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ABSTRACT

Mining-contaminated waters may contain high levels of arsenic (As) and iron (Fe), among various metals
and metalloids. The complex behavior of As makes its contamination difficult to remediate. This study
aimed to determine the sources, possible association of As and Fe with colloids and their speciation and
mobility in the Jiehe River, a stream impacted by gold mining. Particulate (>450 nm), colloidal (7
—450 nm), and truely dissolved (<7 nm) forms of As and Fe were determined, and the species of As
[As(III), As(V), monomethylarsonic acid, and dimethylarsinic acid] and Fe [Fe(Il) and Fe(IlI)] were both
analyzed and modelled using geochemical program Visual MinteQ 3.0. High concentrations of As and Fe
were observed in both filtered and particulate forms in most of the water samples. Total As was in the
range of 1.0—719 pg L~ with a median of 140 pg L. Total Fe was 0.4—68.2 mg L~ ! with a median of
15.0 mg L. Arsenic was mainly adsorbed on ferrihydrite, goethite, and hematite in the upstream water
samples. In contrast, it was mostly in truely dissolved forms in the water samples at downstream. Visual
MinteQ 3.0 modelling results revealed that As adsorbed on, or co-precipitated with, stream sediment can
be easily released under the environmental conditions of the downstream reach (11.4—37.5 km). These
findings would benefit the environmental management of gold mining impacted Jiehe River, and indicate
the need for further quantitative research on As migration facilitated by Fe (hydr)oxide colloids and the
release of As from contaminated stream sediments.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Mining and smelting operations have altered the natural dis-
tribution and occurrence of metals and metalloids on the surface of
the Earth (Rauch, 2012). Their release into aquatic and terrestrial
environments is a potential threat to environmental and human
health. Being toxic and carcinogenic, arsenic release via acid mine
drainage (Desbarats et al., 2015; Basu and Schreiber, 2013) and the
elevated concentrations in waters, soils, and sediments are of
particular concern.

As is produced from the oxidation of arsenian pyrite, such as
arsenopyrite (FeAsS) (Paikaray, 2015). Its mobility is controlled by
adsorption to, or co-precipitation with, oxide substrates, including
aluminum (Al), iron (Fe), and manganese (Mn) hydroxides (Carroll
et al., 2002). Sediment acts either as a sink for As, keeping its
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concentration in water low, or as a source of As, releasing it into
water and making water quality below environmental standards
for a long period of time (Linge, 2008; Varol, 2011; Equeenuddin
et al.,, 2013).

The behavior of As is further complicated because it occurs in
two oxidation states (+3 and + 5) and exists in both inorganic
species, e.g., As(Ill) and As(V), and organic species, e.g., mono-
methylarsonic (MMA) and dimethylarsinic (DMA) (Baeyens et al.,
2007). In acid mine drainage (AMD)-contaminated areas, inor-
ganic As(Ill) and As(V) dominate environments that contain
oxidized sulfur species (Cheng et al., 2009). When AMD contains
high concentrations of Fe its oxidation state affects As species (Frau
et al., 2010).

When pH is increased, arsenic is rapidly scavenged through co-
precipitation and adsorption onto Fe compounds (Frau et al., 2010).
With a pH greater than 3.5, Fe(Il) is strongly susceptible to oxida-
tion to Fe(Ill); and then Fe(lll) precipitates as an oxyhydroxide or
oxyhydroxysulfate, which may form mobile colloidal carriers for As
(Cheng et al., 2009; Fritzsche et al., 2011). Earlier studies used
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synchrotron X-ray methods to characterize natural colloids and
their association with As in mine systems (Slowey et al., 2007;
Serrano et al., 2015). Slowey et al. (2007) described the transport
of As(V) that was adsorbed onto colloidal ferrihydrite and jarosite
in columns packed with mine tailings. As(V) can be easily adsorbed
onto nanoparticulate ferrihydrite and transported downstream in a
mine-impacted creek (Serrano et al., 2015).

The Jiehe River has been impacted by gold mining for centuries
and it discharges into the Laizhou Bay. Elevated concentrations of
As, Cr, Pb, Cd, Cu, and Zn were observed in stream sediment along
approximately 37.5 km of the Jiehe River (Zhang et al., 2014).
Therefore, the stream sediment of the Jiehe River is a potential
environmental threat and may be a secondary source of As in the
aquatic system. However, data are scarce on As speciation and
mobility in the Jiehe River where geochemistry conditions in the
upstream and downstream reaches are different.

