
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

9:
03

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
High resolution p
aDepartment of Chemical, Biochemical, and

Maryland Baltimore County, Baltimore, MD
bSmithsonian Environmental Research Cent

MD 21037, USA

Cite this: Environ. Sci.: Adv., 2026, 5,
1070

Received 24th December 2025
Accepted 17th February 2026

DOI: 10.1039/d5va00492f

rsc.li/esadvances

1070 | Environ. Sci.: Adv., 2026, 5, 10
orewater profiling of
methylmercury with a novel equilibrium passive
sampler

Jada C. Damond, a Cynthia C. Gilmour b and Upal Ghosh *a

Accurate quantification of sediment porewater methylmercury (MeHg) profiles is critical for understanding

Hg fate, transport, and informing remediation design, yet direct porewater profiling remains challenging.

Equilibrium-based passive samplers (EqPS) offer an alternative, providing fine-scale, time-integrated

measurements and convenience. In this study, we deployed an EqPS consisting of activated carbon

suspended in agarose gel (ag+AC) in estuarine and freshwater sediment microcosms to obtain

porewater MeHg profiles at 0.5 cm vertical resolution. Our objectives were to evaluate whether ag+AC

samplers could reproduce porewater MeHg profile shapes and concentrations across redox gradients

and contrasting geochemical conditions. Following 4 week deployments across the sediment–water

interface ag+AC samplers produced distinct depth profiles that corresponded closely with directly

measured porewater profiles and exhibited maxima at redox transition zones where net methylation is

most likely. Using a previously derived equilibrium partition coefficient (102$96 L kg−1) ag+AC samplers

predicted, on average, directly measured porewater MeHg concentrations to within a factor of about

two. Across both sediment types, porewater MeHg alone explained ∼65% of the variability in passive

sampler MeHg despite wide ranges in DOC, sulfide, iron, and salinity. These results demonstrate ag+AC

EqPS can provide fine-scale porewater MeHg profiles and accurate concentration estimates across

diverse sedimentary environments.
Environmental signicance

Accurate spatial quantication of porewater methylmercury (MeHg) is critical for understanding mercury fate and transport, bioaccumulation, and for
informing remediation design. However, direct extraction and measurement is challenging. In this research, we deployed an equilibrium passive sampler
consisting of activated carbon suspended in agarose gel sheet in estuarine and freshwater sediment microcosms to obtain porewater MeHg proles at 0.5 cm
vertical resolution. Passive sampler derived proles identied depth-resolved MeHg concentrations that corresponded with directly measured proles and with
redox transition zones where net methylation is most likely to occur. Identifying the depth of the methylation zone can inform targeted remediation strategies
and improve assessments of benthic exposure risk.
1 Introduction

Mercury (Hg) is a global pollutant that is responsible for sh
consumption advisories worldwide. Dealing with mercury as
a pollutant in aquatic environments poses complex challenges,
because of its biogeochemical transformations. Site assessment
and remediation require an understanding of mercury and
methylmercury (MeHg) exposure to the food web and ultimately
to humans.

Sediments are an important location of net MeHg produc-
tion inmany ecosystems. Mercury in sediments is methylated to
Environmental Engineering, University of
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70–1080
MeHg by anaerobic microbes – oen sulfate or iron reducing
bacteria – at a depth beneath the sediment where redox chem-
istry is conducive to their microbial activity.1,2 Consequently,
MeHg concentrations in sediments ([MeHg]sed) and porewaters
([MeHg]PW) vary spatially within the sediment.3 Because Hg
methylation is controlled by microbial activity, sediment
biogeochemistry impacts the shape and magnitude of the
vertical porewater MeHg depth prole. The ability to capture
these proles can elucidate how MeHg forms and transports in
sediment systems. High resolution porewater proling allows
an accurate calculation of diffusive ux within the sediment
column and across the sediment–water interface. Porewater
concentrations provide valuable information for evaluating the
performance of a remedial cap for which the aim is to decrease
porewater MeHg in the surface sediments.4,5
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Porewater MeHg proles are also critical to understanding
bioaccumulation within epibenthic organisms. Several studies
show that MeHg exposure to epibenthic organisms is best
quantied in the top sediments, and vertical proling is useful
for understanding benthos bio-uptake.6,7 Further, bioturbation
by benthic organisms may impact MeHg concentrations by
physical disturbance8 and oxidation in the top sediment layer
(as postulated in Sanders, 2018).9

Though porewater proles are incredibly valuable, they are
difficult to retrieve with traditional samplingmethods that include
removal of intact sediment cores, sectioning of the cores, and
extraction of porewater within sections. Extracting porewater from
collected sediment cores is expensive and laborious, as it requires
handling in an anaerobic glovebox in the eld to preserve redox
conditions and prevent oxidation of metal species and
degradation/precipitation of aqueous MeHg.10 The method also is
limited by the small volumes of extractable porewater from thin
sections of sediment cores. Another method of sediment pore-
water sampling by syringe extraction introduces uncertainty of
sampling depth and zone of collection which can also be impacted
by entrained surface water.3

