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Abstract
Mercury enters into the environment or waste streams because it is present as an impurity in natural minerals. Mercury 
must be appropriately managed as an hazardous waste. In this study, a waste layer of artificial mercury sulfide mixed with 
incinerator ash and sewage sludge compost in a simulated landfill experiment for 5 years was analyzed using microscopic 
synchrotron X-ray to obtain basic knowledge of mercury behavior in a landfill. Mapping by synchrotron X-ray revealed 
the distribution of mercury-containing particles in the waste layer. In most cases, the movement of mercury sulfide was 
not considered significant even within a microscopic range; however, water flows could enhance the movement of mercury 
sulfide particles. When disposing of mercury sulfide, “concentrated placement” or solidification, rather than mixing with 
other wastes, was more effective at preventing mercury leaching in lysimeters. The chemical form of mercury sulfide in 
each lysimeter was confirmed by X-ray absorption fine structure (XAFS) analysis, which showed that most of the mercury 
was present as metacinnabar and had not undergone any changes, indicating that it was extremely stable. The microscopic 
synchrotron X-ray analysis proved very useful for studying the behavior of mercury waste in a simulated landfill experiment.

Keywords Mercury sulfide · Landfill · Mapping · X-ray absorption fine structure

Introduction

The Minamata Convention on Mercury (MCM) entered into 
force in August 2017 with the aim of minimizing the effects 
on human health of environmental pollution by mercury. The 
convention had been ratified by 139 countries worldwide as 
of December 1, 2022 [1]. Trade in mercury, use of mercury 
in products and manufacturing processes, emissions to air, 
and release to water have been reduced under the MCM. 
Mercury is an impurity in natural resources emitted or 

released when coal is combusted, or when iron and zinc ores 
are processed. When the emissions and releases are reduced 
to the maximum extent possible, mercury migrates from air 
and water into waste. Mercury is an element and cannot be 
decomposed; therefore, it is important to manage it as a final 
waste product. In Japan, mercury is present as impurities 
in nonferrous metal ores, such as zinc ore, was recovered 
from sludge, refined, and exported overseas [2]. However, 
after the implementation of the MCM, its use in products 
decreased and it will eventually be phased out. It is now a 
requirement that mercury must be managed as an hazard-
ous waste. In Japan, about 50 tons of mercury are generated 
as recovered mercury annually [3]. Mercury is generated at 
the 1000 ton/year level worldwide [3]. Safe long-term man-
agement of recovered mercury is a challenge. Storing it as 
metallic mercury has been implemented in the USA [4] and 
in the EU, recovered mercury is converted to mercury sulfide 
before being disposed of in waste salt mines [5]. However, 
suitable storage sites are not available in every country, and 
the best methods of disposal and management have not been 
fully elucidated; hence, more research is needed.

Mercury cycles and their management
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Because it is difficult to dispose of metallic mercury, vari-
ous mercury stabilization methods have been developed to 
convert metallic mercury into sulfide for disposal [6–10]. 
Mercury sulfide (cinnabar, α-HgS and metacinnabar, β-HgS) 
is a stable form of mercury in the natural environment; how-
ever, it is unclear whether mercury sulfide remains stable 
in real landfill environments. Yanase conducted landfill 
experiments on dry cell batteries including mercury using 
landfill simulators [11]. Over a 20-year period, the outflow 
of mercury from a lysimeter was ≤ 2%, and the major form 
of prelease was atmospheric dispersion via vaporization. 
The mercury content of the leachate was < 0.2%. Batteries 
sampled after 10 and 20 years had suffered surface corrosion 
and about 6% of the mercury from the batteries had migrated 
to the waste layer.

