
Sources and Variations of Mercury
in Tuna
A N N E M . L . K R A E P I E L

Universite Louis Pasteur, Ecole et Observatoire des Sciences
de la Terre, 1, rue Blessig, 67084 Strasbourg France

K L A U S K E L L E R

Department of Geosciences, 208 Deike Building,
The Pennsylvania State University,
University Park, Pennsylvania 16802-2714

H E N R Y B . C H I N

National Food Processors Association, 6363 Clark Avenue,
Dublin, California 94568

E L I Z A B E T H G . M A L C O L M

Department of Geosciences, Guyot Hall, Princeton University,
Princeton, New Jersey 08544
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While the bulk of human exposure to mercury is through
the consumption of marine fish, most of what we know about
mercury methylation and bioaccumulation is from studies
of freshwaters. We know little of where and how mercury
is methylated in the open oceans, and there is currently a
debate whether methylmercury concentrations in marine
fish have increased along with global anthropogenic mercury
emissions. Measurements of mercury concentrations in
Yellowfin tuna caught off Hawaii in 1998 show no increase
compared to measurements of the same species caught
in the same area in 1971. On the basis of the known increase
in the global emissions of mercury over the past century
and of a simple model of mercury biogeochemistry in the
Equatorial and Subtropical Pacific ocean, we calculate
that the methylmercury concentration in these surface waters
should have increased between 9 and 26% over this 27
years span if methylation occurred in the mixed layer or in
the thermocline. Such an increase is statistically inconsistent
with the constant mercury concentrations measured in
tuna. We conclude tentatively that mercury methylation in
the oceans occurs in deep waters or in sediments.

Introduction
The biogeochemical cycle of mercury, one of the most toxic
elements, has been considerably perturbed by anthropogenic
activities. Human exposure to mercury, mostly through the
consumption of marine fish, is cause for concern (1). Our
understanding of the biogeochemistry of mercury comes
chiefly from studies of freshwater systems, however, and
mercury levels in marine fish as well as the mechanisms
controlling them have been comparatively little studied.

High mercury concentrations, sometimes exceeding the
FDA recommendations of 0.5 ppm, are typically measured
in carnivorous pelagic fish, even in fish caught in regions of
the oceans away from any direct pollution source. It is
currently a matter of debate whether these high concentra-
tions represent background levels or are, to some degree,
the result of anthropogenic mercury emissions. The current
atmospheric concentration of mercury has been estimated
to be two to three times higher than it was 150 years ago
(2-4), and because the residence time of mercury in the
atmosphere is comparable to the mixing time (∼1 year),
mercury pollution is truly global (5, 6) resulting in elevated
concentrations in the far reaches of the globe, including the
open ocean. Partly on this basis, it has been argued that
mercury in oceanic fish must have increased as a result of
anthropogenic emissions (7). Nonetheless, the analysis of
the mercury concentration in museum samples of tuna
caught between 1878 and 1909 showed no evidence for an
increase in mercury concentrations in tuna over the last
century (8).

Methylmercury (MeHg, CH3Hg+) is efficiently bioaccu-
mulated in the food chain and is the major form of mercury
in fish. The accumulation of mercury in fish thus depends
primarily on the concentration of methylmercury, rather than
total mercury, in the water (9). Only a minor fraction of
mercury in natural waters is in the form of methylmercury,
however, and methylmercury concentrations in the surface
oceans are extremely low, near the detection limit of the
currently available techniques (<50 fM) (10-12). MeHg in
freshwaters is believed to be synthesized from Hg(II) through
the activity of sulfate reducing bacteria in anoxic or suboxic
environments, and the methylation rate depends on a
number of factors, such as the extent of anoxia and the activity
of sulfate reducers as well as on the total concentration of
mercury in the water (13). But the source of MeHg in the
oceans and the mechanisms of its formation are still unclear,
although it is generally believed to be of biological origin. It
has sometimes been proposed to result from the (biotic or
abiotic) demethylation of dimethylmercury ((CH3)2Hg,
DMHg), also believed to derive from biological activity (10).
In addition, some have argued, based on oceanographic data,
that methylmercury (and dimethylmercury) in the oceans
are formed in the oxygen minimum zone (e.g., refs 10 and
11), but MeHg and DMHg could also have a deeper source
(14). Even though most biological activity occurs in the
euphotic zone, MeHg and DMHg are not generally thought
to be formed there: the concentration of these species being
lower at the surface than at depth, the euphotic zone is likely
a sink (via particulate transport and photodegradation) rather
than a source of methylmercury.

Here we report a new data set for Hg in Yellowfin tuna
(Thunnus albacares) collected in the Equatorial and Sub-
tropical Pacific in 1998 and compare it to published data for
tuna collected in the same region in 1971. We then compare
the changes in mercury concentrations in tuna with predicted
changes in the MeHg concentrations in the mixed layer of
the Equatorial and Subtropical Pacific calculated according
to various model scenarios. The comparison yields informa-
tion on the likely sources of MeHg in the oceans, which in
turn has implications for past and future changes in mercury
concentrations in oceanic fish.

Experimental Section
Yellowfin tuna were collected off Hawaii (outside the 50 miles
limit) between 10°N and 30°N and 145°W and 165°W by
PACMAR (Pacific Management Resources, Honolulu, HI)
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during the fall of 1998. For comparison purposes (see below),
fish chosen for analysis were selected to cover a weight
distribution as close as possible to that of the set of Yellowfin
tuna analyzed by Thieleke (15). Each sample was identified
by a unique code. A Chain of Custody form accompanied
each sample through all steps of the sampling, transportation,
and analysis.

From each fish that was selected for testing, a one-pound
sample of muscle from a side of the fish slightly ahead of the
caudal peduncle (base of the tail) was obtained. (The same
muscle was selected for Hg analysis in Yellowfin tuna by
Thieleke (15)). The sample was placed into a clean ziplock
plastic bag, labeled, and immediately frozen. The samples
were maintained frozen during storage and transport to the
analyzing laboratory (The National Food Laboratory, Inc.,
Dublin, CA).

