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Abstract

Thallium (TI) contamination in soils poses a significant threat to human health due to the high toxicity of Tl and
its ready assimilation by crops. This study is focused on high concentrations of Tl in soils in the Lanmuchang area
of southwest Guizhou, China, which is related to natural processes of Tl-rich sulfide mineralization. Thallium contents
range from 40 to 124 mykg in soils originating from the mining area, from 20 to 28 fkg in slope wash materials,
from 14 to 62 mgkg in alluvial deposits downstream, from 1.5 to 6.9 fkg in undisturbed natural soils and0.2
to 0.5 mgkg Tl in soils from the background area. These values indicate that both the erosion of natural soils from
the Tl mineralized area and the mining activity are responsible for the distribution of high Tl concentrations in soils.
Two other important toxic metals of interest, mercury and arsenic, also show high contents in soils, and are generally
higher than Tl concentrations. Thallium concentration in plants exhibit species-dependent preferences. Thus, the
enrichment of Tl in the edible parts of crop species decreases in the following order: green cabéage- chili >
Chinese cabbagerice> corn. The highest level of Tl in green cabbage is up to 500kggas dry wt., surpassing
the values of Tl in the soils in which the green cabbages grow. In contrast, Hg and As are relatively less concentrated
in local plants. The average daily uptake of Tl by the villagers of the Lanmuchang area through consumption of
locally planted crops has been estimated to be 1.9pmgon, which is 50 times the daily ingestion of individuals
from the TI-free background area. The daily ingestion of As and Hg from the study area are 0.03 and 0.01 mg,
respectively. This indicates that Tl in the contaminated soils related to the natural TI mineralization is being readily
transferred to the human body through the food chain, and poses a significant threat to the health of the local
villagers. Arsenic may pose a lesser health hazard, but mercury has an insignificant health risk. This study illustrates
a real environmental concern related to land use and human health in areas containing high contents of Tl in soils
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associated with the natural occurrence of Tl-rich sulfides and coals, with or without mining activities. Thallium
contamination in soils should be a critical parameter for proper land use and health related environmental planning

and regulations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Thallium’s high potential for toxicity is well
demonstrated Smith and Carson, 1977; Schoer,
1984; Mulkey and Oehme, 1983 Thallium is
more toxic to mammals than cadmium, lead, cop-
per or zinc, and it is known to have caused many

accidental, occupational and therapeutic poison-

ings since its discovery in 1861Smith and
Carson, 1977; Mulkey and Oehme, 1993
Although widely distributed in the natural environ-
ment, Tl is generally present in very low concen-
trations in soils. Concentrations of TI in
uncontaminated soils generally range from 0.01 to
3 mg/kg, but most soils contain Tl at concentra-
tions of less than 1 mtkg (Fergusson, 1990

Thallium minerals and mineralization are rare
in nature, thus Tl is often excluded from the list
of metals to be analyzed despite its high toxicity.
Thallium environmental impact related to the nat-
ural occurrence of Tl has received relatively little
attention. The authors believe that a full under-
standing of the behavior of Tl in a local ecosystem
is vitally important and critical for the identifica-
tion, remediation and management of Tl-related
health problems.

Natural anomalies of Tl related to several widely

local ecosystem and human health, is a matter of
concern. Recognition of this problem prompted a
group of multidisciplinary-environmental studies
pertaining to lithogeochemistry, soil geochemistry,
hydrogeochemistry and biogeochemistry of Tl and
its impact on human healtfXiao, 200D. This
paper presents the results of an investigation into
the natural occurrence of Tl in soils and its uptake
by crops and other plants in the Lanmuchang TI—
Hg—As mineralized area, and outlines the impact
of Tl dispersion on the local ecosystem.

2. Study area

The study area, in the southwest Guizhou Prov-
ince in China, is centered on Lanmuchang, a small
town with approximately 1000 inhabitants. The
area presents a karstic topography, with a generally
higher elevation in the northwest and lower in the
southeast. A sinkhole dominates the lowest eleva-
tion in the south. The average altitude is 1400 m
above sea level with a relative relief of 100—200
m.

The Lanmuchang Tl-Hg—As mineralized area
is located within the southwest limb of the E—W-
trending Huijiabao anticline. The local geology
and mineralization of the Huijiabao Au—As—Hg—

scattered gold—mercury—arsenic and coal depositsT| metallogenic belt and the Lanmuchang Hg—TI—
have been recognized in southwest Guizhou, ChinaAs mineralized area were described by Xiao
(Cunningham et al., 1988; Li and Peters, 1298 (2001 and Xiao et al(in pres3. A brief descrip-
Especially noteworthy is the disseminated Tl min- tion of the geological setting will suffice as a
eralization with discrete Tl ore bodies, discovered prelude to this article. The E—~W-trending Huijia-
in the study area(Chen, 1989a,b; Li, 1996 bao anticline corresponds to a metallogenic belt of
However, distributions of TI in soils and its gold, mercury, thallium, arsenic and coal, 18 km
impacts around the aforementioned Tl related min- long and 5 km wide(Fig. 1). The Lanmuchang
eralized areas were not properly established. Hg—TIl-As deposit occurs in the middle portion
The absence of detailed knowledge of the dis- of the belt. The study area is made up of sedimen-
tribution and dispersion of Tl, through both natural tary rocks of Permian and Triassic ages, overlain
processes and human activitiesg. mining, farm- by quaternary alluvium. The exposed rocks include
ing) that have produced adverse impact on the the Longtan Formatior(P,l: limestone, argillite
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and coal seams the Changxing FormatiofiP,c:
limestong, the Dalong Formatior(P,d: arkosic
shale and the Yelang FormatioT,y: siltstone,
argillite and limestong The limbs of the anticline
have outcrops of the Yelang Formation and the
Yongningzhen FormationT,yn: limestone and
dolomite). Thallium mineralization in this metal-
logenic belt is associated with disseminated TI
mineralization, gold mineralization or coal miner-
alization (Chen, 1989b; Liu, 1997; Xiao, 2001
Thallium in the Lanmuchang TI-Hg—As deposit,
located in the formations,P | and, P c, is character-
ized by abundant TI minerals, mainly lorandite
(TIASS,), plus other identified Tl minerals such
as christite(TIHgAsS;), imhofite (TICuAs,S,0),
raguinite  (TIFeS,) and lanmuchangite
(TIAI(SO,)»*12H,0) (Chen, 1989a; Li et al.,
1989; Li, 1996; Chen et al., 2001The sulfides

worked exclusively for Tl since the 1990s. Thal-
lium is also present in coals. Sporadic artisanal
mining of the coal seams is undertaken by local
residents to augment their supply of coal for
heating. The Tl mineralization outcrops are located
in the hills where it is susceptible to weathering
and dispersion by natural processes.

The soil horizons in the Lanmuchang area are
not well developed. These soils mainly originate
from the weathering of outcrops and accumulate
naturally on the slight to moderately steep slopes
within the mineralized area. They are of limited
areal extent. Much of the slope materials are
proximal to the bedrock from which they are
derived, and therefore, contain weathering products
(e.g. mud, silt and some talughat reflect the
bedrock, and they may migrate downslope, con-
tributing to arable soils.

