
ORIGINAL PAPER

Certification of methylmercury in cod fish tissue certified
reference material by species-specific isotope dilution mass
spectrometric analysis

Kazumi Inagaki & Takayoshi Kuroiwa &

Tomohiro Narukawa & Takashi Yarita & Akiko Takatsu &

Kensaku Okamoto & Koichi Chiba

Received: 8 January 2008 /Revised: 5 February 2008 /Accepted: 7 February 2008 / Published online: 12 March 2008
# Springer-Verlag 2008

Abstract A new cod fish tissue certified reference materi-
al, NMIJ CRM 7402-a, for methylmercury analysis was
certified by the National Metrological Institute of Japan in
the National Institute of Advanced Industrial Science and
Technology (NMIJ/AIST). Cod fish was collected from the
sea close to Japan. The cod muscle was powdered by
freeze-pulverization and was placed into 600 glass bottles
(10 g each), which were sterilized with γ-ray irradiation.
The certification was carried out using species-specific
isotope dilution gas chromatography inductively coupled
plasma mass spectrometry (SSID–GC–ICPMS), where
202Hg-enriched methylmercury (MeHg) was used as the
spike compound. In order to avoid any possible analytical
biases caused by nonquantitative extraction, degradation
and/or formation of MeHg in sample preparations, two
different extraction methods (KOH/methanol and HCl/
methanol extractions) were performed, and one of these
extraction methods utilized two different derivatization
methods (ethylation and phenylation). A double ID method
was adopted to minimize the uncertainty arising from the
analyses. In order to ensure not only the reliability of the
analytical results but also traceability to SI units, the stan-
dard solution of MeHg used for the reverse-ID was
prepared from high-purity MeHg chloride and was carefully
assayed as follows: the total mercury was determined by
ID–ICPMS following aqua regia digestion, and the ratio of

Hg as MeHg to the total Hg content was estimated by GC–
ICPMS. The certified value given for MeHg is 0.58±
0.02 mg kg−1 as Hg.
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Introduction

In order to prevent the outbreak and recurrence of
Minamata disease (Kumamoto, Japan), Japanese regulation
authorities have been monitoring total mercury and organo-
mercuric species in a variety of industrial, environmental,
biological and food samples. Recently, theMinistry of Health,
Labour and Welfare of Japan issued guidelines for pregnant
women regarding fish consumption in relation to mercury
intake [1]. Around the world, several national and interna-
tional regulatory bodies have also issued guidelines on the
consumption of fish and shellfish [2, 3] based on the
recommendation for the provisional tolerable human con-
sumption of methylmercury (MeHg) by the Joint FAO/WHO
Expert Committee on Food Additives [4]. Long-term
monitoring of a wide area is required to implement these
regulations, and thus certified reference materials for MeHg
analysis are needed to ensure comparability between the
monitoring results as well as the measurement methods used.

The National Metrology Institute of Japan (NMIJ) has
developed a new cod fish tissue reference material (NMIJ
CRM7402-a) for the analysis of MeHg. Its certification was
carried out by species-specific isotope dilution gas chro-
matography inductively coupled plasma mass spectrometry
(SSID–GC–ICPMS), where two different extraction methods
(KOH/methanol and HCl/methanol extractions) and two

Anal Bioanal Chem (2008) 391:2047–2054
DOI 10.1007/s00216-008-1957-4

K. Inagaki (*) : T. Kuroiwa : T. Narukawa : T. Yarita :
A. Takatsu :K. Okamoto :K. Chiba
Environmental Standard Section,
National Metrology Institute of Japan (NMIJ), National Institute
of Advanced Industrial Science and Technology (AIST),
Umezono 1–1–1, Tsukuba Central 3,
Tsukuba, Ibaraki 305–8563, Japan
e-mail: k-inagaki@aist.go.jp



