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Abstract: Mercury (Hg) is a useful heavy metal; however, it is toxic to both humans and the environ-
ment. Tree bark is an excellent bioindicator, which has been proven to be effective in studying the
level of atmospheric Hg contamination. This study aimed to determine the distribution of evaporated
Hg using the total weight of Hg (THg) in tree barks in Indonesia at the artisanal and small-scale gold
mining (ASGM) area of Bunut Seberang Village and Lampung University, respectively. Samples were
taken using purposive sampling, based on the criteria of forestry trees at a height level of 1.3 m above
ground as wide as 100 cm2. The samples were analyzed by atomic absorption spectrometry and
Scanning electron microscopy to determine the levels of THg and to investigate the bark structures.
Results showed that the highest THg values were found in a Magnolia champaca sample (56.5 µg),
followed by Swietenia mahagoni (45.8 µg) and Swietenia mahagoni (33.5 µg). All species studied showed
THg levels in the tree barks at an elevation from 30 to 320 m above sea level. The Hg amounts found
in the sampled barks indicated the dispersion of Hg throughout the ASGM area, which signified
hazardous atmospheric conditions in the area.

Keywords: ASGM; atmospheric Hg; tree bark; forestry tree; atmospheric pollution

1. Introduction

Mercury (Hg) is a toxic heavy metal, which is well known for its harmful effects in
the environment. The European Union Commission and World Health Organization have
stated that Hg even at low concentrations could affect human health and has become a
global environmental concern [1]. Reduction or elimination of Hg use [2]. Hg transport
and disposal present serious risks to the environment [3]. In artisanal and small-scale
gold mining (ASGM), Hg has been used to extract gold (Au) from an ore to form a stable
Hg–Au amalgam. Then, the amalgam is heated to evaporate the Hg and isolate the Au. Hg
amalgamation has been used for thousands of years to mine Au and Ag in this way [4].

An uncontrolled use of Hg in gold mining occurs due to low technical knowledge [5].
In Indonesia, ASGM has been the second most significant source of Hg pollution after
coal burning [6]. Recognizing the problems associated with the use of Hg in mining, over
130 countries have signed the United Nation’s Minamata Convention as an agreement to
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significantly reduce the emission and usage of Hg [7]. During an entire ore amalgamation
process, 20 g of Hg is typically used to produce 1 g of Au, where 19 and 1 g of the Hg pass
or are released to the tailings and atmosphere, respectively [3]. Globally, Hg amalgamation
activities in mining could lead to the annual release of up to 1000 tons of Hg to the
environment. Specifically, Hg release from Indonesia has been estimated between 100 and
150 tons per year [8].

Various studies have focused on the determination of Hg concentrations in various
bioindicators including tree-like foliage [9], leaf litter [10], tree bark, and roots [11]. In
particular, tree barks have been used to assess the state of Hg contamination in the en-
vironment [12]. In one study, higher Hg was found in tree foliages and barks than in
wood samples [13]. Foliage materials typically contain high Hg concentrations because
foliage absorbs elemental Hg from the atmosphere through its stomata [14]. Although bark
and wood are less exposed to atmospheric Hg than foliage, bark can capture and retain
atmospheric Hg through surface sorption [13]. The enrichment of trace elements in a tree
bark can be used to trace pollution sources [15]. This is because airborne particles are often
trapped within the structure of a tree bark, where these particles accumulate over a period
of several years [16].

This study aimed to determine the atmospheric pool of Hg in an ASGM area at Bunut
Seberang Village, Lampung, Indonesia, using forestry tree barks as bioindicators.

2. Materials and Methods
2.1. Study Location

The test and control samples were collected in December 2020 in an ASGM area of
Bunut Seberang Village, Pesawaran District, and in January 2021 in the University of
Lampung, Lampung Province, respectively, as shown in Figure 1. The control samples
were selected to compare the research main samples. The distance of main test samples
obtained in the ASGM area ranged from 0 to 1.2 km. For the control samples, the location
was 32 km from the ASGM location. Six forestry trees were found in the ASGM areas and
three forestry trees were found in control areas, respectively. The trees were selected due to
their rough bark characteristics, which could retain atmospheric pollutants such as Hg [13].
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Figure 1. The research sampling locations were (a) Bunut Seberang Village, Lampung Province,
Pesawaran District, Indonesia (test samples), and (b) University of Lampung, Lampung Province,
Bandar Lampung, Indonesia (control samples).

