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Abstract
Atmospheric deposition of anthropogenic Hg has led to increased Hg concentrations in many
ecosystems. Modeling is an effective method for predicting the complex dynamics of Hg fate and
transport in watersheds; such models require accurate concentrations for water column
methylmercury, CH3Hg+, as input parameters, yet these concentrations are very difficult to measure
precisely as they are so low. We developed a method for aqueous CH3Hg+ quantification in Lake
Champlain VT, where ambient CH3Hg+ concentrations are < 0.04 ng l-1. The analysis utilized species
specific isotope dilution, purge and trap, gas chromatography ICP-MS and provided instrument
detection limits of ca 0.2 fM (0.04 pg l-1) and method detection limits of 15 fM (0.003 ng l-1) for
CH3Hg+ which are amongst the lowest reported. Artifactual methylation of inorganic Hg2+ was
shown to be minor and the precision of the isotope dilution method was generally < 5% relative
standard deviation; much lower than would have been the case for an external calibration approach.
The method is accurate even at low concentrations of ca. 0.025 ng l-1. This combination of precision,
accuracy and low detection allow for quantification of significant differences in CH3Hg+

concentration between bays and over time within bays of Lake Champlain where mean CH3Hg+

concentrations differ by only 0.006 ng l-1 at concentrations as low as 0.014 ng l-1.

Introduction
Mercury is a ubiquitous contaminant that is widely dispersed through the environment mostly
via atmospheric deposition. Mercury, as the more toxic CH3Hg+ species, is also
bioaccumulated by organisms, which can result in very high concentrations in top level
predators. This has obvious ecosystem and human health implications. The latter point is
exemplified by the Hg fish advisories that exist in most US states. Such bioaccumulation occurs
in freshwater systems despite the fact that the aqueous CH3Hg+ concentrations of many water
bodies are low, in many cases below the detection limit of current analytical methodologies.
In order to successfully model Hg dynamics in freshwater lakes it is essential to be able to
quantify the ambient CH3Hg+ concentrations in the water column, both dissolved and in the
particulate load.

Sensitive analytical methods for CH3Hg+ quantification do exist, in fact the most common low
level Hg speciation method, purge and trap gas chromatography coupled to atomic fluorescence
spectroscopy, was developed over 15 years ago and remains the most popular method for
determining sub ng l-1 concentrations of CH3Hg+ in environmental samples(1). The procedure
involves reacting CH3Hg+ in a water sample or, indeed, an extract of biological tissue or
sediment, with sodium tetraethylborate to form the volatile methylethylmercury. Other very
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similar methods involve propylation(2) or butylation(3) to form a volatile species. The volatile
species can be purged from solution to the gas phase and trapped on a solid phase such as
Tenax. The Hg species are thermally desorbed from the trap onto a packed column GC, the
eluting mercury species are then pyrolytically reduced to Hg0 which is then quantified by AFS.
This method can provide detection limits on the order of 0.01 ng l-1 for aqueous samples.
However, when applied to the analysis of water samples, recovery of CH3Hg+ is be incomplete,
with only 5-60% recovery reported depending on the water sample matrix and specifically the
dissolved organic carbon (DOC) and sulfide concentrations(4).

A number of methods have been advanced to improve CH3Hg+ recoveries from natural waters
and distillation is the most accepted method. The method involves distilling the CH3Hg+ from
a water sample as the chloride complex. Horvat et al.(4) have shown this method to be more
effective than solvent extraction in terms of CH3Hg+ recovery and the method has been adopted
by the EPA as a standard method (EPA 6030). However, the method itself is not without its
drawbacks; the sample is distilled relatively slowly such that the total distillation time is 5-6
hrs. More importantly the sample is exposed to new vessels and apparatus, and reagents are
added to the sample prior to distillation, which increases the possibility for contamination or
increased blank levels. Recently, a liquid chromatographic technique for determining aqueous
Hg speciation has been reported which relies on the strong and pH dependent complexation of
CH3Hg+ with thiourea(5). This method can reportedly achieve detection limits for CH3Hg+ of
0.007 ng l-1 based on a 40 ml sample and is the first reported liquid chromatographic method
with equivalent detection limits to the GC methodologies.

