hg(II) methylation rates in the DBL and in-
creases Hg burdens in aquatic invertebrates are unknown, but may be
related to labile nutrient and carbon delivery during spring snowmelt
runoff (as suggested by the observed higher potential Hg(II) methyla-
tion rates during April), among other possibilities.
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4. Conclusions

The results herein identify noteworthy areas of elevated MeHg con-
centrations (particularly the DBL and SSL of the GSL, and the Sheetflow
wetlands) and Hg(II) methylation (DBL and SSL). Data suggest persis-
tence (rather than exceptional production) as the reason for high
MeHg concentrations in the DBL. Results demonstrate widespread spa-
tial constancy of elevated MeHg in the DBL of the open water GSL sys-
tem, which is the most proximal aquatic setting to the area where
elevated Hg burdens in avian species were previously reported to be
highest. Results demonstrate reduced Hg(II) methylation rates in the
DBL during mid-summer (July), which corresponds to the time during
which reported Hg burdens in aquatic invertebrates (brine shrimp
and brine flies) were lowest according to multiple studies. These spatial
and temporal correspondences suggest a connection between elevated
Hg in biota and elevatedHg in theDBL, and thereforewarrant further in-
vestigation into the role of the DBL in Hg propagation into the GSL
ecosystem.
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correlation plots not shown in main text, kinetic fits to isotope data
for methylation rate constants. A spreadsheet with all data is provided.
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