2.2. Sampling Methods

Evaporated elemental Hg has been mostly found in trees, which are located around 1.3 m
from the ground [12]. The dimensions of tree bark samples obtained were 10 cm × 10 cm. The
samples were taken at a height of 1.3 m to ensure homogeneity [13]. The collection of tree
barks was conducted by selecting features that faced gold refining locations at the ASGM
site. The trees selected for sampling have a minimum diameter of 20 cm. Bark samples
were collected by purposive sampling based on rough stem morphology [17]. Based on
the sampling used, there were six tree species (C. pentandra (n = 1), M. champaca (n = 1),
P. falcataria (n = 2), P. acerifolium (n = 2), S. mahagoni (n = 7), and T. grandis (n = 5)), all with
rough bark characteristics as shown in Figure 2. The total number of samples collected was
18 (n (total) = 18). The locations of the sampled trees were selected as shown in Figure 2.
The collected rough barks were in form of hard chipped, broken scaled, and grooved
barks. Trees that have such rough bark characteristics include T. grandis, Swietenia sp., and
Schima wallichii [18]. The collected samples were kept in coded plastic sample bags.

The sample distances in the ASGM location were measured by conducting field
observations at the location. The elevation data were obtained using the secondary data
from the Digital Elevation Model and Rupa Bumi Indonesia maps of Lampung Province for
2017 with a scale of 1:10,000. The wind direction data for 2010–2020 were obtained from four
stations of the Meteorology, Climatology, and Geophysical Agency, which are located in
Bandar Lampung, Pesawaran, South Lampung, and North Lampung, Lampung, Indonesia.
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Figure 2. The locations of the sampled trees at Bunut Seberang Village including C. pentandra (n = 1),
M. champaca (n = 1), P. falcataria (n = 2), P. acerifolium (n = 2), and S. mahagoni (n = 7) and at Bunut
Seberang Village such as T.grandis (n = 5) (n (total sampled trees) = 18).

2.3. Atomic Absorption Spectrometry (AAS) and Scanning Electron Microscopy (SEM)

The mercury concentrations were determined by Atomic Absorption Spectrometry
(AAS). The barks were cut to obtain the Fragment Dimension (FD), approximately 100 cm2

(10 cm × 10 cm) from the tree. Samples were dried in an oven at 300 ◦C for 48 h. A dried
sample was weighed and the weight was counted as the dry weight (DW) (g). Each sample
was analyzed by Image J from Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda (Maryland, USA) and cut as wide as 14 to 18 cm2 to measure the Real Square
(RS). Each sample was mashed using a Philips Plastic HR2115/00 mixer by Phillips Inc.
(Eindhoven, Netherlands) speed of 13,000 rpm.

The AAS analyses were conducted using the AAS method described in the Indonesian
National Standard 01-2896-1998. A 5 g sample was placed in a plastic tube, then dissolved
in 25 mL H2SO4 18N, 20 mL HNO3 7N, and 1 mL 2% of Na2MoO4. The samples then were
sent to PT Superintending Company of Indonesia (PT SUCOFINDO) for AAS analysis
using an Agilent 240FS-VGA 7 from Agilent Technologies Inc. (Mulgrave, Victoria, Aus-
tralia). AAS analysis was conducted using the AAS method described in the Indonesian
National Standard 01-2896-1998. Hg results were reported as concentrated Hg (CHg) before
conversion to total weight Hg (THg).

Scanning Electron Microscopy (SEM) was used to inspect and identify the anatomical
features of the tree bark samples [19]. The SEM analysis uses ZEISS/EVO MA 10, The Carl
Zeiss Foundation, Munich, Germany. SEM uses a procedure involving electrons to magnify
the image of a sample, which allowed the inspection of the tree bark samples in detail [20].
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The accumulated Hg was measured as THg (µg), which was calculated by
Equation (1) [12,21,22].

THg = (DW × CHg) × (FD)

(RS)
(1)

where the THg is Total Weight of Mercury, CHg is Concentrated Hg, DW is Dry Weight, FD
is Fragment Dimension, RS is Real Square.

2.4. Statistical Analysis

Statistical analyses were performed using an IBM SPSS Version 26 SPSS Inc. (Chicago,
IL, USA). To determine whether the THg, CHg, bark thickness, elevation, and distance
values were normally distributed, a Shapiro–Wilk measurement at the 5% level was used
followed by a one-way analysis of variance at the 5% level of significance [21]. A bivariate
correlation analysis was used to determine the correlation between bark thickness, elevation,
distance, and THg.

