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ORIGINAL ARTICLE

Assessment of mercury mobility

and bioavailability by fractionation method
in sediments from coastal zone inundated
by the 26 December 2004 tsunami

in Thailand

Abstract The 26 December 2004
tsunami covered significant portion
of a coastal zone with a blanket of
potentially contaminated sediments.
In this report are presented results
on mercury concentrations in sedi-
ments deposited by the tsunami in a
coastal zone of Thailand. Since the
total mercury concentrations are
insufficient to assess mercury mobil-
ity and bioavailability in sediment,
its fractionation was applied. Sedi-
ments were sampled within 50 days
after the event and analyzed by
sequential extraction method. The
procedure of sequential extraction
involved five subsequent stages per-
formed with solutions of chloro-
form, deionized water, 0.5 M HCI,
0.2 M NaOH, and aqua regia. The
mean concentration of total mercury
in sediments was 119 + 50 ng g™’
dry mass (range 66-230). The frac-
tionation revealed that mercury is
mainly bound to the least bioavail-

able sulphides 75 £ 6% (range 62—
86), organomercury compounds

14 £ 7% (range 4-26), and humic
matter 9 £ 7% (range 1-27). The
lowest contributions bring fractions
of water-soluble mercury

0.8 £ 1.0% (range 0.1-3.6) and acid
soluble mercury 0.9 + 0.5% (range
0.2-2.1). Although, the total mer-
cury content is similar in a reference
sample and in the tsunami sedi-
ments, the highly toxic organomer-
cury fraction contribution is higher
in the latter. The results were com-
pared with chemical and sedimento-
logical properties of the sediments
but no significant correlations were
obtained between them.

Keywords Mercury -
Fractionation - Sequential
extraction - Tsunami sediments -
Thailand

Introduction

The large tsunami which was generated by an earth-
quake on the 26 December 2004 affected most of
countries around the Indian Ocean. It was the first wave
of such a dimension in this region during the human
written history. The estimated tsunami death toll was
about 300,000 coastal zone inhabitants. However, the
casualties and physical destruction on land are only the
most immediate impacts. Large erosion and sedimenta-
tion associated with translation of huge amount of sea
water on land which introduces salt into surface and

ground waters have caused extensive environmental
damage. Some of the early findings of post-tsunami
studies documented catastrophic modification of the
run-up behavior of the tsunami due to human develop-
ment (Liu et al. 2005), protective role of the coastal
vegetation (Danielsen et al. 2005; Kathiresan and Ra-
jendran 2005), and reaction of beach meiofauna com-
munities (Altaff et al. 2005; Kotwicki and Szczucinski
2006). UNEP report (2005) presented overview of the
post-tsunami environmental assessment underlying that
one of the important long-term consequences is related
to water and soil contamination.
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Soils in the coastal zones impacted by tsunami were
touched in several ways. They were covered with sea-
water and most of them also by at least few cm thick
layer of salinated sediments, usually of marine origin.
Only in Thailand about 20,300 ha of land were covered
by seawater during that event (UNEP 2005). Tsunami
belongs to natural disasters which may be prominent
mechanisms of hazardous material releases (Young et al.
2004). In consequence, the soils in the coastal zone may
contain some pollutants released due to damages of
waste disposal storages, factories, fuel stations, etc.
Some of the environmental effects of the tsunami may be
similar to that of coastal floodings generated by storms,
typhoons, and hurricanes.

The recent tsunami sediments deposited in coastal
zone of Thailand are 8 cm thick on average and cover
most of the tsunami-inundated land (Szczucinski et al.
unpublished). The sediments were studied for bioavail-
able contaminants by Szczucinski et al. (2005). It was
found that they contain significantly elevated amounts
of salts (Na, K, Ca, Mg, Cl, SO4) in water-soluble
fraction, and of Cd, Cu, Zn, Pb, and As in bioavailable
fraction in relation to a reference sample. The origin of
these contaminants is probably complex. Major ions in
the water-soluble fraction of sediments (K, Na, Ca, Mg,
Cl, and SO,4) were found to be highly correlated to each
other and were delivered in dissolved form with sea
water. Heavy metals (Cu, Pb, Zn) were also correlated to
salt content and probably were tied to them in the sed-
iments, however, their source is rather litho or anthro-
pogenic. Arsenic had elevated concentrations in
restricted areas—related to mining activity, and was
probably of lithogenic origin. Szczucinski et al. (2005)
concluded that the bioavailable metals and metalloids
might reach toxic levels in food chain causing serious
environmental hazard. It is particularly possible in land
depressions left after mining activity, which were filled
for longer periods of time with salty water after the
tsunami.

