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Arsenic (As), selenium (Se) and thallium (Tl) are three trace metals (metalloids) of high concern in China
because deficiency or excess expose can cause a range of endemic diseases, such as endemic arsenism,
selenosis, Keshan disease (KD), Kashin–Beck disease (KBD) and thallotoxicosis. These specific endemic
diseases were attributable for overabundance or deficiency (mainly referring to selenium) of these three
elements in the local environment as a result of natural geochemical processes and/or anthropologic
activities. The geochemistry and human health impacts of these three trace elements have been intensively
studied since the 1970s in China, in terms of geochemical sources, distribution, transportation, health impact
pathways, and prevention/remediationmeasures. Endemic arsenism in China are induced from the exposures
of high As in either drinking water or domestic combustion of As-rich coals. Both endemic selenium deficiency
and selenosis occurred in China. The KD and KBD were related to the deficiency of Se in the low-Se geological
belt with Se contents in soil less than 0.125 mg/kg stretching from northeast to southwest of China. Endemic
selenosis occurred in areas with high Se concentrations in soils derived from the Se-enriched black
carbonaceous siliceous rocks, carbonaceous shale and slate. Endemic Tl poisoning occurred in southwestern
China due to Tl contamination in local drinking water and vegetables surrounding the Tl-rich sulfide
mineralized areas. Some measures have been taken to control and remedy the endemic diseases with
significant effects in reducing health risk and damage of As, Se and Tl. However, the states of the endemic
diseases of As, Se and Tl in China are still serious in some areas, and substantial research efforts regarding the
health impacts of these elements are further required. This paper reviews the progress of medical geology of
As, Se and Tl in China, and provides with some outlooks for future research directions.
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1. Introduction

Deficiency and toxicity of trace elements can cause a range of
endemic diseases. Arsenic (As), selenium (Se) and thallium (Tl) are
important metal (metalloid) elements, which can induce some
endemic diseases, such as endemic arsenism, selenosis, Keshan
disease, and thallotoxicosis due to their overabundances or deficien-
cies in the local environments. In general, thallium is a toxic element,
while selenium is an essential element but can be toxic in excessive
level. Arsenic is debated whether it is essential or not to human
health, but is known to be toxic. These three trace metals can be
enriched in the environment through natural geochemical processes
or anthropologic activities, and result in adverse impacts on human
health. Many researches on the geochemical sources, distribution,
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Fig. 1. Map showing the areas distributing endemic arsenism in China (after Xia and Liu (2004), and Jin et al. (2003)).
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transfer and transportation, exposure paths and adverse health
impacts of the three elements have been conducted since the 1970s
in China. However, some of the research outcomes are not well known
in the international scientific communities because most of the
documents were published in Chinese journals, especially in the 20th
century. The monograph of “The Atlas of Endemic Diseases and Their
Environments in the People's Republic of China” (Tan, 1989) was the
main summary works on the distribution of endemic diseases and
their relationships with environmental conditions in China before
the 1990s. The problems of endemic diseases caused by metals
(metalloids) have continued to attract increasing concerns of
governments and scientists in China, and many effective measures
have been taken to control and remedy the endemic diseases.
However, the status of the endemic diseases of As, Se and Tl in
China are still serious in some regions, and some new endemic areas
are emerging in recent years. The purpose of this paper is to review
the research progress of the human health impacts of these elements
in China, particularly from the perspective of medical geology.
2. Arsenic impacts on human health in China

Except for some occupational exposure (Liu et al., 2001), high
arsenic exposures in China are mainly from drinking water with
elevated arsenic (mainly groundwater), indoor burning of high
arsenic coal, and arsenic-bearing minerals mining. The spatial
distribution of endemic arsenism in China is shown in Fig. 1.

Endemic arsenism via arsenic-rich drinking water (mainly
groundwater) was first reported in Taiwan in 1968, then in Xinjiang
in 1980, Inner Mongolia in 1989, Shanxi Province in 1994, and
Ningxia, Jilin, Qinghai, Anhui and certain suburbs of Beijing in the
2000s (Xia and Liu, 2004);. In the mainland of China, more than
500,000 persons in 1047 villages of eight provinces are exposed to
high arsenic drinking water (AsN0.05 mg/L), and almost 8000
arsenism patients were diagnosed (Jin et al., 2003). According to the
new national standard (GB 5749-2006) for arsenic concentration in
drinking water, which decreases acceptable exposure from 0.05 mg/L
to 0.01 mg/L, thus increasing the population defined as being at risk of
arsenic exposure from drinking water in China.

In Taiwan, high groundwater arsenic concentrations have been
found in both the southwest and northeast parts of the island (Tseng
et al., 1968; Hsu et al., 1997). The arsenic concentrations in most
groundwater samples from the arsenism prevalence areas in Taiwan
were between 0.4 mg/L and 0.6 mg/L (Kuo, 1968; Tseng et al., 1968).
In China mainland, high groundwater arsenic concentrations have
been found mainly in the northern China (Fig. 1). Arsenic concentra-
tion in Shanyin County, the worst affected of the regions in Shanxi
Province, is as high as 4.4 mg/L (Sun et al., 2001). Although the
hydrogeological and geochemical conditions in the local affected
aquifers vary, some specific features are apparent. Aquifers at high risk
appear to be those overlain in large alluvial and delta plain sediments
as well as large inland basins, the latter especially those formed in arid
and semi-arid areas. In each case, the Quaternary aquifers are
particularly prone to develop and preserve high-arsenic in ground-
water (Smedley and Kinniburgh, 2005). Studies show that arsenic is
present largely as As(III) in the high-arsenic groundwater with highly
reducing conditions (Chen et al., 1994; Luo et al., 1997). The highly
reducing and alkaline conditions favor arsenic desorption from oxide/
oxyhydroxide surfaces, thereby increase the concentrations of As
in the aqueous phase (Xie et al., 2008; Y.X. Wang et al., 2009).

Endemic arsenismdue toburninghigh arsenic coal indoor havebeen
found in Guizhou and Shaanxi provinces in China since 1953 and 2001,
respectively (Jin et al., 2003; Zheng et al., 2005). AlthoughAs contents in
the majority of the coals in Guizhou Province are similar to those in
other parts of China (Wang et al., 2006), some local coals contain highAs
up to 3.5 wt.% (Ding et al., 2001). The high arsenic coals are in the
Longtan formation of Late Permian, an alternatingmarine and terrestrial
formation. The frequent eruptions of volcanic ashes during the Late
Permian age (Wang, 1996; Chen et al., 2003) and epigenetic low-
temperature hydrothermalfluids penetrating into coal seamsafter coal-
formation have led to the geochemical and mineralogical anomalies of
coal (Dai et al., 2004, 2005). Near the high As coals, some Au deposits as
well as Sb, Hg, and Tlmineralization occurred. Dai et al. (2006) observed
that themain carrier of As in the coal samples is anepigenetic getchellite
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(AsSbS3) rather than syngenetic pyrite and clay minerals. Getchellite
occurs only in the veined kaolinite of hydrothermal origin (Dai et al.,
2006). This indicates that the high As, Sb, Hg, and Tl in coal are derived
from an arsenic- and antimony-rich hydrothermal fluid. In the endemic
prevalence areas, for daily domestic cooking and crop drying the high
arsenic coals are burned indoors without chimneys. As a result, the
polluted indoor air (As at 0.072±0.043 mg/m3 in bed room, 0.26±
0.18 mg/m3 in living room, and 0.46±0.30 mg/m3 in kitchen), corn (As
5–20 mg/kg), chili (As 100–800 mg/kg) and other foods became the
main sources of arsenic exposure (An et al., 2004; Zheng et al., 2005).
About 48,000 peoplewere at the risk of high arsenic exposure fromhigh
arsenic coal combustion (AsN100 mg/kg) and 2402 patients were diag-
nosed to be chronic arsenism in 8 counties of Guizhou and Shaanxi
provinces, but most of the cases occurred in Guizhou Province (Jin et al.,
2003).

Arsenic is usually associated with gold, copper, lead, zinc, tin,
nickel and cobalt in sulfide deposits. It could be released to the
environment during the mining process. Until 2003 the amount of
arsenic mined in China was reached to 1392 kt, 70% of which was
discharged into tailings (Xiao et al., 2008). The deposits enriched with
arsenic are mainly distributed in Yunnan, Guangxi and Hunan
provinces, where the local population is at high risk to arsenic
exposure from ground water leaching (Lu et al., 2000; Lu and Zhang,
2005; Xie et al., 2005; Xiao et al., 2008).

