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Abstract

This study was conducted to understand the environmental behavior of mercury released by artisanal and small-scale
gold mining (ASGM) activities. For this purpose, we attempted to assess the effect of diffused mercury on mercury con-
centrations in soil, demonstrate the presence of methylmercury in soil affected by the deposited mercury and determine
the reactions associated with methylmercury production. The vertical profiles of mercury were obtained from two sites
in the forest of the ASGM village in Pongkor (West Java, Indonesia) and from two sites in Mount Halimun-Salak National
Park, which is approximately 12 km from the ASGM village. The highest total mercury concentration, 8.9 mg kg™, was
observed for soil samples collected at the ASGM village. The mercury was concentrated at the surface or in the subsurface
layers, and the concentrations were several times to more than ten times higher than the lowest values observed in the
deeper layers at each site. Even in the national park, the highest concentration of 1.9 mg kg™ was observed in the upper
soil layer. These results suggest that the primary source of mercury in the forest soil is atmospheric deposition; fallen plant
leaves also deliver accumulated mercury to the soil surface. The organic mercury percentages of the total mercury were
0.2£0.1% for the national park and 0.3 £0.2% for ASGM sites. The vertical variation in organic mercury concentration
did not always match that in total mercury concentration, which suggested that the formation of methylmercury in soil
was closely related to the decomposition of organic matter near the surface. The soil surface is an important reaction
field for methylmercury production in forested areas.
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1 Introduction can disperse over a wide area and settle on soil surfaces

through wet and dry deposition; oxidized mercury and

The behavior of mercury discharged into the environ-
ment from both natural and anthropogenic sources has
become a global concern. A volatile gaseous mercury
form, presumably elemental mercury, Hg°, has an atmos-
pheric residence time of at least a few months, perhaps
even 1 or 2 years [1]. Mercury emitted into the atmosphere

particulate mercury are more readily deposited, with rela-
tive rapidity after their formation [1, 2].

The deposited mercury may be taken up by micro-
organisms and converted to methylmercury (MeHgq).
MeHg is one of the most toxic chemical forms of mercury,
and MeHg can accumulate in the ecosystem at levels
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that constitute a health hazard [3, 4]. Thus, the soil is an
important reservoir of discharged mercury and a critical
medium for understanding the dynamics of mercury that
is released into the environment [5].

In recent years, the use of mercury in artisanal small-
scale gold mining (ASGM) has increased in many develop-
ing countries; consequently, ASGM has become a major
source for emissions and releases of mercury worldwide
[2]. Emissions from ASGM are estimated to comprise 37%
of anthropogenic emissions. There are many reports on
the effects of mercury released from ASGM on workers and
local residents [6-9]. ASGM workers and their families are
exposed to mercury vapor, and workers, workers’ families
and residents of nearby and downstream communities
consume fish heavily contaminated by MeHg [6]. Currently,
mercury exposure appears to be the inhalation of volatile
mercury from the atmosphere rather than the consump-
tion of MeHg-contaminated food (rice and fish) [8]. On the
other hand, although the inhalation of volatile mercury
can be drastically decreased by stopping the use of mer-
cury in gold mining, the mercury dispersed into the envi-
ronment will not disappear. The distribution of mercury in
the surrounding environment is important. The mercury
emitted into the atmosphere may deposit on surfaces
around the ASGM site, and soil is an important receiver of
such mercury; the deposited mercury can be subjected to
methylmercury formation in soil. Contaminated soil may
become one of the continuous sources of mercury for the
ecosystem, and the relative importance of exposure via
the consumption of contaminated food may increase in
the future. Some studies have reported the distribution of
mercury in soil around ASGM regions [10, 11]. As described
in these studies, the soil surface receives mercury from
the air and serves as the field of contact between mer-
cury and the plants and animals in the respective area.
On the other hand, there are few reports on the detailed
vertical variation in mercury and soil chemistry, and the
reports on MeHg concentration in soil around ASGM sites
are still limited [12-14]. The soil surface is a dynamic field
where material supply and degradation proceed, and ver-
tical variation in mercury species may provide important
information for tracking the effects of such variation.

