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Abstract
The development of mercury (Hg) stable isotope measurements has enhanced the study of Hg sources and transformations in the
environment. As a result of the mixing of inorganic Hg (iHg) and methylmercury (MeHg) species within organisms of the aquatic
food web, understanding species-specific Hg stable isotopic compositions is of significant importance. The lack of MeHg isotope
measurements is due to the analytical difficulty in the separation of the MeHg from the total Hg pool, with only a few methods
having been tested over the past decade with varying degrees of success, and only a handful of environmentally relevant measure-
ments. Here, we present a novel anion-exchange resin separationmethod usingAG 1-X4 that further isolatesMeHg from the sample
matrix, following a distillation pretreatment, in order to obtain ambient MeHg stable isotopic compositions. This method avoids the
use of organic reagents, does not require complex instrumentation, and is applicable across matrices. Separation tests across
sediment, water, and biotic matrices showed acceptable recoveries (98 ± 5%, n = 54) and reproducible δ202Hg isotope results (2
SDs ≤ 0.15‰) down to 5 ng of MeHg. The measured MeHg pools in natural matrices, such as plankton and sediments, showed
large deviations from the non-speciated total Hgmeasurement, indicating that there is an important isotopic shift during methylation
that is not recorded by typical measurements, but is vital in order to assess sources of Hg during bioaccumulation.
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Methylmercury

Introduction

Chemical speciation of mercury (Hg) affects its mobility and
toxicity in the environment [1]. Within the aquatic ecosystem,

inorganic Hg (iHg) can be transformed into the organometallic
form, methylmercury (MeHg), by a variety ofmicroorganisms
in the sediments [2–4] and the water column [5–7].
Methylmercury can then rapidly bioaccumulate and
biomagnify within the aquatic food web, leading to Hg con-
tent in fish that are mostly (> 90%)MeHg and often elevated a
million-fold higher than surrounding waters [8, 9]. Human
health concerns arise from the direct consumption of fish with
elevated MeHg and have led to fish consumption advisories
[10]. Tracing the reactivity and bioavailability of discrete
sources of Hg continues to challenge scientists, yet this infor-
mation is crucial for resource managers.

The application of Hg stable isotope measurements has
been leveraged to examine bioaccumulation of Hg from spe-
cific sources and in elucidating specific transformation path-
ways [11]. Mercury has seven stable isotopes that undergo
mass-dependent fractionation (MDF) and mass-independent
fractionation (MIF) processes [12]. Mercury MDF, most com-
monly discussed as δ202Hg, and MIF, most commonly
depicted as Δ199Hg, Δ200Hg, Δ201Hg, and Δ204Hg, have
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been observed in a variety of biotic and abiotic processes [11,
12]. The main drivers of Hg MDF are kinetic and equilibrium
fractionation [13–15], while MIF is largely caused by the
magnetic isotope effect and the nuclear volume effect [16,
17]. These isotope tracers have been used to examine the
process of Hgmethylation and demethylation in pure bacterial
culture [18, 19], but it remains unclear how this fractionation
affects ambient pools ofMeHg. Previous efforts [20] also used
the total Hg (HgT) isotopic composition of biotic tissues to
mathematically calculate the MeHg isotopic composition of
sediments, but no direct measurement of the ambient MeHg
pool was performed to validate the estimation. In order to
properly track and understand the processes of methylation
and bioaccumulation, quantitative measurements of MeHg
isotopic composition in natural settings are crucial, yet highly
limited.

Despite the interest in compound-specific measurements of
Hg isotopes, the few published methods present several chal-
lenges related to the precision, reliability, and cost. For exam-
ple, offline techniques, such as toluene extraction, have been
explored [21] but incur large reagent costs, in addition to pre-
vious data being limited to biological certified reference ma-
terials (CRMs). Offline gas chromatographic (GC) separation
of ethylated derivatives has also been attempted in sediment
matrices [22]. These approaches suffer from variable efficien-
cies of the ethylating agents (e.g., sodium tetraethylborate,
NaTEB) and incomplete recoveries that cause large MDF
shifts of Hg isotopes > 1.0‰ [22, 23]. When coupled to a
multicollector inductively coupled plasma mass spectrometer
(MC-ICP-MS), online GC shows improvements in uncer-
tainties of species-specific measurements despite the use of
ethylating and propylating reagents [24–28]. However, the
precision of chromatographic separation can result in large
variation in δ202Hg during peak elution [24], potentially af-
fecting the reconstruction of isotope ratios from the transient
signal [18]. More recent applications of GC/MC-ICP-MS,
which aim to overcome these issues with a temperature vapor-
ization injector, were still only able to precisely measure
MeHg isotopes at concentrations > 300 ng g−1, which is
higher than most environmental measurements of sediments
and lower trophic level biota [27]. Lastly, high-performance
liquid chromatography (HPLC) separations help circumvent
the use of NaTEB but are currently limited to fish CRMs with
limited application to natural matrices [29].

