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The importance of geothermal energy as a source for
electricity generation and district heating has increased over
recent decades. Arsenic can be a significant constituent of the
geothermal fluids pumped to the surface during power
generation. Dissolved As exists in different oxidation states,
mainly as As(III) and As(V), and the charge of individual species
varies with pH. Basaltic glass is one of the most important
rock types in many high-temperature geothermal fields. Static
batch and dynamic column experiments were combined to
generate and validate sorption coefficients for As(III) and As(V)
in contact with basaltic glass at pH 3-10. Validation was
carried out by two empirical kinetic models and a surface
complexation model (SCM). The SCM provided a better fit to
the experimental column data than kinetic models at high pH
values. However, in certain circumstances, an adequate estimation
of As transport in the column could not be attained without
incorporation of kinetic reactions. The varying mobility with pH
was due to the combined effects of the variable charge of
the basaltic glass with the pH point of zero charge at 6.8 and
the individual As species as pH shifted, respectively. The
mobility of As(III) decreased with increasing pH. The opposite
was true for As(V), being nearly immobile at pH 3 to being
highly mobile at pH 10. Incorporation of appropriate sorption
constants, based on the measured pH and Eh of geothermal
fluids, into regional groundwater-flow models should allow
prediction of the As(III) and As(V) transport from geothermal
systems to adjacent drinking water sources and ecosystems.

Introduction
Arsenic is released from soil and geothermal environments
into ground waters through natural processes and anthropogenic activities (1-3). There are many pathways for As to
threaten human health via polluted ground- or surface-waters
(2, 4). Speciation of As is the most important factor controlling
its toxicity, bioavailability, and mobility, depending mainly
on the environmental parameters such as pH and redox
potential (2). Arsenic is mostly present in aqueous environments in +III and +V oxidation states as arsenite and arsenate
oxyanions and their hydrolysis species, respectively (Figure
1) (2, 5) with minor amounts of methyl and dimethyl As
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compounds being detected in some systems (6). As(V) forms
the negatively charged oxyanions H2AsO4- and HAsO4-2 at
pH values above 2 and 7, respectively, whereas As (III) forms
the uncharged oxyanion H3AsO3 at a pH up to around 9 (pKa
) 9.2) (7). Recently the importance of thioarsenates in sulfidic
geothermal waters has been reported as it has been found
to be as high as 83% dissolved As under alkaline conditions
(8).
The aqueous redox reactions of As are slow without some
form of catalyst (9). Oxidation of As(III) is frequently facilitated
by reduction of Fe(III), and the reduction of As(V) is facilitated
by oxidation of sulfides (10) with redox processes accelerated by up to 5 orders of magnitude in geothermal waters by
microbial activity (11). Knowledge of the kinetics of redox
reactions between the individual As species can therefore
play an important role when quantifying sorption processes
and As transfer. The variable charges of the As species and
the interacting surfaces lead to variable adsorption and
retention of the respective species relative to groundwater
flow. Accurate determination of the speciation of As in natural
water is therefore fundamental to predict its transport in the
environment.
Continental flood basalts cover an important fraction of
the terrestrial surface (12). Arsenic concentration in terrestrial
basaltic rocks ranges from 0.18 to 113 mg kg-1, with an average
concentration of 2.3 mg kg-1 (2). Examples include the
Columbian river basalts in the U.S., the Deccan traps in India,
and the Siberian traps in Russia. Furthermore, the ocean
floor is primarily composed of basalt (13). Geothermal activity
is frequently associated with basalt that can either be glassy
or crystalline in volcanic terrains (14). Knowledge of As
movement in basaltic environments, therefore, plays a key
role in quantifying the global As cycle. Since Iceland is mainly
composed of basaltic rocks where active seafloor spreading
coincides with the occurrence of upwelling mantle plume
resulting in intense volcanism (15), it constitutes a prime
study area for understanding the role and movement of As
in the environment. This geological situation leads to the
widespread occurrence of high-temperature geothermal
systems, some of which are currently utilized for power
generation (16). Hydrothermal fluids, often As enriched (17),
are pumped to the surface, where heat is extracted and
electricity generated before these fluids are either pumped
back into the crust through boreholes or released to adjacent
surroundings. The subsequent fate of arsenic in geothermal
waters raised to the surface is not fully known and there is
concern that arsenic may be mobile in groundwater systems
where basalt and basaltic glass are the main rock constituents
(18).
The surface sites of basaltic glass can be considered as >
SOH (where >S signifies any -OH binding atom at the surface
site) that can either accept proton represented by the reaction:
>SOH + H+aq ) >SOH+
2

