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Highlights:

e We investigated the measurement uncertainty for direct and indirect methylated mercury
species in seawater

e Species specific isotope dilution calibration improve significantly the uncertainty budget

e Comparable results for methylated mercury species between indirect and direct

measurements

e Lower uncertainty obtained for indirect dimethylmercury measurements, except below 50 fM

Keywords:

Methylated Mercury, Speciation measurements, Dimethyl Mercury, Monomethyl Mercury,

Uncertainty, Comparability



Graphical abstract:

DMHg (fM) 1:1

o |
T

1 g I .""
26 ﬁiﬁq
g 8 i "'43

n g

17

EFS A&
T
s
D —

| | . 1 | | .
0 100 200 300 400 500 600

DMHg
by cryo-focusing GC-ICP-MS

MeHg... = MMHg + DMHg
by SS-ID GC-ICP-MS, cryo-focusing GC-ICP-MS

MeHg (fM)

1 1 L A

0

100 200 300 400

MeHg
by S5-ID GC-ICP-MS

500

600



Abstract

Background: The relative distribution and importance of monomethylmercury (MMHg) and
dimethylmercury (DMHg) in seawater is still under debate. A lack of comparability between
measurements at sub-picomolar levels hampered the further understanding of the biogeochemical Hg
cycle. To overcome this, we assessed the relative standard measurement uncertainties (Uex,) for direct
measurements of MMHg and DMHg by species-specific isotope dilution ICP-MS and cryo-focusing GC-
ICP-MS at femtomolar concentrations. Furthermore, U, was determined for the indirect
determination of DMHg (DMHg..c = MeHg - MMHg) and MeHg (MeHgc.c = MMHg + DMHg) to compare

the two methodologies.

Results: Expanded Ue, (confidence interval of 95%) for cryo-focusing GC-ICP-MS was 14.4 (< 50 fM)
and 14.2% (> 50 fM) and for SS-ID GC-ICP-MS and 5.6 (< 50 fM) and 3.7% (> 50 fM). For concentrations
above 50 fM, Uexr for DMHgc.ic Was always lower than for direct measurements (14.2%). For MeHgcaic,
on the other hand, Uexr was always higher for concentrations above 115 fM (range: 3.7-13.9%) than
for direct measurements (3.7%). We then evaluated the comparability of directly measured and
calculated DMHg and MeHg concentrations based on Hg speciation measurements for two vertical
profiles in the Mediterranean Sea. We show that directly measured and indirectly determined DMHg

and MeHg concentrations yield comparable results.

Significance: Our results validate the application of the indirect method for the determination of DMHg
if a direct measurement method with a low U such as isotope dilution is used for MMHg and MeHg
measurements. The validation of the indirect measurement approach opens new possibilities to

generate more precise and accurate DMHg data in the global ocean.



1 Introduction

Mercury (Hg) is a toxic element, ubiquitous in seawater at very low levels (~ 1 pM) and known to
biomagnify in the aquatic food web as monomethyl-Hg (CHsHg*, hereon MMHg). It is of concern for
wildlife and humans since MMHg toxicity can lead to neurological damage [1]. Humans are exposed to
MMHg primarily through the consumption of seafood [2]. The most common Hg-species known to be
present and of importance in seawater are inorganic Hg(ll), dissolved gaseous elemental Hg (Hg(0)),
MMHg and dimethyl-Hg ((CHs)2Hg, hereon DMHg) and various transformation pathways between Hg-
species exist [3]. Much progress has been made concerning the environmental factors that drive
MMHg concentrations and distribution in the environment [4-7]. However, our understanding of the
origin and fate of methylated-Hg species (MeHg = MMHg + DMHg) in seawater is still limited by
analytical difficulties regarding their precise and accurate determination at femtomolar levels (MeHg
typically below 600 fM) [7]. The comparability of analytical and sampling methodologies (e.g. filtration)
applied by different laboratories also requires further assessment [8,9]. Indeed, one of the goals of the
Minamata Convention (stated in Article 19) is the harmonization of methodologies for data collection

to improve data comparability for all Hg-species.

While MMHg is mostly present in the dissolved or particulate form binding various ligands, DMHg is
present as a dissolved neutral gaseous form [10,11]. Since its first determination in seawater [12],
DMHg has been shown to be ubiquitous in the marine environment. Upon acidification, DMHg
decomposes into MMHg [13], such that total MeHg can be detected as MMHg [14,15]. While this
approach is convenient and widely used [8], valuable information on the relative importance and
distribution of both MeHg species is lost. Separate quantification of both species can be achieved
through the degassing and trapping of DMHg before sample preservation and subsequent analysis of
DMHg (trap) and MMHg (water). However, due to the volatility and potential instability of DMHg,
species separation should be done within hours of sampling [16], and carefulness is needed to produce

accurate results, from sampling, pre-concentration, and storage until analysis.



