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Abstract The chemical characteristics, formation and
natural attenuation of pollutants in the coal acid mine
drainage (AMD) at Xingren coalfield, Southwest China,
are discussed in this paper based on the results of a
geochemical investigation as well as geological and
hydrogeological background information. The chemical
composition of the AMD is controlled by the dissolution of
sulfide minerals in the coal seam, the initial composition of
the groundwater and the water-rock interaction. The AMD
is characterized by high sulfate concentrations, high levels
of dissolved metals (Fe, Al, Mn, etc.) and low pH values.
Ca®* and SO,*>~ are the dominant cation and anion in the
AMD, respectively, while Ca®>" and HCO; ™ are present at
significant levels in background water and surface water
after the drainage leaves the mine site. The pH and alka-
linity increase asymptotically with the distance along the
flow path, while concentrations of sulfate, ferrous iron,
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aluminum and manganese are typically controlled by the
deposition of secondary minerals. Low concentrations of
As and other pollutants in the surface waters of the Xingren
coalfield could be due to relatively low quantities being
released from coal seams, to adsorption and coprecipitation
on secondary minerals in stream sediments, and to dilution
by unpolluted surface recharge. Although As is not the
most serious water quality problem in the Xingren region at
present, it is still a potential environmental problem.
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Introduction

Guizhou has been known as “home of coal in south
China,” with a reserve of 241.9 billion tons of coal, some
of which contains high levels of As. This coal has been
available to the public for many years (Zhou et al. 1993;
Ding et al. 1999, 2000), and has even been randomly
excavated by local residents. The As-rich coal is used in
open stoves without chimneys for cooking, heating and
drying corn and hot peppers. Arsenicosis has therefore
become an endemic disease in these areas, spreading to five
counties in Guizhou (Zhou et al. 1993; Zheng et al. 1999).
Although high-As coal seams are only present in these
areas, and their exploitation has been forbidden by the local
government, acid mine drainage (AMD) and metal leach-
ing have been particular concerns because they will
continue indefinitely, causing environmental damage long
after the mining operation has ended.

There are generally sulfide minerals such as pyrite (FeS,)
in the coal. Coal mining operations expose pyrite to oxygen
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and water, resulting in a series of oxidation and hydrolysis
reactions which produce sulfuric acid (e.g., Lowson 1982;
Evangelou 1995). This acidity can, in turn, promote the
solubilization of heavy metal contaminants which then
appear in excessive concentrations in water bodies down-
stream of the mining activities. The AMD contains high
concentrations of cations such as Fe>*, Fe2*, Mn’", AI’*
and anions like SO42_, in addition to elements like Cu, Hg,
Pb, Zn and As at trace concentrations. Consequently, this
degrades the water quality of the region (e.g., Tiwary 2001).

The oxidation mechanisms of sulfide minerals in coal-
mining areas have been well described in numerous studies
(e.g., Lowson 1982; Evangelou 1995; Allen et al. 1996;
Foos 1997; Schuring et al. 1997; Black and Craw 2001;
Devasahayam 2006), although the process of sulfide oxi-
dation is complex and generally includes a number of
reactants and products. The quality of mine drainage can be
controlled by numerous chemical, physical, hydrological,
geological, geochemical and biological factors. The metal
pollutant concentrations can be attenuated to background
levels without any treatment (Bowell and Bruce 1995;
Berger et al. 2000; Fukushi et al. 2003), due to the fact that
the reaction of AMD with carbonate and/or silicate rocks,
and the consequent attainment of a relatively high pH, not
only decreases the oxidation rate of sulfides but also
reduces the concentrations of several dissolved metals,
chiefly through precipitation and sorption (e.g., Holmstrom
et al. 1999; Accornero et al. 2005). An understanding of the

main hydrogeochemical mechanisms governing pollutant
transfer is therefore required in order to predict and control
pollution as well as to implement decontamination proce-
dures (Bodénan et al. 2004). However, there are still gaps
in our knowledge of the chemical evolution of AMD and
how to control the pollutants in mine drainage under var-
ious geological and environmental conditions.