such as cinnabar, realgar, orpiment, arsenopyrite The Lanmuchang area has been widely devel-

and pyrite are also rich in T(Chen, 1989b; Li,
1996; Xiao, 200). This deposit has a long mining
history (~350 year$ for mercury, and has been

oped for agricultural and residential purposes, and
related disturbances, for purposes of farming, sur-
face grading and excavations for foundations and
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septic systems, are very common. Some areas havecal analysis by disaggregation to pass through a
been treated with ‘fill’, material variably composed 2-mm sieve. The sieved fractions were then ground
of local soils, mining wastes and coal ashes, in a Bico ceramic disc grinder followed by reduc-
whereas the farming and residential areas aretion to 80-mesh <180 um) powder in a ceramic
largely made up of reworked original surface ball mill.
materials including alluvial and colluvial deposits. Thirty-six crops and three wild plant samples
were also collected in the study area, including 9
3. Sampling and analysis crop samples from the background arfddg. 3).
The edible parts of the cropévegetables and
Thirty-two soil samples were collected within cereal3 were the focus of the investigation for
the Lanmuchang TI-Hg—As mineralized area and toxic metals. The vegetables include Chinese cab-
from an adjacent area chosen as a reference forbage, green cabbage, chili and carrot root, mainly
the estimation of natural geochemical background collected during the harvest season. All the cereal
levels (Fig. 2). The background area, with similar samples(corn and rice were collected in the
stratigraphy to the Lanmuchang mineralized area harvest season. All the vegetables and cereals
but lacking known sulfide mineralizaticiGuizhou examined are the main crops planted in the study
Geological Bureau, 19903,bis located approxi- area. Some wild plantéfern leaf and edible wild
mately 2—3 km horizontally removed from Lan- herbs for livestock or human consumptjowere
muchang to both west and east, with the same also collected in the study area. The sampling sites
lithologies exposed as outcrops or in quarries for crops and wild plants generally correspond to
(limestone, siltstone, sandstone, argillite of Ty, the locations of soil samples since the soils on
P,c and B). The sampling patterns, whether which the plants were growing were also collected.
sequential or random, correspond to the character-The vegetable and the wild herb samples were
istics of soils associated with natural pedogenesis cleaned using de-ionized water in the field and air-
and with mining-related disturbance, and serve to dried in labeled paper bags. The samples of corn,
delineate the variations of Tl and other trace metals rice, chili and fern leaf were kept in paper bags
in the study area and grouped as: soils in mining before shipment to the laboratory. All the plant
area(soils derived from mine wastes and arable samples except corn and rice were cut into small
sails in mining areas alluvial deposits, slope wash pieces(1-2 cm long in the laboratory. The rice
materials, undisturbed natural soils and back- samples were treated to remove their outer sheaths.
ground soils. The sampling pattern also reflects The rice, corn, cut vegetable and wild plant sam-

the topographical characteristi¢s.g. hill top, hill ples were then stored in labeled paper bags and
slopes and lowland arensrelated to the TI placed in an electric drying cabinet heated to 25
mineralization. °C until completely dry.

The soil samples were collected using a stainless The analysis of major elements in soils was
steel shovel from natural sites and mining localities undertaken by fused-disk wavelength-dispersive
around the mineralized area so as to represent theX-ray Fluorescence at the Analytical Chemistry
natural soils and also the arable soils on which the Laboratories of the Geological Survey of Canada
locally consumed crops and wild plants are grown. (ACLGSCO) in Ottawa (Belanger, 2001, personal
At each sampling site, 3 sub-samplé&-20 cm communication. Ferrous iron was determined
depth were taken over an area of 5°m to form a using the Wilson Methodtitrimetric). Total S was
final composite sample. In order to estimate the determined by combustion followed by infrared
reproducibility of the sampling procedure, dupli- spectrometry using a LECO SC444-DR suffur
cate samples at every 10th site were taken at acarbon determinator. Soil pH values were meas-
distance of 5 m from the original sample location. ured by means of soil in Cagl solution at the
All the soil samples were kept in polyethylene ACLGSC (Belanger, 2001, personal communica-
bags and air-dried in the laboratory pending final tion). The cation exchange capacit{CEC) was
processing. The soils were processed for geochem-determined by the Norwest Laboratoriggdmon-
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ton, Alta., Canadgn(Crichton, 2000, personal com-
munication). The mineral compositions were also
determined by X-ray diffraction(XRD) at the
Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang.

The determination of trace metals in soils at
Norwest Laboratories employed a microwave
digestion method using concentrated nitric acid
(HNO3) in a closed vessel. The digested solution
was analyzed by ICP-MS for TI, As, Ba, Cd, Cr,
Cu, Pb, Zn and Mo, and for Hg by the cold-vapor
method (Tran, 2000, personal communicatjon

229

ranging from a normal, near-neutral, Ca-rich lime-
stone-derived soil to acidic, sulfide-rich materials
in the mineralized area. The comparably higher
pH values(6.4—7.3 determined from both mining-
affected and alluvially-deposited soils are probably
due to the buffering of limestone as illustrated by
higher contents of CaO in these sdflEable J).

The major-element chemistry of the soils reflects
the clay mineralogy in soils. In the soils of the
mineralized area>70 wt.% of the major-element
components are accounted for by the SiO —
Al O —~Fe,0; assemblage, with minor quantities

The results represent the strong-acid-extractableof TiO, and K,O. Based on a comparison to the

concentrations of metals, i.e. the ‘environmentally
available’ labile fraction of metals in soils.

All the plant samples were analyzed at the
Activation Laboratories Ltd Ancaster, Ont., Can-
ada. The air-dried samples were ashed at 475
for 36 h. 0.25-g aliquots of ash were dissolved in
1 ml of concentrated HNO and 1 ml of concen-
trated H Q at 9C°C for 2 h and then diluted to
10 ml with 18-MQ water. The samples were
further diluted to a final dilution of 1000:1. Sam-

ples were spiked with internal standards and ana-

lyzed by ICP-MS using a Perkin Elmer SCIEX
ELAN 6000 for Tl, As, Ba, Cd, Cr, Cu, Pb, Zn
and Mo, and Hg was determined by cold-vapor
method based on the dry samp{étoffman, 2001,
personal communicationThe ash yield factor, i.e.
the ratio of ash wt.(AW) to dry wt. (DW) of
plant samples, was also measured after ashing.
The analytical precision, determined by quality
assurancgquality control procedures, using dupli-

North American shale compositidiGromet et al.,
1984 and the average composition of the upper
crust (Condie, 1993, these soils are relatively
ferruginous, with considerably lower levels of
Na,O, MgO and CaO. The XRD results for soil
samples also show very similar mineralogical com-
positions in all soil types, characterized by the
clay mineralogy of the parent materials. The min-
eralogy is mainly composed of quartz, kaolinite,
illite and goethite.

These soils are highly concentrated in sulfur,
ranging from 0.06 to 2.9 wt.%. The high sulfur
contents are attributable to the abundance of sul-
fide minerals. The high loss-on-ignitiqch Ol) may
also characterize the soils containing high sulfur,
carbonate Ge.g. limestone particles in sojland/
or organic C(e.g. organic matter in top soils from
farmland or organic components from the
bedrock.

cates, blanks, internal standards and reference sam4.2. Distribution of trace elements in soils

ples, was better thag 10%.
4. Results

4.1. Major characteristics of soils

The analytical data for selected trace elements
are listed in Table 2. Based on comparison with
typical shale(Turekian and Wedepohl, 1961; Gro-
met et al., 198% average continental cru€taylor
and McLennan, 1985; Condie, 199&nd regional

The results of major element determinations and background valuesthis study, the elements TI,
some parameters relating to soil properties are Hg, As and Ba are enriched, whereas Cu, Pb, Zn,

listed in Table 1. The soils in the study area are
characterized by low CEC, ranging from 8.6 to
28.3 me¢100 g. Seventy percentage of the pH
values fall within the range of pH 3.3-6.0, and

Cd, Co, Ni, Cr, Se and Mo show average crustal
concentrations. This is consistent with the intensive
mineralization of Tl, Hg and As, the presence of
barite, and the lack of base—metal mineralization

the other 30% of samples have higher pH values in the bedrock. The high concentrations of Tl, Hg