The methods reported in this study were developed for a modeling study of Hg dynamics in
Lake Champlain, VT, USA that build on previous efforts to establish a mass balance for Hg
in the lake(6). Lake Champlain has low aqueous phase Hg concentrations (≪ 1 ng l-1) with
CH3Hg+ less than 0.04 ng l-1, yet consumption advisories have been issued for top trophic-
level game fish in the lake. Prior efforts to elucidate trophic transfers of mercury in the
ecosystem were frustrated by the inability to quantify CH3Hg+ concentrations in the water
column. In order to have meaningful input parameters for the model it was necessary to provide
accurate detectable CH3Hg+ determinations in the low pg L-1 range. We used the increased
sensitivity of high resolution ICP-MS coupled to the purge and trap, thermal desorption GC
methodology commonly used with AFS detection, Other studies have shown that coupling
high resolution ICP-MS, in low resolution mode, with cold vapor generation can achieve lower
Hg detection limits than available with AFS(7). Additionally, we used species specific isotope
dilution for quantification. Isotope dilution involves adding a known mass and concentration
of an enriched stable isotope to a known mass of sample(8,9). In addition to excellent precision
and accuracy, a further advantage of isotope dilution is that the isotope spike should equilibrate
with all the particular species in the sample given sufficient equilibration time. Hence the use
of isotope dilution with ICP-MS detection should not require a distillation step. We assume
that all the ‘dissolved’ CH3Hg+ and Hg2+ in a water sample is labile, and therefore isotopically
exchangeable. Distillation and extraction procedures for fresh water samples implicitly make
the same assumption as they also rely on the reversible desorption of complexed CH3Hg+. A
further benefit of isotope dilution for Hg speciation is that loss of Hg2+ during the analysis is
compensated for by an equivalent loss of enriched isotope spike, and the isotope dilution
calculation based on the inorganic peak area should provide accurate quantification of the
Hg2+ in the sample(10).

The objectives of this study were to establish detection limits for CH3Hg+ and Hg2+ in
freshwater samples employing the increased sensitivity of sector field ICP-MS in low
resolution mode and to investigate whether isotopic exchange using enriched stable isotopes
can provide quantitative results for CH3Hg+ in the presence of DOC without the requirement
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of sample distillation. The accuracy and precision of the method and its applicability to replicate
ultra-trace determination of CH3Hg+ in Lake Champlain is briefly illustrated.

Materials and Methods
Instrumentation

The purge and trap apparatus including a Hg gold trap for scrubbing the He purging gas, gas
flowmeter, glass reaction vessels and spargers and Tenax traps and the trap desorption module
were purchased from Brooks Rand (Seattle, WA). The GC column was made in-house from a
60 cm quartz tube (6 mm OD) that was heated and shaped to fit in a GC laboratory oven (Model
20, Quincy Lab. Inc., Chicago, IL); the column was silanized and packed with 15% OV3 on
Chromosorb. The voltage output from trap desorption module was set to heat the Tenax trap
to 200°C within 30 sec, confirmed by thermocouple readout. The GC oven was set at 85-90°
C. Either He or He with 100 ppm Xe was used as the carrier gas for the GC at a flow rate of
70 ml min-1. This set-up is essentially the same as that described initially by Liang et al.(1).
The outflow from the GC was mixed with an Ar stream (using the nebulizer gas supply of the
ICP-MS) and then introduced directly into the ICP-MS. The use of a mixed gas (Xe in He)
allows certain ICP-MS conditions (XYZ stage position and ‘nebulizer’ gas flow) to be
optimized daily with the GC on-line. The ICP-MS was an Element 2 sector field instrument
(Thermo Electron, Bremen, Germany) operated in low resolution mode. Instrument operating
conditions are given in Table 1. Deadtime correction was performed according to Nelms et al.
(11) Element specific chromatograms were exported in ASCII format and data processed in
Microsoft XL.