In order to study the behaviors of relevant metals in both
water and sediments affected by AMD in a karst-domi-
nated basin, the coalfield in Xingren county, southwestern
China, was investigated. The objectives of this study were:
(1) to characterize the geochemistry of the mine drainage
in the coalfield; (2) to explain the chemical evolution of
AMD, which controls the levels of dissolved metals such as
Fe, Mn, Al and As; (3) to identify the reactions governing
the natural attenuation process.

Location and geology

The Xingren coalfield is one of the important coal districts
of China and is located in the Xingren county of
Guizhou province, Southwest China (E: 105°00'-105°19’,
N: 25°24'-25°35') (Fig. 1). The region has a subtropical
warm-moist climate, with an annual average temperature
of 15.2 °C and a relatively high average annual precipita-
tion of 1320.5 mm. About 84% of the annual precipitation
falls during May to October.
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Fig. 1 Location map of the sampling sites in the study area comprising the Xingren coalfield, Southwestern China
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The bedrock of the area is mainly composed of sedi-
mentary carbonate rocks from the Permian—Triassic period.
They include karstified gray dolomites, dolomitic limestones
and gray limestones, sometimes with the occurrence of marls
and clays. The coal-bearing strata are mainly hosted in the
Permian Longtan Formation, and are characterized by sig-
nificant differences in number (8—32) and thickness. Up to
six coal layers are utilized for a total thickness of about 12 m.
Arsenic concentrations are up to 405-7,930 pg/g in several
strata in the study area (Ding et al. 1999), and its occurrence
in coal seams makes Xingren a typical high-As coalfield in
China (Ding et al. 1999, 2000; Zhao et al. 2003; Li et al.
2003). Mudstones, silt-mudstones and siltstones are gener-
ally present at the top of the coal layers, while their bottoms
consist of clay stones and silt-clay stones. The coal utilized is
anthracite with a low—middle ash content, a middle-high
sulfur concentration and a high calorific value. Coal mining
operations are mainly carried out upstream of the Da Qiao
River, such as at Xiaojianshan, Panjiazhuang, Wangjiazai,
Shirenshan, and so on (Fig. 1). More than 25 companies are
currently engaged in the exploitation of raw coal, and it was
estimated that the total output of raw coal was about 2.5-3.0
million tons every year in Xingren County.

The dominance of jointed and fractured carbonate rocks
(both limestone and dolomite) has resulted in the occurrence
of karst caves, and karstification is a common feature of the
study area. The Da Qiao River is the major river in the study
area, with an annual average discharge of 3.9 x 10° m*/d.
There are also several small streams, some of which are
underground, that discharge into the Da Qiao River; this
river becomes a subterranean stream near Haimakou in the
east of the study area (Fig. 1). There are also innumerable
abandoned coal mines upstream of the Da Qiao River. The
drainage runoff from abandoned or active coal mines flows
onto the surface of the wadi and infiltrates the mainstream
and branches of the Da Qiao River.

Methodology

Surface water and groundwater (spring and cave water) in the
Xingren coalfield were sampled in April 2005. In order to
expediently discuss the chemical characteristics, formation
and natural attenuation of the pollutants in the coal mine
drainage, the water types were classified into two groups
based on both their hydrodynamic relationships and geolog-
ical conditions. In general, the waters receiving the coal mine
drainage are termed “affected waters,” while background
waters (including spring water, cave water and surface water)
that are not polluted by the coal mine drainage are called
“unaffected waters” in the following discussion. All of the
representative water samples were collected using the grab
technique, and the sampling site locations are shown in

Fig. 1. Twenty-two sediment samples were also collected in
the vicinity of the coal mines, upstream of the Da Qiao River.
At each sample site, 1 kg sediment samples were collected
with a homemade core sampler at a depth of 0-5 cm, placed
into a plastic bag, and then transported to the laboratory.

Temperature, pH, electrical conductivity and dissolved
oxygen were measured, and all of the water samples were
filtered through 0.45 pm filters on-site. Alkalinity was also
determined by acidimetric titration in the field. All samples
were collected in high-density polyethylene bottles and
were stored in a refrigerator at 4°C before laboratory
analyses. Filtered, unacidified samples were used for the
determination of major anions by ion chromatography (IC,
ICS-90, Dionex Corp., Sunnyvale, CA, USA). The sulfate
concentration in some samples was also determined
gravimetrically by adding saturated BaCl, solution to form
BaSO, precipitate. The filtrates were acidified to pH < 2
with reagent-grade HNOj to avoid Fe hydroxide precipi-
tation, and were analyzed for major cations by inductively
coupled plasma spectrometry. Major elements (Na, Mg,
Ca, K, Fe, Al, and Mn) were analyzed by ICP-OES (Vista
MPX, Varian, Palo Alto, CA, USA), and As was analyzed
by ICP-MS (Platform ICP) in the State Key Laboratory of
Environment Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences. Blanks and appropriate
certified reference standards were analyzed as unknowns
with every batch of samples. The ion balance was com-
puted to check for possible errors in the analysis of major
components, and the charge unbalance was found to be
<10% in most cases and <15% in few cases.

