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Abstract The mineralogy and geochemistry of the

waste rocks distributed at Taojiang Mn-ore deposit,

central Hunan province, China, were studied using X-

ray powder diffraction (XRD), electron microprobe

analysis (EMPA) fitted with energy dispersive spec-

trometer (EDS) and inductively coupled plasma mass

spectrum (atomic emission spectra) ICP-MS (AES),

with the aim of predicting the environmental impacts

of weathering of the waste rocks. The mineralogical

results from microscope observation and XRD and

EMPA studies show that the waste rock is composed of

black shale and minor Mn carbonates. The oxidation of

sulfide minerals such as galena, pyrite and chalcopyrite

is accompanied by decomposition of Mn carbonates

and K-feldspar during exposure to atmospheric O2.

The geochemical characteristics of major, rare earth

elements (REE) and trace elements of the waste rocks

also show that the waste rock can be divided into black

shale and Mn carbonate, and both of them are cur-

rently under chemical weathering. The major alkalies

and alkaline elements (Ca, Mg, Na, K, Rb, Sr and Cs)

and major elements (Fe, S and P) and heavy metals

(Sc, V, Cr, Th, U, Sn, Co, Ni, Cu, Zn, Pb, Mo, Cd, Sb,

an Tl) are being released during weathering. The

mobility of alkalis and alkaline elements Ca, Mg, Na,

K, Rb, Sr and Cs is controlled by decomposition of Mn

carbonates. The dispersion of Cr, Sc and Th (U) might

be related to weathering of K-feldspar, and the release

of the heavy metals Co, Ni, Cu, Zn, Pb, Mo, Cd Sb and

Tl is dominated by the breaking of sulfide minerals.

The REE of the waste rocks and surrounding soils and

the spidery distribution patterns of heavy metals in the

waste rocks, the surrounding soils and the surface wa-

ters show that weathering of the waste rocks and

bedrock might be the sources of heavy metal contam-

ination for the surrounding soils and surface water

system for the mining area. This is predicted by the

mass-balance calculation by using Zr as an immobile

element. Therefore, it is urgently necessary take mea-

sures to treat the waste rocks distributed throughout

the area for the local environmental protection.

Keywords Waste rock � Chemical weathering �
Heavy metals � Environmental impact � Black shale �
Taojiang Mn-ore deposit

Introduction

In many cases, waste rock produced by mining contains

an abundance of sulfide minerals of little economic

value (Fanfani et al. 1997; Frostner and Wittman 1981;

Moncur et al. 2005). Oxidation of the sulfide minerals

such as pyrite, pyrrhotite, sphalerite, chalcopyrite and

galena is responsible for the dispersion of heavy metals

to environments (Nesbitt and Muir 1994; Audry et al.

2005; Lu et al. 2005; Moncur et al. 2005; Malmstrom

et al. 2006). The heavy metals constitute one of the
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most insidious and dangerous pollutants known to

humans (Chon et al. 1996; Nurnberg 1984; Akpan

et al. 2002; Lakhan et al. 2002; Peng et al. 2004).

Therefore, the heavy metal contamination caused by

waste rock should be an important environmental

concern. Previous studies have shown that the magni-

tude of heavy metal contamination from waste rock is

often considerable (Fanfani et al. 1997; Larocque and

Rasmussen 1998; Holmstrom et al. 1999; Silva et al.

2004), and the geological perspective on the toxicity of

waste rock produced from both open-pit and/or

underground workings should be stressed (Fanfani

et al. 1997; Larocque and Rasmussen 1998; Silva et al.

2004; Jung et al. 2005; Lu et al. 2005).

The extent and degree of heavy metal contamina-

tion around a waste rock depends upon the minerals

occurring in, and the chemical characteristics of, the

waste rock (Silva et al. 2004), which is composed of

mostly the ore host rocks. In many places of the world,

black shale hosts a remarkable array of ore deposits

including Ni, Au, U, V, Se, Mn and P (Coveney et al.

1994; Emsbo et al. 2005). Continuous mining in the

black shale has led to the production of an immense

quantity of black-shale waste rocks. The black shale

formed under anoxic deposition conditions usually

contains abundant sulfide minerals and has a high

concentration of many metals such as As, Cd, V, U,

Cu, Pb, Zn, Hg, Mn, Mo and Ni (Jaffe et al. 2002; Peng

et al. 2005). Weathering of black shale releases heavy

metals such as Co, Ni, Zn, Cd, Sn, Sb, Pb and U (Peng

et al. 2004), and Re and platinum group elements

(Petsch et al. 2000; Peucker-Ehrenbrink and Hannigan

2000). Therefore, black shale is considered to be an

important source of heavy metal contamination (Pa-

sava et al. 2003; Peng et al. 2004; Lavergren 2005) that

might cause very serious environmental problems

(Peng et al. 2004). The emission of heavy metals from a

waste rock is somehow controlled by the mobility of

the metals during weathering. Metal mobility during

weathering is ambiguous when the waste rock contains

various amounts of carbonates. Lapakko et al. (1997),

Blowes et al. (1998) and Holmstrom et al. (1999) de-

duced that high amounts of carbonate within a waste

rock might reduce the concentrations of released

metals, because manganese oxides formed from car-

bonate oxidation might act as barriers for the metal

mobility due to their high sorption capacity for many

heavy metals such as Cu, Co, Ni, Pb, Zn, Mo, etc.,

through isomorphic substitution, adsorption (ion ex-

change) and specific affinity (Neaman et al. 2004).

However, Evangelou and Huang (1994) and Dold and

Fontbote (2002) suggested that carbonates might

accelerate the emission of metals through promoting

oxidization of sulfides by the CO3 produced from car-

bonate oxidation, during which the electron transfer

via surface Fe–CO3 complexes occurs. Therefore, it is

important to understand the mobility of metals during

waste rock weathering for us to predict the toxicity of a

carbonate-bearing waste rock.

Central Hunan is one of the major Mn-ore pro-

ducers in the People’s Republic of China (Kuang

et al. 2003). There are many Mn ore deposits dis-

tributed in the area, and the total unearthed Mn

reservoir is more than 2·106 tons (Kuang et al. 2003).

Theexploitation of Mn in the area was started in 1960

(Sun 1995), and waste rock piles have developed since

then. The Mn-ores, mostly the Mn carbonates, are

hosted in black shale of the Ordovician age (Zhu

1996), and waste rocks produced during mining in the

area are always composed of black shale with Mn

carbonates. The annual average minimum and maxi-

mum temperatures for the area are 16 and 30�C,

respectively, and the average annual rainfall is about

1,600 mm (Peng et al. 2004), conditions that are

favorable for chemical weathering. The area has re-

cently been opened for tourism development, and the

population growth for the area has doubled since

1980. However, there are a paucity of environmental

assessments of the area and a lack of studies about

how the waste rocks distributed throughout the area

impact on the environment. The purpose of the

present study is to address this lack.

Site description

The Taojiang Mn-ore deposit is located at about 25 km

southwest of the Taojiang county town in central Hu-

nan (Fig. 1a). The ores are stratigraphically bounded

by the Moudaoxi formation of the middle Ordovician

(Zhu 1996; Fan et al. 2004), which is composed of

black shale. The outcrop of the Moudaoxi formation is

controlled by many folds and is distributed sinuously

throughout the mine district (Fig. 1a). The thickness of

the Mn-ore-hosted black shale varies from 5 to 100 m,

with an average of about 40 m. The black shale beds,

from 1 to 4 m in thickness, are composed of major

illite, chlorite, quartz, K-feldspar and minor pyrite,

sericite, calcite, kutnohorite and organic matter (Rao

and Fan 1990; Zhu 1996; Wu and Cao 2003). The pyrite

in black shale ranges from more than 1 to 14%, with an

average of 7%, and usually occurs as individual pyrite

grains, pyrite spheralites and polyframboidal pyrites

(Rao and Fan 1990). The organic matter in black shale

is mostly organic carbon, 3.6% on average (Rao and

Fan 1990).
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There are two layers of ores hosted within the black

shale, as shown in the stratigraphic profile (Fig. 1b).

