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Abstract: Our paper reviews the current understanding of mercury in the environment of soil and
sediment, including sampling, mobilization phases and analyzing methods. As a dangerous trace
element, mercury has been shown to have several harmful effects on the environment. Mercury is
released into the environment in a variety of chemical forms by both geogenic and human activities,
with the majority of it coming from anthropogenic sources. It is affected by environmental
conditions such as pH, redox potential, light and temperature-all of which determine its final
chemical form-reactivity and toxicity. Methylmercury is considered one of the most poisonous forms
found in nature. Considering the methodologies of the studies carried out we have found that the best
technique for preserving methylmercury in soil and sediment samples is to freeze it immediately
after collection. Organically rich soils are related to higher total mercury levels. Plants, such as
Solanum nigrum (BR3) and Cynodon dactylon (BR2), can play an important role in mercury
transport and accumulation. Solid-phase selenium causes faster demethylation and slower
methylation of mercury. Methylmercury can increase by climate change and thawing; arctic
permafrost is a potential source of Hg. Chemical vapor generation inductively coupled plasma mass
spectrometry was used to develop a simple and quick method for measuring methylmercury;
ultrasonic agitation and HNO3 were used for the process, the last of which proved to be the most
efficient for selective extraction of methylmercury.
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1. Introduction

1.1. Sediment and mercury

Sediment is a vital and dynamic part of river basins, estuaries, and seas like the Baltic Sea; it is
a semi-closed, inland water basin that is extremely vulnerable to negative environmental pressures
from the surrounding populated and industrialized areas [1]. Water exchange with the Atlantic Ocean
is low and mostly occurs as a result of inflows from the North Sea via the Danish Straits [2,3]. Thus,
mercury entering the Baltic Sea basin stays in the Baltic Sea basin. It is formed of several shallow
bays and estuaries, including the Gulf of Finland, the Gulf of Riga, the Bay of Gdansk, the Sea of
Bothnia, and the Bay of Bothnia, with a sand and clay mineral-rich bottom. This sea formed
130,000 years ago and has evolved through numerous stages, including an ice age lasting around
100,000 years during the Weichselian glacial period [4]. In the Baltic Sea basin, sediments are
transported to the sea via rivers, and over 70% of the mercury that enters the Baltic Sea basin comes
via rivers, while only 30% enters from sources of wet and dry air deposition and shoreline
erosion [2,3,5]. Because of this mercury-contaminated sediments entering the Baltic Sea may be
from either the immediate coastal area or from sources of mercury pollution that exist along the
rivers. As a result of riverine transport, mercury released from polluted sites into the hydrosphere
related to leaching and erosion eventually reaches the Baltic Sea [6]. Due to a lack of sufficient data,
the quantity of mercury that enters aquatic habitats because of erosion and riverine transport is
uncertain and difficult to establish [7]. This accumulated, but often unaccounted for,
mercury-contaminated sediment load may have acutely harmful effects on the environment, living
organisms and the economy [8].

While heavy metals in aquatic ecosystems that ultimately accumulate in sediments may come
from both natural and anthropogenic sources, most are due to human activities [9]. Point sources of
the Baltic Sea, such as coal and metal ore mines (in Germany and Poland), steel and metal industry
(in Estonia, Germany, Poland, Russia, and Sweden), wood and paper mills (in Finland and Sweden),
and ammunition and military waste dumpsites (in the Bornholm, Gotland, Gdansk, Kolberg Heide,
Mecklenburg Bay, and Adlergrud) and wrecks of ships and planes [2,3] all contribute to the heavy
metal deposition in Baltic Sea sediments. In the Gulf of Gdansk and the Bay of Puck in Poland,
atmospheric deposition, river discharge, shipyards, harbors, wastewater treatment plants, and the
municipal areas of Gdansk, Gdynia, and Sopot were found to be the primary sources of mercury [10].
Additionally, high mercury concentrations have been found in the Baltic Sea basin near industrial
and military waste disposal sites [11]. The Baltic Sea's general environmental health has declined
significantly since the 1950s, when new businesses were established on its coastlines following
World War II, particularly on the Baltic Sea's East and south coasts. The huge industrial load on the
coastal estuaries has caused a catastrophic ecosystem degradation in the Sea of Bothnia, resulting in
the largest accumulation of pollutants dumped on the shores of any Scandinavian country in
history [4].

While atmospheric mercury deposition into the Baltic Sea has declined since the 1990s [12], the
remobilization of mercury from the bottom sediments has increased [13]. Floods and other severe
weather events (potentially related to anthropogenic climate change) continue to contribute to the
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increased mercury remobilization by leaching sub-level deposits [5]. Frequent storms and increasing
sea levels have a significant effect on influencing the forming of the shorelines [13].