In this study, we analyzed As concentration, speciation, and
mobility in water samples along the main stream reach of the Jiehe
River. The occurrence of As was determined in the particulate,
colloidal, and true dissolved forms. Taking into account the role of
Fe chemistry in the speciation and transport of As, we conducted
scanning electron microscopy—energy dispersive spectroscopy
(SEM—EDS) analysis and geochemical modeling to reveal the
environmental and geochemical behavior of As and its relationship
to Fe-oxides. The study will provide essential information to assist
effective remediation of As in the Jiehe River and other mining-
contaminated streams.

2. Materials and methods
2.1. Sampling area description

The Jiehe River is located at the Zhao-Lai gold mineralization
belt with a latitude of 37°05'—37°33’ N and a longitude of
120°08'—120°38’ E. The headwaters of the river originate from the
Luoshan Mountain, where the Linglong gold mine is located (Fig. 1).
The Bujia, Chengdong, and Zhongliu rivers are three major tribu-
taries, which all contribute to the main stream of the Jiehe River.
The entire watershed is approximately 585 km?. The reach length of
the Jiehe River is approximately 42 km; it flows northwest into the
Laizhou Bay of the Bohai Sea (Fig. 1). Detailed information about the
Jiehe River can be found in Zhang et al. (2014).

The Zhao-Lai gold mineralization belt is the largest gold re-
pository in China; it contains massive polymetallic sulfide deposits.
Pyrite (FeS,) is the main mineral in these deposits; in addition,
there are lesser quantities of sphalerite (ZnS), galena (PbS), and
chalcopyrite (CuFeS;), as well as other sulfides that contain minor
quantities of Co, Ni, Cd, Ag, and Sn (Shen et al., 2013). This area is
well-known as the “gold capital of China” because of its high re-
serves and production of gold. Intensive mining and smelting have
taken place in this region since 595 A.D. (Liang et al., 2011; Yang and
Zhou, 2000). Linglong gold mine and Jinchiling gold mine are the
two largest gold deposits in this area (Fig. 1). Huge quantities of
waste rock and tailings are now exposed to oxidizing water and air
(Fig. S1a), causing weathering of sulfides. Lu et al. (1999) found that
pyrite is ubiquitous in ore bodies of the Linglong gold mine.

AMD increases acidity and releases high amounts of S03 -,
metals, and metalloids into surface water. In our earlier studies we
found that the upper reach (4.3—11.0 km) of the Jiehe River was
severely impacted by AMD; there was an abundance of heavy
metals (As, Cr, Cu, Zn, Cd, and Pb) in the surface water and stream
sediment (Zhang et al., 2014). Heavy metals are released from
contaminated stream sediment through mineral dissolution, sur-
face desorption, and particle resuspension (Cai et al., 2015; Canovas
et al., 2012; Santos Bermejo et al., 2003); this release of
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Fig. 1. Map showing the locations of sampling sites, potential pollution sources, and
stream reaches in the Jiehe River watershed.

contaminants may cause long-term and increasingly serious
pollution to the Jiehe River watershed. The information on geology
and geochemical of the study area were introduced in our earlier
studies. Detailed information about the study area can be found in
Zhang et al. (2014) and Cai et al. (2015).