Each ore layer consists of four to eight interlayed

monolayers of Mn ore veins. The thickness of each ore

monolayer varies from 0.6 to 1.4 m, with an average of

approximately 1.0 m. The ore bodies extend about

11 km throughout the mining district (Fig. 1a) and are

dominated by Mn carbonates, with minor Mn oxides

and Mn silicates. The minerals for the Mn carbonates

include major (more than 90% in total) rhodochrosite,

kutnohorite, calcite rhodochrosite and calcite, with

minor (less than 10%) quartz, ankerite, sericite, chlo-

rite, barite, pyrite, pyrrhotite, galena, sphalerite, chal-

copyrite and organic matter (Rao and Fan 1990). The

average concentration of Mn in carbonate ores is about

16.78%, but reaches more than 45% for the Mn oxide

ores (Jiang et al. 1995; Zhu et al. 1998; Wu and Cao

2003). However, the total Mn reserve from the Mn-

oxide ores is less than 8%. The waste rock in most

causes did not contain the original Mn-oxide ores, and

the Mn oxides found in the waste rock might be owing

to later (since exposure to the atmosphere) oxidation

of the Mn carbonates.

The deposit was opened in 1960 and has since been

continuously exploited for metal Mn. Waste rocks

composed of underground workings, mostly black

shale, were developed and deposited during the min-

ing. There are many waste rock piles distributed

throughout the mining district. The one selected for

this study is located at the Xiangtaoyuan mine, in the

northern part of the mining district (Fig. 1a). The

reason for the choice is that it is located at the end of

the Taohuajiang reservoir (Fig. 1a), the water of which

might contain leachates directly from the waste rock.

The Mn ores (carbonates) are easily identified by their

fleshy, grey and/or grey white colors, as well as their

textures, and were not so easy toabandon as waste

rocks during mining. Under the waste rock, there is a

layer of yellowish soil developed directly on the bed-

rock (black shale).

Materials and methods

The waste rock, the bedrock (the ore host rock), the

surrounding soils and the surface water were sampled

during field investigation. Eight waste rock samples

were carefully selected from the surface of the selected

waste rock pile, so that the selected specimens repre-

sented all different rock types with different weathered

degrees determined by colors and textures. Detailed

descriptions of the waste rock samples are summarized

in Table 1. Although the waste rock pile was deposited

about 40 years ago, samples from the surface of it

might represent waste produced in recent years and

might have been exposed to the atmospheric O2 for a

short temporal span.

The mineralogy for a waste rock is complex and

multiphased, and probably is a function of the local

and regional climate and the time period of exposure,

as suggested by Boulet and Larocque (1988). For

comparison, two bedrock (host rock) samples were

also selected from the geological site. One (T-2) rep-

resents the fresh bedrock, the black shale, while the

other (T-3) represents the weathered bedrock.

Descriptions of them are also included in Table 1. The

surrounding soil samples were collected at the same

Fig. 1 Geological sketch of the Taojiang Mn ore deposit (a) and
geological section of the ore host rock (b). 1 The ore-host rock
(the black shale of the middle Ordovician); 2 the lower
Ordovician; 3 the lower Silurian; 4 the middle Silurian; 5 the
Cambrian; 6 sample location; 7 site of waste rock pile; 8 water
reservoir; 9 claystone; 10 limestone; 11 black shale; 12 Mn-ore
layer
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time. About 1.5 kg of each rock and soil sample was

collected in clear plastic boxes.

All rock samples were firstly separated for miner-

alogical and geochemical studies. The Mn-ore sample

M-1 was subject to the X-ray powder diffraction

(XRD) analysis and electron microprobe analysis

(EMPA) fitted with an energy dispersive spectrometer

(EDS), after being studied under a reflecting light

microscope. The powdered XRD analysis was made

using a DRON-1 diffractmeter and filtered CuKa
radiation, while the EMPA was carried out using the

machine HITACHI-S-4700 FESEM under 20 Kv of

acceleration at the Institute of Geoscience, Jagiello-

nian University, Poland. All other waste rock samples

were subjected to electron microprobe analysis, which

was carried out using the Jeol-753 Superprobe at the

Ore Geology Department, AGH University of Science

and Technology, Poland. The EMPA was carried out

under the following environments: the accelerating

voltage of 20 kV and sample current of 15 nA. The

following standards and spectral lines were used: Ca

Ka(CaCO3), O Ka (quartz), W La (100%), Mn Ka
(100%), Mo La (100%), Mg Ka (MgCO3), Ni La
(100%), As La (InAs), Fe Ka (iron), S Ka (100%), Sb

La (100%), Zn Ka (100%), Cu Ka (100%), Pb Ma
(100%), Hg La (HgS).

For the geochemical study, the separated rock and

soil samples were powdered in an Alceramic shatter

box after drying at 100�C for 3 h in a laboratory. All

analytical data were reported on a dry sediment basis.

About 50 mg of powder from each sample was dis-

solved using HF + HNO3 solution in a disposable

platinum crucible to oxidize the organic matter. The

dissolved sample was then diluted using 2% HNO3,

and major elements were analyzed using an Elan6000

ICP-AES machine at the Guangzhou Institute of

Geochemistry, the Chinese Academy of Science. Then

a number of heavy metals, trace elements and REE

were analyzed at a wide range of concentrations with

high accuracy using an Elan6000 ICP-MS machine at

the same institute.

Surface water samples for this study included three

from a stream (W1, W2, W3) that runs directly down

to the Taohuajiang reservoir and might contain

leachates from the waste rocks, two from the tap-

water system (W4, W5) that supplies water for the

mine through pumping water at a upward site of the

reservoir, seven from the Taohuajiang reservoir (W6–

W12) and two from a fountain (W13, W14) derived

from a deep part of the crust through a fault. The

water sample locations are shown in Fig. 1a. The pH

values of the selected waters were firstly determined

during sampling, and then each 1-l water sample was

collected in a clear plastic bottle and acidified in situ

with HNO3. All the water samples were then filtrated

with 0.45-lm Millipore filters in a laboratory and

analyzed for a large number of elements using the

Elan6000 ICP-MS machine at the Guangzhou Insti-

tute of Geochemistry.

Results

Mineralogy

The results of EMPA together with EDS on waste

rocks are summarized in Tables 2 and 3. The micro-

scope studies showed that eight waste rock samples

included one Mn carbonate (MWR) and seven black

shales (BWR). Their mineralogyis described as fol-

lows.

Table 1 Description of samples from waste rock at the Xiang-
taoyuan mine

Sample Description

M-1 Grey-white, Mn carbonate with minor Mn oxides
developed slightly on the surface of specimen, no
sulfide mineral observed, brecciated structure without
change of texture and hardness, moderately
weathered

M-2 Black or grey-black shale, outline of the specimen not
very clear, no sulfide mineral observed on the surface,
texture and hardness not changed, incipiently
weathered

M-3 Black shale, outline of the specimen unclear, no sulfide
mineral observed on the surface, texture and
hardness not changed, incipiently or weakly
weathered

M-4 Brown-black shale, outline of the specimen completely
unclear, no sulfide mineral observed on the surface,
texture and hardness start to change, weakly
weathered

M-5 Brown-black shale, outline of the specimen completely
unclear, no sulfide mineral observed on the surface,
texture not changed, but the specimen showing the
feature of being easily broken, weakly or moderately
weathered

M-6 Brown-black and red-brown shale, outline of the
specimen completely changed, Fe oxides developed
on the specimen’s surface, texture and hardness
changed, moderately or intensively weathered

M-7 Yellowish-brown shale, outline, texture and hardness of
the specimen completely changed, but no fibrous root
developed, moderately or completely weathered

M-8 Soils developed not directly from the waste rocks, but
from the host rock, and located directly down the
waste rock pile, fibrous root developed

T-2 Black shale, bedrock and host rock for the mine, pyrite
of fine grain size (less than 0.5 mm in diameter)
spread on the specimen’s surface, fresh rock