Arsenic concentrations in biological materials, such as hair, urine,
nail, or blood are usually used to be biomarkers to evaluate the levels of
arsenic exposure. The biomarkers could be dependent on various
environmental conditions, and on individual variation, but the average
concentrations in the biomarkers from endemic arsenism areas are
usually much higher than those from the control areas. Arsenic
concentrations in the biomarkers from some endemic arsenism areas
and the control areas in China are shown in Table 1. According to an
investigation on arsenic concentration in urine, hair and nail from three
arsenic polluted areas, arsenic concentrations in nail and hair from the
polluted areaswere significantly higher than those formthe control area
except urine. Therefore, hair and nail are thought to be better
biomarkers for arsenic exposure than urine (Wu et al., 1987). The
total arsenic concentrations in biomarkers are affected bymany factors.
Table 1
Arsenic concentrations in the biological materials from some endemic arsenism areas and t

Location and arsenism type Biomarker Aver

Whole China Hair 0.57
Tongyu, Jilin (Drinking-water-type) Hair 4.4 m

Urine 0.16
Xinjiang Hair 1.68

0.65
Beijing (Drinking-water-type) Hair 1.54

0.57
Bameng, Inner Mongolia (Drinking-water-type) Urine 135.

Blood 11.0
16.0
1.98

Guizhou (Coal-burning-type) Hair 53.5
Urine 43.4

48.6
10.8
0.60
0.56
1.34
1.07
1.24
0.44
0.07
0.06

Anlong, Guizhou (Coal-burning-type) Hair 27.7
0.70

Nengshuijiang Hunan (Metals-mining) Hair 4.21
0.28
Therefore, arsenic species including inorganic arsenic (iAs), mono-
methylated arsenic (MMA), dimethylated arsenic (DMA), arsenobe-
taine (AsB) and As/creatininewere also tested to evaluate the exposure
level and their health effects (Shraim et al., 2003). Some researches
further suggested that urinarymalondialdehyde (MDA) andporphyrins
could be as useful biomarkers rather than the total arsenic for arsenic
exposure from coal burning because positive correlations were
observed between urinary As and porphyrins, MDA (Xie et al., 2001;
Ng et al., 2005; J.P. Wang et al., 2009).

A large number of epidemiological investigations in China have
confirmed that high arsenic exposure is associated with skin lesions
(Tseng, 1997; Wang et al., 2002; Yang et al., 2002), peripheral vascular
disease (Ma et al., 1995), polyneuropathy (Li et al., 1993), hypertension
(Chen et al., 1995), black foot disease (Tseng, 1997) and high risk of skin
cancer and other cancers (Luo et al., 1995; Chiou and Xue, 1996; Tseng,
1997). Among the diseases, skin lesions are one of the most common
features of chronic arsenic poisoning, and are used as diagnostic criteria
for endemic arsenism in Inner Mongolia, China (Guo et al., 2001). With
high arsenic exposure from drinkingwater or coal burning, the grade of
arsenism is determined by the degree of skin pigmentation, depigmen-
tation and hyperkerotosis on palms of hands and soles of the feet (Sun,
2004). Some other Chinese researchers have also proved that arsenic
exposure damaged pulmonary function (Chen et al., 1997), renal
function (Hong et al., 2007), immune function (Li et al., 2007),
antioxidation ability (G.L. Zhang et al., 1999), mental health (Fujino
et al., 2004), cultured osteoblasts (Tang et al., 2009), and DNA synthesis
and repair function (Zhanget al., 2000). Except for the adverse effects on
human health from arsenic exposure, many researchers in China have
also suggested that arsenic trioxide (As2O3) showed therapeutic effects
on acute promyelocytic leukemia (APL) (Lu et al., 1999), solid tumors
such as malignant lymphoma (Zhang and Nie, 2001), gallbladder
carcinoma (Ai et al., 2007), ovarian carcinoma (Zhang andWang, 2006),
and cervical cancer (Yu et al., 2007).

3. Selenium impacts on human health in China

Selenium isessential tohumanhealth in traceamounts, butharmful in
excessive levels. The range between dietary deficiency (b40 μg/day) and
he control areas in China.

age As concentration References

1±1.213 mg/kg (n=1313; normal population) Yang et al. (1996)
g/kg (n=33; suspected arsenism group) Tang et al. (2001)
mg/l (n=132; suspected arsenism group)
mg/kg (arsenism area group) Jin et al. (2003)
mg/kg (control group)
mg/kg (arsenism area group)
mg/kg (control group)
64±2.73 μg/l (n=214; arsenism area group) Dong and Liu (2006)
2±3.17 μg/l (n=63; control group)
4±2.81 μg/l (n=108; arsenism area group)
±6.52 μg/l (n=84; control group)
±15.9 mg/kg (Village A with arsenosis group) Zheng et al. (2005)
±33.5 mg/kg (Village B with arsenosis group)
±40.6 mg/kg (village C with arsenosis group)
±0.7 mg/kg (village D with arsenosis group)
±0.40 mg/kg (village A control group)
±0.55 mg/kg (village B control group)
±0.67 mg/l (Village A with arsenosis group)
±0.57 mg/l (Village B with arsenosis group)
±0.79 mg/l (village C with arsenosis group)
±0.27 mg/l (village D with arsenosis group)
±0.03 mg/l (village A control group)
±0.04 mg/l (village B control group)
6±0.03 mg/kg (n=112; arsenism patient group) Zhong et al. (1999)
±0.03 mg/kg (n=46; control group)
mg/kg (n=67; Antimony Mining Area group) Liu et al. (2009)
mg/kg (n=22; control group from Guiyang)



Fig. 2. Soil selenium distribution in China (low-Se: b0.125 mg/kg; marginal: 0.125–0.175 mg/kg; Se-adequate: 0.175–3.0 mg/kg. Exi and Ziyang are the Se-excessive areas where
local soil Se content are higher than 3.0 mg/kg and have induced selenosis) (Tan, 1989; S.J. Li et al., 2009).
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toxic levels (N400 μg/day) are narrow (Yang and Xia, 1995;WHO, 1996).
Diet is themost important sourceof seleniumforhuman.Geologyexerts a
fundamental control on the concentrations of selenium in soils, crops, and
Fig. 3. Areas distribution of KD and KBD in China (b
animals. Both the lowest and highest concentrations and the flux of Se in
the environment are reported in China (Wang andGao, 2001). As a result,
both endemic selenium deficiency and selenosis occurred in China.
y disease-affected counties) (Tan et al., 2002).

image of Fig.�2
image of Fig.�3
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3.1. Health impacts of selenium deficiency in China

A low-Se belt, with Se contents in soil less than 0.125 mg/kg,
stretching from Heilongjiang Province of Northeast China to Yunnan
Province of Southwest China, was identified during the intensive
geochemical surveys in the 1960s in China. Lots of epidemiological data
on the human diseases, such as Kashin–Beck disease (KBD) and Keshan
disease (KD) in this low-Se belt were obtained from the 1960s to 1970s.
The data showed a close correlation between the concentration of
selenium in the environment and incidences of the two diseases (Figs. 2
and 3) (Tan, 1989; Tan et al., 2002; S.J. Li et al., 2009). KBD and KD,
especially KD,were later characterized as Se-responsive humandiseases.

Keshan disease (KD) is an endemic cardiomyopathy (heart disease)
thatmainly affects children aged at 2 to 10, and to some extentwomen of
child-bearing age (Hartikainen, 2005). The disease has been documented
for over 100 years, but the name is derived from a serious outbreak in
Keshan County, northeast China in 1935. This disease manifests as an
acute insufficiency of the heart function or as a chronic moderate-to-
severeheart enlargementandcan result indeath. Itmainlyoccurred in the
low-Se belt across China, and the affected areaswere characterized by the
remoteness of village locations, and a high proportion of farmers who
were highly dependent on their local environment for their food supply.
The local soils and crops contained quite low selenium. KD occurred in
areas where grain crops contained b0.04 mg/kg of selenium and dietary
selenium intakes was extremely low (e.g., 10–15 μg/day). Affected
populations were characterized by low selenium contents in hair
(b0.12 mg/kg) (Xu and Jiang, 1986; Tan, 1989; Yang and Xia, 1995) and
in blood (b0.1–0.2 mg/L) (Gong andMa, 2007). The worst affected years
of KDwere recorded in 1959, 1964, and1970when the annual prevalence
exceeded 40 per 100,000 with more than 8000 cases and 1400–3000
deaths each year. During the 1980s the prevalence of KD dropped to less
than 5 per 100,000 with less than 1000 cases reported annually (Tan,
1989). In recent years, the incidence of the disease in China has continued
to decline as the results of the widespread selenium supplementation
provided by the government and with residents increasingly less
dependent on locally grown foodstuffs in the diet. Although the
disease proved to be selenium responsive, the exact biological
function of the element in the pathogenesis was still unclear. Lei
et al. (2009) suggested that selenium deficiency in carriers with the
glutathione peroxidase-1 (GPx-1) leucine-containing allele is asso-
ciated with low GPx-1 enzyme activity, which may, in turn, increase
the incidence of KD. However, the etiology of Keshan disease seems
quite complicated. It is likely that numerous agents work synergis-
tically to cause the disease (Li et al., 1985). Besides selenium, the
deficiencies of vitamin E (Wang et al., 1991), calcium (Kang et al.,
1992), molybdenum (Wang et al., 1982), and boron (Fang et al.,
2002) were also considered to be the pathogenic factors.

Kashin–Beck disease (KBD), an endemic osteoarthropathy (stunting
of feet and hands) causing deformity of the affected joints, is named
after the Russian scientists who first described it between 1861 and
1899 (Fordyce, 2005). It is characterized by chronic disabling degener-
ative osteoarthrosis affecting the peripheral joints and the spine with
apoptosis of the hyaline cartilage tissues. Impairment of movement in
the extremities is commonly followed by bone development distur-
bances such as shortened fingers and toes and in more extreme cases,
dwarfism (Tan, 1989). The etiology of KBD is still debated. In China, the
pattern of disease incidence is concordant with KD in the north of the
country (Fig. 3) andmany reports suggested that the occurrence of KBD
is related to the selenium-deficient environment (Li et al., 1982; Hou
andZhu, 1984; S.J. Li et al., 2009).However, other studies confirmed that
there was no significant difference in selenium levels between the KBD
patients and the control groups in the same area (Kang et al., 2006). This
indicated that seleniumdeficiency could beone of the important but not
the specific pathogenic factor for KBD. Other factors such as fungal
contamination of grain, humic substances in drinkingwater and iodine-
deficiency may also be the possible causes of KBD (Peng et al., 1999;
Zhang et al., 2001). Nonetheless, selenium was confirmed to be a
preventative factor in KBD in China (Wang et al., 1983; Zou et al., 2009).

