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Zinc smelting is currently regarded as one of the most important atmospheric Hg emission sources in the
world. In order to assess the potential environmental impacts of Hg from Zn smelting in China, the dis-
tribution of total Hg concentration (HgT) in Zn concentrates (ZCs) from 100 Zn deposits in China was
investigated. It was found that HgT varies depending on the ore types and their geneses. Zinc concen-
trates from sedimentary-exhalative deposits (SEDEX, geometric mean = 48.2 lg/g) have the highest
HgT. The possible explanation is that the sources of mineralizing solutions for SEDEX deposits are deep
formational brines in contact with sedimentary rocks, and there are much higher background Hg con-
tents in sedimentary rocks. Zinc concentrates from volcanic hosted massive sulfide deposits (VMS, geo-
metric mean = 11.5 lg/g) and Mississippi Valley-Type (MVT, geometric mean = 10.1 lg/g) deposits have
intermediate HgT. VMS may receive most of their Hg from fluid–rock interaction and/or by direct input of
gaseous Hg from a mantle source. However, the source of metals within MVTs may be the low-temper-
ature hydrothermal solution formed by diagenetic recrystallization of the carbonates. Intrusion related
deposits (IRs) have the lowest HgT (Geomean = 2.4 lg/g), and the dispersion of Hg in the IRs seems to
be influenced by the temperature of ore formation and/or the nature of wall–rock alteration. Finally, it
was estimated that the annual Hg emission to the atmosphere from Zn smelting in China was about
107.7 tons in 2006.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

China is rich in Zn resources and the reserve of Zn ores ranks
second in the world. The Zn production in China, which accounted
for more than 25% of the global production in 2006, has ranked first
in the world since 2002 (ECCNMY, 2003–2007; Jiang, 2004). Since
both Hg and Zn are chalcophile elements, Hg is commonly distrib-
uted in most mineral deposit types that contain Zn. Zinc occurs
mainly as independent minerals in nature and is typically closely
associated with sphalerite (Ozerova et al., 1975). Zn smelting re-
leases several hundred tons of Hg into the environment each year
worldwide (Nriagu and Pacyna, 1988; Streets et al., 2005; Pacyna
et al., 2006). Mercury emission from Zn smelting in the developed
countries is well controlled due to the installation of Hg removal
facilities, but in developing countries Hg emission from Zn smelt-
ing could be substantial simply due to lack of control (Streets
et al., 2005; Li et al., 2010).

The total Hg concentration (HgT) of Zn concentrates (ZCs) is not
solely an environmental problem. The characteristic of relatively
ll rights reserved.
high vapor pressures of Hg compounds enhances their hypogene
mobility during mineralization (Fursov, 1958; McCarthy, 1972).
Theoretical and experimental studies have confirmed the ability
of Hg as a transporting agent of ore metals during hydrothermal
mineralization (Holland, 1972; Kilinc and Burnham, 1972). Fur-
thermore, the volatile property of Hg has led to it being widely uti-
lized as a potential pathfinder in geochemical prospecting for
geothermal energy (Zhu et al., 1986), a wide variety of base and
precious metal deposits, such as Au deposits (Nelson, 1990), U
deposits (You and Li, 1990) and W–Mo deposits (Garrett, 1974),
as well as base-metal deposits (Fedikow and Amor, 1990).

Previous studies have demonstrated that HgT in Zn ores is
highly variable, depending on ore type, origin or geneses, and loca-
tion (Schwartz, 1997). China has undergone multiple tectonic and
magmatic events that have resulted in a variety of metallogenic
processes since the Archean (Zhai and Deng, 1996). The complex
tectonic background has strongly influenced and in many cases
controlled the types and locations of Zn mineralization as shown
in Fig. 1. In China, Zn mineralization mainly occurs as four sub-
types, namely: sedimentary-exhalative deposits (SEDEX), Missis-
sippi Valley-Type (MVT), volcanic hosted massive sulfides (VMS)
and intrusion related (IR) types (Dai et al., 2005). In this paper, a
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Fig. 1. Tectonic partitioning and sampling locations of Zn deposits in China. Major Zn metallogenic belts are summarized as: (1) the northern margin of the North China
Craton, (2) Kunlun-Qinling Belt, (3) the Sanjiang fold belt covering eastern Tibet, Sichuan and Yunnan, (4) the Kangdian Belt, (5) the Lower to Middle Yangtze River belt
covering Hunan, Hubei, Anhui and Jiangsu, and (6) the Nanling Mountain belt of the South China fold belt (Dai et al., 2005).
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comprehensive investigation of HgT in 100 deposits in China
has been investigated. The main goals of this study were (1) to
investigate the potential dependence of HgT on ore type and gen-
esis of Zn deposits and (2) to estimate Hg emissions from Zn smelt-
ing in China.
2. Experimental section

