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Abstract

Reactive transport modelling of the main processes related to the arsenic natural
attenuation observed in the Acid Mine Drainage (AMD) impacted stream of Tinto
Santa Rosa (SW, Spain) was performed. Despite the simplicity of the kinetic
expressions used to deal with arsenic attenuation processes, the model reproduced
succesfully the major chemical trends observed along the acid discharge. Results
indicated that the rate of ferrous iron oxidation was similar to the one obtained in
earlier field studies in which microbial catalysis is reported to occur. With regard to
the scaled arsenic oxidation rate, it is one order of magnitude faster than the values
obtained under laboratory conditions suggesting the existence of a catalytic agent in
the natural system. As regards the schwertmannite precipitation rate, which was
represented by a simple kinetic expression relying on Fe(Ill) and pH, was in the range
calculated for other AMD impacted sites. Finally, the obtained distribution coefficients
used for representing arsenic sorption onto Fe(Ill) precipitates were lower than those
deduced from reported laboratory data. This discrepancy is attributed to a decrease in

the schwertmannite arsenate sorption capacity as sulphate increases in the solution.
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1 Introduction

Acid mine drainage (AMD), generated by sulphide oxidative dissolution, may lead to
high concentrations of dissolved metals and metalloids, including arsenic. Given its
importance, much research has been aimed at characterizing the arsenic sources in
mining areas, the mechanisms controlling arsenic release and mobility and its natural
attenuation [1]. These studies have led to the identification and description of the main
geochemical processes that control the mobility and fate of arsenic in surface and
ground waters. A group of studies have also focused on the complex interrelationships

and couplings among these processes [2-6].

Even though many of the cited processes are strongly dependent on the
hydrogeological processes present in each system, only a few recent works, have
approached them with the assistance of reactive transport modelling [7-9]. Reactive
transport modelling is an essential tool for the quantitative evaluation of arsenic in the
environment because the location and rate of reactions are controlled by both
chemistry and transport. Such quantitative models are indispensable to plan efficient
remediation strategies and to predict the evolution of water quality in rivers and

reservoirs.

In line with this, one of the main problems encountered during the implementation of
reactive transport models is related to the choice of the rates for the involved
geochemical processes. One possible approach to this problem consists in using
laboratory experimental reaction rates and rate laws. However, the poorly-known

scaling of such rates to adapt them to field sites represents a serious drawback to this
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approach. Therefore, it is of paramount importance to obtain quantitative sets of field
data to determine the reaction rates and rate laws for the processes involved in the

metal(loid)s transport and attenuation.

For these purposes, the waters and mineral precipitates from the acid discharge of the
Tinto Santa Rosa abandoned mine (Iberian Pyritic Belt (IPB), SW Spain) were
thoroughly studied and a 1D-reactive transport model, coupling advective flux and the
main geochemical processes controlling arsenic mobility, was developed. This stream
was chosen because of the simplicity of its flow system, and because its
hydrogeochemical and mineralogical features are generally similar to many acid mine
drainage streams not only in the Iberian Pyritic Belt [10-12] but also in other acid
drainages world-wide [13-15]. The implementation of the reactive transport model
applied to this thoroughly-characterized natural system allowed evaluating the relative
influence of the many geochemical processes on the arsenic fate along a representative

AMD-discharge and exploring the scaling of reaction rates to field conditions.

2 Materials and Methods

2.1-Field site and sampling description

All the water and sediment samples described in this study were collected in March of
2007 and February of 2008 along the acid discharge (Fig. 1). The stream flows in a
narrow channel (1.5-2 m wide) over different terrace levels of yellowish and reddish

