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ABSTRACT: To study the sources and transformations of Hg in the rice plant (Oryza
sativa L.), stable Hg isotope variations in different tissues (foliage, root, stem, and seed) of
rice which were collected from the Wanshan mercury mine (WSMM, Guizhou province,
SW China) were investigated by multicollector inductively coupled plasma mass
spectrometry (MC-ICP-MS). In comparison, Hg isotope compositions of paddy soil,
lichen, and direct ambient air samples in WSMM were also analyzed. We observed that
mass dependent fractionation (MDF) of Hg differed by up to ∼3.0‰ in δ202Hg values and
that mass independent fractionation (MIF) of Hg isotopes affected the odd Hg isotopes to
produce a ∼0.40‰ range in Δ199Hg (and Δ201Hg) values in tissues of rice plant. The 1:1
Δ199Hg/Δ201Hg ratio in tissues of rice supported the hypothesis that a fraction of Hg in
tissues of rice plants has undergone a photoreduction process prior to being accumulated
by rice plants. We suggest that the variation of MIF represents a mixing between soil Hg
and atmospheric Hg in rice plants. The estimated fraction of atmospheric Hg ( f) in tissues
of rice followed the trend of f leaf > fstem > fseed > f root. Finally, we demonstrated a significant MDF of >1.0‰ in δ202Hg during the
processes of absorption of atmospheric Hg by leaf tissues and of absorption of soil Hg by roots. Our study demonstrated that Hg
isotopes may represent an important contribution both to the study of Hg transportation in plants and to the understanding of
sources of Hg contamination to critical food crops.

■ INTRODUCTION

Mercury (Hg) is a globally distributed and extremely toxic
pollutant. Among different species of Hg, methylated Hg
(MeHg) is of utmost concern to public health due to its ability
to be bioaccumulated and biomagnified in biota.1 China is the
largest producer of rice in the world, responsible for 29% of the
global paddy rice production.2 MeHg yields are elevated in rice
paddies, where flooded conditions enhance microbial activity
and promote the conversion of less toxic inorganic Hg to
MeHg, which can be easily taken up in the rice plant.3 In the
inland area of China where people seldom eat fish, rice
consumption has been demonstrated to be the dominant
MeHg exposure pathway.4,5 However, the sources and fates of
Hg in rice plants are poorly understood and should be studied
so that remediation can be appropriately targeted. To date, Hg
interactions in rice have been studied with indirect measure-
ments in solution cultures or other artificial laboratory systems,
underpinned by mathematical modeling.6−8 The lack of direct
techniques for measuring interactions in intact rice plants under
natural conditions, without artificial manipulations of the
system, has hampered our understanding of Hg biogeochemical
processes in rice plant systems.
With the improvement of analytical methods, there is an

increasing interest in using Hg stable isotope ratios to identify
sources and fate of Hg in the environment.9,10 Hg possesses

seven stable isotopes with the following average abundances:
196Hg (0.155%), 198Hg (10.04%), 199Hg (16.94%), 200Hg
(23.14%), 201Hg (13.17%), 202Hg (29.73%), and 204Hg
(6.83%). Recent studies demonstrated that Hg isotope
compositions vary significantly between different source
materials11−15 and that Hg isotopes can be systematically
fractionated during specific transformation reactions.16−25 In
addition to mass-dependent fractionation (MDF), the anom-
alous behavior of the several Hg isotopes (e.g., 199Hg, 200Hg,
and 201Hg), resulting in mass-independent fractionation
(MIF),16,18,19,23,24 opens up the possibility to use Hg isotope
ratios as a “two-dimensional” tracer by using both MDF and
MIF signature indicators.26

In this study, total Hg (THg) concentrations and Hg isotope
variations in different tissues of rice (Oryza sativa L.) grown in
the Wanshan mercury mine (WSMM) were investigated. The
objectives of this study are (1) to estimate the potential source
of Hg in different tissues of rice and (2) to investigate the
potential fractionation of Hg isotopes during the metabolic
process in rice plant.
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■ EXPERIMENTAL SECTION

Study Area and Sampling. WSMM, located in eastern
Guizhou province, SW China, and known as the “Mercury
Capital” in China, is the largest Hg deposit in China. Hg mining
activities have been documented for 3000 years in this area. Hg
ores have been intensively extracted during the past 50 years.
Exploration of Hg in WSMM has led to serious Hg
contamination in several environmental compartments such
as air,27,28 soil/sediment,29 water,30 and foodstuffs.3−8