In the above-mentioned study also total content of
mercury in tsunami sediments was determined. This
metal is of particular interest because of its high toxicity,
stability of its chemical species, and its ability for bio-
accumulation. However, the total element’s concentra-
tion is of low importance if its Dbioavailability,
transformations and migration in the environment are
considered. Organomercury species such as methylmer-
cury are at least one order of magnitude more mobile
than inorganic mercury species, and thus are more toxic
and more easily bioaccumulated. Soluble inorganic
mercury species such as mercury chloride are more
susceptible to transport by natural process than other
inorganic mercury species and serve as the substrate for
mercury methylation process. Mercury sulphide is
chemically stable in the sediment and soil and thus are

the least toxic (Stein et al. 1996, Jackson 1998a, b; Ull-
rich et al. 2001; Boszke et al. 2002, 2003).

To assess the mobility and bioavailability of mercury,
a development of adequate methods is required.
Sequential extraction of solid-state matrices by solutions
of increasing strength of complexation is applied (Tes-
sier et al. 1979; Calmano 1983; Hall et al. 1996; Biester
and Scholz 1997; Lechler et al. 1997; Wallschlager et al.
1998a, b; Biester et al. 2002; Sladek et al. 2002; Bloom
et al. 2003). This approach is based on an assumption
that a given solution causes extraction of a certain
fraction of mercury species. The fraction includes a
number of different but similar chemical species as none
of the solutions is selective. Determination of mobility of
trace metals including mercury, on the basis of the
sequential extraction procedures arouses much contro-
versy because there are no natural reference materials to
permit determination of the method’s accuracy. How-
ever, an advantage of the technique is determination of
mercury species at relatively low concentrations (Biester
and Scholz 1997; Biester et al. 2002; Gustin et al. 2002;
Sladek et al. 2002).

The main objective of our study is to assess con-
tamination of tsunami sediments with mercury in the
coastal zone of Thailand after the 26 December 2004
tsunami event. The study focuses on mobility and bio-
availability of mercury species in tsunami sediments
applying fractionation method. Possible relation of
mercury to other chemical compounds or sediment
characteristics is also discussed. We have not come
across any earlier report on mercury fractionation in
tsunami sediments.

Materials and methods
Sample collection and preparation for analysis

All the samples were collected within less than 50 days
after the 26 December 2004 tsunami event from selected
locations on Phuket Island (around Patong Bay) and
along the coastline between Khao Lak and Kho Khao
Island on the western coast of Thailand (Fig. 1, Ta-
ble 1). Between the tsunami and sampling dates no
rainfall was reported, therefore, at the time of collection
the studied sediments were almost unaltered by rede-
position processes. The entire layer of the tsunami de-
posit was sampled. If it was thicker than 5 cm, only the
uppermost portion was collected. An additional sample
(16) was taken for reference from an area out of reach of
the tsunami wave. Samples were dried at room temper-
ature to constant weight, packed in plastic bags, and
transported to laboratories. They were divided into
subsamples for sedimentological and chemical analysis.
For analysis of mercury, the samples were slightly
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Fig. 1 Study area and sampling
sites locations (/ tsunami inun-
dation area, 2 urban area, 3
sampling sites, 4 tsunami wave
direction)

105°E

BANGKOK
°

500 [km]

Phuke
Island

homogenized in an agate mortar, not to damage the
grains. From the prepared samples, subsamples of uni-
form mass were collected and sieved through a copper
sieve of mesh size 0.15 mm for further analysis.

Reagents and apparatus
The analytical agents used for mercury determination

were of the highest available purity made by Merck
(Darmstadt, Germany). All dilutions were made with

Table 1 Geographical coordinates of sampling sites

deionized water from Milli-Q system (Millipore,
France). Laboratory vessels used were made of boron-
silica glass of the highest quality. Details of preparation
of reagents and vessels prior analyses are presented in
the work of Boszke et al. (2006).