The total As concentration in sediments was analyzed by
atomic fluorescence spectrometry (AFS-230E) after extra-
ction and treatment with antiscorbutic acid and thiourea
(Xie et al. 2006). The geochemical computer code
PHREEQC, version 2.2 (Parkhurst and Appelo 1999), was
used for speciation—saturation calculations.

Results and discussions
General characteristics of the water quality

The statistical parameters for the geochemical variables
considered for the collected waters are summarized in
Table 1, whereas all of the analytical data are given in
“Appendix 1.” As shown in Table 1, the waters affected
by AMD exhibited a wide range of conductivities
(373-4,010 pS/cm) and pH values (from 2.7 to 8.4), and
high average contents of SO,*~ (582 mg/L) and total Fe
(34.1 mg/L). These variations between sampling points can
be explained by the different contributions of AMD, since
mine drainage enters the river without any artificial
intervention.
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Table 1 Statistical data for the geochemical parameters in affected and unaffected surface waters of the Xingren coalfield, Southwestern China

Parameter Affected water (45) Unaffected water (14)

Minimum Maximum Average Median SD Minimum Maximum Average Median SD
T 132 29.4 18.5 17.6 3.53 14.6 27.17 18.4 17.7 3.48
DO 3.25 12.10 7.50 7.61 1.87 2.64 9.21 6.87 7.72 2.16
pH 2.69 8.44 5.22 5.06 2.12 6.71 8.67 7.64 7.70 0.62
EC 373 4,010 1,140 842 757 125 710 330 260 194
K* 0.88 30.0 4.36 3.29 4.38 0.83 2.26 1.47 1.58 0.44
Na*t 1.21 85.7 20.6 15.6 18.1 2.12 8.47 5.06 4.88 1.93
Ca*" 58.7 362 114 93.7 65.2 27.1 97.4 51.9 45.1 20.7
Mg*+ 7.0 120 33.0 26.3 20.6 2.5 28.9 10.6 6.22 8.76
Cl™ 0.27 27.8 4.17 2.08 5.95 0.33 5.49 1.64 1.56 1.22
NO;~ 0.17 46.3 5.41 2.83 8.92 0.13 19.4 4.80 3.49 4.72
NoJun 18.1 3,480 580 460 6,130 2.44 260 70.4 259 80.4
HCO5;™ 0 320 824 21.0 109 33.6 468.2 166.3 130.4 120
Al 0.01 180 13.4 2.75 31.1 bd 2.45 0.21 0.025 0.65
Fe 0.01 740 34.1 2.65 110 bd 0.09 0.02 0.02 0.02
Mn bd 19.49 4.22 3.26 4.67 bd 1.91 0.14 0.0014 0.51
As® 0.07 1.41 0.50 0.46 0.29 0.04 0.64 0.18 0.07 0.19
TDS 340 4,830 900 650 700 170 640 310 246 160

ITon concentrations and TDS in milligrams per liter, except for As (ng/L); temperature in °C; pH in pH units; EC electrical conductivity in pS/cm

at 25°C, SD standard deviation, bd below detection limits; the figure in parentheses after the water type means the number of samples

# The As concentration at site 2, where the highest As content was 210 pg/L, is not included in the statistical data

The average EC and TDS values were 1,140 puS/cm and
898 mg/L in affected water, respectively, and were notably
higher than those for unaffected spring and surface water,
which gave means of 327 pS/cm for EC and 313 mg/L for
TDS. The high-conductivity samples were taken near the
AMD source.

