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Abstract

Purpose Understanding the mechanisms and kinetics control-
ling the release of metals from sediment is a prerequisite for
evaluating the risk of sediment contaminated by toxic ele-
ments. The objectives of this research were to determine the
leaching properties of arsenic (As) from stream sediment con-
taminated by gold mining and to quantify the kinetic rate of
As release using a leaching experiment and numerical
modeling.

Materials and methods In this study, we collected surface
stream sediment from Jieche River which was contaminated
by gold mining in Zhaoyuan, Shandong Province. Chemical
speciation of As was analyzed by a modified three-step BCR
sequential extraction procedure. The sediment microscopic
morphological characteristics and elemental composition on
the surface of the sediment were analyzed by scanning elec-
tron microscope-energy dispersive spectrometer (SEM-EDS).
Release kinetics of As were studied by a simulated leaching
experiment using a stirred-flow reactor and a two-site equilib-
rium-kinetic model.

Results and discussion The sediments we studied were signif-
icantly contaminated by As, with maximum concentrations of
777.8-3389 mg/kg. Sequential extraction analysis suggested

Responsible editor: Marcel van der Perk

>< Hua Zhang
hzhang@jyic.ac.cn

Key Laboratory of Coastal Zone Environmental Processes and
Ecological Remediation, Yantai Institute of Coastal Zone Research,
Chinese Academy of Sciences, Yantai, Shandong, China

University of Chinese Academy of Sciences, Beijing, China

School of Environment and Materials Engineering, Yantai
University, Yantai, Shandong, China

that As contents in weak acid extractable, oxidizable, reduc-
ible, and residual forms were 2.6-9.8, 18-79, 2.4-7.1, and
8.7-75 %, respectively. SEM-EDS analysis showed that As
on the surface of the sediment was higher than its overall
content in all four sediments especially sediment JH27, which
has high content of TOC, indicating that abundant As was
sorbed or precipitated on the sediment surface. Our two-site
equilibrium-kinetic model fits the As release data well and can
reproduce the stop-flow experimental results. Kinetic rates
obtained from curve fitting showed large variation among
sediments for As, indicating different reaction mechanisms.
Conclusions The release of As from stream sediment contam-
inated by gold mining was nonequilibrium and time-
dependent and might cause long-term pollution to river water.
Our two-site model was demonstrated as an effective tool to
describe the kinetic release of As from stream sediment to
waters.

Keywords Arsenic - Kinetic release - Gold mining -
Speciation - Stream sediment

1 Introduction

Arsenic (As) is a ubiquitous toxic element which can be en-
countered in soils, sediments, and waters and widely distrib-
uted in natural ecosystems (Mandal and Suzuki 2002; Wang
and Mulligan 2006). The presence of As at levels exceeding
the maximum concentration limit (MCL) of 10 pg/L recom-
mended for drinking water by the World Health Organization
(WHO 1993) is now one of the major threats to human health
in many areas of the world. Earlier studies have shown that
ingestion of drinking water and food is the primary route of As
exposure to humans (NRC 1999; Nriagu et al. 2007). It has
been estimated that as many as 60—100 million people
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globally may be at risk of exposure to excessive levels of As
(Ng et al. 2003). With the rapid development of the mining
and smelting industry, elevated concentrations of As in natural
waters, soils, and sediments associated with mine water, ben-
eficiation wastewater, and mine tailings (Paikaray 2015;
Desbarats et al. 2015). Gaur et al. (2005) found that As
discharged into the stream water can precipitate and accumu-
late onto stream sediment and eventually enter the food chain.
Acting as sinks for contaminants, sediment plays an important
role in maintaining water quality by removing contaminants
from the water column. However, subsequent release of con-
taminants from the sediment can increase heavy metal in wa-
ters in excess of environmental standards even hundreds of
years after the initial source has been removed (Linge 2008;
Equeenuddin et al. 2013). Therefore, stream sediment acts not
only as a sink of As but also as a potential secondary source of
As in aquatic systems (Varol 2011). As can easily bound to
sediment and cause its accumulation in stream sediment
(Brannon and Patrick 1987), especially in mining areas.
Earlier studies have found that concentration of As can reach
up to hundreds or thousands of milligrams per kilogram in
stream sediment of mining areas (Smedley and Kinniburgh
2002; Zhang et al. 2014). Therefore, it is important to under-
stand the mechanisms controlling the release of As from
stream sediment contaminated by mining, and it is a prereq-
uisite for developing remediation strategies in the watersheds.