Mass bias and consideration of method uncertainty
Isotope ratio mass bias for high mass elements measured by high resolution ICP-MS is <1%
per amu. For the ICP-MS used for these studies average mass bias for Hg201:Hg202 for
presumed natural abundance samples and certified concentration standards analysed by cold
vapor samples introduction was 0.6% (n= 6). Mass bias for 207Pb:206Pb analysis of the NIST
certified reference material was 0.38% (n=38). We consider the main sources of uncertainty
of the overall isotope dilution method to be the value of the spike concentration and measured
isotope ratio in the sample. The latter is affected by carryover from the purging vessels and/or
trap, methylation and demethylation reactions, mass bias and errors in processing peak area
ratios within XL. The pooled standard deviation of sample measurement is influenced by all
these factors. The pooled standard deviation for CH3Hg+ (expressed as a concentration) of
triplicate sampling of 18 lake water samples over a period of 5 months was 0.002 ng L-1. the
standard deviation of 26 blank readings over the same time period is 0.001 ng L-1. A mass bias
of 0.6% on the Hg201:Hg202 would lead to an error in concentration on the order of 0.0002 ng
L-1. The individual uncertainty factors have a greater effect on Hg2+ quantification where
reagent blank contamination and carryover effects are greater such the pooled standard
deviation for Hg2+ is 0.035 ng L-1 compared with a mass bias correction of 0.6% resulting in
a concentration correction of 0.003 ng L-1. Hence we consider that effect of mass bias on overall
uncertainty is small in relation to the other factors. Given the difficulties in effectively
determining mass bias ‘on-line’ for this GC-ICP-MS method and its relatively small overall
contribution, mass bias corrections were not applied.

Reagents
Sodium tetraethylborate (>98%) was purchased from Strem Chemicals (Newburyport, MA)
as individual 1g solid samples sealed under Ar. A 1% NaBEt4 solution was made up in 100 ml
2% KOH in an Ar atmosphere. The solution was then aliquoted into 1ml vials which were
immediately frozen. Individual vials of the 1% NaBEt4 were thawed immediately prior to use
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and kept at 4°C between usages. Once thawed, the solution was kept in use for a maximum of
four hours before being discarded. The 2M acetate buffer was made from sodium acetate and
pH adjusted with acetic acid. Samples were not acidified but kept dark at 4 °C and analysed
after 24 hrs. Enriched stable Hg isotopes of 199Hg and 201Hg were obtained from Oak Ridge
laboratories (Oak Ridge, TN) and Cambridge Isotope laboratories (Andover, MA) as HgO. An
enriched 201CH3Hg+ solution was prepared by reaction of an inorganic 201Hg solution with
methylcobalamin as previously described(12,13). The relative isotopic abundance and the
integrity of the CH3Hg+ species were confirmed frequently by purge and trap GC-ICP-MS
analysis. The concentration of total dissolved Hg in either the 199Hg2+ spike or the
CH3

201Hg+ and subsequent dilutions of these stock solutions were calculated by reverse
isotope dilution using ICP-MS certified Hg standards (Spex CertiPrep, Metuchen, NJ)
following BrCl oxidation of the CH3Hg+ solutions and quantification by cold vapor ICP-MS.
A reagent grade CH3Hg+ solution (Strem Chemicals, Newburyport, MA) was serially diluted
to give working solutions of natural abundance CH3Hg+. These solutions were quantified for
total dissolved Hg by CV-ICP-MS following BrCl treatment by isotope dilution using
the 199Hg2+.

Ethylation of water samples
To determine absolute detection limits, about 60–70 ml of deionized water was weighed into
the reaction vessels and 10 μl of a 100 ng l-1 natural CH3Hg2+ and Hg2+ was added, i.e. 1 pg
of each Hg species as Hg. 200 μl of acetate buffer was added and 50ul of ethylating reagent.
Twenty minutes were allowed for the ethylation reaction and were followed by 20 minutes of
purging. After purging, He gas was passed directly through the Tenax trap for five minutes to
remove any residual moisture. After drying, the trap was analysed by thermal desorption GC-
ICP-MS.

Enriched isotope equilibration experiment
To assess the kinetics of equilibration between the enriched isotope spikes and the ambient Hg
species in the presence of natural organic matter (NOM) kinetic studies were conducted with
three different well characterized NOM solutions. Suwannee River aquatic NOM (SR), Nordic
Lake aquatic NOM (NL) and Pony Lake (Antarctica) fulvic acid (PL) were obtained from the
International Humic Substances Society (IHSS, St Paul, MN) as freeze dried solids. Solutions
of each NOM were made at a concentration of 10 mg l-1 i.e. approximately 5 mg l-1 DOC.
Water quality data for Mallets Bay, Lake Champlain in 2007 record a mean DOC concentration
of 4 mg l-1 (http://www.vtwaterquality.org/cfm/champlain/). The NOM water samples were
spiked at approximately 0.11 ng l-1 CH3Hg+ and 2 ng l-1 Hg2+ and placed in the dark for seven
days to equilibrate. After equilibration, 50 ml of each spiked NOM solution was pipetted into
the reaction vessels. 200 ul of acetate buffer was added to these samples and an appropriate
amount of the CH3