We used similar types of landfill simulators to evaluate 
the stability of mercury sulfide, including that solidified 
with low alkali cement materials in a landfill [12, 13]. The 
outflow of mercury into leachate, atmospheric diffusion, 
and mercury methylation were investigated over a 5-year 
period. After the 5-year experiment, the lysimeters were dis-
assembled, and the mass transfer characteristics of mercury 
in the landfilled mercury waste and residual mercury were 
investigated to determine the mass balance of mercury in the 
landfill [13]. When mercury sulfide was mixed with waste 
and disposed of in a landfill, the mercury content in the lea-
chate was determined and the total elution rate was < 0.1% as 
shown in Table S1. When mercury sulfide was placed in lay-
ers in the center of the lysimeter, the mercury leaching rate 
was very low. However, the stratified distribution of total 
mercury after dismantling revealed that the semi-aerobic 
lysimeter had a high mercury content in the center of the 
lysimeter, which suggested mercury was not migrated. The 
lower part (lower-middle and lower layers) of the anaerobic 
lysimeter had a higher mercury content, which suggested a 
small amount of mercury was transported.

These studies only considered the behavior of mercury in 
air, water, and waste from a macro perspective; they did not 
investigate how mercury sulfide is dissolved or transported 
as a particle in the waste layer, and it is not known whether 
chemical changes of mercury sulfide particles occur. Some 
studies have examined the behavior of mercury in actual 
landfills [14–20], but most measured it in leachate or land-
fill gas; few have analyzed mercury in landfilled waste [17, 
18]. While some studies have investigated the leachability of 
mercury sulfide in landfills, little is known about the changes 
related to mercury sulfide [21, 22].

In this study, it was assumed that mercury migration 
was probably very limited based on the low leachability of 
mercury sulfide and results of our previous research [13]. 
Mapping of mercury by synchrotron X-ray was conducted 
using microbeams and the chemical form of mercury was 
determined using X-ray absorption fine structure (XAFS) 

analysis. A cross-section of the lysimeter was prepared 
to confirm whether the phenomena were consistent with 
those seen from a macroscopic perspective [13], and to 
obtain basic knowledge of mercury behavior in a landfill.

This also enabled us to determine if the degree of 
advection and diffusion of mercury persists at the micro-
scale. It was assumed that the chemical state of the mer-
cury would change as it spread from the original artificial 
mercury sulfide to its surroundings. An XAFS analysis 
using high-brilliance synchrotron radiation was used to 
determine the chemical state, because it is not necessar-
ily the case that a highly crystalline material forms in the 
portion that leaches out of artificial mercury sulfide and is 
advected or diffused. Recently, XAFS analyses have been 
applied to determine the speciation of mercury in contami-
nated soil [23, 24] and mine wastes [25, 26]. Despite these 
studies, little information is available on the speciation of 
mercury in landfilled waste.

Materials and methods

Sample

Twelve landfill simulator lysimeters containing mercury 
waste were assembled. Two different mercury wastes were 
prepared: artificial mercury sulfide and mercury sulfide 
solidified with a low alkali cement material. The lysim-
eters were filled with these mercury wastes together with 
two types of typical landfilled waste: incineration ash only 
and a mixture of incineration ash (80%) and sewage sludge 
compost (20%). The mercury content was approximately 
1% in the waste materials.

Two different techniques were adopted to landfill the 
mercury waste: mixing of the mercury sulfide with other 
waste, and a “bedded pattern” in which the mercury sulfide 
or solidified materials were embedded as the middle layer. 
All lysimeters were prepared as semi-aerobic or anaerobic 
landfills. We also conducted blank tests for each type of 
landfill. The experimental setup of the landfill simulating 
lysimeters was shown in two previous studies [12, 13]

Thirty samples were taken from the surface, middle, 
and lower layers of the mixed waste lysimeter for the syn-
chrotron-based mapping analysis, while in the lysimeter 
with a bedded pattern, the analysis focused on the bedded 
layer and area below that layer. The sample numbers are 
listed in Table 1.

Samples were vacuum-sealed after sampling and 
submitted for analysis. Photographs of the samples are 
shown in Figure S1. Measurements of each sample were 
made while maintaining the vertical orientation of the 
lysimeters.
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Measurement methods

(1) Synchrotron based mapping measurement

The X-ray measurements were performed using the 
BL37XU beamline at SPring-8, which is a synchrotron 
radiation facility in Japan [27]. The X-ray energy was set 
to 12.5 keV. The sealed sample shown in Figure S1 was 
attached to a sample holder and fixed at the irradiation 
position. After confirming the position with a camera, the 
sample was irradiated with X-rays, and fluorescent X-rays 
were detected by a multi-element silicon drift detector. 
The settings are shown in Figure S2.