different derivatization methods (ethylation and phenylation)
were performed to ensure the reliability of the certification.
Although the SSID–MS method can correct most systematic
errors in the analysis, it can not compensate for nonquantita-
tive extraction from the sample and/or for species reconfor-
mation during sample pretreatment [3–10]. Several
researchers have reported that the decomposition of MeHg
to inorganic Hg and the methylation of inorganic Hg may
occur during the extraction and derivatization processes [5–
10]. The conversion of MeHg to other mercury species can
be compensated for by SSID–MS after achieving isotopic
equilibrium [5, 6], but the artificial formation of MeHg from
other mercuric species gives a positive bias to the analytical
results [7–10]. The artificial formation of MeHg was
particularly observed when TMAH was used in the
extraction [7–10]. On the other hand, no significant artificial
formation of MeHg was observed when KOH/methanol [9]
or HCl/methanol [9, 10] was used in the extraction. There-
fore, KOH/methanol and HCl/methanol extractions were
applied in this certification. Furthermore, no significant
artificial formation of MeHg during the sample pretreatment
was indicated by the ratio of 200Hg/202Hg in the MeHg in the
extracts when inorganic 200Hg2+ was added as a tracer before
the extractions. A double ID method [11, 12] was also
adopted during the certification, where an assay of the MeHg
standard solution used in the double ID method was carefully
carried out to ensure not only the reliability of the analytical
result but also its traceability to SI units. In the present paper,
the analysis for the certification of MeHg in NMIJ CRM
7402-a cod fish tissue by the SSID–GC–ICPMS is described.

Experimental

Preparation of candidate material

Cod fish collected from the sea close to Japan was
eviscerated and their muscles were stripped from the bone.
The muscle was powdered by freeze-pulverization. The
muscle powder that passed through a 250-μm sieve was
homogenized using a V blender. Then the powder was
placed into amber glass bottles (10 g each) and sterilized
with γ-ray irradiation (60Co, 20 kGy). Finally, the bottles
were sealed individually in aluminum packages. They were
stored at room temperature.

Conversion to dry mass basis

The certified value of MeHg in the CRM7402-a is given on
a dry-mass basis. A dry mass correction factor for sample
humidity was evaluated by drying the sample at 102 °C.
The cod muscle powder reached a constant weight after
drying for 6 h, and thus a drying time of 6 h was selected

for this experiment. The dry mass correction factor at the
time of the certification was 0.9048±0.0012 (average ±
standard deviation, ten independent bottles).

Chemicals

Methylmercury chloride (purity 99.3%, as reported by the
manufacturer) was purchased from Kanto Chemicals
(Tokyo, Japan). The standard solution of MeHg was
prepared by dissolving MeHgCl in methanol (pesticide
analysis grade, Kanto Chemicals). The spiked solution of
202Hg-enriched MeHg (Me202Hg) was prepared by diluting
ERM AE670 (Me202Hg in 2% ethanol solution) provided
by the Institute for Reference Materials and Measurement
(IRMM, Geel, Belgium) [13] with methanol. Both the
standard and spiked solutions were stored at −20 °C.
Sodium tetraethylborate (NaBEt4) and sodium tetraphenyl-
borate (NaBPh4) were purchased from Wako Pure Chem-
ical Industries (Osaka, Japan) and Aldrich (St. Louis, MO,
US), respectively. 5% m/v NaBEt4 solution and 2% m/v
NaBPh4 solution were prepared in a glove box that was
purged with N2 gas. A standard solution of inorganic Hg
(ca.1000 mg L −1, guaranteed by JCSS) was purchased
from Kanto Chemicals (Tokyo, Japan). The enriched
isotope 200Hg (96.44% enriched) in oxide form was
purchased from Oak Ridge National Laboratory (TN,
USA). It was dissolved in aqua regia solution and stored
in a clean high-density polyethylene bottle. The nitric acid
and hydrochloric acid used were of Ultrapur100 grade, and
were purchased from Kanto Chemicals. The diethylmercury
(Et2Hg) in toluene used for the mass discrimination
correction in the GC–ICPMS measurements was prepared
from the inorganic Hg standard solution using ethyl
derivatization. Other chemicals used were of analytical
reagent grade, and purchased from Kanto Chemicals. Pure
water prepared by a Milli-Q water purification system
(resistivity 18 MΩ cm, Nihon Millipore Kogyo, Tokyo,
Japan) was used throughout the experiments.