As shown in Figure S1 (Supporting Information, SI), two
watersheds in WSMM were selected as our study areas. The
Dashuixi (DSX) watershed was studied because it contains a
large quantity of discarded calcine tailings from large-scale Hg
mining activities at its headwater. Hg mining activities in DSX
were ceased in 2001. The calcine tailings were recently covered
by concrete to reduce the release of Hg. The Gouxi (GX)
watershed was studied because several illegal artisanal Hg
retorts are presently operating along the stream. A large
amount of Hg is emitted to the air from the retorts due to poor
distillation practices.27,28 Rice paddy fields at DSX and GX were
irrigated using polluted river water during the entire rice
growing season and were heavily contaminated with Hg.3−8

At each site of DSX and GX, rice plants (n = 3) and paddy
soil samples (n = 4) with 10−20 cm in depth were collected in
September 2009 shortly before the rice was harvested.
Meanwhile, epiphytic lichen samples (n = 2 at each site)
from nearby trees (with 0.1−0.5 m above the ground) of the
sampling sites were also collected. During the sampling
campaign, all collected samples were stored in sealed
polyethylene bags to avoid cross contamination and then
shipped to the laboratory as soon after collection as possible. In
the laboratory, different tissues of rice were separated into leaf,
root, stem, and seed (brown rice). The hull from the rice seed
was removed by a scalpel. Then, lichens and fresh tissues of rice
(e.g., root, leave, and stem) were washed using Milli-Q water.
Finally, lichen samples, tissues of rice, and soil samples were air-
dried (25 °C, until showing constant weight), crushed, and
ground prior to digestion.
Our sampling of ambient gaseous Hg (Hg0) in both DSX and

GX in WSMM was performed at >0.5 m above the paddy field
surfaces. During sampling, ambient air was pumped through the
trapping solution for 10 h. As illustrated in SI Figure S2, the
sampling system was equipped with a vacuum pump with flow
rate of 2.5 L min−1. The reactor vessel (glass bubbler, 100 mL)
was loaded with 40 mL of trapping solution. Trapping solutions
were prepared freshly daily by dissolving 0.1% KMnO4
(Aldrich) in 10% H2SO4 (ultrapure grade). The procedural
blank of the trapping solution is usually <20 pg mL−1. A 47 mm
diameter quartz fiber filter was utilized at the entrance of the
glass bubbler to remove particulate matters. A gold trap was
attached to the outlet of the trap vessel to collect any Hg0 that
was not recovered by the trapping solution. The gold trap was
heated at 550 °C for ∼10 min to clean the residual Hg prior to
use. After the sampling was finished, we measured the Hg
content in the gold traps by Tekran 2500. The tested Hg in the
gold traps usually contained <200 pg Hg, which is substantially
less than 0.02% of the amount of Hg trapped by KMnO4
solution. The leak of Hg across the trapping solution could
result in MDF of Hg isotopes but would not cause MIF.15 Even
if we assumed a substantial difference of 8.0‰ (which
corresponds to the largest deviation in δ202Hg observed so far
in natural samples) in δ202Hg values between the ambient Hg0

and Hg in gold traps, an insignificant difference of <0.05‰ in
δ202Hg values is expected to be observed between the ambient
Hg0 and Hg in KMnO4 solutions.

Total Mercury Analysis. Approximately 0.2 g soil samples
were digested in a water bath (95 °C) using 5 mL of fresh
mixture of HCl and HNO3 (3:1, v/v), whereas ∼0.5 g rice
samples were digested with a 5 mL mixture of HNO3 and
H2SO4 (4:1, v/v). After being digested fully, the sample
solutions were diluted to 25 mL by adding Milli-Q water. THg
concentrations in soil samples were measured by cold vapor
atomic absorption spectrometry (CVAAS) using a F732−S
spectrophotometer (Huaguang, China) according to the
method developed by Li et al. (2005).31 THg concentrations
in tissues of rice plants, lichens, and trapping solutions were
quantified using dual amalgamation cold vapor atomic
fluorescence spectroscopy (CVAFS, Tekran 2500, Tekran
Inc., Canada) following approved methodologies.32 Quality
control for the Hg determinations was addressed with method
blanks, blank spikes, matrix spikes, and certified reference
materials (BCR 580 estuarine sediment). The average THg
concentration of BCR 580 was 127.0 ± 7.6 μg g−1 (2SD, n = 5),
which is comparable with the certified value of 132 ± 3 μg g−1.
Recoveries of THg based on measurements of replicate BCR
580 digests (n = 5) were in the range of 89−107%. The relative
standard deviation of HgT for BCR 580 duplicates was <10%.