The sample was mapped with a beam focused to 
209 × 152.5 nm at 1-µm intervals, covering an area of 
50 × 100 µm. Because BL37XU is capable of high-speed 
X-ray fluorescence mapping of several elements, the 
X-ray fluorescence of each element was acquired in each 
channel. For mercury, the Lα and Lβ spectral lines were 
recorded separately. After acquiring the data, hot spots 
were visualized using the LabVIEW software (National 
Instruments Corporation, USA) installed in BL37XU at 
SPring-8, to determine whether the hot spots were mer-
cury-derived based on the distribution of Lα and Lβ of 
mercury. Detailed mapping was performed in an area of 
10 − 20 × 10 − 20 µm at 0.2-µm intervals for areas of high 
X-ray fluorescence intensity originating from mercury. 
These mapping results confirmed the advection and diffu-
sion of mercury from mercury sulfide for each layer.

(2) XAFS measurement

Initially, we attempted to perform XAFS measurements 
with the same beam size as used for the mapping, but we 
could not obtain a good spectrum and therefore abandoned 
XAFS measurements for each location obtained from each 
mapping, and performed XAFS measurements for each 
layer over a slightly wider area (927 × 960 µm). Because 
of the quality of the spectra, we focused our measure-
ments only on the X-ray absorption near edge spectros-
copy (XANES) region. For each layer, the spectra of Hg 
L-III were collected in fluorescence mode using a multi-
element silicon drift detector for the landfilled samples, 
and in transmission mode using an ionization chamber for 
the reference materials (cinnabar, meta-cinnabar,  HgSO4, 
and  Hg2SO4).

Data analysis method

(1) Analysis of mapping data

The Ch1 HgLα data were displayed in 32-bit color using 
ImageJ software (NIH, USA). After inversion, rotation, and 
other forms of processing, we confirmed that the images 
were consistent with those displayed in the LabVIEW soft-
ware installed in BL37XU.

In some cases, the images did not show the presence of 
the mercury sulfide added to the landfilled waste because 
of shading in a particular measurement range. Therefore, 
for mapping data in the 50 × 100 µm range, the X-ray fluo-
rescence intensity of mercury in blank samples from one 
of the landfill experiments (incineration ash [80% + sewage 
sludge compost [20%]: 4-SISBl-4 and 8- AISBl -4; incinera-
tion ash only: 10-SIBl-4 and 12-AIBl-4) was measured. If 
the intensity of the bright spot exceeded the highest X-ray 
fluorescence intensity of mercury for the blank samples, we 
determined that the spot was affected by mercury sulfide. 
We counted the spots meeting this criterion in each sample. 
In addition, an average value for the entire mapping surface 
was calculated to shed light on the presence and movement 
of mercury.

(2) Analysis of XAFS data

The XANES spectra between 11,957 and 12,381 eV were 
analyzed by Athena software [28]. The spectra of reference 
materials and landfilled samples were compared, and their 
spectral shapes were used to identify the major species 
(because a XANES spectrum reflects the local environment 
of elements within a material). Chemical species were also 
distinguished using linear combination fitting (LCF) tech-
nique with black mercury sulfide (meta-cinnabar) and red 
mercury sulfide (cinnabar) [29].

Results and discussion

Mercury distributions in the lysimeters

(1) Blank sample

The results for the blank sample from the mapping data in 
the 50 × 100 µm range are shown in Fig. 1. A larger area of 
shading for Hg Lα was observed in 10-SIBl-4 compared with 
the other samples. The highest X-ray fluorescence intensi-
ties of Hg Lα were 934, 505, 415, and 3,189 for 4-SISBl-4, 
8-AISBl-4, 10-SIBl-4, and 12-AIBl-4, respectively.