For each sample of frozen tuna muscle, approximately
250 g of the sample were homogenized. Any skin and bone
was removed before grinding. The unhomogenized portion
was retained for back-up purposes. Five-gram aliquots of
the homogenized sample were transferred to whirl-Pak type
sample bags and held frozen until needed for analysis.

The potential for contamination due to sampling pro-
cedures was evaluated. Five samples of frozen fish were
randomly selected, and three portions of each sample,
representing the exterior and interior portions of the fish,
were analyzed to determine if contamination from handling
or during sampling had occurred. The average ratio of the
mercury concentration of the exterior portion to that of the
interior portions was 1.04 ( 0.15, and contamination was
thus found to be negligible.

Mercury was determined by cold vapor atomic absorption
spectrophotometry as described by the AOAC Method
977.15 (16) using a Perkin-Elmer 3030 Atomic Absorption
Spectrophotometer with MHS 10 Mercury/Hydride System.
Our method differs slightly from that described in the AOAC
method 977.15 in that mercury vapors are swept by argon
into an open tube for detection in contrast to the closed loop
equipment described in AOAC. The method detection limit,
as determined from 6 replicate analysis of a spiked tuna
sample, was approximately 0.01 ppm.

Each set of 10 samples contained one sample analyzed
in duplicate and one spiked sample. Spiking was done by
adding known volumes of a mercury standard solution to
comminuted tissue. A tuna sample was randomly selected
to serve as an internal reference and was repeatedly analyzed
after each set of twenty samples. The average relative
difference between duplicates of individual samples was 4.7%.
The average mercury concentration of the reference sample
was 0.128 ppm, with a standard deviation of 0.0098 on 6
samples. The spike recoveries were between 90.5% and 103%
with an average of 95.2%. For comparison, in the Thieleke
study (15), multiple analysis of a shark tissue sample (7
replicates) yielded an average of 0.17 ppm with a standard
deviation of 0.0157 ppm and the recovery of Hg spikes in
tissue of Yellowfin tuna ranged from 92% to 103%, with an
average of 96.7%. (All the mercury concentrations reported
in this study are in gram of mercury per gram of wet weight
of tuna.)

Model Section
To study the changes in mercury concentrations in the
Equatorial and Subtropical Pacific over time, we built a three
box model to represent the Pacific ocean from 30 °S to 30
°N and from 150 °E to 75 °W. The three boxes represent the
mixed layer (from the surface to 100 m depth), the permanent
thermocline (from 100 to 900 m depth) and the deep ocean
and sediments (below 900 m). Mercury species are trans-
ported from one box to the other by water advection and
vertical particulate transport.

Total Mercury Concentrations. We assume that mercury
emissions, like CO2 emissions, have approximately followed
an exponential increase since the onset of the industrial
revolution (taken here as 1860). In our baseline model, we
assume that the total mercury concentration in the mixed
layer has also increased exponentially over time and has
doubled between 1860 and 1990 (see below). The evolution
over time of [Hg]s (in mol m-3), the total mercury concentra-
tion in the mixed layer, follows

where [Hg]s
0 (in mol m-3) is the total mercury concentration

in the mixed layer in 1860, and η (in yr-1) is the rate of the
exponential increase.

The variation in the total mercury concentration in the
thermocline, [Hg]therm (in mol m-3) with time can be derived
from a simple mass balance

where [Hg]D (in mol m-3) is the total mercury concentration
in the deep ocean considered to be a constant over time; hT

(in m) is the depth of the thermocline; F1 and F2 (in m yr-1)
account for advective fluxes between the mixed layer and
the thermocline and between the thermocline and the deep
ocean, respectively; and PS

Hg and Ptherm
Hg (in m yr-1) account

for the particulate settling flux of mercury from the mixed
layer to the thermocline and from the thermocline to the
deep ocean, respectively. These factors include both the
partition coefficient between the water and the particles
(chiefly biotic) and the vertical particle flux.

Assuming a steady-state flow field and constant particulate
fluxes from the mixed layer to the thermocline and from the
thermocline to the deep ocean, we can integrate eq 2 to
obtain the evolution of the mercury concentration in the
thermocline over time

with

Methylmercury Concentrations in the Mixed Layer. The
mechanisms underlying methylmercury formation in the
oceans are yet largely unknown, and MeHg may be formed
(most likely through biotic processes) in the mixed layer, the
thermocline, or the deep ocean and sediments. Since
inorganic mercury serves as a substrate for methylation
reactions, methylmercury concentrations at (pseudo) steady-
state are assumed to be proportional to total mercury
concentrations in the oceanic reservoir where MeHg is
formed. This assumption is reasonable, because chemical
transformations between mercury species are fast relative to

[Hg]S ) [Hg]s
0eη.t (t in year since 1860) (1)

d[Hg]therm

dt
) 1

hT
(F1[Hg]S + PS

Hg[Hg]S - F1[Hg]therm -

Ptherm
Hg [Hg]therm + F2[Hg]D - F2[Hg]therm) (2)

[Hg]therm ) C + Deηt + Eeγt (3)

γ ) -
F1 + F2 + Ptherm

Hg

hT

C ) - [Hg]D

F2

hTγ

D ) [Hg]s
0F1 + PS

Hg

hT(η - γ)

E ) [Hg]therm
0 - [Hg]s

0F1 + PS
Hg

hT(η - γ)
+ [Hg]D

F2

hTγ
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the time scales of the anthropogenic perturbation and
physical transport. In the absence of other evidence, we also
take the proportionality coefficient to be constant over time.
We consider three hypotheses in turn.

Hypothesis 1: MeHg is formed in the mixed layer.
At any given time, the MeHg concentration in the mixed

layer, [MeHg]s (in mol m-3), is proportional to the total
mercury concentration in the mixed layer. The proportion-
ality coefficient is unknown, however, since [MeHg]s is too
low to be measured.

The solution for MeHg concentrations in the mixed layer
becomes

With this hypothesis, the ratio of methylmercury concentra-
tions between two given dates (between, for example, 1971
and 1998, see below) depends only on η, the time constant
for the exponential increase in total mercury concentrations
in the mixed layer.