In marine systems, sediments are the primary sink for mercury contamination [3,14,15].
Mercury concentration in bottom sediments is a good indication of contamination in water. It
accumulates in bottom sediments because of simple sedimentation; however, it is freed from the
sediments and becomes accessible for further biogeochemical transformations [16]. Several
physicochemical processes influence the form of mercury in marine sediments, including adsorption
onto clay minerals and organic matter, the formation of complexes with organic and inorganic
ligands, precipitation and coprecipitation (primarily mercury sulfide), oxidation and reduction
reactions, and the bacterial mediated formation of the most dangerous metal-organic compounds
(mainly methylmercury) [2]. Baltic Sea’s geology has an important effect on pollutants, as clay
materials found in the Baltic are very similar to clays used for decontamination and remediation in
polluted waters and soil because of their high sorption feature [17,18]. The geophysical qualities of
the Baltic Sea facilitate the absorption of pollutants of both organic and inorganic origin, and it can
operate as an accumulator of water-soluble and insoluble pollutants emitted by industrial sites along
the shorelines [19]. In uncontaminated sediments, total mercury (THg) concentration is between 0.2
to 0.4 mg∙kg-1, however, in sediments close to industrial areas and cities, THg concentration can be
up to 100 mg∙kg-1 and 0.1 mg∙kg-1 methylmercury [20].

1.2. Soil and mercury

Soil is a dynamic medium created by a porous matrix in which air, water, and biota intermix.
Alterations in soil processes contribute to changes in ecosystem functioning and many environmental
problems arise from the dynamic balance between inorganic and organic substances in the soil [21].
To maintain quality and functions all soil types must exist in a sustainable state that is negatively
influenced by the presence of heavy metals such as mercury [22].

Mercury is a hazard to the natural environment and human health because of its toxicity,
persistence and ability to bioaccumulate, so they do not degrade and have a tendency to
bioaccumulate. The natural concentration and dynamics of soil, as well as human activities, have
been reported as influencing the presence of these components in greenhouse soils (GS). Mercury is
not abundant in nature, with a mean concentration of 0.05 mg kg-1 in the Earth's crust [23]. Mercury
presented a high correlation with agriculture in a 2008 study and the use of fertilizer, manure, and
agrochemicals in European soil are significant mercury sources [24]. Long et al. [25] investigated the
spatial-temporal changes of heavy metals in Shanghai farming soils and discovered that mercury
contributed to pollution. Ramos-Miras et al. [23] investigated the behavior of GS and grouped
samples according to age. The result for mercury was 0.0371 mg∙kg-1, and 74% of GS surpassed the
background level and the reason was the accumulation of mercury as a result of farming techniques
used in the last 35 years. Conversely, a recent study shows that mercury in the soil is closely
associated mainly with natural processes (high soil organic carbon, vegetation, temperature, soil
texture, and pH) and obvious high values at historical mining activity and coal combustion
sites [26,27]. According to Martin et al. [28] coal-fired power station of Alcudia in Majorca, mercury
content in the topsoil has doubled in 11 years. On the whole island, The Alcudia coal-fired power
station had a higher concentration (above 100 g∙kg-1). The majority of the mercury released was
deposited within 15 kilometers of the source. The THg stock in Majorcan soil rose from 432.96 tons
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to 493.18 tons over 11 years. The impacts of mercury emissions from coal-burning power plants are
becoming more noticeable every year and it can be a serious problem in the future if the trend
continues and according to Medynska-Juraszek and Kabala [27], another reason is for mercury
contamination in Poland’s soils is mining activities. Also, Ballabio et al. [26] mentioned that in
Europe, there were 209 hotspots of mercury with values greater than 0.422 mg∙kg-1, with mining
responsible for 42% of them.

Soils act as mercury sinks similar to aquatic sediments, and also are sources of atmospheric
mercury. For this reason, soils play an important role in global mercury cycling. The European
Monitoring and Evaluation Program (EMEP) provides data on annual averages of mercury
concentrations in air and annual averages of mercury depositions [29]. The bioavailability and
toxicity of heavy metals are connected to the total concentration in soils as well as numerous other
environmental factors [24]. Soils are so vital to ecosystem function that when soils are degraded by
pollution or other factors, the rest of the entire ecological complex suffers and may collapse [30].
The quantity of mercury mass accumulating in soils throughout the world is enormous, estimated to
be in the range of 250–1000 Gigagram (Gg). Even though mercury is naturally found in soils from
geologic sources or through natural events such as forest fires and volcanic eruptions, anthropogenic
influences are responsible for the majority of that mercury, with an estimated 86 Gg of anthropogenic
mercury emissions now accumulated in surface soils [31]. The mercury pool in Europe’s topsoil is
predicted to be 44.8 Gg [26].

One example from Europe, Poland is one of Europe's major mercury emitters, and THg
concentrations in its abiotic environment remain high [32]. Every year Poland releases an estimated
40 tons of mercury into the atmosphere. In Poland, mercury pollution of soils is linked to hot spots,
which are frequently found near chemical factories (chloralkaline plants, coal power plants,
metallurgic plants), where hard coal and lignite combustion processes provide energy (these account
for 44% and 18.3% of mercury pollution respectively). Other sources, such as the production of
cement and disposal of damaged fluorescent bulbs, are responsible for 16.6% and 6.4% of the THg
released in Poland [33,34]. Poland is attempting to reduce the impact of these activities and has
recently implemented numerous regulations that have significantly reduced mercury emissions to the
environment [32]. In 1995, THg emissions from anthropogenic sources such as coal combustion and
in total were calculated to be 31.90 and 33.60 tons, respectively and for Lithuania, it was only 0.1
tons in sum [35]. Whereas THg emissions in 2005, in Poland, was 20.1 tons and in Lithuania was
0.37 tons, in total [36,37]. Moreover, when compared 2005 to 2012 emissions, 26% more mercury
was released into the atmosphere [38]. During the period 2007–2017, the mercury load was higher in
the west of Lithuania (Žemaitija) than in the east of Lithuania (Akštaitija) [39]. Although 1.3 times
larger than Slovakia and almost 3 times larger than Slovenia, Lithuania's mercury stock is less due to
its mercury density [7].