The purpose of this study is to assess the impact of mer-
cury emitted by ASGM activity on mercury concentrations
in soil and to follow MeHg formation in soil. For this pur-
pose, soil samples were collected around an ASGM site in
West Java, Indonesia, at surface depths of 0-20 cm, and
the vertical variation in total mercury (T-Hg) and organic
mercury (org-Hg) concentrations in soil was measured. The
relation between MeHg production and the decomposi-
tion of organic matter is discussed based on the variation
in nitrogen, organic carbon content and soil chemical
composition. The results of this study offer both basic and
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significant information that will enable an understanding
of the dynamics of mercury released by ASGM activity.

2 Methods and materials
2.1 Sampling

The study area is located in the Nanggung subdistrict of
Bogor Regency, West Java, Indonesia. Since the Pongkor
gold-silver deposits were discovered in 1981, there has
been much ASGM activity in this area. The sampling points
are shown in Fig. 1. The mining work sites in this area are
mainly located in the villages. Gold is extracted from ore
by traditional methods. Approximately 20 to 40 kg of
crushed gold ore is added to an iron ball mill together with
0.3 to 0.5 kg of mercury for whole-ore amalgamation. A
series of small mills runs for 4 to 8 h, and then, the product
is discharged. The amalgam and gold-unbound mercury
are separated from the tailings by panning. After removing
the excess mercury by squeezing in a piece of cloth, the
amalgam is burned in an open pan using a gasoline-air
torch and the mercury is emitted into the atmosphere,
contaminating miners, their families and neighbors. The
mercury-contaminated tailings are either dumped into
rivers or sold to processing plants that leach the residual
gold with cyanide. The whole-ore amalgamation process
loses an average of 50% of the initial Hg and recovers less
than 30% of the gold in the ore [8, 15].

Surveys about the total amount of mercury used in this
region were not possible because there were places that
we could not enter. From time to time, police enter the
village, and workers are detained, so workers are wary of
visitors. Therefore, it is unknown how much mercury has
been emitted into the environment. The amount of mer-
cury dumped with tailings into the river by the local min-
ers was estimated to be approximately 2 kg h™" in the day-
time [16], which leads one to believe that 10-20 tonnes/a
of mercury has been released and emitted into the region
where the artisanal miners are active. Contamination of
the river water, sediments [17-21] and atmosphere [22,
23] around this area has been reported.

The soil samples were collected from two sites in the
forest of the ASGM village (approximately 0.2-0.5 km from
the nearest workplace) and from two sites in Mount Hal-
imun-Salak National Park, which is approximately 12 km
from the ASGM site. The altitude difference between
the ASGM village and the national park is approximately
500 m. The samplings were conducted in March and
August of 2014. At each site, after collecting the fallen
leaves from a 20 x 20 cm sample area, soil samples were
collected at 2-cm intervals from the surface to 20 cm
below the surface.
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Fig. 1 Map of the study area
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The samples were placed in plastic bags with seals and
were imported to Japan with the permission of the Min-
ister of Agriculture, Forestry and Fisheries in accordance
with plant protection law. The samples were freeze-dried,
ground in an agate mortar, and preserved for determina-
tion of their T-Hg and org-Hg concentrations, total organic
carbon (TOC) and total nitrogen (TN) contents and soil
chemical compositions.

2.2 Mercury measurements

The T-Hg concentrations were determined using the
method described by Akagi and Nishimura [24] with modi-
fications by Akagi et al. [25]. The precision and accuracy
of the method have been repeatedly verified by inter-
laboratory calibration exercises [26, 27], including the
analysis of reference standards (e.g., IAEA 085 and 086).
In the present study, the accuracy of the T-Hg measure-
ment was also verified on the certified reference material
CRM 7302-a (marine sediment) prepared by the National
Institute of Advanced Industrial Science and Technology
(AIST), Japan. The values determined by this method of
0.51+0.02 mg kg™' (n=8) agreed well with the reference
value of 0.52+0.03 mg kg™".