Hypothesis 2: MeHg is formed in the thermocline.
The MeHg concentration in the thermocline is propor-

tional to the total mercury concentration in the thermocline.
In this case, the proportionality coefficient K2 can be
estimated by dividing the MeHg concentration measured in
the thermocline by the total Hg concentration:

The MeHg concentration in the mixed layer is the result of
MeHg inputs (by advection from the thermocline) and MeHg
removal (by photolysis, particulate transport and advection
to the thermocline) and is related to the total mercury
concentration in the thermocline through the differential
equation

where hs (in m) is the depth of the mixed layer; k2 (in yr-1)
is the pseudo first-order constant for the photodemethylation
of MeHg in the mixed layer; and PS

MeHg (in m yr-1) is the
particulate flux of methylmercury from the mixed layer to
the thermocline.

Since the rate of MeHg elimination from the mixed layer
by water advection, photolysis, and particulate transport is
relatively rapid (see below), the methylmercury concentration
in the mixed layer must be at pseudo steady-state on the
time-scale of several years which is of interest to us (i.e.,
d[MeHg]s/dt ≈ 0), and eq 6 yields

This simple model (eq 7) predicts that, if methylmercury
is formed in the thermocline, methylmercury concentrations
in the mixed layer should have increased at the same rate
as total mercury concentrations in the thermocline.

Hypothesis 3: MeHg is formed in the deep ocean or
sediments.

In this scenario, the methylmercury concentration in the
mixed layer depends (eventually) on the total mercury con-
centration in the deep ocean which cannot have been affected
by anthropogenic inputs by more than a few percents (17).

Model Parameters. The initial concentration of total
mercury in the mixed layer, [Hg]s

0 ) 5.5 × 10-10 mol m-3, and
the rate of the exponential increase in total mercury

concentrations in the mixed layer over time, η ) 0.00533
year-1, may be obtained from two pieces of information: (i)
a doubling in mixed layer concentrations between 1860 and
1990 ((18), see below) and (ii) a total mercury concentration
in the mixed layer of the Equatorial and Subtropical Pacific
in 1990 [Hg]S

130 ) 1.11 × 10-9 mol m-3, as measured by Mason
and Fitzgerald (11).

[Hg]T,130 the mercury concentration in the thermocline in
1990, is 1.88 × 10-9 mol m-3 (11).

The water exchange rates between the mixed layer and
the thermocline (F1 ) 10 m yr-1) and between the thermocline
and the deep ocean (F2 ) 2.4 m yr-1) in the model domain
are chosen to mimic the flow-field of the GFDL ocean general
circulation model as described in Toggweiler et al. (19).
Dominant transport features in the Equatorial and Subtropi-
cal Pacific are equatorial upwelling and the subtropical
overturning cells. The intensity of these circulation patterns
is uncertain. For example, estimates of the intensity of the
subtropical overturning cell in the North Pacific vary between
10 and 18 Sv (20). We return to the effects of this parameter
uncertainty below.

[Hg]D, the mercury concentration in the deep ocean of
the Equatorial and Subtropical Pacific, is considered constant
over the time scale of interest (a few hundred years) and
equal to 9.9 × 10-10 mol m-3, estimated from the available
data (11).

The value for PS
Hg is adjusted to fit the observed gradient

of total mercury concentrations between the mixed layer
and the thermocline in 1990 (11).

The exact value of Ptherm
Hg is poorly known but is likely

to be small, i.e., less than 10% of PS
Hg (21), and for simplicity,

we take Ptherm
Hg ) 0.

K2 is estimated to be about 0.1, using again the data
published by Mason and Fitzgerald (11).

An estimate for k2 ) 0.06-0.6 yr-1 was calculated for a
depth-averaged concentration of OH• ) 2 × 10-19-2 × 10-18

M, based on the study by Chen et al. (22); the reaction with
the OH• radical is assumed to be the major mechanism for
photodegration of methylmercury in seawater.

PS
MeHg can be estimated as the product of PS (in g C m-2

yr-1), the particulate carbon flux from the mixed layer to the
thermocline and RMeHg (in m3 g C-1), the partition coefficient
of MeHg in the particles that are exported. RMeHg[MeHg]s

was estimated by Topping and Davies (1981) as 6 pg MeHg/
mg C, which yields RMeHgPS[MeHg]s ) 6 × 10-10 molMeHg
yr-1 m-2 with PS ) 60 mgC m-2 d-1 (21). The concentration
of MeHg in the mixed layer is unknown, since it is below the
detection limit (11) and the value of RMeHgPS () PS

MeHg) cannot
be estimated. A simple calculation shows that if [MeHg]s is
close to 50 fM (11), particulate transport, photolysis and
transport to the thermocline by water advection are likely to
be of similar importance for the removal of MeHg from the
mixed layer (see eq 6). Since we are interested in the relative
increase in [MeHg]S over time, the exact value of the
proportionality coefficient is unimportant.

Model Equations for a Linear Increase in Mercury
Concentrations in the Mixed Layer. Mason et al. (4) assumed
a linear rather than exponential increase in mercury emis-
sions and using a different model, found a linear increase in
the concentration of mercury in the mixed layer. In this case,
which will be discussed later as one of the variations of the
baseline model, the model’s equations become (using a as
the rate of linear increase)

with

[MeHg]s ) [MeHg]s
0eηt (4)

K2 )
[MeHg]therm

[Hg]therm
(5)

d[MeHg]s

dt
)

F1

hs
K2[Hg]therm - (k2 +

PS
MeHg

hs
+

F1

hs
)[MeHg]s

(6)

[MeHg]s )
F1K2

hsk2 + PS
MeHg + F1

[Hg]therm (7)

[Hg]s ) [Hg]s
0 + at (mol m-3, t in year since 1860) (8)

[Hg]therm ) L + Mt + [[Hg]therm
0 - L]eγt (9)
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Results and Discussion
Mercury Concentrations in Tuna: 1998 versus 1971.
Extensive data are available for the mercury concentrations
in Yellowfin tuna caught off Hawaii in 1971. The data sets of
Thieleke (15), who analyzed 100 Yellowfin samples in 1971,
and Rivers et al. (23), who reported an additional 22
observations in this region, are combined in Figure 1. As has
often been observed in fish, mercury concentrations tend to
increase with the weight of tuna (24). The 1971 samples range
from 0.09 to 1.32 ppm of mercury, for weights ranging from
10 Kg to 97.5 Kg. For reference, a 50 Kg tuna is about 4 years
old (25), swims continuously in the top 100 m of the water
column (26), and feeds opportunistically on a whatever preys
are available (27). Tuna are known to migrate over thousands
of miles (28), although individuals that have been tracked
near Hawaii seem to remain in that area of the open ocean
(26).