Overview of the analytical procedure used
for the certification

An overview of the analytical procedure used for the
certification is shown in Fig. 1. A double ID method was
adopted in this certification. The standard solution of MeHg
used for the reverse-ID was assayed carefully to ensure the
reliability of the analytical results and traceability to SI
units. In order to avoid any possible analytical biases, two
different extraction methods (KOH/methanol and HCl/
methanol extractions) were performed, with one of the
extraction methods utilizing two derivatization methods
(ethylation and phenylation). The details of the procedures
are described below.
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Extraction procedure

KOH/methanol extraction

The cod muscle powder (ca. 0.5 g) was placed in a PFA
centrifuge tube and spiked with an appropriate amount of
the spike. Then 20 mL of 25%wt/v KOH methanol solution
was added to the tube. The resulting mixture was ultra-
sonicated at 60 °C for 2 h and then mechanically shaken for
1 h. The solution was stored in a refrigerator overnight. Ten
milliliters of sample solution were transferred into another
PFA tube and neutralized with 6 M HCl methanol solution.
Then 10 mL of saturated NaCl solution and 4 mL of
toluene were added to the tube, and it was shaken again for
1 h and centrifuged at 3000 rpm for 5 min. Finally, the
upper toluene layer was collected as the extract.

HCl/methanol extraction

The cod muscle powder (ca. 0.5 g) was placed in a PFA
centrifuge tube and spiked with an appropriate amount of
the spike. Then 1 mL of methanol, 2 g of NaCl, and 1 mL of
6 M HCl were added to the tube. The resulting mixture was

ultrasonicated at 60 °C for 5 min. After 4 mL of toluene had
been added, the tube was mechanically shaken for 20 min.
Then 1 mL of 6 M HCl and 10 mL of saturated NaCl
solution were added to the tube, and it was shaken again for
20 min. The tube was centrifuged at 3000 rpm for 5 min.
Finally, the upper toluene layer was collected as the extract.

Derivatization procedure

The extract was transferred into a PFA centrifuge tube, and
25 mL of the sodium acetate–acetic acid buffer (0.5 M, pH
5) was added to it. Then 0.2 mL of 5% NaBEt4 solution or
1 mL of 2% NaBPh4 solution was added, and the tube was
mechanically shaken for 30 min. The tube was centrifuged
at 3000 rpm for 5 min. Finally, the toluene layer was
transferred to another tube and mixed with 2 g of anhydrous
sodium sulfate to remove the residual water.

Determination of MeHg by ID–GC–ICPMS

The GC–ICPMS apparatus used was an Agilent 6890 GC
coupled to an HP4500 ICPMS (Yokogawa Analytical
Systems, Tokyo, Japan) by a manufactured transfer line
(Yokogawa). The GC column used was HP 5msi (30 m×
0.25 mm i.d., 0.25 μm film thickness). The GC temperature
programs were 70 °C (1 min hold) to 300 °C (30 °C min–1,
hold 2 min) for the phenyl derivatization and 100 °C (1 min
hold) to 300 °C (30 °C min–1, hold 2 min) for the ethyl
derivatization. Other operating conditions and procedures
used for GC–ICPMS were similar to those described
elsewhere [4]. To correct for the mass discrimination in
the GC–ICPMS measurements, Et2Hg in toluene was added
to the sample solutions. The mass discrimination correction
factor for MeHg was calculated from the ratio 200Hg/202Hg
in Et2Hg at each chromatographic run.

The concentration of MeHg was calculated by the
following equation, based on the double-ID method [11,
12]:

Cx ¼ Cmeth � E � my

w � mx
� mz

m0
y

� Ky � Ry �
P

K � Rð Þ=nP
K � Rð Þ=n� Rx

�
P

K 0 � R0ð Þ=n� Rz

Ry �
P

K 0 � R0ð Þ=n

" #
� B ð1Þ

where Cx is the analyte concentration in the sample (mol g−1),
mx is the mass of sample (g) used for the sample–spike
mixture, my is the mass of spike solution (g) used for the
sample–spike mixture, m

0
y is the mass of spike solution (g)

used for the standard–spike mixture, mz is the mass of
standard solution (g) used for the standard–spike mixture; R
is the ratio 200Hg/202Hg in MeHg in the sample–spike
mixture solution, R′ is the ratio 200Hg/202Hg in MeHg in

the standard–spike mixture solution, Rx is the ratio
200Hg/202Hg in MeHg in the sample solution, Ry is the
ratio 200Hg/202Hg in MeHg in the spike solution, Rz is the
ratio 200Hg/202Hg in MeHg in the standard solution, w
the correction factor for dry mass, n the number of replicate
measurements; K and K′ are the mass discrimination
correction factors of the isotope ratios, Cmeth is the
concentration of MeHg in the standard solution, B is the

ID-GC-ICPMS

Reverse-ID with the MeHg standard solution

Spiked with the 202Hg-enriched MeHg 

Assay of the MeHg standard solution 

HCl extraction 

Ethyl-derivatization  
with NaBEt4

Phenyl-derivatization with NaBPh4 

KOH extraction 

Fig. 1 Overview of the certification analysis
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procedural blank, and E is the variation factor that was
introduced by the extraction into the analytical results.