The chemical composition of the affected water is
similar to that observed in previous studies (Allen et al.
1996; Yu 1996; Kim and Chon 2001), with low pH, high
SO42_ and TDS (Fig. 2), as well as high concentrations of
several dissolved metals. Sulfate is the most abundant
anion, as it represents more than 95% of the total anion
concentration in low-pH waters, while HCO3;~ is more
significant in unaffected water and polluted water with a
high pH (resulting from the dissolution of carbonate rocks).

Major element concentrations, plotted on Piper dia-
grams for each sampling point (Fig. 3), show significant
variations, especially for anion contents. Two end-member
compositions, one rich in HCO3™ and the other rich in
SO427, are recognizable in Fig. 3. In affected water, Ca**
and SO, are the dominant cation and anion, respectively
(Table 1).

In contrast, the unaffected water is characterized by a
Ca—Mg-HCO; composition, which is typical of karst areas,
as indicated by previous studies of the geochemistry of
river waters draining karst-dominated terrains (Han and
Liu 2004). Mg**, K™ and Na™ are also important cations in
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Fig. 2 Correlation plot between dissolved SO,>~ and TDS in the
waters of the Xingren coalfield, Southwestern China

affected water, and their contents are higher than those in
unaffected water, suggesting that AMD dissolves more
clay minerals and carbonate minerals, and consequently
yields higher Na™, K, Ca*" and Mg®" concentrations
with respect to unaffected water. Although Na* and K*
may derive in part from the dissolution of (K, Na)-bearing
minerals, fertilizer pollution is likely to represent an
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Fig. 3 Piper diagrams for the
water samples from the Xingren
coalfield, Southwestern China

Legend

g affected water
v unaffected water

additional source of alkalis. Other major ion contents vary
insignificantly.

Distribution of dissolved metals

The affected waters generally contain significant amounts
of easily mobilized dissolved metals. Substantial enrich-
ments in Fe, Al and Mn were detected in affected water,
especially close to the mining site. Waters with high total
Fe concentrations generally show a relative enrichment in
Al and Mn, but there is no strong relationship between
measured Fe and Mn (or Al) concentrations in the affected
water. Compared with the affected waters, the average
contents of the dissolved metals (Fe, Mn, Al) considered
are lower for all unaffected waters (Table 1), and even
under the detection limits in some samples, suggesting that
the dissolution of minerals that potentially release these
elements to the aqueous phase proceeds to a very limited
extent along the hydrological circuit of unaffected waters.
In other words, total Fe, Al and Mn in the studied samples
originate mainly from coal mine drainage.

The arsenic level varied widely for affected waters, from
0.06 to 210 pg/L, and over a much smaller interval, from
0.04 t0 0.64 pg/L, for unaffected waters (Table 1). Although
concentrations of As in the affected waters are highly vari-
able, there is a tendency for some of the relatively high
concentrations to occur close to mining areas (Fig. 4). While

)
k2

sample site 2 gave a maximum As concentration of
210 pg/L, most of the As concentrations in the studied
samples are much lower—less than 1.00 pg/L. At site 1,
which is situated downstream of site 2 at a distance of about
1 km, the As concentration decreases to 0.83 pg/L, sug-
gesting that dissolved As is rapidly removed from waters.

At low pH values, Al sometimes shows conservative
behavior, although Al concentrations at a pH of less than
~4.6 and high sulfate concentrations are generally limited
by saturation with respect to Al-sulfate—(hydroxyl) solid
phases, such as jurbanite, alunite, and alunogen, whereas
above pH 4.6 the less soluble phases of gibbsite and/or
basaluminite govern Al solubility (Nordstrom 1982). The
plot of log AI** activity versus pH shows that AI*™ activity
decreases sharply at pH >5, when solid AI(OH); begins to
form (Fig. 5), consistent with the previous findings of
Nordstrom and Ball (1986), as well as those of Berger et al.
(2000) and Lee et al. (2002), who interpreted the natural Al
precipitates formed in AMD as being amorphous to poorly
crystalline, and the observations of Sdnchez-Espana et al.
(2006), who studied the removal of dissolved metals during
the oxidation and neutralization of AMD.