Due to anthropogenic and natural activities over time mercury accumulates in soils, ocean
sediments and in lake and river sediments [34]. The major negative environmental impact of mercury
accumulation is that it may be converted into methylmercury, which is a highly toxic form of
mercury [40]. It should not be forgotten that climate change also influences mercury. European
Environmental Agency (EEA) [41] has indicated that climate change will raise the risk of mercury.
Also, Schuster et al. [42] mentioned that permafrost (frozen soil) is also an important source of
mercury emissions and permafrost retains significant quantities of mercury, which could be released
in the future.
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In this study, we summarize our current knowledge and methods associated with understanding
mercury in the environment.

2. Monitoring

General considerations: Accurate and continuous environmental monitoring for mercury is
critical to protecting human and environmental health, which are intimately and directly
interconnected [43]. Environmental monitoring has become more important in recent years due to
mounting pressure on ecological systems primarily caused by the increasing human population,
increasing urbanization and increasing industrialization. Environmental monitoring is very broad and
needs a multidisciplinary scientific strategy [44].

Why monitor soils: Environmental monitoring of soils involves the systematic determination of
the inorganic and organic components in specific soil types to document both composition and
temporal changes. This includes documentation of the presence and concentration levels of pollutants.
Early detection of changes and the impact they have on soil quality is vital to assure soil viability.
Soil monitoring allows policy initiatives to be designed and implemented assuring the preservation
of soils [45,46]. It is necessary to monitor variations in the range of the different soil types present in
a region, to enable the development of evidence-based policies that encourage sustainable soil
management. Furthermore, in addition to national soil monitoring networks (SMN), an EU-wide
monitoring effort is conducted by the statistical office of the European Union [47].

Why monitor sediments: Sediment monitoring provides a baseline of general sediment
composition and documents any long-term changes due to anthropogenic impacts [48]. Also,
contaminant toxicity, bioavailability, and bioaccumulation that occur when pollutants migrate
between sediments and water are important aspects of sediment monitoring [49]. The European
sediments network (SedNet) is designed to incorporate sediments issues and expertise into European
strategies to encourage the achievement of good environmental performance and to create new
sediments management tools [50].

2.1. Sampling Approaches, Collection, Pre-treatment, and Storage

Summary of sampling methods: Since sampling attempts to reflect the analyte(s), it is possible
to determine the amount of concentration or the existence of an undesirable contaminant. Physically
collecting a sample, contains a sampling protocol with specific steps [51].

International Atomic Energy Agency (IAEA) [52,53] and Artiola et al. [44], describe numerous,
specific sampling techniques, two-stage, cluster, judgmental, random, stratified random, systematic
grid, search and transect are some of the approaches for the sampling and should be consulted when
designing a specific sampling protocol. Briefly, two-stage sampling entails dividing an area into
regular components. Grid sampling involves taking samples at regular intervals and at defined
spacings. Simple random sampling is the collecting of samples at an arbitrary. Judgmental sampling
is the process of selecting sample locations at a site based on historical data and visual examination.
Stratified random sampling is dividing the sample region into smaller portions known as strata, based
on historical data and preceding analytical results. Search sampling is performed for areas where
pollutants exceed the applicable criteria of the hot spots. It is utilized either systematic grid or
systematic random sampling. Transect sampling involves creating one or more transect lines across a
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site's surface.
Collection and pre-treatment of samples: To limit sample contamination/degradation or

undesired chemical reactions during the collection, pre-treatment, and storage phases of
environmental sampling, tools and containers made of polymers, glass, stainless steel, or aluminum
are required. Sampling implements and containers made of polytetrafluoroethylene (PTFE),
fluorinated polyethylene (FLPE), polyethylene terephthalate (PET), Pyrex glass, and quartz
containers are recommended for the collection and storage of mercury solutions. PET is inexpensive,
recyclable, lightweight, and does not break down easily [54], while PTFE vessels will reduce the loss
of analytes due to adsorption on the surface of the containers [55]. Due to the rapid degradation of
organic mercury, species interconversion, and surface adsorption, polyethylene (PE) containers are
not recommended.

Storage of samples: In order to protect the analytes, the samples should be pre-treated with an
acidic solution, which avoids the interconversion of the mercury species. A thin layer of water can
also be used to cover sediments from the site and seal with no headspace. Soil samples were mostly
packed in ice-containing cooler PE bags, and transferred to the laboratory, dried at lower than 60 oC,
crushed, homogenized, sieved, and stored in PE containers at 4 oC. Since drying conditions may have
an impact on the mercury content of soil samples, freeze-drying is preferred over air and oven
drying [54,56]. However, in research comparing mercury concentrations in moist vs. dry samples
(dried at 40 oC) Gilli et al. [57] found little impact of drying on concentration values.

For relevant analytical results, proper sample storage and preparation methods are critical.
Because soils and sediments contain water at different levels and are inhomogeneous, sample
preparation processes such as drying, and grinding are required before analysis [58]. Since drying
conditions have a large impact on the mercury content of soil samples, freeze-drying is preferred
over air and oven drying [54]. In some fresh and dried sediments and soil samples, in presence of
oxygen and porewater may play a role in methylmercury (MeHg) levels and it can alter even during
storage and drying [59]. Furthermore, measures should be taken to avoid the loss of volatile species
such as elemental mercury or cause chemical changes for instance precipitation of insoluble
species [31].