(1)

associated with the equilibrium constant KS,1 or donate proton
to the solution represented by the reaction
>SOH ) SO- + H+aq

(2)

associated with the equilibrium constant KS,2. The equilibrium
constants KS,1 and KS,2 differ between the respective surface
sites and consequently the point of zero charge of the surface
site mixture. The chemical composition of the basaltic glass
is primarily Si with lesser amounts of Al and Fe on a molar
basis with Si and Al, and to a lesser extent Fe(III), as the
network forming elements, and with Fe(II) occupying the
10.1021/es8001458 CCC: $40.75
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FIGURE 1. Thermodynamic system of As oxyanion species in
water (7). Superimposed are Fe species with Fe(OH)3(s)
undersaturated. The As species have anticipated increased
mobility in basaltic glass media in the following order: H2AsO4< H3AsO4 ≈ H3AsO3 < H2AsO3- < HAsO42-. Open symbols
represent conditions in column experiments, closed symbols
represent batch experiments. Squares represent measured pe,
circles are pe calculated from Fe(II)/Fe(III) redox couple, and
triangles are pe calculated from As(III)/As(V) redox couple.
space within the network (19). Therefore, the surface may be
assumed to consist primarily of silanol sites followed by
aluminol sites and to a lesser extent amorphous Fe(III)
hydroxide sites.
Mobility of key As species in thermodynamic equilibrium
in groundwater conditions in contact with basaltic glass with
a point of zero charge at pH 6.8 (20) can be predicted by
studying Figure 1 (7). Under reduced conditions the main
As(III) species has -1 charge above 9.2 and is, therefore,
repelled from the surface. Below pH 9.2 the species is
uncharged and should, therefore, have some degree of
mobility. At oxidized conditions at pH levels below 2, the
dominant As(V) species is uncharged and should have high
mobility. Between pH 2 and 6.8 the charges of the main
species and surface sites are opposite and As(V) should be
immobile at pH 3, but increasingly mobile as the pH rises
and the positive charge on the surface is decreased. Above
pH 6.8 the dominant As(V) species is -2 charged and is,
therefore, repelled from the surface sites.
Adsorption of As(III) was predicted to be small on amSiO2 (21). Increased adsorption of As(III) on surface sites of
illite, ferrihydrite, goethite, and am-Al(OH)3, respectively, was
observed from pH 4 to 9; however, adsorption declined on
ferrihydrite, goethite, am-Al(OH)3 above pH 9 (22-25) a
finding that corresponds closely to the first pKa (9.2) of
H3AsO3. Adsorption of As(V) was predicted to be small on
am-SiO2 (21). Arsenic(V) was decreasingly sorbed on ferrihydrite (23) and am-Al(OH)3 (25) as pH increased from 3 to
10.
The goal of this study was to predict the transfer of As
oxyanions through basaltic glass media, a significant constituent of aquifers in geothermal areas and continental flood
basalt areas. The main objectives were to (i) determine the
rate and extent of As(III) and As(V) adsorption on the basaltic
glass surface at pH 3-10, and (ii) predict whether and how
As(III) and As(V) will move from high-temperature geothermal waters into shallow groundwater environments.