of from 6.4 to 7.3. The pH values show the soils

and As indicate that these three specific toxic
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Table 1
Compositions of major elements and characteristics of €aifét in wt.% except where indicated
Sample Sio, TiO, AlQ; FeO2 MnO MgO CaO NaO K,O0 P,O; S LOI° CEC' pH
Soils in mining areas
S112 448 2 112 13 0.07 051 064 0.2 1.3 04 21 153 226
S113 492 2 122 12 0.13 064 3 0.1 15 039 076 156 21.2
S114 433 2.1 11.6 12.7 011 092 1 0.2 14 045 18 165 17.8
S117 53 3 14 10.2 0.1 0.93 066 0.1 16 036 058 135 19
S145 50.7 2.6 123 9.9 0.01 047 02 01 14 031 1.05 202 136
S154 46.1 25 132 141 0.09 053 13 01 1 0.64 057 182 204
S159 445 21 129 124 0.04 052 035 0.1 1.3 046 07 242 231
S163 543 22 124 107 0.08 0.67 037 0.1 14 054 029 16.6 17.6
S165 538 24 12.7 11.7 0.05 051 033 0.1 1.4 038 059 157 274
S166 547 22 121 1238 0.04 055 028 0.1 1.5 037 082 132 15
Alluvial deposits
S101 429 3.1 13.7 14.6 0.112 078 23 01 1 0.38 0.7 174 197
S116 496 29 149 114 0.11 099 081 0.1 16 044 0.38 153 183
S121 47.1 3 15 13 0.11 074 0.97 0.1 11 0.63 025 169 283
S128 489 34 146 125 0.13 095 044 0.1 1.2 053 026 154 207
S131 50.5 3.2 15.6 13.8 0.11 0.72 0.68 0.1 1 0.33 023 128 21
S133 477 25 131 147 0.06 055 043 0.1 1.2 059 073 179 233
S137 47 32 157 133 0.08 1.05 043 0.1 1.3 052 024 164 224
S141 432 17 143 107 0.12 059 068 0.1 14 056 043 249 258
S142 463 34 156 137 013 1.2 0.46 0.2 1.3 057 013 159 26.8
S144 448 26 151 126 0.13 083 13 01 14 058 031 186 247
S150 50.2 29 145 125 0.08 093 022 0.1 1.2 049 051 151 173
S203 443 2.9 15 15.6 012 1.1 21 0.1 12 046 034 165 174
Slope wash materials
S136 451 33 159 138 013 1 057 0.1 1.2 051 023 173 227
S140 443 2.9 14.6 13 0.12 0.8 091 0.1 11 0.62 031 199 237
Undisturbed natural soils
S108 75.4 29 108 24 0 0.16 0.07 0.1 0.29 039 0.39% nd33 42
S120 491 26 154 124 023 1 05 01 15 061 011 154 213
S148 443 4 18.8 15.8 0.18 059 0.06 O 0.74 041 0.06 12 12.2
S149 488 43 191 153 0.14 048 005 O 0.69 045 0.06 9.8 8.6
S172 50.1 2.2 147 3.9 0 056 16 0.1 21 013 13 218 12
Background soil
S168 466 43 173 163 0.15 1.8 029 0.1 1.5 019 0.02 11 16.6
S169 376 5 226 212 0.25 0.93 0.06 nd 0.53 0.29 0.02 125 145
S170 437 39 201 169 023 1.2 0.06 0.1 1.4 0.23 0.03 121 20.6
2Total Fe.

b Total sulfur.
¢ Loss of ignition.

d Cation exchangeable capaciyeq/100 g).

¢ Not detectable.

metals are enriched in the soils of the study area,
in proportions which vary from one substrate to derived from mine wastes, ranging from 40 to 124
the next, such as soils derived from the mining mg/kg. In slope wash materials, concentrations of

wastes, slope-wash materials, alluvial deposits, Tl range from 20 to 28 mgkg. In alluvial deposits

5.2
5.4

53
3.9

3.3

4.8
4.3
4.1

Thallium occurs at high concentrations in soils

undisturbed natural soils and background soils along the Qingshui Stream downwards the TI
mineralized area, Tl content ranges from 14 to 62

(Table 2; Fig. 4.
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Table 2

Concentrations of selected trace elements in goilg/kg)

Samples Tl Hg As Ba Cd Cr Cu Pb Zn Mo

Soils in mining area

S112 78 243 298 2030 0.5 23 70 95 44 5.3
S113 63 264 326 1720 0.6 23 74 28 68 4.4
S114 69 421 212 2890 0.5 27 63 40 65 3.8
S117 43 505 319 1600 0.5 39 67 17 58 3.7
S145 81 410 504 1380 0.6 21 40 10 17 4.2
S154 63 207 185 1960 0.6 52 84 38 110 6.2
S159 124 243 201 1420 0.4 24 86 95 37 5.9
S163 40 130 157 1040 0.4 33 64 26 98 5.2
S165 47 192 202 920 0.4 25 71 20 82 4.8
S166 62 186 301 1530 0.5 26 59 21 62 6.1
Alluvial deposits

S101 46 950 257 2500 0.5 61 65 23 250 5.8
S116 35 353 194 2390 0.5 39 82 29 83 3.2
S121 14 72 115 1020 0.4 67 119 34 104 3.4
S128 31 135 140 1760 0.4 69 83 40 86 1.8
S131 40 116 158 1410 0.3 66 85 25 55 4
S133 31 659 424 1400 0.56 40 76 28 29 8.6
S137 27 72 106 1400 0.31 72 106 20 82 1.6
S141 23 375 54 1580 0.38 28 56 17 79 3.7
S142 16 62 70 936 0.35 89 92 19 105 0.85
S144 29 136 179 1590 0.44 37 90 18 113 2.8
S150 62 374 338 1970 0.52 38 90 15 72 3.6
S203 39 109 146 2010 0.5 75 89 23 191 1.6
Slope wash materials

S136 28 82 96 1540 0.4 79 93 23 107 1.2
S140 20 64 109 1880 0.52 61 80 21 115 25
Undisturbed natural soils

S108 2.9 19 59 3360 0.1 15 18 9 3 1.3
S120 6.9 28 89 651 0.49 39 93 21 115 1.9
S148 4.2 13 37 60 0.27 95 132 13 74 1.6
S149 45 10 47 47 0.26 108 150 12 83 1.6
S172 15 0.8 50 48 0.09 5.5 24 19 31 9.7
Background soils

S168 0.33 0.87 4.7 105 0.17 154 98 13 105 <0.05
S169 <0.2 0.26 4.4 54 0.22 137 113 11 62 <0.05
S170 0.5 0.5 7.5 32 0.16 105 73 18 56 0.14

mg/kg, with a median of 31 mgg. Compara- around the mineralized area, Hg occurs at much

tively, the undisturbed natural soils within and lower levels of 0.8—28 mgg. In the slope-wash

around the mining area show lower concentrations materials, Hg concentration ranges from 64 to 82

of Tl, ranging from 1.5 to 6.9 mgkg. Soils from mg/kg. The background level of Hg is low, down

the background area have very low Tl contents to 0.5 mg'kg.

ranging from<0.2 to 0.5 mgkg. Arsenic nearly shows the same distribution pat-
Mercury in soils derived from the mine wastes tern as Hg in soils. Concentrations of As range

and alluvial deposits along the stream occurs over from 54 to 586 mgkg in soils derived from the

a wide range of concentrations from 62 to 950 mine wastes and alluvial deposits. In the undis-

mg/kg. In the undisturbed natural soils within and turbed natural soils within and around the miner-
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alized area, arsenic occurs at slightly lower levels
of 37-89 mgkg. In the slope-wash materials,
arsenic concentrations are 96-109 /fikg. The
background level of As is low, down to 5.5 mg
kg.

Correlations between Tl, Hg and As concentra-
tions and pH or measured CEC values in the soils
were not found using datdTables 1 and 2
obtained in this study.

4.3. Distribution of major and trace elements in
crops and wild plants

The analytical data for major and trace elements
in various crops and wild plants are listed in Tables
3 and 4. Note that the data, based on DW for the

T. Xiao et al. / The Science of the Total Environment 318 (2004) 223-244

determined compositiofexcept for Hg are con-
verted from the laboratory analyzed data based on
AW, by multiplying the laboratory report data to
the ash yield facto(wt.%). Mercury was deter-
mined directly on dry samples by cold-vapor ICP-
MS, and the results are based on DW.

The major-elements Na, Mg, Ca, Fe, Mn, Al
and Si are more enriched in green cabbage, Chi-
nese cabbage and carrot than in chili, corn and
rice, where concentrations are higher by 3 orders
of magnitude(Table 3. Wild herbs and fern leaves
are also rich in the above-mentioned major ele-
ments. Among the major elements, Ca and Mg
show the highest concentrations in crops and wild
plants. Corn shows the lowest concentrations, par-
ticularly for Na, Al, Mn and Si.

The trace elements TI, As, Hg, Zn, Mo, Cd, Ba
and Pb generally show higher concentrations in
green cabbage, Chinese cabbage and carrot than
in chili, corn and rice, except for Cu which exhibits
almost the same concentrations in all the plant
samples(Table 9.