The shading intensity was not only due to the mercury 
concentration; it was also influenced by other elements. 
Figure 2 shows the distribution of Hg Lα and Hg Lβ for 
10-SIBl-4 and 12-AIBl-4. For 10-SIBl-4, there was a clear 
lack of discrepancy in the upper shading area between Hg 
Lα and Hg Lβ. For 12-AIBl-4, there was a bright spot for Hg 
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Lα in the upper left center, consistent with Hg Lβ. A detailed 
analysis (10 × 10 µm) of this spot showed clear agreement 
with Hg Lβ, indicating the presence of mercury. These sam-
ples were not made with the addition of artificial mercury 
sulfide. Therefore, we can conclude that the particles con-
tained mercury that was present in the original waste. The 
size of the particles in which mercury was concentrated was 
about 1 − 2 µm. The wastes used in this study were incinera-
tion ash and sewage sludge compost. Takaoka et al. reported 
that the predominant species of mercury in the fly ash from 
municipal solid waste incineration was  Hg2Cl2, based on 
XANES analysis [30]. According to Vogel et al., XANES 
showed that the major inorganic mercury compounds in sew-
age sludge ash were HgS,  HgCl2, and HgSe [31]. The forms 
of mercury that did not run off even with artificial rainfall 
during the simulated landfill experiment were considered to 
be highly insoluble, such that  HgCl2 was unlikely to be pre-
sent. Therefore, the data obtained by this mapping indicated 
that measurement points with an intensity of ≥ 3190 were 
affected by the artificially added mercury sulfide.

(2) Mixed waste samples

Figure 3 shows the distribution of mercury-containing 
particles in the semi-aerobic landfill layer (1-SISM) of mer-
cury sulfide with incineration ash and sewage sludge com-
post. 1-SISM-0 was a sample from the top of the simulated 
landfill lysimeter, 1-SISM-4 was from the middle layer, and 
1-SISM-8 was a sample from the bottom of the lysimeter. In 
the 50 × 100 µm area, some mercury-containing particles and 
groups of particles were observed. The mapping result for 

one of the particles is shown in Fig. 3. Particle size varied 
but most were 5 − 7 µm in length and 3 − 5 µm in width. The 
size variations were likely due to differences in the degree 
of agglomeration of the artificial mercury sulfide. Particle 
migration and advection/diffusion of mercury therefrom 
was also possible. The shading corresponding to the Hg Lα 
intensity was less diffuse, which suggested that the mercury 
had not dissolved and spread out. This was also the case for 
the middle and lower layers, where there were differences in 
the number of particles because of the limited area targeted 
and difficulty of analyzing a uniform surface. Differences in 
the behavior of the particles were not considered.

Figure 4 shows the distribution of mercury-containing 
particles in the anaerobic landfill layer (5-AISM) of mercury 
sulfide with incineration ash and sewage sludge compost. It 
is basically the same as Fig. 3, with some mercury-contain-
ing particles and groups of particles being observed. There 
was no spreading of mercury from these particles, which 
suggested that the anaerobic conditions might not have 
affected the migration of mercury sulfide.

Figures 5 and 6 show the distribution of mercury-con-
taining particles in the semi-aerobic landfill layer (9-SIM) 
and anaerobic landfill layer (11-AIM) of incineration ash 
with mercury sulfide, respectively. Both figures show that 
many mercury-containing particles were present in the 
middle layer (9-SIM-4 and 11-AIM-4), which was probably 
coincidental, but in both cases they were aligned vertically. 
In landfills, there is a layer of high permeability, which is 
referred to as the water path [32, 33]. It is possible that land-
fills with incineration ash may contain areas where liquids 
can flow easily, such as a water path, but the analysis was 

Fig. 1  Mapping analysis of HgLα in blank samples
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inconclusive because only two areas were analyzed. How-
ever, the distribution of mercury could be interpreted as 
reflecting movement of particles along the water path, in 
the process of which the blue area may have been contami-
nated by a very small amount of dissolved constituents. It 
was difficult to detect differences between the semi-aerobic 
and anaerobic conditions.