In this study, we focused on the same tuna species caught
in the same area 27 years later and analyzed mercury
concentrations in 105 Yellowfin tuna caught off Hawaii in
1998 (Figure 1). The range of tuna weights in the 1998 data
set (from 27.2 Kg to 70.8 Kg) is similar, although somewhat
narrower, to that of the 1971 data set. Despite some scatter
in the data, the mercury concentration tends to increase
with the weight of the tuna. The range of mercury concen-
trations is narrower in the 1998 data set (going from 0.012
to 0.68 ppm) than in the 1971 data set, probably reflecting
the decreased range in tuna weights in 1998.

The average concentration of mercury in tuna in 1998 is
slightly lower than in 1971, but not significantly so (0.210 (
0.112 ppm versus 0.274 ( 0.172 ppm). A simple comparison
of the average concentrations may be misleading because of
the increase in Hg concentrations in tuna with weight. We
thus choose from each study the subset of fish between 38.6
Kg and 52.2 Kg representing more than half of each
population. The number of fish in both subsets is similar (71
in 1971 versus 66 in 1998), and the average fish weights are
virtually identical (44.0 Kg in 1971 versus 43.9 Kg in 1998).
The concentration distributions in the considered weight
range in 1971 and 1998 are remarkably similar (see Figure
2), as are the means (the mean mercury concentrations are
0.218 ppm in 1971 versus 0.206 ppm in 1998, corresponding
to a ratio of 0.95). A t-test of these observations indicates no
significant change in Hg concentrations between 1971 and
1998 (p < 0.05). Because the data are not normally distributed,
we verified this conclusion with a nonparametric bootstrap
analysis, percentile method, using 105 simulations (29). Again,
we found no evidence for a statistically significant change
in mercury concentrations in Yellowfin tuna between 1971
and 1998. The 95% quantile of the test-statistic on the ratio
of the mean mercury concentrations is estimated by the
bootstrap analysis as 1.06. In other words, mercury con-
centrations in tuna are inconsistent, at the 95% confidence
level, with an increase of more than 6% between 1971 and
1998.

This result can be compared with studies of change in
mercury concentrations in fish and seabirds over the past
century using museum specimens as early controls. Miller

et al. (8) found no difference in the mercury concentrations
of tuna caught between 1878 and 1909 and tuna caught in
1972. In contrast, depending on the species of seabirds,
Thompson et al. (30) found significant increases or decreases
in birds caught near the British Isles before 1930 and after
1980. In a similar study off the Azores, Monteiro and Furness
(31) found an increase in mercury in two species of birds
over the period 1890 and 1993 with a particularly significant
increase between 1967 and 1993. A further report by
Thompson et al. (32), which reports the same data and
extends the study to other birds found a significant increase
pre 1931 to post 1979 in all seabirds tested. The reasons for
the differences among the bird studies are not known, but

L ) -
ahT(F1 + PS

Hg)

(F1 + F2)2
+

(F1 + PS
Hg)[Hg]s

0 + F2[Hg]D

F1 + F2

M )
a(F1 + PS

Hg)

F1 + F2

γ ) -
F1 + F2 + Ptherm

Hg

hT

FIGURE 1. Mercury concentration in Yellowfin tuna caught off
Hawaii in 1971 and 1998. The open squares are a collection of the
data published by Rivers et al. (23) and Thieleke (15) and correspond
to tuna caught in 1971. The stars represent tuna analyzed in this
study and caught in 1998.

FIGURE 2. Histograms of mercury concentrations in Yellowfin tuna
in 1971 and 1998. The histograms are restricted to tuna with weights
ranging from 38.6 Kg to 52.2 Kg. Upper panel (A): Yellowfin tuna
in 1971 (15, 23). Lower panel (B): Yellowfin tuna in 1998 (this study).
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they may reflect different pollution patterns (e.g., coastal
versus open ocean) and different food chains. The difference
in trends between the Pacific tuna data and the Atlantic bird
data are not likely due to the differences between the two
oceans since the Pacific ocean has likely been subjected to
a larger increase in Hg inputs than the Atlantic ocean between
the late 1960s and the mid 1990s (see below). We note,
however, that the use of museum specimens (which comprise
all the bird data up to 1967 included) to provide long-term
comparison is fraught with difficulties (33).

Model Predictions. Since Yellowfin tuna and their prey
feed mostly in the mixed layer (27), their mercury concen-
trations must reflect the concentration of methylmercury at
the surface. Clearly, we cannot rule out uncertainties
introduced by additional factors not considered in our model,
such as changes in the Yellowfin migration patterns, or
changes in the functional relationship between Hg concen-
trations in the water and the Hg concentrations in tuna,
resulting for example from a change in the food web structure
or in the tuna diet. Nonetheless, in the absence of any
evidence for such changes in the Equatorial and Subtropical
Pacific, the most parsimonious assumption is that the
mercury concentration in tuna is proportional to the meth-
ylmercury concentration in the mixed layer. We thus compare
directly the changes in methylmercury concentrations in the
mixed layer predicted by our model with the measured
mercury concentrations in tuna.

For the sake of simplicity, we discuss first the results of
the baseline model that assumes an exponential increase
and a doubling in mercury concentrations in the mixed layer
between 1860 and 1990. The increase by a factor of 2 of the
mercury concentration of the mixed layer between prein-
dustrial and present times is based on the results of the
GRIMM model as described by Lamborg et al. (18). The
evolution of mercury concentrations in the mixed layer over
time is of course uncertain, and we examine later the
consequences of making different assumptions on the time-
dependence and magnitude of the increase in Hg concen-
trations.