Sequential extraction procedure

After review of the literature covering the determina-
tion of various species of mercury in solid samples, a

Sample Location Geographical coordinates Sediment type Thickness of tsunami Distance from
sediments (cm) shoreline (m)
Latitude N Longitude E
1 Patong Bay 7° 53.088’ 98° 16.443’ Coarse silt 2 75
2 Patong Bay 7° 53.014 98° 16.435 Very coarse silt 1 315
3 Patong 7° 52.924 98° 17.309’ Fine sand 5 430
4 Patong 7° 52910’ 98° 17.320" Fine sand 2 480
5 Patong 7° 52.887 98° 17.328’ Fine sand 2 520
6 Patong 7° 52.864 98° 17.349’ Fine sand 1 545
7 Patong 7° 52.953’ 98° 17.328’ Medium sand 2 390
8 Patong 7° 52.938’ 98° 17.336’ Fine sand 20 410
9 Nam Khem 8° 51.470° 98° 15.930" Very fine sand 20 60
10 Nam Khem 8° 51.417 98° 15.953’ Very coarse silt 15 100
11 Nam Khem 8° 51.405 98° 16.310’ Very fine sand 18 570
12 Nam Khem 8° 51.553" 98° 15.940’ Medium sand 2 50
13 Nam Khem 8° 51.618’ 98° 16.527 Very fine sand 5 1,100
14 Bang Mor 8°49.973 98° 16.128’ Very fine sand 11 300
15 Bang Mor 8°49.907 98° 16.271" Very fine sand 14 590
16 Thung Tuk 8° 53.766 98° 16.694 Medium sand Reference sample 1,500
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sequential extraction procedure (Fig. 2) determining
five fractions was established [based partially on the
works of Wallschlager et al. (1996), Lechler et al.
(1997), Bloom et al. (2003), Renneberg and Dudas
(2001)].

Five grams of a sediment sample were treated with
four subsequential extractions using chloroform,
deionized water, 0.5 M HCI, and 0.2 M NaOH, fol-
lowed by oxidative digestion with aqua regia (Fig. 2).
The sample was shaken, centrifuged, and filtered after
each stage of sequential extraction. The chloroform
phase was reextracted with sodium thiosulphate and
obtained solution was treated with concentrated nitric
acid. The extracts obtained at separate stages were
treated with 33% HCI and 0.033 M KBrO;/0.2 M KBr
to oxidize all mercury species to Hg(II). Next, 12%
NH,OH-HCI was added to the extract to remove free
bromine. The sample obtained at the fourth stage was
treated with an aqua regia and was heated in a glass
apparatus consisting of water cooler and partial con-
denser. The same procedure such as at fifth stage was
applied to determine the content of the total mercury
in bulk sediment. Details of sequential extraction
procedure are presented in the work of Boszke et al.
(2006).

Mercury determination

Mercury was determined by cold-vapor atomic fluores-
cence spectroscopy (CV-AFS) on Millenium Merlin (PS
Analytical, England). The calibration was performed
with the mercury standard HgNO; (Merck) with the
nominal mercury content of 980 + 020 ng I”". The limit
of detection and quantification of the method depends
on the purity of the reagents used. The value of the limit
of quantification (LOQ) of the method reached
0.8 ng Hg 1! and was calculated according to the for-
mulas presented by Konieczka et al. (2004).

Reference samples

Along with determination of the total mercury, routine
analysis was made of the certified materials, including
SRM 2711 (Montana Soil), SRM 2709 (San Joaquin
Soil), and LGC 6137 (Estuarine Sediment). The total
mercury concentrations obtained in our study, taking
into regard the values of expanded uncertainty (Kon-
ieczka et al. 2004), 6,060 + 351 ng g~' (SRM 2711,
n=25), 1440 + 98 ngg™' (SRM 2709, n = 6),
370 + 21 ng g~ (LGC 6137, n = 7) well correspond

Fig. 2 Scheme of sequential

extraction applied in the study SAMPLE
5 gram
o—
CHLOROFORM 0.01 M Na,S,0, ORGASP;CI;I\CIIIEEF;CURY

1. Shaking (30 mL of chloroform, 3 h.) Extraction with 10 mL F1

2. Centrifugation (15 min., 3000 rpm) of 0.01 M Na,S,0, (3 min.)

3. Filtration (cellulose acetate filter,

0.45 m diameter) CV-AFS ]
|
DEIONISED WATER WATEEESCOIIIE'gBLE
1. Shaking (30 mL of deionised water, 3 h.) F2
2. Centrifugation (15 min., 3000 rpm)
3. Filtration (cellulose acetate filter,
0.45 m diameter) :>[ CV-AFS ]
Q\&
0.5 M HCI ACID SOLUBLE SPECIES

