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Abstract

Isotope ratios of methylmercury (MeHg) within organisms can be used to identify sources of MeHg that have accumulated
in food webs, but these isotopic compositions are masked in organisms at lower trophic levels by the presence of inorganic
mercury (iHg). To facilitate measurement of MeHg isotope ratios in organisms, we developed a method of extracting and
isolating MeHg from fish and aquatic invertebrates for compound-specific isotopic analysis involving nitric acid digestion,
batch anion-exchange resin separation, and pre-concentration by purge and trap. Recovery of MeHg was quantified after
each step in the procedure, and the average cumulative recovery of MeHg was 93.4+2.9% (1 SD, n=28) for biological
reference materials and natural biota samples and 96.9+1.8% (1 SD, n=35) for aqueous MeHgCl standards. The amount
of iHg impurities was also quantified after each step, and the average MeHg purity was 97.8 +4.3% (1 SD, n=28) across
all reference materials and natural biota samples after the final separation step. Measured MeHg isotopic compositions of
reference materials agreed with literature values obtained using other MeHg separation techniques, and MeHg isotope ratios
of aqueous standards, reference materials, and natural biota samples were reproducible. On average, the reproducibility
associated with reference material process replicates (2 SD) was 0.10%o for §***MeHg and 0.04%o for A'*MeHg. This new
method provides a streamlined, reliable technique that utilizes a single sample aliquot for MeHg concentration and isotopic
analysis. This promotes a tight coupling between MeHg concentration, %MeHg, and Hg isotopic composition, which may
be especially beneficial for studying complex food webs with multiple isotopically distinct sources of iHg and/or MeHg.

Keywords Mercury isotopes - Methylmercury - Anion-exchange resin - Nitric acid digestion - Aquatic organisms -
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Introduction

The speciation of mercury (Hg) influences its mobility,
bioavailability, and toxicity. In natural environments, oxi-
dized inorganic mercury (iHg) may be chemically reduced
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to elemental mercury (Hg(0)) by microbial, photochemical,
or dark abiotic reactions, after which it may be evaded to
the atmosphere [1]. A variety of microorganisms can also
convert bioavailable iHg into methylmercury (MeHg), an
organic form of mercury that is highly toxic and bioaccu-
mulative [2]. This MeHg may then be partially degraded by
microbial and/or photochemical reactions [3] before bioac-
cumulating in organisms and biomagnifying in food webs.
Each of these reactions and processes, along with many oth-
ers, can induce mercury isotope fractionation, resulting in
distinct isotopic compositions within various environmen-
tal compartments and between different mercury species.
Mercury stable isotope ratios, which can be altered by both
mass-dependent and mass-independent isotope fractionation
(MDF and MIF) mechanisms [4], can be used to study the
biogeochemical cycling of mercury in ecosystems and to aid
in the identification of sources of mercury contamination.
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Typically, isotopic measurements are made on total mer-
cury (THg) within environmental samples, but recently, iso-
topic measurements on individual mercury pools or species
within individual samples have become possible with the
use of various sequential extraction [5—13] or compound-
specific extraction [14-27] techniques. Various chemical
species of mercury within a sample can have distinct iso-
topic compositions, and when the specific mercury species
of interest, often MeHg, makes up only a small fraction
of the THg, its isotopic composition can be masked [27].
For example, while the MeHg fraction in fish occupying
higher trophic levels often makes up the majority of the
THg, the MeHg fraction in other environmental samples
such as sediment, biofilm, and lower-trophic-level organ-
isms is typically small, meaning that their MeHg isotopic
compositions are masked when only the THg isotopic com-
position is measured. Estimation approaches using linear
regression and mass balance techniques have been devel-
oped to approximate the isotopic composition of MeHg
within a food web while only measuring the THg and MeHg
concentrations and the THg isotopic composition of each
organism [28-30]. This approach works well when there
is only one primary source of iHg and one primary source
of MeHg to a food web, each with a narrow and consist-
ent isotopic composition. However, in some ecosystems,
there may be multiple isotopically distinct sources of iHg
and/or MeHg, in which case the ability to directly analyze
the MeHg isotopic composition within organisms and basal
resources is especially beneficial. Assessing the isotopic
composition(s) of MeHg within a food web, either directly
or by estimation, is useful for identifying potential sources
of MeHg to the organisms, as well as tracking biogeochemi-
cal transformations within bioavailable mercury prior to its
incorporation into the food web.

A number of techniques have been developed to separate
MeHg from iHg for isotopic analysis [31]. One example is
the toluene extraction method [15, 17, 21, 22, 25, 26], which
has been used successfully for a wide variety of sample types
including plant and animal tissue and human hair. However,
this method has been found to be unsuitable for biota sam-
ples with a high lipid content, such as plankton and some
fish samples, due to the formation of a thick emulsion layer
during the extraction [22, 26]. Another recently developed
method is an alkaline digestion followed by reduction and
volatilization of iHg by stannous chloride (SnCl,), which
can be accomplished in a shorter amount of time compared
to some of the other MeHg separation methods and has been
shown to work well for fish and plankton reference mate-
rials [26]. However, dissolved organic matter (DOM) in a
non-brominated sample matrix can potentially cause incom-
plete reduction and removal of iHg by SnCl, [32]. Addition-
ally, while SnCl, is generally considered to be nonreactive
toward MeHg [33-35], a recent study found that MeHg can
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be reduced by SnCl, under conditions of low sulfate con-
centration [36], though this issue was not observed when the
alkaline digestion/SnCl, reduction method was applied to
aqueous MeHg standards [26]. Other techniques for separat-
ing MeHg from iHg for isotopic analysis have involved the
use of gas chromatography (GC), either offline [16, 20, 21]
or coupled directly to a multi-collector inductively coupled
plasma mass spectrometer [14, 18, 37—40]. Variations of
these GC separation methods have been used for sediment,
soil, and animal tissue samples, as well as bacterial cultures
and aqueous solutions with high MeHg concentrations.
However, incomplete recovery of MeHg by variable spe-
cies derivatization (i.e., ethylation or propylation) efficiency
can cause artificial shifts in the mercury isotopic composi-
tion, leading to inaccurate isotopic measurements and high
uncertainty [41]. Additional challenges for the online GC
separation method involve drifting isotope ratios during
transient peak elution [14, 37, 38], and even when sample
pre-concentration strategies (extended elution times) and
species-specific bracketing schemes are employed, reported
uncertainty in isotopic measurements has remained high rel-
ative to other offline MeHg separation methods [18]. Offline
high-performance liquid chromatography (HPLC) has also
recently been used for MeHg separation for isotopic analysis
[19]. This method does not require species derivatization
and has resulted in isotope data with lower levels of uncer-
tainty. Other methods of separating MeHg have involved
the use of anion-exchange chromatography, which has been
used for MeHg isotopic analysis of aqueous solutions with
high MeHg concentrations [42, 43]. More recently, meth-
ods employed to separate MeHg for isotopic analysis have
involved the use of distillation followed by either GC sepa-
ration [16, 38] or anion-exchange chromatography [22-24,
27], the latter of which has been used successfully for a
wide variety of biological and abiotic sample types with both
high and low levels of MeHg relative to iHg (%MeHg). Dis-
tillation can be a particularly useful pre-treatment method
for samples with a high organic matter content, though this
method requires careful optimization to achieve complete
recovery of MeHg and prevent the artificial formation of
MeHg during the process, which can be an issue for samples
with low %MeHg [44, 45].