3. Results
THg Levels in the Tree Bark Samples Based on Distance and Elevation

The THg levels found in the Bunut Seberang Village are presented in Table 1.

Table 1. THg Levels Found in Bunut Seberang Village.

No. Name CHg (µg/g) THg (µg) Bark Thickness
(mm)

Elevation
(m asl *)

Distance to Nearest
ASGM (m)

1 C. pentandra 1 0.33 11.7 9.64 80 247
Mean 0.33 11.7 9.64 80 247

2 M. champaca 1 1.01 56.5 10.4 30 47
Mean 1.01 56.5 10.4 30 47

3 P. falcataria 1 0.34 2.19 5.66 310 580
4 P. falcataria 2 0.20 4.24 19.5 240 619

Mean 0.27 3.21 12.6 275 600
5 P. acerifolium 1 0.37 23.2 9.74 200 223
6 P. acerifolium 2 0.37 19.2 10.5 320 604

Mean 0.37 21.2 10.1 260 414
7 S. mahagoni 1 0.09 5.63 0.60 50 1215
8 S. mahagoni 2 0.68 32.2 0.76 80 894
9 S. mahagoni 3 0.14 5.97 0.56 110 982

10 S. mahagoni 4 0.35 17.9 0.50 50 1069
11 S. mahagoni 5 0.78 45.8 0.62 90 723
12 S. mahagoni 6 0.53 33.5 0.80 60 233
13 S. mahagoni 7 0.10 2.21 0.60 120 1250

Mean 0.38 20.5 0.63 80 909
14 T. grandis 1 0.20 6.66 0.48 30 985
15 T. grandis 2 0.30 11.6 0.30 50 1111
16 T. grandis 3 0.17 4.41 0.49 120 186
17 T. grandis 4 0.48 17.7 0.48 80 607
18 T. grandis 5 0.42 3.50 0.17 150 713

Mean 0.31 8.77 0.38 86 720

* asl, above sea level.

The results in Table 1 showed that all of the sampled forestry trees contained Hg.
The highest THg amount was found in M. champaca (56.5 µg), which was followed by
S. mahagoni, P. acerifolium, and C. pentandra (2.21–45.8 µg). Various THg amounts were
found in T. grandis from 3.50 to 17.7 µg.

The bark thickness did not show any significant correlation to the THg. The thickest
bark sample was from P. falcataria 2 (bark thickness = 19.5 mm), which contained a lower
THg of 4.24 µg than the thin bark sample from S. mahagoni 5 (bark thickness = 0.62 mm) with

5
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a measured THg of 45.8 µg. Another example was C. pentandra (bark thickness = 9.64 mm),
which contained a lower THg of 11.7 µg than S. mahagoni 6 (bark thickness = 0.80 mm) with
a measured THg of 33.5 µg.

Meanwhile, THg was affected by CHg found in the samples. Magnolia champaca gave
the highest value for CHg of 1.01 µg/g. It also contained the highest amount Hg with a
THg of 56.5 µg. The M. champaca and S. mahagoni 7 samples both gave the second largest
CHg value of 0.78 µg/g. They also contained the second largest THg of 45.8 µg.

Based on the results, THg values found in the studied areas were not affected by
elevation. Similar values for THg were generally found at any elevation level. P. falcataria 1
(THg = 5.66 µg) that was obtained at an elevation level of 310 m asl showed a similar
THg with T. grandis 5 and T. grandis 1 (THg = 3.50 and 6.66 µg, respectively), which were
obtained at an elevation level of 150 and 30 m asl, respectively. C. pentandra 1 which was
sampled at an elevation level of 80 m asl contained a THg of 11.7 µg-DW. This was lower
than the THg found in S. mahagoni 2 (32.2 µg), which was sampled at the same elevation
level of 80 m asl.

The THg values found were also not affected by distance. M. champaca was the closest
sample location (47 m from the ASGM location) providing the highest THg value (56.5 µg)
compared to the other samples. In a further location, a high THg value (45.8 µg) was also
found in S. mahagoni 5, which was sampled 723 m away from the ASGM location. These
numbers showed the variation in atmospheric Hg, which was not dependent on distance.

The results from control samples are summarized in Table 2.

Table 2. THg values found in the control location.