In the study by Martin et al. [28] 110 soil samples were collected in a regular grid design, with
at least 10 soil sub-samples obtained from the top 25 cm of soil at each sampling location.
Subsamples were thoroughly mixed in the field. Samples were air-dried and then sieved. In another
study, samples for the study come from 22 different locations in Poznan. Using the soil sampler, soil
samples were gathered from a 20 cm layer of soil and placed in PE containers. The samples were
dried at room temperature before being homogenized and sieved in an agate mortar [60]. In Lake
Liinjarv, Estonia, bottom sediment samples were gathered from the lake's lowest depths. A modified
Livingstone-Vallentyne piston corer with extension rods was used to retrieve a 62 cm long core of
unconsolidated sediments. In the field, the samples were cut into 12 cm thick subsamples, placed into
plastic bags, brought to the lab, dried, and crushed to a fine powder [61]. In Koniarz et al. [62]
research, an Ekman sampler was used to gather samples from three different places. To average the
properties of sediments in samples, 5–6 samples were taken from each zone and mixed. The
sediments were collected from the 0–15 cm layer and lastly, all sediment samples were kept in the
refrigerator until they were tested. In research was carried out in Wroclaw, from the lawns, soil
samples were taken. In ten sites, representative soil samples were taken from the layers 0–5 cm and
5–15 cm inside each of the lawns. Before analysis, the samples were dried and homogenized [63].
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Gruba et al. [64], in this study sampling, was done on a regular 4×4 km grid and selected stratified
sampling method. Soil samples were air-dried for one week at room temperature before being sieved
with a 2 mm sieve.

In Kodamatani et al. [65] research, found that mercury methylation and MeHg demethylation
occurred in the soil within days. Also, their results show that freezing soil and sediment samples
immediately after collection, followed by freeze-drying, grinding, homogenization, and storing of the
dry material in cold, dark conditions until the analysis is the best strategy to preserve MeHg in soil
and sediment samples.

3. Mercury in Soil and Sediment

3.1. Mercury Forms

Mercury (Hg) is an element that occurs naturally in the earth's crust, and it is the only liquid
metal at environmental temperature, therefore also known as quicksilver [41]. The background
concentration of Hg in soils is normally between 0.003 and 4.6 mg·kg−1 while contaminated sites
have recorded concentrations of up to 11500 and 14000 mg·kg−1 [66].

Figure 1.Mercury sources, sinks, and phases in soil [56,67].

Mercury species and environmental reactions: There is a wide range of mercury (Hg) species in
the world, and bioavailability, transport, persistence, and toxicity can vary in their various chemical
types [30]. Mercuric (Hg2+) complexes with different inorganic and organic ligands are the
predominant dissolved Hg species in soil systems. Temperature, pH, light, flooding conditions, ionic
activity, and redox potential are the main factors influencing the aqueous species of Hg. Besides, Hg
can be mobilized in well-oxygenated soil through the presence of high chloride (Cl-) concentrations.
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Dissolved organic matter (DOM) concentrations, dissolved oxygen, sulfide, and suspended solids
may also play a role and Hg strongly interacts with soil organic matter [29,57,68].

Hg can exist in three oxidation states elemental (HgO), monovalent (HgⅠ, Hg22+), divalent (HgⅡ,
Hg2+) [29,69,70], and Robles et al. [30] and Saiz-Lopez et al. [71] have defined Hg as elemental
(HgO), oxidized inorganic (HgⅠ, HgⅡ, Hg2+-mercuric, Hg22+-mercurous) and oxidized organic
(methyl/ethyl mercury) forms. Mercuric ion can be found especially at low pH levels. High
solubilities of Hg happen only in very well-oxygenated environments [68].

The type of Hg2+ appears to generate highly stable complexes and organometallic compounds.
Between Hg and various ligands, several complexes could be formed. These can be sulfur, namely
thiol groups, and sulfides, nitrogen, phosphorous, or carbon. Hg has a low affinity for oxygen
ligands [72].

Most of the Hg present in the environment, except in the atmosphere where more than 90
percent is HgO and HgO (56 µg/liter at 25 °C) is insoluble in water. In the form of inorganic HgⅡ

salts or organomercury compounds which can be vary widely in water solubility. Mercuric chloride,
mercuric nitrate, mercuric hydroxide and mercuric sulfide, as inorganic compounds, and the organic
species monomethyl mercury, monomethyl mercury chloride and monomethyl mercuric hydroxide
are the compounds most likely to be detected under environmental conditions. In biogeochemical
processes of transformation, any type of Hg in the environment may grow into a more toxic species
(Figure 1) [29,30,68].

Atmospheric HgO deposition to soil occurs over broad time and space, while atmospheric Hg2+
is always easily disposed of by wet or dry deposition to the soil [31]. Flooding can contribute to soil
erosion and Hg release to the ecosystem, while increased precipitation will result in greater
deposition of Hg from the atmosphere [41].

Usually, monomethyl-mercury accounts for less than 10 percent of the THg, microbial
methylation or abiotic processes may help to produce it. Under anaerobic conditions and relatively
low pH, bacterial methylation rates tend to increase this process. HgO can be produced by reducing
HgO in humic acid. For Hg and MeHg binding to DOM, the sulfur-containing functional groups are
mainly considered essential [30,69].