In this study, we developed a method for extracting
and isolating MeHg from biota samples for isotopic
analysis that utilizes a widely used hot nitric acid diges-
tion followed by a batch anion-exchange resin separation
procedure (Fig. 1). This new combination of procedures
is relatively simple and avoids some of the challenges
involved with optimizing distillation and GC separation
methods. A nitric acid digestion may also be more suit-
able for certain sample types than a toluene extraction or
alkaline digestion. Additionally, by using this method,
the MeHg concentration and MeHg isotope ratios can be
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Fig. 1 Schematic of MeHg
extraction, quantification,
separation from iHg, pre-
concentration, and isotopic
analysis, along with THg and
MeHg concentration analyses
to quantify MeHg recovery and
purity

Nitric acid digestion:
30% HNO, at 60°C for 12 hours

v

MeHg concentration
analysis

Syringe filter:
Filter and dilute to 1-2% HNO; + 1% HCI

v

1%t resin separation:
2.5 g resin, rotate for 2 hours, filter

v

2" resin separation, <60% MeHg samples only:
2.5 g resin, rotate for 2 hours, filter

'y

v

Oxidize samples in glass bottles:
Oxidize with BrCl, place on covered hot plate

v

Purge and trap:
Reduce with SnCl,, purge, trap Hg in KMnO,

>

MeHg concentration
analysis

v

Oxidize with BrCl,
UV treatment,
THg concentration
analysis

v

Isotope analysis:
Measure MeHg isotope ratios by CV-MC-ICP-MS

a

THg concentration
analysis

measured on the same sample aliquot, and both MeHg
and THg concentrations can be measured at the end of
the anion-exchange resin separation procedure to verify
MeHg recovery and check for iHg impurities prior to iso-
topic analysis.

To assess accuracy and precision, we performed this
new method on aqueous MeHg and iHg standards, four
different biological reference materials, and five different
natural biota samples. Each sample type was processed
and analyzed multiple times. The MeHg isotopic compo-
sitions of the reference materials were compared to results
from several other studies that used different MeHg
separation techniques. In this paper, we also present the
results of a holding test in which aqueous MeHgCl stand-
ards were exposed to different acidic matrices (with and
without nitric acid) and to different bottle types (borosili-
cate glass and polyethylene terephthalate glycol (PETG))
to verify that the materials used throughout the proce-
dure were sufficient for maintaining consistent MeHg
concentrations.

Methods

Description of reference materials and biota
samples

Standard reference materials used for THg and MeHg con-
centration and isotopic analysis included DORM-3 fish
protein, TORT-2 lobster hepatopancreas, DOLT-2 dog-
fish liver, and DOLT-5 dogfish liver (National Research
Council Canada; DOLT-5 used for MeHg analyses only).
Total Hg and MeHg concentration and isotopic analy-
ses were also performed on five biota samples collected
from East Fork Poplar Creek, a point-source contaminated
stream in Oak Ridge, TN, USA. These samples, in order of
increasing proportion of THg as MeHg (%MeHg), include
Asian clams (soft tissue; 6.3% MeHg), megaloptera larvae
(whole body; 12% MeHg), mayfly larvae (whole body; 13%
MeHg), crayfish (muscle tissue; 62% MeHg), and shiner
(skinless fillet; 104% MeHg). Except for the shiner fillets,
all samples were multi-individual composites. All samples
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were placed in either clean plastic bags or clean centrifuge
tubes, placed on dry ice in the field, and then frozen the
same day upon arrival at the laboratory. Biota samples were
later freeze-dried and ground using a SPEX 8000 Mixer/
Mill with an alumina grinding cylinder and ball. To avoid
cross contamination, Ottawa Sand (quartz, Fisher Scien-
tific) was ground between each sample, and the grinding
cylinder and ball were rinsed thoroughly with deionized
water and isopropanol. Prepared samples were stored in
trace-metal clean borosilicate glass vials in the dark.

Total mercury extraction by combustion

Standard reference materials (Table S1) and natural biota sam-
ples (Table S2) were prepared for analysis of THg concentra-
tion and isotopic composition following a previously described
combustion procedure [46]. Sample aliquots (250 to 460 mg
for reference materials; 25 to 100 mg for natural biota sam-
ples) were combusted in a two-stage furnace, and volatilized
Hg(0) was trapped in a 24-g oxidizing solution of 1% KMnO,
(w/w) in 10% H,SO, (v/v) (hereafter, 1% KMnQ,). Trap solu-
tions of 1% KMnO, were later reduced with hydroxylamine
hydrochloride (HONH;CI), and a small aliquot was analyzed
for THg concentration using cold vapor atomic fluorescence
spectrometry (CVAFS; RA-3F, Nippon Instruments) follow-
ing EPA Method 1631 [47]. Samples were analyzed in batches
with quality control that included analysis of calibration veri-
fication standards, secondary standards, and blanks (see Sec-
tion S1 in the Electronic supplementary material).

To eliminate matrix effects from combustion residues,
aliquots of the 1% KMnO, combustion trap solutions were
reduced with SnCl,, and Hg(0) was transferred to secondary
1% KMnO, trap solutions [46]. These secondary solutions
were later reduced with HONH;Cl, and a small aliquot was
analyzed for THg concentration by CVAFS. This was done
to assess the percent recovery of the transfer process and
to allow matching of standard and sample concentrations
for isotopic analysis. Recovery of mercury after the transfer
process was 98.0+2.7% (1 SD, n=19 including reference
materials and natural biota samples) (Table S1, Table S2).

Procedural blanks and standard reference materials were
combusted to monitor combustion performance. Average
procedural blank 1% KMnO, solutions yielded 0.12 ng Hg
(+0.10 ng Hg, 1 SD, n=18) prior to transfer, and 0.10 ng
Hg (+0.08 ng Hg, 1 SD, n=16) after transfer, represent-
ing < 0.2% of the sample solution mercury mass. Standard
reference materials (with certified THg concentrations pro-
vided in parentheses) included DORM-3 (382 +60 ng g~!
THg) with an average recovery of 97.5+2.4% (1 SD, n=17),
TORT-2 (270 + 60 ng g~' THg) with an average recovery of
100.5+1.7% (1 SD, n=5), and DOLT-2 (1990 + 100 ng g
THg) with an average recovery of 106.5+3.0% (1 SD, n=2)
relative to certified values (Table S1).
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Methylmercury extraction by nitric acid digestion

Standard reference materials and natural biota sam-
ples were prepared for analysis of MeHg concentration
(Table S3) following a modified version of a previously
described 12-h nitric acid digestion procedure [48, 49].
The digestion was done in a stainless steel water bath
placed inside a drying oven (Fisher Scientific, [sotemp
Oven, Model 625G) (Fig. S1a). Two thermocouples were
threaded through a hole in the top of the oven, one of
which was also threaded through a small hole drilled
through the lid of the water bath (Fig. Sla-b). These
thermocouples were used to monitor air and water tem-
perature prior to and during the digestion.