loose and crusty precipitates.
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At each of the sampling points, pH, temperature, Eh and conductivity were measured
in situ and three water subsamples were taken in acid-pre-washed polyethylene
bottles, after rinsing thoroughly with filtered local water. Two of the subsamples were
filtered through a 0.1-um pore membrane filter. One of these subsamples was acidified
with HNO:s for elemental analyses and the other was acidified with HCI, adjusting its
pH to less than 1, for dissolved Fe(II)/Fe(IIl) determination. The third water subsample,
for arsenic speciation determination, was preserved following the method of Oliveira
et al. [16] for AMD samples. It consists of eluting the sample through a column filled
with a cationic exchange resin that reduces the load of metals that can act as potential
oxidizing agents but without affecting the arsenic species. All the water samples were
preserved in the dark at 4°C until analyzed. Fe(Il)/Fe(Ill) and As(IIl)/As(V) were

determined in less than 48 h since sampling.

2.2-Analytical methods

Water pH was measured in the field using a Crison® glass electrode with automated
temperature compensation after calibration with standard buffer solutions of pH 2 and
7. Redox potential was measured using a Pt combination electrode (ThermoOrion
SureFlow®) checked against solutions of 220 and 468 mV. The measurements were
corrected to the Standard Hydrogen Electrode (SHE). Electrical conductivity was
measured with a Pt cell calibrated with KCI 0.1 and 0.01 m solutions. The measurement

errors for pH, Eh and conductivity were < 0.05 pH units, <5 mV and +1%, respectively.

Concentrations of major elements in solution were measured by Inductively Coupled

Plasma Atomic Emission Spectrometry (ICP-AES) using a Perkin-Elmer® Optima 3200
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RL. Detection limits were 0.1 mg L for Al, Si and S; 0.05 mg L for Ca, Mg, 0.5 mg L
for K, 0.025 mg L for Fe, Zn, Cu and Mn and 2 mg L for Na. The error was estimated
to be below 3%. Concentrations of trace metals (Ni, Cd, Co, As, Pb, Sb, Ti and V) were
analyzed by Inductively coupled plasma mass spectroscopy (ICP-MS) using a Perkin-
Elmer® Sciex Elan 6000 instrument. Detection limits were on the order of 1 ug L and

the error was estimated to be below 5%.

Ferrous and total dissolved iron concentrations were determined by colourimetry
using the ferrozine method [17] in a UV-VIS HP Spectrophotometer. Fe(IIl) was taken
as the difference between Fe(tot) and Fe(Il). The quality of the results was assured by
measuring several standards, blanks and duplicates. Fe(tot) concentrations matched

ICP-AES results within 10%.

Arsenic speciation from the AMD water samples was obtained by High Performance
Liquid Chromatography- Inductively Coupled Plasma Mass Spectroscopy (HPLC-ICP-
MS). The microHPLC system consisted of an Agilent 1100 Series (Agilent, Waldbronn,
Germany) binary pump and auto injector with a programmable sample loop (20 pL
maximum). The separations were performed on a PRP-X100 (Hamilton, Reno, NV,
USA) anion exchange column (100 mm x 1 mm, 7 um i.d.) and a phosphate buffer
(HsPOs+ 12 mM,) as a mobile phase (pH 3) at a flow rate of 80 uL min. The microbore
column was connected directly to a Micromist nebulizer and a high-efficiency
nebulizer (HEN) using its own capillary (480 mm x 0.25 mm and 480 mm x 0.10 mm,
respectively). An HP 4500 ICP-MS instrument (Yokogawa Analytical Systems, Tokyo,
Japan) was used for the determinations. Detection limit for the arsenic species was <

0.05 ng L. Concentrations matched ICP-MS results within 15%.
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3 Geochemical characterisation of the Tinto Santa

Rosa AMD system

The water flow measured in 2007 and 2008 campaigns was 0.7 and 1.1 L s7,
respectively. About 2/3 of the water comes from the mouth an aerated adit and has
large concentrations of Fe and sulphate, with a noticeable content of minor elements
(TS1 in Table 1). Seven meters downstream, the stream receives a groundwater
discharge probably connected with flooded galleries (TS2 in Table 1) and that contains
higher concentrations of arsenic and lead and larger proportions of As(IIl) than the
water coming from the adit mouth. No water sources other than the mine drainage
(TS1 and TS2) were observed: the bed is made up of low permeability schists, and no
lateral tributaries are present. Downstream from these points, the pH decreases, which
is accompanied by a systematic decrease of ferrous and total iron concentrations. These
changes can be reasonably attributed to the Fe(Il) oxidation to Fe(Ill) and its

subsequent precipitation as ferric oxy-hydroxy-sulphates.