Since this method for DMHg analysis has first been established [17], few analytical studies have
focused on its further development, for example by investigating alternative traps, trapping efficiency,
or storage conditions [18-22]. Adsorbents used in environmental studies for DMHg in seawater are
Tenax [10,23-25], Bond Elut [26,27] and Carbotrap [12,13,28—-31]. Whereby only Bond Elut (Bond Elut
ENV) and Carbotrap (Carbotrap®B) have been shown to be suitable to quantitively trap DMHg [19,21].
Another method developed for trapping volatile metal species in water [18], successfully applied for
DMHg separation and preconcentrating, is physical trapping via cryogenic traps [18,32,33]. While this
method limits the decomposition of DMHg, it requires more technical skills and is less convenient due
to the need for liquid nitrogen. While all the formerly mentioned methods also trap Hg(0), only
cryogenic traps do so quantitatively. Thus, a chromatographic separation of DMHg and Hg(0) is
necessary prior to detection. Shipboard measurements are commonly performed by pyrolytic
combustion and cold vapor atomic fluorescence spectrometry (CV-AFS). Detection by inductively

plasma mass spectrometry (ICP-MS) can only be applied for laboratory-based measurements.

Independently of the applied method for direct DMHg detection, it is necessary to perform an external
calibration. Several studies have used DMHg for calibration [17,24,25]. However, because of the
instability and toxicity of DMHg, calibration is most commonly achieved through the injection of Hg(0),
or less commonly by using alkylated MMHg standards [30,34]. If Hg(0) is used for calibration, known
volumes of Hg(0) saturated air are injected and the quantity of injected Hg(0) is calculated based on
the saturated Hg concentration in air as a function of temperature. The empirically determined
Dumarey equation is commonly used for this calculation, although others have been proposed [35,36],
and differences of up to 8% between approaches have been reported in literature [37]. In any case,
until now, there exists no species-specific traceable certified reference material available for

calibration purposes, be it for DMHg, Hg(0) or MMHg.

Analysis of MMHg from aqueous samples is commonly achieved by conversion of MMHg via a

derivatization reaction into a volatile compound, GC separation, and detection by CV-AFS or ICP-MS



[38]. First measurements of MMHg at low environmental levels were achieved by direct ethylation [20]
and hydride generation followed by cryogenic-focusing pyrolysis and AFS [39]. Unfortunately, these
methods were prone to produce biased results due to matrix effects, mostly by inducing artifact
formation of Hg(0) which resulted in incomplete recoveries [40]. Another drawback of these
methodologies is that they rely exclusively on external calibration. Standard addition, which improves
the analytical performance, results in an increase in the analytical workload and needed sample
volume. An alternative to these conventional standard addition methods for MMHg analysis is offered
by species-specific isotope dilution [41]. This method employs species-specific enriched stable isotopic
tracers which, acting as internal standards, allow to correct for recovery, matrix effects, and potential
species transformations during sample preparation [42]. Consequently, species-specific isotope
dilution analysis by capillary GC-ICP-MS (SS-ID GC-ICP-MS) results in a significant improvement in the
precision of MMHg measurements in aqueous samples, if compared to external calibration for
ethylation and propylation GC-ICP-MS. In addition, it allows to determine Hg(ll) simultaneously in the
same sample analysis [43] and correct for analytical artifact formation. However, it has been shown
that demethylation and methylation occurring during sample preparation is low (< 2%) in natural

seawater and the artifact formation Hg(0) does not bias the results [41,44].

Several studies have reported DMHg or MeHg concentrations in seawater that were determined
indirectly, i.e. calculated from direct measurements of the other two species (DMHgcic = MeHg -
MMHg; MeHgqic = DMHg + MMHg) [10,26,30,45—47]. However, such methods have neither been
thoroughly validated nor has the associated measurement uncertainty been assessed or the

comparability between directly measured vs calculated data been established.

Measurement uncertainty is crucial for meaningful comparisons within and between studies, but
unfortunately rarely adopted for observational data. Relative expanded measurement uncertainty for
DMHg in seawater according to ISO/GUM Guidelines, has not previously been addressed. For MMHg,

an expanded relative uncertainty of 15.8-19% and 11.1-21.3% has been reported for measurements



by direct ethylation and hydride generation, respectively. No such estimate exists for MMHg by SS-ID
GC-ICP-MS in seawater. Although commonly reported in literature, relative expanded uncertainty has
never been assessed for DMHg or MeHg indirectly obtained (i.e. calculated) from direct measurements

of the other species (from here on indirect quantification or calculated concentrations).

Our work aimed to critically evaluate current and applicable measurement methodologies for
methylated Hg-species and to investigate the comparability between direct measurements and
indirect quantification for DMHg and MeHg. We determined the expanded relative measurement
uncertainty for two established methods for MeHg species analysis: cryo-trapping GC-ICP-MS (DMHg)
after carbotrap collection and thermal desorption and SS-ID GC-ICP-MS (MMHg) after aqueous phase
propylation. Based on the obtained expanded relative measurement uncertainties of these direct
measurement methodologies we established expanded relative combined standard uncertainty for
the indirect quantification of DMHg..c = MeHg (SS-ID GC-ICP-MS) — MMHg (SS-ID GC-ICP-MS) and
MeHgcaic = DMHg (cryo trapping GC-ICP-MS) + MMHg (SS-ID GC-ICP-MS)at environmentally relevant
concentrations. Finally, as a case study, we compared results for DMHg and MeHg obtained via direct
measurements and indirect quantification for data from two profiles and one coastal station,

measured in October 2020 and May 2021 in the Mediterranean Sea.