T-3 Black shale, similar to sample T-2
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Table 2 Electron microprobe analyzing results for Mn-ore waste rock sample (M-1)

Phase Point Element Atom%a Element (wt%) Rrr (1-d) Formula Wt%

MnCO3 M1/1-1 Ca 5.9 4.37 0.2 MnCO3

Mn 94.1 95.63 1.01
(CaMn)CO3 M1/1-2 Ca 3.16 3.61 0.15 CaO 5.06

Mn 46.84 73.53 1.31 MnO 94.94
O 50.0 22.86 0.6 F 0.81
F 1.49 0.81 0.08 CaO 5.1
Ca 3.16 3.64 0.69 MnO 94.09
Mn 46.1 72.87
O 49.25 22.68

M1/2-1 F 0.0 0.0 0.01 F 0
Mg 0.63 0.44 0.09 MgO 0.72
Ca 2.9 3.22 0.09 CaO 4.5
Mn 46.57 73.4 0.83 MnO 94.77
O 50.0 22.95

M1/2-2 Ca 5.35 6.18 0.2 CaO 8.65
Mn 44.65 70.74 0.85 MnO 91.35
O 50.0 23.07

M1/2-3 Ca 2.37 2.7 0.09 CaO 3.78
Mn 47.63 74.52 0.82 MnO 96.22
O 50.0 22.78

Mn(OH)2/MnO M1/1-3 Mg 8.29 7.05 0.2 MgO 11.69
Ca 29.28 41.06 0.43 CaO 57.45
Mn 12.43 23.9 0.65 MnO 30.86
O 50.0 27.99

M1/1-4 Mg 5.34 4.38 0.13 MgO 7.26
Si 1.34 1.27 0.08 SiO3 2.72
Ca 22.12 29.86 0.36 CaO 41.78
Mn 17.18 31.79 0.71 MnO 41.05
Fe 2.68 5.04 0.55 Fe2O3 7.2
O 51.34 27.67

M1/1-5 Mg 10.53 9.29 0.22 MgO 15.41
Al 0.51 0.5 0.09 Al2O3 0.94
Si 0.5 0.51 0.08 SiO2 1.08
Ca 27.77 40.41 0.43 CaO 56.54
Mn 8.13 16.21 0.59 MnO 20.93
Fe 1.75 3.56 0.49 Fe2O3 5.09
O 50.81 29.52

M1/2-4 Mg 6.56 5.49 0.23 MgO 9.1
Ca 28.56 39.39 0.5 CaO 55.11
Mn 12.74 24.08 0.8 MnO 31.1
Fe 1.71 3.28 0.62 Fe2O3 4.69
O 50.43 27.76

M1/2-5 Mg 11.46 10.14 0.28 MgO 16.81
Ca 29.22 42.61 0.54 CaO 59.61
Mn 6.83 13.65 0.73 MnO 17.63
Fe 1.9 3.87 0.64 Fe2O3 5.53
Sr 0.11 0.36 0.2 SrO 0.42
O 50.48 29.38

Sulfide M1/1-6 S 53.2 38.56 0.31 NiS
Ca 0.89 0.8 0.07
Mn 3.58 4.44 0.31
Co 0.58 0.77 0.18
Ni 41.75 0.83

M1/1-7 S 53.13 38.39 0.31 NiS
Mn 4.7 5.81 0.33
Ni 42.17 55.8 0.85

M1/3-1 S 44.97 11.74 0.49 PbS
Mn 3.71 1.66 0.22
Pb 51.32 86.6 3.14
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Mn-ore waste rock

The X-ray powder diffraction (XRD) analysis was firstly

applied to the MWR (M-1) and showed that the MWR

contains major rhodochrosite (MnCO3), kutnohorite

[(Ca0.97Mn0.5Mg0.5)CO3], hausmannite (Mn3O4), mang-

anosite (MnO), wodginite [(TaMnSn)O2], feitknechtite

(MnOOH) and minor quartz (SiO2). Among these

minerals, the kutnohorite, rhodochrosite and quartz

may represent the original mineral phases for MWR,

and the hausmannite, manganosite, wodginite and

feitkechtite may be the products from oxidizing the

above original carbonate minerals, possibly through the

following chemical reactions:

MnCO3ðrhodochrositeÞ þH2Oþ CO2 ¼MnðHCO3Þ2
ð1Þ

MnðHCO3Þ2 ¼MnOðmanganositeÞ þ 2CO2 þH2O

ð2Þ

Table 2 continued

Phase Point Element Atom%a Element (wt%) Rrr (1-d) Formula Wt%

M1/3-2 Mn 10.42 4.33 0.58 PbS
Pb 55.88 87.51 5.79
S 33.7 8.17 0.73

M1/3-3 Mg 0.62 0.16 0.13 PbO
Cd 0.37 0.44 0.39 MnO
Ca 2.87 1.23 0.13
Mn 70.61 41.53 0.9
Pb 25.53 56.63 3.44
Mg 0.64 0.17 0.12
Cd 0.35 0.43 0.39
Ca 2.79 1.22 0.13
Mn 68.74 41.14 0.89
Pb 24.87 56.14 3.41
S 2.6 0.91 0.52

M1/3-4 S 37.66 10.38 0.62 PbS
Ca 3.03 1.04 0.15
Mn 13.02 6.15 0.65
Pb 46.29 82.43 5.82

a ZAF correction

Table 3 Electron microprobe analyzing results (wt%) for sulfide minerals in waste rock and bed rocks

Sample Point Fe S Co Ni Cu Au Ag Mineral

M-5 AP9-3/1 39.69 38.13 0.14 0.07 0.04 0.03 0.04 py
M-6 AP9-1/1 47.76 50.22 0.12 0.01 0.02 0.03 0.04 py

AP9-1/2 47.29 51.85 0.06 0.12 0.02 0.04 0.04 py
AP9-1/3 47.69 50.61 0.06 0.02 0.02 0.03 0.04 py
AP9-1/4 48.38 50.99 0.05 0.02 0.02 0.04 0.04 py
AP9-2/1 48.53 51.93 0.08 0.03 0.02 0.003 0.04 py
AP9-2/2 47.61 51.39 0.09 0.01 0.02 0.03 0.04 py

Average 40.88 43.34 0.076 0.04 0.023 0.029 0.04 Fe0.73 S1.35

M-6 AP9-1/5 30.55 34.46 0.06 0.01 35.9 0.08 0.04 cpy
AP9-1/6 31.52 34.4 0.08 0.01 35.75 0.03 0.04 cpy

T-2 AP8-3/1 46.07 53.87 0.08 0.01 0.02 0.03 0.04 py
AP8-3/2 46.29 53.53 0.03 0.03 0.03 0.03 0.04 py
AP8-3/3 46.17 53.66 0.09 0.19 0.02 0.03 0.04 py
AP8-3/4 45.43 53.9 0.07 0.07 0.02 0.03 0.04 py
AP8-3/5 43.55 53.93 0.12 0.01 0.8 0.07 0.04 py
AP8-3/6 44.57 54.05 0.14 0.17 0.02 0.04 0.04 py
AP8-4/1 46.63 54.57 0.03 0.01 0.02 0.03 0.04 py
AP8-4/2 45.85 54.51 0.08 0.01 0.02 0.03 0.04 py
AP8-4/3 46.02 53.99 0.11 0.01 0.02 0.03 0.04 py

Average 45.62 54.00 0.083 0.057 0.108 0.036 0.04 Fe0.82S1.684

py Pyrite; cpy chalcopyrite; om organic matter
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MnðHCO3Þ2 þ 2OH� þ 2Hþ