The procedure for the T-Hg measurement is as follows.
A known amount of sample (0.1-0.5 g) was placed in a
50-mL volumetric flask. After adding 1 mL of pure water,
2 mL of a 1:1 nitric acid—perchloric acid solution and 5 mL
of concentrated sulfuric acid, the flask was left to stand for
a few minutes and then heated on a hot plate at 230 °C for

S06°38'36.45”
2 E106°33'15.43"

ASGM village Height 459 m

National Park

® 9 506044'46.55"
E106°32'13.28"
Height 1055 m

20 min. After cooling, the volume of the digested sample
was adjusted to 50 mL with water, and a suitable aliquot
of the resulting solution (< 10 mL) was analyzed for its
mercury content by cold vapor atomic absorption spec-
trometry (CVAAS) using a semiautomated mercury ana-
lyzer (Model Hg-201, Sanso Seisakusho Co., Ltd., Japan).
Separately, 1.0 mL of water and the standard mercury solu-
tion were transferred into three sample digestion flasks
and treated by the above-mentioned procedure, to obtain
blank and standard test solutions for measuring the total
mercury concentration. The absolute limit of detection,
calculated as triple the standard deviation of the blank
reading (n=10), was 0.02 ng; on 0.2 g of sample, the detec-
tion limit was 0.1 pg kg™'. The repeatability was confirmed
with duplicate measurements of the soil samples, and the
variation ranged from 0.3 to 11.5% (mean, 3.9%).

The org-Hg concentrations were determined by the
method of Tomiyasu et al. [28] with some modifications
[29]. This method does not require special equipment;
mercury species were separated by solvent extraction
and measured by CVAAS. In natural soil, not only methyl-
mercury but also ethylmercury can be present [30]. Thus,
by this method, the total amount of these organic mer-
cury species will be determined. The procedure for org-Hg
measurement is as follows. A 1.0-g sample of each soil was
placed in a centrifugation tube for org-Hg determination.
After adding 0.4 g of CuCl and 10 mL of 1 M HCI (3% NacCl)
solution, the tube was shaken for 20 min and then centri-
fuged for 10 min at 2000 rpm. The resulting supernatant
was poured into another 50-mL centrifugation tube. The
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extraction was repeated in another 10 mL of 1 M HCl (3%
NaCl) solution, and the second supernatant was com-
bined with the first. To the combined HCl solutions in the
centrifugation tube, 10 mL of toluene was added, and
the tube was shaken for 10 min. After centrifugation for
2 min at 2000 rpm, the HCI solution was discarded and
the remaining toluene was cleaned by adding 5 mLof 1 M
HCI (3% NaCl) solution to the tube and shaking for 5 min.
The mixture was centrifuged for 2 min at 2000 rpm, and
7 mL of the toluene was collected into a 10-mL tube with
a cap. After adding 2 mL of 0.1% cysteine solution, this
tube was shaken for 2 min and centrifuged for 2 min at
1200 rpm. The toluene layer was discarded and 1.5 mL of
the cysteine layer was digested with HNO;-HCIO,-H,SO,
and the organic mercury was measured by the same pro-
cedure as that was employed for the total Hg determina-
tion. To prepare the calibration curves, aliquots of MeHg
standard solutions were prepared in 50-mL centrifuga-
tion tubes as described for the soil samples. The repeat-
ability was checked by duplicating measurements of
the real soil samples. The duplicate measurements were
deviated by 1.11+0.69 ug kg™' (n=9). The accuracy of
the org-Hg measurement was verified on the certified
reference material ERM-CC580 (an estuarine sediment).
The result of the current methods (0.077 £0.004 mg kg'1;
n=7) was consistent with the reference value for MeHg
(0.075+0.004 mg kg™).

Because MeHg is predominant (>90%) in the natural
soil, we can discuss the behavior of MeHg based on the
org-Hg concentration obtained by this method. Indeed,
the org-Hg concentration obtained by the method agreed
well with the reference value for MeHg. Thus, basically,
“org-Hg" was used for the measurement value and “MeHg"
was used for the discussion of environmental behavior of
mercury in this study. A schematic diagram of the proce-
dures for T-Hg and org-Hg measurements is shown in Fig.
S1.