4. Mobilization Phases of Hg

4.1. Dissolution

The solubility of HgO and cinnabar (ore) (HgS) is incredibly low, which leads to restrictions
between phases by dissolution. However, oxidation increases the solubility of Hg, which is oxidized
by ozone, halogens and some components of acid rains in soils. The ozone in air if does not consume
by the other more reactive air contaminants, such as consumption by sulfur dioxide, and
hydrocarbons, can oxidize Hg to HgⅡ. These natural minerals are not considered to be mobile
sources of Hg in the environment, but the environmental risk increases if they are converted into
more soluble forms through natural processes. Dissolved Hg appears as HgOH+, HgOHCl, Hg(OH)2,
and HgCl2 molecules under less acidic conditions, and as complex anions HgCl42- in high chloride
concentrations [30]. Additionally, the existence of salt is also critical for the oxidation of HgO to
HgⅡ [34].

While not generally soluble if Hg is dissolved it is either leached into water sources or
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discharged directly into the atmosphere from mercury polluted soils. Dissolved Hg becomes
uniformly distributed in rivers and can contribute to further leaching during soil processes [73]. Also,
In the event of chlorinated organic solvents, the confined volume is related to non-aqueous phase
liquid (NAPL) saturation or residual organic saturation. A residual liquid can cause extensive
groundwater contamination by dissolution [74].

4.2. Sorption

Soil and sediments particle characteristics, such as mineral composition, the quality of clay and
organic matter affect Hg sorption. Due to their high adsorption affinity for Hg, the sorption of Hg to
natural soil and mineral surfaces is influenced by particulate organic carbon (POC) and dissolved
organic carbon (DOC) [75]. Organic matter in soil has a strong affinity for Hg2+. As a result,
increased THg concentration levels are frequently linked with organically rich soils, such as forest
soils, peaty soils, or rice paddy fields. Soil clay may be a sorbent organic matter. It is proposed that
increased Hg sorption capacity in clay soil is associated with the binding of organic material. Hg
may create clay-structured covalent connections with oxygen atoms in organic matter functional
groups, and it can react with sulfides to generate very stable HgS mineral HgS. It has been observed
that the ability of clay Hg sorption can reach 1000 mg for each 1 cmolc per kilogram of soil.
Furthermore, Hg is immobilized more effectively than most other elements which can be toxic in
soil [31].

In the particulate and dissolved stages, the sorption capability of Hg2+ is highest for organic
matter. Sorption of Hg to DOM is monitored by a small fraction of DOM molecules containing
reactive thiol functional groups under conditions of low Hg contamination. Oxides, hydroxides,
Iron/Manganese/Aluminum oxyhydroxides, amorphous Iron sulfide (FeS) under reduction conditions,
and clay minerals are other possible sorbents [29]. Various mineral surface characteristics and
bindings for HgⅡ may explain the observed variations in HgⅡ sorption affinity and capability on
particulates [76].

In the soil profile, Hg sorption to colloidal organic matter, such as fulvic acids and hydrophilic
compounds, can increase the mobility of Hg. In porewater, these species can easily be suspended and
transported [31]. Sas-Nowosielska et al. [33] study show that Hg binding to humic and fulvic acids
fractions, as well as organic/sulfide bound beyond 30 and 100 mg∙kg-1, confirms that Hg binding to
humic substances is the major process in Hg sorption.

For immobilizing soil pollutants through root absorption and accumulation, root adsorption, or
root zone precipitation, some plant species have been used [77]. After root absorption, through the
transpiration stream, Hg can be transported to the aboveground portion of the plant and eventually
show a certain concentration. Plants can play a significant role in the transfer and accumulation of
Hg. The capacity of some plants for soil phytoremediation of Hg has been documented. Solanum
nigrum (BR3) and Cynodon dactylon (BR2), for example, have greater MeHg concentrations in their
biomass [78]. Absorption of organic and inorganic Hg is poor by plants and there is a barrier to
translocation of Hg from plant roots to aerial part. Furthermore, plants store Hg compounds mostly
in their roots. As a result, significant increases in soil Hg only cause minor increases in plant Hg by
direct soil intake [33,79].

The adsorption rate depends primarily on the initial concentration of Hg2+, OM content, and
ions in the solution [29]. Sulfide (S-) and Cl- ions and dissolved organic carbon (DOC) are three of
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the most influential species not only because of their abundance but also for their high stability with
Hg [70]. The adsorption of Hg2+ to inorganic and organic adsorbents are reduced by a rise in Cl-
concentration. A covalent bond with Hydroxide (OH-) is also created by Hg, which also minimizes
the bond between the mineral surface (oxide) and OH- [29]. Two dissolved species, Cl- and DOC, are
known to readily break the HgS bond. It has been discovered that hydrophobic components of
dissolved OM (a combination of humic and fulvic acids) are more efficient than hydrophilic
components in releasing mercury from cinnabar, furthermore, it has been demonstrated that the
presence of Ca2+ substantially limits mercury release from HgS by OM [34]. Also, DOC complexes
affect Hg adsorption [29,70].

Inorganic colloids contribute more to organomercurials adsorption while inorganic Hg
compounds are stronger and large amounts of Hg can attach to soil organic matter. In addition,
organic components were also more important at higher Hg concentrations in the adsorption of Hg.
In contrast with mineral colloids, this is due to a greater adsorption capacity of OM [68].