Assay of the MeHg standard solution

The concentration of the MeHg standard solution used for
the reverse-ID was assayed by the following procedure.
First, the total Hg in the standard solution was determined,
and then the ratio of Hg as MeHg to the total Hg content
was estimated.

The total Hg content was determined by double ID–
ICPMS after microwave digestion with aqua regia. The
microwave digestion procedure was as follows. The MeHg
standard solution was weighed in a Teflon vessel, and then
an appropriate amount of inorganic 200Hg2+ spike solution
and 5 mL of aqua regia were added to it. Then microwave
irradiation (ramp temperature to 180 °C over 30 min, and
hold for 10 min) was performed. The solution in the vessel
was diluted to ca. 50 g with Milli-Q (Millipore, Billerica,
MA, USA) water. The double ID–ICPMS procedure
employed was similar to that described elsewhere [14].

The ratio of Hg as MeHg to the total Hg content was
estimated by GC–ICPMS after derivatization. In order to
evaluate the uncertainty associated with derivatization, the
MeHg standard solutions after ethylation and phenylation
were measured. For each evaluation, three sets of the
sample solution were prepared individually and were
measured in triplicate.

The concentration of MeHg, Cmeth, was calculated using
the following equation:

CMeth ¼ Ctotal � P ¼ Ctotal � 1

1þP
fi � Aið Þ ð2Þ

where Ctotal is the total concentration of Hg in the standard
solution, P is the ratio of Hg as MeHg to the total Hg
content in the standard solution, fi is the response factor of
mercuric impurities in GC–ICPMS measurements, and Ai is
the relative peak area of the mercuric impurities to that of
MeHg. In this experiment, it was assumed that all of the
responses of Hg for the organomercuric impurities during
GC–ICPMS measurements are equal, and so the response
factor fi=1.

Homogeneity study

The between-bottle homogeneity of the CRM7402-a was
examined by analyzing subsamples taken from ten bottles
selected from the lot of 600 bottles. The concentration of
MeHg was determined by SSID–GC–ICPMS after the
KOH/methanol extraction and phenylation. Analysis of
variance (ANOVA) was performed on the data and the
mean squares within a group (MSwithin) and among groups
(MSamong) were calculated. Then the standard deviations

between bottles (sbb) were calculated using the following
Eq. 3:

sbb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSamong �MSwithin

n

r
ð3Þ

In the case of insufficient repeatability of the measure-
ment method, the influence of analytical variation on the
standard deviation between units (ubb) was calculated and
used as the estimate for the inhomogeneity instead of sbb
[15]. The ubb was calculated using the following Eq. 4:

ubb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSwithin

n

r
4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2

vMSwithin

s
ð4Þ

where vMSwithin represents the number of degrees of freedom
of MSwithin.

Results and discussion

Homogeneity study

Between-bottle inhomogeneity (sbb) was not observed, and
thus the ubb value (0.3% relative) was used as the
uncertainty derived from the inhomogeneity for MeHg.
These results indicate that this material is homogeneous
enough for the MeHg analysis.

Stability of MeHg in this material

There are previous reports on the stability of methylmer-
cury in BCR CRMs 463 and 464 (tuna fish tissue certified
reference materials; IRMM, Belgium) [16] and DORM-2
(dogfish muscle certified reference material; NRCC, Can-
ada) [17]. Quevauviller et al. reported that BCR CRMs 463
and 464 were pasteurized at 100 °C during their prepara-
tion, and that the MeHg in them was stable when the
material was stored at below −20 °C [16]. On the other
hand, DORM-1 was radiation-sterilized after bottling, and
the MeHg in it was stable at room temperature for over
fifteen years [17]. The CRM7402-a was also radiation-
sterilized, so it should be stable at room temperature.
Indeed, no significant change in MeHg concentration in the
CRM7402-a has been observed since 2005.