2.1. Tectonic settings and Zn metallogeny history in China

China consists of a complex amalgamation of tectonic blocks,
and the geology of China reflects long-continued development,
evolution, amalgamation and renewed tectonism of cratonic blocks
and mobile belts (Wang, 1993). The complexity of the geological
evolution of China has resulted in formation of a series of Zn min-
eral deposits as shown in Fig. 1. From the Archean to the early Late
Proterozoic a number of discrete cratonic blocks developed (Wang,
1993). The Late Proterozoic to early Mesozoic was mainly an inter-
val of continental margin development followed by drifting of
these blocks across the Tethyan Ocean (Yang, 1998). The mid-
Mesozoic to the Cenozoic was mainly an interval of intracontinen-
tal deformation and circum-Pacific orogeny (Shen, 2000). The Pro-
terozoic era was one of the important metallogenic periods for the
formation of VMS and SEDEX mineralization in China. During this
era, aulacogens and rifts were developed in the interior and on
some margins of the three cratons (North China Craton, Tarim Cra-
ton and Yangtze Craton). In the late Paleozoic the Siberian and Tar-
im-North China plates amalgamated. A number of SEDEX deposits
were formed. Synsedimentary faults played an important role in
the formation of these SEDEX deposits (Zeng and Shen, 1987). In
the Paleozoic, along the western margin of the Yangtze Craton
(the Kangdian Belt), an Early Carboniferous sequence of marine-fa-
cies carbonate rocks hosts a number of MVT deposits. In the early
Mesozoic the Tarim-North China plate merged with the Yangtze
Craton. In the early Cenozoic the final closure of the Tethian oceans
occurred, bringing about suturing of the Indian and Tibet–Yunnan
plates (Yang, 1998; Shen, 2000). The country can be divided into
two major tectonic provinces. In the east, the interaction between
the continent of East Asia and the Pacific plate resulted in extensive
volcanic and intrusive activity in the Pacific margin tectonic belt
and the formation of continental sedimentary basins (Ren et al.,
1990). The extensive Jurassic–Cretaceous continental volcanic
and intrusive activity led to the development of many types of
mineral deposits, especially for the intrusion related (IR) types as
shown in Fig. 1. The volcanic rocks, which are distributed along
NNE-trending fractures, were characterized by the tectono-mag-
matic activity related to the Yanshanian magmatism (Wang,
1993). In the west, all the terrains in the Qinghai-Tibet area, for-
merly belonging to Gondwanaland, were accreted to the Eurasia
plate. The Indian plate collided and sutured with the Eurasian plate
during the Cenozoic Himalayan movement resulting in the



Table 1
HgT concentrations in SEDEX zinc deposits.

Deposit no. Deposit name Locations Provinces Host ages HgT (lg/g) Zn (104 tons) ZC (104 tons) HgR (t) Deposit types

S-1 Jiashengpan Wulate Neimenggu Proterozoic 5.49 126.85 317.13 17.41 SEDEX
S-2 Dongshengmiao Wulate Neimenggu Proterozoic 7.03 408.24 1020.6 71.75 SEDEX
S-3 Tanyaokou Wulate Neimenggu Proterozoic 3.16 110.66 276.65 8.74 SEDEX
S-4 Dabaoshan Qujiang Guangdong Yanshanian 5.17 69.79 174.48 9.02 SEDEX
S-5 Jinding Lanping Yunnan Himalayan 29.78 1347.07 3367.68 1002.89 SEDEX
S-6 Qiandongshan Fengxian Shanxi Hercynian 71.9 91.81 229.53 165.03 SEDEX
S-7 Bafangshan Fengxian Shanxi Hercynian 9.31 39.74 99.35 9.25 SEDEX
S-8 Yinmusi Fengxian Shanxi Hercynian 141 21.43 53.58 75.54 SEDEX
S-9 Fengya Fengxian Shanxi Hercynian 91 28.46 71.15 64.75 SEDEX
S-10 Erlihe Fengxian Shanxi Hercynian 191 27.33 68.33 130.5 SEDEX
S-11 Yindongliang Fengxian Shanxi Hercynian 89 32.99 82.48 73.4 SEDEX
S-12 Yindongzi Zuoshui Shanxi Hercynian 5.59 0.99 2.48 0.14 SEDEX
S-13 Changba Chengxian Gansu Hercynian 195 306.44 766.10 1493.9 SEDEX
S-14 Lijiagou Chengxian Gansu Hercynian 300 164.41 411.03 1233.08 SEDEX
S-15 Bijiashan Chengxian Gansu Hercynian 91.7 45.92 114.8 105.27 SEDEX
S-16 Dengjiashan Xihe Gansu Hercynian 210 46.49 116.23 244.07 SEDEX
S-17 Luoba Huixian Gansu Hercynian 323 88.10 220.25 711.41 SEDEX
S-18 Jiaolongzhang Langzhuang Gansu Caledonian 72.37 13.79 34.48 24.95 SEDEX
S-19 Fankou Renhua Guangdong Yanshanian 237 549.28 1373.20 3254.48 SEDEX

Additional reference, Dai et al., 2005.

Table 2
HgT concentrations in VMS zinc deposits.