Lowseleniumlevelswere alsoobserved inbiological samples such as
hair, urine, blood or serum from patients with various cancers (Yu et al.,
1985), including liver cancer (Wang et al., 1990; Lin et al., 1994), lung
cancer (Chu et al., 1984; Pan and Zhang, 1998), galactophore cancer (He
et al., 2003), esophageal cancer (Appleton et al., 2006), nasopharyngeal
cancer (Pan et al., 1999), cervical cancer (Hou et al., 2006), colon cancer
(Zhao et al., 1991), gastric cancer (Wu, 2007), cardiovascular disease
(Jin, 2004), diabetes mellitus (Liu et al., 2002), cataract and hearing loss
(Chuang et al., 2007), arsenic-associated skin lesions (Huang et al.,
2008), and endemic goiter and cretinism (Su et al., 2002). These studies
indicate that some relationships exist between these diseases and lower
selenium, but whether low selenium levels are the causes of these
diseases are less clear (Yang et al., 1988). Even so,many epidemiological
and clinical studies have demonstrated that dietary supplementation of
selenium could reduce the incidence of above diseases (Yu et al., 1990,
1997; Chen and Wong, 2009).

3.2. Selenosis in China

Intakes of excessive selenium can cause selenosis of human and
animals.Manyscientists suggested thatMarcoPolowas thefirstmanwho
recorded selenium toxicity during raveling along the Silk Road in the
named Suzhou region of western China (the present Hexi Corridor) in
1295, whose horse died from hair loss and hoof lesions which were the
main symptoms of chronic selenium toxicity. However, recent research
demonstrated that the geochemical baseline Se in this area is far lower
than that in typical seleniferous areas, and that the horse most likely
died from grazing poisonous grasses, mostly Oxytropis DC, Stellera
chamaejasme, and Achnatheru inebrians (Shao and Zheng, 2008). There
are two notable Se-excessive regions in China. They are the Exi
seleniferous region in Western Hubei Province and the Ziyang selenifer-
ous region in Southern Shaanxi Province (Fig. 2). The outbreaks of
endemic human selenosis were reported in these two regions in the 20th
century but the prevalence inWestern Hubei Province was more serious
and widespread.

Human selenosis inWesternHubei Province couldbe traced to 1923.
Total 477 cases of human selenosis were reported from 1923 to 1987,
and 70% cases occurred in 1959 to 1963. Ninety percent of the patients
were located in the towns of Shadi, Xintang and Shuanghe in Enshi
District, and the others patients were distributed in Laiwu Town in
Enshi, Nantan and Houmen Towns in Badong County, Shatuo Town in
Xuanen County (Mou et al., 2007). Among them, Yutangba in Shuanghe
Town is the most serious village suffered from the endemic selenosis.

Studies proved that the endemic selenosis inWesternHubei Province
was related to the occurrence of Permian Se-enriched carbonaceous
strata (Yang et al., 1983). The selenium in local soil, drinkingwater, crops
and vegetables all originated directly or indirectly from the surrounding
seleniferous strata (Zheng et al., 1992). The average Se concentration in
the local carbonaceous siliceous rocks and carbonaceous shales (known
locally as “stone coal”) is 143.9 mg/kg (Mou et al., 2007) and the
maximum content is up to 84,123 mg/kg (Yang et al., 1983), while the
average Se content of shale in the world is only 0.06 mg/kg (Fordyce,
2005). In the Se-rich rocks, seleniummainly presents in native selenium
and copper (iron) selenide assemblages including krutaite, klockman-
nite, mandarinoite, naumannite, Se-bearing pyrite, Se-bearing chalcopy-
rite and unidentified Fe–Se minerals (Zhu et al., 2004a,b).

Seleniumwasdispersed from the Se-enriched carbonaceous rocks to
the food chain via complex biogeochemical cycling processes including
weathering, rock–water interactions and biological activities. In
addition, in the endemic selenosis areas, human activities such as
stone coal conveyance by local villagers,mining of stone coal for use as a
fuel or fertilizer, and discharging lime into cropland to improve soil,
caused variable addition of Se to the soil and further accumulation of Se
in the food chain. For example, Se concentration in 11 soil samples in the



Table 2
Se concentration in soil, corn and water in the selenosis area of Yutangba, Enshi.

Sampling time (yr) Se in soil (mg/kg) Se in corn (mg/kg) Se in stream water (μg/L) References

A (±S.D.) n A (±S.D.) n A (±S.D.) n

1963 6.83 33.47 Mao et al. (1997)
1966 7.86±0.69 6 14.6 5 139 4 Yang et al. (1981)
1987 3.45±1.53 4 14.07±7.26 4 Mao et al. (1997)
1989 5.48±6.41 9 Zheng et al. (1993)
1992 4.06±1.24 28 6.47±4.29 130 Zhu and Zheng (2001)
1996 4.99±2.38 5 3.24±1.54 5 40.4 1 Fordyce et al. (1998)
1999 4.75±7.43 150 1.48±1.41 20 58.4±16.8 12 Zhu et al. (2008)

A: arithmetic mean; S.D.: arithmetic standard deviation; n: number of samples.
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town of Yutangba ranged from 346 to 2018 mg/kg with an average
of 899±548 mg/kg in the croplands and the discarded coal spoils
(Zhu et al., 2008). Se concentrations in the local soil, corn and water
determined in the past 40 years at the typical endemic selenosis area
of Yutangba are listed in Table 2. It shows that selenium concentrations
in soil were almost unchanged over the past 40 years. However, Se
concentrations in corn have decreased gradually based on the sampling
year. This indicates that Se availability to plants in Yutangba is gradually
decreasing. In addition, The Se content in stream water has decreased
from 139 μg/L in the 1960s to 58.41±16.82 μg/L, and has not changed
greatly in recent years (Zhu et al., 2008). This confirms that the strong Se
releases observed in the past were dependent on human activities.

Naore Village, Shuang'an Town in Daba Moutain, Ziyang County,
Southern Shaanxi Province is the second important region where
endemic selenosis prevalence occurred (Cheng and Mei, 1980). More
than ten cases of human selenosis and thousands of cases of swine
selenosis have been reported in the region of Daba Moutain (Li et al.,
2008). The selenium content of corn in some fields of Naore village is
6.6 mg/kg (Luo and Qiu, 1995), and horsebeans reach up to 48.84 mg/kg
Se (Mei, 1985). The selenium content in the local soilswas determined to
be 15.74 mg/kg (Mei, 1985) and 26 mg/kg (Zhao et al., 1993). The
sources of high selenium in this area are usually thought to be related to
the early Silurian carbonaceous slate and stone coal (Mei, 1985; Fang and
Wu, 2004). However, Luo et al. (2004) pointed out that the Early
Cambrian and Late Neoproterozoic pyritic, black carbonaceous slate and
volcanic tuff, inwhich selenium average concentration are 22 mg/kg and
32 mg/kg, respectively, should be the main sources of the high selenium
content with 10–30 mg/kg Se in the local soil of Daba.

Hair andnail losswere theprime symptomsof endemic selenosis, but
disorders of the nervous system, skin, poor dental heath, garlic breath,
and paralysiswere also reported. Although no health investigationswere
carried out in the peak prevalence years of 1961 to 1964 in Enshi District,
subsequent studies in these areas carried out in the 1970s revealed very
high dietary intakes of 3.2–6.8 mg/day with a range of selenium in the
blood of 1.3–7.5 mg/L and hair selenium levels of 4.1–100 mg/kg (Yang
et al., 1983; Tan, 1989). Due to increasingly less dependence on locally
grown foodstuffs in the diet, no human cases of selenium toxicity have
been reported since 1987 in these areas, but the local animals frequently
suffer hoof and hair loss as a result of the high environmental selenium
(Mou et al., 2007).

4. Thallium impacts on human health in China

Thallium is one of the most toxic metals and can cause chronic and
acute poisoning (Zitko, 1975; Smith and Carson, 1977). It is widely
distributed in the natural environment but generally present in low
concentration, with 0.75 mg/kg in the earth's crust (Taylor and
McLennan, 1985), 0.01–3 mg/kg in soil (Fergusson, 1990), 0.001–
0.25 μg/L inwater (Banks et al., 1995), and 0.03–0.3 mg/kg in food crops
(Kabata-Pendias and Pendias, 1992). Thallium minerals are rare in
nature, thus Tl is often excluded from the list of metals to be evaluated,
and theenvironmental impact related to thenatural occurrenceof Tl has
received relatively little attention in the world despite its high toxicity
(Xiao et al., 2004a). However, a typical serious endemic thallotoxicosis
occurred due to Tl pollution in local waters and food crops in
southwestern China's Guizhou Province.