¼MnðOHÞ2ðfeiknechtiteÞ þ 2CO2 þ 2H2O ð3Þ

6MnðOHÞ2 þO2 ¼ 2Mn3O4ðhausmanniteÞ þ 6H2O

ð4Þ

Mn3O4ðhausmanniteÞ þO2 ¼ 3MnO2ðwodginiteÞ: ð5Þ

Under the electron microscope, it was seen that the

MWR contains Mn carbonates, Mn oxides and sulfide

minerals. The Mn carbonates were oxidized to some

extent. The fresh carbonate has awhite or grey white

color with higher reflected light; however, the oxidized

carbonate is mostly grey or dark grey with much lower

reflected light. The EDS results (Table 2) show that the

Mn concentration in fresh carbonates is up to 95.63%,

with Ca at 4.37%. Combining the XRD results and

EDS analyses (Fig. 2a), it was deduced that the fresh

carbonate (M1/1-1; Table 2) may be rhodochrosite,

with the chemical formula MnCO3. However, the con-

centration of Mn (from four other analyzed points) in

oxidized carbonates ranges from 70 to 74%, with an

Fig. 2 EDS spectra of different minerals hosted within the Mn-carbonate waste rocks. For details, see the text
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average of 73.05% (n=4; Table 2), which is much lower

than in the fresh carbonate. The concentrations of Ca in

oxidized carbonates are similar to those in the fresh

one. The EDS results (Table 2) show that oxidized

carbonates contain a definite amount of Mg and a high

amount of oxygen. Also, combining the XRD and EDS

results (Fig. 2b), it is estimated that the oxidized Mn

carbonate probably is rhodochrosite, or kutnohorite,

with the chemical formula (Ca0.97Mn0.5Mg0.5)CO3 and

with a high amount of oxides, probably MgO, and CaO.

The Mn oxides are monotonously black and dark,

always with much lower reflected light. The EDS re-

sults show that they contain Mn, Ca, Mg and O, with

minor Al, Fe, Si and Sr. The concentrations of Mn, Ca,

Mg and O from five analyzed points on the Mn oxides

are variable and on average are 21.93, 38.67, 7.27 and

28.45% (n=5; Table 2), respectively. It is not possible

to calculate their detailed chemical forms from the

EDS results, but by combining the XRD and EDS

results (Table 2; Fig. 2c), it is deduced that the oxide

minerals may include hausmannite and manganosite.

The sulfide minerals observed under the microscope

include pyrite, galena and chalcopyrite, and millerite.

The EDS results (Table 2) display the occurrence of

millerite (NiS) and galena (PbS) within the MWR. The

oxidizing zones developed in galena grains clearly

indicate features of being oxidized. However, no evi-

dence of oxidation was observed on millerite grains,

illuminating that galena grains are easier to oxidize

than millerite. The elemental composition of the oxi-

dized galena grains is a complex mix of Pb with Mn,

Mg, Cd and Ca. Compared to the stoichiometric form

of galena, the element S in galena is distinctly lower,

probably indicating a loss of the element S from galena

during weathering.

Pyrite in pentagonal dodecahedron form was also

oxidized during weathering. It should be pointed out

that the occurrences of sulfide crystals and the oxidi-

zation features for galena and pyrite clearly show that

the sulfide minerals hosted within the MWR are

contemporaneous crystals formed during the forma-

tion of Mn carbonates, not during Mn carbonate

weathering.

Black shale waste rock

The waste rock is dominated by black shale. Mineral-

ogical study of BWR shows that the sulfide minerals

within it are mostly pyrite with minor chalcopyrite. The

pyrite grains are mostly in pentagonal dodecahedron

form, and the polyframboidal grains, as described by

Rao and Fan (1990). The EMPA results show that the

pyrite contains the trace metals Co, Cu, Ni, Au and Ag,

with an average content of 0.076, 0.023, 0.04, 0.029 and

0.04% (n=8; Table 3), respectively. These values are

lower than the corresponding metals in pyrites of the

bedrock, which average of 0.083, 0.108, 0.057, 0.036 and

0.04% (n=9; Table 3), respectively. Compared to the

stoichiometric forms of pyrites (average in form of

Fe0.97S2, n=9) in bedrock, the element S in pyrites (in

average of Fe1.08S2, n=8) of the waste rock is distinctly

lower, showing the element S was probably lost during

weathering. The above EMPA results for two occur-

rences of pyrite suggest that the loss of the element S

during weathering was accompanied by the release of

other metals including Co, Cu, Ni and Au.

Geochemistry

Waste rocks

The concentrations of major elements, trace elements,

REE and heavy metals of the waste rocks are listed in

Table 4. In terms of major element compositions, the

M-1 is characterized by low SiO2, Al2O3, Fe2O3
* +

MgO, and Na2O + K2O (28.30, 5.76, 8.96 and 1.94%,

respectively), but high MnO and CaO (28.01 and

16.78%, respectively). This is similar to that of the

average Mn carbonates (MC, n=13; Fu 2001) as shown

in Table 4, but distinctly different from the rest waste

rocks (the BWR, e.g., M-2, M-8, etc.).

The difference of major element compositions

among the sampled waste rocks also indicates the

partition of MWR and BWR, as identified under the

microscope. The BWR contains contents of SiO2,

TiO2, Al2O3, Fe2O3
*, Na2O and P2O5, with an average

of 59.40, 0.74, 15.49, 7.0 0, 0.91 and 0.11%, respectively,

similar to that of bedrock (T-2) and average black

shales (BS, n=34; Table 4). However, the contents of

MnO, CaO and MgO are variable (0.08–1.56, 0.2–4.74

and 1.33–5.71%, respectively), with an average of 1.35,

1.46, and 2.36%, respectively. These values are higher

than those of the bedrock (T-2) and average black

shales (n=34; Table 4) except for CaO. The contents of

K2O in BWR vary from 2.94 to 4.72%, with an average

of 3.70%, similar to that of the bedrock (T-2) and

weathered bedrock (T-3), but distinctly higher than

that of the MWR and the average Mn carbonates

(n=13; Table 4).

All the waste rocks have similar ratios of Al2O3/

SiO2 and Al2O3/K2O, but vary in Al2O3/Na2O, K2O/

Na2O and Al2O3/(Na2O + CaO). The ratios of Al2O3/

Na2O and K2O/Na2O for MWR are greatly higher than

BWR, but Al2O3/(Na2O + CaO) is lower than BWR,

probably indicating that the MWR was weathered to a

higher degree than the BWR. The CIA of BWR is
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moderate, from 62 to 74 (Table 4), suggesting that the

effects of weathering had not proceeded to the stage

where alkali and alkaline earth elements are substan-

tially removed from clay minerals. It also indicates that

the weathering is essentially the conversion of plagio-

clase to clays, or that there is a more intense decom-

position of plagioclase than K-feldspar during

weathering, as suggested by Nesbitt et al. (1980). Also,

depletion of Na and high K2O/Na2O ratios of the waste

rocks might have been caused by more intense

decomposition of plagioclase than K-feldspar. How-

ever, the detected major element compositions of

waste rocks resulted from both weathering of source

rocks during sedimentation processes and the exposure

weathering of waste rock due to mining.

Many studies (e.g., Bhatia 1983; Feng and Kerrich

1990) show that source weathering may cause variable

degrees of negative correlations for SiO2 versus Al2O3,

Fe2O3
*, MgO, TiO2 and Na2O, and the negative cor-

relations reflect a decrease in unstable components

(e.g., feldspar) with an increase in mineralogical
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maturity. The present data from waste rocks do not

show clearly negative corrections (Fig. 3) for SiO2

versus Al2O3, Fe2O3
*, MgO, TiO2 and Na2O, implying

that the relation of unstable components (e.g., feld-

spar) to mineralogical maturity is distributed. This

distributed relation among SiO2 and Al2O3,

Fe2O3
*, MgO, TiO2 and Na2O probably is the result

ofsecondary weathering, the exposure weathering that

resulted in scatter on plots of SiO2 versus Al2O3,

Fe2O3
*, MgO, TiO2 and Na2O, as suggested by Feng

and Kerrich (1990).

It is not possible to distinguish exposure weathering

from source weathering for MWR and BWR by the

above major element compositions. It can be deduced,

however, that the exposure weathering is mostly

characterized by decomposition of K-feldspar, while

source weathering is characterized by decomposition

of plagioclase. This agrees with Nesbitt et al.’s (1980)

conclusion that Na is leached preferentially to K during

chemical weathering.