To address the challenges associated with derivatization,
online techniques, and organic extractions, we developed a
technique that uses ion-exchange resins for separation of
MeHg [30, 31]. For dissolved Hg species, the chemical forms
of MeHg+ and iHg in acidified aqueous solutions containing
chloride are neutral (MeHgCl) and chlor-anionic complexes
(HgCl3

− and HgCl4
2−), respectively [32, 33], which allow for

the charged inorganic species to be retained on the resin and
the neutral organic species to pass through. Ion-exchange

resins have been previously used to purify MeHg from bulk
Hg for isotope analysis under laboratory conditions and with
stock standards [34] but have not been further adapted for
natural matrices. In this study, we present a novel resin sepa-
ration method that allows for the quantitative recovery of as
little as 5 ng of MeHg that can be applied across biological
matrices, waters, and sediments. To do so, we use distillation
pretreatment steps to liberate matrix-boundMeHg and remove
chemical interferences, which is subsequently followed by
resin separation of the distillate to purify the MeHg pool.
This method has the additional benefit of not requiring addi-
tional equipment or mathematical corrections as observed in
other previous species-specific methods. Improving the repro-
ducibility and practicality of measuring the isotopic composi-
tion of MeHg is vital in the future application of isotope mea-
surements to elucidate Hg sources and bioaccumulation with-
in the food web.

Materials and methods

Materials and reagents

All experiments used ultra-high-purity (18.2 MΩ.) reagent
water, referred to asMilli-Q (MQ). Concentrated hydrochloric
acid (HCl) and nitric acid (HNO3) (OmniTrace, EMD
Millipore) were used for digestions and acid additions. A
sub-stock of MeHg standard solution was prepared from a
1 μg mL−1 stock from Brooks Rand (99% purity). The AG
1-X4 (200–400 mesh, chloride form, Bio-Rad) anion-
exchange resin was used for Hg species separation. For col-
umn pretreatment and elution, a 0.05% (w/v−1) L-cysteine (≥
98%, Aldrich) was prepared, in addition to a 1% citric acid
trisodium salt dihydrate (VWR), similar to Chen et al. [30].
Additional reagents utilized for preparation of bromine
monochloride (BrCl) and Hg analysis were ACS grade.
Stannous chloride (SnCl2) (ACS grade, Fisher) was used dur-
ing concentration, purge and trap preconcentration, and isoto-
pic measurements.

Two biological CRMs were used during method develop-
ment: DOLT-2 dogfish liver (National Research Council
Canada; HgT 1990 ± 100 ng g−1, MeHg 693 ± 53 ng g−1,
35% HgT as MeHg; Electronic Supplementary Material
(ESM) Table S1) and TORT-2 lobster hepatopancreas
(National Research Council Canada; HgT 270 ± 60 ng g−1,
MeHg 152 ± 13 ng g−1, 56% HgT as MeHg; ESM Table S1).
These CRMs were analyzed to ensure method precision and
accuracy, compared to published values, using their respective
methods [21, 27] (ESM Table S1). It is important to note that
published MeHg isotopic compositions for DOLT are only
available for the DOLT-4 CRM, though the two iterations of
the CRM are from the same source and expected to exhibit the
same chemical characteristics. Toluene extractions were
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performed according to Masbou et al. [21] for biological
CRMs to ensure that direct comparison could be made be-
tween CRM batches for MeHg isotopes (SI methods). Large
batches of local freshwater plankton (Lake Mendota,
Madison, Wisconsin) were also collected, size-fractioned (>
500 μm and > 243 μm), lyophilized, and homogenized to
serve as a low-Hg, high-organic carbon in-house MeHg refer-
ence (ESM Table S1).

In addition, five natural surface sediments with varying
HgT and MeHg concentrations (HgTand MeHg ranging from
2210 to 6960 ng g−1 and from 9.1 to 15.8 ng g−1, respectively)
and organic carbon content were collected, lyophilized, and
homogenized for use during method development (ESM
Table S1). Sediments from a stream site in New York
(SCNY) and a Wisconsin lake sediment (BRI-1), which had
low MeHg content, were used for MeHg-amended spike ex-
periments. Sediments from the Fox River, Wisconsin (Sed-1,
Sed-2, Sed-3), were analyzed for the ambient isotopic compo-
sition of MeHg (ESM Table S1). To test our method’s ability
to quantitatively recover MeHg in difficult matrices, three
natural surface waters and one pure culture medium were col-
lected, filtered (0.45 μm), and amended with 30 ng of the
MeHg standard: Pheasant Branch (PBSW; Middleton,
Wisconsin), Fox River (FRSW; Green Bay, Wisconsin), and
Lake Michigan (LMSW; Milwaukee, Wisconsin) (ESM
Table S1), and an iron-reducing growth medium inoculated
with Geobacter sulfurreducens.