2.2. Sampling procedure

Thirty-eight samples were collected along the main stream of
Jiehe River (37.5 km) in March 2015 (Fig. 1). During the sampling
period, there were ongoing river engineering work in upstream
which involves dredging and channelization. Temperature, pH,
electrical conductivity (EC), and redox potential (Eh) were
measured in the field during water sampling using a calibrated
multi-parameter handheld water quality meter (556MPS, YSI, Yel-
low Springs, Ohio, USA). Water samples were carefully collected
from the stream using a 500-mL plastic bucket without disturbing
the bottom sediment. A portion of each sample was filtered
immediately in the field through 0.45 pm Whatman syringe filters
for the analysis of “dissolved” constituents (filtered forms); the rest
was used for the analysis of total elements. Both filtered and non-
filtered samples were acidified in the field to a pH < 2 with ultra-
pure HNOs and then stored in the dark at 4 °C in polyethylene
bottles until analysis. Sub-samples collected for determining As
species in filtered water were not acidified; they were stored and
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refrigerated in brown glass bottles in the dark until analysis.
Particle size of minerals affects As distribution. For example,
Serrano et al. (2015) found that up to one-third of total As was
associated with dispersible colloidal fraction (10—1000 nm);
Macgregor et al. (2015) found that Sb was predominantly present in
truly dissolved (<3 nm) forms whilst As and Pb were more
commonly associated with Fe-rich/organic colloids (>3 nm); and
Gomez-Gonzalez et al. (2016) found that As and Fe concentration
maxima appeared at 143, 115, and 136 nm for the colloid-
suspension of mining-affected soils. As such, three fractions were
designated in this study as follows: (i) particulate fraction
(>450 nm), obtained with 0.45 um filters; (ii) colloidal fraction
(7—450 nm), separated from the 0.45 pm-filtrate by ultrafiltration
using 30 kDa (7 nm) membranes (Millipore Corp., Billerica, MA,
USA) at 4000 x g (60 min); and (iii) truely dissolved fraction, ob-
tained after passing through 7 nm ultrafiltration membranes.

2.3. Analytical determinations

Total (unfiltered), filtered (<0.45 pm), and truely dissolved
(<7 nm) concentrations of As and Fe were determined with an
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS, ELAN
DRC II, Perkin Elmer SCIEX, Waltham, MA, USA). The analytical er-
rors (measured as a standard deviation) were consistently less than
5%; the differences between field duplicates were consistently
within the range of certified values. The particulate fraction of a
trace element was calculated as the difference between unfiltered
and filtered concentrations. The species of As [As(III), As(V), MMA,
and DMA] were analyzed using a High Performance Liquid Chro-
matography—Inductively Coupled Plasma-Mass Spectrometer
(HPLC-ICP-MS, PE NexION 300X, Perkin Elmer SCIEX). Rigorous
quality assurance and quality control measures were employed,
e.g., the use of blanks, duplicates, and reference materials.

Fe(I) was determined using a colorimetric method at 510 nm
following complexation with 1,10-phenanthroline. Fe(Ill) was
calculated as the difference between the filtered Fe and ferrous Fe
(Canovas et al., 2007). The detection limit was 0.2 mg L™, and the
precision was greater than 5%. The microscopic morphology and
elemental composition (weight percentage, wt%) of the suspended
particulate matter remained on 0.45 um membrane filters were
obtained with a scanning electron microscope—energy dispersive
spectrometer (S-4800, Hitachi, Tokyo, Japan).

2.4. Modeling with Visual MinteQ

The speciation of As and Fe in filtered samples were calculated
using a geochemical equilibrium modeling program, Visual MinteQ
version 3.0 (http://vminteq.lwr.kth.se/). The observed distributions
of colloidal and true dissolved As and Fe were compared with their
theoretical equilibrium distributions. Fe was entered as Fe(Ill) and
Fe(Il) using the observed values. Fe(Ill) was allowed to precipitate
when the solubility of ferrihydrite [Fe(OH)3, with a logKs value of
3.2] was exceeded in the upstream reach (0—11.4 km). Fe(Ill) was
not allowed to precipitate in the downstream reach (11.4—37.5 km)
because the filtered Fe that we observed in water samples existed
mainly in true dissolved forms.

Along the sampled stream reach (0—37.5 km), arsenic was
entered as As(lll), and filtered concentration of As was used. We
assumed that As(Ill) was not oxidized to As(V) in the upstream
reach (0—11.4 km) because almost all of the observed As was As(III)
in the filtered samples, as determined with HPLC-ICP-MS. In the
downstream reach (11.4—37.5 km), the redox couples of H3AsOs/
H3AsO4 was adopted because the vast majority of As was As(V) in
the filtered samples. The reduction of Fe(Ill) to Fe(Il) was not
allowed. Surface complexation modeling HFO (Dzombak and

Morel, 1990) was used to simulate the adsorption reactions, and
the temperature was set to 15 °C. The solid concentration was set to
0.02 g L~ ! for the upstream reach and 0.0001 g L~! for the down-
stream reach according to the geochemistry characteristics of the
river water. The observed pH and Eh values of each sampling site
were used in the modelling.