The basaltic glass used in experiments was obtained from
the volcanic ash of Stapafell mountain, southwestern Iceland
(19). Preparation of the glass was carried out according to
ref 25 except that the 125-250 µm size fraction was used in
the current contribution. The specific surface area (1.533 m2
g-1) of the glass was measured by the three-point BET method
using Kr gas.
Test Solutions. Initial column and batch experiments
solutions were adjusted to pH values of 3, 6.3, 8, 9, and 10
and ionic strength of 10 mM by varying concentrations of
HCl, NH4Cl, and NH4OH (19) (Supporting Information (SI)
Table S1). These solutions were purged for two hours with
grade 5.0 N2 gas (BOC gases, Aberdeen), and all batch
experiments were prepared and carried out in a N2 filled
glovebox. Detailed description of the experimental procedures can be found in the Supporting Information.
Batch Kinetic/Equilibrium Experiments. Stock As solutions (60 mg L-1) were prepared by weighing NaAsO2 and
Na2HAsO4.7H2O daily into a 0.5 L volumetric flask and
dissolved in DDI water for As(III) and As(V) solutions,
respectively.
For kinetic experiments, 20 mL of 4 µM As(III) and As(V)
solutions of desired pH were dispensed into 50 mL centrifuge
bottles containing 2 g of basaltic glass. The samples were
then shaken at 170 rpm at 30 °C ((0.1 °C) for 24, 8, 4, 1.5,
0.67, 0.2, and 0.1 h on an incubated shaker (MaxQ mini,
Barnstead International).
For isotherm experiments, solutions of desired pH with
As concentrations of 0.667, 1.33, 4.00, 8.01, and 16.0 µmol
L-1, respectively, were dispensed into 50 mL centrifuge bottles
containing 2 g of basaltic glass. The samples were shaken at
170 rpm at 30 °C ((0.1 °C) for 24 h. All solutions were analyzed
for As(III) by an optimized HG-AAS method (26) for FIAHG-AAS and total As with FIA-HG-AAS. The As(III) method
was cross validated on randomly selected samples with HPLCICP-MS (27) and the As(III)/As(V) speciation results concurred
between the two techniques (SI Table S2). All As analyses
were compared against the SLRS-4 Certified Reference
Material. All experiments were carried out in triplicate.
Column Experiments. Basaltic glass (16 g) was packed
into a 16 cm long, 1 cm i.d. PTFE column providing a porosity
of 0.45 (SI Figure S2). An As containing solution was prepared
by pipetting 5 mL of 60 mg/L stock solution into a volumetric
flask, adding 20 mg of Acid Blue 9 that acted as a conservative
tracer (28) into a 0.5 L volumetric flask, and filling to the
mark with a solution of desired pH. Nitrogen gas was purged
through the inlet solutions for two hours before pumping
them onto the column. A peristaltic pump (Cole-Parmer
Masterflex) pumped 1000 PV of inlet solution at 1 mL min-1
into the base of the column. During this period, chemical
composition, pH, and Eh were monitored At stable outlet
pH conditions of 3.0, 6.4, 8.1, 9.1, and 9.5((0.1) for the initial
pH 3, 6.3, 8, 9, and 10 values, respectively, four pore volumes
of As containing the inlet solution were injected into the
column. Finally, the column was eluted with 25 pore volumes
of As-free inlet solution. A detailed description of the
measurement procedure of the outlet solutions may be found
in the Supporting Information. The low amount of sulfate
(<0.6 µg L-1) and absence of sulfide in the outlet solutions
due to the low concentration of sulfur (S) in the basaltic glass
ensured a minimum effect of As-S species during the
experimental procedure.

Experimental Section
Materials and Chemicals. The chemical reagents used in
this study were of reagent grade. The reagents NaAsO2,
Na2HAsO4.7H20, NaOH, and Na3C6H5O7 (Trisodium citrate)
were obtained from BDH Chemicals. Ascorbic acid, and KI
were obtained from Acros organics. NaBH4 and C37H34Na2N2O9S3 (Acid Blue 9) were obtained from Sigma Aldrich
Chemical Co.