201Hg2+ and 199Hg2+ for isotope dilution quantification was added. The
samples were ethylated, reacted and purged as above (time 0 in the kinetics experiment). The
remaining 900 ml of NOM solution were then spiked with equivalent amounts of the enriched
isotope spikes per ml of sample as the 50 ml samples. The samples were not acidified but placed
in the dark and analysed by purge and trap GC-ICP-MS at selected time intervals with multiple
time points for the first 24 hours and continued analysis to 48 hrs or longer. Duplicate
experiments were conducted for each NOM sample.

Results and Discussion
To establish instrument sensitivity and absolute detection limits a solution containing 1
picogram of natural abundance CH3Hg+ and Hg2+ was run in quadruplicate. An example GC-
ICP-MS chromatogram is shown in Figure 1. Clearly even for a total Hg content of 1 pg for
each species the instrumental technique has great sensitivity. For surface water samples, normal
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procedure uses a sample volume of about 70 ml. Using this as an example volume, Figure 1
corresponds to an aqueous concentration of 14 pg l-1 for CH3Hg+ and Hg2+. Absolute detection
limits were calculated as 3σ of the chromatographic baseline noise and the 202Hg peak height
value for 1 pg was used to calculate the sensitivity factor. Using these parameters the average
absolute detection limit was 3 fg or, assuming a sample volume of 70 ml, 0.04 pg l-1 for each
species. Instrument detection limits are a best case scenario, representing the lowest possible
attainable detection limits based solely on the signal-to-noise ratio of the ICP-MS. Method
detection limits, determined on multiple blank samples processed through the entire procedure
(Table 2, see later discussion) are invariably higher than IDLs. Notwithstanding that fact, the
use of the high sensitivity Element2 ICP-MS clearly provides excellent sensitivity for Hg
speciation measurements. Instrumental sensitivity is further enhanced through use of gas
chromatography (or gas phase sample introduction in general) as sample introduction for ICP-
MS. This is because gas phase analysis is 100% efficient in terms of analyte transport to the
ICP, which also contributes to low detection limits.

One of the complicating factors in the analysis of Hg species in natural waters is the fact that
complexation with DOC or sulfide may mean CH3Hg+ and Hg2+ are not reactive to ethylation.
The incomplete recovery of CH3Hg+ from natural waters was the initial reason for the
development of distillation and solvent extraction methods(14). Similarly, inorganic Hg bound
by DOC has been shown to be non-reactive to reduction by SnCl2, an effect which has been
used to investigate the complexation characteristics of Hg with DOC(15). For low level
CH3Hg+ determination, distillation has been shown to be effective in isolating dissolved
CH3Hg+ from the DOC matrix. However, species specific isotope dilution should also lead to
complete quantification if the enriched stable isotope species fully equilibrates with the ambient
Hg species. We conducted a kinetics experiment to establish the time for the isotope spike to
equilibrate with natural Hg species complexed to three natural DOM samples. The isolated
NOM samples were prepared at 5 mg l-1 DOC, which is the approximate mean concentration
in Lake Champlain. Many studies have shown that in oxic surface waters both Hg2+ and
CH3Hg+ are predominantly bound to thiol functional groups on NOM. Even under reducing
conditions, where complexation with S2- would be predicted thermodynamically, the
interaction between DOM and Hg2+ persists(16). The binding of Hg species with thiol
functional groups on NOM is strong and conditional stability constants of ca. 12-17 for
CH3Hg+(17-19) and 22 -32 for Hg2+(20,21) are reported for soils and natural water NOM.
Synchrotron X-ray spectroscopy has shown that binding of Hg2+ to humic acid occurs with
reduced S functional groups and is bidentate(22).