Once associated with soils or sediments, the primary pro-
cess of metals release into liquid phase is leaching (Kim and
Hyun 2015). However, not all elements present in sediment
are equally susceptible to leaching upon interacting with wa-
ter. Readily leachable or recalcitrant forms of elements vary
largely and depend on the chemical forms of the elements in
the sediment (Kwon and Lee 2001; Macgregor et al. 2015;
Pandey et al. 2015). In addition, release of elements from
contaminated sediment is effected by environmental condi-
tions such as pH, phosphate, redox conditions, and time
(Rubinos et al. 2011; Molinari et al. 2014; Dang et al. 2014).
Although there are many studies about As mobilization and
release from soils or sediments in mining areas (Paikaray
2015; Macgregor et al. 2015; Desbarats et al. 2015), quantita-
tive information regarding the leaching of As in stream sedi-
ment in mining areas, particularly under hydrodynamic con-
ditions, is rare.

In our study, sequential extraction procedure (SEP) coupled
with SEM-EDS was conducted on stream sediment to evalu-
ate the solid phase speciation of As and elemental composition
of sediment. A leaching experiment and a two-site equilibri-
um-kinetic reaction model were used to understand the
leaching properties and release mechanisms of As. The main
goal of this study is (1) to quantitatively determine the kinetic
rate and extent of As release using a numerical model and (2)
to provide basic parameters for further modeling efforts to
better assess the risks of As release from contaminated
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sediment and thus potentially develop better remediation
techniques.

2 Materials and methods
2.1 Site description and sample select

The Jiehe River is located in the northwest of Shandong pen-
insular with a latitude 37° 05" N-37° 33’ N and a longitude
120° 08" E-120° 38" E. There are three major tributaries, the
Bujia River, Chengdong River, and Zhongliu River, contrib-
uting to the main stem of the Jiche River as it flows northwest
into the Laizhou Bay of Bohai Sea. Known as the “gold cap-
ital of China,” Zhaoyuan has a long history of gold mining
that can be traced back to 595 A.D. in Chinese Literature
(Yang and Zhou 2000; Liang et al. 2011). Our earlier studies
have demonstrated that with the rapid development of mining
and smelting industry, abundance of heavy metals (As, Cr, Cu,
Zn, Cd, Pb) was released into the Jiche River and then
enriched into sediment with the mine water and tailings
(Zhang, et al. 2014).

In April 2014, we collected four sediments from the Jiche
River, which was heavily contaminated by As (see Fig. 1).
Composite samples of surface (0—5 cm) sediment were
grabbed from the bottom of stream channel and stored in
sealed plastic bags. Stream sediment samples were air dried
and passed a 2-mm sieve before chemical analysis. Two of the
four sediments (LS12 and LS16) were collected in the up-
stream channel, and the other two sediments (JH26 and
JH27) were collected in the midstream channel. All four sed-
iments were heavily influenced by acid mine drainage
(AMD).

2.2 Physicochemical analysis

Total organic carbon (TOC) was determined on dried sedi-
ment by dry combustion using an elemental analyzer (Vario
MACRO cube, Elementar, Germany). Soil particle size was
analyzed using a laser particle size analyzer (Marlvern
Mastersizer 2000F, Malvern, UK). The sediment microscopic
morphological characteristics and element composition on the
surface of the sediment were analyzed by a scanning electron
microscope-energy dispersive spectrometer (SEM-EDS)
(S-4800, Hitachi, Japan). Soil pH (Metrohm 888 Titrando,
Switzerland) was measured in a 1:10 soil-water suspension
after stirring for 30 min (Lu 2000).

Sequential extraction methods have been used to examine
As partitioning sediments, which contained different sequen-
tial extraction schemes that vary in number of steps, shaking
times, extracting reagents, etc. (Keon et al. 2001; Wenzel et al.
2001; Van Herreweghe et al. 2003; Hudson-Edwards et al.
2004; Huang and Kretzschmar 2010). Despite the lack of
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Fig. 1 Map showing location of sampling sites, four sediments we
studied (LS12, LS16, JH26, JH27), and stream reaches in the Jiche
River watershed