Results and Discussion
Redox State of Experiments. The discrepancy between the
measured pe with a platinum electrode and the calculated
pe from measured redox couples As(III)/As(V) and Fe(II)/
Fe(III) indicated a lack of system redox equilibrium, which
has been attributed to the slow conversion between the two
oxidation states (9). Arsenic(V) as the initial species in the
VOL. 42, NO. 23, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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experiments, was never reduced to As(III). In the batch
experiments, As(III) was partially oxidized to As(V) and nearly
reached equilibrium at pH 10 (Figure 1, SI Table S4). In the
column experiments, As(III) was not oxidized (Figure 1) and
the Fe redox couple indicated the dominance of Fe(II)
oxidation to FeIII(OH)2+(aq), FeIII(OH)3 (aq), FeIII(OH)4- except
at pH 3 and 10 where Fe2+ was the dominant species.
Batch Adsorption Experiments. In the batch experiments,
the pH increased within hours from pH 3 to 5.5. Batch
experiments carried out at an initial pH 3 value will therefore
be referred to as pH 5.5 from this point on and cannot be
used to predict As transport in columns at pH 3. The pH shift
could have been the result of initial fast basaltic glass
dissolution at pH 3 (29), leading to increased pH and
subsequent formation of am-Al and am-Fe(III) hydroxides
that would adsorb the As(III) in solution at pH 5.5 and
generate the discrepancy between experimental and modeled
results at pH 3 (5.5). The column experiments, however, were
carried out at pH 3.0 due to the pre-experimental extended
flushing period that was characterized by an initial fast rise
to pH 6, which was then followed by a stepwise drop in pH
values to pH 3.0 with the surface Si:Al:Fe chemical composition not differing from the fresh basaltic glass (SI Table S3
and Figure S3).
The kinetics of adsorption were analyzed according to
the second order kinetic model (30) and a dynamic Langmuir
kinetic model (31). The pseudo second order model was
represented as follows:

dqt
) k(qe - qt)2
dt

(3)

where t is time, k is the rate constant of sorption (kg sec
mol-1), qe is the amount of soluted As adsorbed at equilibrium
(mol kg-1), and qt is the amount of As sorbed on the surface
at any given time (mol kg-1). Derivation of the second order
kinetic constants may be found in the Supporting Information.
The dynamic Langmuir kinetic model was represented as
dq
) ka(C0 - qmΘ)(1 - Θ) - kdΘ
dt

(7)

where ka is the first order constant for adsorption, C0 is the
initial solute concentration (mol L-1), qm is the maximum
amount of adsorbate (mol kg-1) (derived from experimental
data described in the following As(III) section), θ is the fraction
of covered surface and kd is the first order rate constant for
desorption. The kinetic Langmuir constants were derived by
a method described in the Supporting Information. The
constants from kinetic experiments are tabulated in SI Table
S5. The pseudosecond-order model showed better fit to the
data than the dynamic Langmuir model (Figures 2a and b).
The Langmuir model could not simulate the fast initial
sorption rate; hence, the deviation from the initial data points
in Figures 2 a and b. This deviation was also evident for the
pseudo second order model when the rate constant for the
overall sorption (k) was used (Figures 2a and b).

FIGURE 2. Kinetic adsorption experiments of four µmol L-1 As(III) and As(V) (b) and adsorption istotherm experiments for As(III) (c)
and As(V) (d) onto basaltic glass. A complete sorption was 40 µmol kg-1. Fit to the pseudosecond- order model (dotted lines) and
dynamic Langmuir model (solid lines), respectively on panels a and b. Fit to Langmuir isotherm model is represented as incremented
lines on panels c and d. Adsorbent dose 2 g 20 mL-1, ionic strenth 0.01 M, temperature 30 °C.
8818
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FIGURE 3. Transport of As(III) and As(V) through basaltic glass columns at pH 9. Four pore volumes of solution containing 4 µmol L-1
As and 40 mg L-1 Acid Blue 9, a conservative tracer, were injected onto column and then eluted with 25 pore volumes of As-free
solution of the same pH and ionic strength. Filled circles are experimental data points, open circles are conservative tracer, hatched
lines give results from pseudosecond-order, and solid lines are the dynamic Langmuir kinetic models, respectively. Dotted lines
indicate the SCM model. Results from other pH values may be found in the Supporting Information.
The equilibrium adsorption isotherm data at varying pH
were analyzed using the Langmuir adsorption expression:
qe )