Adsorption of Hg also is affected by the soil pH and mineral components are more efficient
sorbents in neutral to alkaline soils. As with all metals, adsorption typically declines with a lower,
more acidic pH. However, Hg adsorption to humic matter is known to increase at lower pH
levels [29]. The adsorption of Hg in bottom sediments that do not contain salt is influenced by the
pH of the sediments [34]. Seo et al. [80], explored the sorption potential of mercury and six other
elements in a wetland soil was investigated. The seven metals were sorted by adsorptive
capacity (mg/g) in batch mono-metal studies at pH = 6, Pb (25.4) ≫ Hg (6.4) > Cr (4.9) > Cd (2.9)
⩾ Cu (2.6) ⩾ Zn (2.4) ≫ As (0.8), respectively. As a result, it was clear that Hg's adsorption
capacity remained high in the presence of the other metals, but it was drastically less than Pb.

4.3. Volatilization/Evaporation

The soil Hg concentrations, atmospheric Hg concentration, meteorological factors (atmospheric
pressure, air temperature, wind speed and turbulence, solar radiation, snow cover), soil moisture
content, soil temperature, soil surface characteristics and air mixing characteristics are all factors that
affect Hg release from soils [31]. The specific depth of the soil layers that contribute to evaporation,
depends on soil profile, formation of volatile Hg species, physical migration of Hg species, and
physical and chemical sorption of Hg vapor [81]. The most observed Hg reaction in the soil is the
reduction of Hg2+ to HgO [70] and this is the first step in the volatilization of Hg from soil to the
atmosphere [29].

Sondreal et al. [82] indicated that one of the sources of Hg is coal-burning plants and 45 % of
the anthropogenic THg emissions are related to fossil fuel combustion [83]. There is a significant
amount of elemental Hg in the high-temperature gases associated with fossil fuel combustion and
only a small portion of Hg is in the oxidized form. Because of this, coal-fired energy production
facilities, cement kilns, and high-temperature incinerators as well as chlor-alkali industries have
trouble with Hg capture, thus contributing to atmospheric Hg [30]. Pogrzeba et al. [84] indicate that
soil from Chlor-alkali plants emits large amounts of Hg into the atmosphere, emphasizing the
necessity of adding sulphur to the soil as well as establishing a plant cover to reduce Hg flow to
roughly 70% to 80% compared to unplanted areas. Forest fires, which are becoming larger and more
prevalent due to anthropogenic climate change, are another source of Hg volatilization and contribute
to the mobilization of Hg from soils [85].
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Hg reduction in the soil can be biotic or abiotic, and it happens more frequently in lower or
saturated strata, which are typically reducing conditions. Reducers such as dissolved organic
materials (humic and fulvic acids) or Fe2+ can help in the abiotic reduction of Hg. The pH, dissolved
oxygen concentration, and chloride levels all affect Hg reduction by humic and fulvic acids.
Adsorption influences abiotic reduction because free Hg2+ in solution has a higher reduction potential
than adsorbed Hg compounds. Abiotic reduction of Hg can be caused by photochemical reactions in
the first few millimeters of soil. Various bacteria can mediate the biotic reduction of Hg2+ to HgO
such as Shewanella oneidensis MR-1 and Geobacter spp. Mercury volatilization, for example,
decreases with rising DOM/Cl- content and decreasing moisture content [29].

Hg volatilization is more common where mobile Hg forms predominate than where insoluble
HgS predominates [84]. Evaporated oxidized sources of Hg are thought to only contaminate the local
environment, but since oxidized Hg sources can be converted to HgO they can also become part of
the global Hg cycle. Methylated Hg compounds, which are highly volatile, also are easily released
into the atmosphere [30].

4.4. Methylation/Demethylation

The net result of MeHg production and demethylation is MeHg in the environment. These
processes are mostly microbially related [86] and such as those of flooded soil, sediments, anoxic
water columns and suspended particles of aquatic systems mainly happen under oxygen-deficient
conditions and boreal wetlands, organic-rich riparian soil, and soil that have recently become
waterlogged soil are common forest ecosystems with elevated MeHg formation [87,88].

The presence of nutrients also can play a role in the higher methylation rates found in sediments
versus in the water column. This may be related to higher nutrients and carbon content of
sediments [68]. It has been proven that OM promotes HgⅡ methylation [1].

MeHg in soil/sediments are difficult to determine since inorganic Hg concentrations are
typically 100–1000 times higher than MeHg concentrations, and soil/sediments sample compositions
are widely dependent on the site and climate [89].