standardized methods, sequential extraction methods can pro-
vide a broad-brush picture of As partitioning and, when com-
bined with other techniques, can be useful for examining As
mobility from solids (Hudson-Edwards et al. 2004). The
three-step sequential extraction procedure proposed by the
Commission of the European Communities Bureau of
Reference (BCR) has been applied commonly for the fraction-
ation of heavy metals (Table 1) and is utilized in our study
(Rauret et al. 1999; Zemberyova et al. 2006; Pueyo et al.
2008). The total concentrations of iron, manganese, and trace
metals were determined by inductively coupled plasma-mass
spectrometry (ICP-MS, ELAN DRC II, PerkinElmer, USA)
after digestion of sediment. About 0.10-g sediment sample
was digested with a 5:2:1 mixture of HNOs-HCIO4-HF for
12 h at 180 °C. In the analysis of metals, certified standard
reference materials (GSS-2, GSS-6, GSS-7, and GSS-8 geo-
chemical reference materials) from the National Research
Center for Certified Reference Materials of China were used
in the digestion and analysis as part of the QA/QC protocol.
Reagent blanks and analytical duplicates comprising 10 % of

the total samples were also used to test the accuracy and pre-
cision of the analysis. The standard deviation remained within
5 % for all of the metals determined.

2.3 Leaching experiment

The leaching experiments were conducted by leaching sedi-
ment with 10 mM Ca(NOs), as the background electrolyte. A
stirred-flow reactor, described in detail elsewhere (Yin et al.
1997), was used in our leaching experiment. A 1.0-g sediment
sample was put in the 42-mL reaction volume chamber
(25 mm i.d.). The sealed chamber was fully filled with back-
ground electrolyte solution, and the suspension was stirred for
20 min without flow to hydrate the sediment
(preequilibration). After preequilibration, the background
electrolyte was pumped through the chamber at fixed flow
rate (2 mL min~') using a peristaltic pump (BT102S,
Leadfluid, China). Variation of flow rate within each experi-
ment did not exceed 5 %. To diminish diffusion (Sparks
1989), the sediment and solution were well mixed by a mag-
netic stirrer (H01-1B, ChiJiu, China) for the whole leaching
process. Effluent was collected with a fraction collector (BS-
100A, BaiXian, China) using 5-min fixed time intervals for
each sample. A 0.45-um filter paper was placed at the exit of
the chamber. The leaching effluent samples were preserved at
4 °C before they were analyzed for As by ICP-MS. To deter-
mine whether metal release is kinetically controlled or instan-
taneous, a stop-flow was carried out by turning off the pumps
for 30 min after leaching for 60 min. The same flow interrup-
tion was repeated after leaching for an additional 150 min.

2.4 Equilibrium-kinetic reaction model

Metal release from sediment particles is controlled by two
reactions: desorption from sediment and sorption onto sedi-
ment. Sediment particles contain many different functional
groups capable of binding metals. For simplification, we as-
sume that a set of equilibrium sorption sites interacts instanta-
neously with background solution, whereas a set of reversible
kinetic sites are time-dependent in nature. So, we established a
two-site equilibrium-kinetic model to describe the release of
As from sediment contaminated by heavy metals. We kept Ca
concentration constant, so Ca competition for soil binding
sites is not considered in our model. The model is described
in the following formulations:

S. = K,C (1)
oS,

2 C—hyS 2
6t 1 20k ( )

Here, C is the concentration in solution, S, is the amount
retained on equilibrium sites (mg g '), Sy is the amount
retained on kinetic sites (mg g '), K, is a dimensionless
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Table 1 Sequential extraction

procedures used for this study Extraction  Speciation Reagents used Nominal target phases
steps
1 Weak acid 0.11 mol L' CH;COOH (20 mL); 24 h Carbonates, exchangeable
extractable at 25 °C on shaker table (200 rpm) metals

2 Reducible 0.5 mol L™ NH,OH HCI (20 mL); 24 h Iron-manganese
at 25 °C on shaker table (200 rpm) oxyhydroxides

3 Oxidizable 30 % H,0, (10 mL) 1 h at 85 °C; 1 mol L™! Organic matter and sulfides
CH;COONH, (25 mL), pH 2; 24 h at 25 °C
on shaker table (200 rpm)

4 Residual Aqua regia Residues in the mineral

crystal lattice

Dried sediment (1.0 g) was extracted using the steps below. Steps 1-3 were washed with deionized water; the
wash solution for each step was analyzed for arsenic

equilibrium constant (L g '), and  is the reaction time (h). k;
and k, are the forward (adsorption) (L g ' min~") and back-
ward (desorption) (min ") reaction rate associated with kinetic
sites, respectively. The total amount of solute retention on
sediment is the following:

S=S,+S; 3)

To simulate the release of As from sediment, the two-site
equilibrium-kinetic formulations are incorporated into the
steady state convection-dispersion equation (CDE) in the form
of (Selim et al. 1989)

oC 0 oC oCc oS
E—a@a)Vaa “)

where x is the distance (cm), D is the hydrodynamic
dispersion coefficient (cm® min~'), and v is the flow
rate (cm min ).