qmKLCe
1 + KLCt

(8)

where qe (mol kg-1) is the amount of adsorbed As at
equilibrium, qm (mol kg-1) is the maximum adsorption
capacity corresponding to complete monolayer coverage, Ce
(mol L-1) is the equilibrium solute (As) concentration, KL is
the Langmuir constant related to the energy of sorption (L
mol-1), and Ct is As concentration As in solution at time t.
The Langmuir parameters were obtained by nonlinear leastsquares regression analysis on experimental data using Excel
(Microsoft) (Figures 2c and d) and are summarized in SI
Table S5.
The equilibrium adsorption data were further analyzed
with the generalized two layer model (32) incorporated into
PHREEQC-2 (33). The surface in the surface complexation
model (SCM) was considered to be a mechanical mixture of
silanol, aluminol, and amorphous Fe sites (34) in ratios
equivalent to the Si, Al, and Fe(III) ratios of the basaltic glass
and surface site density as 1 µmol g-1 (SI Table S6). With this
methodology, logks,1, logks,2 (5.56, -7.89, respectively) from
eqs 1 and 2 were calculated based on a consistent database
for a triple layer model (21, 34) The intrinsic equilibrium
constants for H3AsO3 and H3AsO4 adsorption reactions were
estimated from isotherm experiments by iteratively optimizing experimental curves to the SCM by minimizing the
differences between calculated and experimental adsorption
data. Two surface reactions were assigned for As(III),
formation of the bidentate inner sphere complex and the
monodentate outer sphere complex (35) and two bidentate
inner sphere complexes and one monodentate inner sphere
complex for As(V) (36). By using the SCM, the effect of varying
Cl- concentrations in the solution could be estimated and
incorporated into the model (SI Table S6), and competitive
sorption was diminishing except at pH 3 where a Cl-surface
complexes formed.
As(III). For all pH treatments (except pH 6.3 treatment),
sorption sites were saturated with As(III) within 8 h with less
than 40% As(III) sorption (Figure 2a). The initial sorption
rate for As(III) was fastest at pH 5.5 (28 nmol sec-1 kg-1) and
slowest at pH 6.3 and 8 (5 and 6 nmol sec-1 kg-1, respectively),
but then increased again toward pH 10 (15 nmol sec-1 kg-1)
SI Table S5, Figure 2a). The minimum and maximum
equilibrium adsorption of As(III) was calculated as 49.3 and
145 µmol kg-1 at pH 5.5 and pH 8, respectively, by the
Langmuir isotherm (SI Table S5). The small difference
detected in the maximum adsorption capacity of As(III)
between pH treatments was due to the charge of the As(III)
species. The As(III) occurred mainly as H3AsO3 up to pH 8,
but as H2AsO3- with a percentage of 37 and 85% of the As(III)

at pH 9 and 10, respectively (SI Table S4). Furthermore, a
stronger negative surface charge of the glass at pH 10
explained the lower adsorption than at pH 9 (Figures 1and
2, SI Tables S4 and S5). The SCM predicted batch adsorption
well over the whole pH range (Figure 2c and d). Chloride
competed with As(III) below pH 6.3, and as a consequence,
As(III) had limited sorption on the basaltic glass surface. The
predicted increased deviation from the batch experimental
data at low pH resulted in an enhanced fit to the experimental
column data as will be discussed below.
As(V). Sorption sites were saturated with As(V) within 8 h
at pH 5.5, 9, and 10, whereas, adsorption was not completed
at the end of experiment at pH 6.3 and 8 (Figure 2b). The
initial sorption rate was highest (99 nmol sec-1 kg-1) for As(V)
at pH 5.5 but lowered toward 1.3 nmol sec-1 kg-1 at pH 10
(Figure 2b, SI Table S5). The minimum and maximum
equilibrium adsorption of As(V) was calculated as 442 and
2.33 µmol kg-1 at pH 5.5 and 10, respectively, by the Langmuir
isotherm (SI Table S5).The predominant As(V) species at pH
5.5 was H2AsO4- which was strongly attracted to the high
positive surface charge of the glass (Figure 1,SI Table S4). As
the pH increased, the surface charge decreased and was close
to zero at pH 6.3 and 8, resulting in a small difference in the
maximum calculated adsorbance of As(V). The surface charge
of the glass was increasingly negative at pH 9, resulting in
a low adsorbance potential of negatively charged HAsO42species (SI Table S4). Very limited adsorption was measured
(Figure 2d) and calculated (SI Table S5) at pH 10 due to the
strong repulsion of the HAsO42- from the negatively charged
surface (Figure 2, SI Table S4).
Arsenic Transfer through Columns. Movement of As
through experimental columns was modeled by the geochemical program PHREEQC-2 (33) by (i) combining the pseudosecond order kinetic model (eq 3) with the Langmuir
isotherm equation (eq 8). The combination of eqs 3 and 8
was necessary since the sorption rate depends on the
equilibrium sorption concentration (qe in eq 3), which in
turn depends on the As solution concentration (Ct in eq 8).
Substituting eq 8 for qe in eq 3, therefore, gives