Thallium, Hg, As and Fe show higher-than-
average abundances relative to land plants and
edible plants worldwidéTables 4 and b whereas
the other metals Ba, Cd, Cr, Cu, Pb, Zn and Mo
show a similar range of concentrations as in the
world land and edible plants and show no potential
risk to human health. However, the higher concen-
trations of Tl, Hg and As in crops have highly
adverse health impacts, and their distributions in
crops and wild plants are described below.

Thallium shows the highest concentration in
green cabbage, ranging from 120 to 495 /g
with an average of 338 migg, whereas only 0.4
mg/kg has been detected in cabbage from the
background area. However, Tl shows lower con-
centrations(15—-32 mgkg) in the early growing
stage of the green cabbage. This implies that Tl
accumulation in vegetation increases with time
throughout the growth process. The widely-planted
Chinese cabbage contains 0.87-5.4 /kug T,
with an average of 2.5 midg, whereas Tl concen-
tration in samples from the background area was
0.31 mgkg. Thallium concentration in chili
ranged from 0.8 to 5.3 midkg, and 0.27 mgkg
Tl from the background area. Shelled rice con-
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Table 3

Concentrations of major elements in various crops and wild pldd¥s, mg/kg)

Sample Na Mg Ca Fe Mn Al Si

Green cabbage Range 1374-9836 2856-5443 28 765—-66 690 215-546 40-226 64-289 125-277
(N=5) Mean 3766 3990 50 847 373 88 109 177

Chinese cabbage Range 1438-10030 2223-25709 11834-379011 161-488 26-565 77-316 46-305
(N=8) Mean 7090 3081 34670 325 53 145 199

Chili Range 30-53 1534-2896 613-1572 146-213 18-51 20-57 25-42
(N=3) Mean 37 1608 683 160 21 38 41

Corn Range 2-7 868-1270 41-89 15-33 5-9 2-24 2-7

(N=8) Mean 2 1111 58 21 7 2 3

Rice Range 7-24 1118-1266 106-129 13-22 16-29 8-19 8-10
(N=4) Mean 8 1188 113.5 16 25 8 9

Carrot root Range 612 4261 38785 660 1060 505 569

(N=1) Mean 612 4261 38785 660 1060 505 569

Fern leaf Range 270 3950 21138 3398 343 1513 278

(N=1) Mean 270 3950 21138 3398 343 1513 278

Wild herbs Range 13-189 1703-3709 532-16 121 532-4124 321-4124 812-2825 161-233
(N=2) Mean 101 2706 9487 2328 454 1818 196

Concentrations of K were not detectable due to over the instrument working rairgeumber of samplegnot including the
background samplés

tained 1-5.2 mgkg TI, with an average of 2.4 nearly tenfold higher than in crops. In fern, Hg
mg/kg, and 0.27 mgkg Tl from the background showed concentration of 0.45 rfigg. Concentra-
area. Thallium in granular corns showed lower tions of Hg in crops from the background area
concentration, ranging from 0.78 to 3.1 iy were as low as 0.01-0.3 nfkg.

and averaging 1.4 mig, and only 0.07 mgkg Arsenic in crops were found at slightly higher
Tl on average from the background area. One levels than Hg, but lower than TI. Arsenic contents
sample of carrot root contained 22 g of TI, in green cabbage, Chinese cabbage and carrot were

although it is not a crop commonly planted in the much higher than in corn and rice, generally
Lanmuchang area. Some wild herer livestock ranging from 0.7 to 1.3 mgkg. In corn and rice,
forage or human consumptipralso showed high  As contents were down to 0.02-0.18 fkg.
concentrations for Tl, with an average of 36 fng Arsenic in carrot was up to 1.3 nikg. The
kg. Fern, widely growing on mountainsides in the average contents of As in crops from the back-
Lanmuchang mineralized area, showed a concen-ground area were low, generally below 0.02-0.3
tration of 15 mgkg TI. mg/kg. Arsenic showed high concentrations in
Mercury showed slightly higher concentrations Wwild herbs (up to 13 mgkg) and in fern leaves
in green cabbage, Chinese cabbage and carrot(2.3 mg/kg).
generally ranging from 0.4 to 0.7 nikg on
average, but occurred at very low levels in chili
and corn, generally being 0.02 rfigg. Mercury
showed very low concentrations in corn, a concen-
tration value below the detection lim{0.005 mg/
kg). However, there were high contents of Hg in The in situ undisturbed natural soils and the
wild herbs, with up to 4.2-13 mfkg, which is slope wash materials are the main components of

5. Discussion

5.1. Sources of Tl in soils and factors controlling
its dispersion pattern
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Concentrations of selected trace elements in crops and wild flB6 mg/kg except where indicated

Sample Tl As Hg Ba Cd Cr Mo Ash vyield (%)?
Chinese cabbage

B109 0.99 0.78 045 110 0.37 0.33 6.9 23 48 2.1 26
B116 0.87 0.71 0.53 40 0.18 0.53 55 25 44 1.8 25
B118 11 0.87 0.26 99 0.43 0.69 6 2.1 56 2.1 26
B138 1.2 096 0.3 49 0.31 3.67 55 12 49 3.8 25
B151 54 1.3 0.7 55 0.25 0.80 5.6 1.4 92 0.5 26
B158 3.8 091 0.67 75 0.15 0.54 9.6 13 37 03 23
B210 5.3 0.73 0.15 24 0.15 0.55 35 1 30 0.6 24
B211 13 0.17 0.09 31 0.18 0.29 5.6 0.4 44 0.2 16
B128 0.31 037 03 37 0.63 0.95 6.5 2.2 39 09 16
Green cabbage

B16Z 15 0.7 0.38 90 0.35 0.74 7.9 2.1 57 0.6 23
B200 120 0.89 0.72 82 0.35 0.40 3.1 0.7 92 0.9 24
B201 400 0.84 0.71 62 0.17 0.36 2.9 0.7 33 14 25
B205 495 0.38 045 46 028 031 2.7 0.5 32 12 23
B21Z 32 098 1.3 56 0.38 0.71 3.8 1 46 1.3 21
B111° 0.4 0.32 0.33 52 0.1 0.64 35 0.7 34 1.1 16
Chili

B303 29 0.29 0.04 4 0.04 0.13 7.1 0.2 14 0.1 9.4
B305 0.8 0.15 0.01 15 0.11 0.16 7.9 0.3 24 0 6.7
B307 5.3 024 0.01 14 0.05 0.09 8.6 0.2 20 07 13
B304 0.35 0.24 0.02 17 0.1 0.19 7.6 0.2 16 0.1 12
B306° 0.19 0.14 0.01 0.8 0.05 0.14 6.5 0.2 11 0.2 11
Corn

B403 13 0.02 N¢ 045 0.01 0.01 2.3 0.06 20 0.03 15
B404 0.78 0.02 nd 0.2 0.02 0.05 14 0.04 17 03 1.3
B407 1.6 0.02 nd 0.1 0.01 o0.01 1.3 0.03 19 0.1 14
B408 31 0.02 nd 0.8 0.01 0.01 3.1 0.03 19 0.2 15
B411 11 0.03 nd 0.5 0.03 0.02 1.8 0.04 17 nd 11
B412 0.78 0.02 nd 0.2 0.02 0.01 14 0.04 23 0.2 14
B413 14 0.02 nd 0.1 0.16 0.06 1.3 0.11 21 05 1.3
B414 14 001 nd 0 0.01 0.01 14 0.03 18 0 13
B409% 0.09 0.03 nd 0.1 0.06 0.12 0.9 0.04 17 04 1.6
B41% 0.05 0.02 nd 0.3 0.09 0.02 13 0.1 26 0.1 14
Rice

B504 2.3 0.1 0.02 2 0.02 0.02 0.8 0.06 24 0.2 1.6
B505 1 0.16 0.03 0.6 0.03 0.03 0.4 0.03 17 0.3 1.7
B507 5.2 0.18 0.02 0.6 0.03 0.09 0.2 0.04 17 0.2 15
B510 11 0.14 0.04 0.8 0.02 0.03 1.6 0.05 18 0.2 15
B511° 0.27 0.06 0.01 0.4 0.01 0.01 1.1 0.04 20 0.2 1.5
Carrot root