The contents of P, Ba, Ti and other trace elements

(Zr, Hf, Nb, Ta, Ga, Ge, Rb, Cs and Y) in MWR are

consistent with the corresponding elements of BWR

(Table 4). Among the trace elements, Ta, Hf, Nb and

Y, in both MWR and BWR, are relatively constant, but

Zr is in variable concentrations (from 62 to 139 ppm).

Similar ratios of Zr/Hf and Zr/Nb (Fig. 4) indicate that

Zr might be immobile during weathering. Positive

correlations exist among K–Al, K–Cs and K–Rb

(Fig. 4), indicating K-bearing clay minerals (e.g., illite

and sericite) are probably controlling the abundances

of these elements (McLennan et al. 1983). Sr is ex-

tremely enriched in MWR (M-1), but depleted to some

extent in BWR. The scatter between Sr and K (Fig. 4)

shows that Sr was leached from parent rocks and K was

enriched (through ion-exchange) onto clays formed

during the decomposition of Sr-enriched plagioclase.

Concentrations of alkali and alkaline earth elements

(except Ca and Mg) are normalized to the average
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upper continent crust (Taylor and Mclennan 1995) and

plotted in order of increasing ionic radius in Fig. 5. A

tendency of increasing depletion towards the smaller

cations is clearly shown. This is similar to the pattern

Nesbitt et al. (1980) observed for weathering profiles

and suggests that the waste rocks are weathered to a

moderate degree. Relative to other smaller cations,

depletion of Sr is particularly severe, also implying that

the weathering of waste rocks is dominated by

decomposition of K-feldspar.

The REE patterns (Fig. 6a) of waste rocks are uni-

form and similar to the average black shale (Mason

and Morre 1982), with LREE enrichment (high (La/

Yb)n, (La/Sm)n and LREE/HREE ratios), flat HREE

[(Gd)n/(Yb)n=0.91–1.26, average 1.09] and significant

negative Eu-anomalies (Eu/Eu* average of 0.76) and

Table 5 Concentrations of trace metals (ppm) and rare earth elements (ppm) of the surrounding soils at Xiang Taoyuan waste rock
pile

Sample S1 S2 S3 S4 S5 S6 AVEa WSb XSc

Al 38,682.8 61,179.1 49,286.1 48,980.5 156,595.8 55,267.1 68,331.90 71,000
Fe 24,436.1 29,201.7 29,365.2 23,590.2 34,578.9 12,955.8 25,688.0 40,000 35,000
Mn > > > 383.041 69.597 30.869 1,000 441.0
V 164.90 248.90 116.20 126.00 85.672 79.092 136.79 90.0 136.0
Cr 137.60 162.60 115.60 183.70 332.20 140.50 178.70 70.0 67.0
Co 110.50 157.00 64.30 7.965 4.623 2.166 57.76 8.0 15.0
Cu 337.10 367.10 209.10 39.47 202.03 20.96 195.96 30.0 27.0
Zn 560.90 403.10 306.60 90.77 149.30 37.99 258.11 90.0 95.0
Mo 15.889 22.471 8.25 4.532 7.997 0.505 9.94 1.20 1.20
Cd 1.05 1.044 0.697 0.192 0.157 0.046 0.53 0.35 0.093
Tl 1.37 2.078 0.911 2.253 6.039 3.20 2.64 0.20 0.20
Pb 276.20 337.30 175.70 28.59 44.36 16.82 146.50 35.0 27.0
Th 13.93 29.70 14.60 12.77 22.89 6.88 16.80 9.0 16.0
U 4.589 8.008 3.892 4.144 3.522 1.423 4.26 2.0 4.2
Rb 85.38 130.82 93.83 74.37 252.40 143.80 130.10 150 –
Sr 818.90 704.30 516.80 49.86 26.16 15.64 355.28 250 250.0
Th/U 3.04 3.71 3.75 3.08 6.50 4.83 3.94 4.50 –
EIWS

d 6.35 8.22 3.94 2.48 5.23 2.07 4.72 1.00 1.20
EIXW

d 6.60 8.11 4.10 2.42 5.22 2.03 4.74 1.23 1.00
La 35.89 53.11 37.16 32.78 47.78 16.51 37.21 40.00 38.0
Ce 132.90 210.40 117.10 67.11 94.67 32.74 109.15 50.00 89.0
Pr 7.999 11.55 8.055 7.784 12.008 3.663 8.51 7.00 8.21
Nd 26.58 38.96 26.10 27.49 43.13 12.97 29.21 35.00 28.00
Sm 5.623 7.608 5.445 4.56 7.925 2.181 5.56 4.50 5.30
Eu 1.006 1.351 1.03 0.776 1.472 0.414 1.01 1.00 0.98
Gd 4.724 6.27 4.822 2.024 3.891 1.047 3.80 4.00 3.50
Tb 0.72 0.881 0.721 0.349 0.658 0.192 0.59 0.70 0.75
Dy 3.64 4.71 3.777 2.223 3.308 1.194 3.14 5.00 2.60
Ho 0.702 0.918 0.766 0.439 0.604 0.256 0.61 0.60 0.78
Er 1.943 2.659 2.147 1.344 1.858 0.777 1.79 2.00 1.91
Tm 0.299 0.425 0.334 0.204 0.306 0.123 0.28 0.60 0.66
Yb 1.875 2.655 2.019 1.321 2.214 0.832 1.82 3.00 2.80
Lu 0.297 0.427 0.323 0.238 0.41 0.158 0.31 0.40 0.46P

REE 224.20 341.92 209.79 148.64 220.23 73.06 202.98 153.8 182.95P
LREE/

P
HREE 14.79 17.05 13.07 17.26 15.62 14.95 15.45 8.44 –

Eu/Eu*e 0.72 0.69 0.70 0.89 0.93 0.96 0.77 0.83 0.80
Ce/Ce*e 1.77 1.92 1.53 0.98 0.89 0.95 1.39 0.67 1.14
(La/Yb)n 10.85 11.34 10.43 14.06 12.23 11.24 11.59 7.56 7.69
(La/Sm)n 4.47 4.89 4.78 5.03 4.22 5.30 4.69 6.22 5.02
(Gd/Yb)n 1.34 1.25 1.27 0.81 0.93 0.67 1.11 0.71 0.66

> Represents out of the limit of the ICP-MS machine. –Represents no data

Average value of seven analyzing results with deviation in percentage less than 10%
a Average concentration of soil samples from S1 to S6
b World soils values suggested by Bowen (1979)
c Regional soils of Hunan province after Li and Zhen (1988)
d EI represents the enrichment index calculated by the equation seen in the text
e Eu/Eu* = (Eu)n/((Sm)n

*(Gd)n)1/2, Ce/Ce* = (Ce)n/((La)n
*(Pr)n)1/2
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Table 6 Concentrations (ug/l) of heavy metals, trace elements, major elements and rare earth elements in water from Taohuajiang
watershed

Sample W1 W2 W3 SWb W4 W5 TWb RGWb

pH 6.5 6.5 6.8 6.5 6.8

Major elements
Al 28.62 95.81 438.7 187.71 11.8 5.39 8.595 241.104
Ti 2.167 2.147 5.746 3.35 1.16 1.155 1.158 –
Fe 753.10 683.80 941.60 792.83 162.20 185.30 173.75 –
Na 15,358.9 13,468.6 12,805.1 13,877.53 3,052.10 3,004.8 3,028.45 29.473
K 3,769.20 12,879.7 11,610 9,419.63 1,987.50 1,843.6 1,915.55 4.53
Ca 148,609.1 121,192.7 114,256.3 128,019.4 39,370.6 38,839.1 39,104.85 21.584
Mg 64,273.9 39,962 36,743.4 46,993.1 5,853.4 6,225.4 6,039.4 1.942
Ba 50.43 76.44 66.35 64.407 145.80 147.20 146.50 85.47
Rb 6.541 37.28 31.44 25.087 1.149 0.826 0.988 0.019
Sr 2,539.40 2,044.9 1,897.4 2,160.57 145.80 144.7 145.25 0.002
Cs 12.80 12.29 11.35 12.1467 0.027 0.018 0.0225 –
P 29.06 13.87 49.62 30.85 17.23 17.43 17.33 1.19