Iron can be rapidly removed from the aqueous solution
through the formation of precipitates with increasing pH,
which is supported by observations of yellowish-red pre-
cipitates in the field. Figure 6 shows a plot of the calculated
activities of Fe>" ion in sampled waters as a function of pH,
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Fig. 5 Plot of log AI** activities versus pH for the affected waters of
the Xingren coalfield. The solubility lines of amorphous Al(OH)3,
from Faure (1998) and Lee et al. (2002), are also shown

and compares them with the solubility functions of goethite
and ferrihydrite. For pH > 4, the data from the study area
plot above the solubility line of ferrihydrite, suggesting that
the activities of Fe>" ion in these weakly acidic to neutral
waters is controlled by the precipitation of Fe(III)
oxyhydroxide which is more soluble than species considered
in Fig. 6, perhaps corresponding to a ferrihydrite of low
crystallinity. Precipitation of schwertmannite may govern
the activities of Fe>™ ion below pH 4 (see below).
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Fig. 6 Plot of the logarithm of Fe’' activity versus pH for the
affected waters of the Xingren coalfield. Solubility lines were
calculated using the equations of Bigham et al. (1996) for goethite
and of Parkhurst (1995) for ferrihydrite

Natural attenuation of pollutants in affected water

AMD can be neutralized by the dissolution of carbonate
minerals (Johnson et al. 2000), and even by silicate min-
erals in some conditions (e.g., Accornero et al. 2005).
Although buffering of carbonate dissolution is significant
in the study area, mine drainage is initially acidic, because
H™ ions liberated by sulfide oxidation are not immediately
consumed by the dissolution of carbonate minerals. Since
carbonate rocks are widespread in the study area, when the
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mine drainage moves away from the mine sites, the oxi-
dation of sulfide stops, whereas the dissolution of
carbonates becomes more and more important, and the
acidity previously produced by the oxidative dissolution of
pyrite is buffered by carbonate minerals. This is accom-
panied by a rise in pH values.

Johnson et al. (2000) also underscored the important role
played by calcite, even when it is only present in very small
amounts (0.1-0.2%), in controlling the pH near neutrality.
Although previous studies (e.g., Bodénan et al. 2004; Ac-
cornero et al. 2005) show that aluminosilicates can also
play a role in some cases, these buffering effects are less
important in the short term due to the relatively slow
kinetics of aluminosilicate dissolution compared to that of
carbonates. Dissolution of carbonate rocks causes an
increase not only in pH values but also in Ca®" and Mg*"
concentrations. However, Ca®* and Mg2+ concentrations
gradually decrease during the evolution of mine drainage in
the study area. A possible explanation for this is that, along
the flow path, cation exchange reactions occur, causing the
sorption of Ca*" on the clay fraction and the release of
Na™, though simple dilution may also take place. In turn,
the removal of Ca®" by ion exchange could cause addi-
tional carbonate rocks to dissolve (Mayo et al. 2000).

Pyrite oxidation followed by calcium carbonate buffer-
ing may control Ca®" and SO,>~ concentrations in AMD
(Ljungberg et al. 1997). The ratio between Ca*" and SO,>~
for the waters from the study area show a clear evolu-
tionary trend (Fig. 7a). Holmstrém et al. (1999) have
proposed the following integrated reaction to describe
pyrite oxidation followed by carbonate buffering:

FGSZ+ 3.7502+ 3.5H20 + 4CaCO3
— Fe(OH),+ 4HCO; + 2SO3™ + 4Ca’" (1)

Equation 1 is consistent with a Ca**/SO4>~ molar ratio
of 2. However, the observed Ca2+/SO42_ ratios, which are
generally less than 1.0 (Fig. 7b), suggest that Eq. 1 is not
the only reaction controlling Ca®’" and SO~
concentrations in the waters of the study area, possibly
due to the involvement of Mg-bearing carbonate minerals
(e.g., dolomite) in addition to calcite, or other reasons.
Saturation indices calculated using PHREEQC indicate
that all of the samples are unsaturated with respect
to gypsum, in spite of the high SO~ and Ca®"
concentrations.