MeHg isotope separation

Typically, 20–30 ng MeHg amendments of the 1 μg mL−1

stock standard, from now on referred to as MeHg matrix
spikes, were added to waters and sediments prior to distil-
lation. CRMs and natural samples were weighed out to
produce approximately 15–80 ng of MeHg. Sample mass
was limited in each Teflon distillation vial to 0.5 g of ma-
terial to prevent issues with foaming and back reactions,
often resulting in multiple distillate vials being composited
for a single sample following distillation, when > 0.5 g of
material was necessary to obtain ~ 15 ng of MeHg. Solid
samples were diluted in 30 mL of reagent water and 2 mL
of acidified potassium chloride/copper sulfate (KCl/
CuSO4) solution prior to distillation.

Distillation vials were heated to ~ 120 °C in a custom alu-
minum heating block, purged with nitrogen gas (flow rate 65–
75 mL min−1), and stopped when ~ 15% of the solution
remained in the Teflon distillation vessels. ESMFig. S3 shows
an example distillation setup. Distillates were transferred to
PETG bottles, diluted, and acidified to a final 0.1 M HCl
solution. All distillations were performed with blanks (0.002
± 0.001 ng mL−1, n = 10) and method spikes (reagent lab
water, 30 ng and 60 ng MeHg spikes) to assess recovery and
potential fractionation [35]. Following the distillation, 1–

2-mL aliquots were taken from the receiving vial and analyzed
for concentration to allow for an assessment of the quantitative
recovery of the MeHg [36].

Previous application of ion-exchange resins for Hg utilized
the now discontinued Dowex M-41 resin [37, 38] or the
cation-exchange resin Chelex 100 [34, 39]. The Chelex resin
requires a high pH level (> 5) for loading which becomes
problematic due to enhanced loss of Hg to vessel walls via
adsorption and/or diffusion at higher pH, resulting in poor
recoveries of Hg spikes [30, 40]. Thus, the anion-exchange
resin AG 1-X4 was chosen for these experiments. The AG 1-
X4 resin (20 g) was prepared according to previous washing
and conditioning protocols [30] (SI methods). Following col-
umn conditioning, a distilled sample was introduced to the
resin at ~ 10.1 mL min−1 and the column outlet Teflon tubing
was inserted into a receiving 100–250 mL bottle for collection
of the MeHg. Post-sample rinsing solutions (40 mL of 0.1 M
HCl and ~ 80 mL of reagent water) were also collected in the
receiving bottle to ensure complete recovery.

Once separated, the receiving bottle containing the un-
charged MeHg was oxidized with BrCl (2% by volume) and
placed in the oven for ~ 12 h at 55 °C. After oxidation, an
aliquot of the isolated MeHg sample was neutralized with
hydroxylamine hydrochloride and analyzed for HgT concen-
tration via SnCl2 reduction, gold amalgamation, and cold va-
por atomic fluorescence spectrometry (CVAFS) [36]; detailed
information about concentration analysis can be found in the
SI methods. Percent MeHg separation recovery was calculat-
ed after each resin separation to ensure a quantitative yield of
90–110% was achieved. If acceptable yields were achieved
and the samplewas too dilute for direct stable isotope analysis,
additional preconcentration steps were used. The additional
preconcentration step was a purge and trap method, coupled
to a semi-rapid thermal desorption into a 40% 3HNO3:BrCl
oxidant trap [41]. The trap solutions were then analyzed for
HgT concentration, and percent recovery was calculated to
ensure total recovery of the sample during preconcentration
steps. For both the resin and preconcentration steps, only
yields between 90 and 110%were determined to be acceptable
for MC-ICP-MS.

Mercury stable isotope analysis

Stable Hg isotope ratios were measured using a Thermo
Scientific Neptune Plus MC-ICP-MS. A custom gas-liquid
separator (GLS) was used for Hg sample introduction into
the MC-ICP-MS [42]. Briefly, tin chloride (3% SnCl2 in
10% HCl) was mixed in-line with Hg solution and introduced
to the GLS at 0.9 mL min−1. Inorganic Hg is reduced to gas-
eous Hg0 within the GLS and carried to the plasma with argon
(Ar) gas (0.1–0.2 L min−1). Thallium (40 ng mL−1) is simul-
taneously introduced to the GLS using an Apex-Q desolvating
nebulizer (20 μL min−1, Ar gas = 0.8–0.9 L min−1) for mass
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bias correction [42, 43]. Eight Faraday cups were used to
monitor six Hg isotopes (198Hg, 199Hg, 200Hg, 201Hg, 202Hg,
204Hg) and two thallium isotopes (203Tl, 205Tl). Daily instru-
mental parameters (gases, lenses, torch settings, etc.) were
tuned for stability and intensity of Hg (1 V, ~ 1 ng mL−1). In
between samples, the GLS was rinsed for 6 min using a 3%
(v/v−1) HNO3 wash solution to achieve a < 0.03 V back-
ground signal. For each measurement, 180 ratios were collect-
ed over three blocks with an integrations time of 2.096 s, and
ratios were rejected if they exceeded 2 standard deviations
(SDs) of the average ratio for the sample.