Heavy metals
As 0.11 0.032 0.092 0.078 0.008 0.008 0.008 0.109
Mo 10.08 13.59 11.11 11.593 1.179 1.419 1.299 0.181
U 4.214 2.013 4.925 3.717 0.27 0.225 0.248 0.11
Sb 0.022 0.023 0.02 0.0217 0.01 0.01 0.01 0.027
Se – – – – – – – 0.293
Cd 0.062 0.06 0.068 0.063 0.015 0.008 0.012 1.407
Co 0.354 1.606 3.833 1.931 0.102 0.198 0.15 2.942
Cr 14.10 11.50 10.26 11.953 14.80 15.03 14.915 6.887
Cu 0.959 0.922 4.418 2.10 0.668 0.53 0.599 1.397
Zn 9.708 15.76 15.66 13.709 14.84 13.75 14.295 18.858
Pb 0.957 1.342 7.079 3.126 0.899 0.901 0.90 6.316
Mn 9.392 1,443.2 1,779.80 1,077.46 2.531 0.298 1.415 0.001
Ni 24.24 40.45 50.09 38.26 0.575 0.743 0.659 –
Sc 3.089 3.368 3.506 3.321 2.012 2.149 2.08 –
Sn 0.021 0.009 0.014 0.0147 0.014 0.011 0.0125 0.001
Tl 0.296 0.315 0.34 0.317 0.037 0.025 0.031 1.347
Th 0.003 0.003 0.10 0.035 0.002 0.001 0.0015 –
V 2.492 2.567 2.938 2.666 3.018 2.82 2.919 –

Other trace elements
Bi 0.002 0.001 0.01 0.0043 0.003 0.001 0.002 –
Nb 0.029 0.004 0.005 0.013 0.007 0.033 0.02 –
Ta – 0.001 0.001 0.0007 – – – 0.001
Zr 0.041 0.055 0.093 0.063 0.008 0.007 0.0075 –
Hf – 0.001 0.004 0.0017 – – – –
Y 0.041 0.242 0.612 0.298 0.016 0.006 0.011 –
Ga 0.514 0.738 0.653 0.635 1.495 1.597 1.546 –
Ge 0.047 0.032 0.039 0.0393 0.015 0.02 0.0175 –

Sample W6 W7 W8 W9 W10 W11 W12 RWa W13 W14 FWa

pH 6.8 6.5 7.0 6.8 6.8 7.0 7.0 6.0 6.2

Major elements
Al 32.71 33.02 20.64 29.9 36.54 137.3 30.8 45.844 36.65 14.85 25.75
Ti 2.17 1.365 1.047 1.256 0.557 1.437 1.749 1.369 2.479 2.392 2.4355
Fe 47.38 29.22 19.34 66.2 22 33.91 24.92 34.71 77.83 70.42 74.125
Na 2,053.5 1,438.6 1,282.4 1,322.7 1,680.1 541.7 3,146 1,637.857 4,236.4 4,273.6 4,255
K 703.2 611.7 387 520.4 1203.8 496.5 1180 728.943 732.2 726.3 729.25
Ca 2,081 4,450.3 2,165 2,891.9 17,507.2 3,619.8 3,170.3 5,126.5 4,665.4 4,748.3 4,706.85
Mg 3,351.5 1,847 1,503.1 1,960.2 3,258.9 1,279.1 1,556.2 2,108 2,275.2 2,254 2,264.6
Ba 0.346 72.25 12.26 8.48 67.33 86.65 35.02 40.334 20.82 21.15 20.985
Rb 4.161 0.556 1.352 2.78 1.457 0.834 2.238 1.911 0.385 0.38 0.3825
Sr 9.769 15.94 14.77 13.31 77.32 13.48 21.44 23.718 28.33 28.44 28.385
Cs 1.277 0.024 0.685 0.896 0.037 0.036 0.013 0.424 0.005 0.003 0.004
P 29.46 34.45 7.211 41.48 12.92 6.656 13.68 20.837 32.68 41.31 36.995
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slightly negative Ce-anomalies (Ce/Ce* =0.85–1.00,

average 0.94), except M-1. There are no systematic

differences between REE patterns of MWR and BWR,

but the significant Ce-anomalies and high content of

total REE of MWR show that the MWR was formed

under oxygen conditions, or it has oxidized more

extensively than BWR since being exposed.

The contents of heavy metals (V, Mn, Ni, Cu, Zn,

Pb, Mo, Cd and Sb) in the waste rocks are distinctly

variable, but others (Sc, Cr, Th, U, Sn and Tl) are

relatively constant in the BWR (Table 4). The MWR

contains much higher contents of Co, Ni, Cu, Pb and

Mo (193.70, 1069.0, 317.20, 137.90 and 77.15 ppm,

respectively) than the BWR (corresponding average

of 38.96, 117.87, 100.26, 52.05 and 11. 29 ppm,

respectively), indicating the high abundance of sulfide

minerals such as millerite (NiS) and galena (PbS) in

MWR, as observed under the microscope. Among

these heavy metals, Sc, Cr and Th show clearly the

positive corrections with K2O (Fig. 4), implying the

mobility of metals Sc, Cr and Th was dominated by

the K-bearing minerals. Other metals, such as Co, Ni,

Cu, Zn, Pb, Mo, Cd and Tl, are scattered with

respect to K2O, showing that these metals were

controlled by other minerals, probably the sulfides.

However, the above metals do not show corrections

between each other (plots omitted), except the po-

sitive correction between Ni and Co (Fig. 4), indi-

cating that the metal mobility was influenced by

weathering, which might cause the decomposition of

sulfides such as galena and pyrite, as observed under

the microscope. A spidery diagram for all metals of

waste rocks is shown in Fig. 7a; it is clear that the

distribution patterns of the metals among the waste

rocks are similar, implying the waste rocks (except

M-1) were weathered to a similar degree. Also, the

metal distributional patterns of both MWR and

BWR are similar to the bedrock (T-2 and T-3),

indicating clearly the genetic relation of both MWR

and BWR to the bedrock.

Table 6 continued

Sample W6 W7 W8 W9 W10 W11 W12 RWa W13 W14 FWa

pH 6.8 6.5 7.0 6.8 6.8 7.0 7.0 6.0 6.2

Heavy metals
As 0.194 0.013 0.091 0.189 0.048 0.005 0.006 0.078 0.002 0.003 0.0025
Mo 1.636 0.081 0.014 0.037 0.77 0.088 0.01 0.377 0.083 0.073 0.078
U 0.01 0.01 0.01 0.01 0.3 0.085 0.01 0.062 0.005 0.004 0.0045
Sb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.001 0.001 0.001
Se 0.122 0.129 0.118 0.1 0.204 0.248 0.107 0.147 – –
Cd 0.026 0.021 0.09 0.022 3.407 0.104 0.036 0.529 0.007 0.007 0.007
Co 0.056 0.022 0.036 0.024 0.057 0.408 0.025 0.0897 0.043 0.043 0.043
Cr 8.446 2.739 3.952 4.561 7.054 3.865 7.936 5.508 4.318 4.171 4.2445
Cu 1.182 0.427 0.653 0.23 6.069 1.112 0.109 1.397 0.354 0.395 0.3745
Zn 10.43 2.784 11.44 3.457 17.07 2.601 2.619 7.200 9.7 9.144 9.422
Pb 0.051 0.07 0.088 0.041 0.078 0.106 0.061 0.071 1.197 0.946 1.0715
Mn 2.249 0.342 3.097 7.385 2.149 14.58 5.065 4.981 0.543 0.451 0.497
Ni 2.817 0.372 2.739 0.97 4.172 1.069 0.784 1.846 0.797 0.779 0.788
Sc 2.523 1.477 1.202 1.425 0.858 1.159 2.169 1.545 3.341 3.361 3.351
Sn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.008 0.006 0.007
Tl 0.02 0.026 0.033 0.021 0.071 0.061 0.019 0.0359 0.014 0.018 0.016
Th 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.009 0.007 0.008
V 0.156 0.401 0.126 0.16 2.161 0.653 0.158 0.545 2.303 2.071 2.187