Fine-scale vertical MeHg proling using kinetic-based
samplers (i.e. diffusive gradient in thin lms, DGTs) have
been advantageous for studying Hg dynamics.11–13 However,
researchers have encountered difficulty with their interpreta-
tions due to porewater depletion by the samplers and variation
of diffusion coefficients between sites.11,12 Particularly, the
presence of dissolved organic matter (DOM) signicantly
impacts MeHg and Hg diffusion rates into the sampler for
which the estimated aqueous concentrations are based on.12,14,15

MeHg will complex to DOM of varying character and sizes,
leading to a wide range of diffusion rates.16 The biogeochemical
impacts on the diffusion rate warrants the need for site-specic
calibration when using DGTs. These concerns have hindered its
acceptance in regulatory practice.17

A novel equilibrium-basedMeHg passive samplingmethod has
been developed18,19 as a novel approach to bypass these difficulties
seen with kinetic-based sampling. The equilibrium passive
sampler explored in this study is made of powdered activated
carbon embedded in an agarose polymer sheet (ag+AC). Investi-
gations18 found that sampling was kinetically inuenced by MeHg
interactions with AC particles and not limited by diffusion
through the gel for this material. AC exhibited relatively rapid
desorption of Hg and MeHg, indicating that this sorbent is
capable of reversible, equilibrium measurements. Washburn
et al.19 showed that the experimentally determined sampler–water
partitioning coefficient (KPS) values for MeHg complexed with
a variety of natural organic matter (MeHgNOM) and small thiols
are about 103 L kg−1 and have provided reasonably good [MeHg]PW
estimations in slightly suldic sediments where MeHg suldes
could be important species. Sampler equilibration time in sedi-
ments was approximately 1 to 2 weeks. In sediment–water
microcosms,19 porewater concentrations estimated with isotherm-
calibrated passive samplers agreed within a factor of 2 to 4 with
directly measured concentrations demonstrating a potential new
approach to passive sampling of MeHg. These microcosms also
demonstrated that a single ag+AC passive sampler sheet placed
© 2026 The Author(s). Published by the Royal Society of Chemistry
across the sediment–water interface provided both porewater and
overlying water measurements, revealing the potential for it to
capture the critical measurement of gradients across the sediment
interface.

In this study, we evaluated the ability of the ag+AC passive
samplers (PS) to adequately resolve porewater MeHg proles at
0.5 cm resolution. Because the PS could be formed into a desired
size thin sheet, we were able to deploy an adequate size sampler
above and within sediments to capture aqueous MeHg concen-
trations both in the surface water and depth dependent concen-
trations within the sediments. Samplers were deployed in
freshwater and estuarine-sourced sediment microcosms to study
their applicability in two geochemically different types of envi-
ronments. Samplers were deployed within sediment microcosms
to span a depth range sufficient to capture the MeHg maxima
associated with the MeHg production zone. Samplers were
deployed for a month in pre-equilibrated microcosms. Freshly
constructed sediment–water microcosms oen exhibit a pulse of
microbial activity and net MeHg production due to disturbance.20

Pre-equilibration allows most of the pulse to pass. The PS
deployment time frame was chosen based on the measured
equilibration time for the samplers. We compared PS-derived
MeHg proles (0.5 cm resolution) to proles obtained by direct
porewater measurements made at a 1 cm resolution at the end of
the PS deployment.
2 Methods
2.1 ag+AC passive sampler synthesis

The ag+AC polymer material was synthesized as described in
Washburn et al.19 Briey, virgin AC derived from bituminous
coal (Calgon Type 3055; 80× 325 TOG LF) was sieved to >53 mm,
then washed with deionized (DI) water and allowed to dry in
a 30 °C oven prior to casting within gels to ensure uniformity.
This AC was embedded in a 1.5 wt% agarose gel to make
a polymer embedded with 1.5 wt% AC. To make the polymer,
20 mL DI was added to 0.3 g agarose powder (low EEO) and 0.3 g
AC. This suspension was stirred, via a magnetic stir bar, in
a boiling water bath for 4.5 minutes, aer which the solution
was cast between two glass plates separated by a 1 mm spacer.
Aer cooling, the formed gelatinous polymers were cut into
4 cm by 8 cm segments (SI Fig. S1) to serve as passive samplers
(referred to as ‘PS’ or simply ‘samplers’ throughout this docu-
ment). Samplers were designed to capture depth proles up to
8 cm, with approximately 1 cm exposed to the overlying water
and the remaining 7 cm embedded in the sediment. PS poly-
mers were sandwiched in polypropylene mesh (McMaster-Carr
69 × 69 mesh) to provide protection and rigidity. The protec-
tive mesh was soaked in a 10% HCl solution overnight then
rinsed with DI water prior to PS enclosure. Prior to deployment,
enmeshed PS were deoxygenated in DI with N2 gas for over
30 min to minimize oxygen input into the sediment.
2.2 Sediment microcosm set-up

Sediment mixes were made up to represent two environmental
conditions, freshwater and estuarine sediments, to evaluate PS
Environ. Sci.: Adv., 2026, 5, 1070–1080 | 1071
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performance in different biogeochemical environments. To
provide both elevated Hg concentration and fresh organic
matter for MeHg production, we mixed freshly collected sedi-
ments and soils at mid-Atlantic regional background Hg levels
with Hg-contaminated soil collected for prior experiments from
the Berry's Creek Study Area (BCSA) in New Jersey, USA.20

The estuarine sediment mix comprised intertidal surface
marsh soils from the BCSA20 mixed with intertidal marsh soil
from a mesohaline marsh (Global Change Research Wetland,
GCREW) at the Smithsonian Environmental Research Center
(SERC) in Maryland, USA.21 The freshwater sediment mixture
also contained marsh soil from BCSA, mixed with sediment
collected from a freshwater pond in Watershed 101 on the SERC
campus.22 Detailed descriptions of sampling sites and mixtures
are in Table S2.