Deposit no. Deposit name Locations Provinces Host ages HgT (lg/g) Zn (104 tons) ZC (104 tons) MR (t) Deposit types

V-1 Hongtoushan Qingyuan Liaoning Archean 179.7 68.84 172.10 309.26 VMS
V-2 Wuao Longquan Zhejiang Yanshanian 10.74 16.74 41.85 4.49 VMS
V-3 Qiwan Zhuji city Zhejiang Yanshanian 111.60 11.40 28.50 31.81 VMS
V-4 Shuiji Jianyang Fujian Proterozoic 2.97 24.15 60.375 1.79 VMS
V-5 Meixian Youxi Fujian Proterozoic 11.25 87.44 218.60 24.59 VMS
V-6 Jiacun Baiyu Sichuan Indosinian 2.28 86.73 216.83 4.94 VMS
V-7 Gayiqiong Baiyu Sichuan Indosinian 10.47 31.33 78.325 8.20 VMS
V-8 Xiaotieshan Baiyin Gansu Proterozoic 117.6 64.18 160.45 188.69 VMS
V-9 Xitieshan Chaidamu Qinghai Caledonian 96.00 181.72 454.30 436.13 VMS
V-10 Zhaokalong Yushu Qinghai Indosinian 4.47 2.27 5.67 0.25 VMS
V-11 Ashele Habahe Xinjiang Hercynian 1.83 43.80 109.50 2.00 VMS
V-12 Tiemierteduo Aletai Xinjiang Hercynian 0.93 11.00 27.50 0.26 VMS
V-13 Abagong Aletai Xinjiang Hercynian 75.00 15.26 38.15 28.61 VMS
V-14 Laochang Lanchang Yunnan Hercynian 0.63 32.86 82.15 0.52 VMS

Additional reference, Dai et al., 2005.

Table 3
HgT concentrations in MVT zinc deposits.

Deposit no. Deposit name Locations Provinces Host ages HgT (lg/g) Zn (104 tons) ZC (104 tons) MR (t) Deposit types

M-1 Chaihe Kaiyuan Liaoning Yanshanian 1050.00 39.15 97.88 1027.69 MVT
M-2 Qingchengzi Fengcheng Liaoning Yanshanian 10.00 34.93 87.33 8.73 MVT
M-3 Qixiashan Nanjing Jiangsu Yanshanian 2.61 75.5 188.75 4.93 MVT
M-4 Ganjiaxiang Nanjing Jiangsu Yanshanian 7.02 37.06 92.65 6.50 MVT
M-5 Yinshan Yangxin Hubei Yanshanian 0.76 35.49 88.73 0.67 MVT
M-6 Limei Huayuan Hunan Yanshanian 17.60 153.26 383.15 67.43 MVT
M-7 Chaiqing Lengshuijiang Hunan Indosinian 12.10 35.83 89.58 10.84 MVT
M-8 Houjiangqiao Daoxian Hunan Yanshanian 2.13 50.8 127.00 2.71 MVT
M-9 Beishan Huanjiang Guangxi Yanshanian 77.4 103.33 258.33 199.94 MVT
M-10 Siding Rongan Guangxi Yanshanian 8.51 44.19 110.48 9.40 MVT
M-11 Laochang Yangshuo Guangxi Yanshanian 10.00 14.3 35.75 3.58 MVT
M-12 Guli Wuxuan Guangxi Yanshanian 21.60 9.86 24.65 5.32 MVT
M-13 Zhaiziping Kangding Sichuan Caledonian 127.00 26.61 66.53 84.49 MVT
M-14 Tianbanshan Huili Sichuan Caledonian 2.11 94.14 235.35 4.97 MVT
M-15 Xiaoshifang Huili Sichuan Caledonian 44.77 29.73 74.33 33.28 MVT
M-16 Daliangzi Huidong Sichuan Caledonian 41.82 200.72 501.8 209.85 MVT
M-17 Zhazichang Hezhang Guizhou Himalayan 2.13 13.36 33.4 0.71 MVT
M-18 701 Huize Yunnan Hercynian 7.92 20.8 52.00 4.12 MVT
M-19 Kuangshanchang Huize Yunnan Hercynian 25.20 49.6 124.00 31.25 MVT
M-20 Wuxingchang Huize Yunnan Hercynian 9.71 9.89 24.73 2.40 MVT
M-21 Fule Luoping Yunnan Hercynian 5.15 27.91 69.78 3.59 MVT
M-22 Bainiuchang Mengzi Yunnan Caledonian 0.45 68.74 171.85 0.77 MVT
M-23 Dulong Maguan Yunnan Yanshanian 2.78 241.93 604.83 16.81 MVT

Additional reference, Dai et al., 2005.
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Table 4
HgT concentrations in IR zinc deposits.

Deposit no. Deposit name Locations Provinces Host ages HgT (lg/g) Zn (104 tons) ZC (104 tons) MR (t) Deposit types