(3) Mercury sulfide or solidified mercury sulfide with 
low-alkaline cement placed in the middle of the 
lysimeter

The mercury distribution in the experiments in which 
mercury sulfide(2-SISBe: semi-aerobic, 6-AISBe: anaero-
bic) or cement-solidified mercury sulfide (3-SISC: semi-
aerobic, 7-AISC: anaerobic) was placed in the center of the 
lysimeter was very different from that in the experiments 

in which mercury sulfide was mixed with other wastes, 
such as incineration ash and sewage sludge compost. In 
the experiments with bedded mercury sulfide, very few 
(1–2) particles about 1 µm in size were observed. Figure 7 
shows the mercury-containing particles in the layer below 
the mercury bedded area. Only 7-AISC had particles in 
the middle to lower layers, and they were not observed in 
the lowest layer.

It is possible that the particles in the layer below the mer-
cury bedded area were either from the original landfill waste 
or from particles that had run off from the bedded mercury 
sulfide areas. This suggests that little mercury had dissolved 
and become mobile. Even when mercury sulfide was solidi-
fied by the low-alkaline cement, mercury in the leachate was 
detectable in the first period [12.13]. This suggests that some 
of the mercury sulfide powder had adhered to the surface of 
the cement during solidification in its production and might 
have later been removed by the artificial rainfall.

Fig. 2  Mapping analysis of Hg Lα and Hg Lβ in samples 10-SIBl-4 and 12-AIBl-4
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Number of mercury sulfide particles present in each 
layer of the lysimeters

We attempted to quantify the mapping data to determine 
whether mercury sulfide particles were migrating from 
the top to the bottom of the lysimeter. The pixels with 

an intensity > 3190, i.e., the boundary value of the origi-
nal waste-derived mercury value obtained from the back-
ground, were counted among the 5,000 pixels that were 
mapped (50 × 100 µm area). The percentage was calculated 
by dividing by the original number of pixels (5000).

Fig. 3  Distribution of mercury-containing particles in the semi-aerobic landfill layer (1-SISM) of mercury treated with incineration ash and sew-
age sludge compost

Fig. 4  Distribution of mercury-containing particles in an anaerobic landfill layer (5-AISM) of mercury treated with incineration ash and sewage 
sludge compost
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The results are shown in Table 2. Averages are shown 
for layers in which multiple ranges were analyzed. In layer 
5-AISM-0, four mappings were performed, with an aver-
age of 4.5% and standard deviation of 6.3%. The standard 
deviation was high because the particles were unevenly 
distributed at the micro-scale. Although a full quantita-
tive assessment was not possible, we could nevertheless 

see a difference between the mixed mercury sulfide case 
and bedded mercury sulfide case including cement solidi-
fication. It was initially presumed were fewer mercury-
containing particles in the upper layers, and that the num-
ber of mercury-containing particles may have increased 
toward the lower layers since the rain was artificially made 
to fall, but the data from layers 1-SISM, 5-AISM, 9-SIM, 

Fig. 5  Distribution of mercury-containing particles in the semi-aerobic landfill layer (9-SIM) mixed with incineration ash and mercury sulfide

Fig. 6  Distribution of mercury-containing particles in the anaerobic landfill layer (11- AIM) mixed with incineration ash and mercury sulfide
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and 11-AIM with mixed mercury sulfide showed that there 
was no consistent trend, suggesting that the mercury-con-
taining particles largely remained in their original loca-
tion. This suggests that most of the mercury-containing 
particles remained in their original location.

The 2-SISBe and 6-AISBe lysimeters with bedded 
mercury sulfide did not have any high mercury concen-
tration spots, even in the top layer. It was assumed that, 
under anaerobic conditions with a saturated moisture layer, 
upward migration of pollutants due to evaporation of water 
at the surface of the landfill site would occur [34], but 

there were no points with a high mercury concentration at 
the top of the lysimeters. It was, therefore, assumed that 
the amount dissolved was extremely small.