2 Material and methods

2.1 Sampling

Seawater was sampled in the Mediterranean Sea, on board of the RV Antedon Il in October 2020 (shelf
station, le-Riou) and May 2021 (marginal station, K2), and from a continuous seawater intake at the
Endoume coastal station (October 2020; S| Figure S1). All samples (n=23) were taken unfiltered and
following trace metal clean protocols from Teflon-coated GOFLO water samplers (General Oceanic,
USA). Sampling bottles made of PFA/FEP (Nalgene, ThermoFisher Scientific, USA) were thoroughly
cleaned and dried under a laminar flow hood before each campaign (two consecutive 10% (v/v) HNO;
and one 10% (v/v) HCI baths) [48]. Sample aliquots for DMHg and MeHg (analyzed as MMHg) were
taken separately, according to established protocols. All sampling containers were rinsed three times
with the respective sample and then filled to the top without any headspace and avoiding bubbles.
Subsamples for DMHg analysis were sampled first in order to avoid the potential loss into the GOFLO
sampler headspace. All samples were then stored dark and cold in double PE zip-sealed bags for
transport. Pre-concentration was done within 12 h after sampling to minimize loss and inter-
conversion of volatile DMHg. According to a previous study, Teflon and glass bottles are equally

suitable for the storage of DMHg samples, if stored cool and dark for less than 24 h [16].

2.1.1 Sample handling and pre-concentration

A general overview of the workflow is given in Figure 1. Samples for MeHg analysis (as MMHg) were
acidified using HCI (Optima™, Fisher Chemical™) to a final concentration of 0.5% (v/v) within 6 h of
sampling. Custom-made traps packed with graphitized carbon (Carbotrap®, Supelco), an adsorbent
previously shown to be suitable for DMHg pre-concentration [19,21,17], were used for pre-
concentration (in the following carbotrap). Details on the carbotrap columns are given in the Sl (Figure

S2, section 2). Prior to sampling campaigns carbotrap columns were desorbed for 1 min under a



constant 100 mL min* Ar or He gas stream at 250°C for cleaning, sealed with Teflon caps and stored

under a laminar flow hood, in double PE zip-sealed bags.

Pre-concentration was achieved by carefully displacing approximately 50 mL sample to form sufficient
headspace. Thereafter the sampling container with approximately 450 mL of remaining sample was
immediately connected to a two-way PFA transfer closure equipped with a Teflon frit (Verrerie
Villeurbannaise, France) allowing the formation of fine bubbles. The seawater sample was then purged
with pre-purified N, at 450 mL min, while being protected from light. Purge time was estimated (30
min) based on previous studies [49,50], to be sufficiently long (30x Sample Volume) to efficiently
displace DMHg. The gas stream was dried by a cold trap before DMHg was trapped in the carbotrap
column. Drying the gas stream is of major importance since previous studies indicated that moisture
retained on traps lowers trapping efficiency or promotes degradation during storage [19,21]. The cold
trap consisted of a home-made U-shaped glass tube containing multiple internal glass tips (Vigreux
fractionating column, add 1.6 cm ID, 38 cm length) and maintained at -20°C in a Stainless-Steel Dewar
(10.16 cm ID, Cole Parmer). The cold trap was prepared by placing ice cubes in ethanol or acetone. The
gas flow and the temperature of the moisture trap were thoroughly checked for each sample. To assess
the tightness of the system and monitor potential clogging of the cold trap due to inner ice formation.
Loaded carbotraps were removed from the purging line and sealed with Teflon caps, packed in double
PE zip-sealed bags. Carbotraps were stored in the dark at -20°C until analysis using cryo-focusing GC-
ICP-MS. The exact sample volume was determined by comparing the remaining sample in the PFA/FEP
bottle to a calibrated flask. The remaining sample (MMHg) was acidified using ultrapure HCI
(OptimaTM, Fisher ChemicalTM) to a final concentration of around 0.5% (v/v). All water samples were
stored in double PE zip-sealed bags at 4°C until analysis by species-specific isotope dilution and

capillary GC-ICP-MS (ICP-MS, XSeries 2 Thermo Scientific).
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Figure 1. The general work-flow for sample handling and pre-concentration for total methylated Hg

(MeHg), monomethyl Hg (MMHg) and dimethyl Hg (DMHg), and the respective analytical method.
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2.2 Analysis