Samples were analyzed using standard-sample bracketing
(SSB) relative to the National Institute of Standards and
Technology (NIST) 3133 Standard Reference Material
(SRM); standards and samples were concentrated (≤ 10% dif-
ference) and matrix matched. Isotope data were presented ac-
cording to convention [43] where MDF was expressed as
δXXXHg:

δXXXHg ‰ð Þ

¼ δXXXHg=198Hgsample

� �
= XXXHg=198HgNIST 3133

� �
−1

h i

� 1000

ð1Þ
where XXX represents the Hg isotope and NIST 3133 is the
normalizing standard [43].

MIF was reported inΔXXXHg notation, which describes the
difference between the measured δXXXHg and the theoretically
predicted δXXXHg value, in units of per mil (‰), and is calcu-
lated according to

ΔXXXHg ¼ δXXXHg− δ202Hg� β
� � ð2Þ

where β represents a mass scaling factor [43].
A secondary standard solution (NIST RM 8610) was reg-

ularly measured every five samples to evaluate instrument
accuracy and precision. Average values for the RM 8610 stan-
dard were in range with certified [44] values (δ202HgT − 0.52
± 0.07‰;Δ199HgT − 0.02 ± 0.07‰;Δ200HgT 0.01 ± 0.06‰;
Δ201HgT − 0.04 ± 0.06‰; 2 SDs, n = 124; ESM Table S1).
Measurements of the RM 8610 standard were shown to be
robust across a wide range of working concentrations
(0.5 ng mL−1 to 1 ng mL−1) allowing for the detection down
to 5 ng of HgT or MeHg during sample analysis (ESM Fig.
S1). To assess preconcentration method performance, process
samples of SRM NIST 3133 were also analyzed within each
run. Average NIST 3133 values were comparable to the stock
standard indicating no fractionation during preconcentration
(δ202HgT − 0.03 ± 0.12‰;Δ199HgT 0.03 ± 0.08‰;Δ200HgT
0.00 ± 0.06‰; Δ201HgT 0.01 ± 0.07‰; 2 SDs, n = 43; ESM
Table S1). All measured data that follows can be found in the
published data release [45].

Results and discussion

Separation efficiency of MeHg in aqueous matrices
using resin preconcentration

To test the viability and performance of the AG 1-X4 resin
for separation and quantitative recovery of MeHg, spiked
samples (30 ng MeHg stock standard) denoted as resin
checks, were prepared in reagent water, preserved to a final
1% HCl concentration, and passed through the resin. These
tests yielded acceptable % MeHg recoveries (101 ± 2%, n
= 5; ESM Table S2), similar to previous experiments using
the Chelex resin [34, 39], but at lower concentration
ranges. Comparably, spikes of MeHg stock mixed with
iHg (RM 8610) also had acceptable recoveries of 102 ±
4% (n = 3; ESM Table S2). When the resin separation step
was coupled to distillation, MeHg standards and MeHg/
iHg spikes (MQ: MeHg and MQ: MeHg + iHg) showed
an average % MeHg recovery of 95 ± 5% (n = 12; ESM
Table S2) and 96 ± 5% (n = 8; ESM Table S2). These
coupled distillation and resin experiments were also ex-
panded to filtered natural waters, demonstrating the
method’s ability to process a more complex matrix. The
natural waters had low MeHg concentrations (< 0.05 ng
L−1) and moderate dissolved organic carbon (DOC) con-
tents (PBSW 9.2 mg L−1, FRSW 9.5 mg L−1, and LMSW
2.6 mg L−1; ESM Table S1). Natural waters required the
distillation step, rather than resin separation alone, due to
the presence of DOC, which could create a neutral com-
plex with iHg and increase MeHg recovery due to artifact
formation. Distillation and column separations of MeHg-
amended natural waters (LMSW, PBSW, and FRSW) re-
sulted in an average % MeHg recovery of 97 ± 4% (n = 13;
ESM Table S2).