B156 22 13 0.55 60 0.8 1.0 5100 1.9 100 0.6 24
Fern leaf

B206 15 2.3 0.45 19 0.23 048 3.1 7.3 22 02 6.6
Wild herbs

B203 a7 17 13 63 0.61 1.88 18 2 55 0.6 14
B204 25 8.8 4.2 35 0.45 1.71 16 2.6 81 0.8 11

3AW divided by DW of sample€%); "Background sample Samples at early growing stalge; Not detectable.
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Table 5
Average levels of trace elements in plaGBW, mg/kg)

Metals Land plants Edible plants
Tl 0.008-1.0 0.03-0.3
Hg 0.005-0.02 0.013-0.17
As 0.02-7 0.01-1.5
Cd 0.1-2.4 0.05-2.0
Cu 1.8-16.2 1.1-8.8

Zn 12-47 10-44

Mo 0.33-2.3 0.07-1.75
Ni 0.13-2.6 1.2-3.6

Ba 142-198 2-160

Fe 18-1000 25-130
Mn 17-334 1.3-113

Al 25-3410 2.6-135

Si 3000-12 000 -

Sources: Bowen (1979 and Kabata-Pendias and Pendias
(1992.
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tain 20—28 mgkg Tl with an average of 24 mQg

kg. These Tl contents in the original soils probably
indicate the pre-anthropogenic background in the
study area, and thus can represent the baseline
concentrations for Tl before miningrable 6. The
concentration of Tl in natural soils from the back-
ground area ranges front0.2 to 0.5 mgkg. The
baseline values for mercury and arsenic are also
listed in Table 6.

The baseline concentrations of Tl, Hg and As
in the Lanmuchang area are over both the Chinese
and Canadian environmental quality guidelines,
and also higher than those in natural soils of many
countries(Table 6. The high geochemical base-
lines confirm that soils of the Lanmuchang min-
eralized area are highly enriched in Tl, Hg and
As. The source of the concentrated metals in soils
is almost certainly linked to the natural sulfide

original soils in the Lanmuchang area as described mineralization of Tl, Hg and As in sedimentary
above. Concentrations of Tl, Hg and As in these rocks, including coal seams in the study a{¥&o
soils may represent their geochemical baselines inet al., in press For instance, concentrations of Tl

the  Lanmuchang mineralized
environment.

The average concentration of Tl in the undis-
turbed natural soils within the mineralized area is

approximately 4 mgkg. The slope materials con-

TI-Hg—As

range from 100 to 35 000 njgg in sulfide ores,
39 to 490 mgkg in host rocks and 12 to 46 nig
kg in coals(Xiao et al., in press Mercury and
arsenic show similar distributions to TI, with high
concentrations in the sulfide ores, the host rocks

Table 6

Baseline values of Tl, As and Hg in various natural soils

Soils Tl (mg/kg) Hg (mg/kg) As (mg/kg)
Undisturbed natural soils within 2.9-6(91=4) 0.8-28(M=14) 37-89(M=50)
and around the mineralized ar&si=5)

Slope wash materials within the 20-28=24) 64-82(M=73) 96-109(M =102
mineralized aredN=2)

Natural soil from the <0.2-0.5(M=0.3) 0.26-0.87(M=0.5) 4.4-75(M=5)
background areév=3)

Chinese guidelines for 1.5 30
agricultural land use

Canadian guidelines for 1 6.6 12
agricultural land use

Natural soils in Chin& 0.29-1.2(M=0.59

Arable soils in France 0.13-1.5(M=0.29

Natural soils in the Great Britafi§ 0.03-0.99 0.01-0.09/=0.03 4-95(M=16)
Natural soils in Canadd 0.25-0.71 0.01-0.07tM=0.06) 1.3-17(M=4.9)
Natural soils in the worle® 0.01-3(M=0.2)

N=number of samplesy/, median valueSource: 1, Xia (1996); 2, CCME (1999); 3, Qi et al.(1992); 4, Tremel et al(1997);
5, Fergussor{1990); 6, Kabata-Pendias and Pend{d992); 7, Mermut et al.(1996); 8, Bowen(1979.
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and the coalgXiao et al., in press The natural local farmers for use in farming. These farming
processes of chemical and physical weathering of soils often contain mine debris, important evidence
the highly altered outcrops or near surface bedrock of disturbance related to human activity. Another

can lead to the transfer of large amounts of Tl, Hg
and As to the soil€Xiao et al., in presg produc-
ing high concentrations of the toxic trace elements.
The mobile fraction data for Tl(extracted by
strong HNQ) and the major-element distribution
in soils (Tables 1 and Rindicate that TI may exist
as thallium sulfate, hydrous Fe—Al-Mn oxides,
thallium sulfide or adsorbed on clagXiao, 2009,
although their host soils have similar mineralogical
compositions. Furthermore, enzyme leaching,
which involves extraction of metals trapped in the
amorphous form of Mn antbr Fe oxides that
occurs in coatings on mineral grains in stream
sedimentgXiao, 2000 also showed that the Fe
Mn hydroxide coatings on sediment particles are
the carriers of the mobile fraction of Tl and other
metals, and this fact is likely also true for the soils
of the study area.

Human activity is another factor contributing to
the concentrated toxic metals in the arable soils.
The high concentrations of Tl, Hg and As in the
arable soils downslope and downstream from the
mining area and along the Qingshui Stream are
generally in excess of baseline valu€gbles 2
and 6, implying more input of these metals to the
soils than the contribution from natural processes.
The higher concentration of Tl in the arable soils
along the Qingshui Stream and its branches is
probably caused by the mining operations, which

possible source of Tl contamination in soils is
from the domestic utilization of coal by local
villagers. Local coals are enriched in TI, with
levels of up to 12-46 m¢kg (Xiao et al., in
press, and are often crushed and mixed with mud
from the mine wastes to make small coal balls for
easy storage and combustion. The ash of such fuel
is often used as an additive to arable soils, or is
used to pave village roads. This explains the
presence of layers of black coal ash, mixed with
other mine debris, identified in arable soils during
the field study.

The spatial variation of Tl concentrations in
various soils of the Lanmuchang area is illustrated
in Fig. 5. The spatial variation pattern implies that
TI distribution in soils was originally constrained
by the sulfide mineralization of parent material,
but the redistribution was controlled by natural
fluvial /colluvial processes and human activities.
The natural process involves the TI-Hg—As-rich
weathering products migrating downslope to be
deposited in the arable soils and thus producing a
toxic metal-rich environment. The human distur-
bance involves the addition of mine wastes and
the coal ash, enhancing the concentrations of toxic
metals in soils. These two processes explain the
high enrichment of TI, Hg and As in arable soils
at locations below the mineralized area.

over the years released Tl-bearing mine wastes t05.2. Favorable and species-dependant uptake for

the farm lands downstream. Note that the arable
soils formed largely by alluvial deposition at sites
S121 and S142 have lower concentrations of TI
than those in the slope wash materiéllgble 2.
This may be caused by the migration of more
alluvial deposits from slightly away from the
center of the TI mineralization(Fig. 2). The

Tl in various crops

Thallium, together with Hg and As, shows a
distinct dispersion pattern in the edible parts of
those vegetables and cereals which are commonly
cultivated in the study area of Lanmuchang. Thal-
lium is more enriched in crops than its counterparts

mining, occurring on the hill slopes, has brought Hg and As, and As is slightly richer in crops than
large amounts of mine wastes containing metal- Hg (Fig. 6). This distribution tendency is quite
rich clastic sediments to the surface. The toxic different from that in soils, where the general
metals TI, Hg and As and their host minerals are tendency of concentration distribution is that Hg
enriched in the fine particles of these wastes, which As>TIl (Fig. 4). Thus, Tl seems to be taken up
can migrate through runoff and fluvial transport to preferentially by crops and other plants.

the farm lands below. Mine wastes found on the  The favorable uptake of Tl into the plants is
downward slope surface were also reworked by likely due to the close geochemical affinity
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Fig. 5. Spatial dispersions of Tl concentrations in various soils in the Lanmuchang area. Mining soil and alluvial deposited soil sites
are indicated by filled circles. Natural soils, slope washed material and background soil sites are indicated by partially filled circles.
(Other legends are as in Fig).2
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Fig. 6. Concentration distribution of Tl, Hg and As in crops.
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between thallium and potassium. These two ele- for Chinese cabbage do not provide a good exam-
ments have similar ionic radii of Tl (1.59 A) ple (Table 3, Fig. 7a and )b If the samples of
and K* (1.51 A) (Shannon, 1976 Because of Chinese cabbage were excluded from the plots,
the very similar ionic radii, Tl can readily substi- the correlations of Mg vs. Tl and Ca vs. Tl would
tute for K in plants during biochemical processes. be markedly elevatedFig. 7c and d. However,
The substitution of Tl for K in plants has been the mechanism whereby the high concentrations
described by many researchefs.g. Siegel and of Ca and Mg trigger uptake of Tl by plants is
Siegel, 1976; Schoer, 1984; Tremel et al., 1997; still not clear. There may be other factors that
Leblanc et al., 1990 In biochemical processes, Tl favor the high uptake of Tl by certain crops and
occurs as a singly-charged, weakly-hydrated cation this warrants further study.