A rural areaof Lanmuchang (105°30′23″E, 25°31′28″N) in southwest
Guizhou Province was identified to have high Tl contents in local
ecosystem due to the presence of Tl-bearing sulfide minerals (Chen,
1989a,b). In the 1960s–1970s, Lanmuchang, with a population of
approximately 1000 people, was affected by endemic Tl poisoning
(APASSGP and EGLIGCAS, 1974; Liu, 1983; Zhou and Liu, 1985). The
poisoning, which affected a large portion of the population (over 400
cases) and caused symptoms, such as hair loss, body-aches, reduced
vision and blindness, was thought largely to be due to Tl contamination
in drinking water and vegetables (Zhou and Liu, 1985; Long and Zhang,
1996). High concentrations of Tl in bedrocks/ores (6–35,000 mg/kg),
aquatic system (0.005–1100 μg/L in groundwater and 0.07–31 μg/L in
surfacewaters), soil layers (1.5–124 mg/kg) and food crops (1–500 mg/
kg, dry weight) were observed in this area (Xiao et al., 2004b). Even
though Tl-free water was piped from outside of the area has provided
with adequate drinking water since the early 1990s, a portion of the
villagers (around 40% of the population) still rely on the cheaper dug-
wells or springs close to the Tl mineralized area, and all rely on the
natural water sources for agricultural and domestic uses. Therefore, the
symptoms of chronic Tl intoxication still occur in the area in the 2000s
(Xiao et al., 2003, 2007).

Previous studies demonstrated that Tl tended to accumulate in local
food crops grown in Tl-polluted soils (Z. Zhang et al., 1999; Xiao et al.,
2004a). In the Lanmuchang Tl-polluted area, Tl showed the highest
concentration in green cabbage, ranging from120 to 495 mg/kgwith an
average of 338 mg/kg (Xiao et al., 2004a). For other local crops, Tl
presented at 0.87–5.4 mg/kg in Chinese cabbage, 0.8–5.3 mg/kg in chili,
1–5.2 mg/kg in shelled rice, and 0.78–3.1 mg/kg in granular corn (Xiao
et al., 2004a). The high accumulation of Tl in the local food crops clearly
implied that Tl in crop soil could easily transfer to crops. The daily intake
of Tl from consumption of the local food cropswas estimated at 1.9 mg/
day for the local adult inhabitant in Lanmuchang (Xiao et al., 2004b).
This high ingestion rate of Tl is 1000 times higher than the world
average daily intake (2 μg/day) as indicated by Sabbioni et al. (1984),
and also far above the element's “oral reference dose” of 0.056 mg/day
(RAIS, 2003).

The excessive intake of thallium from the daily diet over the year
induced accumulation of thallium in human tissues and harm to human
health. The previous epidemiological investigations showed high Tl in
urine of the local villagers, ranging from 600 to 3000 μg/L in the 1970s
(Zhou and Liu, 1985), 77.7 to 2660 μg/L in the 1990s (Z. Zhang et al.,
1999), and 2.51 to 2668 μg/L in 2003 (Xiao et al., 2007). These high
urinary Tl levels were from 1 to 4 orders of magnitude higher than the
accepted maximum urinary Tl concentration of b1 μg/L for “non-
exposed” humans in the world. It is surprising to note that the high Tl
levels in urine of the local villagers were nearly constant within the past
four decades. This likely reflected a long-term exposure to Tl in the local
environment, and themain causewas fromthe continuous ingestionof Tl
from the food crops grown in the local Tl-polluted soils over the years
(Xiao et al., 2004a, 2007), whereas the threat from the drinking water



Table 3
Thallium concentration in biological materials from endemic thallotoxicosis patients and control groups.

Biological materials Range and mean of Tl concentration in different groups References

Range/A±S.D.

Urine (mg/l) 0.6–3.0/1.46±0.15 (endemic thallotoxicosis patients) Zhou and Liu (1985)
0.0–1.0/0.39±0.049 (healthy people from endemic thallotoxicosis area)
0.0–0.23/0.059±0.004 (control group from thallium free area)

Hair (μg/g) 6.0–50.0/23.6±3.0 (endemic thallotoxicosis patients)
0.0–20/6.49±1.27 (healthy people from endemic thallotoxicosis area)
0.0–0.75/0.166±0.049 (control group from thallium free area)

Blood (mg/l) 0.5–22.0/4.54±1.80 (endemic thallotoxicosis patients)
Urine (μg/l) 132.00–962.00/405.25±267.18 (n=22, endemic thallotoxicosis patients) Huang et al. (1995)

4.00–76.00/47.25±30.29 (n=23, healthy people from endemic thallotoxicosis area)
0–6.00/2.27±1.39 (n=105, control group from thallium free area)

Hair (μg/g) 0.80–4.35/1.54±0.69 (n=22, endemic thallotoxicosis patients)
0.05–0.75/0.34±0.19 (n=43, healthy people from endemic thallotoxicosis area)
0–0.15/0.046±0.032 (n=122, control group from thallium free area)

Nail (μg/g) 4.31–34.29/10.49±6.93 (n=22, endemic thallotoxicosis patients)
1.68–6.56/3.82±1.29 (n=23; control group from non thallium polluted area)
0–3.23/0.99±0.92 (n=60; control group from thallium free area)

Urine (μg/l) 1220–2660/2073 (n=4; seriously Hg–Tl-diseased patients in Lanmuchang) Z. Zhang et al. (1999)
150–660/394 (n=5; slightly Hg–Tl-diseased patients in Lanmuchang)
18–106/91 (n=4; normal inhabitants in Lanmuchang)

Hair (μg/g) 6.10–12.24/8.43 (n=6; seriously Hg–Tl-diseased patients in Lanmuchang)
4.19–7.85/6.16 (n=7; slightly Hg–Tl-diseased patients in Lanmuchang)
0.45 (n=1; healthy people)

Nail (μg/g) 2.97–32.24/13.92 (n=5; seriously Hg–Tl-diseased patients in Lanmuchang)
5.14–13.94/8.53 (n=3; slightly Hg–Tl-diseased patients in Lanmuchang)
1.13–1.62/1.38 (n=2; healthy people)

Urine (μg/l) 2.50–2668/521.9 (n=25; inhabitants in Lanmuchang Tl mineralized area) Xiao et al. (2007)
1.05–1.70/1.40 (n=3; inhabitants in background area with no Tl mineralization)
0.387–0.96/0.651 (n=4; inhabitants in Guiyang City)
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(0.12–0.38 μg/L Tl) has been eliminated by piping uncontaminated
groundwater fromoutside the Lanmuchangarea (Xiao et al., 2003, 2007).

A number of investigations showed that thallium concentrations in
urine, hair, nail and blood from endemic thallotoxicosis patients were
much higher than that from the control groups (Table 3). According to
Xiao et al. (2007), the majority of the local population with urinary Tl
concentrations above 4.5–6 μg/L from the Lanmuchang area might
suffer from the early adverse health effects, and some of the villagers
Table 4
Clinical manifestations of 30 patients suffered from chronic endemic thallotoxicosis.
From Feng et al. (2001).

Symptoms Cases number Percentage (%)

Hair loss 30 100
Visual acuity b0.01 8 27

b0.1 3 10
0.1–0.4 9 30
0.5–0.7 4 13
0.8–0.9 2 7
N1.0 4 13

Optic nerve atrophy 8 27
Dullness of pupil reaction 8 27
Punctuate or nubby white
opacity on eye lens

14 47

Sensory disturbance on distal
part of extremities

7 23

Poor appetite 9 30
Lower extremity pain 6 20
Numbness of the extremities 6 20
Muscle atrophy 7 23
Muscle pain 5 17
Fatigue weakness 12 40
Dreaminess 9 30
Palpitation 5 17
Character change 4 13
Extremities tremor 3 10
Gait aberration 7 23
Linguistic dullness 4 13
Emaciation 13 43
with urinary Tl concentrations over 500 μg/L could be considered as
approaching clinical intoxication. The higher concentration of thallium
in these biological materials can be used as indicators of thallium
intoxication. Based on the investigation of Tl in urine of the villagers
from endemic thallotoxicosis area, urinary thallium contents, TlN1000,
100–1000 and b100 μg/L, were suggested to be used as preliminary
criteria for distinguishing seriously thallotoxicosis patients, lightly
thallotoxicosis patients and normal inhabitants, respectively, in China
(Z. Zhang et al., 1999).

The exact mechanism of thallium toxicity is still unclear (Peter and
Viraraghavan, 2005). Possible toxic mechanisms of thallium include
ligand formation with protein sulfhydril groups, inhibition of cellular
respiration, interaction with riboflavin and riboflavin-based cofactors,
and distribution of calciumhomeostasis (Mulkey andOehme, 1993). The
major symptoms of chronic endemic thallotoxicosis in Lanmuchang
include anorexia, headache, pain in abdomen, upper arms and thighs and
even all over the body. In extreme cases, alopecia, blindness and even
deathwere caused (Zhang et al., 1998). The results of a reexamination on
30 patients who suffered from the chronic endemic thallotoxicosis for 4
to 27 years showed that all of the patients had the history of hair loss and
reduced vision in different degree. The alopecia could occur in a fewdays
or even one night but the hair could re-grow in several months to two
years if thallium poisoning was abated (Feng et al., 2001). However, the
optic nerve damage revealed progressive severe with recurrent
poisoning (Pan, 1986; Feng et al., 2001). Chronic endemic thallotoxicosis
could also cause peripheral neuritis and induced to partial or even
absolute loss of working capacity. Some details of clinical manifestations
from chronic endemic thallotoxicosis patients in Lamuchang are shown
in Table 4. The natural processes, exacerbated by human activities, such
asmining and farming, may produce high enrichment of Tl in soil, water,
and food chain, and finally result in endemic thallotoxicosis when the
local population expose to Tl (Xiao et al., 2004b). Similar contexts, with
high primary content of Tl in other areas related to sulfidemineralization
in China have also arisen scientists' attention, such as Nanhua As–Tl
deposit in Yunnan (Zhang, 1998), Yunfu Dajiangping pyrite deposit in
Guangdong (X.P. Li et al., 2009; Yang et al., 2005), Xiangquan Thallium-
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only deposit in Anhui (Hu et al., 2007; Zhou et al., 2008), Chenmenshan
copper deposit in Anhui, Lanping lead–zinc deposit in Yunnan, Yilan
mercury deposit in Guangxi, Getang Sb–Au deposit in Guizhou and
Dongbeizai Au–As deposit in Sichuan (Zhang et al., 1998). In these
naturally-occurring Tl enrichment areas, Tl could also be dispersed be-
yond amineralized zone, and its abundances in localwater, soil and crops
may rise above permissible levels and result in adverse health effects.