As is apparent in Figure 3, our model predicts a time lag
between the onset of anthropogenic mercury emissions and
the increase in total mercury concentrations in the ther-
mocline. This is mainly the result of slow exchange rates
between the thermocline and the mixed layer. Between 1860
and 1990, Hg concentrations are calculated to have increased
by 44% in the thermocline while they have increased by a
factor of 2 in the mixed layer. These increases, calculated for
the Equatorial and Subtropical Pacific, cannot be compared
directly with those calculated by models calibrated for the
whole oceans (17, 18). Nonetheless, if we extrapolate our
results to the global ocean (by simple proportionality of
surface areas), we obtain an accumulation of 20 Mmol in the
mixed layer and 168 Mmol in the thermocline. The corre-
sponding accumulations calculated by Lamborg et al. (18)
who considered similar oceanic reservoirs, are 25 Mmol and
178 Mmol, respectively.

As explained in the Model section, MeHg concentrations
in the mixed layer are taken to be proportional to total Hg
concentrations in the oceanic reservoir (i.e., mixed layer,
thermocline, or deep ocean) where MeHg is formed. The
predictions of the evolution of MeHg concentrations in the
mixed layer over time thus depend on where MeHg is formed
in the oceans.

Hypothesis 1: MeHg is formed in the mixed layer of the
Equatorial and Subtropical Pacific.

At any given time, the MeHg concentration in the mixed
layer is proportional to the total mercury concentration in
the mixed layer. According to this hypothesis, MeHg con-
centrations in the mixed layer have increased exponentially
since the beginning of industrial times and doubled between

1860 and 1990 (see eq 4 and Figure 3). Between 1971 and
1998, they have increased by 15%. But according to our
statistical analysis of the mercury concentrations in Yellowfin
tuna, a 15% increase in the average concentration in tuna
between 1971 and 1998 can be rejected (p < 0.05).

Hypothesis 2: MeHg is formed in the thermocline.
The MeHg concentration in the thermocline is propor-

tional to the total mercury concentration in the thermocline;
the MeHg formed in the thermocline is then transported to
the mixed layer, where it is rapidly degraded by photolysis
or transported back to the thermocline by water advection
or adsorption onto the sinking particulate flux. In either case,
the pseudo steady-state concentration of MeHg in the mixed
layer is controlled in part by the rate of supply from the
thermocline and is directly proportional to the MeHg
concentration in the thermocline (and thus to the total
mercury concentration in the thermocline; see eqs 5 and 7
and Figure 3).

According to this hypothesis, methylmercury concentra-
tions in the mixed layer should have increased at the same
rate as total mercury concentrations in the thermocline. For
the specific assumptions described above, this corresponds
to an increase by roughly 45% between 1860 and 1990. If
MeHg is formed in the thermocline, the model predicts that
MeHg concentrations in the mixed layer have increased by
12% between 1971 and 1998. But again, the data on mercury
in Yellowfin tuna (Figure 1, see above) indicate that a 12%
increase in the average Hg concentration in Yellowfin tuna
between 1971 and 1998 can be rejected (p < 0.05)

Hypothesis 3: MeHg is formed in the deep ocean.
In this case, the methylmercury concentration in the

mixed layer depends on the total mercury concentration in
the deep ocean, whose increase over time is difficult to
estimate. But an upper limit of the potential effect of such
an increase on the concentration of methylmercury at the
surface is easily calculated. The maximum increase in the
deep ocean inventory of mercury (and thus of methylmer-
cury) is on the order of 0.2% per year (17, 18). If it is assumed
to have remained at this level for 130 years, such an increase
could have led to a maximum increase in the surface
concentration of methylmercury of 1.5% over the 27 years
of interest, given a minimum mixing time between the deep
ocean and the surface of 400 years. According to this
hypothesis, there has thus been no significant increase in
the methylmercury concentration of the mixed layer, con-
sistent with the lack of a significant change in the mercury
concentrations of tuna between 1971 and 1998 (Figure 1, see
above).

Given our assumptions, we conclude tentatively that
MeHg in the Equatorial and Subtropical Pacific is likely
formed in the deep ocean rather than in the thermocline or
in the mixed layer. We explore whether this conclusion is
robust with respect to the estimated model parameters and
boundary conditions by a model sensitivity study.

Model Sensitivity. The most important assumptions of
the model are as follows: (i) the magnitude of the increase
in mercury concentrations in the mixed layer since 1860; (ii)
the time-dependence of the increase (e.g., whether we assume
an exponential or linear increase in mixed layer concentra-
tions); and (iii) the estimated model parameters such as F1,
the water flux between the mixed layer and the thermocline,
F2, the water flux between the thermocline and the deep
ocean, Ps

Hg, the particulate flux, hT, the depth of the
thermocline, and [Hg]D, the total mercury concentration of
the deep ocean.

If the total mercury concentration in the mixed layer has
increased by a factor of 3 (rather than 2), as proposed by
Mason et al. (4), the model predicts an even higher increase
of MeHg concentrations in the mixed layer between 1971
and 1998: MeHg is predicted to increase by 26% if it is formed
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in the mixed layer and by 21% if it is formed in the
thermocline. Assuming a linear rather than exponential
increase of a factor of 2 yields a minimum 11% increase in
the MeHg concentration of the mixed layer (see Table 1).
The invariant mercury concentrations measured in tuna are
inconsistent with all these scenarios and with all similar
scenarios as long as the Hg concentration in the mixed layer
is considered to have increased by more than 50% since 1860.

Some recently published measurements of Hg concen-
trations in the atmosphere between 18°29′E and 80°15′W
suggest that these concentrations may have peaked in the
late 1980s and then decreased and reached a plateau in the
1990s (34). This is unlikely to be the case over the Equatorial
and Subtropical Pacific Ocean, because of the increased
emissions from coal burning from China over the past 30
years (35-37). This is seen in the results of Prospero et al.
(38) who measured a near doubling of anthropogenic sulfate
aerosols (which, like mercury, originate mostly from coal
combustion) over Midway Island between 1981 and the mid

1990s, followed by a possible slight decrease afterward. More
directly, in a modeling study, Seigneur et al. (39) found a
clear impact of Hg emissions from China on the annual total
deposition fluxes of Hg in the Equatorial and Subtropical
Pacific. Our scenario of a 15% increase between 1971 and
1998 in atmospheric inputs of Hg is thus likely conservative.
Nonetheless, we tested our model using an input function
based on the data of Slemr et al. (34) which show a peak in
atmospheric Hg concentrations in 1990 (taken conservatively
at 2.3 ng m-3), a large increase prior to 1990 (extrapolated
to 1.4 ng m-3 in 1971, consistent with the data of Seiler et
al. (40)), and a decrease after 1990 (taken to reach 1.6 ng m-3

in 1998). We calculated that according to such a scenario,
the MeHg concentration in the mixed layer has increased by
15% between 1971 and 1998 if MeHg is formed in the mixed
layer and by 18% if MeHg is formed in the thermocline. Even
in this case, MeHg formation in the mixed layer or in the
thermocline can still be rejected with a confidence level better
than 95% on the basis of the tuna data.