The evolution along the stream of some major dissolved elements (Na, Mg, Ca, Al, and
SOs) shows a constant concentration (Table 1) due to their low reactivity during
transport in aquatic systems at the measured pH range. Moreover, the constant
concentration of these elements downstream points out that no important evaporation

takes place, and confirms the absence of other water sources that could cause dilution.

Whereas the concentrations of other dissolved minor elements do not change
significantly downstream (Cd and Sr) or decrease only slightly (Ni, Cu, Pb and Zn), the

concentrations of total arsenic decreased sharply downstream (Table 1). This clear
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decrease in dissolved arsenic concentrations is accompanied by a decrease of As(V)
concentrations and, especially, of As(IlI) contents (Table 1). Since no other inflows were
detected, this behaviour can be attributed to the oxidation of As(IIl) to As(V), which
presents a stronger affinity than As(IIl) for Fe(IIl)-precipitates [18-19] within the
measured pH range and is partially sorbed onto them. The quantification and

assessment of all these processes will be performed in the following sections.

Iron precipitates are extensively described in Asta et al. [20]. Mineralogically, the solid
phases collected in the stream bed consist of schwertmannite, goethite and jarosite.
Schwertmannite, with ideal formula FesOs(OH)s5(SOs4)125, is the dominant secondary
phase although its proportion decreases downstream, accompanied by an increase in
goethite and jarosite. The most concentrated element amongst the minor elements
analyzed in the solids is arsenic (Table 2), which decreases downstream mirroring its
behaviour in the stream water concentration. Whereas upstream this element is mainly
linked to schwertmannite, downstream it appears also associated to goethite and
jarosite [20]. The contents of the rest of elements (Zn, Cd, Ni, Sb, V and Co but,

especially, Mn, Cu and Pb) in the iron precipitates are also significant.

4 Model description

4.1. Conceptual model

The conceptual model of arsenic mobilization and attenuation includes the following

processes: (1) Fe(Il) oxidation to Fe(Ill); (2) oxidation of As(IIl) to As(V); (3) Fe(III)
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precipitation as oxy-hydroxy-sulphates, causing a pH decrease; and (4) sorption of
As(V) onto the solid Fe(Ill)-phases. The global overall reactions representing these

processes are shown in Table 3 (eq. 1 to 4).

The rate of Fe(Il) oxidation was implemented in the model by using the expression of

Singer and Stumm [21] for pH below 3.5:

Croqy = _d[:(”)] = ke [FeD)] f,, (1)

where rrem is the oxidation rate expressed in mol L s, [Fe(I)] is the ferrous iron
concentration (mol L) at a time t (s), fO2 is the oxygen fugacity and kre (s?) is the rate
constant of the kinetic expression. This reaction is known to be very slow at low pH
[21] except in the presence of microorganisms, which increase the rate of Fe(IlI)

production by up to six orders of magnitude.

As(III) commonly oxidizes to As(V) but this reaction is known to proceed very slowly
[22-23]. However, the rate of oxidation of As(IIl) to As(V) by Fe(Ill) is increased by
several orders of magnitude by the presence of near-ultraviolet light because the
reaction (eq. 2; Table 3) takes place in conjunction with the photochemical reduction of
Fe(II) [24]. Moreover, As(IIl) oxidation to As(V) is assumed to be catalyzed by the
biotically-oxidized Fe(Ill) and, therefore, microbially-mediated redox processes
affecting iron and arsenic seem to be coupled. In order to take into account this

coupling, the following equation is proposed:

sy = ‘d[ﬁf’(”')] =K s [AS(IIN] [Fe(lI] ?
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where kas is an oxidation coefficient (L mol* s), calibrated against the field data; and
[As(IIT)] and [Fe(IIl)] are the arsenite and ferric iron concentrations, respectively (in

mol L1).