Other trace elements
Bi 0.035 0.01 0.01 0.01 0.01 0.01 0.01 0.0136 0.003 0.003 0.003
Nb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.002 0.002 0.002
Ta 0.004 0.003 0.003 0.002 0.003 0.003 0.003 0.003 – –
Zr 0.024 0.042 0.027 0.017 0.009 0.071 0.015 0.0293 0.045 0.021 0.033
Hf 0.001 0.002 0.001 0.001 0.001 0.002 0.001 0.0013 – –
Y 0.006 0.015 0.011 0.006 0.035 0.432 0.055 0.08 0.019 0.018 0.0185
Ga 0.019 1.86 0.335 0.234 1.842 2.382 0.982 1.093 0.234 0.227 0.2305
Ge 0.028 0.023 0.029 0.035 0.025 0.026 0.023 0.027 0.015 0.022 0.0185

–Represents no data
a Average value of seven analyzing results with deviation in percentage less than 10%
b SW, TW, RGW, RW and FW represent average values of stream waters, tap waters, regional waters (after Zhang et al. 1996),
reservoir waters and fountain waters, respectively
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Surrounding soils

The concentrations of heavy metals and REE of the

surrounding soil samples are listed in Table 5. It is

clear that the soils surrounding the waste rocks are

enriched with the metals V, Cr, Co, Cu, Zn, Mo, Cd,

Pb, Tl, Th and U, and depleted in As Se, and Hg,

relative to both the world soils (Bowen 1979) and re-

gional soils of Hunan province (Li and Zhen 1988).

The enrichments of Cr, Cu, Zn, Mo, Cd, Pb, Tl, Th and

U of the soils are 2.6, 6.5, 2.9, 8.3, 1.5, 4.2, 13.2, 1.9 and

2.1-fold, respectively, relative to the world soil (Bowen

1979), whereas the metals V, Mn and Co are variable

among the soil samples, with the average higher than

of the world soils (Bowen 1979).

Imitating the enrichment index (EI) suggested by

Chon (1996), we calculate the EI of the soils by ratios

of 11 heavy metal concentrations to corresponding

values of the world soils (EIWS; Bowen 1979) and re-

gional soils of Hunan province (EIXS; Li and Zhen

1988) using the following equations:

EIWS ¼ ðV=90þ Cr=70þ Co=8þ Cu=30þ Zn=90

þMo=1:2þ Cd=0:35þ Tl=0:2þ Pb=35

þ Th=9þU=2Þ=11 ð6Þ

EIXS ¼ ðV=136þ Cr=67þ Co=15þ Cu=27þ Zn=95

þMo=1:2þ Cd=0:093þ Tl=0:2þ Pb=27

þ Th=16þU=4:2Þ=11 ð7Þ

The calculated results listed in Table 5 show that both

the EIWS and EIXS of the surrounding soils range from

2.07 to 8.26 and are all higher than 1.0, indicating that

the soils are contaminated with the above heavy met-

als.

The spidery distribution patterns for metals in the

soils (Fig. 7b) are similar to that of the waste rocks and

bedrock, implying a genetic relation between the heavy

metal contaminations of the soils and waste rock and

bedrock weathering.

The concentrations of total REE for the soils range

from 73 to 341 ppm, with an average of 202 ppm. This

is more variable than the waste rock (204–305 ppm,

average of 225 ppm). Moreover, the SLREE/SHREE

ratios for the soils (=13–17, average 15.46) are dis-

tinctly higher than of waste rocks (=8.6–11.9, average

9.9), indicating the LREE might be enriched during the

soil development processes, as Nesbitt (1979) con-

cluded. The soil samples, S1, S2 and S3 have positive

Ce-anomalies (Ce/Ce* =0.89–1.92, average 1.35),

which are similar to that of the MWR, suggesting an

oxygenic condition for the soil development.

The REE distribution patterns of the soils (Fig. 6b)

are also uniform, with LREE enrichment (higher (La/

Yb)n, (La/Sm)n and LREE/HREE ratios), flat HREE

[(Gd/Yb)n =0.67–1.34, average 1.05] and significant

negative Eu anormalies (Eu/Eu* =0.70–0.96, average

0.81). These are significantly similar to the waste rocks

and bedrock, also implying a genetic relation of the soil

development to weathering of the waste rock and

bedrock.

Surface water

The concentrations of major elements, heavy metals

and other trace elements as well as pH values of all

water samples are listed in Table 6. Generally, the

waters from the stream, the reservoir and the tap-water

system pumped from the reservoir are meteoric in

origin, whereas the fountain waters have a different

origin. Table 6 shows that the concentrations of major

alkalis and alkaline earths (Ca, Mg, Na, K and Sr) and

major elements (Fe, P) are distinctly higher in the

meteoric waters than the fountain waters. It is clear

that the contents of these elements decrease gradually

from the stream water to tap water, then to reservoir

waters. For example, the average concentration of iron

decreases from 792.83 to 173.75 (lg/l), and then to

34.71 (lg/l), respectively (Table 6). Moreover, the

spidery diagram of major elements of all water samples

(Fig. 7e) shows similar distribution patterns to mete-

oric waters, implying the meteoric waters are similar in

chemical composition.

The highest concentrations of Rb, Sr and Cs coincide

with maximum contents of Na, Mg and Ca, suggesting

enhanced leaching in response to greater dissolution of

carbonates. The concentrations of major alkalis and

alkaline earths significantly decrease from the head-

waters (stream waters) to middle-river (tap waters), to

downriver (reservoir waters), suggesting the meteoric

waters were gradually diluted along its pathway.

The major alkalis and alkaline earths (Ca, Mg, Ba,

Cs and P) are extremely enriched in the meteoric water

samples compared to the regional surface waters

(Zhang et al. 1996). For example, the enrichment fac-

tors (EF) of Ca from the stream waters, tap waters and

reservoir waters gradually decrease from 4,343.6 to

1,326.8, and to 173.9, respectively. The concentrations

and distribution patterns of major alkalis and alkaline

elements (Ca, Mg, Na, K and Sr) and major elements

(Fe and P) in the meteoric waters indicate that the

headwaters are more greatly impacted by leaching of

chemical components from waste rocks and bedrock

weathering.
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The concentrations of heavy metals in water samples

show similar features to the above major alkalis and

alkaline elements. In particular, (1) the concentrations

of heavy metals in the meteoric waters are distinctly

higher than the fountain waters (Table 6); (2) the

concentrations of most heavy metals (Cd, Co, Cr, Cu,

Pb, Mn, Ni and V) gradually decrease from of the

stream waters to tap waters, and then to reservoir wa-

ters (Table 6); (3) most heavy metals show similar spi-

dery distribution patterns (Fig. 7c, d), on which the

heavy metals (V, Cr, Co, Cu, Zn, Mo, Cd, Hg, Tl, Pb, Th

and U) of the stream waters and tap waters (Fig. 7c) are

slightly different from that of the reservoir waters

(Fig. 7d), but similar to both the soils and waste rocks

(Fig. 7a, b); (4) compared to the regional surface water

(Zhang et al. 1996), the meteoric waters are enriched

with many heavy metals (Table 6). The stream waters

are enriched with Cd, Co, Zn, Pb, Mn, Ni, Sc, Th and V,

whereas the tap waters and reservoir waters are en-

riched only in Cr, Zn, Sc, Th and V, indicating dilution

from the stream waters to the reservoir water.

The mineralogical study shows that the element S

was lost during weathering, but the pH conditions of

surface waters do not show a development of acid

drainage formed during weathering. This is possibly

due to the oxidation of carbonates, which consumed

the acidity released by sulfide mineral oxidation, as

suggested by Blowes et al. (1998). The pH values of

stream waters range from 6.5 to 6.8, and those of the

reservoir and pipe waters are from 6.8 to 7, consistent

with dilution suggested by concentrations of major

alkalis and alkaline earths and heavy metals. There-

fore, the neutralization might be the cause for the

dilution of major alkalis and alkaline earths and heavy

metals through chemical precipitating.