The contaminated sediment/soil was diluted with sediment
at background levels to yield a sufficient volume for this study. A
target Hg concentration range between 1 and 10 mg gdw−1 was
set to be high enough to be considered contaminated, and to
obtain detectable direct porewater measurements to aid in
passive sampler performance assessment. Final values are
shown in Table 1. To make up the sediment mixes, large
detritus was removed, and soils were sieved to 2 mm. Sieved
soils were homogenized with a food processor to minimize
variability between replicate microcosms. Sediment mixtures
were homogenized with a paint mixer immediately prior to
microcosm construction, aer which they are referred to as
sediment throughout this document. The additional processing
will inuence sediment dynamics in a way that is not repre-
sentative of eld conditions and is not recommended or needed
for eld measurements. However, for the sampler development
effort in the present study, sediment homogenization was per-
formed to minimize sampler variability between microcosms
replicates.

Oligohaline conditions were targeted for the estuarine
microcosms. Surface water from the GCREW intertidal marsh
Table 1 Initial measurements in overlying water, porewater, and sedime

Initial measurements in overlying water (ow) & porewater (pw)

Sediment type Matrix SO4
2− (mM) Cl− (mM) DOC (mg

Estuarine ow 1.6 � 0.6 29.1 � 5.4 2.4 � 0.2
pw 4.5 � 1.6 126.8 � 26.7 28.6 � 0.7

Freshwater ow 0.2 � 0.0 0.8 � 0.2 3.3 � 0.1
pw 2.9 � 1.7 10.9 � 1.3 14.4 � 2.3

Initial measurements in sediment

Sediment type MeHg (ng g−1) MeHg log (Kd [L kg−1])

Estuarine 7.9 � 0.8 3.7 � 0.1
Freshwater 2.3 � 0.1 3.6 � 0.0

a Note that initial THg sediment levels were not taken. Instead, sediment T
average of all nal THg measurements taken for each sediment type. BDL =
average (of three replicates) plus/minus one standard deviation.

1072 | Environ. Sci.: Adv., 2026, 5, 1070–1080
(SERC), which measured 8 ppt with a refractometer, was diluted
by half with DI water, yielding an initial salinity of 4 ppt in the
overlying water. The freshwater microcosms were topped with
freshwater from SERC Watershed 101, which had a salinity of
0 ppt, taken just below the sampled pond.

Microcosms were housed in opaque 7.6 L HDPE buckets (SI
Fig. S2 and S3). The homogenized sediment mixtures were
added to a depth of 10 cm and then topped carefully with 3 L of
overlying water. For the duration of the experiment, overlying
water in both microcosms was aerated by pumping air through
a clean air stone. The microcosms were loosely capped.

Microcosms were equilibrated for two weeks prior to inser-
tion of passive samplers to allow re-development of redox
gradients aer mixing. The choice of two weeks was based on
prior microcosm studies that used similar sediments.18–20,23

Detailed time course measurements of biogeochemical condi-
tions in these prior studies oen showed strong pulse of net
MeHg production, probably due to sediment processing. Two-
week equilibration generally allows the peak of this produc-
tion to pass, providing more stable MeHg concentrations
during passive sampler exposures. To monitor conditions in the
microcosms, porewater ORP was measured using an InLab
Redox Micro probe (Mettler Toledo) to determine the depth to
anoxia (ORP < 0 mV). Aer one week anoxia was observed at
3.2 cm and 2.5 cm below the SWI of the freshwater and estua-
rine microcosms, respectively.

Two weeks aer construction, the 4 by 8 cm passive samplers
in their protective mesh were then inserted and remained in
place for 4 weeks before microcosm deconstruction. The
deployment timeframe was selected based on results from
a study investigating kinetic uptake of MeHg complexed with
DOM into the PS.19 We followed surface water chemistry
approximately bi-weekly, including oxidation–reduction poten-
tial, NH4, and salinity (SI Table S3). The surface water was
replenished with source water every two weeks to best preserve
the steep redox gradients that would be found in a natural
nts

L−1) pH S2− (mM) MeHg (ng L−1) THg (ng L−1)

7.4 � 0.1 0.46 � 0.03 BDL nm
7.2 � 0.0 0.39 � 0.04 1.5 � 0.4 335 � 72
6.5 � 0.1 0.15 � 0.01 BDL nm
4.0 � 0.1 0.24 � 0.04 0.6 � 0.0 109 � 35

THg (mg g−1)a THg log (Kd [L kg−1])a LOI (%)

9.6 � 0.7 4.5 � 0.1 29% � 1%
2.8 � 0.8 4.4 � 0.2 13% � 1%

Hg levels reported here (and corresponding KD calculations) reect the
below detection limits, nm = not measured. Values are reported as the

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00492f


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

9:
03

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
sediment under oxygenated surface water. Water replenishment
also served to minimize accumulation of ammonia and replace
water loss due to evaporation. Existing surface water was
partially drained, leaving about 2 cm of water overlying the
sediments, then replaced with the source water to the original
volume. Surface water volumes through time are shown in SI
Fig. S5.
2.3 Sediment microcosm take down

At the end of the study, passive samplers were removed, and
sediments and porewaters were sectioned for direct measure-
ment of MeHg and ancillary parameters. Sediment and pore-
water proles were collected at 1 cm intervals for comparison
with 0.5 cm resolution PS measurements.