On the morning of the digestion, sample aliquots (25
to 75 mg for reference materials; 40 to 60 mg for natural
biota samples; aiming for a minimum of 6 ng MeHg) were
weighed into pre-weighed 15-mL borosilicate glass centri-
fuge tubes, and then 7.5 mL of 30% (v/v) HNO; was added
to each vial. Separate sample aliquots weighed for matrix
spike tests were immersed in the nitric acid, as described
above, and then dosed with small volumes (120 to 800 uL)
of a 50- or 1000-ng g~ MeHgCl spike solution in 0.5% (v/v)
acetic acid +0.2% (v/v) HCl. Additional centrifuge tubes
for procedural blanks and aqueous MeHgCl standard tests,
to which no dry sample material was added, were included
with each digestion batch. Aqueous MeHgCl standard tests
received 400 uL of a~50-ng g~! MeHgCl spike solution.
Each tube was shaken by hand and then centrifuged for
15 min at 3300 revolutions per minute (1380 relative centrif-
ugal force (RCF)) which helped prevent the sample material
from floating to the top of the solution during the digestion.
After centrifuging, the tubes were shaken vigorously either
by hand or with a touch mixer (Fisher Scientific, Model 232)
to dislodge the plug of sample material from the tip of the
centrifuge tube and to thoroughly remix contents. Just before
the centrifuge tubes were placed into the hot water bath, each
tube was shaken again and then rolled while being held at
an angle, which helped prevent the sample material from
sticking to the glass in the top half of the tube. Each tube was
then placed in a plastic vial rack in the hot water bath inside
the oven. The air and water temperatures were monitored to
maintain a water temperature of 59.5 to 60.5 °C throughout
the 12-h digestion. At the end of the digestion, the sample
tubes were removed from the water bath and shaken by hand,
then the tube contents were diluted with 7.5 mL of deion-
ized water [49] and the sample tubes were shaken again.
The sample tubes were placed in a refrigerator to lower the
temperature of the digestion samples and stored there over-
night (maximum of 2 days) prior to MeHg analysis, at which
time they were brought to room temperature and weighed
to determine the total solution mass for calculation of the
solid-sample MeHg concentration.
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Aliquots of the digestion samples were analyzed for their
MeHg concentration by gas chromatography coupled with
cold vapor atomic fluorescence spectroscopy (GC-CVAFS)
(MERX-M, Brooks Rand Instruments) following a modified
version of EPA Method 1630 [50] (Table S3). Sample and
standard aliquots were added to 40-mL amber glass vials con-
taining deionized water and 300 pL of 2 M acetate buffer. The
pH was adjusted to 4.5 using small amounts of 20% (w/v)
KOH [49], and the amber vials were inverted to mix. Freshly
thawed 1% (w/v) sodium tetraethylborate (NaBEt,) in 2%
KOH was slowly inverted five times to gently mix the solu-
tion, and then 50 pL was added to each of the amber vials,
which were then re-capped and shaken to mix before starting
the analysis. After removing aliquots for MeHg concentration
analysis, digestion samples in their original glass tubes were
returned to a refrigerator overnight before performing the
batch anion-exchange resin separation procedure.

Samples were analyzed for MeHg concentration in
batches with quality control that included calibration verifi-
cation standards, secondary standards, and blanks, and each
digestion sample was analyzed in duplicate (see Section S2
in the Electronic supplementary material). The exact con-
centration, or titer, of the aqueous MeHgCl standard (Brooks
Rand) used for calibration standards, digestion matrix spike
tests, and aqueous standard tests was determined follow-
ing EPA Method 1630 [50]. On average, the nitric acid
digestion procedural blank solutions yielded 0.01 ng MeHg
(+<0.01 ng MeHg, 1 SD, n=13), representing <0.2% of
the sample solution MeHg mass. Standard reference materi-
als (with certified MeHg concentrations provided in paren-
theses) included DORM-3 (355 +56 ng g~' MeHg; 93%
MeHg), TORT-2 (152 + 13 ng g~! MeHg; 56% MeHg),
DOLT-2 (693 +53 ng g~ MeHg; 35% MeHg), and DOLT-5
(119 +58 ng g~! MeHg; 27% MeHg). Duplicate nitric acid
digestion matrix spike tests were performed on each of the
reference materials and natural biota samples, with an aver-
age recovery of 101.4+2.4% (1 SD, n=22) (Table S3).
Nitric acid digestion aqueous MeHgCl standard tests had
an average recovery of 99.9+2.7% (1 SD, n=38).

Isolation of methylmercury by resin separation
for isotopic analysis

The nitric acid digestion releases not only MeHg, but also
a large portion of the iHg from biota samples. To isolate
the MeHg from the iHg for isotopic analysis, we utilized
an anion-exchange resin (Bio-Rad AG 1-X4 resin, analytical
grade, 200—400 mesh, chloride form), which under acidic and
chlorinated conditions removes negatively charged iHg spe-
cies (e.g., HgCl;™ and HgCl42_) while leaving neutral MeHg
species (e.g., MeHgCl1°) in solution [51-53]. For this study,
reference materials and natural biota samples with greater
than ~60% of THg as MeHg underwent one resin separation

step, and those with less than ~60% of THg as MeHg under-
went two consecutive resin separation steps. This protocol
was based on testing an initial set of reference materials.

Prior to the nitric acid digestion, resin was cleaned and
conditioned [54, 55] so that it was ready for use immediately
after the MeHg concentration analysis. Approximately 2.5 g
of resin was weighed into 20-mL glass vials, which were
then filled to the shoulder with 4 M HNOj;. Resin vials were
loaded onto a tube rotator (Fisher Scientific) and rotated
for 15 min at 25 rotations per minute (Fig. Slc). Resin
vials were then removed from the rotator, and after wait-
ing ~ 10 min with them sitting upright, the liquid layer was
pipetted out and discarded, and the vials were again filled
with 4 M HNO;. This HNO; cleaning process was repeated
four times, except that after rotating the fourth time, the
resin vials were not decanted, but rather they sat upright
filled with HNO; overnight. The next day, this same pro-
cess was used to condition the resin, first with one round of
4 M HNOj;, then three rounds of deionized water, then three
rounds of 0.1 M HCI. After rotating a third time with HCI,
the resin vials were not decanted, but rather they sat upright
filled with HCI for a few days until it was time to perform
the resin separation procedure.

After the MeHg concentration analysis was complete,
acid digestion sample tubes were removed from the refriger-
ator, brought to room temperature, and weighed (total solu-
tion mass was required for calculating the syringe filtering
percent recovery). Digested samples were syringe filtered
using 50-mL polypropylene syringes (no rubber on plunger)
that had been cleaned with 5% HCI, and 0.45 um polypro-
pylene syringe filters. Just before filtering each digestion
sample, the filter was cleaned by pipetting 15 mL of 15%
HNO; into the syringe barrel and filtering into a waste
container. The digestion sample was then shaken and care-
fully poured into the syringe barrel and filtered into either
a 125-mL PETG bottle containing 50 mL of 1.1% HCl or a
250-mL PETG bottle containing 150 mL of 1.1% HCI. All
PETG bottles were pre-weighed and had previously been
filled completely with 1% HCI, which was discarded just
prior to syringe filtering without rinsing the bottles. After
each digestion sample was syringe filtered into its PETG
bottle, 15 mL of 1.1% HCI was pipetted into the glass diges-
tion sample tube, which was shaken and then poured into
the syringe barrel and filtered into the PETG bottle. This
rinse step was repeated a total of four times. At this point,
samples filtered into 125-mL PETG bottles would have an
acid content of 1.8% HNO;+ 1% HCI, and samples filtered
into 250-mL PETG bottles would have an acid content of
1% HNO; + 1% HCI. The PETG bottles were weighed (total
solution mass was required for calculating the syringe filter-
ing percent recovery), then a small aliquot was transferred
from each bottle into a pre-weighed trace-metal clean boro-
silicate vial for MeHg and THg concentration analysis, and
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then the PETG bottles were weighed again (total solution
mass was required for calculating the resin separation recov-
ery). Next, the 0.1 M HCI was pipetted out of each of the
20-mL resin conditioning vials and discarded, and the vials
were filled with a 1% HNO; + 1% HCI solution, shaken by
hand, and poured into each of the PETG bottles. The PETG
bottle caps were secured with parafilm and attached to the
tube rotator which was tilted backward to 129° to accom-
modate the height of the bottles (Fig. S1d—e). The bottles
were rotated for 2 h at 25 rotations per minute, based on the
mixing time used previously by Strok et al. [54] for their
batch resin mercury pre-concentration procedure.