In terms of using isotope dilution for quantification of Hg species, if equilibrium of the enriched
isotope spikes with the ambient Hg species is not instantaneous, the added spike will be more
reactive to ethylation than the natural Hg species leading to a higher isotope ratio and a lower
calculated concentration for the natural Hg species than the initial added amount. As the species
spike equilibrates with the natural Hg species, the isotope ratio should decrease and the
predicted concentration should approach the expected concentration. The results of this kinetic
experiment are displayed in Figure 2A,B. Initially the apparent calculated CH3Hg+

concentration of both for the NL and SR solutions was 65% of the nominal added concentration.
The enriched spike continued to equilibrate over the time frame of the kinetic experiment and
after 10 hrs. equilibration the apparent concentration for CH3Hg+ plateau at 0.12 ng l-1, which
is 109% recovery of the added concentration. This > 100% recovery may be due to uncertainties
in the concentrations of the original natural abundance spikes and the enriched isotope spikes,
or may simply indicate that both NL and SR contain low concentrations of CH3Hg+. The PL
sample exhibited the same concentration vs. time response as NL and SR, but in the case of
PL the apparent CH3Hg+ was initially 0.125 ng l-1 and approximately 0.16 ng l-1 ng l-1 from
20 hrs through the duration of the kinetic study. In this case it appears that the PL sample
contains CH3Hg+, in addition to the added spike. The PL sample has the higher proportion of
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S (3%), therefore increased binding of CH3Hg+ could be expected. The Hg2+ data was more
complex than the CH3Hg+; the time to reach a stable apparent Hg2+ concentration was longer,
all three NOM samples equilibrated at a higher Hg2+ concentration than originally spiked (2
ng l-1) and there was greater variability for the time series data. Given the very high affinity
of Hg2+ for NOM it is not surprising that all three NOM samples appear to contain low Hg2+

concentrations. The known stronger binding of Hg2+ with NOM explains the longer time
required for equilibrium of the spike. The greater variability of the Hg2+ data is a consequence
of the high uncertainty in quantification of low level Hg2+ by this method. The analysis was
not conducted in a clean room and contamination and background Hg2+ are a much bigger
concern than for CH3Hg+ determination. As a result of our kinetic study we established a 24hr
equilibration time for the enriched isotope spikes prior to speciation analysis.

The binding of the Hg species, and hence the isotopic exchange with the enriched spikes will
also be a function of pH; not only because it effects the reactivity of the thiol groups on NOM
but also the overall structure of fulvic and humic acids change with pH. However, we did not
pursue investigation of pH effects as it was outside the original aims of the study. In our
methodology, field samples were not acidified for preservation or storage, rather they were
transported back to the laboratory at the end of the collection day, and filtered and spiked within
24 hours. Acidified samples require pH adjustment to pH 5 prior to the ethylation procedure,
in effect this introduces two additional sample handling stages and two reagents to be added
to the sample which could have a detrimental effect on detection limits as each reagent addition
has some risk of sample contamination. It has been shown that CH3Hg+ in water samples is
stable without acidification for short periods (48hrs)(23). The main goal of this study was to
detect low levels of CH3Hg+, therefore samples were not acidified but were processed and
analysed within 48 hrs and kept dark and at 4°C in the interim.

A benefit of the ID method is excellent precision. Because the quantification calculation is
based only on the isotope ratio in the sample, instrument drift and matrix suppression are
accounted for. The purge and trap method for Hg speciation involves multiple steps where
quantitative reaction or recovery of Hg species may not fully take place; i.e quantitative
ethylation of Hg species, quantitative purging to the gas phase or trapping on Tenax. An
additional source of variability is a change in ICP-MS sensitivity over the course of a run.
Indeed, we have observed quite large relative standard deviations (r.s.d.) for peak areas in the
Hg202 chromatograms of replicates of the same filtered water sample analysed consecutively.
However, precision of the isotope ratio measurements, and hence the final calculated
concentration, is excellent because the isotope dilution method can account for incomplete
reaction/species recovery and changing instrumental conditions. For example, peak areas for
natural CH3Hg202 and inorganic Hg202 for five replicate analysis (65 ml) of a surface water
gave an ‘external’ precision based on the Hg202 peak areas for CH3Hg+ and Hg2+ of 39% and
21% r.s.d. respectively. However, the precision (r.s.d.) based on the isotope ratios
Hg201:Hg202 for CH3Hg+ was 0.5% and Hg199:Hg202 for Hg2+ was 1%. Nevertheless, it is still
desirable to achieve the maximum Hg signal intensity as the uncertainty of the ratio calculation
will be less in this case.