The yellowish-red precipitates observed in the field
could contain several Fe(IIl)-bearing secondary minerals.
Schwertmannite (ideal formula: FegOg(OH)gSO,), a sec-
ondary Fe(Ill) mineral, has been found in mining
environments affected by AMD (Bigham 1994; Yu et al.
1999). The precipitation of Fe- and/or Al-bearing solids
containing SO,>~ (Bigham et al. 1990) and the adsorption
of SO4*~ onto solid surfaces in low-pH aqueous
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environments may be the main mechanisms that cause the
decrease in SO427 concentration downstream of the
affected water. The plot of log SO, activity versus pH
(Fig. 8) shows that precipitation of schwertmannite is

Ferrihydrite

A

Log aSO &

Fig. 8 Plot of the logarithm of SO,>~ activity versus pH for the
affected waters of the Xingren coalfield, showing the stability fields of
ferrihydrite and schwertmannite
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expected to occur at pH < 5.5, whereas ferrihydrite pre-
cipitation should take place at pH > 5.5, as suggested by
several authors (e.g., Black and Craw 2001; Yu et al. 1999;
Williams et al. 2002; Accornero et al. 2005). As shown by
these studies, in mine drainage sites, precipitates formed at
pH > 6.5 are composed of ferrihydrite or a mixture of
ferrihydrite and goethite, whereas those precipitated in the
pH range 2.8-4.5 are predominantly composed of schw-
ertmannite with traces of minor amounts of goethite. Lee
et al. (2002) reported that Fe is removed from natural
waters affected by AMD at pH < 4, Al at pH 5, and Mn at
pH 8 during progressive neutralization.

A great many studies on As adsorption on oxides,
oxyhydroxides and soils show high adsorption capacities of
oxyhydroxides with a maximum around pH 3-5 (Raven
et al. 1998; Garcia-Sanchez et al. 2002). The rapid scav-
enging of As from drainage in an abandoned arsenic mine
dump by sorption on hydrous iron oxides was reported by
Fukushi et al. (2003). As illustrated in a statistical fre-
quency plot (Fig. 9), the As concentrations in sediments
from the study area vary widely, from 20.7 to 219 mg/kg.
Sixty-eight percent of samples have As concentrations
lower than 60 mg/kg, with an average content of 34 mg/kg.

Fig. 10 Arsenic distribution in
the sediments of the upper parts

r Frequency

O =N Wk LA 0O
— T T T T
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Ranges of total As concentration in the sediments (mg/kg)
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Fig. 9 Frequency plot of arsenic concentration in sediments from
streams of the Xingren coalfield, Southwestern China

Although the As concentrations in sediments show large
spatial variations, the highest As contents are found close
to the discharge of coal mine drainage. Figure 10 shows the
spatial distribution of As in the stream sediments at the
Xingren coalfield. For example, the As concentrations in
sediments are 219 mg/kg at site 2 and 61.8 mg/kg at site 1.
These precipitates made up of Fe, Al and Mn oxyhydrox-
ides likely play an important role in the removal of As by
adsorption and co-precipitation (Benjaminn 1983; Johnson
and Thornton 1987; Stumm and Sulzberger 1992).
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Owing to these processes and dilution (addition of
unpolluted surface waters), the chemical composition of the
affected water downstream of Dagiao River becomes similar
to that of background water. Although the evolution of mine
drainage may be different from that of background water, the
final chemical composition of the affected water becomes
similar to that of groundwater through natural attenuation.

Conclusions

The chemical composition of affected waters is controlled
by the oxidative dissolution of sulfide minerals in the coal
seam, the initial composition of the groundwater and the
water-rock interaction. AMD is characterized by high
SO427 concentrations, high levels of dissolved metals (Fe,
Al, Mn, etc.) and low pH values. Ca®t and SO42* are the
dominant cation and anion in AMD, while Ca’t and
HCOj;™ are the prevailing dissolved constituents in back-
ground waters.

Owing to the interaction between AMD and carbonate
rocks (CaCO;, CaMg(COs),), the pH and alkalinity
increase asymptotically with distance along the flow path,
while the concentrations of SO42’, FeH, AIP* and Mn?*

are typically attenuated by the deposition of secondary

minerals, which results in yellowish-red precipitates being
deposited on the stream channel.

Low As concentrations in surface water in the Xingren
coalfield could be due to relatively low quantities being
released from the coal seam, to As adsorption on secondary
minerals in stream sediments, and to dilution by unpolluted
surface recharge. Although As is not the most serious water
quality problem in the study region at present, it is still a
potential environmental problem.

The results of this study also indicate that the concen-
trations of several dissolved species in AMD-affected
water can attain background levels by natural attenuation in
this karst-dominated framework.
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Appendix 1

See Table 2.