2.3 TOCand TN in the soil samples and chemical
composition analysis

The TOC was determined as the difference between the
total carbon (TC) and inorganic carbon (IC) using a total
carbon analyzer (TOC-V SCN, Shimadzu Co., Ltd., Japan)
attached to a solid-sample module (SSM-5000A, Shimadzu
Co., Ltd., Japan). The TC was determined by combusting
a portion of the dried sample (50 mg) at 980 °C. The IC
was determined by adding aqueous H;PO, (1:1 v/v H;PO,/
H,0) to a 50-mg dried soil sample, followed by heating at
240 °C. The TN was measured by organic elemental analy-
sis (Flash 2000, Thermo Scientific, Tokyo, Japan). The chem-
ical compositions of the soil samples were analyzed by the
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wavelength-dispersive X-ray diffraction fluorescence tech-
nique (ZSX-mini I, Rigaku Co., Ltd., Japan).

2.4 Data analysis and statistics

The data and graphical analyses were performed by
the statistical analysis functions of Microsoft Excel 2010
(Microsoft Corporation, USA).

3 Results

3.1 Vertical distributions of T-Hg, org-Hg, TOC
and TN in the soil samples

The analytical results are listed in Table 1, and the vertical
variation in T-Hg, TOC, TN and org-Hg in the forest soil col-
lected in August 2014 is shown in Fig. 2. The highest con-
centrations of T-Hg observed in the national park and the
ASGM village were 1.9 mg kg™' and 8.9 mg kg™, respec-
tively. The T-Hg was most concentrated near the soil sur-
face and decreased with increasing depth, suggesting that
mercury had been deposited from the atmosphere. The
T-Hg was lower in the national park than at the ASGM site,
but the vertical variation showed similar trends at all sites,
suggesting that the atmospherically deposited mercury
was discharged from ASGM activities. In 2010, 0-6-cm-
depth soil samples were collected at 3 points in the same
forest in the national park [31]. The average of these sam-
ples was 0.34 mg kg™, and the Hg concentration in the
0-2 cm surface soil layer at each point was 0.25, 0.40 or
0.47 mg kg~'. These values were the highest at each point.
Thus, at that time, the soil surface had received mercury
emitted by the mining activity, but greater than 1 mg kg™
T-Hg was not observed. In 2014, the soil sample of NP2 was
obtained at the same place as in the sampling campaign in
2010.Therefore, it can be considered that the ASGM activ-
ity in this region increased during the following 4 years,
leading to an increase in the Hg concentration at the soil
surface at those sites.

The T-Hg concentrations in the national park soils were
maximized just below the surface, whereas the TOC levels
were maximized at the soil surface. Therefore, near the sur-
face, the mercury concentrations decreased with increas-
ing TOC content. As mentioned above, the mercury con-
centration near the soil surface may have been increased
by wet or dry deposition of mercury from the atmosphere.
The oxidized and deposited mercury may have been sta-
bilized by adsorbing to organic matter in the soil [32].
Fallen leaves are a primary source of organic matter in the
soil and can contribute mercury that has accumulated on
them from the atmosphere. Decomposition decreases the
weight of the fallen leaves, concentrating the mercury in
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Table 1 Analytical results