The oxidation of As(IIl) to As(V) plays a central role in arsenic attenuation, since the
ferric precipitates that cover the stream bed (mainly schwertmannite, goethite and
jarosite) show a capacity to sorb As(V) larger than As(IIl) under the acidic pH
conditions observed in the system. The usual ferric phase directly precipitated in many
sites of the IPB is schwertmannite [25, 26]. The precipitation of goethite and jarosite in
low-temperature systems is known to be very slow [27] (weeks to months at room
temperature). Therefore, although goethite and jarosite are present in the studied site,
these phases are considered to have formed by recrystallization of schwertmannite.
The schwertmannite ageing and transformation to goethite and/or jarosite may also
last some months [25], and it is still delayed by the presence of large amounts of sorbed
arsenate [13]. Given that the water residence time estimated in the stream is only of a
few hours, we reasonably assume that ferric iron removal from water between the

mixing point and TS8 (Fig.1) is due to schwertmannite precipitation.

As regards the rate of schwertmannite precipitation, no experimental rates of
schwertmannite precipitation have been found in the literature, although it is
reasonable to assume that this rate is proportional to supersaturation (see for example,

Molson et al., [9]):

F'sen = kSch Q-1 (3)

10
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where Q is the schwertmannite saturation, defined as the ratio of the ion activity
product and the solubility product, and ks is the rate constant (mol L s). However,
this expression introduces a high variability in the deduced rate constant values even
though this process was apparently constant in the field. This is due to the high
stoichiometric coefficients of the ions in the schwertmannite precipitation reaction
(Table 3). Thus, small variations in an ion concentration cause high variations in the ion
activity product. In addition to that, several solubility products with differences in
orders of magnitude, have been proposed for schwertmannite [28, 29]. Therefore, a

simple kinetic expression that relies on empirical concentrations was used:
-1 4
Fson = Ksen [FE(HTN][H"] ®)

where rsa is the rate of schwertmannite precipitation (in mol L s?); [Fe(IlI)] and [H"]
are the ferric iron concentration (in mol L) and proton activity, respectively; and ks is
the rate constant (in mol L? s?). It is worth noting that the used expression is
qualitatively similar to that of equation 3, since the sulphate concentration is almost

conservative (it can be integrated in the ks value).

The last process included in the model was the arsenic decrease due to As(V) sorption
onto schwertmannite. This Fe(Ill)-oxyhydroxysulphate is a reputed sink for As(V) in
AMD due to sorption processes [13, 30]. Sorption of As(V) can occur through true
adsorption (or surface complexation) or through co-precipitation. Both As(V) uptake
mechanisms seem to consist of the replacement of SOs groups by AsO4[13, 30, 31]. In
the Tinto Santa Rosa model, the As(V) sorption rate has been assumed to depend

mainly on the following three factors: (1) the availability of schwertmannite (i.e.

11
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schwertmannite precipitation rate); (2) the concentration of As(V); and (3) a
distribution coefficient characteristic of the sorption/co-precipitation process.
Therefore, the following simple kinetic expression, combining the effects of these three

processes, was included in the model:

F'asev) = Tsen Kq[As(V)] )

where rasv) is the As(V) sorption rate (mol L? s'); rsa is the schwertmannite
precipitation rate (mol L' s'), as calculated by eq. 3; [As(V)] is the arsenate
concentration in mol L' and ks represents the partition coefficient for As(V) into

schwertmannite.