Table 2 Analytical data for chemical compositions of major ions in affected and unaffected surface waters of the Xingren coalfield, South-

western China

Sample no. DO pH T EC HCO; (I SO, NO; K Na Ca Mg Al Fe Mn As
Affected waters

1 739 3.02 175 3,120 0 042 2275.18 0.24 252 433 361.8 11566 104.27 108.5 19.49 0.833
2 420 2.69 165 4,010 0 0.27 348343 0.73 231 2.82 32648 7535 180.43 742.05 13.87 210

3 636 3.12 19 1,783 0 143  985.07 0.37 426 2292 187.77 67.14 586 101.66 7.34 0.587
4 593 284 194 2340 O 1.13 127547 0.64 490 36.84 210.19 68.34 1470 139.19 6.81 0.573
6 6.82 281 18.7 2,130 0 097 1191.56 0.39 492 26.52 19853 69.80 2526 91.64 8.38 0.559
7 4.15 6.04 145 710 759 2099 300.78 46.30 30.03 28.61 7321 26.71 0.02 003 001 0.092
8 752 305 167 1,752 0 465 92608 0.17 8.07 6031 18353 5825 19.63 36.34 7.87 0.465
9 7.83 328 17.6 1,584 0 3.08 98432 0.66 522 5324 193.76 5734 1266 954 6.70 0.485
10 8.08 3.35 17.2 1,468 0 3.00 77059 1.17 4.68 4296 182.05 51.88 9.39 339 641 0.423
11 7.62 352 18.8 1,997 0 1.95 1012.6 1.33  6.69 50.16 171.26 47.75 31.5 2.51 1391 0.621
12 7.61 295 165 1,674 0 1.62  866.07 041 498 1560 11244 3334 4736 2293 6.2 0.537
13 6.87 320 159 1,126 O 278 526.75 2.11 510 3281 7697 27.01 2097 3265 383 0.425
14 747 370 16.7 1,008 0 1.05 53420 149 4.60 11.34 104.89 31.56 8.33 430 544 0.447
15 725 586 167 842 222 150 45275 525 329 11.54 100.01 29.74 0.18 022 397 0.386
19 939 751 157 442 321.1 097 18.12 1472 0.88 121 67.85 20.99 0.05 0.03 0.01 0.326
20 348 7.09 164 740 318.7 2651 126.26 39.9 8.60 15.15 93.18 23.77 0.01 0.01 0.02 0.542
22 330 7.19 17.1 373 2125 410 31.05 980 1.89 576 5871 16.93 0.05 0.02 bd 0.132
24 109 844 199 508 141.0 226 207.12 509 246 809 71.82 20.28 0.04 0.04 0.01 0.263
25 859 5.06 164 783 309 397 38508 3.04 333 2667 89.90 22.73 288 13.11 3.44 0.356
26 829 5.08 148 629 222 198 307.87 283 3.65 1561 78.05 22.99 2.75 1.94 157 1.258
27 896 343 132 1280 O 273 44040 276 236 24.57 100.55 3375 19.36 578 8.82 0.475
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Table 2 continued