Assay of the MeHg standard solution

The concentration of the MeHg standard solution was assayed,
since the double-ID procedure requires a standard solution
with a well-defined concentration. An outline of the assess-
ment procedure was provided in the “Experimental” section.

The total Hg content in the standard solution (Ctotal) was
determined by ID–ICPMS following microwave digestion
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with aqua regia. Since the presence of different species of
Hg results in an error when determining the total Hg by ID–
ICPMS [18], the complete conversion of MeHg to
inorganic Hg must be performed. Figure 2 shows GC–
ICPMS chromatograms of 200Hg obtained from the MeHg
standard solution after the aqua regia digestion. It is clear
that the MeHg in the standard solution was completely
converted (>99.8%) to inorganic Hg by the aqua regia
digestion. Therefore, the error in the isotope ratio measure-
ment caused by the presence of different species was
negligible. The value of Ctotal obtained by ID–ICPMS was
0.446±0.006 mg kg–1 (mean ± combined uncertainty, n=4).

The ratio of Hg as MeHg to the total Hg content in the
MeHg standard solution, P, was estimated by GC–ICPMS
after the derivatizations. Figure 3 shows the GC–ICPMS
chromatograms of 200Hg obtained from the MeHg standard
solution after phenylation. Three mercuric impurities were
observed. Et2Hg and ethyl-Hg (EtHg) were identified from
their retention times during GC–ICPMS measurements. The
other impurity could not be identified, but it does not
introduce a significant error into the ratio estimation because
the Hg responses for the organomercuric impurities in the
GC–ICPMS measurements would be nearly equal. The
ratios of each mercuric impurity to the total Hg content were
calculated as 0.36% for Et2Hg, 0.13% for EtHg, and 0.13%
for the unknown. The ratio of Hg as MeHg to the total Hg
content obtained by phenylation, Pphenyl, was 99.38±0.05%
(mean± SD, n=3). In order to reduce the possible analytical
bias arising from the derivatization efficiency of each
mercuric species, the MeHg standard solution after ethyl-
ation was also measured. Only the peak from Et2Hg was

observed in the chromatogram as the impurity. EtHg was
derivatized as Et2Hg with the ethylation and was included
in the peak of Et2Hg. On the other hand, the unknown peak
was not observed for the MeHg standard solution after
ethylation. The ratio of Hg as MeHg to the total Hg content
obtained by ethylation, Pethyl, was 99.46±0.03% (mean ±
SD, n=3). The difference between the Pphenyl and Pethyl

values reflect the difference between the derivatization
efficiencies of each mercuric species under phenylation and
ethylation. Therefore, the median of the maximum range of
the Pphenyl and Pethyl values was used as the P value
(99.41%). The uncertainty of the P value was evaluated by
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Fig. 3 GC–ICPMS chromatograms of 202Hg obtained from the MeHg
standard solution after phenylation
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Fig. 2 GC–ICPMS chromatograms of 202Hg obtained from the MeHg
standard solution after the aqua regia digestion following phenylation
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combining the following two uncertainty factors. One is the
uncertainty associated with the difference in the derivatiza-
tion efficiencies, which was estimated as the maximum
distance between the Pphenyl and Pethyl values. The other is
the uncertainty arising from nonderivatized mercury species,
and this was evaluated empirically to be 0.1%. The P value
was estimated as 99.41±0.13% (value ± combined u).
Finally, the concentration of the MeHg standard solution
was assayed as 0.445± 0.006 mg kg−1 (value ± combined u).

Evaluation of the conversion of MeHg during the extraction
and derivatizations

In the SSID–MS method, it is important to consider the
interconversion of species during sample preparation [4–
10]. Although the conversion of MeHg to other mercury
species can compensate for the conversion to MeHg if an
isotopic equilibrium is achieved [5–7], the artificial forma-
tion of MeHg from other mercuric species can give a
positive bias to the analytical results. Therefore, before the
certification analysis, the artificial formation of MeHg from
Hg2+ during the extractions and derivatizations was
evaluated from the ratio 200Hg/202Hg in the MeHg in
extracts when inorganic 200Hg2+ had been added as a tracer
before the extractions. The 200Hg/202Hg ratios in the MeHg
in the test solutions obtained for all three pretreatment
procedures closely matched the ratio obtained from the
MeHg standard solution. In addition, as is shown later, the
analytical results obtained with the three combinations of
the extractions and derivatizations were in quite good
agreement and each was within the range of its uncertainty.
These results indicate that the analytical biases caused by
the artificial formation of MeHg during the pretreatment
procedure are negligible for this certification.