FIGURE 3. (a) Evolution with time of total mercury concentrations in the mixed layer, the thermocline, and the deep ocean as predicted
by the box model. The total mercury concentration of the mixed layer is assumed to have increased exponentially over time and to have
doubled between 1860 and 1990. The dots are the total mercury concentrations in the mixed layer, thermocline, and deep ocean measured
by Mason and Fitzgerald in the Equatorial Pacific in 1990 (11). (b) Relative increase of methylmercury concentrations in the mixed layer
(normalized to the concentration in 1860) over time as predicted by the box model, according to various scenario. The model predictions
depend on the location of MeHg formation in the oceans (i.e., mixed layer, thermocline, or deep ocean and sediments) and on the increase
in total mercury concentrations in the mixed layer over time (i.e., whether total mercury concentrations in the mixed layer have increased
exponentially or linearly over time and have doubled or tripled between 1860 and 1990). The shaded areas indicate the range of uncertainty
for each hypothesis. Insert: Comparison of the model predictions of the relative increase of methylmercury concentrations in the mixed
layer between 1971 and 1998 (lines) with the ratio of the mean Hg concentrations in tuna (with a weight range of 45.4 Kg ( 6.8 Kg) between
1971 and 1998 (dot; the error bar represents the confidence interval at the 95% level). This time, MeHg concentrations are normalized to
the MeHg concentration in 1971.
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The uncertainty on the value of the water fluxes F1 and
F2 is estimated to be (30% (see Model section), while the
mercury concentration of the deep ocean, [Hg]D, is estimated
to be known within (50%. If the model is run with the
minimum value for F1 and the maximum values for F2 and
[Hg]D (which all tend to minimize the rate of increase of total
mercury in the thermocline), the MeHg concentration in the
mixed layer is predicted to have increased by at least 9%
between 1971 and 1998 (see Table 1, where the extrema
obtained with various set of parameters are given in paren-
theses). Because the value for the depth of the thermocline,
hT, is interrelated with the magnitudes of the exchange fluxes
F1 and F2, variations in hT were not investigated indepen-
dently.

Although the data set published by Mason and Fitzgerald
(11) for the Equatorial Pacific is the most extensive one,
mercury gradient between the mixed layer and the ther-
mocline may not be as important as suggested by Mason
and Fitzgerald’s data (41). In this case, particulate transport
must be lower than what we estimated in the model, and
water advection (i.e., F1 flux) is responsible for most of the
transport of anthropogenic mercury from the surface to the
thermocline. If we assume no particulate transport (Ps

Hg )
0) as an extreme case, the model predicts (for the exponential
doubling case) that the MeHg concentration in the mixed
layer would have increased by 10.6% between 1971 and 1998
if MeHg is formed in the thermocline.

Overall, the model predicts that if methylmercury is
formed in the thermocline, its concentration in the mixed
layer should have increased by at least 9% (for a linear increase
of a factor of 2 in mercury concentrations in the mixed layer)
and up to 21% (for an exponential increase of a factor of 3)
between 1971 and 1998 (see Table 1). If methylmercury is
formed in the mixed layer, the model predicts that its
concentration should have increased by at least 11% between
1971 and 1998. These are large increases since the data of
Figure 1 are incompatible with an increase of mercury in
tuna by more than 6% (p < 0.05).

Role of Dimethylmercury (DMHg). It has sometimes
been proposed that MeHg in the oceans originates from the
demethylation of dimethylmercury (DMHg, Hg(CH3)2) rather
than from the direct methylation of inorganic mercury (11).
For the sake of clarity, we have not considered DMHg in our
discussion, but our conclusions remain the same if DMHg,
rather than MeHg, is the main product of mercury methy-
lation. In the oceanic reservoir where inorganic mercury is
methylated, DMHg would be proportional to total mercury.
At pseudo steady-state, the MeHg concentration in the mixed
layer would be proportional to the concentration of DMHg
in the reservoir where it is formed and thus to the total
mercury concentration in this reservoir, as in the three
hypotheses examined in our model. The evolution of MeHg
concentrations with time predicted by the model thus does

not depend on whether MeHg originates from inorganic
mercury or from DMHg.

A Deep Source of MeHg in the Oceans? The combined
analysis of the 1971 and 1998 data sets of mercury concen-
trations in Yellowfin tuna and a simple box model for mercury
cycling in the Equatorial and Subtropical Pacific indicate
that methylmercury is likely formed neither in the mixed
layer, nor in the thermocline. Deposition of MeHg from the
atmosphere is not significant in this part of the ocean (42).
In addition, the export of primary production from coastal
areas is practically negligible (as shown by 13C analysis of
organic matter, (43)), and since tuna spend most of their
time in the open ocean ((26, 28)), MeHg is not likely to
originate from coastal waters, either. It thus appears that the
deep oceans or sediments are the likely source of MeHg.

The current prevalent hypothesis is that mercury is
methylated at the depth of the oxygen minimum in the oceans
(e.g, refs 10, 11, and 44). The “oxygen minimum” hypothesis
is based on three lines of evidences: (i) some depth profiles
of methyl and dimethylmercury in the Pacific and Atlantic
oceans as well as in the Mediterranean sea seem to indicate
a concentration maximum at the oxygen minimum (10, 11,
14, 44, 45); (ii) the only known source for methyl and dimethyl
mercury is biological, and the oxygen minimum is a source
of relatively intense bacterial activity; (iii) in lakes, meth-
ylmercury is produced by sulfate reducing bacteria and
originates in anoxic waters and sediments (46, 47).