2.2.1 Determination of DMHg by cryo-focusing GC-ICP-MS

Carbotraps were analyzed for DMHg within 30 days of sampling and pre-concentration followed
established methods [18,51]. In brief, carbotraps were connected to the chromatographic column
(immersed in liquid nitrogen) and flash desorbed in a tubular oven at 250°C for 1 minute followed by
1 minute of cooling under a continuous He flow (100 mL min). Desorption and separation of the
volatile Hg compounds was realized by removing the column from the liquid nitrogen and by
subsequently heating the column to 250°C (total time 5 min). Impurities in the carrier gas flow (He) are
removed by passing it over a carbotrap and Au-coated sand trap. Hg(0) and DMHg elute separately
and are introduced into the plasma through a heated (120°C) transfer line. Two typical chromatograms
for cryo-focusing GC-ICP-MS are given in the Sl (Figure S3). External calibration of the detector was
achieved by injecting known quantities of Hg(0) saturated air using a gas-tight 25 or 50 pl syringe
(Hamilton, USA) through a septum. The Hg(0) was pre-concentrated onto the cooled packed GC
column and analysis proceeded as previously described for samples. The achieved R? for the linear
correlation for 7 calibration points was 0.999 (Sl Figure S4). Hg(0) can be used for calibration since both
compounds are quantitatively trapped on the column and efficiently ionized in the plasma and thus
have the same sensitivity [22]. This was confirmed with a cross calibration between Hg(0) and DMHg.
Small quantities of an in-house DMHg standard (calibrated against ethylmethylmercury) were injected
through a heated injector (120°C) using a calibrated micro syringe. The relative difference between the
calibration coefficient for Hg(0) and DMHg was 0.6%. Details on cryo-focusing GC-ICP-MS
parameterization and the calibration are presented in the Sl (Table S1). No certified reference material
is available, due to the volatile nature, toxicity and instability of the compound. Chromatographic peak

integration was done manually with Plasmalab (Thermo Scientific).

Blanks of DMHg were regularly checked but not observable on carbotrap columns. Desorption

efficiency from carbotraps was checked by performing a second desorption step roughly every second
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sample. Desorption efficiency, herein reported as the signal obtained from the first desorption relative
to the sum of the signal of the first and second desorption, was 100 = 0.3% (n = 10). Replicate analyses
on separately sampled aliquots were done for two sampling points (RSD = 7% at 113 fM, n=3; RSD =
19% at 35 fM, n=3). For this method, the limit of detection (LOD) derived from background equivalent
concentration calculation, was 0.06 and 0.08 pg L (0.32 and 0.38 fM), the limit of quantification (3.3

x LOD) was 0.21 and 0.25 pg L' (1.1 and 1.25 fM) for ile-Riou and K2 samples, respectively.

2.2.2 Determination of MMHg by SS-ID GC-ICP-MS

Seawater samples were analyzed within 30 days of sampling following established methods using SS-
ID GC-ICP-MS [43,44,52,53]. All reagents were prepared with ultrapure water obtained from a Milli-Q
system (Millipore, 18.2 MQ cm) and using analytical grade reagents. All working standard solutions
were gravimetrically prepared in 1% HCl (Optima™, Fisher Chemical™) using an analytical micro
balance (Sartorius, Germany) to a precision of 10° g. Around 100 mL of sample was weighted into acid-
cleaned 125 mL glass vials with a Teflon lined cap and amended with known masses of a species-
specific isotopically enriched standard solutions (spikes) (***IHg, MM?%*Hg; ISC-Science, Oviedo Spain).
The optimal ratio for 2°2/2°'Hg of 0.24 for MMHg was targeted for all samples [42]. Enriched inorganic
Hg (*°IHg) was added to monitor and correct for analytical methylation, if necessary, and was not

further considered in the uncertainty estimation (further considerations in Sl section 6 and Figure S5).

An acetic acid (Trace metal grade, Fisher Chemical™) /sodium acetate (=99.5% purity, Sigma-Aldrich)
buffer (0.1 M at pH 3.9, 5 mL) was then added to the sample, and the pH adjusted to the optimum pH
for derivatization of 3.9 [43]. This was done by monitoring the pH with a pH meter (WTW, InoLab pH
720) and the stepwise addition of concentrated ammonium hydroxide (Optima™, Fisher Chemical™).
Sodium tetra-n-propyl (NaBPrs, Merseburger Spezialchemikalien, Germany) was prepared at 5% (w/v)
in pre-cooled ultrapure water and used for derivatization. Isooctane (150 - 200 pL, > 99% purity, Sigma-

Aldrich) and NaBPrs (80 uL) were subsequently added, the sample was immediately capped, and
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shaken for 20 min on an orbital shaker (KS250, IKA Labortechnik) at 400 rpm. Then, the organic phase
was recovered, transferred to an injection vial, and injected in triplicates within 12 h of extraction.
Operating conditions for the capillary GC-ICP-MS are given in the Sl (Table S3) together with a general
sample preparation scheme (Figure S6). Peak integration was done manually using Plasmalab (Thermo
Scientific). An RSD of < 2% between MM?°?Hg/MM?°'Hg ratios was obtained and MM*°Hg/MM?*?Hg
ratios were checked for the natural ratio expected from natural Hg abundances. Concentrations were

calculated according to the classical isotope dilution formula (see Eq 3) [43].