3. Results and discussion
3.1. Physicochemical conditions of stream water

Fig. S2 (Supplementary Material) shows the spatial distributions
of pH, EC, and Eh along the main stream of the Jiehe River. Briefly,
field-measured pH ranged between 2.7 and 8.2 with a median of
6.7. The lower pH in the stream reach (0—2.0 km) was caused by
wastewater discharge from the Linglong gold mine (Fig. 1). The
lower pH in the midstream reach (13—16 km) was caused by
weathering of tailings from a tailing pond and wastewater
discharge from a smelting factory. The rest of the stream had a
circum-neutral pH, and the maximum pH values were found at the
lower reach where stone processing plants have been using in-
dustrial alkali as a cooling fluid in the production.

EC on the main stream varied between 1.2 and 14.6 mS cm™!
with a median of 4.5 mS cm™ . The values varied intensely along the
stream reach, which might be related to the water pH (Fig. S3),
especially in the stream reach (13—16 km). The Eh values fluctuated
strongly along the sampled stream reach from 14.9 to 482.3 mV
with a median of 189.6 mV (Fig. S3). Higher Eh values were
measured when the pH values were lower. The variation of pH, EC
and Eh along the Jiehe river indicates the effects of gold mining and
smelting factory on water chemistry. This result is consistent with
earlier studies about AMD in mining areas such as the Iberian Pyrite
Belt (SW Spain) (Sarmiento et al., 2009, 2012). The two reaches
with higher Eh values can be attributed to the different AMD
generation sources; the values observed from 25 km to the lower
reach of 37.5 km were maintained at around 200 mV.

3.2. Occurrence of As and Fe

Fig. 2 illustrates the spatial distribution of particulate and
filtered As and Fe along the main stream of Jiehe River. There were
two distinct sources of As and Fe at 4.3 km with abundant of waste
rocks in the river bed and 17.6 km contaminated by wastewater
discharge from the Jichiling gold mine along the main river stream;
these results are consistent with our earlier study (Zhang et al,,
2014). High concentrations of the two elements were observed in
both filtered and particulate forms in most of the water samples
(Fig. 2). The total concentration of As was in the range of
1.0—719 pg L~ with a median concentration of 140 ug L™, which
exceeded the limit for the fifth class water (100 pg L~') in Chinese
regulations (SEPA, 2002). The total concentration of Fe was in the
range of 04—68.2 mg L~! with a median concentration of
150 mg L1,

In water samples near the pollutant source at 4.3—5.0 km,
arsenic occurred mostly in particulate forms (162—438 ug L~1), and
Fe occurred mostly in filtered forms (30.6—51.7 mg L™ 1) (Fig. 2). The
particulate to total As ratio was 48—84%, and the percentages of
filtered to total Fe was 65—90%. High concentrations of particulate
As was linked to ubiquitous presence of pyrite and some As-bearing
minerals in the river bed at 4.3—5.0 km (Figs. S1a and b). Further
down 5 km, arsenic decreased quickly to a lower level, meeting the
requirements of the Chinese environmental quality standards
(SEPA, 2002). This observation is different from our previous
finding that As can be transported a long distance of more than
11 km in the Jiehe River (Zhang et al., 2014), which might relate to
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Fig. 2. Concentrations of As and Fe in filtered and particulate fractions along the sampled stream reach (0—37.5 km) of the Jiehe River in comparison with the Chinese environ-
mental quality standards (SEPA, 2002) for surface water. (a): As concentrations; (b): Fe concentrations. White squares and black circles depict the filtered (<0.45 um) and particulate
forms (>0.45 pm), respectively; dash lines depict the Chinese standards (50 pg L~! for As and 1 mg L~ for Fe).

the river engineering projects from the downstream distance of
5.0 km (Figs. S1a and b). Arsenic can be easily sorbed or precipitated
onto disturbed soil on Fe-oxyhydroxides-rich river bed produced
from long-time weathering of waste rocks (Casiot et al., 2003;
Bednar et al, 2005). The increase in filtered As and Fe at
13—16 km is caused by release of low-pH AMD that (Fig. S2) flowed
into the stream reach from the tailings pond.