5. Conclusions and outlook

Arsenic, selenium and thallium are the important elements which
can induce serious endemic diseases due to its contamination or
deficiency in China, have been attracting high environmental and
medical concerns.

Endemic arsenism in China can be divided into drinking-water type
and coal-burning type. Arsenism caused by drinking high-As ground-
water mainly distributed in Taiwan and north part of China mainland.
Coal-burning type arsenism is mainly caused by burning high-As coal in
indoor environments without chimney and occurred in Guizhou and
Shaanxi Province. Skin lesions are themost common features of endemic
arsenism. Other diseases, such as peripheral vascular disease, polyneuro-
pathy, hypertension, black foot disease, skin cancer and other cancers,
can also be induced by high arsenic exposure. Both endemic selenium
deficiency and selenosis due to the lower and higher concentrations in
the environment occurred in China. The KD and KBD are usually thought
to be related to the deficiency of Se in the low-Se belt stretching from
northeast to southwest of China, but researches have proved that they
should be multi-pathogeny diseases. Endemic selenosis occurred in
WesternHubei andSouthernShannxiwherehighSeconcentration in soil
mainly derived from the local Se-rich rocks. The prime symptoms of
endemic selenosis are hair and nail loss, but disorders of the nervous
system, skin, poor dental heath, garlic breath, and paralysis were also
reported. Endemic Tl poisoning occurred in Lanmuchang of Southwest
China due to high Tl exposure from drinkingwater and vegetables in the
Tl mineralized area. Hair loss, body-aches, reduced vision and blindness
are the main symptoms of thallotoxicosis. Testing the urinary Tl concen-
tration of Tl-affected population is a quick way of detecting Tl exposure.

Somemeasures have been taken to control and remedy the endemic
diseases, such as supply with safe drinking water for residents in the
endemic areas, prevention of using high arsenic or selenium coal,
application of selenium fertilizer or selenium salt in low selenium areas,
and public health education, and they have shown significant effects in
reducing health risk and damage of As, Se and Tl. However, the status of
the endemic diseases of As, Se and Tl are still serious in some locations,
and some new endemic areas emerged in recent years due to intensive
human activities combined with the natural biological geochemical
processes, and lots of research projects are needed to study the human
health impact in affected areas. For example, the mechanism of cancer
occurrence caused by arsenic exposure is still unclear and different
persons exposed to the same level of arsenic result in difference
outcomes, so that it is necessary to study the molecular mechanisms of
individual susceptibility using specific biomarkers. In addition, in some
endemic areas in China, the environment is rich in multi-elements.
Further studies on the combined interactions on human health of the
metal (metalloid) elements such asAs–F, As–Se, Tl–Hg–As, Se–I, and Se–
Cd are also required. Furthermore, the endemic arsenism, selenosis and
thallotoxicosis mainly occurred in the adults, but the studies on the
health effects of these elements exposure to children are relative few.
More attentions on the health impacts ofmetal (metalloid) elements on
children should be conducted in the future work, especially the impact
of exposures at young age to their health at later stage.

Acknowledgements

This researchwas funded by the National Natural Science Foundation
of China (40773068 and 41073100), Natural Science Foundation of
Guizhou Province (2006[2015]), the Key Knowledge Innovation Project
of Chinese Academy of Sciences (KZCX2-YW-135), the International
Scientific and Technological Cooperation Projects of the Ministry of
Science and Technology of China (2010DFB30530), and the National
Basic Research Program of China (2009CB426307 and 2006CB708513).
The authors appreciate Prof. Xiangdong Li at the Hong Kong Polytechnic
University for the helpful comments on early drafts of this manuscript.
Twoanonymous reviewers are acknowledged for their critical comments
and suggestions which have improved the manuscript considerably.

References

Ai ZL, Lu WQ, Ton SX, Liu HB, Sou T, Shen ZB, et al. Arsenic trioxide-mediated growth
inhibition in gallbladder carcinoma cells via down-regulation of Cyclin D1
transcription mediated by Sp1 transcription factor. Biochem Biophys Res Commun
2007;360:684–9.

An Y, Gao ZL, Wang ZW, Yang SH, Liang JF, Feng Y, et al. Immunohistochemical analysis
of oxidative DNA damage in arsenic-related human skin samples from arsenic-
contaminated area of China. Cancer Lett 2004;214:11–8.

APASSGP, EGLIGCAS (Autonomous Prefecture Anti-epidemic Station of Southwest
Guizhou Province, Environmental Geology Laboratory, Institute of Geochemistry,
Chinese Academy of Sciences). Thallium enrichment in an ecological circulation—a
case report of natural thallotoxicosis. Environ Health 1974;2:12–5 (in Chinese).

Appleton JD, Zhang QL, Green KA, Zhang GD, Ge XL, Liu XP, et al. Selenium in soil, grain,
human hair and drinking water in relation to esophageal cancer in the Cixian area,
Hebei Province, People's Republic of China. Appl Geochem 2006;21:684–700.

Banks D, Reimann C, Royset O, Skarphagen H, Saether OM. Natural concentrations of
major and trace elements in some Norwegian bedrock groundwaters. Appl
Geochem 1995;10:1-16.

Chen D. Discovery and research of lorandite in China. Acta Miner Sin 1989a;9:141–2
(in Chinese with English abstract).

Chen D. Discovery of Tl ore bodies associated with a mercury ore deposit and its
mineralization mechanism. J Guizhou Inst Technol 1989b;18:1-19 (in Chinese with
English abstract).

Chen TF, Wong YS. Selenocystine induces reactive oxygen species-mediated apoptosis
in human cancer cells. Biomed Pharmacother 2009;63:105–13.

Chen SL, Dzeng SR, Yang MH, Chlu KH, Shleh GM, Wai CM. Arsenic species in
groundwater of the Blackfoot Disease areas, Taiwan. Environ Sci Technol 1994;28:
877–81.

Chen CJ, Hsueh YM, Lai MS, Shyu MP, Chen SY, Wu MM, et al. Increased prevalence of
hypertension and long-term arsenic exposure. Hypertension 1995;25:53–60.

Chen XX, Yao H, Huang XY. Study on effect of high arsenic level on pulmonary function
in adults. Chin J Endemiol 1997;16:286–8 (in Chinese with English abstract).

Chen W, Liu J, Wang Z, Zheng Q. Study of lithofacies paleogeography during the
Permian Emeishan basalt explosion in Guizhou Province. J Paleogeogr 2003;5(1):
17–28 (in Chinese with English abstract).

Cheng JY, Mei ZQ. Initial investigation on selenosis region in Ziyang County, Shannxi
Province. Shaanxi J Agr Sci 1980(6):17–9 (in Chinese with English abstract).

Chiou HY, Xue YM. Epidemiology study on relationship between cancer and arsenic
exposure. Zhonghua J Public Health 1996;15(3):92-108 (in Chinese).

Chu YJ, Liu QY, Hou C, Yu SY. Blood selenium concentration in residents of areas in China
having a high incidence of lung cancer. Biol Trace Elem Res 1984;6:133–7.

Chuang HY, Kuo CH, Chiu YW, Ho CK, Chen CJ, Wu TN. A case-control study on the
relationship of hearing function and blood concentrations of lead, manganese,
arsenic, and selenium. Sci Total Environ 2007;387:79–85.

Dai S, Li D, Ren D, Tang Y, Shao L, Song H. Geochemistry of the late Permian No.30 Coal
Seam, Zhijin Coalfield of Southwest China: influence of the siliceous low-
temperature hydrothermal fluid. Appl Geochem 2004;19:1315–30.

Dai S, Chou CL, Yue M, Luo K, Ren D. Mineralogy and geochemistry of a Late Permian
coal in the Dafang Coalfield, Guizhou, China: influence from siliceous and iron-rich
calcic hydrothermal fluids. Int J Coal Geol 2005;61:241–58.

Dai SF, Zeng RS, Sun YZ. Enrichment of arsenic, antimony, mercury, and thallium in a
Late Permian anthracite from Xingren, Guizhou, Southwest China. Int J Coal Geol
2006;66:217–26.

Ding ZH, Zheng BS, Long JP, Belkin HE, Finkelman RB, Chen CG, et al. Geological and
geochemical characteristics of high arsenic coals from endemic arsenosis areas in
southwestern Guizhou Province, China. Appl Geochem 2001;16:1353–60.