Assessing the accuracy of this method for these ultra-low level concentrations is difficult
because no certified reference materials are available in this concentration range (i.e. < 0.5 ng
l-1) and there do not appear to be any aqueous CH3Hg+ reference materials. Instead, quality
control and accuracy is assessed by spiking blank (deionized) water and Lake water samples
at ca. 0.025 -0.030 ng l-1 natural abundance CH3Hg+ and 0.25 ng l-1 Hg2+. Concentrations
were then calculated by ID methods. In general, excellent recovery for both the laboratory
fortified blank and the sample spikes have been obtained for both CH3Hg+ and Hg2+ (Table
2).
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As described earlier, instrument detection limits for this methodology are ca. 0.04 pg l-1 based
on signal:noise of the data. However, a more meaningful metric for assessing the appropriate
detection limits for the samples is the method detection limit (MDL) determined on the standard
deviation of repeated analyses of blanks or low level samples. Method detection limit was
determined by repeated analysis of blanks over a five month sampling duration. The blank was
deionized water treated identically to the samples, i.e. filtered through pre-ashed quartz filters,
spiked with the enriched species specific isotope spikes and equilibrated overnight. The blanks
are then taken through the same analytical process as the samples. The average blank values
and standard deviation for 23 blank analyses run over the course of five months by two different
analysts are given in Table 2. For CH3Hg+ the mean blank concentration is 0.002 ng l-1 and a
standard deviation of 0.001 ng l-1, so based on the 3σ approach this would give an MDL of
0.005 ng l-1. Our repeated analysis of Lake Champlain waters from two different sites over 5
months yielded a pooled standard deviation of 0.002 ng l-1 for 18 sampling events (2 sites × 9
samplings, n=3 for each event) calculating 3σ for the standard error of the mean in this case
yields an MDL of 0.003 ng l-1. So, based either on a laboratory blank that is otherwise taken
through all steps of the method, or the pooled standard deviation of replicate analysis of low
level samples the MDL for CH3Hg+ is 0.003-0.005 ng l-1. For Hg2+ the mean blank value is
0.024 ng l-1 with a standard deviation of 0.018 ng l-1 resulting in an MDL of 0.078 ng L-1. The
pooled standard deviation for the samples is 0.034 ng l-1 which gives a detection limit (based
on standard error of the mean at 99% confidence) 0.05 ng L-1. The limit of quantification (LOQ)
is often defined at 10σ, so our LOQ for CH3Hg+ is 0.01 ng L-1, while Hg2+ LOQ is considerably
higher at 0.340 ng l-1. Indeed, our Lake Champlain water samples are around the LOQ for
Hg2+. From this data, and the results of the kinetic study reported above, it is clear that the
general uncertainty of Hg2+ determination by this method is much greater than for CH3Hg2+.
However, the detection limits reported in Table 2 compare favorably with other studies.
Lambertsson and Björn(24) used similar methodology (species specific isotope dilution, purge
and trap GC coupled to quadrupole ICP-MS) for CH3Hg+ determination with a detection limit
0.004 ng l-1; however, the blank values for CH3Hg+ reported for the direct derivitization in
that study are 0.02 ng l-1 which are 10× greater than in our method. Logar et al.(25) presented
a solvent extraction method with CV-AFS detection for quantifying both CH3Hg+ and Hg2+

in natural waters with detection limits of 0.006 and 0.06 ng l-1, respectively for a 300 ml sample.
The USGS Wisconsin Water Science Center using the EPA1630 methodology routinely
achieve detection limits of 0.04 ng l-1 for CH3Hg+(26). The recently reported liquid
chromatographic method for CH3Hg+ determination has detection limits of 0.007 ng l-1 for a
40 ml water sample(5,27). A recent comprehensive review of Hg speciation methods for water,
sediments and biological tissues reports that LODs for Hg speciation in waters range from
0.004 – 5.6 ng l-1 for CH3Hg+ and 0.07 -5.2 ng l-1 for Hg2+ with results complied from 21 cited
studies(28).

A number of studies have shown that the ethylation, purge and trap procedure can lead to
methylation of Hg2+ as an artifact of the procedure(29). This effect is of particular importance
where Hg2+ ≫ CH3Hg+ as in these cases even a small (< 1%) methylation of Hg2+ can lead
to a significant over-estimation of CH3Hg+. Using species-specific enriched stable isotopes
the isotope dilution calculation can be corrected for methylation and demethylation artefacts
(10,30). Methylation was <1% by our methodology, however, this still had a significant effect
(ca. 5%) on the final isotope dilution calculated values. Consequently all final reported
concentrations were based on these double spike species specific methodologies.