At takedown, overlying water was measured and then care-
fully siphoned off, leaving about an inch of overlying water to
limit surface sediment exposure to the ambient lab air. Over-
lying water was ltered to 0.45 mm, with Whatman™ glass
microber GD/X syringe lters (polypropylene housing),
collected in 120 mL polyethylene terephthalate glycol (PETG)
containers, then either immediately analyzed for sulde/pH or
preserved for other chemical analyses. Passive samplers were
then extracted, and sediment particles were gently rinsed off
with DI water. The enmeshed PS were then immediately sliced
into 0.5 cm segments into horizontal strips (SI Fig. S4) using DI-
rinsed shears. Segmented enmeshed PS were individually
stored frozen in 15 mL polypropylene centrifuge tubes until
distillation for MeHg.

To collect sediments and obtain sufficient porewater volume
for analyses, multiple 4 cm diameter sediment cores (SI Fig. S4)
were extracted from each microcosm, taking care to avoid areas
where the PS and the redox probe were inserted. Cores were
processed inside an anaerobic chamber (Coy Laboratory Prod-
ucts, Grass Lake, MI, lled with 95% N2 and 5% H2 gas) which
continually monitored O2, and removed O2 using a Pd catalyst
system. The sediment cores were segmented vertically at a 1 cm
resolution using a lab-built push-operated core extruder. Aer
the sediment cores were placed on the extruder, any remaining
overlying water in the top layer was rst pipetted off, and the
rst cm segment was spooned out using the guides on the cores.
The next segments, having less water content and being more
solid, were pushed out, using the cm guides on the extruder.
Each segment was cut with a smooth plastic blade, which was
cleaned between each cut.

Sediment core segments of corresponding depths from each
microcosm were pooled into air-tight polypropylene centrifuge
bottles and centrifuged at 4000 rpm for 20 min to extract
porewater. Overlying porewater was decanted and ltered to
0.45 mm (using Whatman™ glass microber GD/X syringe
lters) within the anaerobic chamber, and the ltrate was
collected in 120 mL PETG containers. Porewater aliquots were
either immediately analyzed for sulde/pH or preserved for
future analysis. Because of limited porewater volume, aliquots
taken for measurement of anions and aqueous metals were
taken at a 2 cm resolution (combining aliquots from two
consecutive depth segments), while MeHg, THg, sulde, pH,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and DOC aliquots were taken at a 1 cm resolution. The
remaining sediments aer centrifugation were lyophilized and
stored frozen.

2.4 Analytical methods and sample preservation

Sediment and porewater parameters were chosen based on
relationships with MeHg biogeochemistry, including microbial
processes and complexation. Sediment THg, MeHg, and loss on
ignition (LOI) were measured to obtain sediment characteris-
tics. Dissolved organic carbon (DOC), aqueous chloride, and
sulde were measured to assess MeHg complexation and to
track the microbial activity – specically, activity of potentially
Hg-methylating organisms. To assess redox changes with
depth—and thereby better indicate the microbial processes
driving Hg methylation—we also measured pH, aqueous
sulfate, nitrate, elemental sulfur, iron, and manganese.

Aqueous pH and ORP (in overlying water and porewater)
were measured directly using an ion-selective electrode (ISE)
and an InLab Redox Micro probe (Mettler Toledo), respectively.
Aqueous sulde was preserved in sulde antioxidant buffer
(SAOB)24 and analyzed by ISE. Dissolved organic carbon was
measured using a Shimadzu TOC-L. Sulfate, nitrate, and chlo-
ride were measured in aqueous samples via ion chromatog-
raphy (Dionex™ Integrion™ HPIC™ System). Aqueous metal
cations, including iron and manganese were measured with an
Optima 8300 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES). In aqueous samples, passive samplers,
and sediments, Hg and MeHg were measured using isotope-
dilution modications of EPA Methods 1631e25 and EPA
Method 1630 (ref. 26) respectively, with dual inductively
coupled plasma mass spectrometry (ICP-MS; Agilent 7900) and
Cold Vapor Atomic Fluorescence Spectrometry (CVAFS) detec-
tion. Detailed analytical methods, including sample preserva-
tion, preparation, and QA/QC, are provided in the SI Analytical
methods section.

2.5 Statistics

Statistical analyses were performed with JMP Statistical So-
ware Student Edition 18.2.1. Data were log-transformed as
needed to improve residual normality and homoscedasticity.
Model assumptions were evaluated using visual inspection of
residual and Q–Q plots, with Shapiro–Wilk tests used as
a supplementary check of residual normality. Reported models
met these assumptions.