Analytical results obtained by each method

The concentration ofMeHg in the candidate referencematerial
was determined by the three analytical methods. Figures 4
and 5 show the GC–ICPMS chromatograms obtained from
the sample extract spiked with the 202Hg-enriched MeHg and
Et2Hg (natural abundance). An adequate sensitivity for
MeHg was obtained for the SS–IDMS analysis.

3 4 5 6 7 8 9

R
el

at
iv

e 
si

gn
al

 in
te

ns
it

y

Time/min

Et2Hg
MeHgPh

202Hg
200Hg

Fig. 5 GC–ICPMS chromatograms of 200Hg and 202Hg obtained from
the sample extract after phenylation. 202Hg-enriched MeHg was
spiked and Et2Hg (natural abundance) was added for the mass
discrimination correction. The chromatogram of 202Hg was shifted
by 7s and 2000 cps for clarity

Table 1 Typical uncertainty
budget for the analytical results
for MeHg obtained by
ID–GC–ICPMS following
KOH/methanol extraction
and phenylation

a Cited from [22]; b the uncer-
tainty of the standard solution
was not combined as described
in the text

Parameter Typical value Standard u Type n Contribution to u(x)

Cmeth 0.445 mg/kg -bP
KibRbð Þ=n 0.2419 0.0019 A 3 13.0%P
Kib0Rb0ð Þ=n 0.3418 0.0027 A 3 19.1%

Rx 0.7734 0.0053 B IUPAC dataa 16.3%
Rz 0.7734 0.0053 B IUPAC dataa 25.2%
Ry 0.00550 0.00022 B ERM AE670 certification 0.01%
mx 0.3059 g 0.0002 B Balance linearity 0.07%
my 0.3532 g 0.0002 B Balance linearity 0.05%
m

0
y 0.5342 g 0.0002 B Balance linearity 0.02%

mz 0.9445 g 0.0002 B Balance linearity 0.01%
W 0.9050 0.0005 A 5 0.05%
E 1.000 0.003 A 4 26.3%
B <0.001 mg/kg A 3 negligible
Results
Cx 0.573 mg/kg
u(x) 0.016
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The correction for mass discrimination during the
isotope ratio measurement is one of the important proce-
dures in the IDMS method. In this experiment, the mass
discrimination in the GC–ICPMS measurement was cor-
rected in each chromatographic run, and the mass discrim-
ination correction factor was calculated from the ratio
200Hg/202Hg for the natural abundance Et2Hg that was
added to the sample solutions before the measurement. This
correction approach not only saves analytical time but also
provides a better mass discrimination correction [19] than
conventional bracketing correction [20, 21], in which the
correction factor is calculated from the isotope ratios
obtained from a natural isotopic standard measured every
few chromatographic runs.

The combined standard uncertainties for the analytical
results obtained by each method, uc, were calculated using
Eq. 1. Direct estimation of the uncertainty of the validation
factor that was introduced by the extraction into the
analytical results E is a difficult task. Therefore, the relative
standard deviation of the analytical results obtained after
independent extractions (n=4) was used as the uncertainty
of E, although this includes the inhomogeneity of the
sample. A typical uncertainty budget for the analytical
results for MeHg obtained by SSID–GC–ICPMS after
KOH/methanol extraction and phenylation is shown in
Table 1. The uncertainty of the standard solution (uncer-
tainty of Cmeth in Eq. 1) was not combined into u(x)
because the same standard solution was used for both
analyses. It was combined when the uncertainty of the cer-
tified value was calculated. The major contributors to the
u(x) were the uncertainty of the ratio 200Hg/202Hg in the
standard solution, Rz (25.2% of u(x)), and the uncertainty of
the extraction, E (26.3% of u(x)). The procedural blank B
was quite low throughout the certification and hardly
affected the analytical results and their uncertainties.

The analytical results along with their uncertainties
obtained by the three analytical methods are summarized
in Table 2. The values were calculated as mass fractions
(based on dry mass). The analytical results obtained by the
three analytical methods were in good agreement, and this
agreement indicates that there were no significant analytical
biases between the extractions and between the derivatiza-
tions. Therefore, all of the analytical results obtained were

treated equally when the certified value and its uncertainty
were calculated.