Sampling Sampling point  Depth/cm T-Hg/mgkg™ org-Hg/ugkg™ TOC% TN% AlLO;% Fe,0,% SiO,% CaO%
March 2014 NP1 Fallen branch  0.54 - 47.49 - 8.4 211 30.6 30.7
Fallen leaves 1.05 - 43.03 1.5 12.1 26.1 32.6 18.6
0-2 1.12 - 30.91 1.5 22.7 19.1 443 7.3
2-4 1.29 - 33.04 1.7 19.6 18.0 46.1 9.6
4-6 1.29 - 30.63 1.7 17.2 14.9 55.1 6.3
6-8 1.42 - 24.35 1.5 19.5 15.4 54.5 5.0
8-10 1.28 - 19.15 1.2 211 15.2 55.0 3.6
10-12 1.33 - 17.54 1.1 244 15.8 52.2 2.8
12-14 1.05 - 15.25 1.0 26.8 16.2 504 2.1
NP2 Fallen branch  0.59 - 60.45 1.00 7.3 18.8 10.8 42.7
Fallen leaves 1.08 - 65.2 1.84 0.0 2.2 17.8 44.2
0-2 1.52 - 53.83 241 43 14.8 353 1.7
2-4 1.88 - 47.97 2.47 9.5 21.6 51.2 24
4-6 1.94 - 44.54 245 2.0 21.2 535 2.2
6-8 1.54 - 28.43 1.58 17.5 28.6 46.1 1.4
8-10 1.38 - 2698 137 203 29.1 43.8 1.2
10-12 0.73 - 15.54 0.81 243 29.1 41.4 1.0
12-14 0.58 - 14.67 0.70 24.8 28.5 41.0 1.0
14-16 0.44 - 12.55 0.63 26.1 28.5 40.2 1.0
16-18 0.45 - 1230 059 260 28.2 404 1.0
18-20 0.37 - 11.26 052 271 28.0 39.9 0.9
August 2014 NP1 Fallen branch  0.38 1.86 4935 1634 29 33 21.3 53.7
Fallen leaves 13 1.27 47.21 1.155 46 44 24.7 48.2
0-2 1.74 7.76 27.93 1.794 175 124 59.5 3.7
2-4 1.65 4.48 2259 1.606 19.8 129 59.6 2.0
4-6 133 5.04 1826 1345 2238 13.9 57.1 13
6-8 1.22 1.59 16.19 1.216 25.1 14.8 54.2 1.1
8-10 1.06 1.67 14.47 1.097 27.2 15.2 52.1 1.2
10-12 0.97 2.15 12.44 0.957 28.7 14.7 52.2 1.1
12-14 0.90 2.63 11.68 0983 283 15.9 49.8 14
14-16 0.83 1.88 11.53 0908 29.2 15.1 49.8 13
16-18 0.72 2.71 11.53 - 29.5 159 48.3 1.4
18-20 0.61 1.94 11.20 - 31.0 14.8 48.1 13
NP2 Fallen branch  0.35 - 54.41 2.01 22 6.4 37 59.2
Fallen leaves  0.83 - 5214 112 22 4.8 14.2 45.6
0-2 1.14 3.21 4520 213 120 30.9 348 37
2-4 1.61 393 4195 234 134 26.6 428 2.1
4-6 1.63 1.65 2861  2.01 16.3 283 47.1 13
6-8 1.46 2.96 1783 114 222 30.1 415 1.1
8-10 0.83 3.32 1195 076 243 29.2 41.2 1.0
10-12 0.73 1.16 1037 059 253 29.2 40.1 0.9
12-14 0.65 0.52 8834 052 257 29.8 39.6 1.0
14-16 0.63 0.23 7568 044 259 29.2 40.3 0.8
16-18 0.7 0.20 6914 039 263 29.2 39.3 0.7
18-20 0.75 0.20 6.013 035 275 29.0 383 0.9
ASGM 1 Fallen branch  0.92 - 4506 - - - - -
Fallen leaves  5.22 - 4030 1.27 94 254 25.7 30.9
0-2 1.54 - 2.30 028 19.0 13.2 60.5 35
2-4 2.55 - 4.57 039 192 124 59.5 34
4-6 247 - 4.03 038 196 13.0 60.3 3.0
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Table 1 (continued)