The applicability of resin methods for the direct deter-
mination of the ambient MeHg isotopes in water requires
more development in order to minimize sample volumes
and avoid large volume distillations. However, for aqueous
samples with higher MeHg content, the distillation and
resin approach are preferred over other methods including
direct ethylation of distillates [22] and direct GC/MC-ICP-
MS [27], which introduce the potential of isotope fraction-
ation during derivatization steps. One potential sample ma-
trix that is ideal for this resin separation approach is exper-
imental media, which often contains higher Hg concentra-
tions but complex organic matter and trace metals. This
type of matrix was tested via distillation and column sep-
aration using a microbial growth medium containing ferric
citrate, fumarate, and culture (Geobacter sulfurreducens).
Spikes of MeHg to this culture medium, that were subject
to distillation pretreatment and resin separation, had recov-
eries (97 ± 5%, n = 3; ESM Table S2) like those of reagent
water and distilled natural waters.
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Isotopic recoveries of MeHg amendments in aqueous
solutions

The MeHg standard used for standard amendments was oxi-
dized with BrCl and analyzed directly (no processing) to es-
tablish an isotope baseline for method validation (δ202MeHg
− 0.48 ± 0.08‰, no MIF, n = 7; ESM Table S1). Spikes of
MeHg and MeHg/iHg into acidified, aqueous matrices that
were subject only to resin separation (termed resin checks)
had an average isotopic composition of δ202MeHg − 0.53 ±
0.10‰ and Δ199MeHg 0.04 ± 0.04‰ (n = 8; ESM Table S2,
Fig. 1a, b). This isotopic composition was comparable to that
of the MeHg stock standard, indicating that the resin separa-
tion step does not fractionate the MeHg spike. The distillation
separation step was also tested independent of resin separation
(termed distillation checks) and showed no fractionation of
MeHg spikes (δ202MeHg − 0.53 ± 0.07‰, Δ199MeHg 0.02
± 0.05‰, n = 15; ESM Table S2, Fig. 1a, b), as confirmed in
previous studies [22, 26].

Spikes of MeHg only and MeHg/iHg (MQ: MeHg and MQ:
MeHg + iHg), subject to both distillation and resin separation
steps, had isotopic compositions of δ202MeHg − 0.45 ± 0.12‰
andΔ199MeHg 0.07 ± 0.09‰ (n= 12; ESMTable S2, Fig. 1a, b)
and δ202MeHg − 0.49 ± 0.11‰ andΔ199MeHg 0.05 ± 0.04‰ (n
= 8; ESM Table S2, Fig. 1a, b), respectively. Across all filtered
natural waters containing DOC (LMSW, PBSW, and FRSW),
the isotopic composition of the MeHg spikes was also compara-
ble to the stock (δ202MeHg − 0.46 ± 0.11‰,Δ199MeHg 0.07 ±
0.11‰, n = 13; ESMTable S2, Fig. 1a, b). Lastly, the processing

of culture media also did not result in fractionation (average
δ202MeHg − 0.49 ± 0.07‰, Δ199MeHg 0.09 ± 0.10‰, n = 3;
ESMTable S2, Fig. 1a, b). These results show that the individual
steps, resin separation and distillation, impart no fractionation.
Additionally, no fractionation was observed when these two pro-
cessing steps were combined for reagent water and complex
natural aqueous matrix tests, indicating that the AG 1-X4 resin
method is robust and well suited for the separation of MeHg
using distillation pretreatment.

Isotopic separation of MeHg in sediments

Sediments provide an ideal environment for microorganisms
that produce MeHg, which can subsequently enter the water
column and food web [3]. However, the isotopic composition
of MeHg in sediments has only been measured twice due to
the labor-intensive method reliant on chemical ethylation to
separate out the pool [22, 46], which can produce large frac-
tionations if the reaction is incomplete. To improve upon mea-
surements of MeHg isotopes in sediments, we coupled distil-
lation to the successful AG 1-X4 resin separation, which
avoids the complexities of ethylation, and provides a lower
detection limit of ambient MeHg pools in sediment matrices.

Given that sediment matrices are more complex in compari-
son to method development tests performed in natural and re-
agent waters, sediment spike experiments were performed. The
percent recovery of MeHg for amendments in two natural sedi-
ment matrices, with naturally low MeHg content, was within
acceptable ranges for BRI-1 (100 ± 2%, n = 6; ESM Table S2)

ba

Fig. 1 Isotopic compositions of (a) δ202MeHg (MDF) and (b)
Δ199MeHg (MIF) in non-isotopic MeHg amendment experiments for
Milli-Q lab water (teal), natural water (blue), anaerobic culture media
(green), and natural sediment (orange). Resin check samples were only
subject to resin separation, while distillation spikes were processed via
distillation only and had no resin preconcentration. All other matrices
were separated using distillation coupled to resin separation.
Descriptions of natural matrices and processing steps can be found in