Mercury Isotope Analysis. Prior to MC-ICP-MS analysis,
an aliquot solution with the mass of 125 ng of Hg was taken up
from each sample solution and were then diluted to 25 mL by
adding Milli-Q water. For sample solutions with the Hg mass
lower than 125 ng, only 50 ng of Hg was taken up and then
diluted to the same volume as that of previous samples. NIST
SRM 3133 (in the acid medium of 2% HCl) with concentration
matching with that of the samples was used as the bracketing
standard. Hg isotopic ratios were determined by MC-ICP-MS
using a Nu-Plasma mass spectrometer equipped with 12
Faraday cups (Nu Instruments, Great Britain) at the State Key
Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. A more detailed
description of the overall instrumental setup, as well as the
parameters and analytical conditions used throughout this
study, can be found in literature.33

Hg isotopic variations are reported here in δ notation in units
of permil (‰) and referenced to the NIST SRM 3133 Hg
standard (analyzed before and after each sample) and using the
following equation:

δ =

− ×

Hg(‰) {( Hg/ Hg )

/( Hg/ Hg ) 1} 1000

xxx XXX 198
sample

XXX 198
NISTSRM3133

(1)

where xxx is mass of each Hg isotope between 199 and 202
amu. Here only δ202Hg values will be reported to indicate
MDF, as they show the most significant differences among
samples. MIF is reported in “capital delta” notation (ΔxxxHg,
deviation from mass dependency in units of permil, ‰) and is
the difference between the measured δxxxHg and the
theoretically predicted δxxxHg value using the following
formulas:9

δ δΔ ≈ − ×Hg Hg ( Hg 0.7520)201 201 202
(2)

δ δΔ ≈ − ×Hg Hg ( Hg 0.5024)200 199 202
(3)
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δ δΔ ≈ − ×Hg Hg ( Hg 0.2520)199 199 202
(4)

Reproducibility of the isotopic data was assessed by
measuring replicate sample digests (typically n = 2). We also
analyzed the UM-Almadeń as a secondary standard (once in
every 10 samples) in addition to the bracketing standard NIST
3133. The overall average and uncertainty of δ202Hg was −0.56
± 0.08 ‰ (2SD, n = 9), of Δ201Hg was −0.02 ± 0.05‰ (2SD,
n = 9), and of Δ199Hg was −0.01 ± 0.05‰ (2SD, n = 9) for all
UM-Almadeń measurements, which agreed well with previous
established data.9 In addition, digest replicates of BCR 580 (n =
5) were analyzed and the isotopic composition of Hg for BCR
580 (δ202Hg = −0.46 ± 0.04‰, 2SD, n = 5; Δ199Hg = −0.02 ±
0.03 ‰, 2SD, n = 5; Δ201Hg = −0.03 ± 0.02 ‰, 2SD, n = 5)
was similar to published values.26 Uncertainties reported in the
figures and tables of this paper correspond to the larger value of
either (1) the measurement uncertainty of replicate digests or
(2) the uncertainty of repeated measurements of the same
digest at different analysis sessions. When the calculated 2SD
was smaller than the replicate analyses of the reference material
of UM-Almadeń, the uncertainty associated to UM-Almadeń
was used instead.