No. Name CHg (µg/g) THg (µg) Bark Thickness (mm)

1 M. champaca 1 <0.0002 <0.02 3.20
2 M. champaca 2 <0.0002 <0.02 3.10
3 M. champaca 3 <0.0002 <0.02 2.73
4 A. cadamba 1 <0.0002 <0.02 4.38
5 A. cadamba 2 <0.0002 <0.02 4.69
6 A. cadamba 3 <0.0002 <0.02 4.05
7 S. mahagoni 1 <0.0002 <0.02 10.60
8 S. mahagoni 2 <0.0002 <0.02 8.89
9 S. mahagoni 3 <0.0002 <0.02 5.45

10 S. mahagoni 4 0.0120 0.26 12.40
11 S. mahagoni 5 <0.0002 <0.02 6.70

The control samples showed THg values of <1 µg. Plants have been classified as
hyperaccumulators of Hg and toxic if the Hg concentration in a plant exceeds 10 [23] and
1 ppm [24], respectively. Therefore, the trees in the control area were not toxic.

Wind direction, elevation, and bark type have been found to determine the levels of
heavy metal contamination in tree barks [25]. This was because Hg spreads in the atmo-
sphere due to wind [26]. Wind also causes the dispersion of Hg over long distances [27].

As seen in Table 1, all the sampled trees in the ASGM area contained and were above
the Hg detection limit (0.02 µg); therefore, the air near this area was most likely contami-
nated by Hg. Hence, M. champaca, S. mahagoni, C. pentandra, P. acerifolium, P. falcataria, and
T. grandis samples in Table 1 were used to determine the atmospheric Hg contamination
in the studied area. To determine the distribution rate of THg in the ASGM study area,
the distance and elevation of each collected bark were defined. These are summarized in
Table 2.

4. Discussion
4.1. THg in the Tree Bark Samples

Barks contain Hg (Table 1) and main organic matters of carbon and oxygen. Hg found
in a bark sample was either from within or between the atmosphere in ASGM area and

7
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stored in the tree bark, especially in the external layer of the barks [28]. The amount of Hg
stored in tree bark is often defined by the factors of bark roughness and sample location [29].
The differences in Hg concentrations between tree species in the studied location could be
explained by the variations in wind flow during 2010–2020 as shown in Figure 3 [30] and
different rates of absorption in the six tree species considered [13].
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THg contamination in tree barks did not exhibit significant variation in this study,
with the exception of M. champaca 1, S. mahagoni 2, S. mahagoni 5, and S. mahagoni 6 with
THg values of >20 µg. The surface magnification of the samples is shown in Figure 4. The
samples of M. champaca and S. mahagoni showed textures of clustered and fibrous-grouped,
respectively. These samples have a rough-textured bark. The THg found in P. acerifolium
was low, because its bark was less rough especially when compared with M. champaca [31]
(see Figure 4). The SEM results showed that the Hg levels found in M. champaca ranged
from 19.6 to 25.1%. The level was 19.6% in S. mahagoni. After considering the SEM data, the
low roughness of a tree bark seemed to have minimized the possibility of accumulation of
atmospheric Hg. In fact, rougher tree barks have been known to be better accumulators of
heavy metals [32].
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We found that the tree bark thickness did not define the THg level found in bark (see
Figure 5). The bark thickness only affected the THg value by 0.6%. The bark thickness
varied from 0.17 to 19.5 mm as shown in Figure 5. The differences in the bark thickness
can vary in shape and thickness, depending on the species and ecological factors [33]. In a
study with bark thickness values from 0 to 0.6 mm of samples, the heavy metal adsorption
capacity was found to be higher in the outer bark than in the inner bark [34]. This was
because the uptake of heavy metals by the tree inner bark (via phloem) was lower than the
outer bark (via rhytidome).
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4.2. Elevation, Distance, and Bark Thickness

A bark accumulates atmospheric Hg as it is continually exposed to air pollution
for many years; therefore, it could provide precise information about the changes in the
atmospheric condition of a certain ecosystem [35]. A study of the chemical constituents in
barks is an appropriate method for tracing pollution sources [12,13,15,21,22]. The distances
shown in Figure 4 showed a negative trend toward THg levels in tree barks. All tree barks
contained Hg in both areas near and far from the ASGM location studied. The bark has been
found to have the highest capacity for heavy metal absorption, followed by cones, needles,
and wood [33]. Tolerant tree species have been used as an indicator for the accumulation of
air pollutants [36]. Hg concentrations have been determined by the analyses of tree tissues
including bark [15].