At the end of the rotation period, the contents of the
PETG bottles were filtered using 0.45-um cellulose nitrate
filter cups (Thermo Scientific, #130-4045) and a vacuum
pump (Fig. S1f). Each filter cup was first conditioned
with~150 mL of a 1% HNO; + 1% HCl solution, which was
filtered and discarded. For samples undergoing one resin
separation step, the contents of the PETG bottle were filtered
into a 500-mL Pyrex glass bottle that had been previously
trace-metal cleaned in a hot 10% HNO; bath for at least
8 h and then filled with 1% HCI at room temperature for at
least 8 h, then rinsed and set to dry. For samples undergo-
ing two consecutive resin separation steps, the contents of
the PETG bottle were filtered into a secondary PETG bottle
(either into a 250-mL bottle if the sample was originally
in a 125-mL bottle or into a 500-mL bottle if the sample
was originally in a 250-mL bottle). As with the first set of
PETG bottles, these Pyrex and secondary PETG bottles were
also pre-weighed and had previously been filled completely
with 1% HCI, which was discarded just prior to filtering
the samples. After each sample was filtered, 40 mL of a 1%
HNO; + 1% HCl solution was poured into the original PETG
bottle, which was shaken, filtered, and poured into the new
Pyrex or PETG bottle. This rinse step was repeated with two
rounds of 40 mL of 0.1 M HCI and then 40 mL of deionized
water. The Pyrex and PETG sample bottles were weighed
(total solution mass was required for calculating the resin
separation recovery), then a small aliquot was transferred
from each PETG bottle into a pre-weighed trace-metal clean
borosilicate vial for MeHg and THg concentration analysis,
and then the PETG bottles were weighed again (total solu-
tion mass was required for calculating the second resin sepa-
ration recovery). The resin separation process was repeated
a second time for those samples in PETG bottles. After the
second resin separation step, the samples were filtered (using
new filter cups) into 500-mL Pyrex bottles. Pyrex sample
bottles were refrigerated for up to 2 days before MeHg con-
centration analysis.

After the resin separation procedure was complete, sam-
ple aliquots were analyzed for their MeHg concentration fol-
lowing EPA Method 1630 [50] as described in the previous
section. Samples representing the final resin step (in Pyrex
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bottles) were analyzed in duplicate, and sample aliquots used
to calculate recovery of MeHg after syringe filtering and the
first of two resin separation steps (in glass vials) were each
analyzed once. Following the MeHg concentration analysis,
all Pyrex bottles and glass vials containing samples were
weighed, and then the samples were oxidized with 5% BrCl
for the final resin step samples in Pyrex bottles, or 10% BrCl
for sample aliquots in glass vials, and weighed again. It is
important while performing the resin separation procedure
to not expose samples to any BrCl, including fumes, as this
could inadvertently oxidize MeHg and convert it into iHg.
Brominated sample bottles and vials were placed on a cov-
ered hot plate at 70 °C for a minimum of 2 days, and then
aliquots of syringe-filtered and resin separation samples
were transferred into 15-mL Teflon vials, after which the
sample bottles were immediately returned to the hot plate.
Teflon sample vials were exposed to ultraviolet (UV) light
for 7 to 16 days to break down dissolved organic matter—
this was a conservative approach based on convenience and
previous experience, but was not specifically optimized to
maximize efficiency. Sample aliquots were then analyzed for
their THg concentration by CVAFS following EPA Method
1631 [47]. Samples were analyzed in batches with quality
control including calibration verification standards, second-
ary standards, blanks, and matrix spike recovery tests (see
Section S1 in the Electronic supplementary material). The
MeHg and THg concentrations were used to calculate MeHg
recovery and purity after each of the syringe filtering and
resin separation steps (Table S3).

Prior to isotopic analysis, each of the final resin sepa-
ration samples was chemically reduced, and the resulting
Hg(0) was purged from solution and re-oxidized in a 1%
KMnO4 trapping solution following previously described
methods [46]. In preparation for the purge-and-trap pro-
cedure, brominated samples were placed on a covered hot
plate for 2 weeks to break down dissolved organic mat-
ter—again, this was a conservative approach based on
convenience and previous experience but was not specifi-
cally optimized to maximize efficiency. Samples were then
diluted to 1 L with deionized water and then further acidified
(0.5% HCI). Additional BrCl (to 1% BrCl) was typically not
necessary, as the samples had already been brought to 5%
BrCl prior to dilution. Samples were then pre-reduced with
2 mL HONH;CI per 1 L of 5% BrCl solution and allowed
to react for ~ 1 h. Within the closed purge-and-trap system,
samples were reduced with~ 100 mL of 10% SnCl, (in 10%
HCI), and the resulting Hg(0) was purged from solution
with clean-laboratory air (passed through a gold filter) and
subsequently trapped in a 5-10-g oxidizing solution of 1%
KMnO,. The 1% KMnO, trap solutions were later reduced
with HONH;Cl, and a small aliquot was analyzed for THg
concentration using CVAFS following EPA Method 1631
[47] as previously described for combustion solutions.
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Purge-and-trap recovery of mercury from resin separation
samples was 101.4+1.8% (1 SD, n=30 including aque-
ous MeHgCl standards, biological reference materials, and
natural biota samples) (Table S4). Purge-and-trap procedural
blanks and standards (7.5, 15, and 35 ng Hg; NIST SRM
3133) were used to monitor analytical performance. Pro-
cedural blank 1% KMnO, solutions, yielding 0.03 ng Hg
(£0.01 ng Hg, 1 SD, n=3), represented < 0.5% of sample
solution mercury mass. Procedural standard recovery was
98.5+0.7% (1 SD, n=3), and procedural standards were not
significantly fractionated isotopically relative to NIST SRM
3133 bracketing standards (Table S1).

Mercury isotopic analysis

Following the transfer (for combustion analysis) and purge-
and-trap (for resin separation) pre-concentration procedures,
the mercury isotopic composition of each 1% KMnO, trap
solution (Table S4) was measured using cold vapor mul-
tiple collector inductively coupled plasma mass spectrom-
etry (CV-MC-ICP-MS; Nu Instruments) using previously
described methods [56, 57]. Thallium (NIST SRM 997) was
used as an internal standard to correct for instrumental mass
bias, along with sample-standard bracketing with mercury
standard NIST SRM 3133. On-peak zero corrections were
applied to all masses.

Mass-dependent isotope fractionation (MDF) is reported
as the permil (%o) deviation from the average of NIST SRM
3133 bracketing standards [57] using delta notation:

6" Hg (%0) = ([(mHg/wSHg)sample/(mHg/lgng)NISTSRMs133] - l) * 1000

where xxx is the mass of each mercury isotope between
“Hg and 2**Hg. Mass-dependent fractionation is reported
as 8??Hg values. Mass-independent isotope fractionation
(MIF) is reported as the difference between the measured
&*Hg value and that which is theoretically predicted by the
kinetic mass-dependent fractionation law [57], using capital
delta notation:

A™Hg (%0) ~ §**Hg — (6*Hg = )

where xxx is the mass of each mercury isotope '*’Hg,
200Hg, 20'Hg, and **Hg, and /3 is a constant for each isotope
(0.252,0.502, 0.752, 1.493, respectively) [57].

To characterize the analytical uncertainty and reproduc-
ibility associated with isotope ratio measurements, each
analytical session included 5 to 14 analyses of a secondary
standard (UM-Almadén) at representative mercury concen-
trations (1 to 5 ng g~!). We also measured the isotopic com-
position of each combustion reference material two to four
times within an analytical session. To evaluate the accuracy
and reproducibility of our results, we calculated the mean

isotopic composition (+2 SE) for the collection of inde-
pendent preparations of UM-Almadén and each reference
material type (Table S1), and compared those means to the
long-term average isotopic composition measured at the Uni-
versity of Michigan [58]. We represent the analytical uncer-
tainty in the THg isotopic composition of natural biota sam-
ples (via combustion) with the average uncertainty (2 SD)
across combustion reference material analyses (Table S1,
Table S2). Because each reference material process repli-
cate was analyzed only once for MeHg isotopic composi-
tion, we represent the analytical uncertainty in the MeHg
isotopic composition of reference materials and natural biota
samples (via resin separation) with the average uncertainty
(2 SD) across UM-Almadén analyzed alongside resin sepa-
ration materials within each session (Table S1, Table S4).
Additionally, in order to provide a direct comparison of the
MeHg isotopic composition of our reference materials to
other published values, we also report the reproducibility
associated with complete process replicates (reported as 2
SD) for each of the four biological reference materials (each
with 4 or 5 replicates), and also for each of the five natural
biota samples (each with 2 replicates) (Table S4).