■ RESULTS AND DISCUSSION
Total Mercury Concentration in Rice Plant and the

Growth Mediums. The distribution of THg concentrations
(based on dry weight) in paddy soil, lichen, and tissues of rice
plants (e.g., root, leaf, stem, and seed) collected from the GX
artisanal Hg mining site and the DSX abandoned Hg mining
site are shown in Table 1 and SI Figure S3. The mean THg
concentrations in soil samples from DSX and GX are 105.5 ±
20.3 μg g−1 (2SD, n = 4) and 65.8 ± 10.5 μg g−1 (2SD, n = 4),
respectively, which are much higher than the maximum limit for
Hg content (1.5 μg g−1) in agriculture soil in China.34 Hence,
the soil compartments can be regarded as heavily polluted.
Lichen is a splendid representative material to reflect Hg

contamination in the atmosphere.35,36 The mean THg

concentrations in lichen samples collected from DSX and GX
are 3.6 ± 0.6 μg g−1 (2SD, n = 2) and 19.7 ± 3.0 μg g−1 (2SD,
n = 2), respectively. On the basis of the measurement of Hg by
trapping solution in WSMM (detailed in the Experimental
Section), the total gaseous mercury (TGM) concentrations in
ambient air at DSX and GX were estimated to be 57.9 ± 11.3
ng m−3(2SD, n = 2) and 211.3 ± 19.1 ng m−3 (2SD, n = 2),
respectively. The elevated atmospheric Hg concentration in GX
resulted from Hg emission from the active artisanal Hg
retorting activities. Wang et al. (2006) also demonstrated
elevated total gaseous mercury (TGM) in GX (183.0 ± 65.8 ng
m−3) compared to that of DSX (48.6 ± 35.5 ng m−3).27

As shown in Table 1 and SI Figure S3, the mean THg
concentrations in tissues of rice plants exhibited the following
distribution patterns: root (5.44 ± 0.77 μg g−1, 2SD, n = 3) >
leaf (2.05 ± 0.28 μg g−1, 2SD, n = 3) > stem (0.29 ± 0.11 μg
g−1, 2SD, n = 3) > seed 0.16 ± 0.03 μg g−1) at the DSX site and
leaf (6.23 ± 0.82 μg g−1, 2SD, n = 3) > root (1.52 ± 0.16 μg
g−1, 2SD, n = 3) > stem (0.89 ± 0.11 μg g−1, 2SD, n = 3) >
seed (0.35 ± 0.05 μg g−1, 2SD, n = 3) at the GX site,
respectively. Although rice seed samples exhibit the lowest THg
content in rice plant at both DSX and GX sites, the safety of
rice in WSMM is of great concern compared to the maximum
permissible limit of 0.02 μg g−1 issued by Chinese National
Standard Agency.37

Mercury Isotopic Composition in the Ambient Air.
The isotope compositions of Hg in tissues of rice, lichen,
atmosphere, and paddy soil samples are listed in Table 1. A few
studies have been done to measure the isotopic composition of
atmospheric Hg species in different locations directly using gold
trapping.15,38−40 For instance, Zambardi et al. (2009) collected
Hg0 (δ202Hg = −1.74 ± 0.36‰, 2SD, n = 1) and particle Hg
(Hgp) (δ

202Hg = −0.74 ± 0.18‰, 2SD, n = 4) in a fumarole
plume from an active volcano in Italy. No MIF (Δ199Hg ∼ 0)
was observed in any of these volcanic samples.15 Gratz et al.
(2010) collected precipitation and ambient Hg0 samples in the
Great Lakes of the United States. Precipitation samples were

Table 1. Total Hg Concentration and Hg Isotope Compositions in Reference Materials, Lichens, Paddy Soils, Ambient Air, and
Tissues of Rice

sample
type n

average
measured
δ202Hg ‰ min ‰ max ‰

average
measured
Δ201Hg ‰ min ‰ max ‰

average
measured
Δ199Hg ‰ min ‰ max ‰

average
measured

HgT μg g−1
min μg
g−1

max μg
g−1

Dashuixi Abandoned Hg Mining Site
lichens 2 −2.07 −2.3 −1.83 −0.25 −0.28 −0.21 −0.27 −0.31 −0.22 3.6 3.2 4
paddy soil 4 −0.34 −0.39 −0.28 0.01 −0.01 0.02 0 −0.02 0.03 105.5 82 127
rice leaf 3 −3.08 −3.38 −2.88 −0.26 −0.35 −0.21 −0.29 −0.37 −0.23 2.05 1.86 2.37
rice root 3 −0.96 −1.08 −0.89 −0.03 −0.04 −0.01 −0.03 −0.03 −0.02 5.44 4.63 6.17
rice seed 3 −2.24 −2.33 −2.15 −0.06 −0.08 −0.04 −0.06 −0.07 −0.05 0.16 0.13 0.19
rice stem 3 −2.72 −2.82 −2.65 −0.13 −0.15 −0.11 −0.14 −0.16 −0.12 0.29 0.21 0.41
TGM 2 −2.06 −2.26 −1.85 −0.25 −0.26 −0.24 −0.25 −0.26 −0.24 57.0a 46.6a 69.2a