1. Shaking (25 mL of 0.5 M HCI, 1 h.) F3

2. Centrifugation (15 min., 3000 rpm)

3. Filtration (cellulose acetate filter,

0.45 m diameter) CV-AFS

—

0.2 M NaOH
1. Shaking (30 mL of 0.2 M NaOH, 1 h.)
2. Centrifugation (15 min., 3000 rpm)
3. Filtration (cellulose acetate filter,
0.45 m diameter)

40

AQUA REGIA

Digestion with 12 mL 37% HCI
and 4 mL 65% HNO,

ASSOCIATED WITH
HUMIC MATTER
F4

CV-AFS

RESIDUAL (HgS)
F5
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with those obtained for the certified materials of
6,250 + 190, 1,400 + 80 ng g~', and 340 + 50 pg g™,
respectively (Kowalski 2006). For comparison with the
results of sequential extraction, one certified sample
LGC 6137 was used. The sum of mercury concentrations
obtained from particular fractions was 373 ng g~ dry
mass, while the corresponding sum obtained for the
certified material was 340 ng g~ ' dry mass. The method
of sequential extraction is thus characterized by recovery
of about 110% (range 108-112%) and good reproduc-
ibility (Table 2).

Results

The sampling sites were located in a range of locations
presenting variable morphological conditions, degree of
tsunami damages, and pre-tsunami human impact
(Fig. 1, Table 1). Samples 1 and 2 were collected on a
narrow isthmus of a peninsula which encompasses the
southern part of Patong Bay and was completely flooded
by the tsunami waves. Both the samples were taken from
local small depressions/ponds. Samples 3-8 were taken
from a low lying terrain, adjacent to a small river in the
southern part of Patong city. Samples 9-13 were col-
lected in Nam Khem village, which was largely dam-
aged. Samples 14 and 15 were taken in inundated zone in
vicinity of Bang Mor village. Sample 16 was taken as a
reference sample in a neighborhood of Thung Tuk vil-
lage. It represents a soil top layer, which developed on
former coastal sands. All the samples belong to grain
size classes ranging from coarse silt to medium sand
(Table 1).

The concentrations of total mercury and the contri-
butions of particular mercury fractions in the total
concentration are shown in Table 3. The mean concen-
tration of the total mercury (calculated as a sum of
mercury concentrations in individual fractions) is
119 + 50 ng g' dry mass (range 66-230). Most of
mercury is bound to sulphides (F5) 75 + 6% (range 62—
86%), organomercury compounds (F1) 14 + 7% (range
4-26), and humic matter (F4) 9 = 7% (range 1-27). The
remaining water (F2) and acid soluble (F3) fractions

contribute 0.8 £ 1.0% (range 0.1-3.6) and 0.9 + 0.5%
(range 0.2-2.1) of the total mercury, respectively. The
reference sample has revealed similar concentrations to
that observed in the tsunami sediments. However, in
case of mercury fractions related to organomercury (F1)
and acid soluble (F3) compounds, the reference sample
represents lower limit values.

There is not much difference in the total content of
mercury between the sampling locations. Patong City
and Nam Khem village reveal the widest ranges,
including samples with the highest and the lowest
concentration of mercury. These two locations are also
characterized by the highest contribution of F1 fraction
in the total mercury content. The F2 fraction has the
highest amount (several times higher than in remaining
areas) in the vicinity of Bang Mor village. Differences
in the F3 fraction contribution are very small. Its
highest contribution is found in samples from Patong
Bay region. The latter region is also characterized by
the lowest values of the F4 fraction and, along with
vicinity of Bang Mor village—the highest content of
the F5 fraction.

The variance analysis (ANOVA) did not show sta-
tistically significant differences (p > 0.05) in the mean
concentration of total mercury and its fractions taken
from Patong Bay, Patong, Nam Khem, Bang Mor, and
Thung Tuk. Statistically significant differences have
been only for fraction F2, both in mercury concentration
(F(4,11) = 24.82480; p = 0.000019) and in contribu-
tion to the total mercury content (F(4,11) = 32.11399;
p = 0.000005). The mean concentration of mercury in
F2 fraction and its contribution to the total concentra-
tion were higher for samples collected from Bang Mor,
2.8 + 0.9 ng g 'and 3.1 + 0.7%, respectively, than for
the other areas. For the sum of water- and acid-soluble
mercury (exchangeable mercury), differences in mercury
concentration (F(4,11) = 7.547631; p = 0.003531) and
in the fraction contribution (F(4,11) = 7.383665;
p = 0.003839) are observed. They are again found for
sediment samples from Bang Mor where mercury con-
centration in these fractions and their contribution to
the total concentration were 3.6 = 1.3ngg' and
3.9 £ 1.1%, respectively.