Sampling Sampling point  Depth/cm T-Hg/mgkg™ org-Hg/ugkg™ TOC% TN% AlLO;% Fe,0,% SiO,% CaO%
6-8 2.50 - 3.96 039 194 124 60.3 2.7
8-10 248 - 3.79 039  20.1 134 583 24
10-12 1.83 - 3.22 033 199 13.6 60.3 25
12-14 1.31 - 293 029 198 125 59.9 2.6
14-16 0.85 - 2.64 0.25 203 13.0 59.3 24
16-18 0.41 - 2.03 020 196 126 59.9 2.8
ASGM 2 Fallen branch  8.94 1.4 4696 257 120 173 234 326
Fallen leaves
0-2 2.27 10.53 3.10 0.28 20.0 10.4 63.3 1.1
2-4 0.95 3.15 1.04 0.1 18.4 8.9 65.7 1.1
4-6 1.21 136 1.25 012 209 10.6 63.5 1.1
6-8 1.75 25 1.64 016 213 1.2 62.0 0.9
8-10 0.96 1.4 0.80 0.1 17.2 10.4 66.3 0.7
10-12 0.44 2.04 1.21 014 176 10.1 68.8 0.6
12-14 0.33 2.16 1.65 018 207 10.9 63.4 0.6
14-16 0.37 222 1.57 017 213 10.3 63.0 0.6
16-18 0.68 2.27 1.56 017 221 11.8 60.9 0.5
18-20 1.85 2.38 1.67 018 237 12,6 59.9 0.5
Min 0.33 0.20 0.80 0.11  0.00 2.15 3.68 0.45
Max 8.94 11.40 6520 257  30.99 30.91 6885 59.19
Average 1.32 2.84 2058 099 19.08 17.61 47.06  8.01
Stdev 1.21 2.57 1837 072 753 7.94 1456 14.76

the organic matter. Additional mercury can be deposited
in organic matter from the atmosphere. Therefore, the
mercury concentration should be higher in a mature soil
layer than in a soil layer topped with fresh fallen leaves. The
highest concentrations of org-Hg observed at the national
park and ASGM village were 5.0 uyg kg™ and 11.4 ug kg™,
respectively. The same tendency as shown by T-Hg was
observed in the vertical variation in org-Hg, and a higher
concentration was observed near the surface. As described
above, the increase in the T-Hg concentration near the sur-
face might be caused by the deposition of mercury from
the atmosphere. The increase in the org-Hg concentration
in the surface soil around the ASGM site indicates the pro-
gress of methylation of deposited mercury in the soil. The
org-Hg percentages of the T-Hg were 0.2 +£0.1% for the
national park and 0.3 £0.2% for ASGM sites.

3.2 TOC-to-TN ratio and organic matter
decomposition

When fresh organic matter, such as fallen leaves, is decom-
posed by microbial metabolism, carbon is released into the
atmosphere as CO,, so that the ratio of TOC to TN gradu-
ally decreases and approaches 10:1. As shown in Fig. 3a,
when TN was plotted against TOC, a linear relationship was
observed in the lower range of TOC (< 25%). In the range of
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TOC higher than 25%, the plots deviated from a linear rela-
tionship. The soil layer containing more than 25% organic
carbon may include fresh and/or insufficiently decomposed
fallen leaves; since the TOC-to-TN ratio approached 10:1 in
the lower range of TOC, it can be considered that the fallen
leaves were decomposed aerobically by organisms. At lower
than 20% TOC, the CaO content showed no significant
change with low values, and at higher than 20% TOC, the
Ca0 content was positively related to TOC. Calcium can be
considered to be derived from plant debris. The chemical
compositions were similar in the soils of both sites, and a
significantly high Ca content in the fallen leaf layer was com-
mon to both sites (Fig. S2), supporting the conclusion that
the samples containing high percentages of Ca were topped
by insufficiently decomposed fallen leaves. As shown in Fig.
S3, the vertical variation in CaO and that in N/C were consist-
ent with each other. It can be said again that in the upper
layer containing fresh fallen leaves, the decomposition of
the organic matter proceeds aerobically.