The volatilization of mercury has also been observed in 
actual landfills [14, 35]. In a previous study, we also found 
a constant stream of vaporized mercury [12, 13]; how-
ever, it was not vaporized to the extent that points with a 
high mercury concentration were visible. The 2-SISBe-4, 
3-SISC-4, and 7-AISC-4 results indicated that there was a 
high mercury concentration because the layers containing 
mercury sulfide or solidified material were analyzed. The 

Fig. 7  Detection of mercury-containing particles in the layer below 
the mercury burial area in the experiments in which mercury sulfide 
(2-SISBe: semi-aerobic, 6-AISBe: anaerobic) or cement-solidified 

mercury sulfide (3-SISC: semi-aerobic, 7-AISC: anaerobic) was 
placed in the center of the lysimeter

Table 2  Percentage of mercury originating from the mercury sulfide added to each layer of the lysimeters

*The lower portion of the bedded mercury sulfide was analyzed
– Not analyzed

Landfill type & 
waste

Location Mix Percetage (%) Bedded Percetage (%) Cement solidif-
cation

Percetage (%) Blank Percetage (%)

Semi-aerobic Surface 1-SISM-0 7.1 2-SISBe-0 – 3-SISC-0 – 4-SISBl-0 –
1-SISM-3 – 2-SISBe-3 0 3-SISC-3 – 4-SISBl-3 –

Middle 1-SISM-4 2.1 2-SISBe-4 100 3-SISC-4 82.6 4-SISBl-4 0
Waste: 

IA + SSC
1-SISM-5 – 2-SISBe-5 0 3-SISC-5 0.02 4-SISBl-5 –

Bottom 1-SISM-8 13.8 2-SISBe-8 0 3-SISC-8 0 4-SISBl-8 –
Anaerobic Surface 5-AISM-0 4.5 6-AISBe-0 – 7-AISC-0 – 8-AISBl-0 –

5-AISM-3 – 6-AISBe-3 0 7-AISC-3 – 8-AISBl-3 –
Middle 5-AISM-4 4.6 6-AISBe-4 0* 7-AISC-4 100 8-AISBl-4 0

Waste: 
IA + SSC

5-AISM-5 – 6-AISBe-5 0 7-AISC-5 0 8-AISBl-5 –
Bottom 5-AISM-8 3.9 6-AISBe-8 0 7-AISC-8 0 8-AISBl-8 –

Semi-aerobic Surface 9-SIM-0 0.1 10-SIBl-0 –
Middle 9-SIM-4 50.2 10-SIBl-4 0

Waste: IA Bottom 9-SIM-8 2.2 10-SIBl-8 –
Anaerobic Surface 11-AIM-0 5.8 12-AIBl-0 –

Middle 11-AIM-4 30.8 12-AIBl-4 0
Waste: IA Bottom 11-AIM-8 5.5 12-AIBl-8 –
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6-AISBe-4 results showed zero intensity because the lower 
portion of the bedded mercury sulfide was analyzed rather 
than the mercury waste layer, but this does not mean that 
mercury was not present. The 3-SISC and 7-AISC results 
also showed no points with a mercury intensity greater 
than the naturally occurring background, with no mercury 
being detected in the layers below the cement solidification. 
The results for 3-SISC and 7-AISC indicated that mercury 
was not detected at any point during cement solidification. 
These results indicated that most of the mercury-containing 
particles in the landfill were immobile. When disposing of 
mercury sulfide, “concentrated placement” or solidification, 
rather than mixing with other wastes, is more effective for 
preventing mercury leaching.

Chemical form of mercury in the lysimeter

Although it was not possible to analyze each particle indi-
vidually to determine the chemical form of mercury, an 
XANES analysis of mercury was performed at locations 
in the surface, middle, and lower layers of lysimeters with 
mixed waste and mercury sulfide (1-SISM, 5-AISM, 9-SIM, 
and 11-AIM). The Hg LIII absorption edge XANES spectra 
in each sample and reference materials are shown in Fig. 8. 
Figure 8 suggests that all of the absorption edges could be 
represented by metacinnabar, which is a very stable com-
pound abundant in soil and sediments [35]. Because most of 
the mercury in the original mercury treatment was metacin-
nabar [8], it was concluded that no detectable changes in the 
mercury occurred during the 5-year period.