3 Results & discussion
3.1 Microcosm biogeochemistry

Initial sediment characteristics differed substantially between
the two sediment types (Table 1). Estuarine sediments con-
tained about three times higher initial levels of MeHg and THg
than freshwater sediments. Estuarine sediments also had
higher organic matter content, with roughly 29% LOI compared
to ∼13% in freshwater sediments. Since the microcosms were
constructed at different salinities, estuarine surface water and
porewaters contained higher initial levels of sulfate than in
Environ. Sci.: Adv., 2026, 5, 1070–1080 | 1073
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Fig. 1 Porewater profiles for freshwater sediment microcosms at takedown (4 weeks post sampler insertion). Average (n= 3) concentrations are
plotted with error bars showing one standard deviation. Initial THg andMeHg porewater concentrations are plotted as a vertical dashed line in the
left plots. PS-derived aqueous MeHg concentrations are calculated using log KPS = 2.96, as per the recommendation by Washburn et al. (2022).
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freshwater sediments, as intended. The surface water added to
the freshwater microcosms contained∼150 mM sulfate and∼20
mM nitrate, while surface water added to estuarine microcosms
(made up to be roughly 3 ppt salinity) contained ∼1600 mM
sulfate and ∼270 mM nitrate. Initial porewater sulfate levels of
2900 mM and 4500 mM in the freshwater and estuarine micro-
cosms, respectively, were substantially higher than the over-
lying water added to microcosms. Porewater chloride levels
were also higher, suggesting a contribution from the marsh
soils in the sediment mixes. Initial MeHg levels in surface water
were below detection limits for both types of microcosms.
Fig. 2 Porewater profiles for estuarine sediment microcosms at takedow
plotted with error bars showing one standard deviation. Initial THg andMe
left plots. PS-derived aqueous MeHg concentrations are calculated using

1074 | Environ. Sci.: Adv., 2026, 5, 1070–1080
Over the 6 week incubation period, both sediment types
developed biogeochemical depth gradients indicative of strong
microbial activity (Fig. 1 and 2). Surface water remained oxic
throughout the experiment (ORP > 190 mV at takedown) due to
continuous aeration (SI Fig. S5). Porewater sulfate proles
indicate active sulfate reduction in both sediment types, with
maximum depletion at ∼3 cm depth in freshwater sediments
and ∼5 cm in estuarine sediments. Nitrate levels may have
supported some denitrication in surcial estuarine sediments,
but probably not in the freshwater sediments. Dissolved iron
accumulated in both sediments and limited the accumulation
n (4 weeks post sampler insertion). Average (n = 3) concentrations are
Hg porewater concentrations are plotted as a vertical dashed line in the
log KPS = 2.96, as per the recommendation by Washburn et al. (2022).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of porewater sulde to a few mM. In freshwater sediments,
porewater iron accumulation greatly exceeded sulfate depletion,
whereas in estuarine sediments sulfate depletion exceeded iron
accumulation.

Sulfate reduction was likely the dominant anaerobic respi-
ratory process in the estuarine sediments, based onmolar ratios
of electron donors and acceptors, particularly within the 3–5 cm
depth zone (SI Fig. S6). In the upper 3 cm, Fe(III) and nitrate
reduction were probably active. In the freshwater sediments,
dissimilatory Fe(III) reduction appeared to dominate in the top
1–2 cm, with sulfate reduction prevailing below.

Porewater DOC concentrations increased substantially in
both sediment types relative to starting concentrations,
increasing with depth, indicating strong microbial mineraliza-
tion of sediment organic matter (Fig. 1 and 2). Aer the 6 week
incubation, DOC increased substantially from initial levels,
ranging from an average of 18 mg L−1 in the 0–1 cm segment to
100 mg L−1 in the 6–7 cm segment in the freshwater micro-
cosms and from 16 mg L−1 in the 0–1 cm segment to 43 mg L−1

in the 6–7 cm segment in the estuarine sediments. Freshwater
sediments showed greater DOC accumulation, reaching higher
concentrations than estuarine sediments despite lower initial
sediment organic content, suggesting more active microbial
degradation of sediment organic matter. In the overlying water,
DOC measured 6 mg L−1 in freshwater microcosms and
7 mg L−1 in estuarine microcosms, an increase from initial
values of 2–3 mg L−1.

Microbial activity drove substantial net MeHg production in
both types of microcosms, with average sediment MeHg
concentrations rising by about a factor of 6 (from 2 to 13 ng g−1)
in freshwater sediments and about a factor of 7 (from 8 to 57 ng
Fig. 3 Surface water MeHg (left) and total Hg (right) concentrations at m
MeHg estimates were derived using log KPS = 2.96 (Washburn et al. 2022
bars showing one standard deviation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
g−1) in the estuarine sediments (SI Fig. S7). Higher MeHg
concentrations in the estuarine sediments reected higher total
Hg concentrations, and possibly higher methylation rates. The
fraction of Hg as MeHg at takedown was slightly but signi-
cantly higher in the estuarine sediments than in the freshwater
sediments (Student's t-test, p < 0.001). Estuarine sediments
averaged 0.60% ± 0.04% Hg as MeHg while freshwater sedi-
ments averaged 0.47% ± 0.08%, both across all depths.