Depth profiles of MeHg and DMHg in the oceans are few
owing to the difficulty of measuring extremely low concen-
trations and do not necessarily provide a strong indication
for a maximum at the oxygen minimum. In addition, although
the oxygen concentration decreases at the oxygen minimum,
anoxia is never reached, and since there is no evidence that
sulfate reducers are active, the actual mechanism for the
postulated methylation remains obscure. Alternatively, MeHg
and DMHg could originate in the deep ocean. A number of
their depth profiles could be interpreted as indicating a deep
source (10, 11, 14), and sulfate reduction (often associated
with methane oxidation) is known to occur in some oceanic
margins and deep sea sediments, which could provide a
favorable environment for the production of MeHg and
DMHg (48). A particularly intriguing possibility is the
formation of MeHg and DMHg in hydrothermal vents, where
both high concentrations of mercury (particularly in the form
of cinnabar and elemental Hg) and sulfate-reducing bacteria
have been found (49-51). Given that sulfate-reducing
bacteria are the primary mercury methylators in freshwater
ecosystems and coastal areas, it is possible that significant
amounts of methylmercury are produced at these locations.
Although it is clear that MeHg and DMHg degrade relatively
rapidly in the presence of light (22, 52-54), there are no
reliable data on the degradation rates of MeHg and DMHg
in conditions resembling those of the deep ocean, and it is

TABLE 1. Predicted Increases in MeHg Concentrations in the Mixed Layer between 1971 and 1998 According to Various
Scenarios

percent increase in MeHg concentrations in the mixed layer between 1971 and 1998

mixed layer source
(hypothesis 1)a (%)

thermocline source
(hypothesis 2)a (%)

deep source
(hypothesis 2)a

exponential time-dependence; 3 x increase 25.6 20.7
(16.4-23.3)b

exponential time-dependence; 2 x increase 15.5 12.3 <1.5%
(9.7-13.9)b

linear time-dependence; 2 x increase 11.3 11.0
(8.8-12.2)b

a The percentage increases are calculated as follows: [Hg]s
1998/[Hg]s

1971 - 1 (hypothesis 1); [Hg]therm
1998/[Hg]therm

1971 - 1 (hypothesis 2);
[Hg]D

1998/[Hg]D
1971 - 1 (hypothesis 3). b The parentheses give the range of increases when the model parameters are varied to either minimize or

maximize the results (see text).
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not impossible that the methylated species of Hg may be
stable in the deep ocean over time scales of several hundred
years.

On the basis of constant mercury concentrations in tuna
between 1971 and 1998 (and with help of a simple model of
the mercury cycle in the oceans), we hypothesize that
methylmercury is formed in the deep sea or in sediments,
where mercury concentrations have been little affected by
human activities. It may seem roundabout to use a study of
mercury concentration in tuna over time to infer where
mercury methylation occurs in the open oceans. This indirect
approach reflects the much easier measurement of mercury
species in fish than in seawater: the data on methylmercury
in the oceans are too few and too variable to provide a sound
basis for assessing its biogeochemical sources and sinks
directly. Nonetheless, an elucidation of the actual origin of
methylmercury in surface seawater and in pelagic fish will
have to come from a direct mechanistic understanding of
mercury methylation in the oceans. Our conclusion rests
ultimately on the simple idea that if mercury in tuna
originated wholly or partly in the atmosphere, the increase
in atmospheric mercury should have been reflected to a
measurable extent in the fish. The bare fact that the con-
centrations of Hg in tuna were identical in 1971 and 1998
either reflects a remarkable coincidence or indicate that,
regardless of mechanisms, these concentrations are not
responding to atmospheric pollution.

Acknowledgments
Funding for this research was provided by EPA. Tuna
sampling and analysis was organized and paid for by the
USTF (United States Tuna Foundation). The authors wish to
thank Dong-Ha Min for his assistance with the determination
of the water flow field.

Supporting Information Available
Mercury concentrations in Yellowfin tuna caught off Hawaii
in 1971 and 1998 (Tables A1 and A2). This material is available
free of charge via the Internet at http://pubs.acs.org.

Literature Cited
(1) Council, N. R. Toxicological Effects of Methylmercury; National

Academy Press: Washington, DC, 2000.
(2) Biester, H.; Kilian, R.; Franzen, C.; Woda, C.; Mangini, A.; Scholer,

H. F. Earth Planet Sci. Lett. 2002, 201, 609-620.
(3) Benoit, J. M.; Fitzgerald, W. F.; Damman, A. W. H. Environ. Res.

1998, 78, 118-133.
(4) Mason, R. P.; Fitzgerald, W. F.; Morel, F. M. M. Geochim.

Cosmochim. Acta 1994, 58, 3191-3198.
(5) Slemr, F.; Langer, E. Nature 1992, 355, 434-437.
(6) Shia, R.-L.; Seigneur, C.; J. Geophys. Res. 1999, 104, 747-760.
(7) Rolfhus, K. R.; Fitzgerald, W. F. Water, Air, Soil Pollut. 1995, 80,

291-297.
(8) Miller, G. E.; Rowland, F. S.; Steinkru, Fj; Grant, P. M.; Guinn,

V. P.; Kishore, R. Science 1972, 175, 1121-1122.
(9) Boudou, A.; Ribeyre, F. Met. Ions Biol. Syst. 1997, 34, 289-319.

(10) Mason, R. P.; Sullivan, K. A. Deep-Sea Res. Pt. Ii 1999, 46, 937-
956.

(11) Mason, R. P.; Fitzgerald, W. F. Deep-Sea Res. Pt. I 1993, 40,
1897-1924.

(12) Cossa, D.; Martin, J. M.; Sanjuan, J. Mar. Pollut. Bull. 1994, 28,
381-384.

(13) Benoit, J. M.; Gilmour, C. C.; Heyes, A.; Mason, R. P.; Miller, C.
L. In Geochemical and Biological Controls over Methylmercury
Production and Degradation in Aquatic Ecosystems; Braids, Y.
C. a. O. C., Ed.; Oxford University Press: Oxford, 2003; Vol. ACS
Symposium Series 835.

(14) Mason, R. P.; Rolfhus, K. R.; Fitzgerald, W. F. Mar Chem 1998,
61, 37-53.