Gouxi Artisanal Hg Mining Site
lichens 2 −2.2 −2.32 −2.16 −0.36 −0.34 −0.37 −0.34 −0.35 −0.32 19.7 17.6 21.8
paddy soil 4 −0.53 −0.65 −0.45 0.01 0.03 −0.02 0.06 0.04 0.07 65.8 54 79
rice leaf 3 −3.28 −3.36 −3.23 −0.21 −0.27 −0.17 −0.18 −0.23 −0.14 6.23 5.89 7.16
rice root 3 −1.86 −1.98 −1.75 −0.03 −0.04 −0.03 0.01 0 0.02 1.52 1.39 1.69
rice seed 3 −2.51 −2.56 −2.45 −0.05 −0.06 −0.05 −0.02 −0.02 −0.02 0.35 0.31 0.41
rice stem 3 −2.96 −3.03 −2.88 −0.11 −0.13 −0.1 −0.08 −0.08 −0.07 0.89 0.77 0.98
TGM 2 −2.24 −2.32 −2.14 −0.3 −0.32 −0.28 −0.32 −0.34 −0.3 211.0a 192.2a 230.4a

BCR 580 5 −0.46 −0.53 −0.42 −0.02 −0.04 0.03 −0.03 −0.06 −0.01 127.0 118.2 140.6
UM-
Almadeń

12b −0.53 −0.67 −0.41 −0.01 −0.07 0.06 0.01 −0.06 0.06

aIn ng m−3. b“n” represents the number of measured UM-Almadeń standard solutions.
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characterized by negative δ202Hg (−0.79 to 0.18‰) and
positive Δ199Hg (0.04−0.52‰) values, while most Hg0 samples
displayed positive δ202Hg (−0.59 to 0.43‰) and slightly
negative Δ199Hg (−0.21 to 0.06‰) values.38 Sherman et al.
(2010) measured ambient Hg0 near Barrow, Alaska, by using
gold traps. The Hg0 samples show positive δ202Hg (−0.12 to
0.15‰) and slightly negative Δ199Hg (−0.11 to −0.22‰)
values.39 Rolison et al. (2012) investigated the isotopic
composition of species-specific atmospheric Hg in the Grand
Bay, US. Despite they demonstrated significant positive MIF in
Hgp (Δ199Hg = 0.36−1.36‰) and intermediate MIF in gaseous
oxidized Hg (HgII) (Δ199Hg = −0.28 to 0.18‰), the Hg0

(which contributes for >90% of TGM) displayed a significant
negative MIF (Δ199Hg = −0.41 to −0.03‰).40 In our study,
the ambient air Hg0 has δ202Hg values (DSX site, −2.26 to
−1.85‰; GX site, −2.32 to −2.14‰) and Δ199Hg (DSX site,
−0.26 to −0.24‰; GX site, −0.34 to −0.30‰) more negative
than previous values.15,38−40 Such a discrepancy could be
explained by multiple sources of the air samples, such as
evaporation of elemental gaseous Hg0 from the soil and
vegetation, local anthropogenic emissions, and long-range
transport of Hg from other areas. Our samples were mainly
collected from the air ∼0.5 m above the paddy water surface.
The photoreduction of dissolved Hg species and subsequent
volatilization of Hg0 may cause enrichment of light isotopes and
negative MIF in product Hg0.16,17 Therefore, the low δ202Hg
values and negative MIF reported here suggest that the evasion
flux of Hg from surface water may have contributed
significantly to atmospheric Hg0 in rice paddies in WSMM.
Although recent studies demonstrated detectable MIF of 200Hg
in atmospheric Hg samples,38,40,41 no significant MIF of 200Hg
was observed in both lichen (Δ200Hg: −0.06 to 0.02‰) and
direct air samples (Δ200Hg: −0.07 to 0.03‰) in WSMM.
Natural filters of atmospheric contaminants (e.g., lichens and