Results and discussion
Nitric acid digestion validation

Standard reference materials were used to assess the perfor-
mance of the nitric acid digestion procedure. Reference mate-
rials included DORM-3 with an average MeHg recovery of
94.7+0.8% (1 SD, n=4), TORT-2 with an average recovery of
108.1£2.4% (1 SD, n=4), DOLT-2 with an average recovery
of 114.4+1.6% (1 SD, n=5), and DOLT-5 with an average
recovery of 108.2+0.9% (1 SD, n=>5) relative to certified val-
ues (Table S3). The average measured MeHg concentrations
for three of the four reference materials were within the uncer-
tainty of their certified values, with the exception of DOLT-2
for which the measured MeHg concentration was within two
times the uncertainty of its certified value (Table S3). The exact
concentration, or titer [50], of the Brooks Rand 1 ppm aque-
ous MeHgCl standard solution was found to be 1.076 pg g~!
MeHg (as Hg). When this titer was accounted for in the cali-
bration curve used for MeHg analyses, this resulted in sam-
ple concentrations that were 7.6% higher than if the MeHgCl
standard was assumed to be exactly 1.000 ug g~'. It is unknown
whether the titer of the MeHg standard solution was accounted
for in the calibration curves of the analyses performed to certify
each of the reference materials. If it was not, then this might
explain why our nitric acid digestion recoveries were > 108%
for three of the standard reference materials. In general, a dif-
ference in measured MeHg concentrations of 7.6% would have
a very small effect on interpreting the results of environmental
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samples; however, this difference has a relatively large effect on
calculating the percent purity (MeHg/THg) of resin separation
samples (Table S3). Overall, we believe that it is important to
use the exact titer of the MeHgCl standard solution in the cali-
bration curves of all MeHg concentration analyses, even though
it shifts the nitric acid digestion percent recovery for one of the
reference materials (DOLT-2) just beyond its certified range.

The average percent relative standard deviation (%RSD)
associated with the measured MeHg concentration of the
nitric acid digestion sample replicates for both reference
materials and natural biota samples was 1.2 +0.8% (1 SD,
n=9), demonstrating consistency in the extraction of MeHg
during the nitric acid digestion. Aqueous MeHgCl standard
tests (containing no solid material) had an average recovery of
97.9+3.1% (1 SD, n=7) after the nitric acid digestion. Dupli-
cate matrix spike tests were performed on each of the refer-
ence materials and natural biota samples, in which a small ali-
quot of the aqueous MeHgCl standard solution was added to
the glass sample tube prior to the start of the nitric acid diges-
tion. The MeHg concentration of each of the matrix spike tests
was~2 to 3 times higher than the background concentration of
the sample, with the exception of the mayfly larvae samples
in which the matrix spike tests were ~ 6 times higher. Across
all reference materials and natural biota samples, the average
recovery for the matrix spike tests was 101.4+2.4% (1 SD,
n=22) (Table S3). Complete recovery of nitric acid digestion
matrix spike tests suggested that our MeHg concentrations
were not influenced by matrix interferences, and therefore,
we did not make independent measurements of MeHg con-
centrations of natural biota samples using another mercury
extraction technique. As individual laboratories develop the
use of this or other MeHg separation techniques, it will be
important to evaluate QA/QC metrics to determine whether
independent verification of MeHg concentrations in natural
samples is warranted. Overall, complete recovery of MeHg
for the reference materials and matrix spike tests in this study,
along with small %RSD values for sample replicates, dem-
onstrates that the nitric acid digestion procedure was reliable
for extracting MeHg from biota samples, which could then be
subsequently separated from iHg for isotopic analysis using
the resin separation procedure.

Separation efficiency of methylmercury in aqueous
standard solutions

In order to follow a nitric acid digestion with a resin sep-
aration procedure, samples need to be diluted to a lower
nitric acid content because MeHg degrades over time under
high nitric acid content [59, 60]. Additionally, high acidity
prevents iHg from adsorbing to the resin [61]. We aimed
to dilute the digestion sample solutions to 1-2% HNO,
based on other studies which showed that MeHg solutions
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maintained their concentration for at least 2 weeks in a 1%
HNOj; matrix [62] and demonstrated complete adsorption
of iHg to the same anion-exchange resin used in our study
in a 1% HNO; + seawater matrix [54]. We also added ~ 1%
HCI to form negatively charged iHg species (HgCl;™ and
Hgle‘) [53] that would be retained on the resin [51], and
to prevent MeHg from adsorbing to the PETG and glass
bottles and vials throughout the process [60].

To test whether a 1% HNO;+ 1% HCI matrix was suf-
ficient for maintaining consistent MeHg concentrations
throughout the resin separation process without either
degrading the MeHg or allowing the MeHg to be adsorbed
to the walls of the container, we conducted a long-term hold-
ing test. This involved the use of 13-, 45-, and 135-pg g~!
aqueous MeHgCl standards in either a 1% HCl or a 1%
HNO; + 1% HCI matrix, in both PETG and glass bottles.
Each of the solutions was analyzed for its MeHg concentra-
tion after 0, 7, 14, 28, 49, and 83 days (Table S5). Aqueous
MeHgCl standards at all three solution concentrations in a 1%
HCI matrix in glass bottles maintained >97% recovery over
the entire testing period. For the other three matrix + bottle
type combinations (1% HCI in PETG; 1% HNO;+ 1% HCI
in glass; and 1% HNO; + 1% HCl in PETG), MeHg recovery
across all three solution concentrations declined to <95%
either between 7 and 14 days or between 14 and 28 days
(Fig. S2). For MeHgCl standards in a 1% HNO;+ 1% HCl
matrix, the 13-pg g~! solutions were more susceptible to loss
of MeHg than solutions at higher concentrations, reaching
minimum recoveries of 90.4% and 88.6% in glass and PETG
bottles, respectively, though this difference in recovery at
lower concentrations was not observed for MeHgCl standards
in a 1% HCI matrix (Fig. S2). Despite the observed losses of
MeHg over time, potentially due to degradation by nitric acid
and/or adsorption to PETG bottles, as long as the nitric acid
digestion, syringe filtering, and resin separation procedures
are performed in less than a week, the use of PETG bottles
and a 1% HNO; + 1% HCI matrix should not influence MeHg
recoveries.

We tested the syringe filtering and resin separation pro-
cedures using 3, 10, and 30 ng aqueous MeHgCl standards
(~200, 670, and 2000 pg g~! in 15 mL of 15% HNO;, in
glass centrifuge tubes prior to syringe filtering and dilu-
tion with 1.1% HCI). The average recovery of MeHg after
syringe filtering was 98.3+1.1% (1 SD, n=5), and the
average recovery of the resin separation was 98.6 +1.3% (1
SD, n=35), resulting in an average cumulative recovery of
96.9+1.8% (1 SD, n=5) (Table S3). The average isotopic
composition of the post-resin separation aqueous MeHgCl
standards (Table S4) was within error of the average THg
isotopic composition of the source MeHgCl (Table S1). Note
that different batches of Brooks Rand MeHgCl standards
may be isotopically unique, as they are not certified for mer-
cury isotopic composition, with recorded 8*?Hg values of
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different batches ranging from —1.21 to —0.48%o [16, 20,
22, 26, 27]. Average nitric acid digestion procedural blank
solutions yielded 0.01 ng MeHg (+0.02 ng MeHg, 1 SD,
n=3) after syringe filtering, and 0.03 ng MeHg (+0.03 ng
MeHg, 1 SD, n=3) after the resin separation, represent-
ing < 0.6% of the sample solution MeHg mass.