4.2 Reactive transport model implementation

The one dimensional (1D) reaction-transport model was carried out with the assistance
of the PHREEQC code [32] and using the WATEQ4F thermodynamic database [33]. In
the simulations, a 1D path 300 m long and divided into 20 equal cells was used. A flow
rate of 0.7 and 1.1 L s was considered, according to the rate measurements carried out
in March 2007 and in February 2008, respectively. The distances between the different
sampling points, located by GPS in the field, were calculated by means of ArcGIS 9
over the aerial orthoimage of the Tinto Santa Rosa stream. The travelling time between

points was estimated with the flow rate and the stream section measured in the field.

Model inputs included measured temperature, pH, pE and elemental concentrations.

The water composition that resulted from the mixing water of the two contaminant

12
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sources (TS1 and TS2 from Table 1 in a mixing ratio of 0.7TS1/0.3TS2) was used as the

initial water composition.

5 Results and discussion

Figures 2 and 3 display the measured pH and the dissolved concentrations of total
iron, Fe(Il), Fe(IlI), total arsenic, As(Ill) and As(V) along the Tinto Santa Rosa stream,

together with the results obtained in the simulations for the same type of data.

The rate of Fe(Il) oxidation was calculated from the decrease in the Fe(II) concentration
between the TS1 - TS2 mixing point and point TS8 (Fig. 1). The residence time of water
estimated between these points was 3.2 and 2.1 h, depending on the flow rate of the
corresponding campaign. The resulting Fe(II)-oxidation field rate ranged from 3.4x107
mol L s to 4.3x107 mol L s'. These rates are roughly 5 orders of magnitude higher
than the abiotic laboratory value of 3.0x102mol L s, proposed by Singer and Stumm
[34], which is clearly attributable to the catalyzing effect of bacteria under field
conditions. The corresponding rate constant values for Fe(Il) oxidation are of 10-*% and
10375 L mol* s?. These kinetic constant values are only slightly higher than those
obtained by using the same first-order kinetic expression for biotic experiments carried
out under laboratory conditions (104! to 10-*2 L mol* s*; unpublished data). Moreover,
the rate constants for the Tinto Santa Rosa system are very similar to the values
obtained in earlier field works [35, 36], which adds robustness to the model and
parameters used for Fe(Il) oxidation in streams. After fixing the oxidation rates of Fe(II)
and As(Ill), Fe(Ill) precipitation rates were fitted. As done for Fe(Il), the As(III)

oxidation rate at the field scale was calculated taking into account the decrease in

13
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As(III) concentration from TS1-TS2 to TS8 and the residence time required (Figure 3).
The obtained oxidation rate constant is 102 L mol? s, which is around one order of
magnitude faster than the one obtained in the laboratory under atmospheric conditions
(from 1022 to 1028 L mol" s, unpublished data). As explained above, As(Ill) may be
oxidised by Fe(IIl) in the presence of light (eq. 2 in Table 3) and this oxidation path is
considerably faster than that promoted only by dissolved oxygen. Therefore, the higher
As(III) oxidation rate observed in the field is attributed to the catalytic effect exerted by
ferric iron and solar light, although some biocatalytic influence cannot be ruled out.
Nonetheless, a marked decrease in the As(IIl) dissolved concentration on February
2008 is observed in the upper reaches of the stream (between TS1-TS2 mixing point and
TS3) and it is not totally reproduced by the model (Fig. 3c). This discrepancy might be
attributed to diel differences in solar irradiation during sampling, since ultraviolet light
induces rapid photooxidation of As(IIl) to As(V) [37]. Another possible explanation is
that high Fe(II)/Fe(Ill) ratios (as observed upstream) increase the production of
hydroxyl radicals, therefore increasing the oxidation rate of As(IIl). However, the
obtained data do not allow confirming or discarding any of these hypotheses, which

should certainly be addressed in the future.

The Fe(Ill)-removal rate owing to schwertmannite precipitation was calculated from
the differences in the Fe(Ill)-concentration along the stream (eq. 3; Table 3). The
estimated schwertmannite precipitation rate was of 3.1x107 and 1.7x107 mol L-! s for
the data of March 2007 and February 2008, respectively. These rate values are in the

range of 1.7x10° to 107 mol L' s reported by Sanchez-Espafa et al. [26] using the
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differences of total dissolved iron for other AMD impacted sites in the Iberian Pyritic

Belt (IPB).