(TI*) with ionic radius similar to K , and is The enrichment of Tl in crops and other plants
expected to interfere competitively with K-depend- is closely related to the concentrations of Tl in
ent biological reaction§Siegel and Siegel, 1976 soils. High concentrations of Tl in the plants
Thallium has the ability to yield complexes with growing in the TI-rich soils in the study area
sulfur-containing and  phosphorus-containing support the idea that toxic metals are being trans-
ligands, leading to a substitution with K at its ferred from soil to crops through the roots of the
specific adsorption sites. The NgK*—ATPasé plants. In contrast, crops growing in uncontami-
plays the main role in uptake of TI(Edwards et  nated soils in the background area show low
al., 1995. The concentration values for K in all concentrations of TI. For instance, the concentra-

plant samples were beyond the analytical instru-
ment working ranges and were not quantified in
this study, but K, as one of the major constituents
in vegetation, is certainly available for substitution
by TI. However, the specific factors, which render

tions of Tl in both green cabbage and Chinese
cabbage correlate with the contents of Tl in the
soils on which these crops are growiKgig. 8).

Therefore, the high concentrations of Tl in plants
directly reflect its immediate source in the contam-

inated soils.

The enrichment factor for T(ratio of Tl con-

The enrichment of Tl in crops is also character- centration in crops to its concentration in soils on
ized as species-dependaffig. 6). Thallium is which the crops are growindor green cabbage is
more enriched in green cabbage than in other over 1, with maximum factor of 1{Fig. 83, but
crops, generally 2 orders of magnitude higher it is under 1 for the Chinese cabbagEig. 8b).
(Table 2. The enrichment of Tl at a lower level Corn, chili and rice show similar factors as the
of concentration can be seen in carrot root, chili, Chinese cabbage, generally below 1. This also
shelled rice and Chinese cabbage and finally in clearly illustrates that green cabbage has the high-
corn. The marked genotypical differences of veg- est uptake for Tl from the TI-contaminated soils.
etation for uptake of Tl have not been clearly This study also points strongly to the conclusion
demonstrated in previous studies by other research-that efficient bioaccumulators of Tl like green
ers. However, this study shows that the amounts cabbage should not be planted in areas of Tl-rich
of major elements Ca and Mg in plants seem to soils such as Lanmuchang.
be one of the factors contributing to the different ~ Thallium concentrations also differ depending
degree of uptake of Tl. The higher accumulation on the period of growth for the same species of
of Tl in crops generally corresponds to elevated crops. For example, young green cabbage contains
concentrations of Ca and Mg, although the plots much lower Tl concentration than harvested cab-
bage. Green cabbage labeled B162 and B212
collected at its early growth stage contained 15—

particular plant species effective hosts for TI-K
substitution, are still unclear.

2 ATPase (adenosine triphosphatasaefers to an enzyme

in skeletal muscles that provides energy to the muscles. The 32 ma’ka of Tl. whereas the harvested cabbades
Na*"/K*—ATPase refers to a certain pump within the cell g'kg ’ 9

membrane that actively transfers Na from the inside and contained 120—495 n7{gg Of_ Tl (_Table 4. The
K from outside of the cell, and is catalyzed by the enzyme data show that Tl cc_)ncentratlons in hgrvested green
ATPase. cabbage were 10 times higher than in the younger
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Fig. 7. Plots of Ca and Mg vs. Tl in plant samples: plots(@ and (b) for all the samples, and plots i) and (d) for all the
samples except for Chinese cabbage.

growths, suggesting that the accumulation of Tl in 0.021 mg'day or 0.0003 mgkg/day for both Hg

plants increases with time.

5.3. Evaluation of environmental impacts of TI,

Hg and As in crops

The minimum lethal dos€LD,,) of soluble
thallium salts has been estimated to be 0.7-1.1 gig as the average daily intake of Tl from environ-
or 10-15 mgkg for a 70-kg adult(Moeschlin,
1980). The LD os are 1-4 g or 14-57 nikg for
inorganic mercury and 0.042 g or 0.6 g for
inorganic arsenic, respective()RAIS, 2002. The
oral reference dos€RfD) for Tl is 0.056 mg day

or 0.0008 mgkg/day for a 70-kg adult, whereas

and As (RAIS, 2002. The RfD represents an
estimate of a daily oral exposure to the human
population that is likely to be without an apprecia-
ble risk of deleterious effects during a lifetime.
Studies of Tl exposure to humans in a wide variety
of geographic locations have indicated less than 2

mental source$Sabbioni et al., 1984 The largest
source of arsenic exposure for most people is from
food and is approximately 25—50g/day (RAIS,
2002.

The local villagers in the Lanmuchang TI-Hg—
As mineralized area consume the crops growing



240 T. Xiao et al. / The Science of the Total Environment 318 (2004) 223-244

600
(@)

500 - (3

400 F

y=7.1544x-56.763

R’=0.668 (n=6)
300

200

Tl in green cabbage (DW, mg/kg)

100

6 (b)

y=0.0378x+0.51 17
R’=0.45 (n=9)

N
—1

===Line 1:1 ammsanm..
L 4

—_
CECTT Fr—

Tl in Chinese cabbage (DW, mg/kg)
W
T

O 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Tl in soils (mg/kg)
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in the metal-contaminated soils during the entire
year. Chinese cabbage, green cabbage and chili ar
often freshly consumed, whereas corn and rice are
consumed after air-drying. It is possible that some wherei, vegetablej, cereal;C,, C; are concentra-

Tl would be leached from the cooked crops and tion of metal based on DWmg/kg); R;, dry yield
dissolved in the broth, but the broth is invariably (DW/fresh wt., %9; M, daily consumption of
consumed by the local inhabitants. The yield of fresh vegetablegkg); M;, daily consumption of
metals in vegetables from fresh to dried samples dry cereals(kg).

was determined by dividing the DW by the fresh For this study, the daily amounts of crops
wt. (Table 7. Thus, by using the values of dry harvested from the farmland with TI-Hg—As con-
yield, consumption amounts of fresh vegetables tamination and consumed by an adult are estimated
and dry cereals, the contents of metals from eachin Table 7. The estimates show that the daily
crop type consumed by the local villagers can be ingestion of TI(1.9 mg through foods within the
quantitatively estimated by using the following Lanmuchang study area is high compared to areas
equation: barren of Tl mineralizatior(the background area,

é)aily consumption= iCiR,Mi+ inM,

i=1 j=1
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Table 7
Estimation of daily ingestion of Tl, Hg and As from crops in the Lanmuchang area
Crops Metals DWW (mg/kg) Fresh wt. yield(%)  Consumption amounté&kg/day)  Total ingestion of
metals(mg/day)
LMC BK LMC BK
Chinese cabbage
Tl 25 0.31 0.013 0.0015
Hg 0.31 0.3 25 0.2 0.002 0.0015
As 0.8 0.37 0.004 0.0019
Green cabbage
Tl 212 0.4 142 0.003
Hg 0.7 033 6.7 0.1 0.005 0.002
As 0.8 0.32 0.005 0.002
Chili
Tl 3 0.27 0.008 0.0007
Hg 0.02 0.01 53 0.05 0.00005 0.00003
As 0.02 0.09 0.0006 0.0005
Corn
Tl 1.4 0.07 0.14 0.007
Hg 0.1
As 0.020 0.02 0.002 0.002
Rice
Tl 2.4 0.27 0.24 0.27
Hg 0.03 0.01 0.1 0.003 0.001
As 0.15 0.06 0.0015 0.006
Total
Tl 1.9 0.04
Hg 0.01 0.005
As 0.03 0.012

LMC, Lanmuchang area; BK, background area.