We also tested the resin separation procedure using 10,
100, and 250 ng aqueous iHg standards (NIST 3133 in 2%
BrCl reduced with HONH;Cl) and found that on average,
98.6+0.5% (1 SD, n=4) of the iHg had adsorbed to the
resin. We found that using 5 g of resin only had a slightly
higher iHg adsorption efficiency (99.4%, n=1) compared
to using 2.5 g of resin (98.6%, n=1) for 250 ng aqueous
iHg standards, and so we opted to use 2.5 g of resin for all
resin separations to minimize resin usage. Average nitric
acid digestion procedural blank solutions yielded 0.03 ng
THg (+<0.01 ng THg, 1 SD, n=3) after syringe filtering,
and 0.06 (+0.03 ng THg, 1 SD, n=23) after the resin separa-
tion, representing < 1.2% of the sample solution THg mass.

Overall, nearly complete recovery of MeHg and adsorp-
tion of iHg to the resin from aqueous standard solutions,
along with the apparent lack of procedurally induced iso-
tope fractionation, suggests that the batch resin separation
procedure is a reliable method of separating MeHg from
iHg in a 1-2% HNOs 4+ 1% HCI matrix following a nitric
acid digestion.

Separation efficiency of methylmercury
for biological standard reference materials
and natural biota samples

Across all four standard reference materials (DORM-3,
TORT-2, DOLT-2, and DOLT-5), the average recovery
of MeHg after syringe filtering the nitric acid digestion
samples was 95.5+2.3% (1 SD, n=18). Similarly, across
all five natural biota samples (shiner fillet, crayfish, mega-
loptera larvae, mayfly larvae, and Asian clams), the aver-
age recovery of MeHg after syringe filtering the nitric
acid digestion samples was 96.9+1.1% (1 SD, n=10).
The small losses of MeHg during syringe filtering could
be explained by several factors, such as degradation and
conversion into iHg by the ~15% HNO;, re-adsorption to
solid particles, or adsorption to the glass centrifuge tube
after the initial MeHg concentration analysis but before
syringe filtering, which were typically done 1 day apart.
Other possible explanations include physical losses while
filtering, adsorption to the 0.45-pm polypropylene syringe
filter, or adsorption to the PETG bottle after filtering but
before removing an aliquot for analysis and beginning the
resin separation procedure, which was typically done the
day after syringe filtering. To determine which of these
potential explanations were more likely, we performed
a test using replicate nitric acid digestion samples for

DOLT-2, the shiner fillet, and the megaloptera larvae.
We found that after 3 days in a refrigerator, the unfiltered
nitric acid digestion samples still had an average MeHg
recovery of 100.2+0.4% (1 SD, n=3), suggesting that
the MeHg was not degraded by the ~15% HNOj;, nor
had it re-adsorbed to solid particles or adsorbed to the
glass centrifuge tubes over a 3-day holding time. These
digestion samples were syringe filtered into PETG bot-
tles, and aliquots were transferred into trace-metal clean
glass vials immediately after filtering and again after ~ 12
and ~ 60 h, which were then analyzed for their MeHg
concentration. Across these three samples, recovery of
MeHg immediately after syringe filtering was 98.1+0.7%
(1 SD, n=3), suggesting that~2% of the MeHg was lost
due to either physical losses or adsorption to the 0.45-um
polypropylene syringe filter. This result aligns with the
MeHg recovery of 98.3+1.1% (1 SD, n=>5) after syringe
filtering the aqueous MeHgCl standards (Table S3). For
DOLT-2 and the megaloptera larvae, recovery of MeHg
after~ 12 and ~ 60 h in a PETG bottle was 96.0+1.2% (1
SD, n=4), suggesting that another ~2% of the MeHg in
these samples had adsorbed to the PETG bottles. For the
shiner fillet, recovery of MeHg after~ 12 and ~60 h was
98.4+1.1% (1 SD, n=2), suggesting that the shiner fillet
sample did not experience a significant amount of MeHg
adsorption to the PETG bottle. It should be noted that
the DOLT-2 and megaloptera larvae digestion samples
each contained ~20 ng MeHg, whereas the shiner fillet
digestion sample contained ~ 70 ng MeHg, and so a larger
mass of MeHg in the shiner fillet sample would need to
be adsorbed to reflect a 2% adsorption loss. Thus, sam-
ples containing lower masses of MeHg may be more sus-
ceptible to decreases in recovery by adsorption. Overall,
to minimize the loss of MeHg during and after syringe
filtering, care must be taken to avoid physical losses, and
it may be beneficial to use a different type of filter (e.g.,
0.45-um polyethersulfone filters). It is also important to
begin the resin separation procedure as soon as possible
after syringe filtering into PETG bottles, which is more
easily achieved by working with smaller sample sets so
that syringe filtering and the resin separation can be done
on the same day.

Across the four standard reference materials, average
recovery of MeHg after the first and second resin separa-
tion steps was 98.6 £2.5% (1 SD, n=18) and 99.7 +2.3%
(1 SD, n=14), respectively. The average cumulative recov-
ery of MeHg after syringe filtering and the resin separation
procedure was 94.0+2.6% (1 SD, n=18) (Table S3). The
resin separation recoveries of MeHg were similar among
the four reference materials, but for the natural biota sam-
ples, recovery of MeHg after the first resin step was lower
for the Asian clams than for the other four sample types.
For the clam sample (6.3% MeHg in the solid material), the
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average recovery of MeHg was 90.1+3.1% (1 SD, n=2),
and for the other four sample types (12, 13, 62, and 104%
MeHg in the solid material), the average recovery of MeHg
was 98.7 +1.3% (1 SD, n=38) after the first resin separation
step. Unlike the first resin step, there was not a significant
difference in MeHg recovery between natural biota sample
types for the second resin separation step, with an average
recovery of 97.9 +1.2% (1 SD, n=8 excluding shiner fillets
which only underwent one resin step). The average cumula-
tive recovery of MeHg after syringe filtering and the resin
separation procedure was 87.1 +1.2% (1 SD, n=2) for clams
and 93.7+2.1% (1 SD, n=_8) for the other four sample types
(Table S3). The reason for the lower MeHg recovery for the
clam samples after the first resin separation step is unclear.
It is possible that lower recovery during the first resin step
for Asian clams could have been due to losses of MeHg by
adsorption to the resin or binding to DOM or other com-
pounds in the digestion sample matrix that were retained by
the resin, which would have the greatest impact on recovery
for samples containing the lowest mass of MeHg. However,
the TORT-2, DOLT-5, and mayfly larvae digestion samples,
as well as the 3 and 10 ng MeHgCl standard tests, each
contained less MeHg than the clam digestion samples, but
none of those other samples had major losses of MeHg to
the resin or other surfaces, as demonstrated by their high
recovery after the first resin step. Additionally, since high
levels of DOM would be ubiquitous across all nitric acid
digestion samples of biological material, the lower MeHg
recovery for the clam samples alone, relative to all other
biological reference materials and natural biota samples, is
unlikely to have uniquely resulted from binding to DOM
retained on the resin. While the explanation remains unclear,
the lower MeHg recovery for the clam samples after the
first resin separation step may be more related to the high
level of iHg relative to MeHg within the digestion samples.
Additional study is required to further explain the reason for
lower MeHg recovery after the first resin separation for the
clam samples and to potentially modify the MeHg separation
procedure to achieve higher cumulative MeHg recovery for
samples with low %MeHg.