Soil moisture content has a significant impact on methylation, otherwise, the mechanisms of
microbial methylation in soil and sediment are very similar. As moisture increases, water-saturated
micropores also increase in the soil. MeHg is produced primarily by sulfate-reducing bacteria (SRB)
such as Clostridium butyricum, Desulfobulbus propionicus, Desulfovibrio desulfuricans,
Desulfococcus multivorans, Desulfobacter sp., Desulfobacterium sp., iron-reducing bacteria,
methanogenic and other microbes as a cometabolic product [34,57,86,90]. In a reduced environment,
this allows both sulfate and iron-reducing bacteria that could boost Hg methylation. Soil/sediments
temperature also affects the activity of the current microbial community, and the methylation of Hg
can be varied seasonally. Yang et al. [91] study show the effects of warming on MeHg production in
an Arctic soil during an 8-month anoxic incubation experiment. In that soil, warming from 2 to 8 oC
resulted in a 10-fold increase in net MeHg production. Study findings suggest that climate change
and permafrost thawing could boost MeHg production and lastly, significant correlations have been
found between mercury methylation and the formation of methane and ferrous ions. With climate
change, Hg methylation can be increased in sediments at warm temperatures, which could result in
higher concentrations of bioavailable MeHg [92]. Increased concentrations of MeHg are also
associated with increased concentrations of sulfates. Dissolved organic carbon has been
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demonstrated to increase Hg methylation by inducing microbial activity [72]. Organic Hg and total
organic carbon, as well as organic Hg and elemental Hg content, were found to have positive
relations. These findings indicate that elemental Hg in the soil can be converted to reactive HgⅡ,
primarily by oxidation, and then methylated by microbial activity [73]. However, the formation of
MeHg in the ecosystem will be governed by a variety of factors regulating microbial activity and/or
the geochemical speciation of inorganic HgⅡ [87]. According to Dang et al. [93], Selenium (Se) has
also an impact on MeHg production via HgSe formation in soil and sediments.

Demethylation of MeHg is a reverse method of methylation of Hg. It may also proceed by
biotic pathways or abiotic pathways, like methylation of Hg [73,90]. The major pathway of Hg
demethylation in sediments and periphyton has been proposed to be the biotic process [94]. In
summer, MeHg demethylation in sediments typically increases. Significant parameters that also
control the processes of Hg demethylation are sediment's redox potential and often its association
with Hg concentration [72]. Additionally, a laboratory incubation analysis of surface lake sediments
in China found faster demethylation and slower methylation of Hg at higher concentrations of
solid-phase Se and that pH effect was variable due to the availability of Hg and microbial
activity [87].

Degradation of MeHg by bacteria primarily requires reduction of Hg2+ to HgO and under
aerobic conditions seems to be preferred. Natural demethylation is normally activated by either
microbial activity or photoreduction of light. Two forms of microbial demethylation reactions
typically exist: reductive and oxidative. Reductive demethylation degrades MeHg into HgO and
methane (CH4), and HgO and carbon dioxide (CO2) are formed by oxidative demethylation [29].

The deposition of Hg in surface soil under anaerobic and low pH conditions can be affected the
formation of net MeHg and Hg methylation rate in soil may therefore also be a result of the
concentration and deposition processes of atmospheric Hg [31]. Boszke et al. [34] indicate that low
pH promotes the release of mercury from bottom sediments, whereas others argue that low pH
enhances mercury sorption on the sediments.

5. Analysis of THg and MeHg in Soil and Sediments

The analysis is a sequential process involving extraction/pre-concentration, separation, and
detection. Extraction/pre-concentration methods are liquid phase microextraction, purge and trap,
solid-phase extraction, and solid-phase microextraction. Separation techniques are Chromatographic
techniques and non-chromatographic techniques [54].

Most of the methods for the measurement of THg in solid samples require preliminary
digestion. In an acidic medium to release Hg from the sample, nitric acid (HNO3), hydrochloric acid
(HCl), bromine monochloride (BrCl), sulfuric acid (H2SO4), perchloric acid (HClO4), hydrogen
peroxide (H2O2), vanadium pentoxide (V2O5), potassium permanganate (KMnO4), potassium
dichromate (K2Cr2O7) are the most common reagents which have been used. Samples are normally
digested at high temperatures, such as max. 90–100°C, in closed, semi-closed, or sealed containers.
At high digestion temperatures, careful attention should be paid to preventing Hg loss. Thus, closed,
or sealed digestion containers should be applied [29]. Soil samples are digested with aqua regia
(HCl/HNO3) using microwave-assisted digestion for the extraction of pseudo-THg, due to its
capacity to dissolve HgS. Soil samples can be digested in HNO3/H2SO4 containing large quantities of
organic material and then diluted with BrCl solution to eliminate any remaining organic material [31].
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For solid samples such as soil and sediments, lower and inconsistent results are provided by acid
digestion using aqua regia. The use of acid digestion, including hydrofluoric acid (HF), is highly
recommended to fully extract Hg from the inorganic matrix [29].

It is important to isolate MeHg from the sample before analysis to prevent matrix interference
during sample processing [95]. Acid extraction (mostly combined with solvent extraction),
distillation, and alkaline extraction are the most widely used methods for removing organomercury
species from environmental samples [59]. The derivatization (chemical changes) steps needed for gas
chromatography (GC) analysis are especially sensitive to matrix suppression. To remove MeHg from
complex matrices, distillation methods are commonly used. This technique is based on a simple
distillation of atmospheric pressure and does not require complex reagents for accurate results to be
obtained. However, the use of distillation may lead to the formation of an artifact of MeHg [95].

Extraction of soil samples for MeHg analysis is more difficult. Extraction can include digestion
to extract organic Hg from inorganic complexes with acidic potassium bromide (KBr) and copper
sulfate (CuSO4) solution, followed by dichloromethane (DCM) to extract MeHg, and then
back-extraction by argon (Ar) purging into an aqueous solution. In a purge vessel using sodium
tetraethyl borate, aqueous solutions are ethylated to convert MeHg to volatile methylethyl-Hg
species [31].