Before every session, the concentration of the enriched isotopic spikes and the relative abundances of
the Hg isotopes were determined by SS-ID GC-ICP-MS (referred to as Reverse Isotope Dilution, RID) as
previously described in literature [42]. The RSD typically obtained for triplicate RID sample
preparations was < 1% (at 100 and 150 ng L'* MM?°*Hg). Further considerations regarding the precise
characterization of the enriched spike are provided in the Sl (section 9). No certified reference material
is available for MMHg in seawater at ambient concentrations. However, method validation has been
done previously, principally through the addition of MMHg at ambient concentration or close to the
limit of quantification in natural fresh- or seawater [53,44,43]. In addition, the accuracy for THg (as the
sum of MMHg and iHg) has previously been verified [54]. Replicate analyses of the same sample were
also performed (RSD = 5.86% at 47 fM or 9.44 pg L, n=3). Reagent blanks were checked thoroughly
but no blank correction was necessary. For this method, the LOD, derived from background equivalent
concentration calculation, was 1.4 and 1.6 pg L'? (7 and 8 fM) and the limit of quantification (3.3 x LOD)

was 4.5 and 5.5 pg L't (22.6 and 27.2 fM) for Tle-Riou and K2 samples, respectively.

2.3 Measurement uncertainty estimation

Uncertainty of measurement results was estimated for cryo-focusing GC and SS-ID following ISO
GUM/Eurachem guidelines [55-57] Following these guidelines, we determined measurement

uncertainty for the two analytical methods (direct measurements of compounds). Both Type A and
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Type B uncertainty sources were taken into consideration when determining the combined standard
uncertainties. Based on the direct measurement uncertainty we then determined the relative
expanded uncertainty (Uexr) for DMHg and MeHg calculated by mass balance (indirect quantification).

Additional information on the measurement uncertainty estimation is given in Sl in Table S4.

2.3.1 Measurement uncertainty for DMHg by cryo-focusing GC-ICP-MS

The uncertainty for direct DMHg measurements was estimated using the following model equation

DMH _ Aoy Eq1
c(DMHg) =—o*  (Eal)

where c is the concentration of DMHg in the sample to be determined, A(S) is the blank-corrected
signal (area), mis the calibration coefficient determined by external calibration and V(S) is the Volume
of the sample. Contributions of the uncertainty sources based on this model (Eq 1) are shown in a
fishbone diagram in the Sl Figure S7. Uncertainties arising from the measured temperature within the
bell jar and the equation [35] used to calculate the mass of Hg(0) were included in the calibration term.
Measurement uncertainty of the Dumarey equation was estimated as a type B uncertainty, assigned
by the & parameter having the value 1 and + 8% uncertainty with a rectangular probability distribution,
as previously suggested elsewhere [58]. Due to the volatile nature of the analyte and the analytical
technique, repeated injection of the same pre-concentrated sample is not possible thus repeatability
cannot be assessed. As peak integration was done manually, the repeatability of integration was
assessed and included in A(S). The relative combined standard uncertainty (urc) was calculated as
shown in the following equation (Eq 2) where u, are the relative standard uncertainties of individual

uncertainty sources. Blank correction was not necessary thus was not included in u,..

U (c(DMHg)) = Jur (A ())? +u,(V(5))? + u,(n)? (Eq 2)
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2.3.2  Measurement uncertainty for MMHg by SS-ID GC-ICP-MS

Uncertainty of measurement for MMHg by SS-ID was estimated based on the following equation

c'w'A-(RY'-X")

c(MMHg) = w AJ.(X—RY)

X d (Eq 3)

where c is the concentration of MMHg in the sample to be determined, ¢’ is the concentration of the
enriched spike, w’ is the mass of the enriched isotopic spike, A, is the atomic weight of natural Hg, R is
the measured ratio MM?°%2%'Hg determined by ICP-MS, ¥’ is the abundance of the 2°*Hg-isotope in the
enriched spike, X’ is the abundance of the 2°?Hg isotope in the enriched spike, w is the mass of the
sample analyzed, A’ is the atomic weight of the enriched spike, X is the natural abundance of the 22Hg
isotope, and Y is the natural abundance of the 2°*Hg isotope. Finally, a density correction for seawater
samples is applied d. Contributions of the uncertainty sources based on this model (Eq 3) are shown
as fishbone diagram in the SI Figure S8. Significant blank contributions were not observed and

therefore not included in the uncertainty budget.