Table 2 Statistical data on the fractionation of mercury in certified sediment LGC 6137 (Boszke et al. 2006)

LGC 6137 (N = 6) Fractions (ng g”')

¥ Fractions (ng g™")

Fl R F3 FA F5

Average + SD 8.28 + 0.59 0.95 + 0.02 0.63 + 0.03 17.0 £ 0.9 346 + 5 373 + 5
Median 8.18 0.949 0.629 17.1 345

RDS (%) 7 3 4 5 1

Minimum 7.54 0.92 0.59 15.8 342

Maximum 9.16 0.99 0.67 18.2 354
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Table 3 The contribution of mercury from particular fractions in
the total content of mercury in the samples of the tsunami sedi-
ments

Sample Fractions (%) Y Fractions Bulk sediment®
(ngg™) (ngg™")
Fl F2 F3 F4 F5
1 7 08 1.3 5 8 93 92
2 13 09 07 2 84 158 164
3 4 01 04 15 81 219 224
4 19 05 21 8 71 67 64
5 17 07 12 1 8 90 90
6 26 04 13 2 70 66 65
7 17 04 1.0 5 77 9% 93
8 24 0.1 07 4 71 115 115
9 25 06 08 1 73 125 130
10 14 08 04 8 76 79 76
11 11 04 03 27 62 138 140
12 15 06 02 13 71 126 133
13 5 02 07 20 74 230 233
14 7 26 05 10 81 85 87
15 10 36 1.1 10 75 95 97
16 5 13 03 18 75 157 164

“Data from Szczucinski et al. (2005)

Discussion
Total mercury concentration

The total mercury content is similar in the tsunami
sediments and in the reference sample—it may point to
similar source area for former coastal sediments
forming modern soils and the modern tsunami sedi-
ments. The values of mercury concentration calculated
as a sum of mercury concentrations in individual
fractions obtained in this study (66-230 ng g”'d.w.)
are comparable to total mercury established in the
sediments of the Thailand seas. According to Pollution
Control Department of Thailand, average total mer-
cury concentration in the sediment samples collected
from 106 stations across 22 provinces covering the area
of the Upper Gulf, Western Coast of the Gulf, ESB
(Eastern Seaboard), and Andaman Sea was from
138 ng g~ ' d.w. (range 5-2,135) in 1998, 67 ng g™’
(range 3-872) in 1999, to 230 ng g~' (range < 100—
350 ng g”') in 2001 (vide Chongprasith et al. 2006).
Global background mercury concentration ranges from
10 to 200 ng g~ (Fergusson 1990; Kabata-Pendias and
Pendias 1999). However, marine sediments are usually
characterized by low background concentrations. For
example, in sediments from Yatsushiro Sea (Japan)
background concentration is 59 + 13 ng g~ (Tomi-
yasu et al. 2000) and in sediments from Adriatic Sea is
20 ng g~ (Fabbri et al. 2001).

Fractionation

Mercury in organomercury compounds

Organomercury compounds are those in which methyl
(CHs;), ethyl (C;Hs), and phenyl groups (CgHs) link to a
mercury atom via a carbon atom. Organomercury spe-
cies such as methylmercury are at least an order of
magnitude more mobile than inorganic mercury species,
and thus are more toxic and more readily bioaccumu-
lated. Methylation is influenced by environmental vari-
ables which affect both the availability of mercuric ions
for methylation and the growth of the methylating
microbial populations. Methylation rates are higher
under anoxic conditions, with low pH and in freshwater
compared to saltwater (Stein et al. 1996; Ullrich et al.
2001; Boszke et al. 2003).

In the studied tsunami sediments, contribution of
organomercury species in the total mercury concentra-
tion is higher (even five times) than in reference sample
from Thung Tuk. In the reference sample, contribution
of organomercury compounds in the total mercury
content is 5% and mercury concentration in this fraction
is 7 ng g'. In the tsunami sediments, average mercury
concentration in this fraction is 14 ng g~', with maxi-
mum value of 32 ng g”'. It shows that the tsunami
sediments may present bigger environmental hazard.

Comparison of the obtained results with contribution
of certain mercury fractions in other sediments may be
semiquantitative only due to differences in applied
fractionation methods. Exactly the same extraction
method was used by Boszke et al. (2006) for analysis of
freshwater sediment samples from Warta river (Poland)
and of estuarine sediment. The total mercury concen-
tration in these sediments, calculated as a sum of mer-
cury concentrations in individual fractions were
130 = 71 ng g~' (range 51-307) and 373 ng g™ ' for
river and estuarine sediments, respectively. In Warta
river, sediments contribution of mercury bound with
organomercury species was 17 = 18% (range 0.03-65),
but in estuarine sediment only 2.2% (Boszke et al. 2006).