ESM Tables S1 and S2, respectively. Dashed line represents (a) average
δ202MeHg and (b)Δ199MeHg compositions of the MeHg stock standard
analyzed directly with the solid box around average line showing 2 SDs.
Boxplots represent the 25th–75th quartile for data with medians and
means denoted by the center line and square symbol, respectively.
Whiskers represent the 1.5 interquartile range of data, and outliers are
denoted by filled symbols
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and SCNY (99 ± 4%, n = 6; ESM Table S2). The isotopic
composition of the isolated MeHg spikes were in line with the
isotopic composition of the MeHg stock standard for BRI-1
(δ202MeHg − 0.45 ± 0.08‰, Δ199MeHg 0.04 ± 0.03‰, n = 6;
ESM Table S2, Fig. 1a, b) and SCNY (δ202MeHg − 0.55 ±
0.09‰, Δ199MeHg 0.05 ± 0.05‰, n = 6; ESM Table S2, Fig.
1a, b). These results indicate that the distillation and resin sepa-
ration approach successfully removed potential matrix interfer-
ences and allowed for the quantitative recovery of MeHg from
sediment.

In addition to spiked sediment experiments, three natural sur-
face sediments were tested from a contaminated freshwater sys-
tem (Fox River, Wisconsin). These sediments spanned the lotic
to lentic transition zone of the lower river (20 km) and ranged in
HgT concentration from 2210 to 6960 ng g−1 (dry wt.) and
MeHg concentration from 9.1 to 15.8 ng g−1 (dry wt.) (ESM
Table S1). Percent recovery was calculated based on the
previously-measured MeHg concentration and the mass of the
sample distilled. Using these values, these sediments produced
recoveries 95 ± 5% (n = 6; ESM Table S2). These recoveries
were slightly lower, but still acceptable (± 10%), compared to
recoveries from spiked sediment experiments, highlighting the
challenges of separating MeHg from complex natural matrices
with low MeHg. Isotopically isolated MeHg pools were repro-
ducible for the three natural sediments with δ202Hg 2 SDs rang-
ing from 0.01 to 0.04 (n = 2 for each sediment, Fig. 2a) and
Δ199Hg 2 SDs ranging from 0.01 to 0.13 (n = 2 for each
sediment, Fig. 2b). There were distinct differences between the
average HgT isotopic compositions of the three Fox River sur-
face sediments (δ202HgT − 0.55 ± 0.09‰, n = 3; ESM Table S1,
Fig. 2a) and in the isotopic composition of theMeHg (δ202MeHg
0.10 ± 0.15‰, n = 6; ESM Table S2, Fig. 2a). The isotopic

enrichment of MeHg in comparison to HgT in these sediments
supports previous work suggesting that the MeHg bioavailable
pool of Hg to biota is isotopically heavier in δ202Hg [47] or that
microbial demethylation plays a dominant role in the isotopic
signature of the resultant MeHg pool [48, 49]. The ambient
MeHg isotopic composition measured from this site have a
smaller range than the previous measurements performed in es-
tuary sediments [22], indicating that the composition of MeHg is
highly dynamic and may be site specific.

Application of resin separation for biological matrices

Whilemeasurements of total isotopic composition are commonly
performed in biota, the assumption that fish are > 90%MeHg [8]
can be incorrect when examining prey fish species, as well as
other organisms such as benthic invertebrates and plankton [9,
50]. Most of the currently developed species-specific methods
have focused on examining biological pools of MeHg that are <
90% MeHg using offline (HPLC, direct ethylation, toluene ex-
traction) and online (GC/MC-ICP-MS) approaches [21, 22, 27,
29]. While this biological tissue has been the target of many
separationmethods, there are still many downfalls related to poor
reproducibility or the lack of vetting across different natural, non-
CRM, samples which require a more robust method.

Biological CRMs were processed using distillation pre-
treatment coupled to resin separation and showed acceptable
recoveries for TORT-2 (90 ± 3%; n = 4; ESM Table S3) and
DOLT-2 (95 ± 3%; n = 6; ESM Table S3). Isotopic results for
DOLT-2 (average δ202MeHg 0.15 ± 0.09‰, Δ199MeHg 1.05
± 0.06‰, n = 6; ESM Table S3, Fig. 3) revealed MeHg iso-
topic compositions that were slightly more enriched in
δ202MeHg, compared to previously published data for

Fig. 2 Ambient isotopic data (a) δ202HgT and δ202MeHg (MDF) and (b)
Δ199HgTandΔ199MeHg (MIF) for three surface sediments from the Fox
River (Green Bay, Wisconsin) and two size-fractioned (> 500 and > 243
μm) plankton samples from Lake Mendota (Madison, Wisconsin).
Es t ima t ion of the b ioaccumula ted MeHg poo l p r io r to

photodemethylation are denoted as δ202Hgcor in the main text and repre-
sented by the gray bars in panel (a). Distinct shifts in the δ202Hg isotopic
composition are observed between the MeHg and iHg pools for the sur-
face sediments and plankton. Error bars represent 2 SDs