IR-1 Pingfeng Pucheng Fujian Yanshanian 0.10 19.49 48.73 0.05 IR
IR-2 Cuiqian Gaoan Jiangxi Yanshanian 0.14 24.54 61.35 0.09 IR
IR-3 Jianai Datian Fujian Yanshanian 0.15 14.91 37.28 0.06 IR
IR-4 Yinkeng Putian Fujian Yanshanian 0.15 16.69 41.73 0.06 IR
IR-5 Shangcang Longmen Guangdong Yanshanian 0.21 22.12 55.3 0.12 IR
IR-6 Yuli Wuxian Jiangsu Yanshanian 0.24 24.18 60.45 0.15 IR
IR-7 Qibaoshan Shanggao Jiangxi Yanshanian 0.28 26.32 65.8 0.18 IR
IR-8 Dachang Nandan Guangxi Yanshanian 0.32 318.44 796.1 2.55 IR
IR-9 Yindong Fuding Fujian Yanshanian 0.32 24.90 62.25 0.20 IR
IR-10 Huangshaping Guiyang Hunan Yanshanian 0.34 110.8 277.00 0.94 IR
IR-11 Shuikoushan Changning Hunan Yanshanian 0.36 111.08 277.70 1.00 IR
IR-12 Caijiayingzi Zhangbei Hebei Yanshanian 0.39 143.96 359.9 1.40 IR
IR-13 Chaipai Longmen Guangdong Indosinian 0.44 34.63 86.58 0.38 IR
IR-14 Lengshuikeng Guixi Jiangxi Yanshanian 0.46 218.82 547.05 2.52 IR
IR-15 Xiertala Chenbaerhu Neimenggu Yanshanian 0.59 27.67 69.18 0.41 IR
IR-16 Lame Nandan Guangxi Yanshanian 0.73 56.51 141.28 1.03 IR
IR-17 Qibaoshan Liuyang Hunan Yanshanian 0.95 21.64 54.1 0.51 IR
IR-18 Sanhe Eergunazuoqi Neimenggu Yanshanian 1.31 15.73 39.33 0.52 IR
IR-19 Wangjiazhuang Fushan Shandong Yanshanian 1.55 22.38 55.95 0.87 IR
IR-20 Xiangkuang Qixia Shandong Yanshanian 1.55 15.34 38.35 0.59 IR
IR-21 Huanren Huanren Liaoning Caledonian 1.59 49.59 123.98 1.97 IR
IR-22 Jiaoli Shangyou Jiangxi Yanshanian 1.59 1.01 2.53 0.04 IR
IR-23 Haobugao Balin Neimenggu Yanshanian 1.88 62.46 156.15 2.94 IR
IR-24 Congshuban Chenzhou Hunan Yanshanian 2.13 45.32 113.3 2.41 IR
IR-25 Wubu Huangyan Zhejiang Yanshanian 2.55 88.28 220.7 5.63 IR
IR-26 Tamu Yingjisha Xinjiang Hercynian 3.11 13.43 33.58 1.04 IR
IR-27 Gejiu Gejiu Yunnan Yanshanian 3.27 53.00 132.5 4.33 IR
IR-28 Huoshibulake Atushi Xinjiang Hercynian 3.49 3.69 9.23 0.32 IR
IR-29 Baiyinnuo Balin Neimenggu Yanshanian 4.08 196.04 490.1 20.00 IR
IR-30 Yueshan Lujiang Anhui Yanshanian 4.10 27.56 68.9 2.82 IR
IR-31 Taolin Linxiang Hunan Yanshanian 7.00 65.32 163.3 11.43 IR
IR-32 Xiaoxilin Yichun Heilongjiang Hercynian 7.00 53.00 132.5 9.28 IR
IR-33 Changtun Daxin Guangxi Yanshanian 7.04 22.73 56.83 4.00 IR
IR-34 Jiawula Chenbaerhu Neimenggu Yanshanian 8.80 37.90 94.75 8.34 IR
IR-35 Fangniugou Yitong Jilin Hercynian 10.00 35.70 89.25 8.93 IR
IR-36 Quli Lushi Henan Yanshanian 13.54 68.47 171.18 23.18 IR
IR-37 Xialadi Lincang Gansu Hercynian 30.80 0.08 0.20 0.06 IR
IR-38 Qingshuitang Qidong Hunan Yanshanian 41.04 24.20 60.50 24.83 IR
IR-39 Bajiazi Jianchang Liaoning Yanshanian 50.00 22.59 56.48 28.24 IR
IR-40 Shiduolong Xinghai Qinghai Indosinian 50.00 11.11 27.78 13.89 IR
IR-41 Xiaoyingzi Wengniute Neimenggu Yanshanian 67.30 20.48 51.20 34.46 IR
IR-42 Dajianshan Lianping Guangdong Yanshanian 81.60 27.81 69.53 56.73 IR
IR-43 Fozichong Qinxi Guangxi Yanshanian 200.00 33.16 82.90 165.8 IR
IR-44 Yinshan Dexing Jiangxi Yanshanian 308.41 44.34 110.85 341.87 IR

Additional reference, Dai et al., 2005.

Fig. 2. Pressure and temperature ranges of various ore-forming environments, and the major commodities found in each environment (Edwards and Atkinson, 1986; Evans,
1993). (BIF, banded iron formation; CT, critical temperature of water; MVT, sediment-hosted base metal deposits; REEs, rare-earth elements; PGE, platinum group elements).
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Cenozoic metallogeny of western China (Yang, 2000). Numerous
giant deposits were formed during this epoch with the best-known
example at Jinding, Yunnan, where ore occurs in siliciclastic
sediments that were deposited in a rapidly-subsiding Tertiary ba-
sin (Zhou et al., 2007; Xue et al., 2007; Hou et al., 2007).

2.2. Sampling sites and Zn ore type classification

As shown in Fig. 1, Zn concentrates from 100 Zn deposits were
collected. At each sampling site, a composite sample composed of
five sub-samples was collected. During the sampling campaign, all
collected samples were stored in sealed polyethylene bags to avoid
cross contamination. In the laboratory, samples were homoge-
nized, and sieved to minus 100 mesh prior to digestion. The sam-
pling locations, ore types, the geneses and Zn reserves of each
deposit in this study are given in Tables 1–4.