((

dqt
)k
dt

) )

qmKLCt
- qt
1 + KLCt

2

(9)

Modeling was further carried out by using (ii) the dynamic
Langmuir kinetic model (eq 7), and finally (iii) by surface
complexation modeling (SCM). The models generated were
then validated by a series of column experiments where the
inlet solution contained the respective As species at 4 µmol
L-1 along with a conservative tracer (Figure 3 and SI Figure
S4). Recovery of As at the outlet of columns was estimated
by integrating the area under the elution curves in Figure 3
and SI Figure S4. In the column experiments, As species were
always retarded compared to the conservative tracer except
VOL. 42, NO. 23, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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for As(V) at pH 10 (Figure 2). The experimental data were
successfully modeled by kinetic approaches in 7 out of 10
systems with either kinetic models, but there was considerable discrepancy for As(III) at pH 3 (due to the pH shift to
5.5) and 6.3 and for As(V) at pH 8 (SI Figure S4). The SCM
modeled high pH experimental conditions successfully
(Figure 3 and SI Figure S4), indicating that the dominant
reactions reached equilibrium sufficiently quickly as the SCM
used was an equilibrium-based model. For As(III) inadequate
fit by the SCM at pH 6.3-8 and for as As(V) at pH 8 was due
to slow surface reactions that did not reach equilibrium in
the column which is in agreement with As(V) adsorption
rates onto aluminum oxide (37).
As(III). The maximum adsorption of As(III), as with many
oxyanions, occurs around its first pKa (pH 9.2) on surfaces
such as ferrihydrite (pH 8-10 (23),), am-Al(OH)3 (pH 7-9
(25),) and coprecipated Al:Fe hydroxides (pH 8-9 (38),). At
pH 9 and 10, 90% of As(III) was recovered from the outlet
of the column, and less than 2% of the available surface sites
(qm) in the column were occupied with As after elution (SI
Table S7). Both kinetic models provided excellent fit for As(III)
at pH 10 but a slightly weaker fit at pH 9 (Figure 3 and SI
Figure S4). At pH 8, the dynamic Langmuir model simulated
data well but a less strong fit was generated by the
pseudosecond-order model. At pH 8, 68% of the injected
As(III) was recovered from the column’s surface sites, which
were 2% occupied (SI Table S7.) All As(III) was recovered
from the pH 3 experiment, though least from the pH 8 (68%)
experiment where the available surface sites for sorption (qm
) 145 µmol kg-1) of As(III) were most abundant. However,
As(III) showed the highest retardation at pH 9 followed by
10, then 8 ≈ 6.3, and at pH 3, the retardation was limited,
results are in agreement with the fastest initial adsorption
rates measured at pH 9 and 10 (Figure 3 and SI Figure S4 and
Table S5). At pH 10 the solubility of am-Al(OH)3 and Fe(III)hydroxides are higher than at pH 6-9 (39), allowing more
fluctuations in pH and solute concentrations before the
hydroxides start precipitating. The shift from pH 3 to 5.5 in
batch experiments may have led to a a formation of am-Al
and am-Fe(III) hydroxides that would adsorb the As(III) in
solution at pH 5.5 and generate the discrepancy between the
experimental and modeled results at pH 3 (5.5). The SCM
did not allow for surface precipitation and assumed constant
ratio of different sorption sites at different pH levels (Figure
S3 and SI Table S3) and modeled the As(III) sorption at pH
3 sufficiently when the chloride sorption reaction was taken
into account (SI Figure S4).
As(V). All measured and modeled data for As(V) showed
consistently similar trends from slow and incomplete sorption
at pH 10 to fast and extensive sorption at pH 3 (Figures 1,
2, and 3, and SI Table S5). At pH 9 and 10, 95% of As(V) was
recovered from the outlet of the column and 11.8 and 38.6%
of available surface sites (qm) were occupied by As after