686 Rosera T.J. et al.



DOLT-4 [21, 27], potentially due to the different iterations (−
2 and − 4) of the DOLT source. Toluene extraction applica-
tion, in addition to published results for DOLT-4 [21], con-
firmed this hypothesis, as shown in Fig. 3. Other attempts to
isolate the MeHg from the DOLT-4 CRM using GC/MC-ICP-
MS techniques were isotopically similar to our results but
showed large variability (δ202MeHg 0.08 ± 0.34‰,
Δ199MeHg 1.21 ± 0.22‰, n = 6; ESM Table S3, Fig. 3)
[27]. Application of distillation/resin separation for TORT-2
resulted in δ202MeHg that was nearly identical to published
values from toluene extraction [21] with similar precision
(δ202MeHg 0.46 ± 0.15‰, Δ199MeHg 0.99 ± 0.14‰, n = 4;
ESM Table S3, Fig. 3). Online separation for MeHg, using
GC/MC-ICP-MS, differed from other published results and
were more enriched in δ202MeHg than the resin separation
results (δ202MeHg 0.96 ± 0.54‰, Δ199MeHg 0.93 ± 0.29‰,
n = 6; ESM Table S3, Fig. 3) [27]. Overall, our comparison
tests show good reproducibility and values in accordance with
those measured using toluene extraction. Resin separation was
also shown to have greater precision and accuracy in compar-
ison to online GC methods for biological matrices.

Distillation and resin separation were also used to test more
challenging natural matrices, specifically plankton. TheMeHg in
natural plankton samples (Lake Mendota > 500-μm and >
243-μm size fractions) was quantitatively recovered, with

average % MeHg recoveries of 104 ± 2% (n = 4; ESM
Table S2) and 104 ± 4% (n = 2; ESM Table S2) for the >
500-μm and > 243-μm size fractions, respectively. The isotopic
composition of MeHg from natural plankton samples was pre-
cise for both size fractions: > 500 μm (δ202MeHg 0.63 ± 0.12‰,
Δ199MeHg 1.62 ± 0.13‰, n = 4; ESM Table S2, Fig. 2a, b) and
> 243 μm (δ202MeHg 0.76 ± 0.01‰,Δ199MeHg 1.68 ± 0.01‰,
n = 2; ESM Table S2, Fig. 2a, b). These isotopic values for
MeHg were significantly enriched in δ202MeHg relative to the
δ202HgT isotopic composition for each size fraction: > 500 μm
(δ202HgT 0.28 ± 0.15‰, Δ199HgT 1.33 ± 0.15‰, n = 3; ESM
Table S1, Fig. 2a, b) and > 243 μm (δ202HgT 0.17 ± 0.08‰,
Δ199HgT 1.24 ± 0.10‰, n = 3; ESM Table S1, Fig. 2a, b). It is
noted that the published toluene extraction approach [21] did not
produce viable MeHg separations for this matrix, despite being
successful for CRM comparisons. Poor recoveries of the MeHg
fraction for natural planktonic matrices were obtained (%MeHg
recovery 65 ± 1%, n = 6; ESM Table S3), and the method could
not be scaled up to acquire enough MeHg for isotope analysis.
While organic extraction has been shown to be suitable for lipid-
washed CRMs, the formation of a white emulsion (ESMFig. S2)
from the higher mass and lipid content in the plankton matrix
resulted in the inability to isolate the organic phase. This further
indicates that current available methods for the separation of
MeHg in biota are limited by sample type andHg concentrations,
whereas the anion exchange had reproducible results for both
processed CRMs and natural matrices.

Comparison to estimation approaches and future
applications

Due to the lack of environmentally relevant MeHg isotope re-
sults, other than biota with > 90% HgT as MeHg, the isotopic
assessment of MeHg cycling and bioaccumulation has predom-
inantly relied on estimation approaches. These methods have
commonly used photochemical corrections or mixing models
based on % MeHg [20, 48, 49]. While more convenient than
making direct MeHg isotope measurements, there is no indepen-
dent confirmation that these approaches correctly predict the
source of Hg to the food web. The photochemical estimation
approach was applied to fish from the Fox River [51], to corre-
spond with direct measurements of MeHg in the sediments, and
to the Lake Mendota plankton. The δ202Hg signatures of the
bioaccumulatedMeHg pool prior to photochemical fractionation
were estimated based on the predicted fraction of Δ199Hg and
δ202Hg during photodemethylation (SI methods); the resultant
value was termed δ202Hgcor.