Mineralization occurs in a variety of environments in the Earth’s
crust as shown in Fig. 2. Mineral deposits form where ore minerals
are concentrated and precipitated from magmas or fluids in re-
sponse to changes in pressure, temperature, and chemical environ-
ment. These various processes lead to the formation of elemental
associations that are characteristic of the various geological envi-
ronments. Basically, it is difficult to classify all of the Zn deposits
into currently available deposit models (Large, 2004). Keeping
these aspects in mind, in this study, for convenience, economically
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valuable deposits of Zn are classified according to the processes of
their formation and are described in Section 3.1.

2.3. Total mercury analysis

In the laboratory, all Zn concentrates were digested with aqua
regia in a microwave oven. Mercury concentration was determined
using BrCl oxidation and SnCl2 reduction coupled with cold vapor
atomic absorption spectrometry, with a detection limit of
0.1 lg L�1 (Li et al., 2005). All the samples were analyzed in tripli-
cate. Accuracy was assessed using the certified reference material
GBW07168 (CRM Zn concentrate, Institute of Geophysical and
Geochemical Exploration, China). The average HgT of GBW07168
was 560 ± 80 lg g�1 (n = 5), which is comparable with the certified
value of 547 ± 92 lg g�1.

3. Results and discussion

3.1. HgT variations in Zn ore deposit types

Results of HgT in ZCs in China are listed in Tables 1–4. As shown
in Fig. 3, the HgT in the ZCs showed a significant variation between
the different Zn deposit sub-types. The HgT distribution for SEDEX,
VMS, MVT and IR types of deposits departs from a normal
distribution and usually approaches a log-normal distribution.
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Fig. 4. A generic SEDEX-type deposit model (based on Wilkinson et al., 2005).
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Here, the geometric mean is used for comparing the various depos-
it types.
3.1.1. Sedimentary-exhalative deposits
As shown in Fig. 4, SEDEX is a type of ore deposit which is inter-

preted to have been formed by the release of ore-bearing hydro-
thermal fluids into ocean water, where the heavy, hot brines flow
mixed with the cooler sea water, resulting in the precipitation of
stratiform ore (Cameron, 1975; Leach et al., 2005). Important SE-
DEX deposits in China are listed in Table 1. SEDEX deposits have
the highest geometric mean HgT concentration (48.2 lg/g,
n = 19). In previous studies, it has been estimated that Hg resources
associated with a SEDEX Zn deposit could reach the reserve of a
large-scale Hg deposit (Rytuba, 2003). Huang (1990) demonstrated
that in the Fankou SEDEX deposit, the associated Hg occurs only in
sphalerite (ZnS), of which the average Hg concentrations reached
790 lg/g and it most probably occurs both as an isomorphic mix-
ture and as micro-inclusions of Hg sulfide. Similarly, Schwartz
(1997) also summarized the HgT of Zn deposits and concluded that
SEDEX deposits have the highest Hg content ranging from 27 to
1198 lg/g Hg. Thus, SEDEX deposits are characterized by an en-
riched Hg contents.

It is possible that the elevated HgT levels in SEDEX deposits
could be explained by the relatively higher HgT in sediments.
The source of metals and mineralizing solutions for SEDEX deposits
is from deep formational brines. Deep formational brines are de-
fined as saline to hypersaline waters which are produced from sed-
iments during diagenesis (Leach et al., 2005). Metals such as Pb, Zn
and Hg are often enriched in sediments (WHO, 1989). Those
elements originated from the water in which the sediments were
originally deposited, and were precipitated with sulfides or
adsorbed to the organic materials (Jeng, 1992). For example,
dissolved Hg has a strong affinity for organic matter and suspended
sediment and, therefore, could be expected to be bound to these
particles in the water column and subsequently accumulate in
sediments. The relative enrichment of metals in sediment is even
more marked in some organic-rich black shales, which may hold
a large amount of Zn, Pb and Hg bound to clay minerals, organic
residues and sulfides. Average Hg levels are reported to be higher
in shale (400 lg kg�1) compared to the average concentrations in
crustal rocks that is probably less than 80 lg kg�1 (Tauson and
Abramovich, 1980).

Here, it is stressed that such associations cannot only lead to
higher concentrations of Hg in these types of rock units but also
in the transport of Hg away from the sites of sediment accumula-
tion (White, 1967). During diagenesis, metals are liberated from
clay and carbonate minerals as the mineralogy changes, and the
remaining pore fluid becomes concentrated into what is known
as deep formational brine. The solution of metals, salts and water
produced by diagenesis is produced at temperatures between
150 and 350 �C. Hydrothermal fluid compositions are estimated
to have a salinity of up to 35% NaCl with metal concentrations of
5–15 lg/g Zn and Pb. A large amount of Hg might be able to be
carried in solution because of the high salinity (Fein and
Williams-Jones, 2009). Generally these formational brines also
carry a considerable amount of S (Kelley et al., 1995).
3.1.2. Volcanogenic massive sulfide deposits
VMS is a type of metal sulfide (mainly Zn–Pb–Cu) ore deposit, in

which the mineralization is associated with the thick sedimentary
sequences. VMS deposits are related to intrusion by volcanic edi-
fices in submarine environments, and are formed by hydrothermal
circulation and exhalation of sulfides. This separates VMS deposits
from SEDEX deposits. Hydrothermal circulation is generally con-
sidered to be driven via heat in the crust often related to deep-
seated intrusions (Eckstrand et al., 1996). Selected VMS deposits
in China are listed in Table 2. The study showed that VMS deposits
have intermediate HgT concentration of 11.5 lg/g (n = 14), which
suggests that VMS deposits potentially can contain sufficient Hg
to be of environmental concern. The most Hg enriched VMS depos-
its have been reported in the Skellefte district, Sweden where over
85 deposits are present which commonly have ores containing
from 10 to 340 lg/g of Hg (Allen et al., 1997).