Usually, concentration of methylmercury in sedi-
ments varies between 1 and 1.5% of total mercury, while
it makes less than 0.5% in marine and estuarine sedi-
ments (Ullrich et al. 2001). In the bottom sediments of
the Gdansk Bay (Poland), South China Sea (Malaysia),
and Bering Sea (Russia), the contributions of methyl-
mercury were 0.02-2.27, 0.02-0.27, and 0.02-0.7%,
respectively (Kannan and Falandysz 1998). Higher
contributions were found for bottom sediments of the
harbor in Hamburg, where its value varied from 2.5 to
8.1 (Wilken and Hintelmann 1991) and in bottom sedi-
ments from Minamata Bay (Japan) where contribution
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organomercury compounds varied from 1 to 4%, while
in the Kagoshima Bay (Japan) it was from 7 to 37%
(Sakamoto et al. 1995; Eguchi and Tomiyasu 2002).
Kannan and Falandysz (1998) suggest that value of
percentage contribution of the methylmercury in the
total mercury concentration could be a useful index
describing the degree of pollution in a given water res-
ervoir. According to them, in unpolluted areas this index
takes values lower than one. In the studied samples of
tsunami sediments and in the reference sample, the index
is higher than one (range 4-26), so we may treat them as
polluted. Relatively high contributions of the mercury
from this fraction in the total mercury concentrations in
samples treated with the method applied in this study
may be partly explained by no complete selectivity of
organic solvents, not only the organomercury com-
pounds but also part of the mercury bound to organic
matter may be extracted (Eguchi and Tomiyasu 2002).

Water-soluble mercury

The fraction called water-soluble mercury includes
mercury species present in pore water. Usually mercury
is not present in the form of water-soluble ionic species
(e.g. Hg(OH),, HOHgCI, HgCl,) in the water phase but
as species bound to organic matter (without a Hg—car-
bon bond) or suspended mineral particles (Renneberg
and Dudas 2001; Wallschlager et al. 1996, 1998b; Biester
et al. 2002). Mercury species extracted by water may be
easily transported by natural processes and serve as the
substrate for mercury methylation process (Stein et al.
1996; Ullrich et al. 2001; Boszke et al. 2003).

Contributions of water-soluble mercury in tsunami
sediments are very low and, except sediments collected
from Bang Mor, are lower than in the reference sample.
In comparison to the tsunami sediments, contribution of
water-soluble mercury in sediments of Warta river is
higher (2.1 £ 0.9%, range 1.1-3.8), but contribution of
water-soluble mercury in estuarine sediment is lower
(0.3%) (Boszke et al. 2006). In general, the contribution
of water-soluble mercury species is very small and often
the concentrations determined are below the limit of
detection of applied methods (Kot et al. 2002; Kot and
Matyushkina 2002). The same order of values was
determined in some studies which applied similar frac-
tionation method. For example, in river Ji Yun sedi-
ments in China this fraction constitutes 0.05-1.22% of
total mercury (Ching and Hongxiao 1985), and in
marine sediments from the Gdansk Bay in Poland less
than 4% (Beldowski and Pempkowiak 2003).

Acid-soluble mercury

The fraction called acid soluble, include strongly bound
Hg species extracted by solution of acids, such as HCI

(Ching and Hongxiao 1985; Lechler et al. 1997). Solu-
tions of acids extract—operationally defined ‘‘reactive
mercury species” or ‘‘bioavailable inorganic mercury”
bonded to iron monosulphides (i.e. AVS), iron and
manganese hydroxides and carbonates. They can also
include the species bound to organic matter and ad-
sorbed on surface of minerals (Lechler et al. 1997,
Bloom et al. 2003; Shi et al. 2005). Some authors
determined ‘“‘bioavailable” mercury in the fraction ex-
tracted by acids as an approximation of conditions met
in the alimentary tract of mammals (Barnett and Turner
2001; Bloom et al. 2003).