elution, respectively (SI Table S7). The adsorption rates (h,
k, and ka) and capacity (qm) were smallest at these pH levels
(SI Table S5). Both kinetic models successfully described
column experimental data at pH 9 and 10 (Figure 3 and SI
Figure S4). At pH 8 neither kinetic models described the
column data successfully (SI Figure S4) where 55% of As(V)
was recovered while occupying less than 2% of the columns
adsorption capacity (qm ) 145 µmol kg-1) (SI Tables S5 and
S7). Both kinetic models described experimental data for
As(V) well at pH 3 and 6.3. The difference in pH at 5.5 in the
batch experiments and pH 3 in the column experiments was
not sufficient to show discrepancy between the data and the
kinetic models as the basaltic glass surface sites were very
far from being saturated (0.0 and 0.6%) and almost no As(V)
(1 and 1%) was recovered from the column outlets at pH 3
or 6.3, respectively (SI Table S7). On the contrary, 95% of
As(V) was recovered at both pH 9 and 10 with 11.8 and 38.6%
8820
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of sorption sites being occupied, respectively, indicating a
large shift in sorption capacity as pH is shifted within the
system.
Implication for Regional Groundwater Flow Models.
During recent years, injection of spent geothermal wastewaters has received increased attention, although many
geothermal power plants still release wastewater from
discharging boreholes and production water at the surface
or in shallow boreholes. The injection reduces declining
pressures and extends the sustainability of the geothermal
system (40). Furthermore, injection prevents the release of
unwanted chemicals in elevated concentrations into the
surface environment.
An important part in successful and sustainable utilization
of geothermal energy lies in constructing models to predict
thermal energy- and groundwater flow in the respective area.
These models allow the prediction of movement of wastewater from the geothermal power plants. The current study
highlights the importance of accurate definition of geochemical characteristics of the aquifers and the pollutant carrying
water. An accurate prediction of As movement from geothermal power plant effluents to the surrounding environments relies on the knowledge of (i) the surface characteristics
and hydraulic conductivity of the aquifer, (ii) the speciation
of As in the geothermal effluent, and (iii) the ability of the
aquifer and geothermal water to maintain or alter the
speciation of As when it moves trough the aquifer. Arsenic
in high-temperature geothermal water is primarily As(III)
(41) or on thioarsenate forms that can transform to As(III)
and As(V) under atmospheric conditions (8). Results generated in the current contribution can be applied to wastewater
discharging from boreholes and to that released into shallow
groundwater and suggest that alkaline geothermal waters in
basaltic environments should be maintained in a reduced
condition before shallow injection to prevent oxidation of
As(III) to As(V), which is very mobile under alkaline conditions
(Figures 1, 2, and 3). In contrast, acid geothermal waters
should be oxidized before injection into the ground due to
the high sorption capacity of basaltic glass for As(V) at low
pH provided that the adsorption rate of As(V) is faster than
the reduction rate of As(V) to As(III) and all As(V) can be
removed from the solution before the pH of the system is
elevated due to weathering of the aquifer rocks. For decisions
regarding injection into deep aquifers at higher temperatures,
further research needs to be carried out as the thermodynamic properties of arsenic species change significantly as
temperature increases (42). Finally, further study is needed
to assess the importance of thioarsenic species in sulfidic
geothermal water (8).
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