4 Discussion

There are only a few reports about the MeHg concentra-
tion in the soil around ASGM sites. Among the reports, the
highest concentration value of MeHg, < 1-162 ug kg™',
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Fig.2 Vertical variations of T-Hg, TOC, TN and org-Hg in the forest soils collected in August 2014; the values at 0 cm depth were taken from

fallen leaves collected on the soil surface

with a median of 13 pg kg™ (28 +19% of T-Hg), was
reported for an ASGM in Ghana in the wet season [13]. The
concentration values of 0.40-16 pg kg™', with a median
of 5.0 ug kg™ (0.14+0.16% of T-Hg), were reported for
ASGM sites in China [14], and 0.052-48 pg kg™', with a
median of 0.78 pg kg~', were reported for ASGM sites in
Senegal [12]. In the case of Senegal, although the raw data
are not applicable, the range and median of T-Hg were

0.050-130 mg kg™ and 0.68 mg kg~', respectively. The
percentage of org-Hg may be similar to the value reported
for China. These studies suggest that a portion of the mer-
cury released by ASGM activity is converted to MeHg in
the surrounding environment via several routes. The
MeHg % reported in these studies was similar to the values
found in our study. In Ghana, the highest concentration of
MeHg was observed in the rainy season; however, MeHg
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was not detected in the dry season. This suggests that in
Ghana, the water content of the soil is an important fac-
tor for MeHg formation. On the other hand, in West Java,
Indonesia, precipitation is approximately 50 mm/month,
even in the dry season, which is several times greater than
in Ghana. Therefore, water cannot be considered the fac-
tor limiting MeHg formation in this area, and methylation
factors other than water should be considered. Therefore,
the relationships between the MeHg formation process
and chemical components in soil were studied in detail.
Figure 4 plots the T-Hg and org-Hg concentrations as
functions of TOC content. The T-Hg and org-Hg were posi-
tively linearly related to TOC contents, except in the upper-
most layer topped by insufficiently decomposed fallen
leaves, in which the TOC values exceeded 25%. Within
the linear range of the T-Hg versus TOC plots, the slopes
were an order of magnitude steeper at the ASGM sites
than at the national park sites. The steeper slopes suggest
a higher depositional rate of Hg at the ASGM sites than
in the national park [31]. As the fallen leaves decompose,
they discharge carbon as CO,, and the mass of organic
matter decreases, concentrating mercury in the organic
matter. During this process, the organic matter also traps
and accumulates deposited mercury. Hg(ll) bound with
the organic matter generally has low mobility in soil, but
if bound to soluble organic complexes, it can migrate to
deeper soil layers [33]. The linear range of TOC versus T-Hg
plots may show the migration of mercury with organic
compounds. A linear relationship was observed between
TOC and org-Hg in the same range of TOC % (Fig. 4b). On
the other hand, the increase in the concentration of org-
Hg observed in the surface and subsurface soils (Fig. 2)
suggests that MeHg production occurs in these layers. The
decomposition of organic matter near the surface can be
considered to occur under aerobic conditions. It is well
known that MeHg is produced under anaerobic condi-
tions by microorganismal activity. However, the observa-
tion suggests that MeHg can be formed in the soil layer
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where organic matter is aerobically decomposed. To follow
the relation between aerobic decomposition of organic
matter and MeHg formation, further investigations will be
required. Very similar relations between the decomposi-
tion process of organic matter and the increase in org-Hg
species in soil have been reported around the Idrija mer-
cury mine in Slovenia [30]. The climates of Indonesia and
Slovenia are very different: The annual average tempera-
tures (precipitation) in 2014 are 25.3 °C (1628 mm) and
10.3 °C (1027 mm) in Bogor and Idrija, respectively [34].
These facts suggest that the soil surface is an important
reaction field for mercury dynamics in forests under wide
environmental conditions.