Aer the 6 week incubation, surface water MeHg levels were
comparable between the two microcosm types (Fig. 3). Surface
water MeHg concentrations were 0.09± 0.01 ng L−1 in estuarine
sediments and 0.13 ± 0.08 ng L−1 in the freshwater sediments,
although one of the estuarine sediment microcosm replicates
was below the detection limit. In estuarine microcosms, surface
water THg measured 14.9 ± 4.4 ng L−1, and in freshwater
microcosms measured 5.9 ± 1.1 ng L−1.
3.2 Porewater depth proles in freshwater sediment
microcosms

Porewater MeHg was maximal at about 2 cm depth, rising
moderately below the sediment–water interface (referred to as
SWI throughout) (Fig. 1). Concentrations increased substan-
tially from initial levels of <1 ng L−1 at microcosm set-up (Table
1). Average MeHg concentrations in each depth interval (across
3 replicate microcosms) ranged from 7.5 to 11.8 ng L−1. The
depth of maximal MeHg corresponded with the zone of
maximum sulfate depletion and the transition tomore reducing
conditions, which is consistent with this being the primary zone
of active microbial Hg methylation. Porewater THg also peaked
around 2 cm in freshwater microcosms and increased from
icrocosm takedown (4 weeks post sampler insertion). Passive sampler
). For both plots, average (n = 3) concentrations are plotted with error

Environ. Sci.: Adv., 2026, 5, 1070–1080 | 1075
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initial levels, with depth-specic averages ranging from 161 to
1432 ng L−1. Changes in redox and in DOC concentrations with
depth can impact Hg and MeHg porewater concentrations
through changes in sediment–water partitioning.

PS-derived MeHg proles mimicked the shape of direct
porewater measurements. MeHg was maximal at the same
depth as direct porewater measurements, but with their 0.5 cm
resolution, the passive samplers provided more detail in the
shape of the prole (Fig. 1). PS-derived MeHg concentrations
calculated using the recommended19 log KPS = 2.96 showed
good agreement with direct porewater measurements, falling
within a factor of 2 across most depths. Using the ag+AC passive
sampler, we were able to observe that the MeHg porewater
concentration in the top 0.5 cm of sediment was on average
0.9 ng L−1, and increased sharply by over an order of magnitude
to an average of 9.1 ng L−1 in the next 0.5 to 1 cm segment. The
low MeHg concentrations observed in surface sediments (0–
0.5 cm depth) likely reect lack of production in this zone and
diffusive loss to the lower concentration overlying water. This
concentration gradient of porewater MeHg concentration in
near-surface sediments provides the driving force for MeHg
diffusion out of sediments and can be used for the calculation
of ux into the overlying water.27

3.3 Porewater depth proles in estuarine sediment
microcosms

Estuarine porewaters showed similar depth-dependent patterns
to those observed in freshwater sediments, but with the meth-
ylation zone shied deeper into the porewater prole (Fig. 2).
Like in the freshwater microcosms, porewater MeHg levels
increased over the 6 week incubation; from an initial value or
1.5 ng L−1 up to values as high as 15.0 ng L−1. Peak MeHg
concentrations occurred at 3–4 cm depth in both PS-derived and
direct measurements, corresponding to the deeper zone of
sulfate depletion in these higher-sulfate sediments. In estuarine
microcosms, porewater THg measurements ranged from 208 to
548 ng L−1, and peaked at 2–3 cm depth, slightly shallower than
the MeHg maximum. Porewater THg levels were similar to
initial measurements, although they were comparatively
elevated at the 2–3 cm depth.

The PS-derived MeHg proles had a similar shape to direct
measurements, but the PS proles showed a MeHg maxima
deeper in the sediments. Using log KPS = 2.96, PS-derived
concentrations were generally about a factor of 2–3 above
direct measurements.

3.4 Sediment–porewater partitioning

One concern in the use of equilibrium passive samplers is their
ability to predict porewater concentrations across different (and
perhaps changing) geochemical conditions. In this study,
sediment–water MeHg partitioning was quite different between
the estuarine and freshwater microcosms and changed over
time.

Although initial MeHg partitioning (log Kd), shown in SI
Fig. S7, was similar at about 3.7 in both sediments (average
across all depths), it dropped over time to an average of 3.2± 0.1
1076 | Environ. Sci.: Adv., 2026, 5, 1070–1080
at take down in the freshwater sediments, while remaining
roughly steady in the estuarine microcosms (3.8 ± 0.3). Parti-
tion coefficients for total Hg showed similar patterns, with log
Kd in the freshwater sediments decreasing from 4.4 ± 0.2 to 3.6
± 0.2, while estuarine partitioning stayed about the same
(initial log Kd = 4.5 ± 0.1, nal = 4.6 ± 0.2). These differences
might reect higher and increasing porewater DOC in the
freshwater sediments, differences in Fe/S chemistry, or other
factors. Partition coefficients also changed with depth, espe-
cially in the estuarine sediments, where there was much
stronger (order of magnitude) partitioning to surface sediments
than at depth.

Our goal in measuring partitioning was to evaluate whether
the ag+AC samplers could adequately predict porewater MeHg
across a range of partitioning behavior. Across the range of Kd

values measured in this study (about 1.5 orders of magnitude)
the ag+AC PS design was able to predict measured porewater
concentrations within a factor of 2–3.