Sample no. DO pH T EC HCO; (1 SO, NO; K Na Ca Mg Al Fe Mn As

28 7.77 3.10 149 2,230 0 322 777.19 323 504 5771 141.78 7.05 4.70 6.55 13.63 0.611
30 7.63 330 15.7 1,632 0 353 52932 387 4.65 8572 131.17 4l1.14 0.03 0.10 5.52 0.855
31 7.79 333 173 1,391 0 340 998.00 3.66 2.64 2534 100.03 31.8 23.66 131.81 9.78 0.511
32 845 522 152 1,039 21.0 225 633.16 145 294 2626 11852 3844 1898 1536 7.45 0.354
33 7.64 330 18.3 1,295 0 3.50 620.85 7.92 3.00 2642 102.05 31.90 1.29 4.77 261 0.495
38 6.79 540 22.1 808 492 208 59725 1.81 3.37 1725 101.14 2450 1824 12.07 7.23 1.413
39 9.53 356 13.7 983 0 1.96 503.06 1.78 287 1842 96.60 26.28 0.55 285 233 0.424
41 8.50 3.28 17.5 1,138 0 1.60 56945 2.64 276 17.04 87.67 27.04 9.46 7.32 349 0.400
42 626 654 179 831 30.6 1.84 448.63 1.66 3.13 23.17 102.35 24.63 0.02 1.00  2.15 0.320
43 325 744 243 667 1632 199 289.06 219 282 1098 82.58 2691 0.05 0.02 041 0.749
44 6.59 331 294 952 0 120 472.68 1.80 279 7.42 9372 26.10 1259 27.02 4.56 0.454
46 6.13 7.15 293 454 498 1.15 221.68 221 196 522 6224 14.68 0.04 0.02 0091 0.244
48 7.57 297 249 1,216 0 1.19 53352 079 274 564 93.69 24.59 3.83 265 225 0.465
49 6.55 436 2277 829 0 144 46601 293 271 568 96.06 27.61 6.73 830 3.26 1.152
50 9.74 8.16 162 463 192.1 203 130.12 370 1.64 522 6251 18.27 0.01 0.02 bd 0.070
51 724 788 17.8 613 2245 144 10624 376 2.72 10.59 80.48 19.98 0.02 0.02 bd 0.115
52 7.51 774 224 762 3139 27.76 170.52 14.87 11.87 29.32 79.87 24.89 0.04 0.02 0.06 0.522
53 1025 7.60 179 483 1927 1.82 14140 581 1.62 436 6797 15.63 0.03 0.01 0.01 0.067
54 9.65 794 18.6 540 2275 656 14824 4.66 356 957 7036 17.84 0.02 0.02 0.03 0.250
55 8.60 7.90 195 530 2173 6.78 149.65 7.84 3.61 937 70.02 18.25 0.02 0.01 0.03 0.255
56 7.64 790 19.7 526 240.7 6.04 13892 750 330 832 6891 18.62 0.02 0.01  0.01 0.674
57 9.12 799 188 525 2263 574 14334 447 3.19 7.84 6832 18.94 0.02 0.01 bd 0.346
58 12.10 834 20.6 496 2149 6.04 14835 6.22 3.10 734 6387 19.13 0.02 0.01 bd 0.957
59 748 8.18 22.1 507 201.1 5.61 15726 737 347 785 69.68 1991 0.06 0.07 0.02 0.337
Unaffected waters

5 7.89 811 17.5 285 1825 1.12 10.52 414 192 587 56.80 4.65 245 0.09 1091 0.641
16 2.64 690 179 714 3085 221 15826 3.86 1.77 680 9736 19.99 0.02 0.05 bd 0.401
17 3.67 7.15 164 601 4682 5.49 37.80 1937 226 3.68 7377 2891 bd 0.02 0.01 0.458
18 361 7.16 179 503 306.1 1.71 103.89 830 159 498 7515 15.67 0.01 0.01 bd 0.287
21 534 7.04 146 125 1299 0.52 11.78 272 087 527 27.14 3.59 0.01 0.02 bd 0.075
23 890 8.21 18.7 262 171.1 1.65 1643 656 1.18 477 50.19 8.68 0.03 0.02 bd 0.074
29 8.17 7.08 16.0 604 51.6 1.62 25896 3.12 1.60 847 74.61 26.13 0.06 0.01 bd 0.080
34 845 6.77 174 305 336 1.76 17570 297 1.58 3.34 47.65 11.55 0.01 0.01 0.03 0.090
35 725 750 15.7 169 1287 0.95 19.16 528 092 229 3411 5.00 0.01 bd 0.0003 0.048
36 691 797 20.1 192 1356 1.80 1292 0.13 190 6.11 3985 3.85 0.03 0.02  0.0025 0.073
37 833 824 225 261 420 149 12621 207 172 819 42.63 7.45 0.16 0.01  0.01 0.059
40 824 7.89 149 158 1212 0.33 244 528 083 212 3595 2.48 0.06 0.04 0.01 0.043
45 7.54 831 27.7 199 130.8 1.11 2669 230 136 459 37.05 4.93 0.01 0.02 bd 0.058
47 9.21 8.67 206 193 118.8 1.13 2508 1.04 1.07 430 3494 4.77 0.05 0.01 0.01 0.063

Ion concentrations in milligrams per liter, except for As (ng/L); temperature in °C; pH in pH units; EC, electrical conductivity in pS/cm at 25°C;
bd, below detection limits
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