Palmieri et al. [5] reported that mercury occurs not
only as Hg(ll) predominantly bound to organic compo-
nents in most of the samples but also in the form of cin-
nabar in some. Since HgS is stable, Hg(ll) will be subject
to MeHg formation [5]. Even when amalgam burning
is not performed, the concentration of mercury in the
atmosphere in the workplace is much higher than that
outside [23], suggesting that the generated mercury
vapor is adsorbed on the indoor walls and floor. That is,
in the immediate vicinity of the workplace, there is a pos-
sibility that elemental mercury will be adsorbed onto the
surrounding surfaces. In this study, a glass filter, 2.4 M
KCl solution and 0.1% KMnO, solution were connected
in a series to a pump, and ambient air in the workplace
was introduced into the solutions. During amalgam
burning, mercury trapped in the KCl solution used as a
washing solution increased and accounted for 0.7-5.2%
(median: 1.3%) of the total Hg. The mercury trapped in
the KCl solution may have included Hg(ll). Although
further investigation is needed to quantitatively dis-
cuss the species trapped in the solution, the possibil-
ity of deposition of Hg® and Hg(ll) can be considered
in the ASGM village. However, the formation of MeHg
from the deposited Hg® is unlikely to proceed because
re-evaporation of deposited Hg° should occur, and Hg°
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needs to be oxidized to Hg(ll) to be converted into MeHg
[35]. Although it is difficult to estimate the degree of
oxidation of Hg0 to Hg(ll) in soil, in a study about mer-
cury speciation and the mobility of Hg in soils affected
by Hg emissions from three chlor-alkali plants, the Hg°
emitted from the plants could not be detected in any of
the investigated soils, which indicated quantitative re-
emission or oxidation of Hg® in the atmosphere or soils
[33]. Oxidation of Hg° to Hg(ll) in water in the presence
of a complexing agent has also been reported [36-38].
In the presence of water and a complexing agent such
as humic acid, oxidation of deposited Hg® to Hg(ll) at
the soil surface can presumably occur. Since we have no
adequate data concerning the relation of chemical forms
of Hg deposited on the surfaces and the distance from
the workplace, a quantitative discussion is not possible
here. This relation should be investigated in the future.

The T-Hg and org-Hg concentrations observed in this
study were in the range of 0.35-1.94 mg kg™ (av.+s.d.=
1.04+0.43 mg kg™') and 0.20-7.76 pg kg™' (av.£s.d.=2.4
+1.8 ug kg™') in the national park, and 0.33-8.94 mg kg™’
(av.+5.d.=1.90+1.92mgkg™") and 1.36-11.40 ug kg™' (av
.#5.d.=3.76+£3.60 ug kg™") in the ASGM village, respec-
tively. The ratio of org-Hg to T-Hg was 0.23 £0.14% and
0.34+£0.20% for the national park and ASGM village,
respectively. As it was shown that only a small portion of
mercury emitted into the environment was converted to
MeHg, it can be said that a direct and serious health impact
in this region is due to exposure to mercury emitted into
the surrounding atmosphere. However, according to the
Guidelines for Recovery of Contaminated Land Waste Haz-
ardous and Toxic Materials (Regulation of the Minister of
Environment and Forestry of the Republic of Indonesia), if
the mercury concentration in leaching solution of soil is
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0.02 mg L™'<Hg £0.05 mg L™" and/or the mercury con-
centration in the soil is 0.3 mg kg™' <Hg=<75mg kg™, the
said land must be managed according to non-B3 waste
management [39]. Although simple comparisons may
not be possible, the observed T-Hg value in this study
was significantly higher than 0.3 mg kg™'. Although only
0.2-0.3% of the emitted mercury was converted to MeHg,
its concentration may be higher than the background
level. The surface soil can be transported by heavy rain
into the water system, and the MeHg formed in the sur-
face soil can have an impact on aquatic ecosystems [40].
The methylmercury contamination of ecosystems in this
region should be studied continuously.

5 Conclusion

An increase in the T-Hg concentration in the upper layer
of forest soil around the ASGM site was observed, which
suggested that the deposition of discharged mercury from
ASGM caused an increase in the mercury concentration at
the soil surface. The T-Hg concentration observed in this
study was 1.04+0.43 mg kg™' in the national park and
1.90+1.92 mg kg™ in the ASGM village. The percentage
of org-Hg to T-Hg were 0.23 £0.14% for the national park
and 0.34+0.20% for the ASGM village. The vertical varia-
tion in the org-Hg concentration was consistent with the
decomposition of organic matter estimated by variations
in TN, TOC and soil chemical composition, which suggests
that MeHg is formed in the soil layer where organic matter
is aerobically decomposed. Even though MeHg accounts
for only a small portion of the total mercury, the mercury
concentration in the soil surface layer around the ASGM
site is increasing. To follow up on changes in the mercury
concentration, and to estimate the impact on ecosystems,
a continuous survey is required.
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