Dong B, Liu JR. Arsenic determination in water and human blood and urine in Inner
Mongolia. Chin J Health Lab Technol 2006;16:1098–9 (in Chinese).

Fang WX, Wu PW. Elevated selenium and other mineral element concentrations in soil
and plant tissue in bone coal sites in Haoping area, Ziyang County, China. Plant Soil
2004;261:135–46.

FangWX,Wu PW, Hu RZ. Environmental Se–Mo–B deficiency and its possible effects in
Jiantou Keshan Disease area in Shaanxi Province, China. Environ Geochem Health
2002;24:349–58.

Feng CY, Guo CQ, Huang LC. 30 chronic thallotoxicosis cases analysis. Ind Health Occup
Dis 2001;27(4):253–4 (in Chinese).

Fergusson JE. The heavy elements: chemistry, environmental impact and health effects.
Oxford: Pergamon Press; 1990. p. 614.

Fordyce F. Selenium deficiency and toxicity in the environment. In: Selinus O, Alloway
BJ, Centeno JA, Finkelman RB, Fuge R, Lindh U, Smedley P, editors. Essentials of
Medical Geology Impacts of the Natural Environment on Public Health. Elsevier
Academic Press; 2005. p. 373–415.



39S. Li et al. / Science of the Total Environment 421-422 (2012) 31–40
Fordyce FM, Zhang G, Green K, Liu X. Soil, grain and water chemistry and human
selenium imbalances in Enshi District, Hubei Province, China. British Geological
Survey Overseas Geology Series Technical Report; 1998. WC/96/54.

Fujino Y, Guo XJ, Liu J, You LG, MiyatakeM, Yoshimura T. Mental health burden amongst
inhabitants of an arsenic-affected area in Inner Mongolia, China. Soc Sci Med
2004;59:1969–73.

Gong L, Ma G. The selenium elemental and health. Environ Sci Manage 2007;32(9):
32–5 (in Chinese with English abstract).

Guo XJ, Fujino Y, Kaneko S, Wu KG, Xia YJ, Yoshimura T. Arsenic contamination of
groundwater and prevalence of arsenical dermatosis in the Hetao plain area, Inner
Mongolia, China. Mol Cell Biochem 2001;222:137–40.

Hartikainen H. Biogeochemistry of selenium and its impact on food chain quality and
human health. J Trace Elem Med Biol 2005;18:309–18.

He YL, Zhang LP, Geng H, Zhang GL. Analysis of Cu, Zn, Se content and Cu/Zn ratio in
the blood of patients with mammary cancer. J Baotou Med Coll 2003;19(3):179–80
(in Chinese with English abstract).

Hong F, Zhang AH, Jin TY. A study on renal dysfunction of arsenic poisoning victims
caused by air pollution from coal burning. J Environ Occup Med 2007;24:580–3
(in Chinese with English abstract).

Hou SF, Zhu ZY. A study of the relation between the whole blood selenium content of
the population and Kashin–Beck disease in the low selenium regions in China.
Geogr Res 1984(2):14–23 (in Chinese with English abstract).

Hou SF, WangWY, Li HR. Low-selenium characterization of cervical cancer. Guangdong
Trace Elem Sci 2006;13(1):1–6 (in Chinese with English abstract).

Hsu KH, Froines JR, Chen CJ. Studies of arsenic ingestion from drinking water in
northeastern Taiwan: chemical speciation and urinary metabolites. In: Abernathy
CO, Calderon RL, Chappell WR, editors. Arsenic Exposure and Health Effects.
London: Chapman and Hall; 1997. p. 190–209.

Hu HY, Zhou TF, Fan Y, Yuan F, Li LJ. Thallium content in human bodies in the Xiangquan
thallium mineralized district and its environmental significance. J Hefei Univ
Technol Nat Sci 2007;30:405–8 (in Chinese with English abstract).

Huang LC, Guo CQ, Zhang YH. Thallium concentration analysis in biological materials
from inhabitants of somewhere. Ind Health Occup Dis 1995;21(6):373–4
(in Chinese).

Huang Z, Pei QL, Sun GF, Zhang SH, Liang J, Gao Y, et al. Low selenium status affects
arsenic metabolites in an arsenic exposed population with skin lesions. Clin Chim
Acta 2008;387:139–44.

Jin M. A clinical study on trace element Se and the bioactive substances in patients with
heart and blood vessel disease. Stud Trace Elem Health 2004;21(2):6–8 (in Chinese
with English abstract).

Jin YL, Liang CK, He GL, Cao JX, Ma F, Wang HZ, et al. Study on distribution of endemic
arsenism in China. J Hyg Res 2003;32:519–50 (in Chinese with English abstract).

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

Kang DR, Wang F, Zhao ZT, Wang LJ, Yin XG, Pu FQ, et al. Effect of low calcium in diet
on pathogenesis of myocardial necrosis in Keshan Disease—II. Experiments of
monotonous diet from a Keshan Disease area and protective effects of calcium
supplementation. Chin J Contr Endem Dis 1992(6):335–7 (in Chinese with
English abstract).

Kang LL, Xu P, Zhaxi SZ, Bashang ZM, Li XY, Guo X. The changes of hyalurona, nitric
oxide and selenium contents in serum for patients with Kashin–Beck disease in
Tibet. Chin J Endemiol 2006;25:694–6 (in Chinese with English abstract).

Kuo TL. Arsenic content of artesian well water in endemic area of chronic arsenic
poisoning. Rep Inst Pathol Natl Taiwan Univ 1968;20:7-13.

Lei C, Niu XL, Wei J, Zhu J, Zhu Y. Interaction of glutathione peroxidase-1 and selenium
in endemic dilated cardiomyopathy. Clin Chim Acta 2009;399:102–8.

Li JY, Ren SX, Chen DZ. A study of Kaschin–Beck disease associated with environment
selenium in Shannxi area. Acta Sci Circum 1982(2):91-101 (in Chinese with English
abstract).

Li GS, Wang F, Kang DR, Li C. Keshan disease: an endemic cardiomyopathy in China.
Hum Pathol 1985;16:602–9.

Li ZY, Wang FQ Guo XJ, Li ZZ Wu RN. Clinical studies on neuro-system damage of
endemic arsenism. Inner Mongolia J Endemiol Dis Control Res 1993;18:175–7
(in Chinese).

Li J, Zhang AH, Zhao ZD, Zhang R, Zhang BX, Hu ZY, et al. Effects of arsenic exposure
caused by burning coal on immune function of human. Chin J Public Health
2007;23:1106–7 (in Chinese with English abstract).

Li YH, Wang WY, Luo KL, Li HR. Environmental behaviors of selenium in soil of typical
selenosis area, China. J Environ Sci 2008;20:859–64.

Li SJ, Li W, Hu X, Yang LS, Ruodeng Xirao. Soil selenium concentration and Kashin–Beck
disease prevalence in Tibet, China. Fron Environ Sci Eng China 2009;3:62–8.

Li XP, Qi JY, Wang CL, Liu J, Wang J, Yang CX, et al. Environmental quality of soil polluted
by thallium and lead in pyrite deposit area of western Guangdong Province. J Agro
Environ Sci 2009;28:496–501 (in Chinese with English abstract).

Lin YZ, Zhu SL, Guo RP. Study of selenium levels in the blood, liver cancer tissues and
cancer-surrounding tissues in the patients with primary liver cancer. Chin J Cancer
1994;13(1):54–6 (in Chinese with English abstract).

Liu J. Report of 4 cases of neuroetinopathy by chronic thallium poisoning. Chin J
Thaumat Occup Ophthal Dis 1983(1):22–3 (in Chinese).

Liu YQ, Chen YX, Zhang TS, Dai LH, Zhu JL, Zhang S. A retrospective survey on
occupational arsenic poisoning. Chin J Ind Med 2001;14(5):300–2.

Liu SH, Xu GL, Liang CB, Xie B, Wu DH, Sun J. Studies on blood selenium content of the
diabetics in Dalian City. Stud Trace Elem Health 2002;19:15–6 (in Chinese with
English abstract).

Liu BJ, Wu FC, Deng QJ, Mo CL, Zhu J, Zeng L, et al. Pollution characteristics of antimony,
arsenic and mercury in Human Hair at Xikuangshan antimony mining area and
Guiyang City, China. Environ Sci 2009;30:907–12 (in Chinese with English
abstract).

Long J, Zhang Z. Studies on environmental effect of thallium in explorating resures in
southwestern area of Guizhou. Conserv Util Miner Res 1996;3:47–9.

Lu XW, Zhang XL. Environmental geochemistry study of arsenic in Western Hunan
mining area, P.R. China. Environ Geochem Health 2005;27:313–20.

Lu M, Levin J, Sulpice E, Grand AS, Alemany M, Caena JP, et al. Effect of arsenic trioxide
on viability, proliferation, and apoptosis in human megakaryocytic leukemia cell
lines. Exp Hematol 1999;27:845–52.

Lu XW,WangWY, Xie QL, Ma DS. Arsenic contents of surface earth environment and its
ecological-health effect in western Hunan. Geol Sci Technol Inf 2000;19:79–82
(in Chinese with English abstract).

Luo KL, Qiu XP. Analysis on selenium-rich crops in Ankang district, Shaanxi—the case of
Ziyang County. Res Sci 1995;2:68–72 (in Chinese with English abstract).