The relative combined standard uncertainty (urc) was calculated as shown in the following equations
where ur is the relative standard uncertainties of individual uncertainty sources. Relative standard
uncertainty on ¢’ was determined in a separate step in the same way for RID as shown in the following
including all uncertainties related to certificated MMHg purity, preparation and dilution of the natural

MMHg standard.

ure®Y) = (%) +(22) (eaa)

w B = ()" + (%)"  (gq5)

R

U (RY' — X") = Ju(RY)2 +u(X")2/ (RY' — X') (Eq6)
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U, (X — RY) = Ju(X)? + u(RY)? /(X — RY) (Eq 7)

ur,c(C(MMHg)) =

\/ur(cl)z + ur(W,)z + ur(Ar)z + ur,c(RY, - Y,)Z + ur(W)z + ur(A;)z + ur,c(X - RY)Z + ur(d)z

(Eq 8)

2.3.3  Measurement uncertainty for calculated DMHg, MeHg and DMHg/MeHg

Based on the properties of DMHg and its decomposition to MMHg upon acidification [13] DMHg and
MeHg can be calculated. While DMHg can be calculated by subtraction of measured MMHg from MeHg
(from here DMHgc.c), MeHg can be calculated as the sum of measured DMHg and measured MMHg
(from here MeHgcaic). The propagated relative combined standard uncertainty (urc) was calculated for
both approaches based on the relative combined standard uncertainties associated to analytical

methods for the respective Hg-species as shown in the following equations:

uc(C(DMchalc)) = \/u(l\/IeHgmeas)2 + u(MMHgmeas)z (Eq9)

ur,c(DMchalc): c(DMHZ cqic)

(Eq 10)

uc(C(Mechalc)) = \/u(D]\/IHgmeas)2 + u(MMHgmeas)z (Eq 11)

uc(c(MeHgcaic))

c(MeHg cqic) (Eq 12)

Uy ¢ (Mechalc) =

The propagated relative combined standard uncertainty (Ue,) for the ratio of DMHg/MeHg was
calculated for three scenarios as shown in equation 13. For scenario 1: DMHgmeas/MeHgmeas, scenario
2: DMHgcaic/MeHgmeas and scenario 3: DMHgmeas/MeHgeic based on the relative combined standard
uncertainties associated to each method used for determination of the concentration. The uncertainty

is propagated as shown in the following equations:
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DMHGyxxx
Uy ¢ (ijm) = \/ur,C(DMngxx)z + ur,c(Mengxx)Z (Eq 13)

where xxx stands for either directly measured (meas) or calculated (calc) DMHg or MeHg as defined

for each scenario.

2.4 Monte Carlo simulation and data visualization

To assess the comparability of directly measured and indirectly obtained (calculated) concentrations,
we computed linear regressions (least squares). The regression coefficients (i.e. slope and intercept)
and their 95% confidence intervals were estimated with a Monte Carlo simulation [59,60] using R
studio [61]. Briefly, we performed repeated (n = 100,000) random resampling of each observation
within its assigned probability distribution (uncertainties for both directly measured and calculated
concentrations were considered), and recalculated the linear regression. This yields a probability
distribution for each regression coefficient (see Sl figure S9). We use the median of this distribution as
the most likely coefficient value, and the 2.5 to 97.5" percentile of the distribution to define its 95%

confidence interval.

Visualizations were done with veusz [62], ocean data view [63] or Inkscape [64] and the R package

“ggplot2” [65].
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3 Results and Discussion

3.1 Measurement uncertainty for direct measurements

The expanded relative combined standard uncertainty (Uex,), approximating a 95% confidence interval,
was obtained by applying a coverage factor of k = 2 for both methods at two different concentrations
according to 1ISO/Eurochem guidelines. Figure 2 illustrates the relative contributions of the individual

uncertainty sources for (A) cryo-focusing GC (DMHgmeas) and (B) for SS-ID (MMHgmeas, MeHgmeas).

3.1.1 DMHgmeas

For cryo-focusing GC, Uex, is similar for lower DMHgmeas (~30 fM) and higher DMHgmeas (~¥300 fM)
concentrations (14.4% and 14.2%, respectively). The external calibration accounts for the highest
relative contribution to Uex, (always > 97%) in both cases. At low concentrations, the repeatability of
the peak integration becomes slightly more important resulting in a maximal contribution of 2.76% to
Uexr. It has to be noted that uncertainties related to sampling, possible degradation before purging,
and purge efficiency have not been included in this assessment. Our results highlight the importance
and single dependency of U, on the external calibration for direct DMHg measurements in seawater.
Relative expanded measurement uncertainties for gaseous Hg-species in seawater have not previously
been reported in literature. Published values for U, for total gaseous Hg measurements in air, with
similar uncertainty sources as determined in this study, are in agreement with our estimates, with a
Uexr of 13.9% (excluding sampling uncertainty) [58]. The determined Uex, for DMHg is in agreement
with replicated sampling and measurement (n = 3) of two samples with low and high concentrations

(35 and 113 fM) performed in this study (RSD 19 and 7%).

3.1.2 MeHgmeas and MMHgmeas

The Uex, for MMHg using SS-ID GC-ICP-MS at lower (~30 fM) and higher concentrations (~150 fM)are

5.6 and 3.7%, respectively. Five individual sources constitute around 99% of U.y,, at both concentration
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levels. The three highest contributions come from the abundance of MM?%2Hg of the enriched spike
(X’), the ratio between MM?°%2%'Hg (R) and the concentration of the enriched spike (c’). Minor
contributions are from the natural abundance of 2°’Hg (Y), and the natural abundance of 22Hg (X)
compared to the formerly mentioned sources. From the five main sources all except two, the
concentration of the enriched spike and MM?%/2%'Hg ratio, are certified values or are established in
literature and thus cannot be improved. For low levels, the relative standard uncertainty on the
MM?292/201Hg ratio (R) increases from 1 to 2% due to higher variability in the integration of smaller peak

areas.