0.04 mg, see Table)7 The calculated ingestion sources which is a rate 1000 times higher than the
rate of Tl in the human bodybody wt. of an world average daily intak€ p.g/day) as indicated
adult is considered as 70 kds up to 27ng/kg/ by Sabbioni et al(1984). This high ingestion rate
day on average from the Lanmuchang area, which for Tl is also far above the element’s oral RfD of
is 50 times the concentration from the background 0.056 mg/day. The ingestion of arsenic (0.03 mg/
area(Table 7). However, the daily ingestion for day) from the local food chain is slightly above
Hg and As are 0.01 and 0.03 mg, respectively, its oral RfD of 0.021 mg/day, but the ingestion of
which are lower than for TI(Table 7. The Hg (0.01 mg/day) is lower than its oral RfD of
estimated amounts ingested in the background aread.021 mg/day. This clearly indicates that Tl poses
are 0.005 mg for Hg and 0.012 mg for A$able a significant health risk to the local villagers, and
7), which are also lower than for TI. This clearly arsenic from the food chain may have some addi-
indicates that Tl in the contaminated soils is being tional health risk. However, ingestion of mercury
readily transferred to the human body through the (0.01 mg) from the local food chain is lower than
food chain, whereas the ingestion of Hg and As its oral RfD, indicating no potential of health risk
from the food chain are much lower compared to to the local villagers at this time.

TI. Therefore, the villagers within the Lanmuchang  The other two pathways for toxic metals to enter
area ingest TI(1.9 mg/day from local food the local food chain may come from the drinking
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water and the consumption of domestically raised
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Despite the possible different absorption rates for

animals. However, the threat posed by toxic metals Tl, Hg and As by humans, the different levels of
in the drinking water supply has been reduced by TI, Hg and As determined in the urine may still

piping uncontaminated groundwater from outside

reflect a lower ingestion of Hg and As than TI

the study area since the early 1990s. Current low through the consumption of local foods. Therefore,

concentrations of Tl, Hg and As in the local
drinking water are within safe limit§Xiao et al.,
2003). Although appreciable amounts of Tl in the
locally consumed poultry, for example chickens
were measured(APASSGP and EGLIGCAS,
1974 ranging from 5.2 to 26 mgkg (DW), the

local domestic birds and animals are usually raised

in small numbers(5—-10 chickens and 1-2 pigs
commonly raised by each famjly Therefore, the
principal remaining risk to the local villagers is
now the consumption of locally-harvested crops.
However, the Tl concentrations in livestock and
their consumption need to be monitored.

The large quantities of ingested Tl certainly has

Tl is the main metal that triggers the chronic

poisoning crisis. Arsenic may have some potential
to exacerbate this poisoning, and Hg is not a
serious threat in the Lanmuchang area at this time.

6. Conclusions

This study of the high Tl levels in soils and its
uptake by plants in the Lanmuchang area high-
lights previously little-known facts regarding soil
contamination and other environmental impacts of
highly toxic TI.

The Lanmuchang area presents a specific geo-
environmental context showing high enrichment of

adverse effects on human health in the local areaTIl, Hg and As in soils related to mineralization of

of Lanmuchang. Previous epidemiological studies
showed high Tl levels in the villagers’ urine,
ranging from 600 to 300Q.g/I during the 1970s
(Zhou and Liu, 198% and 78-266Qu.g/! in the
1990s(Zhang et al., 1999 Within the past three
decades, high Tl levels in urine of local villagers

Tl-Hg—As sulfides, through both natural processes
and human activities. The baseline values for TlI,
Hg and As in soils are higher than their quality
guidelines, showing contribution from the natural
processes of erosion afwt weathering of primary
sulfide mineralization. Mining activity, domestic

have been nearly constant. This probably reflects coal use and small-scale farming activities are all

the continuous ingestion of Tl over the years from
the local food chain. Mercury concentration in
urine of local villagers ranges from 0.03 to 3.3
g/l and arsenic ranges from 0.1 to 6pg/|
(Zhang et al., 1999 Compared to the background
area, slightly higher concentrations of As relative
to Hg in urine of the local inhabitants is consistent
with the fact that slightly higher amounts of As
(0.03 mg/day) are ingested from the locally pro-
duced foods by the villagers as compared to Hg
(0.01 mg/day) (Table 7. However, all the values
for Hg and As in urine are 2—4 orders lower than
the Tl values. It has been reported that the elimi-
nation of Tl, Hg and As for humans is mainly
through the uringl ATSDR, 1989. Based on oral

responsible for augmenting Tl, Hg and As levels
in the arable soils of the study area.

Thallium shows much higher levels in certain
crops than Hg and As. The high accumulation of
Tl in crops is due likely to the substitution of Tl
for K as these two ions have similar ionic radii.
This study also shows marked genotypical differ-
ences of the crops for uptake of TI. Thallium has
the highest accumulation in green cabbage, and
the lowest in corn. The amounts of Ca and Mg in
crops seem to be one of the factors contributing
to the species-dependent degree for uptake of TI.
Due to high uptake of Tl by crops, Tl is the main
metal triggering chronic poisoning of human
health. Arsenic may have some potential to aug-

dosing tests, arsenic has a high elimination rate of ment the poisoning, while mercury is an unlikely
approximately 3 days, whereas 3-8 days are contributor to the chronic poisoning in the Lan-

required for TI(Zitko, 19795 and 40 days for Hg
(Goyer, 199). However, the local inhabitants
mostly rely on locally produced foods, and there-
fore, have a long-term exposure to Tl, Hg and As.

muchang area. The pathway of Tl entering the
food chain is mainly through the consumption of

the local harvested vegetables and other crops
grown in the Tl-rich contaminated soils.



T. Xiao et al. / The Science of the Total Environment 318 (2004) 223-244 243

This study documents the reality of Tl poisoning Bowen HJIM. Environmental chemistry of the elements. Lon-

engendered by soil contamination and Ti uptake (7 FEi2AEl RO ISIS 00, ot tne Environment
; : . : : i unci ini Vi
by. CrOpS in a Tl-bearing sulflde-mme_rahz_ed area. Canadian Environmental Quality Guidelines. Available
It is important to note that Tl contamination may  from: httpy /www.ccme.cdceqg_rcagindex.html; 1999.
occur in the absence of mining activity, although chen D. Discovery and research of lorandite in China. Acta
mining may speed the transfer of toxic elements Mineralogica Sinica 1989a;9:41-142 (in Chinese with Eng-
from bedrock to the food chain. The results also lish abstract).
contribute to our knowledge base of environmental Chen D. Discovery of Tl ore bodies associated with a mercury
. . ore deposit and its mineralization mechanism. J Guizhou

hazards. relate_d FO natur.a”y .OCC_urrmg Tl a”‘_’ Its Inst Technol 1989b;18:1-19 (in Chinese with English
dispersion. This information is vital for planning abstract).
and monitoring land use as well as for safeguarding chen D, Wang G, Zou Z, Chen Y. A new mineral—Lanmu-
the health of the population. A case in point is the  changite. Acta Mineralogica Sinica 2001;21:271-277 (in
planting of green cabbage, which in the specific  Chinese with English abstract).
environmental context depicted by the study area Condie KC. Chemical composition and evolution of the upper

. continental crust; contrasting results from surface samples
should be banned in order to safeguard the health _ " " "~ 0 Geol 1093:104:1 37,

of the population. Cunningham CG, Ashley RP, Chou IM, Huang Z, Wan C.
Newly discovered sedimentary rock-hosted disseminated
Acknowledgments gold deposits in the People’s Republic of China. Econ Geol