Luo FJ, Luo ZD, Ma L, Dai Q, Liang XF. The study on relationship between high arsenic
drinking water and cancer in Heihe village of west Hohhot. Chin J Epidemiol
1995;16:289–91 (in Chinese).

Luo ZD, Zhang YM, Ma L, Zhang GY, He X, Wilson R, et al. Chronic arsenism and cancer in
Inner Mongolia—consequences of well-water arsenic levels greater than 50 mg L−1.
In: Abernathy CO, Calderon RL, Chappell WR, editors. Arsenic exposure and health
effects. London: Chapman and Hall; 1997. p. 55–68.

Luo KL, Xu LR, Tan JA, Wang DH, Xiang LH. Selenium source in the selenosis area of the
Daba region, South Qinling Mountain, China. Environ Geol 2004;45:426–32.

Ma HZ, Xia YJ, Wu KG, Yu GJ, Qin YX, Zhou HJ. Peripheral vascular diseases caused by
arsenism. Chin J Endemiol 1995;14:54–7 (in Chinese).

Mao DJ, Zheng BS, Su HC. The medical geography characteristics of Se-poisoning in
Yutangba. Endem Dis Bull 1997;12:59–61 (In Chinese).

Mei ZQ. Summary on two selenium-rich areas of China. Chin J Endemiol 1985(4):
379–85 (in Chinese).

Mou SH, Hu QT, Yan L. Progress of researches on endemic selenosis in Enshi District,
Hubei Province. Chin J Public Health 2007;23(1):95–6 (in Chinese).

Mulkey JP, Oehme FW. A review of thallium toxicity. Vet Hum Toxicol 1993;35:445–53.
Ng JC, Wang JP, Zheng BS, Zai C, Maddalena R, Liu FY, et al. Urinary porphyrins as

biomarkers for arsenic exposure among susceptible populations in Guizhou
province, China. Toxicol Appl Pharm 2005;206:176–84.

Pan JM. Observed on the eyesight and eyeground pathological changes in 22 cases of
anaphase chronic thallotoxicosis. Guizhou Med J 1986;10(6):37–8 (in Chinese).

Pan YY, Zhang Y. A study on serum Se level in patients with lung cancer. Guangdong
Trace Elem Sci 1998;5(12):7–8 (in Chinese with English abstract).

Pan JJ, Chen CB, Shen SR. Blood contents of glutathione peroxidase and selenium
in patients with nasopharyngeal carcinoma. J Fujian Med Univ 1999;33:393–5
(in Chinese with English abstract).

Peng A, Wang WH, Wang CX, Wang ZJ, Rui HF, Wang WZ, et al. The role of humic
substances in drinking water in Kashin–Beck Disease in China. Environ Health
Perspect 1999;107:293–6.

Peter ALJ, Viraraghavan T. Thallium: a review of public health and environmental
concerns. Environ Int 2005;31:493–501.

RAIS (Risk Assessment Information System). Toxicity profiles. Available from: http://
www.risk.lsd.ornl.gov/tox/profiles 2003.

Sabbioni E, Ceotz L, Bignoli G. Health and environmental implications of trace metals
released from coal-fired power plants: an assessment study of the situation in the
European Community. Sci Total Environ 1984;40:141–54.

Shao SX, Zheng BS. The biogeochemistry of selenium in Sunan grassland, Gansu,
Northwest China, casts doubt on the belief that Marco Polo reported selenosis for
the first time in history. Environ Geochem Health 2008;30:307–14.

Shraim A, Cui X, Li S, Jack CN, Wang JP, Jin YL, et al. Arsenic speciation in the urine and
hair of individuals exposed to airborne arsenic through coal-burning in Guizhou, PR
China. Toxicol Lett 2003;137:35–48.

Smedley PL, Kinniburgh DG. Arsenic in groundwater and the environmental. In: Selinus
O, Alloway BJ, Centeno JA, Finkelman RB, Fuge R, Lindh U, Smedley P, editors.
Essentials of Medical Geology Impacts of the Natural Environment on Public Health.
Elsevier Academic Press; 2005. p. 263–300.

Smith IC, Carson BL. Trace metals in the environment. Volume 1—ThalliumMichigan:
Ann Arbor Science Publishers Inc.; 1977. p. 307.

Sun GF. Arsenic contamination and arsenicosis in China. Toxicol Appl Pharmacology
2004;198:268–71.

Su M, Tian DP, Li WS, Zhao H, Li LP, TanWH, et al. Analysis of iodine and selenium trace
elements in umbilical cord blood in cretinous regions in northwest China in 1999.
Environ Health Prev Med 2002;7:19–21.

Sun GF, Pi JB, Li B, Guo XY, Yamauchi H, Yoshida T. Progresses on researches of endemic
arsenism in China: population at risk, intervention actions, and related scientific
issues. In: Chappell WR, Abernathy CO, Calderon RL, editors. Arsenic exposure and
health effects IV. Amsterdam: Elsevier; 2001. p. 79–85.

Tan JA, editor. The atlas of endemic diseases and their environments in the People's
Republic of China. Beijing: Science Press; 1989. (in Chinese).

Tan JA, Zhu WY, Wang WY, Li RB, Hou SF, Wang DS, et al. Selenium in soil and endemic
diseases in China. Sci Total Environ 2002;284:227–35.

Tang HY, Lu ZM, Liu ZJ. Arsenic determination in urine and hair of people from high
arsenic areas in Jilin Province. Chin J Control Endem Dis 2001;16(2):80 (in
Chinese).

Tang CH, Chiu YC, Huang CF, Chen YW, Chen PC. Arsenic induces cell apoptosis in
cultured osteoblasts through endoplasmic reticulum stress. Toxicol Appl Pharma-
col 2009;241(2):173–81.

Taylor SR, McLennan SM. The continental crust; its composition and evolution; an
examination of the geochemical record preserved in sedimentary rocks. Oxford:
Blackwell Scientific Publishing; 1985. p. 312.

http://www.risk.lsd.ornl.gov/tox/profiles
http://www.risk.lsd.ornl.gov/tox/profiles


40 S. Li et al. / Science of the Total Environment 421-422 (2012) 31–40
TsengWP. Effects and dose–response relationships of skin cancer and blackfoot disease
with arsenic. Environ Health Perspect 1997;19:109–19.

Tseng WP, Chu HM, How SW, Fong JM, Lin CS, Yeh S. Prevalence of skin cancer in an
endemic area of chronic arsenism in Taiwan. J Natl Cancer Inst 1968;40:453–63.

Wang XC, editor. Sedimentary environments and coal accumulation of Late Permian
coal formation in Western Guizhou, Southern Sichuan, and Eastern Yunnan, China.
Chongqing: Chongqing University Press; 1996. p. 124–55. (in Chinese).

Wang ZJ, Gao YX. Biogeochemical cycling of selenium in Chinese environments. Appl
Geochem 2001;16:1345–51.

Wang F, Li GS, An RG. Studies on the etiologic relationship of molybdenum deficiency to
Keshan Disease. Acta Nutr Sin 1982(3):271–6 (in Chinese with English abstract).

Wang ZL, Pang JL, Xiao YW, Li JY, Ren SX, Chen DZ. An observation by X-ray on effect of
the prevention and treatment of Kaschin–Beck Disease using sodium selenite
added to salts. Chin J Endemiol 1983;2(3):171–4 (in Chinese with English
abstract).

Wang YX, Qin JF, Wu SM, Yan LB. Study on the relation of Se, Mn, Fe, Sr, Pb, Zn, Cu, and
Ca to liver cancer mortality from analysis of scalp hair. Sci Total Environ 1990;91:
191–8.

Wang F, Kang DR, Liu SY, Yang Q, Wang GW, Tong WM. Relationship between
pathogeny of Keshan Disease with combined deficiency of selenium an vitamin E.
Chin J Control Endem Dis 1991(5):306–7 (in Chinese).

Wang LF, Zheng BS, Wang SL, Lin Q, Zhang L. Water arsenic and its effect on
development of Xinjiang (comprehensive report). Endem Dis Bull 2002;17:21–4
(in Chinese with English abstract).

Wang MS, Zheng BS, Wang BB, Li SH, Wu DS, Hu J. Arsenic concentrations in Chinese
coals. Sci Total Environ 2006;357:96-102.

Wang JP, Maddalena R, Zheng BS, Zai C, Liu FY, Jack CN. Arsenicosis status and urinary
malondialdehyde (MDA) in people exposed to arsenic contaminated-coal in China.
Environ Int 2009a;35:502–6.

Wang YX, Shvartsev SL, Su CL. Genesis of arsenic/fluoride-enriched soda water: a case
study at Datong, northern China. Appl Geochem 2009b;24:641–9.

WHO (World Health Organization). Trace elements in human nutrition and health.
Geneva: World Health Organization; 1996.

Wu Q. Correlation between hair selenium concentration and gastric cancer. J Nanjing
Med Univ 2007;21(1):29–31.

Wu CY, Ma YY, Yu SL. Investigation on arsenic concentration in human hair, nail and
urine. J Environ Health 1987;4(5):6–7 (in Chinese).

Xia YJ, Liu J. An overview on chronic arsenism via drinking water in PR China.
Toxicology 2004;198:25–9.

Xiao TF, Boyle D, Guha J, Rouleau A, Hong YT, Zheng BS. Groundwater-related thallium
transfer processes and their impacts on the ecosystem: southwest Guizhou
Province, China. Appl Geochem 2003;18:675–91.