Discussion

The mineralogical study shows that the waste rocks at

the Xiaotaoyuan mine are currently undergoing

chemical weathering. The Mn carbonates and the sul-

fide minerals such as pyrite, galena and chalcopyrite

are being oxidized, and S and the metals Co, Cu, Ni,

Au and Ag are being released during sulfide decom-

position. The geochemical characteristics of major

elements of the waste rock imply that oxidation of Mn

carbonate and sulfide minerals is accompanied by

decomposition of K-feldspar (Rao and Fan 1990; Zhu

1996; Wu and Cao 2003). The rare earths Rb, Sr and Cs

are released due to decomposition of Mn carbonates,

and Cr, Sc and Th are dispersed owing to the breaking

of K-feldspar.

It is difficult to answer whether the carbonates

hosted within the waste rocks acted as barriers for

metal mobility (Lapakko et al. 1997; Holmstrom et al.

1999) or promoted sulfide oxidation (Evangelou and

Huang 1994; Dold and Fontbote 2002) during weath-

ering. However, the mineralogical observations suggest

that sulfide oxidizing is actually taking place along with

the carbonate oxidation during weathering, as ob-

served by Blowes et al. (1998).

The pH values of the surface waters suggested that

carbonate oxidation neutralizes acid drainage caused

by sulfide oxidation during weathering, through

releasing CO2 by chemical reactions (1), (2) and (3).

Moreover, the geochemical studies show that the heavy

metals Cr, Cu, Zn, Mo, Cd, Pb, Tl, Th and U are en-

riched in the surrounding soils, and Cd, Co, Cr, Cu, Pb,

Mn, Ni and V in the surface water system. Therefore, it

is suggested that carbonate hosted within the waste

rocks does not inhibit sulfide oxidation and metal

mobility.

The heavy metals in both surrounding soils and

surface waters were probably leached from waste rock

and/or bedrock during mineral (mostly sulfide, car-

bonate and K-feldspar) decomposition. The evidence

for this comes from: (1) mineralogical observations

under the microscope and EMPA and EDS analyzing

results (Tables 2, 3); (2) similar REE distribution pat-

terns among waste rocks, bedrock and surrounding

soils (Fig. 6); (3) similar spidery distribution patterns

for the metals V, Cr, Co, Cu, Zn, Mo, Cd, Hg, Tl, Pb,

Th and U in the waste rocks and bedrock, and the

surrounding soils, and the surface waters (Fig. 7a–d).

The enrichment indices (EIWS and EIXS; Table 5) of

the surrounding soils suggest that the soils may be

contaminated with a number of heavy metals. The

heavy metal contamination in the surrounding soils

and surface water is probably caused by the release of

heavy metals from sulfide decomposition during waste

rock and bedrock weathering.

There are two usual mechanisms for the mobility of

heavy metals during weathering: release (loss) and

secondary enrichment (gain). A mass-balance calcula-

tion is generally applied to estimate metal mobility

during weathering (e.g., Nestbitt 1979; Middelburg

et al. 1988; Kurtz et al. 2000; Peng et al. 2004). The

percentage of loss (% loss) can be calculated relative to

an immobile index element, assuming that the total

inventory of the index element on each weathering

waste rock does not change through time and that the

index element has not been redistributed among the

waste rocks. The fraction of mass lost from waste rock

relative to the mass, j, originally present (represented

by fresh bedrock T-2) is calculated from the following

Environ Geol (2007) 52:1277–1296 1293

123



equation (Nestbitt 1979; Middelburg et al. 1988; Nes-

bitt and Wilson 1992; Kurtz et al. 2000):

% loss ¼ ðCj;w=Cj;p � Ci;p=Ci;w � 1Þ � 100 ð8Þ

where C represents the concentration of any element

in any of the analyzed samples, the subject j refers to

the selected element for calculation, the subscript i

refers to the immobile element selected for calculation

and the subscripts w and p refers to waste rock and

parent material (bedrock T-2 in this study), respec-

tively.

Most important for the calculations is to determine

the immobile index element. In recent years, Nb, Ta, Ir

and Zr have been commonly considered as immobile

index elements for the calculation because of their low

aqueous solubility (Kurtz et al. 2000; Jaffe et al. 2002;

Peng et al. 2004). The present data show that the ele-

ment Zr is in variable concentrations in different waste

rocks, but ratios of Zr/Hf, Zr/Nb and Zr/Ta are rela-

tively constant among the waste rocks and bedrock

(Table 4; Fig. 4). This implies that Zr remains immo-

bile during weathering. Therefore, we consider Zr as

an immobile index element in these discussions of

heavy metal loss during exposure weathering. The

calculation results are shown in Fig. 8.

It is clear that (1) for MWR sample (M-1), some

metals (Sc, V, Cr, Th, U, Sn and Cd) were released, but

others (Co, Ni, Cu, Zn, Pb, Mo, Sb and Tl) were

probably enriched during weathering, (2) for BWR

samples, most heavy metals (Sc, V, Cr, Th, U, Sn, Co,

Ni, Cu, Zn, Pb, Mo, Cd, Sb and Tl) were lost during

weathering, and (3) the metals V and Cd were strongly

released from all the waste rocks during exposure

weathering.

The above evidence for metal mobility during

weathering suggests that most heavy metals (Sc, V, Cr,

Th, U, Sn, Co, Ni, Cu, Zn, Pb, Mo, Cd, Sb and Tl) are

released from the waste rocks, even though some are

enriched in samples M-1 and M-6, which have a high

concentration of CaO (Table 4). However, no evi-

dence for the secondary enrichment was observed un-

der the microscope. Therefore, we conclude that the

waste rocks at Xiangtaoyuan mine are a source for

heavy metal contamination to the environment, that is,

the surrounding soils and surface water.

A comparison of the metals released from waste

rocks and bedrock (Fig. 8) to those enriched in both

surrounding soils and surface waters (Tables 5, 6;

Fig. 7b, c) reveals a mirror-image relationship between

them. The metals released from waste rocks and bed-

rock are the source of heavy metal contamination in

the surrounding environment (soils and surface wa-

ters).

Conclusions

This preliminary study on mineralogy and geochemis-

try of the waste rocks piled at Xiangtaoyuan in the

Taojiang Mn-ore district resulted in the following:

(1) The waste rocks are currently undergoing chem-

ical weathering and characterized by decomposi-

tion of the Mn carbonates (mainly kutnohorite

and rhodochrosite), K-feldspar and the sulfide

minerals such as galena, pyrite and chalcopyrite.

(2) The decomposition of the Mn-carbontaes, K-

feldspar and sulfide minerals during waste rock

weathering may cause the emission of major

alkalis and alkaline elements (Ca, Mg, Na, K, Rb,

Sr and Cs), major elements (Fe, S and P) and

heavy metals (V, Co, Ni, Cu, Zn, Pb, Mo, Cd, Sb

and Tl). The release of major alkalis and alkaline

elements is mainly controlled by decomposition

of Mn-carbonates. The dispersion of Cr, Sc and

Th is related to weathering of K-feldspar, and the

emission of major elements and heavy metals is

dominantly due to breaking of sulfide minerals

such as pyrite, galena and chalcopyrite.

(3) The oxidation of Mn-carbonates was accompa-

nied by oxidation of sulfide minerals, during

which the Mn carbonate does not act as a barrier

to metal mobility.

(4) The metals released from waste rock and bedrock

weathering (including Sc, V, Cr, Th, U, Sn, Co,

Ni, Cu, Zn, Pb, Mo, Cd, Sb and Tl) are dispersed

directly to environments and accumulate in the

surrounding soils and surface water system.

(5) The waste rocks distributed throughout the min-

ing area are an important source of heavy metal

contamination in the area. This may cause very

serious environmental and health problems for

the local people, and necessary measures should

be taken to treat the waste rocks to protect the

local environment.
Fig. 8 Diagram of % loss of heavy metals from waste rocks (for
details, see the text)
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