Bull Soc 1988;83:1462-1467.
This research was principally funded by the Edwards R, Lepp NW, Jones KC. Other less abundant elements
Canadian International Development Agency of potential environmental significance. In: Alloway BJ,
(#01-282/19156 to Guha and partial funding editor. Heavy metals in soils, 2nd ed. London: Blackie

came from the National Natural Science Founda- _/c29eme & Professional, 1995. p. 306 -352.
Fergusson JE. The heavy elements: chemistry, environmental

tion of China(#40203010 to Xiag, the (_:hinese impact and health effects. Oxford: Pergamon Press, 1990.
Academy of Science&#KZCX2-105 to Liu) and p. 614

the Natural Sciences Funds of Guizhou Province, Goyer R. Toxic effects of metals. In: Amdur MO, Doull JD,
China (#20003091 to Xiap. The authors Klassen CD, editors. Casarett and Doull's toxicology, 4th

acknowledge particularly Mr Jianhong Qian for _ €d- New York: Pergamon Press, 1991. p. 623-680.
Gromet LP, Dymek RF, Haskin LA, Korotev RL. The ‘North

hl.s constant help a,nd fr.lendShlp during ,fleld sam- American shale composite’; its compilation, major and trace
pling. Dr Conrad Gregoire and Mr Peter Belanger  gjement characteristics. Geochim Cosmochim  Acta
at the Geological Survey of Canada in Ottawa are  1984;48:2469-2482.
acknowledged for the arrangement of the soil and Guizhou Geological Bureau. Report of mineral resources of
vegetation analysis. The authors extend their Zhexiang QuadrangléG-48-92-A), Dashang Quadrangle
thanks to two anonymous reviewers. Their critical ~ (6:4892-B and Zhenfeng Quadrangle(G-48-92-0;
comments and suggestions improved the manu-Gl.ggoa' p. 210. . _

. . uizhou Geological Bureau. Report of regional geological
script considerably. We extend our thanks to Dr g ey of zhexiang QuadrangléG-48-92-A), Dashang

Conrad Gregoire and Dr Graham Wilson for read-  Quadrangle(G-48-92-B and Zhenfeng Quadrang(&-48-

ing the revised manuscript. 92-C); 1990b. p. 222.

Kabata-Pendias A, Pendias H. Trace elements in soils and
References plants, 2nd ed. Florida: CRC Press, 1992. p. 365

Leblanc M, Petit D, Deram A, Robinson BH, Brooks RR. The
APASSGP, EGLIGCASAutonomous Prefecture Anti-epidem- phytomining and environmental significance of hyperaccu-

ic Station of Southwest Guizhou Province, Environmental ~ mulation of thallium by Iberis intermedia from Southern
Geology Laboratory, Institute of Geochemistry, Chinese  France. Econ Geol Bull Soc 1999;94:109-114.

Academy of Sciencegs Thallium enrichment in an ecologi- Li XL, An XG, Nan JY. The second discovery of christite in

cal circulation—a case report of natural thallotoxicosis. nature. Chinese Sci Bull 1989;34:942-945.

Environ Health 1974;2:12—16n Chinese. Li G. A study of ore compositions and thallium occurrence in
ATSDR (Agency for Toxic Substances and Disease Registry a mercury—thallium deposit at Lanmuchang in Xingren

Toxicological Profile for Mercury. ATSDRUS Public County in southwestern Guizhou Province, China. Guizhou

Health Service; 1989. Geol 1996;13:24-37 (in Chinese with English abstract).



244 T. Xiao et al. / The Science of the Total Environment 318 (2004) 223-244

Li Z, Peters SG. Comparative geology and geochemistry of Taylor SR, McLennan SM. The continental crust; its compo-
sedimentary-rock-hoste@Carlin-type gold deposits in the sition and evolution; an examination of the geochemical
People’s Republic of China and in Nevada, USA. US record preserved in sedimentary rocks. Oxford: Blackwell
Geological Survey, Open-File Report 98-466; 1998. p. 157. Scientific Publishing, 1985. p. 312.

Liu J. Distribution of elements from the Yanshang gold deposit, Treme| A, Masson P, Stercheman T, Baize D, Mench M.

Guizhou and its comparison with the Carlin-gold deposits  tjjium in French agrosystems—I. Thallium contents in
in the United States. Yunnan Geol Sci Technol Inform arable soils. Environ Pollut 1997:95:293—302.

1997;2:7-11 (in Chi . . L .

Mermut' AR Jai(r:nJC |ré(-,;sneg) L. Kerrich R. Kozak L. Jana S Turekian KK, Wedepohl KH. Distribution of the elements in
Trace element concentrations of selected soils and fertilizers ~ SOM€ Major units of the earth's crust. Geol Soc Am Bull
in Saskatchewan, Canada. J Environ Qual 1996;25:845— 1961;72:175-191.

853. Xia JQ. Introduction of the Chinese soil environmental quality
Moeschlin S. Thallium poisoning. Clin Toxicol 1980;17:133— guidelines. Beijing: Publishing House of China Environ-
146. mental Science, 1996. p. 86 (in Chinese).
Mulkey JP, Oehme FW. A review of thallium toxicity. Vet  Xiao T. Environmental impact of thallium related to the
Hum Toxicol 1993;35:445-453. mercury—thallium—gold mineralization in southwest Guizh-

Qi W, Chen Y, Cao J. Indium and thallium background contents oy province, China. Ph.D. Thesis, Universite du” Quebec a
in soils in China. Int J Environ Stud 1992;40:311-315. . .
Chicoutimi, Canada, 2001, p. 250.

RAIS (Risk Assessment Information SystenToxicity Pro- ) ; ) )
files. Available from: http/ /www.risk.lsd.ornl.goytox/pro- Xigo T, Guha J, Boyle D. High thallium content in rocks
files: 2002. associated with Au—As—Hg-TI and coal mineralization and
Sabbioni E, Ceotz L, Bignoli G. Health and environmental its adverse environmental potential in southwest Guizhou,
implications of trace metals released from coal-fired power ~ China. Geochem: Explor, Environ, Anal, in press.
plants: an assessment study of the situation in the European Xiao T, Boyle D, Guha J, Rouleau A, Hong Y, Zheng B.
Community. Sci Total Environ 1984;40:141-154. Groundwater-related thallium transfer processes and their
Schoer J. Thallium. In: Hutzinger O, editor. The handbook of impact on the ecosystem: southwest Guizhou Province,
environmental geochemistry, vol. 3. Berlin: Springer, 1984. China. Appl Geochem 2003;18:675—691.

p. 143-214. Zhang Z, Chen G, Zhang B, Chen Y, Zhang X. Lanmuchang

Sha;ngon szphthe\:lsr(:]q 3fﬂic2ve '9:'?1 Ir%du arrllc; s%/sltematrl]c_ Tl deposit and its environmental geochemistry. Sci China
studies ot Interatomic distances In halides and chaicogent-  (ger ) 1999;29:433-440 (in Chinese with English

des. Acta Crystallogr A 1976;32:751-767.

Siegel BZ, Siegel SM. Effect of potassium on thallium toxicity abstract).. ) ) o
in cucumber seedlings: further evidence for potassium— Zhou DX, Liu DN. Chronic thallium poisoning in a rural area
thallium ion antagonism. Bioinorg Chem 1976;6:341—345. of Guizhou Province. China J Environ Health 1985;48:14 —

Smith IC, Carson BL. Trace metals in the environment. Volume 18.
1—Thallium. Michigan: Ann Arbor Science Publishers Inc,  Zitko V. Toxicity and pollution potential of thallium. Sci Total
1977. p. 307 Environ 1975;4:185-192.



	Environmental concerns related to high thallium levels in soils and thallium uptake by plants in southwest Guizhou, China
	Introduction
	Study area
	Sampling and analysis
	Results
	Major characteristics of soils
	Distribution of trace elements in soils
	Distribution of major and trace elements in crops and wild plants

	Discussion
	Sources of Tl in soils and factors controlling its dispersion pattern
	Favorable and species-dependant uptake for Tl in various crops
	Evaluation of environmental impacts of Tl, Hg and As in crops

	Conclusions
	Acknowledgements
	References