Statistical criteria used for estimating the goodness-of-fit of
the models to the data were the coefficients of determination
(+%) and the root mean square error (RMSE):

Z (Cnbs_cmod )2

Nobs™Npar

RMSE = (5)

where C,;, is the observed As concentration at certain
time ¢, C,,,q is the simulated As concentration at time ¢,

Nops 1s the number of measurements, and 7,,,. is the
number of fitted parameters.

3 Results and discussion
3.1 Sediment characteristics

Table 2 shows that the four sediments have different properties.
The samples collected from upstream (LS12 and LS16) have
lower pH than samples from downstream (JH26 and JH27).
This can be explained by the influence of acid mine drainage
(AMD), which is formed by the decomposition of pyrites
(Wolkersdorfer 2008). Oxidative dissolution of sulfide minerals
such as pyrite causes water acidification and releases a large
number of various toxic trace elements in the process (Abraitis
et al. 2004; Chandra and Gerson 2010; Deditius et al. 2011).
Sample JH27 has especially high TOC compared to the other
three sediments because the sampling sites receive wastewater
with high concentration of organic materials from a factory of
vermicelli production. Total Fe in LS12 and LS16 was higher
than JH26 and JH27, while on the contrary, total Mn in LS12
and LS16 was lower than JH26 and JH27. Higher content of Fe
may be due to the high content of primary minerals in the
upstream sediment influenced by mining waste. The lower
Mn in the upstream sediment samples (LS12, LS16) may be
due to the low pH conditions, which would prevent formation

Table 2 Basic physical and

chemical properties of sediment Sediment pH  TOC Total Fe Total Mn Clay® Silt Sand
(gkg) (gkg ™ gkg™h (%0) (%0) (%0)

LS12 558 3813 35.41 0.25 8.41 49.28 42.28

LS16 421 17.74 73.99 0.23 6.90 40.94 52.17

JTH26 6.66  11.76 28.57 0.35 1.74 12.23 86.03

JH27 784 116.69 31.70 0.44 5.46 34.00 60.54

TOC total organic carbon

? Grain size distribution: clay (<2 pm), silt (2-20 pm), and sand (20-2000 pm)
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Fig. 2 SEM pictures of the four
sediments
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of Mn oxides and can cause Mn release and transport to down-
stream. LS12 and LS16 have similar size composition because
of high content of tailing in the form of silt in the sediment of
upstream. In sediment JH26 and JH27, sand is the major com-
position. SEM results showed that there was no significant
difference between the four pictures (Fig. 2) of the sediments.
But, the particle size of LS12 and LS16 was smaller than JH26
and JH27 which was consistent with our analysis using a laser
particle size analyzer (Table 2).

Elemental composition (weight percentage, wt%) on the sur-
face of the sediment analyzed by SEM-EDS is shown in Table 3.
The content of carbon (C) on the surface of sediment LS12,
LS16, JH26, and JH27 was 15.92, 10.41, 9.29, and 17.84 %,
respectively. The content of Fe on the surface of the four sedi-
ments did not appear to be much different from each other.
Except for LS16, Fe on the surface of the other three sediments
is higher than their concentration of total Fe (Table 2). The con-
centration of As on the surface of the sediment was higher than
its content in all the four sediments especially in sediment JH27

o oAy A I:. Za
00um J§ 15.0kV 8.2mm x10.0k 4/28/2015 10:47

which has high content of TOC. The results showed that abun-
dance of As was sorbed or precipitated on the sediment surface.

3.2 Arsenic speciation in sediment

The recovery of the sequential extraction procedure for the
four sediments LS12, LS16, JH26, and JH27 is 98, 100,
109, and 99 %, respectively, which means that the modified
BCR extraction experiment that we used is an effective and
reasonable method to analyze solid phase speciation of As in
stream sediment. Concentration and fraction of As in the
stream sediment are illustrated in Fig. 3. There were high
concentrations of total As in sediment samples LS12
(777.8 mg kg™ '), LS16 (2,339 mg kg '), JTH26
(1,426 mg kg "), and JH27 (3,389 mg kg ') (Fig. 3a).