Based on measured MeHg concentrations relative to
THg concentrations, MeHg purity was calculated for each
of the standard reference materials and natural biota samples
after syringe filtering and after each of the resin separation
steps. These values indicate how much iHg remained in
the samples after each step. For both the reference materi-
als and natural biota samples, materials with>60% MeHg
(DORM-3, shiner fillet, and crayfish) had ~100% MeHg
purity after the first resin separation step, whereas mate-
rials with <60% MeHg had ~53-93% MeHg purity after
the first resin step (Table S3). Although our aqueous iHg
standard tests, which were not in the presence of DOM,
demonstrated that 250 ng iHg could be adsorbed in a single
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resin step, this was not reflected in our reference materials
and natural biota samples. For example, TORT-2, DOLT-
2, and DOLT-5 each contained ~8-30 ng iHg, but these
samples had ~85-93% MeHg purity after the first resin
step and required a second resin separation step to further
diminish the iHg impurities, bringing their MeHg purity up
to~94-99% (Table S3). Likewise, the megaloptera larvae,
mayfly larvae, and Asian clam samples each contained ~ 85
to 240 ng iHg, and had ~53-69% MeHg purity after the
first resin step and ~91-98% MeHg purity after the second
resin step. Across all reference materials and natural biota
samples, the average MeHg purity at the end of the resin
separation procedure (whether they underwent one or two
resin separation steps) was 97.8 +4.3% (1 SD, n=28), with
Asian clams having the lowest MeHg purity of 91.2+<0.1%
(1 SD, n=2) (Table S3). These high-purity values demon-
strate that a majority of the iHg was removed from each of
the sample solutions by the resin.

For reference materials and natural biota samples that
underwent two resin separation steps, the solid material
left in the cellulose nitrate filter cup was typically a darker
yellow color after the first resin step than after the second
resin step, and the aqueous solution became clearer and less
foamy each time it was filtered. This could be due to nega-
tively charged DOM within the digestion sample adsorbing
to the anion-exchange resin along with the iHg. Though the
exact mechanism is unknown, the presence of DOM may
be the reason why iHg in the reference material and natural
biota digestion samples was not adsorbing to the resin to the
same extent as the aqueous iHg standard tests. Washburn
et al. [55] similarly found that for surface water samples with
high levels of DOM, only 4.1 to 58.8% of the THg (n=3)
was adsorbed when the samples were passed through a col-
umn containing the same anion-exchange resin used in our
study, compared to an average of 91.6+3.1% (1 SD, n=7)
for other surface water samples with lower levels of DOM.
For our samples, once a substantial amount of the DOM
was apparently removed from solution during the first resin
step, the remaining iHg was more easily adsorbed to the
resin during the second step. The slightly lower MeHg purity
(91.2%) for the clam sample after the second resin separation
step (Table S3) may have been due to both its low %MeHg
(6.3%) as well as its organic-rich sample matrix. For sam-
ples with < 10% MeHg and those with complex organic-rich
matrices, additional modifications to this MeHg separation
procedure may be necessary to achieve higher MeHg purity,
such as utilizing a third resin separation step, using a larger
amount of resin, or employing a resin column separation
method rather than a batch resin separation method.

One strength of this study is our rigorous analysis of
both MeHg and THg concentrations after each step in the
process. The ability to calculate not only MeHg recovery,
but also MeHg purity after syringe filtering and after each
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of the resin separation steps, provides validation that each
of the resin-separated mercury samples truly represents
MeHg in the organism and allows for the quantification of
iHg impurities. Some previous studies using other MeHg
separation methods describe measuring both the MeHg and
THg concentrations after the final separation step so that
both MeHg recovery and purity can be determined [15, 17,
21, 25]. Other studies describe measuring only the THg con-
centration after the final separation step [22-24, 26, 27] and
assume that this is equal to the MeHg concentration because,
theoretically, all of the iHg should have been removed. How-
ever, THg concentration analysis alone could be misleading
if MeHg recovery is low and if iHg impurities are present
after the final separation step. A good example of this sce-
nario involves the Asian clam sample in our study. Based
on the MeHg concentration after the second resin separa-
tion step, the calculated cumulative recovery of MeHg was
only 87.1% (Table S3). However, because there were iHg
impurities in the sample at the end of the procedure, the
apparent cumulative recovery of MeHg based on the THg
concentration alone after the second resin step would have
been 95.5%, making it seem like the procedure performed
much better on the clam sample than it actually did. Achiev-
ing high MeHg recovery and purity is important for ensur-
ing accurate measurements of MeHg isotopic composition,
as losses of MeHg during the separation procedure could
potentially lead to isotope fractionation, and the presence
of iHg impurities would shift the measured MeHg isotopic
composition toward that of the iHg. Therefore, regardless of
which MeHg separation procedure is used, we recommend
measuring both the MeHg and THg concentrations after the
final separation step, prior to isotopic analysis, to verify the
actual MeHg recovery and purity for each sample.

For this method of isolating MeHg from biological sam-
ples involving nitric acid extraction coupled with batch
anion-exchange resin separation, we recommend acceptable
separation thresholds of >90% cumulative MeHg recovery
and >90% MeHg purity, and suggest that recovery and
purity values are clearly reported for each sample. We note
that the impact of iHg impurities on the measured isotopic
composition of a resin-separated mercury sample depends
not only on the amount of impurities, but also on the offset
in isotopic composition between iHg and MeHg within the
organism. For example, if the iHg and MeHg isotopic com-
positions are ~ 1%o apart from one another, as is the case
for TORT-2 and DOLT-2 (with 8**?iHg values calculated
via mass balance using measured §°°’THg and §°°MeHg
values), then the isotopic composition of a resin-separated
mercury sample with 90% MeHg purity would theoreti-
cally be shifted toward that of the iHg by ~0.1%o. In this
study, the offsets in 6**>Hg and A'°’Hg values of iHg and
MeHg within the natural biota samples were never more
than ~0.3%o, and so the measured MeHg isotope ratios of

even the Asian clam samples with only ~91% MeHg purity
(Table S3) would theoretically be shifted by only ~0.03%eo.
Shifts in the measured MeHg isotopic composition caused
by the presence of < 10% iHg impurities are unlikely to influ-
ence interpretations based on these measured values, though
this in part would depend on the overall range in measured
MeHg and THg isotopic compositions of organisms (and
basal resources) within the study.

Based on high MeHg recovery and purity (Table S3),
nitric acid digestion paired with a batch resin separation pro-
cedure is a reliable method for isolating MeHg from iHg for
compound-specific isotopic analysis. We recommend using
two batch resin separation steps (each with 2.5 g of resin)
for biota samples with less than~60% MeHg in the solid
material, and only one resin separation step for biota samples
with greater than ~60% MeHg. However, for biota samples
near this ~60% MeHg threshold, sample type may also be
an important variable to consider when deciding whether to
use one or two resin separation steps. For example, TORT-2
lobster hepatopancreas and the natural crayfish muscle tissue
sample both had 56-62% MeHg, but only TORT-2 benefit-
ted from a second resin separation step whereas the crayfish
had already reached ~ 100% MeHg purity after the first step
(Table S3). This suggests that protein-rich samples (e.g.,
muscle tissue) with moderate %MeHg values may require
only one resin step, whereas more complex sample matrices
(e.g., organ tissue or whole-body homogenates) with moder-
ate %MeHg values may require two resin steps, potentially
due to the quantity and/or quality of organic matter within
different sample types. Further investigation may be needed
to address differing results for different sample matrices.

Methylmercury isotopic composition of biological
standard reference materials and natural biota
samples

The MeHg isotopic compositions of the biological reference
materials in our study are similar to the values obtained in
other studies for the same materials (Fig. 2). Because the
reference materials are not certified for their MeHg isotopic
composition, we do not know the “true” isotopic composi-
tion or whether there are slight differences between batches.
The reproducibility associated with complete process rep-
licates (2 SD, n=4 or 5) for each of the four types of refer-
ence materials ranged from 0.04 to 0.15% for 8*°“>MeHg
and from 0.03 to 0.04%o for A'””MeHg (Table S4). These
values showed better reproducibility than those associated
with the online GC method [18] and were comparable to
those associated with offline GC separation [20], toluene
extraction [15, 17, 21, 22, 25, 26], distillation and resin
separation [22-24, 27], and KOH digestion and purge and
trap [26] methods (Fig. 2). Similarly, the reproducibility of
the MeHg isotopic composition associated with complete
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Fig.2 Methylmercury isotopic
compositions of biological
reference materials including
(A) DORM-3 and DORM-4,
(B) DOLT-5, (C) DOLT-2, and
(D) TORT-2, as reported for
this study and in the literature
using other MeHg separation
techniques [15, 18, 20-27].
Note that for (D), partially
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process replicates (2 SD, n=2) for each of the five natural
biota samples ranged from <0.01 to 0.15%o for 5°?MeHg
and from 0.01 to 0.03%o for A'®MeHg (Fig. 3A, Table S4),
also indicating high reproducibility for our nitric acid diges-
tion and resin separation method. Note that the analytical
uncertainty in the isotopic composition of MeHg in resin
separation samples is represented by the average uncertainty
(2 SD) across UM-Almadén analyses (0.05%o for §***MeHg
and 0.04%o for A'’MeHg) (Table S1, Table S4).