Mercury is found in abundance in VMS deposits associated with
subaerial and submarine volcanism. Mercury minerals are gener-
ally not present in VMS deposits, and Hg is primarily present in so-
lid solution within sphalerite, which can contain up to 41.1 wt.%
Hg in its structure (Tauson and Abramovich, 1980). According to



Fig. 5. A generic VMS type deposit model (Gregory and Taylor, 1981).
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common concepts, as shown in Fig. 5, the source of metal and S in
VMS deposits is a combination of incompatible elements which are
concentrated in the fluid phase of a volcanic eruption and metals
leached from the alteration zone due to hydrothermal circulation
(Eckstrand et al., 1996). Natural Hg arises from the degassing of
the Earth’s crust through volcanic gases. Much higher Hg levels
(up to 1500 lg kg�1) have been found in eclogite and peridotite
in inclusions in kimberlite pipes, suggesting that the deep crust
and upper mantle may be considerably enriched in Hg compared
to the upper crustal rocks (Greenwood and Earnshaw, 1984). The
transport of metals occurs via convection of hydrothermal fluids,
the heat for this being supplied by the magma chamber which sits
below the volcanic edifice, which can also enrich the hydrothermal
fluid in S and metal ions. Submarine volcanism and coeval chemi-
cal sedimentation may have provided a favorable setting for Hg
transport and fixation (Schwartz, 1997). VMS deposits are cur-
rently being formed by hydrothermal processes along submarine
divergent margins (e.g. mid-ocean ridges and back arc rifts) (Herzig
and Hannington, 1995). The sulfurous plumes known as the black
smokers deposit a variety of metal sulfides as the hot hydrother-
mal solutions meet and mix with deep ocean water. A recent study
has documented the deposition of Hg in sea-floor hydrothermal
settings (Stoffers et al., 1999), indicating that mid-ocean ridge sys-
tems may be important sources of Hg to the oceans. Elevated con-
centrations of Hg in submarine hydrothermal fluids, ranging from
4 to 16 pM have also been documented (Lamborg et al., 2006).

3.1.3. Mississippi valley type
Mississippi Valley-Type deposits (MVTs), being first recognized

along the Mississippi River Valley in the USA, are hydrothermal Zn
ore deposits that are characterized by (1) low-temperature forma-
tion (50–200 �C), (2) epigenetic emplacement within restricted
carbonate strata of sedimentary basins, and (3) precipitation from
highly saline brines (Sangster, 1995; Misra, 1999;Leach et al.,
2001). The major MVT deposits in China are listed in Table 3 and
the geometric mean HgT is 10.1 lg/g (n = 23).

According to common concepts, MVTs lack a genetic relation-
ship to igneous activity or igneous rocks (Heyl, 1983; Sverjensky,
1986). Similar to SEDEX deposits, the source of S and metals within
MVTs is the low-temperature hydrothermal solution formed by
diagenetic recrystallization of the carbonates. The brines acquired
their metal (such as Pb, Zn, Hg) load along their long travel path
through the sedimentary rocks (Schwartz, 1997). The hydrother-
mal solution normally migrates into stratigraphic highs, such as
folds, and typically also concentrates in fault zones at the margins
of basement grabens. If the solutions are not trapped successfully
within the carbonate host, it is possible for the hydrothermal fluids
to leak out into the ocean basin and form SEDEX Zn deposits.

Previous studies have demonstrated that the trap for MVT Zn
sulfides occurs as a consequence of S geochemical process and
hydrocarbon interactions (Peabody, 1993). Metals such as Pb, Zn
and Hg can be absorbed by the hydrocarbons (Fein and Williams-
Jones, 2009). The hydrocarbons can either leak out of the fault zone
or fold hinge, leaving a stockwork of weakly mineralized carbon-
ate–sulfide veins, or can degrade via pyrolysis in place to form bit-
umens. Once hydrocarbons are converted to bitumen, their ability
to chelate metal ions and S is reduced and results in these elements
being expelled into the fluid, which becomes saturated in Zn, Pb,
Hg and S. Commonly MVT deposits are formed by the combination
of hydrocarbon pyrolysis, which liberates metal ions and S to form
an acidic solution. The acidic solution dissolves the host carbonate
resulting in the formation of sulfide minerals such as sphalerite
and galena. Mercury may be present in sphalerite in solid solution
(Rytuba, 2003). In general, Hg exhibits a widespread association
with organic material. Mercury–bitumen deposits are among the
largest Hg producers (Peabody, 1993). Mercury deposits have cer-
tain features in common with MVT deposits: (1) the deposits
formed at shallow depths; (2) the ore-forming fluids had low
temperatures (usually <200 �C); and (3) hydrothermal aquifers
composed of sedimentary rocks played a major role in the ore-
forming process.