At a downstream distance of 17.6 km to the stream outlet
(37.5 km), arsenic was present mostly in filtered forms with a
filtered/total ratio of 42—88%. Total As concentration ranged from
3.9 to 316.4 g L~! with a median value of 113.2 pg L™, which was
much higher than that reported in our recent study-50 pg L~!
(Zhang et al., 2014). This higher value may have been caused by
river dredging (Figs. S1c and d), which stirred the stream sediment
and released abundant As into the water when the contaminated
sediment was fully mixed with mildly alkaline water (Cai et al.,
2015). Water with a high As concentration flowing into Laizhou
Bay poses an ecological risk to marine organisms and humans.
Runkel et al. (2009) found that, after remediation, the concentra-
tions of Al, Cd, Cu, Pb, and Zn in stream water still exceeded State of
Colorado aquatic-life standards over the entire study reach.
Therefore, the release of As and other toxic elements from
contaminated sediments or tailings must be considered before and
after river engineering projects. Dredging and channelization of
river way have caused variation in release and retention of heavy
metals and thus changed the distribution and speciation of As. The
remediation design and implementation need to take into account
the geochemical characteristics of the contaminated water and
sediments.

The observed and modeled concentrations of colloidal and
truely dissolved As and Fe along the stream reach (0—37.5 km) are

shown in Fig. 3. Colloidal As and Fe were the main species in water
samples collected from the upstream reach (0—11.4 km), whereas in
the downstream reach (11.4—23.3 km) As and Fe mainly existed in
truely dissolved species. Geochemical equilibrium modeling suc-
cessfully simulated the chemical speciation of Fe and As in filtered
water samples along the stream reach (Fig. 3). There were high
correlation coefficients between measured and modeled values of
As and Fe. The correlation coefficients of true dissolved As and Fe
were 0.99 and 0.97. The correlation coefficients of colloidal As and
Fe were both 0.99. A variable but important fraction of As may be
bound to nanoparticulate ferrihydrite in the dispersible colloidal
fraction that can be released from contaminated soils and trans-
ported downstream in natural systems (Serrano et al., 2015). Fer-
rihydrite is the dominant As-bearing colloidal phase in surface
runoff from mining-affected soils (Gomez-Gonzalez et al., 2016). In
the upstream reach (0—11.4 km) of the Jiehe River, the filtered As
might be strongly associated with ferrihydrite colloids that were
generated by the oxidation of pyrite among various minerals. In the
downstream reach (11.4—37.5 km), there were low concentrations
of Fe; the filtered As might be released from the stream sediment
that was contaminated by long-term gold mining.

Fig. 4 shows the relationship between different species of As and
Fe along the stream reach. A good correlation was found between
total As and total Fe in the upstream reach (Fig. 4a, R?> = 0.93), but
not in the downstream reach (Fig. 4b). This may be explained by the
large variations and different geochemical characteristics of As
along the main stream reach. In the upstream reach abundant
waste rocks and tailings in river channel were exposed to oxygen in
water and air, and iron-bearing minerals provided the carriers for
As transport. An excellent correlation between the filtered As and
Fe in the stream reach of 0—11.4 km (R? = 0.94, Fig. 4c) suggests the
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Fig. 3. Observed and modeled concentrations of colloidal and truely dissolved As and Fe along the sampled stream reach (0—37.5 km) of Jiehe River. (a): As concentrations; (b): Fe
concentrations. White squares and red cycles depict the observed concentrations of true dissolved and colloidal forms, respectively; black solid and red dash lines depict the
corresponding concentrations calculated using Visual MinteQ (version 3.0). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)



258 Y. Cai et al. / Applied Geochemistry 84 (2017) 254—261

800
a °
__ 600
i
(o))
= 400
(2}
<
©
£ 200+
°
0 ; : ;
0 20 40 60 80
Total Fe (mg L™)
400
c /‘
2~ 300
-
(o]
=
= 200+
2
< R*=0.94(n=21)
B
& 100 &
=
0 : ; . . : ;
0 10 20 30 40 50 60
Filtered Fe (mg L")
400
e
£~ 300
-
(o))
!
» 200 )
< R?=1.00(n=5)
(]
3 1001
]
o
0-4 : . . .
0 10 20 30 40

Colloidal Fe (mg L™

400

300+

Total As (ng L)

2004
100 }.
L
[ ] o°

04s . ..
0 10 20 30
Total Fe (mg L")

200

150+

100+

Filtered As (ug L™
(4]
ok
[ ]

0 5 10, 15
Filtered Fe (mg L")

©

(o]

w
L

Colloidal As (ug L™

04 . . . .
0.0 0.2 04 06 08 1.0

Colloidal Fe (mg L™)