Usually, extremely sensitive atomic absorption and atomic emission techniques assess only the
total quantity of metal in the sample and must therefore be combined with a chromatographic or
other separation technique until it is possible to classify individual species [96]. By using different
methods, the organo-Hg material can then be detected [31]. High-performance liquid
chromatography-chemiluminescence (HPLC-CL), electron capture gas chromatography (GC-ECD),
and gas chromatography-atomic fluorescence spectrometry (GC-AFS), for these methods, MeHg
results for all soil and sediments samples returned comparable. Although, it was reported that the
HPLC-CL method performed poorly in analyzing high sulfur content samples [65]. Also, Due to its
speed, simplicity, relative freedom from interference, low operating costs, and high sensitivity,
especially when Hg vapor is pre-concentrated on gold by amalgamation, cold vapor atomic
absorption spectrometry (CV-AAS) has been used. Many published methods have relied on plasma
mass spectrometry that is inductively coupled (ICP-MS) [97].

Denmark et al. [98] developed a new method for extracting MeHg selectively from severely
contaminated soil and sediment samples contaminated with Hg for analysis using chemical vapor
generation inductively coupled plasma mass spectrometry (CVG-ICP-MS). HNO3 was shown to be
the most effective for selective extraction of MeHg from soils when compared to HCl. Fast
extraction of MeHg was achieved using ultrasonic agitation in HNO3 at room temperature. Using a
dilute ammonium sulfide solution, soil extracts in HNO3 were used to precipitate HgS, which
resulted in the elimination of all residual Hg2+ without affecting MeHg levels. Compared to
chromatographic separation and speciation methods, the procedure is simple and quick, and it also
has distinct advantages for determining trace levels of very dangerous MeHg from severely
Hg-contaminated sediments and soil. In another recent study, Saniewska and Beldowska [99], tried
to develop a simple thermo-desorption method for mercury fractionation in soil and sediment
samples using a direct mercury analyzer and they used soil, beach sand and marine sediment in this
study. Then, the temperature range in which mercury species were released was used to identify them.
Despite some limitations, the results suggest that temperature fractionation can be used as a
screening approach for determining the percentage contribution groups of Hg compounds with
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similar properties in solid materials. This approach could be used on solid samples with low levels of
Hg in the environment. Lastly, in 2013, Kodamatani and Tomiyasu [89], developed simultaneous
determination of MeHg and ethylmercury (EtHg). The approach involves extracting MeHg and EtHg
into toluene as chlorides after eluting mercury species from soil/sediment samples with HCl
containing Cu2+ and Pd2+. These alkylmercury chlorides were then back-extracted into an aqueous
EDTA solution, forming EDTA complexes, which were subsequently separated using reverse-phase
HPLC and identified using a tris ruthenium chemiluminescence process.

6. Conclusion

Anthropogenic emissions of Hg have a vast effect on the environment and therefore, pose an
elevated risk to human beings. This overview aims to disclose sampling methods, use and storage; it
also focuses on Hg forms, mobilization and analysis in soil and sediment.

The findings of this study are listed below:
 In the sampling method, different approaches depend on the chosen area, such as two-stage,
cluster, judgmental, random, stratified random, systematic grid, search and transect. Tools made of
polymer, glass, stainless steel, or aluminum are required during the collecting, pre-treatment, and
storage phases of environmental samples. The best technique for preserving MeHg is to freeze soil
and sediment samples immediately after collection, followed by freeze-drying, grinding,
homogenization, and storing the dry material in cold, dark conditions until analysis. In most of the
papers, it is not specified what type of sampling or drying methods were applied.
 Clay soils can absorb Hg and lead the creation of HgS.
 Organically rich soils, such as forest soils, peaty soils, or rice paddy fields are typically
connected to higher THg concentrations.
 Hg binding to humic substrates is the major process in Hg sorption.
 Plants can play an important role in Hg transport and accumulation. MeHg concentrations in
biomass were found to be higher in Solanum nigrum (BR3) and Cynodon dactylon (BR2).
 It appeared that the adsorptive capacity of Hg is higher than Cr, Cd, Cu, Zn and As but lower
than Pb.
 Hg can be affected by most of the conditions in the environment, which can determine the final
form in soil or sediment, such as pH, redox potential, and light.
 The soil profile, production of volatile Hg species, physical movement of Hg species, and
physical and chemical sorption of Hg vapor all influence the depth of the soil layers that contribute
to evaporation. When compared to unplanted regions, applying sulfur to the soil and growing a plant
cover reduces Hg flow by around 70% to 80%.
 Shewanella oneidensis MR-1 and Geobacter spp are two bacteria that can mediate the biotic
reduction of Hg2+ to HgO.
 The most common organic and toxic form of Hg in the environment is accepted as MeHg. Soil
moisture highly impacts MeHg, through sulfate and iron-reducing bacteria.
 A laboratory incubation analysis of surface lake sediments revealed that higher levels of
solid-phase Se resulted in rapid demethylation and slower methylation of Hg and that the pH impact
was varied owing to Hg availability and microbial activity.
 Climate change and permafrost thawing have the potential to increase MeHg production. Arctic
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permafrost represents an important source of Hg in case warming will not decrease in the future.
 In 2018, a simple and quick approach for analyzing MeHg utilizing chemical vapor generation
inductively coupled plasma mass spectrometry was introduced. When compared to HCl, HNO3 has
proven to be the most effective for selective extraction of MeHg from soils. Ultrasonic agitation
helped to produce rapid MeHg extraction.
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