Hg spreads in the atmosphere [26] and disperses over long distances due to wind [27].
Tree barks have been known to retain and capture atmospheric Hg through surface sorp-
tion [13] even over long distances. This was observed in our work. A high THg value of
45.8 µg was found for the S. mahagoni 5, which was sampled at a long distance of 723 m
from the ASGM location (see Figure 5).

Heavy metal adsorption on biomass such as bark is a physiochemical process [35]. In
the case of a bark, heavy metals typically accumulate through the wet and dry deposition
processes [37]. Briefly, a tree bark absorbs gaseous Hg at its surface. The absorbed Hg is then
bound to thiol-containing molecules such as tannins [38]. The wet and dry depositions of
Hg have been defined as the air-to-surface flux in the presence and absence of precipitation,
respectively [39]. For these reasons, tree bark can be used as a heavy metal bioindicator
where their outer portion consists of dead materials, which do not interfere with their
growth cycles [35].

All the tested samples contained atmospheric Hg. THg values were observed in
the samples obtained from 0 to 320 m asl. A previous study found that atmospheric Hg
increased with altitude [40]. Conversely, our measurements indicated that atmospheric
Hg did not increase with altitude as shown in Figures 4 and 5. The THg values were
rather grouped and dispersed throughout all the altitudes studied. Additionally, shown in
Figure 5, the group with an elevation from 0 to 100 m asl provided a maximum value of
56.5 µg, with median and minimum values of 17.8 and 5.63 µg, respectively. For the group
with an elevation from 100 to 320 m asl, the maximum value was 23.2 µg, with median and
minimum values of 4.32–2.19 µg, respectively.

P. falcataria 2 from an elevation of 240 m asl showed a lower THg than S. mahagoni 6
from an elevation of 60 m asl. In addition, the sources of Hg in the ASGM site were
dispersed due to the wind factor. The dispersion of windblown atmospheric Hg in the
2010–2020 study period occurred from north to south. Therefore, wind largely controlled
the movement of atmospheric Hg in our research sites [41] as shown in Figure 6.

4.3. Wind Direction

The major transport of evaporated Hg comes from various sources in the atmo-
sphere [42] and occurs in the gaseous phase [43]. The movement of heavy metals depends
on numerous factors including temperature, surface waters, air masses, and wind [41];
therefore, they are transported over long distances even at global scales [44]. Wind in the
study area was recorded from 2010 to 2020. Wind was found to blow mostly from north
to south as shown in Figure 6. Wind movement that carried Hg was also affected by a
mountainous area (e.g., P. falcataria 1 and P. falcataria were taken at the elevation level of
310 and 240 m asl, respectively), which diverted the wind to a lower elevation. A previous
study that has coastal and hilly areas stated that topography significantly influences the
Hg [12]. Nevertheless, in this study that has mountainous areas did not significantly affect
the Hg.
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The mountainous area in this study was located in the south of the ASGM area. The
presence of elevation and trees have been known to cause airflow fluctuations and lower
wind speeds [45]. These affect the total Hg contamination. It has been found that wind
influences the distribution of heavy metals in some areas brought by pollutant sources [46].
M. champaca provided the highest Hg contamination (56.5 µg) at a distance of 47 m from
the ASGM location. S. mahagoni 6, which was the sample closest to the ASGM area
(distance of 233 m), also exhibited an elevated THg (33.5 µg). S. mahagoni 2 (32.2 µg) and
S. mahagoni 5 (45.8 µg) exhibited high Hg contamination, although their distances (894 and
723 m, respectively) from the studied area were greater than the other samples.
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5. Conclusions

In this study, about 18 samples, with 6 different species, were found during the field
sampling. The M. champaca was indicated as the highest THg (56.5 µg) among other
samples then followed by C. pentandra 11.7 µg, P. falcataria 1 ranged from 2.19 µg to 4.24 µg,
P. acerifolium ranged from 19.2 µg to 23.2 µg, T. grandis ranged from 3.50 µg to 17.7 µg,
and S. mahagoni ranged from 2.21 µg to 45.8 µg. The highest elevation on this study is
at 320 m asl (P. acerifolium 2) and the lowest elevation is at 30 m asl (M. champaca and
T. grandis 1). The furthest sample location is S. mahagoni 7 at 1250 m, and the closest sample
is M. champaca at 47 m from ASGM site. This study showed that the wind direction and the
topography (closed mountain area) is the important factor to attach evaporated mercury in
the tree bark. Meanwhile, the distance, elevation, and bark thickness showed no significant
effect on the attachment of evaporated mercury.
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