In the most of tsunami sediments, contribution of
acid-soluble mercury is higher (even seven times) than in
the reference sample from Thung Tuk. In the latter one,
the contribution of acid-soluble mercury was 0.3% and
mercury concentration in this fraction was 0.4 ng g~'. In
tsunami sediments, average mercury concentration was
0.9 ng g~', with maximum value of 1.7 ng g~'. It shows
that the tsunami sediments may present bigger envi-
ronmental hazard. Contribution of acid-soluble mercury
in the tsunami sediments is higher than in the sediments
of Warta river (0.4 £ 0.1%, range 0.2-0.7) and estua-
rine sediment (0.2%) (Boszke et al. 2006). Comparable
or higher values were obtained by similar extraction
methods from some freshwater and marine sediments. In
the sediments of the Ji Yun river (China), this contri-
bution was from 0.34 to 1.55% (Ching and Hongxiao
1985). According to Peng and Wang (1985), the mean
contribution of mercury in this fraction in the rivers Ji
Yun and Zijan sediments (China) was 3.4%, and the
maximum contribution of this fraction (13.1%) was
found in the vicinity of waste outflow, the concentration
of this mercury fraction in that sample was
262,000 ng g~ '. The concentration of divalent mercury
Hg(II) in the marine sediments ranged from 4.81 + 5.73
to 897 + 546ngg ! (5.1 + 2.8 to 12.9 + 14.9%)
and were lower in freshwater sediments 0.538 =+
0.176 ng g~' (9.2 + 6.1%) (Kannan and Falandysz
1998). The contribution of methylmercury and Hg(II) in
the concentration of total mercury is on average lower
than 10% in the sediments (Kannan and Falandysz
1998).

Mercury bound to humic matter

Organic matter is important component of sediments
and soils. It is also in a significant degree, responsible for
binding metals. Organic mercury includes mercury
Hg(IT) complexes with organic ligands, e.g. humic and
fulvic acids, amino acids (but without a Hg—carbon
bond). Binding of mercury in organic matter is mainly
due to the reduced sulphur species in such functional
groups as thiol group (R-SH), disulphide group (R-SS-
R), or disulphane group (R-SSH) (Xia et al. 1999).
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Besides sulphur, some contribution in binding mercury
in organic matter is brought by oxygen and nitrogen
atoms but their significance is lower (Hesterberg et al.
2001). It has been indicated that organic matter can bind
up to 95% of divalent mercury species (Meili 1997). A
significant part of organic matter is the humic matter
whose contribution in the total organic matter is ~ 25%
in bottom sediments, 20% in marine water, 60% in the
river water, and 70% in marsh areas in river catchment
areas (Weber 1993).

In contrast to the tsunami sediments, where organo-
mercury compounds (F1) constituted the second fraction
with the greatest contribution of mercury, the mercury
bound with humic matter is the second in Warta river
sediments 23 + 9% (range 4-36) and in estuarine sedi-
ment 4.6% (Boszke et al. 2006). Contribution of mer-
cury species bound to humic matter obtained in with
other works applying similar fractionation scheme
shows a wide range of values. In the bottom sediments
of the rivers Ji Yun and Zijan (China), the contribution
was from 2.7 to 77.4% (Peng and Wang 1985). The
lowest contribution of the mercury species bound to
organic matter was found in a sample from the region of
waste release from a plant producing chlorine alkaline
compounds, although it was 54,000 ng g~', while the
concentration of mercury in a sample with the greatest
contribution of the organic matter bound mercury was
4,400 ng g~' (Peng and Wang 1985). Other authors
(Ching and Hongxiao 1985) reported the contribution of
humic acid bound mercury in the bottom sediments
from the same river Ji Yun as varying from 6.52 to
23.7% (800-46,650 ng g”'). In marine sediments, the
participation of fulvic acid bound mercury is small and
does not exceed a few percent (9% at maximum), while
the contribution of humic acid bound mercury is much
greater—about 20% (reaching 54%) (Betdowski and
Pempkowiak 2003). In general, greater contributions of
mercury bound to organic matter are found in sediments
from not polluted rivers and are smaller in highly pol-
luted. For example, the contribution of mercury bound
to humic matter in bottom sediments samples from
Carson river (USA) was < 40% in the region not
flowing through mill tailing and gradually decreased to a
few percent in the region highly polluted with mercury
(Lechler et al. 1997).

Mercury bound to sulphides

In the presence of sulphides, the mercuric ion becomes
tightly bound to them as insoluble HgS and is not
available for methylation. Sulphide activity may be the
main factor influencing the availability of Hg(II) and the
concentration of methylmercury in sediment. If condi-
tions become aerobic due to a decrease in the organic
load or seasonal turnover, sulphide can be oxidized to

sulphate, releasing the mercury in the ionic form Hg(Il),
which is available for methylation (Stein et al. 1996;
Ullrich et al. 2001; Boszke et al. 2003).