Fig. 4. Relationships between total, filtered and colloidal concentrations of As and Fe along the stream reach of the Jiehe River. (a, c, e): water samples collected from a stream reach

of 0—11.4 km; (b, d, f): water samples collected from a stream reach of 13.3—37.5 km.

existence of As in colloids, mainly arsenic bearing iron minerals.
This is consistent with the model result in Fig. 3. Moreover, the
excellent correlation between colloidal As and colloidal Fe in
stream reach of 0—11.4 km (Fig. 4e) indicates that As-bearing iron
minerals were the main filtered forms in the upstream reach. This
colloidal As can be transported a long distance in the Jiehe River, as
demonstrated by our earlier study (Zhang et al., 2014). Colloid-
associated transport in stream water is an important factor that
influences the environmental and geochemical process such as
adsorption-desorption,  precipitation-dissolution,  oxidation-
reduction, of metals and metalloids (Dahlqvist et al., 2007;
Neubauer et al., 2013).

SEM images of suspended particulates (Fig. 5a and b) show a
cluster of small radial fiber structure particles (<50 nm), which
might be ferrihydrite coating the surface of larger particles
(Gomez-Gonzalez et al., 2014). Fig. 5¢ and d reveal the presence of
numerous rod-shaped particles (approximately 20—30 um) with
characteristics similar to goethite [FeO(OH)] (Liu et al., 2014).
Table 1 showed the elemental composition of the suspended par-
ticulate matter on two filter membranes (M1 and M2). The high
content of Fe (27.97 wt%, 29.79 wt%) and As (1.29 wt%, 1.48 wt%) is
consistent with the results in water samples. This suggests that the
particles in SEM images (Fig. 5) contain high amounts of ferrihy-
drite and goethite, resulting in abundant As adsorbed on their
surfaces. According to our data now, it is still hard to estimate
which mineral (ferrihydrite or goethite) was more likely to be the

As host here. Ferrihydrite is thermodynamically metastable and can
be transformed with aging to the more crystalline products-
goethite and hematite (Fe;03) (Mitsunobu et al., 2013). We sug-
gest three steps in the geochemical reaction process of As in this
study area: (1) the oxidation of pyrite and As-bearing minerals
released As and Fe into stream water; (2) dissolved Fe easily
precipitated when the solubility of ferrihydrite was exceeded under
the conditions of this study; (3) under wet-dry cycling conditions,
dehydration of ferrihydrite generated goethite and hematite. The
As released by As-bearing minerals was adsorbed or co-
precipitated again by ferrihydrite, goethite, and hematite.
Furthermore, some primary mineral pyrite might be still in the
suspended particulate matter as it contains high amount of sulfur
(2.82 wt%, 2.68 wt%) (Table 1). With abundant of waste rock in the
upstream river bed in the wet-dry alternate environmental condi-
tions, goethite and hematite formed and act as As sinks. I think the
most direct and effective way to prevent As remobilization from
these secondary As sinks is clear away the waste rock in the river
bed and then centralized disposal.

3.3. As and Fe species in filtered fractions

In the studied samples, inorganic As species of up to 128 pg L~
were detected, whereas MMA was below the detection limit. DMA
was only present in seven of 25 samples, possibly because the
biomethylation of inorganic As was facilitated by microorganisms
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Fig. 5. SEM pictures of the suspended particulate matter (>0.45 um)in water samples collected at stream reach of 4.3—5.0 km in the Jiehe River. (a, b): small radial fiber structure

particles (<50 nm); (c, d): numerous rod-shaped particles (approximately 20—30 pm).

Table 1

Elemental compositions (weight percentage, wt%) of the suspended particulate
matter in water samples filtered by two 0.45 um filter membranes (M1 and M2) at
stream reach of 4.3—5.0 km in the Jiehe River.

Element C 0] Na Al Si S K Ca Fe As
M1 15.16 44.77 029 170 329 282 038 032 2979 148
M2 13.20 4446 043 281 5.83 268 070 036 2797 1.29