moss) were previously used as a proxy for the average isotopic
composition of atmospheric Hg depositions.35,36 MIF of Hg
isotopes has been observed in lichen samples which displays
depletion in odd isotopes.35,36 Compared to direct atmospheric
Hg samples,15,38−40 significant negative Δ199Hg values were
observed in lichen samples.35,36 This raised the question of the
integrity of Hg isotopes measured in lichens relative to
atmospheric Hg, with the possibility of MIF during
bioaccumulation. In contract, in this study, the lichen samples
at DSX site (δ202Hg, −2.30 to −1.83‰; Δ199Hg, −0.31 to
−0.22‰) and GX site (δ202Hg, −2.32 to −2.16‰; Δ199Hg,
−0.35 to −0.32‰) showed very similar pattern with that of
direct air samples as shown in Figure 3. It is still debated
whether Hg MIF in lichens can represent that of air samples.
More future studies are needed.
Mercury Isotopic Composition in the Paddy Soils. As

shown in Figure 1, soil Hg in WSMM has distinct Hg isotope
signatures from the atmospheric Hg. The absence of Hg MIF is
established here as an important feature of paddy soil. Available
data from mineral deposits,11,12,42,43 hydrothermal emissions,14

and volcanoes 15 are characterized by no significant MIF.
According to our previous study, no significant MIF was
observed in both Hg ores and mine-waste calcines in WSMM.43

The annually wet deposition flux of atmospheric Hg in DSX
site is estimated to be 68.1 μg m−2 year−1.28 Considering the
very high THg concentrations in WSMM paddy soil,
atmospheric Hg deposition would only constitute a very
minor fraction of Hg in soil, and therefore we would not expect
a detectable MIF due to the addition of atmospheric Hg in the

soil compartment. Meanwhile, Hg isotope analysis of two
bioavailable Hg species (water-soluble Hg and (NH4)2S2O3-
extractable Hg) in eight soil samples in WSMM also revealed
insignificant MIF.44

Quantifying Mercury Sources in Rice Plants Using
MIF. As shown in Figure 1, the MIF of Hg isotopes in tissues of
rice differed by as much as ∼0.40‰ for both the Δ199 and Δ201

values. The Δ199 values in tissues of rice at both DSX and GX
exhibited the following distribution patterns: leaf (DSX site:
−0.29 ± 0.07‰, 2SD, n = 3; GX site: −0.18 ± 0.05‰, 2SD, n
= 3) < stem (DSX site: −0.14 ± 0.05‰, 2SD, n = 3; GX site:
−0.08 ± 0.05‰, 2SD, n = 3) < seed (DSX site: −0.06 ±
0.05‰, 2SD, n = 3; GX site: −0.02 ± 0.05‰, 2SD, n = 3) <
root (DSX site: −0.03 ± 0.05‰, 2SD, n = 3; GX site: 0.01 ±
0.05‰, 2SD, n = 3). MIF of Hg isotopes is generally
understood to be caused by the nuclear volume effect (NVE) 45

and/or the magnetic isotope effects (MIE).16,46 The NVE has
been observed during abiotic dark Hg reduction,19 elemental
Hg volatilization, 24 and equilibrium HgII-thiol complexation.25

Theoretical and experimental evidence for NVE suggest a slope
>1.5 when Δ199Hg is plotted against Δ201Hg.24,37 The MIE has
been documented during photochemical reactions of aqueous
Hg species (e.g., MeHg and Hg2+), during which the odd-mass-
number isotopes were preferentially reduced and lost as Hg0.16

When Δ199Hg vs Δ201Hg is plotted for each of these
photochemical reduction processes, a slope of 1.36 is observed
for MeHg and 1.00 for Hg2+ photoreduction.16 Experiment on
photoreduction of Hg2+ bound to low-molecular-weight organic
compounds produced positive MIF in the product Hg0.18

Recently, Sonke (2011) developed a mass balance model of
MIF of Hg isotopes on the earth. This model demonstrated
that MIF of Hg isotopes is a common phenomenon at the
global scale and photoreduction may play an important role in
in controlling the isotopic composition of atmospheric Hg.46

On the basis of a York regression,47 all samples collected from
WSMM paddies were characterized by a Δ199Hg/Δ201Hg ratio
of 1.06 ± 0.08 (2 SD) as shown in Figure 1. The Δ199Hg/
Δ201Hg ratio of ∼1, as evidenced in Figure 1, demonstrates that
a fraction of Hg has undergone photoreduction process prior to
being retained by tissues of rice plant. It is demonstrated that
rice plants accumulate Hg through the stoma from the
atmosphere and/or through the root uptake from soil via the