Like in the tsunami sediments, the greatest contri-
bution to the total mercury concentration was for mer-
cury bound to sulphides, in the sediments of Warta
river—58 + 17% (range 20-81%) and in estuarine
sediment—93% (Boszke et al. 2006). In general, the
contribution of mercury bound to sulphides was found
to be greater in sediments and soil samples characterized
by reduction conditions (Lechler et al. 1997; Betdowski
and Pempkowiak 2003). For instance, the contribution
of mercury bound to sulphides in the bottom sediments
of Gdansk Bay (Poland) was close to 40%, with a
maximum value of 96% in the bottom sediments char-
acterized by reduction conditions (Betdowski and Pem-
pkowiak 2003). In a soil profile the contribution of
residual mercury was found to increase with depth of the
profile, from 8.1% in the surface layer (0—30 cm) to 69%
in the layer at 50-80 cm (Lechler et al. 1997). High
contribution of mercury bound to sulphides—71.4%
(mean) (range 38.4-96.1) was found in the bottom sed-
iments from the Kogushima Bay (Japan), where mercury
sulphide is formed also from H,S and mercury chloride
liberated from fumarole gasses coming from under the
sea bottom (Sakamoto et al. 1995).

Correlations

Statistically significant positive correlations (p < 0.05)
have been found between the total mercury concentra-
tion in sediment and mercury concentration in fractions
F4, F5, sum of Fl1 + F4, and sum of F1 + F2 +
F3 + F4 (called as bioavailable fraction). Statistically
significant positive correlation has been found also be-
tween mercury concentration in bioavailable fraction
and F4, F5, and F1 + F4, between exchangeable frac-
tion (F2 + F3) and mercury concentration in water-
soluble fraction. Sum of mercury concentration in
fraction F1 and F4 correlates with mercury concentra-
tion in fraction F4 and F5. Except fraction F5, there are
positive correlations between mercury concentrations
and its contributions. From ecotoxicological point of
view interesting is negative correlation between contri-
bution of organomercury compounds and concentration
of mercury in fractions F4 and F5. Contribution of or-
ganomercury compounds is negatively correlated with
contribution of mercury associated with humic matter
and contribution of mercury sulphide fraction is nega-
tively correlated with contribution sum of F1 and F4.
For example, in sediments from Gulf of Thailand was
found strong positive correlation between contributions
of methylmercury and organic matter fraction and
negative correlation between contribution of methyl-
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mercury and contribution of mercury sulphide (Bloom
et al. 2003).

There are also no clear correlations to grain size
statistics, which was observed typically in other studies
related to other heavy metals (Férstner and Wittman
1979; Singh et al. 1999). Mercury is often characterized
by untypical grain size distribution in sediments. For
example, in sediments of the Odra river (Poland) gradual
decrease in the mercury concentration with increasing
grain size from fine to coarse fraction has been observed
for sediments taken from the river bed but not for sed-
iments taken from river banks (Boszke et al. 2004). In
tsunami sediments, positive correlations were found
between contribution mercury sulphide fraction and
medium silt, very fine silt and clay content. In these
sediments, negative correlations were found between
medium silt, very fine silt and clay content and contri-
bution of F1 + F4 (sum of fraction) and ““bioavailable”
fraction (sum of F1, F2, F3, and F4).

The significance of mercury as a pollutant follows
specific character of this metal different from other
heavy metals. The chemical and phase speciation of
mercury in aquatic systems is especially complex and
relationships between mercury and different heavy
metals and other parameters are not clear and have
different patterns, as exemplified by the studied tsunami
sediments (Szczucinski et al. 2005).

Conclusions

In the tsunami sediments from coastal zone of Thailand,
mercury occurs mainly in the form of mercury sulphide,
hardly soluble and hardly bioavailable. Although the
concentration of organomercury species in the studied
samples is low, these species may pose a real threat to
man and other living organisms because of their extreme
toxicity and capability of bioaccumulation and bio-
magnification in trophic chains. Though, total mercury
content is similar in the tsunami sediments and in the
reference sample, the highly mobile organomercury
fraction contribution is higher in tsunami sediments.
Water-soluble mercury and acid-soluble mercury
(exchangeable mercury) can easily enter the aquatic
system and accumulate in organism. There is, however,
also possible that heavy rainfall during summer mon-
soon will cause dilution and removal of significant
portion of the exchangeable mercury.
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