Sediment MeHg concentrations alone do not provide accu-
rate estimates of porewater MeHg concentrations (except
roughly across large concentration ranges). Because of the
complexity of MeHg biogeochemistry, there is no accepted
method to model porewater levels from sediment MeHg
concentrations alone.28,29 Changes in partitioning over time and
geochemical conditions as observed here and elsewhere30

highlight the importance of measuring porewater concentra-
tions directly during sediment assessment.
3.5 Passive sampler performance & applicability across
biogeochemical environments

Passive sampler estimations of pore water MeHg concentration
provided 0.5 cm depth resolution that is challenging to achieve
with direct porewater measurements. Depth prole shapes
generally mimicked the shapes of directly measured porewater
proles.

Passive samplers provided roughly the same estimate of
error among the three replicates microcosms as did direct
porewater MeHg measurements. For measurements made at
0.5 cm intervals, the relative standard deviation (RSD) across
the 3 replicate microcosms was ∼30% in both freshwater and
estuarine sediments. This is comparable to RSDs for the directly
measured porewater in this study: 33% for the freshwater and
15% for the estuarine microcosms. For both PS and direct
measurement, errors were highest in the top 1 cm depth, likely
caused by differences in the development of MeHg proles at
different locations even within the same microcosm (SI Fig. S8)
at this sharp redox transition zone.

MeHg concentrations measured by passive samplers
([MeHg]PS) were signicantly correlated (analysis of variance, p
< 0.001 for both freshwater and estuarine microcosms) with
directly measured surface and porewater MeHg concentrations
([MeHg]aq) (Fig. 4). Across both sediment types, porewater
MeHg concentrations alone explained 62% of the variability in
[MeHg]PS. In the freshwater microcosm, median porewater
MeHg concentrations predicted by the ag+AC samplers were
1.45 ± 0.56 times the directly measured values, whereas in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Relationships between MeHg concentrations in the passive
samplers ([MeHg]PS, y axis) and direct aqueousMeHgmeasurements in
the surface water and porewater ([MeHg]aq, x axis) for each sediment
type. The 0.5 cm passive sampler segments were averaged to
consolidate to 1 cm sections to plot against direct porewater
measurements (which were sampled at a 1 cm resolution). Modeled
linear regressions for untransformed passive sampler MeHg on pore-
water MeHg. Note that both regressions were forced through zero, as
samplers are expected to have zero (or below detection limit) MeHg
concentrations in waters with noMeHg (confirmed by blank analysis of
PS). Model statistics are as follows: for estuarine microcosms, adjusted
r2 = 0.93, on 23 degrees of freedom, F = 344, p < 0.0001, for fresh-
water microcosms, adjusted r2 = 0.87 on 23 degrees of freedom, F =

209, p < 0.0001. Residuals for both models met assumptions of line-
arity, normality, and homoscedasticity.
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estuarine sediments predicted concentrations were higher and
more variable (2.3 ± 3.6×). The poorest agreement occurred in
the top 1 cm of sediment where concentration gradients were
steepest and depth intervals sampled have the greatest impact.
Nevertheless, the high correlation coefficients between
[MeHg]PS and [MeHg]aq demonstrate that the PS provides
reproducible, concentration–proportional responses across the
range of porewater MeHg encountered. Plotting [MeHg]PS versus
[MeHg]aq for each sediment type (Fig. 4) yields an estimated
average KPS value for each sediment type across all depths
(including surface water). Linear regression yielded a log KPS =

3.14 for freshwater sediments and 3.31 for estuarine sediments.
These values are on the high end of the values measured for
complexes with natural organic matter (NOM) using laboratory
isotherms.19

Washburn et al.19 evaluated KPS for MeHg–DOM complexes for
our ag+AC samplers using a range of isolated DOM complexes of
different character, including humic and fulvic acids and natural
organic matter. Organic matter is oen the dominant ligand for
MeHg in sediment porewaters.31 Measured logKPS for the tested
DOM complexes ranged from ∼2.0 to ∼3.2, with values for two
NOM complexes of 2.8 and 3.2 (SI Table S4). They then tested the
samplers in laboratory microcosms, using BCSA sediment mixes
similar to those used in this study. Aer 3 weeks exposure, they
found a KPS of∼3.0 provided porewater estimates with a factor of 2
© 2026 The Author(s). Published by the Royal Society of Chemistry
to 4 of directly measured values, about the same accuracy as this
study. Using the earlier19 KPS of 102.96 our PS measurements
provided porewater MeHg predictions within a factor of 2 for
freshwater sediments and 3 for estuarine sediments.

However, to garner condence in this method and make
improvements, it is important to understand the biogeochem-
ical factors that might inuence KPS and the accuracy of PS
predictions. To do this, we explored how other biogeochemical
parameters might help predict MeHg concentration ([MeHg]PS)
in the passive samplers. To do so, we ran multiple linear
regressions on [MeHg]PS. Because we have separate sets of
variables measured at 1 and 2 cm intervals, we ran models for
both sets of data, averaging the 1 cm resolution data across the
appropriate intervals for the models that included parameters
measured at 2 cm intervals. Parameters were transformed as
needed to meet assumptions of homoscedasticity. Overall,
porewater MeHg alone explained 62% of the variability in
[MeHg]PS in the model for the 1 cm data, with pH explaining an
additional 3%. No other parameter (which included DOC,
sulde, [THg]aq and [MeHg]sediment) signicantly improved the
model. For the model of 2 cm intervals data, porewater MeHg
explained 65% of variability and SO4 explained 7% more. Iron,
manganese, NO3, and Cl did not improve the model.