The relative expanded uncertainty for MMHg in seawater at both concentration levels is lower than
for a solid reference material analyzed by HPLC-Q-ICP-MS (Uexr 11%) [66]. Moreover, measurement
uncertainty estimations for ID-ICP-MS for other elements in solid reference materials (Cd, Cr, Pb) are
in agreement with our results with Uer (k = 2) < 4% [67]. Our results highlight the relative importance
of the accurate determination of the spike concentration by RID and the injection repeatability [42].
The Uer (k = 2) for the concentration of the enriched tracer (¢’) was determined separately and was
with 2.7% (k = 2) in the range of previously published values of 0.7 and 4.1% [66]. Individual uncertainty

sources for the determination of ¢’ by RID are illustrated in detail in the SI (Figure S10).

Uexr for other commonly used methods for MMHg determination in seawater, such as hydride
generation (HG, 11.1-21.3%) or direct ethylation (ET, 15.8-19-3%) followed by pyrolysis and GC-AFS, is
considerably higher [68]. For both methods, the main contributions to Uer were reported to come
from the standard repeatability, sample repeatability, and recovery [68]. None of these are of major
importance for SS-ID GC-ICP-MS since the internal spiking method corrects for recovery, no external
calibration is needed, and sample repeatability from triplicate injections is usually < 2%. The Uexr
estimated in this study is in the range of repeated measurements of artificial seawater spiked with

MMHg of < 2% [43] and from replicates analyzed in this study with < 6%.
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Figure 2. Relative contribution indexes (square sum of variances) for the individual uncertainty sources

(in %) to the expanded relative uncertainty at low (< 50 fM) and high (> 50 fM) concentration for (A)

DMHgmeas at low concentrations with Uexr = 14.4% and (B) and high concentrations with Uex = 14.2%

(C) for MMHgmeas at low concentrations (Uexr = 5.6%) and (D) high concentrations (Uex, = 3.7%)).
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3.2 Uncertainty propagation for calculated DMHg and MeHg

Due to different analytical approaches between studies, it is common practice to calculate either
DMHg or MeHg based on a mass balance approach, i.e. considering that MeHg = DMHg + MMHg [e.g.
30, 45] We assessed Uexr for calculated DMHgcic and MeHgcac according to equations 9-12 for Uexr
determined in this study, and for Uy, for hydride generation and direct ethylation based on theoretical
datasets [68]. We only considered the Uex, for direct DMHg measurements established in this study
since no other literature data was available. Finally, we determined the U, for calculated DMHg and
MeHg for field observations with Ue, from this study. The applied Uex, for each analytical methodology

at the respective concentration levels are summarized in Table 1.

3.2.1 Theoretical considerations

To investigate the sensitivity of DMHg.ic and MeHg..i to the absolute concentration of the Hg-species
involved in the calculation, we created theoretical datasets. The Uex, of DMHgcc Was determined for
DMHg concentrations of up to 800 fM while maintaining MMHg concentrations constant at either 15
fM or 100 fM (thus covering the expected range of MMHg in the environment). Similarly, the Uer of
MeHg.ic was determined for MeHg concentrations of up to 800 fM, again maintaining MMHg constant

at either 15 fM or 100 fM. Expected trends of Uex, for DMHgc.ic and MeHgcaic are shown in Figure 3.
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Table 1. Summarized Uy, for different direct measurement methodologies (2 this study, ®Zivkovi¢ et

al., 2017).
DMHg (Uexr %) MeHg or MMHg as MMHg (Uex: %)
Di hylati Hydri
Cryo-focusing Propylation crl\:i(-::oitus\:nag Igg gener;"(cjig:iryo-
GC-ICP-MS S5-1D GC-ICP-MS AFSP focusing GC AFS®
<50 fM
14.2 5.6 19.3 213
(<10 pglL?)
>50 fM
14. 3.7 15.8 11.1
(>10 pgL?) 0
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3.2.1.1 DMHgcaic

Independently from the analytical method used for MeHg and MMHg analysis, Uexr of DMHgcaic tends
to decrease with increasing MeHg and DMHg concentrations. Higher MMHg concentrations, relative
to MeHg, result in a higher U, for DMHg (Figure 3A, B). The magnitude of Uexr of DMHgc.i, on the
other hand, depends substantially on the analytical method used to determine MMHgmes and
MeHgmeas, With @ Uexr for DMHgcaic in the range of 4.3-35.3% at DMHg concentrations of around 100

fM.