We employed the isotope dilution method to determine the temporal change in concentration
of CH3Hg+ and Hg2+ in Lake Champlain for both eutrophic and oligotrophic bays. The
comprehensive results of that monitoring study will be reported elsewhere; however, to
illustrate the utility of this analytical method for quantifying low level CH3Hg+ in Lake
Champlain the replicate speciation analysis of the eutrophic and oligotrophic bays from the
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May 2008 sampling are presented in Figure 3. The replicates represent true field-replicate
samples (replicate 2 l sample collections) rather than repeated analysis of the same sample.
Thus, the variance exhibited in Figure 3 includes both sampling and analytical sources. The
high precision of ID-GC-ICP-MS readily permitted detection of statistically significant
differences between the oligotrophic Mallets Bay and the eutrophic Missisquoi Bay even at
concentrations well below 0.04 ng l-1, the typical detection limit of CVAFS. In all cases the
sample concentrations were statistically significantly different from blank samples
representing the laboratory filtration step. Figure 3 also illustrates how ID-GC-ICP-MS
permitted the detection of statistically significant temporal variation in the Missisquoi Bay
system during 2008, with all of the bi-weekly samplings exhibiting concentrations < 0.04
ngl-1. This highly sensitive analytical method allows the characterization of the spatial and
temporal variation in mercury speciation in fresh-water systems that were not possible to
investigate using previous methods.
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Figure 1.
purge and trap GC-ICP-MS chromatogram of 1 pg MeHg (peak @ 100 sec) and Hg2+ (peak
@ 190 sec). Peaks, in order of increasing signal intensity, are Hg isotopes 198, 199, 200, 201,
202. The concentrations correspond to an aqueous concentration of 14 pg l-1 based on a sample
volume of 70 mls.
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Figure 2.
Hg species concentration determined by ID-GC-ICP-MS as a function of equilibration time
after the isotope spike. NL = Nordic Lake aquatic NOM, SR =Suwannee River aquatic NOM,
PL = Pony Lake reference fulvic acid.
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Figure 3.
(Left) Maximum, mean, and minimum methylHg concentrations of 3 field-replicate samples
from Malletts Bay (MAL) and Missisquoi Bay (MIS) of Lake Champlain June 25th, 2008. The
maximum, mean, and minimum concentrations of the laboratory filtration-step blank are
included for comparison. ANOVA indicated significant differences between the blanks and
samples (Prob > F, <0.0001). Different letters indicate significant differences between the
means based on all pairs using Tukey-Kramer HSD (p < 0.01). (Right) Maximum, mean, and
minimum methylHg concentrations of 3 field-replicate samples from Missisquoi Bay, Lake
Champlain over the course of 5 bi-weekly samplings in 2008. ANOVA indicated significant
differences between the sampling dates (Prob > F, <0.0001). Different letters indicate
significant differences between the means based on all pairs using Tukey-Kramer HSD (p <
0.01).
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Table 1
GC-ICP-MS operating conditions

Plasma gas flows (Argon)

Cool 16 L min-1

Auxiliary 0.9 L min-1

Sample 1.1-1.3 L min-1 (optimized daily)

GC gas flow (He, He/Xe)

0.07 L min-1

ICP-MS method parameters

Isotopes measured: 199Hg, 200Hg, 201Hg, 202Hg.

Mass window 20%

Search window 0

Integration window 20%

Samples per peak 50

Sampling time 0.025 s

Runs and passes 300, 1

Total run time 300 sec
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Table 2
Method parameters: Instrument detection limits, method detection limits (based on a 60 ml sample), and sample spike
recoveries (n=4, spike concentrations of 0.025 ng l-1 CH3Hg and 0.25 ng l-1 inorganic Hg.

CH3Hg inorganic Hg

IDL (ng l-1) 0.00007 0.00007

Blank mean (ng l-1, n=27) 0.0023 0.0243

Blank σ (ng l-1, n=27) 0.0010 0.0180

MDL (ng l-1) 0.005 0.074

Spike recovery (%) (RSD) 106 (3.4) 98 (10)
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