Again, our goal was to evaluate whether the ag+AC samplers
could adequately predict porewater MeHg across a range of
sediment geochemistry. We found the samplers performed well
across a wide range of conditions, including salinity, sulfate,
and important MeHg ligands like DOC and sulde.19,31–33 To
illustrate, Fig. 5 plots surrogate log [MeHg]PS/[MeHg]aq in our
microcosms vs. DOC. Several studies have observed that AC
adsorption is depressed in the presence of DOC.34–36 There was
no signicant correlation between DOC and log [MeHg]PS/
[MeHg]aq across both sediment types, although there was
a weak but signicant correlation for the freshwater micro-
cosms alone (R2 = 0.24, p = 0.015). Despite the wide range of
DOC concentrations in the freshwater microcosms (5.6 to
110.5 mg L−1), the passive samplers generally predicted
measured porewater MeHg concentrations within less that
a factor of 2. We conclude that, within the range of conditions in
our study, ag+AC samplers are able to predict porewater MeHg
concentrations within a readily acceptable range for environ-
mental and remediation studies.
3.6 Environmental implications & future work

Accurate spatial quantication of porewater MeHg is critical for
understanding Hg fate and transport and for informing reme-
diation design. Porewater proling through direct measure-
ment, however, is very challenging in the eld, as redox control
and sufficient porewater volume are required for a good
assessment.10 Although kinetic and diffusive passive sampling
approaches have promise in understanding methylation
potential,37 and exposure risk to benthic and pelagic organ-
isms,6 the need for site-specic calibration of diffusion rates12,15

can be a logistical hinderance to some investigations.
The activated carbon-based equilibrium passive sampler

(ag+AC) presented here offers an alternative approach to these
Environ. Sci.: Adv., 2026, 5, 1070–1080 | 1077
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Fig. 5 Relationships between sampler-water partitioning (logCPS/CPW) and porewater dissolved organic carbon (DOC). Data points are averages
for each depth (1 cm resolution). Linear regression lines are also plotted, and correlation statistics are shown in the text box. For reference, the
recommended sampler-water partitioning (log KPS) from Washburn et al. 2022 (log KPS = 2.96) is plotted as a horizontal dashed red line. For the
freshwater sediment regression, p = 0.015, for estuarine p = 0.53.
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existing methods. These samplers eliminate the need for direct
porewater collection and expensive equipment required to
maintain redox conditions. Importantly, they can provide more
depth resolution than direct measurements, allowing for more
accurate assessment of both exposure risk in surface sediments,
andMeHg solute efflux across the sediment–water interface. We
demonstrated that the samplers accurately predict the shape of
directly measured proles. PS-derived proles identied depth-
resolved MeHg that corresponded with directly measured
proles and with redox transition zones where net methylation
is most likely to occur. Identifying the depth of the methylation
zone can inform targeted remediation strategies and improve
assessments of benthic exposure risk. The ne depth proling
ability can also be used to investigate effects of sediment
deposition or performance of remedial caps provided the
sampler can be inserted with an appropriate device to the
required depth. A ner resolution is possible, when desired, and
is only bound by the instrument detection capabilities. A wider
sampler cut into ner segments can yield the same mass,
therefore same detection capabilities, as the PS samples
measured in this study.
1078 | Environ. Sci.: Adv., 2026, 5, 1070–1080
In this study, we also continued to evaluate the ability of
these samplers to accurately predict porewater MeHg concen-
trations across a wide variety of environments without the need
for additional calibration. We found that measured KPS values
were very similar between the estuarine and freshwater sedi-
ments tested (freshwater log KPS = 3.14 ± 0.227, estuarine log
KPS 3.31± 0.18), despite wide ranges in DOC, sulde and iron in
addition to salinity. This demonstrates potential for use in
a wide range of environments.

This experiment highlights several points that need to be
addressed to gain condence for use in the eld. Although these
samplers worked well in these systems, where MeHgDOM is
likely the dominant species, these samplers are yet to be tested
in environments where MeHgCl or MeHgSH dominates as
a species. Testing of these samplers in those environments will
improve condence in this method. Table S4 in the SI provides
a list of KPS values previously determined from these samplers,
including measurements for specic MeHg complexes in water,
and measurements made in natural sediments.

In this study, samplers were inserted by hand, using the
marks placed on the sampler as a guide. Due to the high spatial
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00492f


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

9:
03

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
resolution these samplers offer, exploring tools for a more
precise placement are recommended in future deployments,
especially in situ.

One of the advantages of PS deployed over long time periods
(here a month) is that they provide time-integrated estimates of
porewater concentrations.38 In our study, porewater MeHg
changed signicantly from initial levels. Further, PS—
partitioning was slightly higher (log CPS/CW = 3.14 and 3.31 in
freshwater and estuarine microcosms, respectively) than the
log KPS of 2.96 measured previously.19 Differences in the time
course of net MeHg production and partitioning between the
freshwater and estuarine microcosms could explain the
observed differences in log [MeHg]PS/[MeHg]aq. Additional
investigation of PS responses to temporal MeHg variability
could help guide sampler deployment strategies.
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