The Hg LIII absorption edge XANES spectra in the 
middle layer of all lysimeters are shown in Fig. 9. Mercury 

Fig. 8  The Hg LIII absorption edge XANES spectra of mercury in each layer of the lysimeters with mixed waste and mercury sulfide
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species in all samples except 6-AISBe-4 were metacin-
nabar. Because the 6-AISBe-4 sample clearly showed a 
change in color tone on the inside and outside of the sam-
ple, the analysis was performed for each side. The LCF 
results showed that the inner part where this color change 
was observed contained 32% cinnabar, while the other 
parts contained 100% metacinnabar. 6-AISBe was a sam-
ple obtained from a lysimeter under anaerobic conditions, 
and it was possible that a crystalline structural change 
occurred in the part of the sample with a color change. 
Although Dickson et al. reported that the transformation 
of metacinnabar to cinnabar occurs at 344 °C [36], no 
increase in temperature was observed in this experiment. 
Although other factors might have played a role in the 
transformation of metacinnabar, they could not be deter-
mined in this study.

Although this study shows that artificial mercury sulfide 
is unlikely to change in a simulated landfill environment over 
a 5-year period, this can be further confirmed by examin-
ing various factors affecting mercury leaching, conducting 

accelerated leaching tests and other evaluations of the arti-
ficial mercury sulfide for safe final disposal. The efforts will 
lead to identify technical requirements for the stabilization 
process and long-term safe disposal of mercury waste.

Conclusions

In this study, an artificial waste layer of mercury sulfide 
mixed with incinerator ash and sewage sludge compost was 
placed in a simulated landfill experiment for 5 years and 
then analyzed microscopically using synchrotron X-ray. 
Mapping by synchrotron X-ray revealed the distribution 
of mercury-containing particles in the waste layer. Even if 
mercury sulfide was mixed with incinerator ash or sewage 
sludge compost, the amount of mercury leached from the 
mercury sulfide particles and contaminating the surround-
ings was minimal. Although the particles themselves could 
be leached out by artificial rainfall, their movement was not 
considered significant. However, in the lysimeters where 

Fig. 9  The Hg LIII absorption edge XANES spectra of mercury in the middle layer in all lysimeters and the LCF results
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incinerator ash and mercury sulfide were mixed, water paths 
might be formed and movement of mercury sulfide particles 
occurred. When mercury sulfide or mercury sulfide solidi-
fied with low-alkaline cement was placed in the center of the 
lysimeters, almost no mercury sulfide particles were detected 
in the lower part of the lysimeter, confirming that there was 
almost no mercury leaching or migration of the mercury 
sulfide particles. Additionally, no areas of mercury enrich-
ment were detected in the top layers due to upward migra-
tion. These results were consistent with those of previous 
studies, including the changes in mercury concentration in 
leachate over time.

The chemical form of mercury in each lysimeter was con-
firmed by XANES analysis, which showed that most of the 
mercury was present as metacinnabar and had not under-
gone any changes; this indicated that it was extremely stable. 
Some of the mercury sulfide changed to cinnabar inside the 
bedded mercury sulfide only in a simulated landfill experi-
ment where mercury sulfide was placed in the center of the 
lysimeter and kept under anaerobic conditions. The reasons 
for this change were not investigated and further investiga-
tion is required.

This study confirmed that, when disposing of mercury 
sulfide, “concentrated placement” or solidification, rather 
than mixing with other wastes, is more effective for prevent-
ing mercury leaching. In the future, it will be necessary to 
conduct similar experiments on other solidified materials 
and develop a landfill method with less mercury leakage. In 
addition, because high-quality spectra were not obtained in 
the microbeam XANES analysis of each particle, determina-
tion of the optimal analytical conditions is a future research 
target.
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tary material available at https:// doi. org/ 10. 1007/ s10163- 023- 01632-9.
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