Establishing the certified value and its uncertainty

The certified value is the weighted mean of the analytical
results obtained by the three combination methods, where
1/ui (ui: uncertainty of each result) was used as the weight.
The certified value was obtained for the concentration of
MeHg as mercury, as shown in Table 3.

The uncertainty of the certified value included the
combined effects of method imprecision, possible bias among
methods, and material inhomogeneity. Since the same
standard solution was used for all measurements, the
uncertainty of the standard solution (ustd) was combined into
the uncertainty of the certified value, as described above.
The components of the uncertainty of the certified value are
listed in Table 3. Since the certified value was the weighted
mean of the three results, the combined uncertainty of each
analytical result (uanal) was given by the following equation:

uanal xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

w2
i u

2 xið Þ
r

ð5Þ

where xi is the result obtained by each of the three
combination methods, and wi is the weight. The between-
methods variance (umethod) was calculated by performing an

Table 2 Summary of analytical results obtained with each pretreatment procedure

Observed values (mean, n=4)

Bottle 1 Bottle 2 Bottle 3 Mean ± u(x)

KOH extraction and phenylation 0.573 0.579 0.573 0.575±0.016 mg kg−1

KOH extraction and ethylation 0.575 0.573 0.576 0.575±0.017 mg kg−1

HCl extraction and phenylation 0.570 0.580 0.575 0.575±0.016 mg kg−1

Table 3 Certified value and its uncertainty for mass fractions of
MeHg in NMIJ CRM 7402-a

Parameter Value

Certified value (mass fraction, mg kg−1 as Hg) 0.58
Relative standard uncertainty (%)
Standard solution ustd 1.4%
Analytical results uanal 1.6%
Between-methods umethod -a

Inhomogeneity ubb 0.3%
Combined uncertainty uc
Relative (%) 2.2%
Absolute (mg kg−1 as Hg) 0.012

Expanded uncertainty U (k=2) (mass fraction, mg kg−1

as Hg)
0.02

a The value was not observed during this certification
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ANOVA on the data from the three techniques, and was not
observed in this certification. The uncertainty derived from
the inhomogeneity of the material (ubb) was estimated in the
homogeneity study. We did not include the uncertainty from
the stability, since the MeHg in the CRM7402-a is stable for
at least fifteen years at room temperature, as described
above. The expanded uncertainty of the certified value U is
equal to kuc, where uc is the combined standard uncertainty
with coverage factor k=2, corresponding to a 95% confi-
dence interval. The certified value given for MeHg is 0.58±
0.02 mg kg−1 as Hg.

Conclusion

The concentration of MeHg in the CRM 7402-a cod fish
tissue was certified by using SSID–GC–ICPMS. No
artificial formation of MeHg was observed in any of the
three pretreatment procedures, and all of the analytical
results obtained were in quite good agreement. These
results indicate that any possible analytical biases caused
by nonquantitative extraction, degradation and artificial
formation of MeHg in the sample preparations were
negligible. The MeHg standard solution was assayed to
minimize the uncertainty related to the double-ID method.
The material homogeneity was quite good, so the uncer-
tainty derived from material inhomogeneity hardly contrib-
uted to the uncertainty of the certified value. The certified
value of MeHg in the CRM7402-a is 0.58±0.02 mg kg−1 as
Hg (dry mass basis). The total Hg concentration has also
been certified for the NMIJ CRM7402-a, and its certified
value is 0.61±0.02 mg kg−1 [23]. Thus, ca. 95.1% of the
total Hg content is present as the MeHg species. The
certified value of MeHg in the CRM7402-a is the same
order of concentration as determined in NIST SRM1947
Lake Michigan fish tissue (0.233±0.10 mg kg−1 as Hg on a
wet mass basis, NIST, USA) [24] and is one order of
magnitude lower than that of the MeHg determined in BCR
CRM 463 (3.04 mg kg−1 as MeHg), CRM 464 (5.50 mg
kg−1 as MeHg), and DORM-2 (4.47 mg kg−1 as Hg). If
these CRMs are used properly, they can cover a wide
concentration range during routine analyses of MeHg in
fish tissue samples.
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