3.1.4. Intrusion related types
IRs are believed to be genetically related to high-temperature

hydrothermal processes that are related to the emplacement of
magmatic intrusions. They are responsible for the genesis of sev-
eral types of ore deposit of economic value. Selected major IR
deposits are listed in Table 4. As seen in Fig. 3, IRs are associated
with lower Hg concentrations (HgT = 2.4 lg/g, n = 44) than the
other deposit types studied. The causes of the generally lower
concentrations might be attributed to certain features of the spe-
cific IR deposit type. The IRs presented here can be classified into
two main types:

(1) Porphyry-type deposits are principally mined for Cu, Mo and
Sn, but contain subordinate amounts of Pb and Zn, which
occur with quartz in a complex network of veinlets or are
scattered throughout the host-rocks. Porphyry deposits refer



Fig. 6. Percentage of estimated Zn reserves (A) and Hg contribution (B) for Zn
deposits from four sub-types of Zn deposits in China.
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to disseminated mineralization spatially associated with fel-
sic intrusions in orogenic belts. The dispersion of Hg in the
porphyry environment seems to be influenced by the high
temperature of ore formation and/or nature of wall–rock
alteration. The relatively high temperature at which por-
phyry deposits form, minerals may lead to an increased
mobility and loss of volatiles, including Hg, from the melt.
These volatiles are then deposited as the melt cools. Gott
and McCarthy (1966), in a study of the porphyry Cu deposits
near Ely, Nevada, found that Hg was enriched in rocks sur-
rounding the ore deposits and depleted in the central ore-
bearing intrusive rocks. This dispersion pattern was attrib-
uted to the higher temperature prevailing in the center of
the ore deposit causing Hg to migrate outward, forming a
halo around the deposit. Further investigations are needed
to determine the concentrations of Hg in porphyry Zn ores.

(2) Skarn deposits include carbonate-replacement deposits being
related to igneous intrusions, but their genesis involves con-
tact metasomatism of favorable host rocks, most commonly
limestone. The ore-forming fluids are derived mainly from
the intrusion. The ore bodies are commonly irregular in
shape and may terminate abruptly at structural discontinu-
ities. Skarns are generally zoned, with anhydrous minerals
closest and hydrous minerals more distal to the intrusion.
Base-metal sulfides usually occur in the outer parts of a
skarn deposit. This zonal sequence reflects the differences
in temperature and in the properties of the metals in solu-
tion. Because Hg and many of its compounds are highly vol-
atile, there is a widespread belief that Hg is readily lost from
skarn deposits. The presence of high temperature in the fluid
phase, the piercement structures, and sulfide-bearing veins
may serve as pathways for volatile Hg to be mobilized, rede-
posited, and/or lost during skarn deposit formation. Perhaps
this is an important mechanism having the capability of pro-
ducing Hg haloes around IR deposits (Olade and Fletcher,
1976).

3.2. Evaluation of potential environmental impact of Zn smelting in
China

Mercury is present in several types of Zn deposits at concentra-
tions sufficient to make many of these ore deposits a potentially
significant source of Hg emissions to the environment. In these
deposits, Hg is released primarily in stack gases during the roasting
or smelting of massive sulfide ores (Rytuba, 2003). In China, the
high demand for Zn metal brought about by rapid industrialization
has resulted in Zn mineral-processing with limited regulations on
Hg emissions. Consequently, Hg continues to be released to the
atmosphere as a result of China’s large Zn production (Jiang,
2004; Feng et al., 2004).

3.2.1. Evaluation of Hg reserves in Zn deposits in China
To evaluate the potential environmental impact of Zn smelting

and refining processes in China, the basic data on Zn production
were acquired from a Zn concentrate market study as shown in Ta-
bles 1–4 (Dai et al., 2005).

As supposed by previous studies, Hg occurs only in ZC and Chi-
nese ZC has a Zn concentration of 40 wt.% (Li et al., 2010; Schwartz,
1997; Dai et al., 2005). Thus, the Hg reserve of deposit ij (HgRij, in
tons) could be calculated as follows:

HgRij ¼
Znij � 10�2

40%
� HgTij ð1Þ

where i indicates four sub-types of Zn deposits representing the
MVT (i = m),SEDEX (i = s), VMS (i = v) and IR (i = r) as shown in
Tables 1–4. The symbol j represents the deposit number of four
sub-types of Zn deposits [MVT (j = 1–23), SEDEX (j = 1–19), VMS
(j = 1–14) and IR (j = 1–44)]. The Znij and HgTij represent the total
Zn reserve (in units of 104 tons) and the geometric mean HgT (units
in mg/kg) of deposit ij, respectively. The Znij data in the study were
obtained from literature (Dai et al., 2005).

According to Eq. (1), the total Hg reserve (HgR, in tons) and the
total Zn reserve of Zn (ZnR, in 104 tons) in the 100 Zn deposits were
established as follows:

ZnR ¼
X
j¼23

Zni¼m
ij þ

X
j¼19

Zni¼s
ij þ

X
j¼14

Zni¼v
ij þ

X
j¼44

Zni¼r
ij

 !
ð2Þ
HgR ¼
X
j¼23

HgRi¼m
ij þ

X
j¼19

HgRi¼s
ij þ

X
j¼14

HgRi¼v
ij þ

X
j¼44

HgRi¼r
ij

 !
ð3Þ

Thus, based on Eqs. (1)–(3), the fraction of the Zn reserve (FZni)
and Hg reserve (FHgi) of a four sub-type Zn deposit in China could
be calculated by:

FZnið%Þ ¼
P

ZnRi¼m;s;v;r
ij

ZnR
� 100% ð4Þ
FHgið%Þ ¼
P

HgRi¼m;s;v;r
ij

HgR
� 100% ð5Þ

Based on Eq. (2), the ZnR of the 100 Zn deposits is 78.9 Mt,
which consisted 81% of the total Zn reserve (97.8 Mt in 2002) in
China (Dai et al., 2005). Using Eq. (4), it was found that the SEDEX
type accounts for 44.6% of the Zn reserves in China and it is the
most important ore type for Zn mineralization in China followed
by MVT (17.9%), IR (28.9%) and VMS (8.6%) (Fig. 6A).