Fish from the Fox River, which were co-located to bed
sediments, had an estimated δ202Hgcor of − 0.20 ± 0.18‰
(Fig. 2a). These values were highly depleted in comparison
to the direct measurement of sediment MeHg in the system
(δ202MeHg 0.10 ± 0.15‰, n = 6; ESM Table S2, Fig. 2a).
There are numerous factors that can cause a disconnection

Fig. 3 Comparison of resin preconcentration and previous established
methods for MeHg of CRM biological matrices for isotopic
composition of δ202MeHg and Δ199MeHg for DOLT-2/DOLT-4 and
TORT-2, respectively. The methods are labeled as follows: Distillation,
distillation coupled to resin separation; OE, organic toluene extraction;
and Online, analysis via online ethylation/propylation with a GC/MC-
ICP-MS. The gray circle defines the isotopic variability of all DOLT data
produced using different methods, while the blue circle defines the isoto-
pic variability of all TORT-2 data. Error bars reflect 2 SDs. Data from
Bouchet et al. [27] reported isotopic data with 2 standard error (SEs), and
these values have been converted to 2 SDs to allow for comparison of
method precision
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between the estimated fish value and sediment δ202MeHg,
including factors related to foraging habitat, trophic position,
and diet. However, previous isotope studies in contaminated
regions have drawn the direct comparison from fish to bed
sediments [48, 49], and if the sediments are a likely source
of MeHg to the food web, the estimation approach may not
capture the actual isotope composition.

For plankton, the direct comparison between the estimated
δ202Hgcor of bioaccumulated Hg and the direct δ202MeHg is
clearer. Plankton photochemical correction was based on the
total isotopic values and resulted in a δ202Hgcor ranging from
− 0.14 to 0.003‰, which was significantly depleted in com-
parison to direct measurements of δ202MeHg of the plankton
(0.63‰ to 0.76‰) (Fig. 2a). It is even noted that if the pho-
tochemical correction is applied to the measured plankton
MeHg pool to make a more direct comparison, values are still
enriched in comparison (δ202MeHgcor = 0.29‰ to 0.41‰) to
estimates. Another interesting aspect that the photochemical
corrections do not account for the presence of higher MIF in
the MeHg pool (Fig. 2b), which can add to the disconnection
between the measured values and estimates. While photo-
chemical estimations have been used for intercomparing fish
populations with different extents of photochemistry, this ap-
proach is not suitable to estimate theMeHg pool or the sources
of MeHg to the food web. Overall, the direct measurements of
MeHg in sediments and plankton from two different systems
were vastly different than the most common estimation ap-
proach for calculating bioaccumulated Hg prior to photo-
chemical fractionation.

The sediments and plankton tested for method validation
are not from the same system but do provide intriguing infor-
mation about the potential shifts that can exist between these
two matrices. Sediments from this study and another contam-
inated site [22] showed no odd MIF, despite shifts in MDF
between the systems. The lack of odd MIF of MeHg in sedi-
ments, relative to aquatic biota that tend to have elevatedMIF,
specifically in the MeHg pool (Fig. 2b), raises further con-
cerns about intercomparing these matrices and applying pho-
tochemical corrections. This difference in MIF possibly sug-
gests two major scenarios: (1) there are early steps during the
bioaccumulation of Hg, near the closest measurable point of
uptake, that have the potential to enhance photochemical sig-
natures, or (2) the sediments do not represent the pool of Hg
that is bioavailable to the food web in these systems. Recent
investigation of MIF during microalgal uptake and degrada-
tion of MeHg have shown large MIF shifts that may explain
the higherMIF in theMeHg pool of biota as well as the lack of
MIF thus far in sediment measurements [52]. Additionally, the
current limited information we have about the sedimentMeHg
pool may not reflect the actual source entering the food web,
and these direct measurements could be expanded into regions
and matrices (e.g., invertebrates) directly linked to fish forag-
ing. The further application of MeHg isotopes to the food web

can provide more insight to how MeHg is created and trans-
ferred to biota in the environment.

Conclusion

This new application of distillation coupled with ion-
exchange separation produced quantitative concentration and
isotopic recovery of MeHg across matrices. Currently, this
method has the potential to separate and isotopically analyze
as little as 5 ng of MeHg in sediment and biota, greatly im-
proving previous detection limits of species-specific measure-
ments and making it more applicable to naturally occurring
concentrations. Additionally, it is a low-cost alternative to on-
line species-specific measurements and shows a wider range
of application than organic phase separation (e.g., sediments
and low concentration biota). It is further observed that the
separated MeHg isotope pool in natural matrices is distinct
from the bulk total isotopic compositions currently measured
in the field and differs dramatically from estimation ap-
proaches for determining the bioaccumulated pool of MeHg
in biota. This method allows us to increase the number and
precision of measurements for MeHg isotopes in the environ-
ment, which is a vital step in better understanding the creation
of MeHg within different environmental compartments and
assessing different sources of MeHg to the food web.
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