The MeHg isotopic compositions of TORT-2 (56%
MeHg) and DOLT-2 (35% MeHg) differed from their THg
isotopic composition, both having **’MeHg and A!*’MeHg
values that were higher than their respective 5°°’THg and
A" THg values (Table S1, Table S4). The MeHg isotopic
composition of DORM-3 (93% MeHg) was more similar
to its THg isotopic composition, as expected. Additionally,
some natural biota samples had MeHg isotopic composi-
tions that differed from their THg isotopic compositions,
while others had isotopically similar MeHg and THg iso-
topic compositions. In comparison to the THg isotopic com-
position of each of the biota samples, mayfly larvae (13%
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MeHg) and clams (6.3% MeHg) had 6**>MeHg values that
were lower than their respective 8**>THg values, whereas
the shiner fillet (104% MeHg), crayfish (62% MeHg), and
megaloptera larvae (12% MeHg) each had §*?MeHg and
5?°2THg values that were similar (Fig. 3A). Each of the biota
samples had A'®’MeHg values that were higher than their
respective A'”’THg values, with the exception of the shiner
fillet for which the A!'”MeHg and A'”THg values were
similar (Fig. 3A).

One previously developed method of estimating the iso-
topic compositions of iHg and MeHg within a food web
involves performing linear regressions for 8°°’THg vs.
%MeHg and A'”THg vs. %MeHg [30, 63, 64]. The points
at which §?°>THg and A'®°THg intercept with 100% MeHg
indicate the approximate MeHg isotopic composition, and
the points at which §?*>THg and A'**THg intercept with 0%
MeHg indicate the approximate iHg isotopic composition
of the food web. Although the five natural biota samples
used in this study were collected from the same stream, their
5?9’THg and %MeHg results do not conform to a linear rela-
tionship (Fig. 3C). Three of the natural biota samples have
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Fig.3 THg (open symbols) and MeHg (filled symbols) isotopic com- »
positions of natural biota samples. Shown are (A) A'’Hg vs. 8°?Hg
for both THg and MeHg, (B) A'*THg vs. %MeHg, and (C) 5°*>THg
vs. %MeHg. Error bars on each of the filled symbols (MeHg) show
the reproducibility associated with complete process replicates (2 SD,
n=2 for each sample type) (Table S4), which in most cases are the
same size or smaller than the size of the symbol. Analytical uncer-
tainty in THg delta values is shown as the average uncertainty (2 SD)
across combustion reference material analyses (Table S2). Analytical
uncertainty in MeHg delta values is shown as the average uncertainty
(2 SD) across UM-Almadén analyses (Table S4)

relatively low %MeHg (6.3 to 13%) but have a wide range
in 82?THg (—0.76 to—0.14%0) (Fig. 3C), potentially due
to the presence of multiple isotopically distinct sources of
iHg to the food web. Without a linear relationship between
5°THg and %MeHg, the MeHg isotopic composition of
each of these three samples could not be estimated using
the regression method. Additionally, although there appears
to be a relatively linear relationship between A'*THg and
%MeHg for these five natural biota samples (Fig. 3B), the
extracted MeHg isotopic compositions revealed a range in
A'"MeHg values (0.13 to 0.33%o¢), whereas an ordinary
least-squares regression provides only a single value for
A'"’MeHg (0.25 +0.04%o, 1 SE).

Another previously developed method of estimating the
MeHg isotopic composition of organisms involves assigning
a consistent iHg isotopic composition to all organisms in a
food web, and then calculating the MeHg isotopic composi-
tion of each organism using mass balance [28]. However,
this approach relies on the assumption that there is only one
primary source of iHg to the food web, and that the iHg
source has been correctly identified. While linear regression
and isotopic mass balance approaches for estimating MeHg
isotopic compositions of organisms may work well for food
webs with only one primary source of iHg and one source of
MeHg [63], the ability to extract and isolate MeHg for direct
isotopic analysis is especially beneficial for food webs with
multiple isotopically distinct sources of iHg and/or MeHg.

Conclusion

In this study, the use of a nitric acid digestion combined
with a batch anion-exchange resin separation procedure
has been shown to successfully separate MeHg from iHg
within fish and aquatic invertebrate samples, allowing for
accurate and precise measurements of MeHg isotopic com-
position that compare well with other offline separation
methods. This new method has some distinct advantages
over other MeHg separation methods. For example, nitric
acid digestion and batch resin separation procedures are
relatively simple methods that can be done without invest-
ing in the set-up and careful optimization of distillation
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procedures, which can be an obstacle for labs that do not
already have experience with this technique. Nitric acid
digestion is a well-established, widely used method of
determining MeHg concentrations of biological samples,
and the resin separation procedure can be added as a sec-
ondary step without repeating or performing a different
mercury extraction technique on a separate sample ali-
quot. Not only does this eliminate additional procedures
for independently measuring MeHg concentrations, but it
also conserves sample mass, which is often limited. More-
over, this streamlining of MeHg concentration and separa-
tion techniques promotes a tight coupling between MeHg
concentration, %MeHg, and isotopic composition, which
will likely benefit studies of complex food webs. Addition-
ally, for certain sample types, a nitric acid digestion may
be a more suitable method than an alkaline digestion or
a toluene extraction. Alkaline digestions can sometimes
cause excessive foaming during the MeHg concentration
analysis [49], and toluene extractions have been shown to
produce a lipid emulsion for some fish [65-67] and plank-
ton [22] samples, and are also more toxic. However, the
nitric acid digestion and resin separation procedure also
has some limitations, such as the total amount of time
elapsed between digestion and isotopic analysis, as well
as the apparent challenges of achieving high MeHg purity
in the presence of organic-rich matrices with low %MeHg,
as demonstrated with Asian clams. With additional optimi-
zation of UV treatment and hot plate digestion steps, it is
likely that the amount of time required for the nitric acid
digestion and resin separation method could be substan-
tially decreased. Also, given the success of this method
with biological samples ranging from 6 to 100% MeHg,
follow-up studies that extend the use of nitric acid diges-
tion and resin separation procedures to isolate MeHg from
basal resources with < 10% MeHg are warranted.

By measuring both the MeHg and THg concentrations
at several points throughout the MeHg separation process,
we were able to independently calculate MeHg recovery
and purity for each sample prior to isotopic analysis. We
recommend adopting this practice regardless of which
MeHg separation method is chosen, because measuring
the THg concentrations alone at the end of the procedure
has the potential to mask incomplete MeHg recovery if
iHg impurities are present. This may be especially impor-
tant for unknown samples that have low %MeHg, a high
organic matter content, and/or a particularly complex
matrix, as these types of samples may have an increased
risk of being affected by loss of MeHg and incomplete
removal of iHg.

We have also shown that for some of the biological stand-
ard reference materials and natural biota samples, the isotopic
composition of MeHg within the organism can be different
from its THg isotopic composition, and that these MeHg

@ Springer

isotopic compositions may not be accurately estimated by the
regression method when the relationship between THg isotope
ratios and %MeHg is not linear. In such cases, directly meas-
uring the isotopic composition of MeHg within organisms,
as well as within basal resources, will aid in determining the
sources of MeHg production within the ecosystem.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04468-8.
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