Based on Eq. (3), the by-product Hg reserve in the 100 Zn
deposits is established to be 12,263 tons. The relative contribution
of the four sub-types of Zn deposit were calculated by Eq. (5) and
are shown in Fig. 6B, the largest by-product Hg comes from SEDEX
(70.9%), followed by MVT (14.2%), VMS (8.5%), and IR (6.4%) depos-
its. The total Hg reserves from some of the most Hg-enriched SE-
DEX deposits, such as Fankou (�3000 tons), are comparable to
those of a moderate size Hg deposit.
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3.2.2. Evaluation of Hg emissions during Zn smelting in China
Broadly speaking, Zn extraction from ZCs can be divided into

hydrometallurgical and pyrometallurgical techniques (Li et al.,
2010; Fugleberg, 1999; Hylander and Herbert, 2008). In China,
nearly all hydrometallurgical and pyrometallurgical techniques re-
quire roasting of sulfide minerals for desulfurization (Jiang, 2004).
In the roasting furnace, O2 reacts with ZCs at a temperature of
about 900–1000 �C, producing Zn oxides and releasing sulfur SO2

as well as other volatile compounds (e.g., Hg025) (Fugleberg,
1999). Sulfur in SO2, which has an economic value as a byproduct,
may be recovered as elemental S, liquid SO2, gypsum, or H2SO4. For
gases with a SO2 concentration in excess of 1%, S is often recovered
in a H2SO4 plant (SAP). In China, up to 80% of Zn smelters have in-
stalled SAPs (Song et al., 2010). There may be two mechanisms
through which Hg can be taken up by H2SO4, (1) the H2SO4 can oxi-
dize Hg in situ (Habashi, 1978), and (2) Hg can be oxidized by the
V2O5 catalyst bed in the acid plant, which is utilized for conversion
of SO2 to SO3 (Li et al., 2010). When SO2 and Hg0 vapor are carried
through SAP, a fraction of the Hg vapor is retained by the SAP (Hg
recovery efficiency of 95%), while the rest is emitted into the atmo-
sphere. However, 20% of Zn smelters do not have a SAP, in which
case the Hg recovery efficiency is >10% (Song et al., 2010). Thus,
for Zn smelters, the Hg emission factor (a) mainly depends on
whether a SAP is utilized or not, and an average Hg emission factor
is calculated with the following equation:

a ¼ ð80% � 5%þ 20% � 90%Þ ¼ 22% ð6Þ

Then, the annual Hg emission (Hgemission) from Zn smelting in
China was calculated as follows:

Hgemission ¼ Znan �
HgR
ZnR

� a ð7Þ

where Znan represents the annual production of Zn in China. The
Znan is increasing dramatically, from 2.16 million tons in 2002 to
3.15 million tons in 2006 with an average annual increase of 8.9%
(ECCNMY, 2003–2007).

According to Eq. (6), the annual Hg emission (Hgemission) from Zn
smelting in China was 107.7 tons in 2006. A few studies have eval-
uated annual Hg emissions from Zn smelting processes in China.
Based on the mass balance method, the inventory of Hg emissions
from industrial-scale Zn production plants in China were estab-
lished to be from 80.7 to 104.2 tons during 2002 to 2006 (Li
et al., 2010; Feng et al., 2004). The literature data are comparable
to the present estimate.

4. Conclusions

Mercury occurs as trace to recoverable amounts in many types
of Zn ores, depending on ore type and genesis. This study suggested
that: (1) SEDEX deposits have the highest HgT concentrations. The
reason may be due possibly to the relative higher Hg background in
sediments providing the ore-forming fluid; (2) VMS and MVT
deposits have moderate HgT concentrations. VMS deposits proba-
bly received their Hg from an input of Hg from a mantle source.
However, the source of metals within MVTs may be the low-tem-
perature hydrothermal solution formed by diagenetic recrystalliza-
tion of the carbonates; (3) IRs have the lowest HgT. The high
temperature in the fluid phase and the piercement structures of
IRs may result in loss of Hg during Zn mineralization. It has been
demonstrated that the sources and/or geochemical processes that
form a particular type of mineral deposit can result in loss or
concentration of Hg in mineral phases that are specific to the
mineral deposit type. The findings presented here may be useful
in evaluating their potential usefulness in detailed geochemical
exploration.
Zinc smelters produced 3.15 million tons of Zn from ore concen-
trates in China in 2006 (ECCNMY, 2003–2007). This could have re-
sulted in the emission of 108 tons of Hg to the atmosphere. The
largest amount of Hg emission comes from processing SEDEX ores
(70.9%), followed by MVT (14.2%), VMS (8.5%) and IR (6.4%)
deposits.
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