The sequential extraction results showed that As content is
associated with different solid-phase fractions (Fig. 3b). The
contents of weak acid extractable form and oxidizable form
are lower than those of the other two forms. Weak acid

Table 3  Element composition (weight percentage wt%) on the surface of the sediment

Sediment C O Na Mg Al Si P S Cl K Ca Ti Fe Cu Zn As

LS12 1592 4817 038 059 11.66 897 155 483 - 080 075 - 451 146 - 0.39
LS16 1041 5588 0.53 051 848 1207 0.5 110 - 324 - 143 567 - - 0.53
JH26 929 4777 136 052 1082 1729 066 0.76 - 197 312 025 481 - 094 044
JH27 17.84 4483 215 056 6.73 1087 290 150 099 163 3.09 - 532 - 050 1.10
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Fig. 3 Arsenic concentration and £~ 4000 120
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extractable forms include carbonates and water exchangeable
forms, which can be easily released and cause risks to organ-
isms directly. In sediment LS12 and LS16, As mainly exist in
residual forms, but in sediment JH26 and JH27, As mainly
associates with iron-manganese oxide. This indicates that
most As present in the forms of primary minerals in upstream
sediment can hardly be extracted because of its strong bound
in the mineral crystal lattice, which suggests that the sources
of As in the upstream sediments were tailing materials from
gold mines. At downstream, the dominate from of As is asso-
ciated with iron-manganese oxides, which indicate that
As might be accumulated in the sediment as a result of
continuous As loading from upstream water. Earlier
studies often show that iron and manganese oxide have
high affinity toward inorganic arsenic species (Zhang et
al. 2007). Therefore, As can easily adsorb onto iron-

manganese oxide surface in the process of transport to
downstream and then may be released with the variation
of environmental conditions, causing secondary pollu-
tion to streams.

Heavy metals of residual form in sediment are very stable
and mostly in primary minerals and secondary silicate minerals
lattice. They almost do not participate in sediment-water inter-
actions and have lower mobility and bioavailability and cannot
cause pollution in the short term (Teasdale et al. 2003).
Extractable heavy metals (weak acid extractable, reducible, ox-
idizable) are not stable, and they can easily release from sedi-
ment and cause secondary pollution with environmental condi-
tions changing. Since contaminated sediment would release
heavy metals continuously and cause long-term pollution to
river water, it is important to clarify the release mechanisms
of heavy metals for choosing better remediation techniques.

Fig. 4 Kinetics of arsenic release 35 v ; __ 300 ;
. . - | i LS12 ~ H LS16
from stream sediment, the white Y ' ! O ° i
cycles depict the effluent arsenic 2 2 2504 °
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Table4 Model fitting parameters ] 5 - L .
for Arsenic release kinetics using Sediment r RMSE Ki(Lg") ki (Lg min) kp (min™)
an equilibrium-kinetic model
LS12 0.995 1.09 0.041+0.005 0.038+0.006 0.010+0.001
LS16 0.984 19.99 0.125+0.034 0.014+0.003 0.002+0.001
JH26 0.990 227 0.022+0.013 0.088+0.016 0.004+0.001
JH27 0.988 23.12 0.034+0.005 0.027+0.005 0.009+0.001

3.3 Modeling As release kinetics

The time-dependent release process of As was illustrated at
the same flow rates (2 ml min ") by the four stream sediments
(Fig. 4). As was demonstrated as a mobile element with aver-
aged concentration of 13, 135, 21, and 161 pg L™ in the
leachate for sediments LS12, LS16, JH26, and JH27, respec-
tively. Though the peak concentration of the leachate for the
four sediments is different (LS12 29.7 ug L', LS16
271.5 ug L', JH26 45.7 g L', and JH27 468.5 pug L™,
the release of As was consistent with their total concentration
in sediments. The concentration of As released decreasing
with the influent of background solution and gradually into
balance. This trend is consistent with the release of other
metals (Zn and Cu) (Shi et al. 2005).

Two stop-flow for 30 min was carried out at the cumulative
flow 120 and 420 mL, respectively. The concentration of As
in the leachate increased after stop-flow for almost all four
sediments except LS16 at cumulative flow of 120 mL. The
increase of As concentration after stop-flow demonstrates that
release of As is a time-dependent process. The nonequilibrium
leaching is likely due to transformation between recalcitrant
and leachable forms (Kim and Hyun 2015).