(Cullen and Reimer, 1989) present in AMD (Lopez-Rodas et al.,
2008). This is consistent with previous findings that the inorganic
species of As [As(IIl) and As(V)] were predominant (Sarmiento et al.,
2009), and the methylated species were almost absent (Sanchez-
Rodas et al, 2005, 2006) in water samples from AMD-
contaminated mining areas. Fig. 6 shows the observed and
modeled concentrations of As and Fe species in filtered fractions
along the sampled stream reach (0—37.5 km). The concentrations of
As in filtered samples (unacidified) were much lower (Fig. 6a) than
those in filtered samples acidified to pH 2 (Fig. 2a) at the stream
reach of 0—11.4 km. This is because the lower pH in acidified
samples prevented As(Ill) oxidation and consequent adsorption
onto, or coprecipitaion with, Fe-rich colloids before analysis
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(Sanchez-Rodas et al., 2006). At a river distance of 11.4 km to the
stream outlet, As concentrations in filtered samples (unacidified,
Fig. 6a) were in consistent with those of acidified samples (Fig. 2a),
indicating As was mostly present in true dissolved forms in the
downstream reach, which is consistent with Fig. 3. Therefore, we
postulate that As in the water samples originated from a) the
weathering of waste rocks under wet-dry alternate conditions in
the upstream river bed; and b) the release from sediment
contaminated by long-term waste water discharge from Jichiling
mine. Arsenic from the two sources exhibited different geochem-
ical characteristics as they were under different hydrogeochemical
conditions.

A high concentration of Fe(Il) (7.6—19.2 mg L~') was detected
under the condition of the stream water (Fig. S2); the concentration
of Fe(Il) quickly decreased (Fig. 6b). Under AMD conditions, Fe(Il) is
easily oxidized and transformed into ferrihydrite when the acidity
is neutralized (Bigham et al., 1990). With increasing distance from
the emergence point (4.3 km), filtered As(Ill) concentrations
dropped to low levels through sorption on hydrous ferric oxides.
As(V) was the predominant species at a river distance of 11.4 km to
the stream outlet (Fig. 6a).
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Fig. 6. Observed and modeled concentrations of As and Fe species in filtered fractions (<0.45 um) along the sampled stream reach (0—37.5 km) of the Jiehe River. (a): As(III), As(V),
and DMA concentrations; (b): Fe(Il) and Fe(III) concentrations. Squares, cycles, and triangles are observed concentrations; solid and dash lines depict the concentrations calculated

using Visual MinteQ (version 3.0).
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The geochemical equilibrium model successfully simulated the
Fe species along the sampled stream reach (0—37.5 km) and the As
species along the downstream reach (11.4—37.5 km). However, the
model did not simulate the As species well in the upstream reach
(0—11.4 km) because the samples collected for As species analysis
were not acidified to a pH < 2; consequently, arsenic was mainly
present in colloidal form. The geochemical equilibrium calculation
revealed that the As adsorbed or co-precipitated on stream sedi-
ment may be easily released under the environmental conditions of
the downstream reach (11.4—37.5 km). Thus, preventing this sec-
ondary pollution of As in the Jiehe River is of importance to envi-
ronmental management.

4. Conclusion

This study was performed along 37.5 km reach of the Jiehe River
impacted by gold mining. Two distinct point sources of As and Fe
were found at 4.3 and 11.4—17.6 km along the main river stream,
and As was also found to be released from the river sediments in
the downstream reach (17.6—37.5 km). In the upstream reach
(0—11.4 km), As(Ill) was the main As species, produced by the
oxidation of waste rocks containing As-bearing minerals (e.g.,
arsenian pyrite or arsenopyrite), and As mainly existed as colloidal
form in the filtered fractions of water samples. Further in-
vestigations is warranted to determine the primary As contents in
ore or waste rock and the mineral composition of the ore or waste
rock as it would help us to understand the primary As source
function. The SEM—EDS analysis showed high contents of Fe
(27.97 wt%, 29.79 wt%) and As (1.29 wt%, 1.48 wt%) in the suspended
particulate matter, and arsenic was mainly adsorbed on ferrihy-
drite, goethite, and hematite. In the downstream reach
(11.4—37.5 km), As(V) was the predominant species in the filtered
fractions of water samples and As was mostly present in truely
dissolved forms. Visual MinteQ model revealed that the As adsor-
bed on, or co-precipitated with, stream sediment can be easily
released under the environmental conditions of the downstream
reach (11.4—37.5 km). Colloidal As generated by the oxidation of
waste rocks and As released from contaminated sediment can be
transported over long distances even to the Laizhou Bay. Overall,
As-rich mine wastes along the upstream reach and the contami-
nated sediment in the downstream reach are the sources of As
pollution in the Jiehe River. The results provided essential infor-
mation for develop remediation design and implementation in
mining impacted streams.
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