The model reproduces reasonably the field data from the two sampling campaigns
with precipitation rate constant values of 10 and 105 mol L! s (ks in eq. 4 above),.
As a test of the significance of these values and given the absence of similar
precipitation expressions in the literature, our kinetic expression was used to model the
data reported by Acero et al. [25] for the Cueva de la Mora stream, which is located
also in the Iberian Pyritic Belt. A precipitation constant of 10! mol L' s was obtained
by coupling Fe(I)-oxidation (with an oxidation rate constant of 10-*¢> L mol! s, in the
range proposed here for the Tinto Santa Rosa system) and schwertmannite
precipitation, which is in good agreement with the precipitation rate constant obtained

in the Tinto Santa Rosa AMD.

The fitting between the simulated and measured pH values was used as an
independent check of the model implemented to reproduce the observed iron
concentration evolution in the Tinto Santa Rosa system. The observed evolution trend
of pH is known to be mainly controlled by the iron geochemistry in AMD systems.
Iron removal from the dissolved phase demands the oxidation of ferrous iron followed
by hydrolysis of ferric iron and precipitation as ferric oxy-hydroxy-sulphate mineral
phases. All these processes have a clear influence on pH evolution; Fe(Il) oxidation
consumes hydrogen ions whereas ferric iron precipitation releases protons. Thus, the
balance between the consumption and release of hydrogen ions is the main pH-
determining control in this type of systems. As displayed in Figure 2, the measured pH

was suitably fitted by the reactive transport model without any additional calibration.
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Therefore, this is an independent evidence supporting the significance of the obtained
rates for Fe(II) oxidation and schwertmannite precipitation and the general soundness

of the developed model.

Finally, the arsenic uptake processes by precipitating ferric phases were incorporated
to the model by means of distribution coefficients representing the partitioning of
arsenic between aqueous and solid phases owing to both potential adsorption and co-
precipitation in association with schwertmannite. Kinetic sorption of As(V) onto
schwertmannite was modelled by incorporating As(V) as a minor constituent into
precipitated schwertmannite (eq. 4; Table 3). Distribution coefficients of 10%4 and 103
adequately predict the evolution of the measured As(V) concentration. These values
are lower than the coefficients that can be deduced from the laboratory data obtained
by Fukushi et al. [30] using similar As(V) concentrations (distribution coefficients
between 10*° and 10°). Since arsenic sorption onto schwertmannite is though to occur
via sulphate-arsenate exchange [31], the large sulphate concentrations in the Tinto
Santa Rosa stream (from 2800 to 3500 mg L), much higher than in their laboratory
experiments (10-70 mg L"), could be the cause of the lower uptake of arsenic observed

in our case.

As can also be observed in Figure 3, the predicted arsenic evolution slightly
overestimates the field values in the lower reaches of the acid stream. This is possibly
due to the fact that only schwertmannite has been included as a precipitating ferric
phase in the model whereas also goethite and jarosite, with notably different arsenic

uptake capacities [38], are present (especially in those lower stream reaches).
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6 Sensitivity analysis

In the following section, the sensitivity of model results as well as the uncertainties
associated with the major processes and the values of key parameters in the calibrated

model are tested with the 2008 data set.

The impact of uncertainty in the Fe(II)-oxidation rate constant (kr.) was tested by
increasing and decreasing the rate constant by one order of magnitude. The increase of
the krean leads to a pH increase since the oxidation process consumes protons (Fig. 4).
Nevertheless, the expected increase in pH is mitigated to an extent by increasing the
schwertmannite precipitation rate. Despite this attenuation due to the precipitation,
kreary values higher than 104 led to an anomalous pH increase in the upper stream
reaches. This pH increase, not observed under field conditions, occurred as a result of
the predominance of the oxidation processes (which consume protons) over
precipitation (which generates protons). As expected, high oxidation rates also leads to
lower Fe(Il) and higher Fe(Ill) contents in the simulations than those observed in the
field (Fig. 5a,b). According to the sensitivity results, a experimentally supported range

for the Fe(II) oxidation rate constant is 103702 for the Tinto Santa Rosa stream.