Figure 1. Δ201Hg versus Δ199Hg in permil of lichen, ambient air,
tissues of rice plant, and paddy soil samples.
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transpiration stream.48 In rice paddy fields, flooding regimes are
manipulated. From the water layer with high DOC contents in
rice paddies arises the possibility of the photoreduction of
aqueous Hg species. On the basis of previous experimental
studies, the gaseous Hg0 generated by photoreduction16 and
volatilization processes17 are thought to be enriched in light Hg
isotopes. The evaporation of Hg0 from paddy water might be
afterward trapped by lichens and tissues of rice, which may be
responsible for the negative MIF of Hg isotopes in different
tissues of rice.
Although there is no current theoretical evidence, empirical

studies show that the metabolic effects are unlikely to cause
MIF.20,21,23,49−51 Hence, the variation of MIF in rice plant in
WSMM may represent a mixing between soil Hg and
atmospheric Hg. This leads to calculation of fraction of
atmospheric Hg in tissues of rice using the following formulas:

Δ = Δ + − Δf fHg Hg (1 ) Hg201
tissue A

199
atm A

199
soil (5)

= Δ − Δ

× Δ − Δ

f (%) ( Hg Hg )

100/( Hg Hg )
A

199
tissue

201
soil

199
atm

199
soil (6)

where Δ199Hgtissue is the Δ199Hg values of tissues in rice plants.
Δ199Hgatm and Δ199Hgsoil are the Δ199Hg values of atmospheric
Hg (lichens and air) and soil Hg, respectively. fA(%) is the
fraction of atmospheric Hg source.
Rice, a unique flooding-tolerant crop, can grow in flooded

conditions that would drown other plants. Rice plants supply
atmospheric oxygen to the roots for respiration via a special
vascular system. Rice root cells carry out an unusual type of
cellular respiration. It was demonstrated that atmospheric
constituents (e.g., Hg) may be incorporated into plant leaves,
with gases entering via stomata and in some cases traversing the
cuticle, possibly reaching the root.52 According to our estimated
atmospheric fractions [fA(%)] in rice tissues in DSX and GX
(Figure 2), the fA(%)s in roots at DSX and GX are 10.3 ± 1.1%
(2SD, n = 3) and 12.4 ± 2.9% (2SD, n = 3), respectively. This
suggests the fact that the majority of Hg in rice root is of soil
Hg origin. In general, the availability of soil Hg to plants is low,
and there is a tendency for soil Hg to accumulate in roots.3,7

Previous studies demonstrated that the root Hg level was

directly associated with soil Hg concentrations.48 Positive
correlations between inorganic THg levels in root and THg
concentrations in soil in WSMM have also been demonstrated,
which suggests that Hg in paddy soil is the major source of
inorganic THg in root.3,7

Rice leaves predominantly incorporate gaseous Hg from the
atmosphere, whereas the uptake of Hg from the root to the
leaves is believed to be of less importance.48 As shown in Figure
2, the fA(%)s in leaves at DSX and GX are 111.7 ± 26.7% (2SD,
n = 3) and 61.7 ± 12.1% (2SD, n = 3), respectively.
Atmospheric elemental Hg is mildly lipophilic in nature and can
diffuse through the cuticle.53 Numerous studies demonstrated
that the source of foliar Hg appears to be almost exclusively
from the atmosphere.48,54 For instance, Bishop et al. (1998)
estimated that 11% of total Hg and 3% of the methyl mercury
in conifer needles would be derived from the soil by analyzing
xylem sap.48 Our study demonstrated that Hg stored in stems
and seeds of rice plant are largely controlled by dual sources.
The fA(%)s in stems in at DSX and GX sites are 52.3 ± 9.3%
(2SD, n = 3) and 34.9 ± 1.1% (2SD, n = 3), respectively, and
the fA(%)s in seeds in DSX and GX sites are 22.6 ± 3.6% (2SD,
n = 3) and 20.5 ± 0.7% (2SD, n = 3), respectively.