In case of measurements obtained by direct ethalytion, the Uex, for DMHgcaic always exceeds the Uex,
of directly measured DMHg (DMHgmeas). For measurements by hydride generation, the Uy, for
DMHg..i. falls below the Ue, for the direct DMHg measurements at DMHg concentrations of around
400 fM. Finally, if SS-ID GC-ICP-MS was used to obtain MMHgmeas and MeHgmeas, Uexr Was always lower

for DMHgcaic than for directly measured DMHg in case of concentrations above 50 fM (Figure 3B).

3.2.1.2 MeHgcac

Opposed to the trend for DMHgcalc, the Uexr of MeHg..c increases with increasing MeHg concentrations
(Figure 3C, D). Since MMHg is maintained constant, the Uexr of MeHg.c increases with increasing
DMHg concentrations, because Ue, is lower for MMHgmeas than for DMHgmeas. The Uexr of MeHgcarc is
dominated by Ue, of direct DMHg measurements (14.2%) resulting in only small differences for Ue,

of MeHgc.c above 115 fM (3.7-16.4%) between different analytical methodologies for MMHgmeas.

In fact, the overall trends for Uexr of DMHgcc and MeHgcac are controlled by the Uer of the direct
measurement methods used to measure the predominant species included in the calculation

(DMHgcaic: MeHg or MeHgcai.: DMHg).

24



3.2.2 Observational data

We determined the Uey, for DMHgcac and MeHg..ic for two independently measured datasets from the
Mediterranean Sea. The U, for observational data and the theoretical trend and are in good
agreement falling on or below the expected trend for Ue, relative to calculated DMHgcac or MeHgcai
in Figure 3. This shows that it is feasible to use the calculation approach at environmentally relevant

concentrations if SS-ID GC-ICP-MS is used.
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3.3 Comparability between direct and indirect quantification methods

3.3.1 DMHgand MeHg

Our observations for DMHg and MeHg concentrations in two vertical profiles included in this study are
similar to previous measurements at the same station [47], the western Mediterranean Sea [29,69,70]
and more generally in the global Ocean [8]. We compare measured and calculated concentrations of
DMHg and MeHg, assigned with their corresponding relative expanded uncertainty approximating a
95% confidence interval (Figure 4). A significant linear relationship (p < 0.001, n = 23) between direct
measurements and calculated concentrations can be observed for DMHg and MeHg. The slope of this
linear relationship is not significantly different from 1, as confirmed by a Monte Carlo simulation (SI
Figure S9). Small deviations for some datapoints from the 1:1 relationship at < 100 fM for DMHg and
MeHg could be explained by a loss in precision working below the limit of quantification for measured

MMHg by SS-ID GC-ICP-MS.
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Relative importance of MMHg or DMHg

The ratio between DMHg/MeHg can be used to determine if DMHg constitutes an important part of
the MeHg pool, as it is often the case in the subsurface global ocean [8]. Figure 5 illustrates
DMHg/MeHg ratios, calculated from concentrations determined by direct or indirect measurements
(Eg 13) with their Uex, (k = 2) for one profile (K2 station). In scenario 1 DMHg and MeHg were directly
measured, in scenario 2 MeHg was calculated, and in scenario 3 DMHg was calculated. In all three
scenarios, MMHg was the dominant MeHg species to the depth of 100 m and then DMHg dominates

the MeHg pool.
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Figure 5. Ratio between DMHg/MeHg in one profile measured in the Mediterranean Sea and their
associated relative measurement uncertainties at k = 2 for three different scenarios. scenario 1: both
species were directly measured, scenario 2: MeHg was calculated from measurement data and DMHg
was directly measured and scenario 3: DMHg was calculated from measurement data and MeHg was
directly measured. Replicates (n = 3) were sampled and analyzed at a depth of 200 m, indicated in the

black circle. Shaded area indicates region where MMHg is the predominant methylated Hg-species.
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4 Conclusion

Our study confirms that the expanded relative uncertainty (Uex:) of SS-ID GC-ICP-MS is considerably
lower than for other commonly used analytical methods for MMHg and MeHg measurements in
seawater. We establish good comparability between directly measured and calculated concentrations
for both DMHg and MeHg at environmentally relevant concentrations. This demonstrates that it is
feasible to calculate (i.e. indirectly determine) DMHg and MeHg from measurement data if they offer
good accuracy and precision (e.g. isotope dilution). This opens up the possibility to generate more
DMHg observational data based on the mass balance approach and is of special interest for large
oceanographic campaigns. It furthermore gives confidence in the data produced in the global ocean
by different approaches. However, discrepancies observed among studies require further studies on

DMHg stability, best practice for sample handling and processing methods.

Efforts have been made to apply isotope dilution for volatile Hg-species measurements to decrease
the measurement uncertainty associated with the external calibration. So far, the isotope dilution
approach for DMHg has only been applied at relatively high concentrations in experiments under
controlled conditions in the laboratory [71-73]. Applying such an isotope dilution approach for low-
level environmental samples under natural sampling conditions could further increase the accuracy of
DMHg observations in seawater. However, certified traceable standards for DMHg and MMHg are
needed to improve not only the comparability of MeHg measurements in seawater but also their

trueness.
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