(15) Thieleke, J. R. Ph.D. Dissertation, Mercury levels in five species
of commercially important pelagic fish taken from the Pacific
Ocean near Hawaii; University of Wisconsin: Madison, 1973.

(16) Cunniff, P. Official Methods of Analysis of AOAC International;
16th ed.; AOAC International: Gaithersburg, MD, 1996.

(17) Mason, R. P.; Sheu, G.-R. Global Biogeochemical Cycles 2002,
16, 1093.

(18) Lamborg, C. H.; Fitzgerald, W. F.; O’Donnell, J.; Torgersen, T.
Geochim. Cosmochim. Acta 2002, 66, 1105-1118.

(19) Toggweiler, J. R.; Dixon, K.; Bryan, K. J. Geophys. Res.-Oceans
1989, 94, 8217-8242.

(20) Yaremchuk, M. I. J. Geophys. Res.-Oceans 2001, 106, 2331-2344.
(21) Murray, J. W.; Downs, J. N.; Strom, S.; Wei, C. L.; Jannasch, H.

W. Deep-Sea Res. 1989, 36, 1471-1489.
(22) Chen, J.; Pehkonen, S. O.; Lin, C.-J. Water Res. 2003, 37, 2496-

2504.
(23) Rivers, J. B.; Pearson, J. E.; Shultz, C. D. B Environ. Contam. Tox.

1972, 8, 257.
(24) Qian, S. S.; Warren-Hicks, W.; Keating, J.; Moore, D. R. J.; Teed,

R. S. Environ. Sci. Technol. 2001, 35, 941-947.
(25) Kikkawa, B. S.; Cushing, J. W. 15th Meeting of the Standing

Committee on Tuna and Billfish 2002.
(26) Brill, R. W.; Block, B. A.; Boggs, C. H.; Bigelow, K. A.; Freund,

E. V.; Marcinek, D. J. Mar. Biol. 1999, 133, 395-408.
(27) Grubbs, R. D.; Holland, K.; Itano, D. 15th Meeting of the Standing

Committee on Tuna and Billfish 2002.
(28) Hampton, J. 15th Meeting of the Standing Committee on Tuna

and Billfish 2002.
(29) Efron, B.; Gong, G. Am. Stat. 1983, 37, 36-48.
(30) Thompson, D. R.; Furness, R. W.; Walsh, P. M. J. Appl. Ecol.

1992, 29, 79-84.
(31) Monteiro, L. R.; Furness, R. W. Environ. Toxicol. Chem. 1997,

16, 2489-2493.
(32) Thompson, D. R.; Furness, R. W.; Monteiro, L. R. Sci. Total

Environ. 1998, 213, 299-305.
(33) Renaud, C. B.; Nriagu, J. O.; Wong, H. K. T. Sci. Total Environ.

1995, 159, 1-7.
(34) Slemr, F.; Brunke, E. G.; Ebinghaus, R.; Temme, C.; Munthe, J.;

Wangberg, I.; Schroeder, W.; Steffen, A.; Berg, T. Geophys. Res.
Lett. 2003, 30, art. no.-1516.

(35) Smith, S. E. A. 2003, in progress.
(36) Zhang, M. Q.; Zhu, Y. C.; Deng, R. W. Ambio 2002, 31, 482.
(37) Wang, Q.; Shen, W.; Ma, Z. Environ. Sci. Technol. 2000, 34, 2711.
(38) Prospero, J. M.; Savoie, D. L.; Arimoto, R. J. Geophys. Res.-Atmos

2003, 108, art. no.-4019.
(39) Seigneur, C.; Karamchandani, P.; Lohman, K.; Vijayaraghavan,

K.; Shia, R.-L. J. Geophys. Res. 2001, 106, 27, 795.
(40) Seiler, W.; Eberling, C.; Slemr, F. Pure Appl. Geophysics 1980,

118, 964-974.
(41) Whalin, L.; Faurier, F. J. EOS Transactions, AGU Fall Meeting

2002, 83, 0S11B-0227.
(42) Mason, R. P.; Fitzgerald, W. F.; Vandal, G. M. J. Atmos. Chem.

1992, 14, 489-500.
(43) Cherrier, J.; Bauer, J. E.; Druffel, E. R. M.; Coffin, R. B.; Chanton,

J. P. Limnol. Oceanogr. 1999, 44, 730-736.
(44) Cossa, D.; Martin, J. M.; Takayanagi, K.; Sanjuan, J. Deep-Sea

Res. Pt. Ii 1997, 44, 721-740.
(45) Mason, R. P.; Rolfhus, K. R.; Fitzgerald, W. F. Water, Air, Soil

Pollut. 1995, 80, 665-677.
(46) Morel, F. M. M.; Kraepiel, A. M. L.; Amyot, M. Annu. Rev. Ecol.

Sys. 1998, 29, 543-566.
(47) Compeau, G. C.; Bartha, R. Appl. Environ. Microb. 1985, 50,

498-502.
(48) D’Hondt, S.; Rutherford, S.; Spivack, A. J. Science 2002, 295,

2067-2070.
(49) Stoffers, P.; Hannington, M.; Wright, I.; Herzig, P.; de Ronde, C.

Geology 1999, 27, 931-934.
(50) Burggraf, S.; Jannasch, H. W.; Nicolaus, B.; Stetter, K. O. Syst.

Appl. Microbiol. 1990, 13, 24-28.
(51) Sievert, S. M.; Brinkhoff, T.; Muyzer, G.; Ziebis, V.; Kuever, J.

Appl. Environ. Microb. 1999, 65, 3834-3842.
(52) Sellers, P.; Kelly, C. A.; Rudd, J. W. M.; MacHutchon, A. R. Nature

1996, 380, 694-697.
(53) Gardfeldt, K.; Feng, X. B.; Sommar, J.; Lindqvist, O. Atmos.

Environ. 2001, 35, 3027-3038.
(54) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P. J. Phys.

Chem.-Us 1983, 87, 4978-4981.

Received for review January 24, 2003. Revised manuscript
received September 25, 2003. Accepted September 29, 2003.

ES0340679

5558 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 37, NO. 24, 2003