Our experiment also revealed that the kinetic rate of As
release can vary in a wide range depending on stream sedi-
ment characteristics (Table 4). Sediment sample LS16 showed
higher K; value and smaller &; and k, values than the other
three sediments, meaning that As release from sediment LS16
is mainly controlled by equilibrium sites. This could explain
why As concentration in effluent of sediment LS16 did not
increase like the other three sediments after the first stop-flow
(Fig. 4). Sediments LS12 and JH27 showed that higher

values indicated that the desorption of As from these two
sediments was easily than sediment JH26. So, the time-
dependent release behavior of As has to be considered in
modeling the fate and transport of As in stream sediment.
Figure 4 shows that our two-site equilibrium-kinetic model
fit to the As release data can well reproduce the stop-flow
experimental results. This demonstrates that this type of ex-
periment is essential for estimating the kinetic model param-
eters (Bartal et al. 1990). Kinetic rate obtained from curve
fitting (Table 4) showed large variation among sediments for
As, indicating different reaction mechanisms. The rapid re-
lease stage of As was controlled by the combined action of
equilibrium sites and kinetic sites, while the long-time release
was controlled by the kinetic sites. Overall, this two-site mod-
el was demonstrated as an effective tool to describe the kinetic
release of As from stream sediments to waters. Further studies
will be conducted to evaluate the influences of environment
variables including flow rates, pH, and DOM on the kinetics
processes of As in the field to better assess the risks of sedi-
ment release and choose appropriate remediation techniques.

3.4 Amount of As release

Figure 5a illustrates the amount of As released as calculated
from experiment observation and equilibrium-kinetic model
simulation. The calculated total amounts of released As in
LS12 (8.3 mg kg™ '), LS16 (89.1 mg kg '), JH26
(13.5 mg kg "), and JH27 (96.7 mg kg ") are compared to
the total content and extractable forms of As in sediment sam-
ples and shown in Fig. 5b. High amount of As was released
from the sediments, especially from sediment LS16 and JH27.
Furthermore, the close correlation between results of

Fig. 5 The leaching amount and 120 100
leaching rate of arsenic. a a b
Amount of arsenic release . 100 _ 80 - M
includes of observed (black ‘__@ M < M
pattern) and simulated (white 2 80 1 < 601
pattern). b Percentage of arsenic > 60| g
released to total amount (black % g 40 |
pattern) and to weak acid % 40 1 8
extractable form (white pattern) 2 20 |
20 A
0 ."_‘ I‘H 0 ; B "_‘ -
LS12 LS16 JH26 JH27 LS12 LS16 JH26 JH27
Sediment Sediment
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observation and simulation demonstrated that our two-site
model could simulate the release of As well. Generally, the
amount of As released constituted only a small portion of the
total As in sediments and did not correlate with the total
amount of As in the sediments. It shows that release of As
from sediment was not only controlled by total content but
also impacted by its chemical speciation in solid phases. The
percentages of As released to weak acid extractable form were
41.7, 81.9, 8.9, and 70.7 % for sediments LS12, LS16, JH26,
and JH27, respectively (Fig. 5b). Extractable form of As has
higher mobility than the other speciation and should be the
major contributor to As release in our leaching experiment. A
large fraction of As in weak acid extractable form of sediment
LS16 and JH27 was released, while only small percentage of
extractable As in sediment LS12 and JH26 was leached into
solution. This might be because the weak acid extractable
form of metals is a combination of water exchangeable and
carbonate forms and only water exchangeable form can be
released in our experiment system.

4 Conclusions

This study investigated the speciation and release kinetics of As
in stream sediment contaminated by gold mining. The results
showed that large fraction of As exists in primary mineral in
upstream sediment and As can transport to downstream and
transform to sorbed species associated with iron-manganese
oxides in downstream sediment. As was demonstrated as a
mobile element with averaged concentrations of 13, 135, 21,
and 161 pg L' in the leachate for sediments LS12, LS16,
JH26, and JH27, respectively. Our two-site equilibrium-kinetic
model fits the release data of As well and can reproduce the
stop-flow experimental results. Kinetic rate obtained from
curve fitting showed large variation among sediments for As,
indicating different reaction mechanisms. Total amount of As
released (LS12 8.3 mg kg ™', LS16 89.1 mg kg ', JH26
13.5 mg kg ', JH27 96.7 mg kg ') showed that large amount
of As in sediment can be leached into solution and cause sec-
ondary contamination. Furthermore, our two-site model was
demonstrated as an effective tool to describe the kinetic release
of As from sediments to waters and can be further extended to
predict trace metals release at contaminated sites with varying
solution chemistry and sediment properties. Overall, the evalu-
ation of environmental risk associated with contaminated
stream sediment should consider the chemical speciation and
kinetic processes of toxic elements at solid-water interfaces.
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