Mass Dependent Fractionation of Hg in Rice Plants.
We observed a ∼3.00‰ range in δ202Hg values in tissues of
rice. A decrease pattern of δ202Hg was observed for roots, seeds,
stems, and leaves at both DSX and GX sites as shown in Table
1.
The “two-dimensional” tracer by utilizing both MDF and

MIF indicators may provide an opportunity to quantify the
MDF of Hg isotope during uptake and translocation of Hg in
rice plants. From the established fA(%) in Figure 2, the majority
of Hg in leaves of rice plants is originated from air. The mean
δ202Hg of rice leaves (DSX: −3.08 ± 0.27‰, 2SD, n = 3; GX:
−3.28 ± 0.07‰, 2SD, n = 3) are much lower than that of
ambient air at both DSX and GX sites, suggesting MDF of Hg
isotopes may occur during incorporation of atmospheric Hg by
leaf tissues. The mean δ202Hg values of rice root (DSX: −0.96
± 0.10‰, 2SD, n = 3; GX: −1.86 ± 0.12‰, 2SD, n = 3)
generally differ from those in the paddy soils in both DSX and
GX sites.
As shown in Figure 3, an exponential relation was observed

between Δ201Hg and δ202Hg values. Compared to the soil Hg,
the atmospheric Hg endmember has much lower δ202Hg values.
If we suppose there is no MDF during Hg translocation in rice
plant, then an ideally linear relation between MDF and MIF
will be observed in all tissues of rice between two endmembers
(the soil Hg and the atmospheric Hg) as given in Figure 3.
However, the exponential line between δ202Hg and Δ201Hg
values in tissues of rice differed significantly from the ideal line
of mixing without MDF (Figure 3). The lower δ202Hg values in
tissues of rice compared to that plot in the ideal mixing line
without MDF in Figure 3 suggested that a MDF of >1‰ in
δ202Hg values occurs during the process of Hg translocation in
rice plants in WSMM. The negative δ202Hg values observed in
the leaves could be due to photochemical reduction and loss of
Hg from the surface of the leaves. Previous studies
demonstrated MDF during biogeochemical processes, e.g.,
microreduction,20,21 methylation,23 photoreduction,16,18,22 vol-
atilization,17 and adsorption−desorption,25,44 which result in a
relative lower δ202Hg in the products. Fractionation of other
metal isotope systems (e.g., Fe, Cu, and Zn) has been
demonstrated to occur during uptake through the root system
and/or preferential translocation of light isotopes to the

Figure 2. Estimated fraction of atmospheric Hg in different tissues of
rice plant collected from Dashuixi abandoned Hg mining site and
Gouxi artisanal Hg mining site.
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leaves.55−57 It is known that plant uptake of Hg in the soil
solution might be via the same uptake processes that move
essential micronutrients. Roots possess a significant cation-
exchange capacity due largely to the presence of carboxyl
groups, which may be involved in moving ions through the
outer part of the root to the plasmalemma, where fractionation
of Hg isotopes may take place.58 Hg0 diffusion was performed
in laboratory through a polymeric material and resulted in a
relative smaller δ202Hg in the product.59 There are still debates
about Hg uptake by plants and translocation and trans-
formation of it inside the plants. As Hg uptake from soil is
mainly controlled by the plant species, it can be assumed that
Hg translocation from atmosphere to plant will be different for
different species. Further research is therefore necessary to
explain this.
Implications. This is the first study investigating the

variation of Hg isotopic ratio in a plant organism. Our results
clearly demonstrate that plants, such as rice, are able to uptake
Hg from both soil and ambient air and that MIF of natural
mercury isotope can provide an effective tool to differentiate
from which compartment Hg has been uptaken. In addition, Hg
translocation within the plant or diffusive absorption from the
air exhibit significant MDF, as demonstrated for other metals.
Our study has very important implications for remediation
efforts in farming areas that are contaminated with Hg.
However, due to constrained precision of MIF (±0.05‰ for
both Δ201Hg and Δ199Hg) compared to the overall ∼0.40‰
variations in MIF in rice plant, the ∼ ± 20% uncertainties in
quantifying Hg sources in the rice plant should be noted. In the
future, better precision of isotope-ratio determinations should
be improved to allow a better study of Hg cycling in plants. The
global distribution and transformation process of Hg in
biosphere is important but poorly understood. Perhaps, Hg
isotope techniques may be used as an effective tool to identify
and quantify sources and biogeochemical processes of Hg in the
near future.
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