Xiao TF, Guha J, Boyle D, Liu CQ, Chen JA. Environmental concerns related to high
thallium levels in soils and thallium uptake by plants in southwest Guizhou, China.
Sci Total Environ 2004a;318:223–44.

Xiao TF, Guha J, Boyle D, Liu CQ, Zheng BS, Wilson GC, et al. Naturally occurring
thallium: a hidden geo-environmental health hazard? Environ Int 2004b;30:501–7.

Xiao TF, Guha J, Boyle D, Liu CQ, Zheng BS, Wilson GC, et al. Potential health risk in areas
of high natural concentrations of thallium and importance of urine screening. Appl
Geochem 2007;22:919–29.

Xiao XY, Cheng TB, Liao XY,Wu B, Yan XL, Zhai LM, et al. Regional distribution of arsenic
contained minerals and arsenic pollution in China. Geogr Res 2008;27:201–12
(in Chinese with English abstract).

Xie YX, Kondo M, Koga H, Miyamoto H, Chiba M. Urinary porphyrins in patients with
endemic chronic arsenic poisoning caused by burning coal in China. Environ Health
Prev Med 2001;5:180–5.

Xie H, Liao XY, Chen TB, Lin JZ. Arsenic in plants of farm land and its healthy risk: a case
study in an As-contaminated site in Dengjiatang, Chenzhou City, Hunan province.
Geogr Res 2005;24:151–9 (in Chinese with English abstract).

Xie XJ, Wang YX, Su CL, Liu HQ, Duan MY, Xie ZM. Arsenic mobilization in shallow
aquifers of Datong Basin: hydrochemical and mineralogical evidences. J Geochem
Explor 2008;98:107–15.

Xu G, Jiang Y. Selenium and the prevalence of Keshan and Kashin–Beck diseases in
China. In: Thornton I, editor. Proceedings of the First International Symposium on
Geochemistry and Health. Northwood, England: Science Reviews Ltd.; 1986.
p. 192–205.

Yang GQ, Xia YM. Studies on human dietary requirements and safe range of dietary
intakes of selenium in China and their application to the prevention of related
endemic diseases. Biomed Environ Sci 1995;8:187–201.

Yang GQ, Wang SZ, Zhou RH, Sun SZ, Man RE. Research on the etiology of an endemic
disease characterized by loss of nails and hair in Enshi county. J Chin Acad Med
1981;3(Suppl. 2):1–6 (In Chinese).

Yang G,Wang S, Zhou R, Sun S. Endemic selenium intoxication of humans in China. Am J
Clin Nutr 1983;37:872–81.

Yang RP, Huang JC, Feng GK, Mei CG. Selenium blood and hair of health person from
NPC high and low risk area of Guangdong Province. Chin J Cancer 1988;7(2):
99-101 (in Chinese with English abstract).
Yang LS, Hou SF, Tan JA, Lu YL, Wang WY, Zhu WY, et al. Chinese hair As content
background and its regional distribution. Acta Geogr Sin 1996;51(2):135–41
(in Chinese with English abstract).

Yang LS, Peterson PJ, WilliamsWP, WangWY, Hou SF, Tan JA. The relationship between
exposure to arsenic concentrations in drinking water and the development of skin
lesions in farmers from Inner Mongolia, China. Environ Geochem Health 2002;24:
293–303.

Yang CX, Chen YH, Peng PA, Li C, Chang XY, Xie CS. Distribution of natural and
anthropogenic thallium in the soils in an industrial pyrite slag disposing area. Sci
Total Environ 2005;341:159–72.

Yu SY, Chu YJ, Gong XL, Hou C, Li WG, Gong HM, et al. Regional variation of cancer
mortality incidence and its relation to selenium levels in China. Biol Trace Elem Res
1985;7:21–9.

Yu SY, Mao BL, Xiao P, YuWP,Wang YL, Huang CZ, et al. Intervention trial with selenium
for the prevention of lung cancer among tin miners in Yunnan, China a pilot study.
Biol Trace Elem Res 1990;24:105–8.

Yu SY, Zhu YJ, Li WG. Protective role of selenium against hepatitis B virus and primary
liver cancer in Qidong. Biol Trace Elem Res 1997;56:117–24.

Yu J, Qian HL, Li YF, Wang Y, Zhang XY, Liang X, et al. Arsenic trioxide (As2O3) reduces
the invasive and metastatic properties of cervical cancer cells in vitro and in vivo.
Gynecol Oncol 2007;106:400–6.

Zhang XM. Nanhua arsenic thallium deposit and its environmental geochemistry in
Yunnan. Bull Miner Petrol Geochem 1998;17(1):44–5 (in Chinese with English
abstract).

Zhang Y, Nie L. Study of apoptosis of malignant lymphoma cells induced by arsenic
trioxide. Cell Biol Int 2001;25:1003–6.

Zhang JJ, Wang B. Arsenic trioxide (As2O3) inhibits peritoneal invasion of ovarian
carcinoma cells in vitro and in vivo. Gynecol Oncol 2006;103:199–206.

Zhang Z, Zhang BG, Long JP, Zhang XM, Chen GL. Thallium pollution associated with
mining of thallium deposits. Sci China D 1998;41(1):75–81.

Zhang GL, Mei SZ, Li ZW. Impacts of longterm exposure of arsenic on organism anti-
oxidative ability. J Environ Health 1999a;16(1):15 (in Chinese).

Zhang Z, Chen G, Zheng BG, Chen YC, Hu J. Contaminative markers of TI-mining district
from the high contents of Tl, Hg and As of urine hair and nail in the villagers. Chin
Environ Sci 1999b;19:481–4.

Zhang AH, Yang GH, Li J, Wang R. The situation of DNA synthesis, DNA damage and DNA
repair in arsenism patients blood cells caused by coal-burning. Carcinogen
Teratogen Mutagen 2000;12(2):76–9 (in Chinese with English abstract).

ZhangWH,Neve J,Xu JP, Vanderpas J,WangZL. Selenium, iodineand fungal contamination
in Yulin District (People's Republic of China) endemic for Kashin–Beck disease. Int
Orthop SICOT 2001;25:188–90.

Zhao N, Yao FY, Wang SS, Lu WY, Xue SL. A comparative analysis of blood selemenium
levels between cases with colorectal cancer and control. J Shanxi Med Univ
1991;22(2):98-100 (in Chinese).

Zhao CY, Ren JH, Xue CZ. Selenium in soils of selenium-rich areas in Ziyang County. Acta
Pedolog Sin 1993;30(3):253–9 (in Chinese).

Zheng B, Hong Y, Zhao W, Zhou H, Xia W, Su H, et al. The Se-rich carbonaceous siliceous
rockand endemic selenosis in south-westHubei, China. ChinSci Bull 1992;37:1725–9.

Zheng BS, Yan LR, Mao DJ Su HC, Zhou HY, Xia WP, Hong YT, et al. The Se resource in
Southwestern Hubei Province, China and its exploitation strategy. J Nat Res
1993;8(3):204–12 (in Chinese with English abstract).

Zheng BS,Wang BB, Ding ZH, Zhou DX, Zhou YS, Zhou C, et al. Endemic arsenosis caused
by indoor combustion of high-As coal in Guizhou Province, P.R. China. Environ
Geochem Health 2005;27:521–8.

Zhong FG, Shan KR, He Y, Gu QB, Zhou XM. Comparative study of hair arsenic contents
from persons exposed to arsenic in the area of coal type endemic arsenism. Chin J
Endemiol 1999;18(1):19–22 (in Chinese with English abstract).

Zhou DX, Liu DN. Chronic thallium poisoning in a rural area of Guizhou Province, China.
J Environ Health 1985;48:14–8.

Zhou TF, Fan Y, Yuan F, Cooke D, Zhang X, Li LJ. A preliminary investigation and
evaluation of the thallium environmental impacts of the unmined Xiangquan
thallium-only deposit in Hexian, China. Environ Geol 2008;54:131–45.

Zhu JM, Zheng BS. Distribution of selenium inmini-landscape of Yutangba, Enshi, Hubei
Province China. Appl Geochem 2001;16:1333–44.

Zhu JM, Li SH, Zuo W, Sykorova I, Su HC, Zheng BS, et al. Modes of occurrence of
selenium in black Se-rich rocks of Yutangba. Geochimica 2004a;33:634–40
(in Chinese with English abstract).

Zhu JM, Zuo W, Liang XB, Li SH, Zheng BS. Occurrence of native selenium in Yutangba
and its environmental implications. Appl Geochem 2004b;19:461–7.

Zhu JM, Wang N, Li SH, Li L, Su HC, Liu CX. Distribution and transport of selenium in
Yutangba, China: impact of human activities. Sci Total Environ 2008;392:252–61.

Zitko V. Toxicity and pollution potential of thallium. Sci Total Environ 1975;4:185–92.
Zou K, Liu G, Wu T, Du L. Selenium for preventing Kashin–Beck osteoarthropathy in

children: a meta-analysis. Osteoarthritis Cartilage 2009;17:144–51.


	Medical geology of arsenic, selenium and thallium in China
	Introduction
	Arsenic impacts on human health in China
	Selenium impacts on human health in China
	Health impacts of selenium deficiency in China
	Selenosis in China

	Thallium impacts on human health in China
	Conclusions and outlook
	Acknowledgements
	References