The influence of the arsenite oxidation rate constant (kas) in the calculations was tested
by increasing and decreasing the rate constant by one order of magnitude (Fig. 6). The
results of the simulations showed that very high arsenite oxidation rates led not only to
As(IIl) concentrations much lower than measured in the stream but also to an
anomalous increase in the As(V) contents in the upper part of the stream, which was

not observed in the field. On the other hand, as expected, lower oxidation rate
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constants led to higher As(Ill) concentrations in the simulations than in the field data.
According to the results, As(Ill) is more sensible than As(V) to variations in the
oxidation rate constants (Fig. 6). Despite the poor agreement between the modelled
and experimental points of this particular data set, the model adequately predicted the
experimental points of 2007 data set. Acceptable values for the oxidation rate constants

are those ranged from 101202,

As stated above, the changes in the pH value due to Fe(Il) oxidation were mitigated by
the Fe(IlIl) precipitation that produces protons. According to the simulation results, the
main process that affects the pH value is the schwertmannite precipitation, as it was
expected since the process generates around 20 moles of protons for each mol of
schwertmannite precipitated (Fig. 7a). Experimentally supported values for the

precipitation constant are ranged within 108402 (Fig. 7a,b).

The sensitivity of the model to the arsenic distribution coefficient (ka in eq. 5 above)
was checked by increasing and decreasing its value between 10°¢ and 10%> (104°
corresponds to the distribution coefficient calculated from the Fukushi et al. [30]). As
expected, the use of larger distribution coefficients results in higher sorption capacities
of the bed-stream solids and, therefore, leads to lower As(V) concentrations than
observed under field conditions (Fig. 8). On the contrary, the use of smaller
distribution coefficients produces As(V) concentrations higher in the simulations than

in the field. The experimentally supported range for this distribution coefficient is

10395%0.1,
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7 Conclusions

A 1-D reactive transport model coupling advective flux and several chemical reactions
has proved to be useful in predicting the geochemical behaviour of an AMD stream. A
remarkable innovation in this model is the incorporation of key chemical reactions
such as iron and arsenic oxidation, precipitation of schwertmannite and arsenic

sorption onto the newly precipitated schwertmannite on the stream bed.

Our geochemical modelling highlights the importance of iron oxidation, which
ultimately controls the geochemical changes observed in the system. On the one hand,
Fe(III) is capable of oxidizing As(IIl) and, on the other hand, the precipitation of Fe(III)

phases plays a key role as a sink for As(V) due to sorption.

Despite the simplicity of the model, the simulations satisfactorily reproduced the main
chemical features of the stream water, such as the pH decrease downstream and the
accompanying changes in As(IIl), As(V), Fe(Il), and Fe(Ill) concentrations. The fitted
kinetic constants for iron oxidation are comparable to those reported in earlier studies

using similar rate law expressions under field and laboratory biotic conditions.

The model calibration demonstrated the need for scaling the arsenic oxidation rate
obtained under laboratory conditions in order to reproduce real field rates, which have
shown to be up to one order of magnitude faster. The reason is not clear from our
work, but it could be due to the effect of biocatalysts, Fe(III) and/or solar light in As(III)
oxidation. The same need for field scaling has been proven for the arsenate distribution

coefficient onto schwertmannite, which have been observed to be lower than calculated
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from data obtained under laboratory conditions. This is probably due to the fact that
the effectiveness of the schwertmannite sorption mechanism, which was suggested in
earlier studies to occur via sulphate-arsenate exchange, is likely diminished by the

presence of high sulphate concentrations.

Finally, a schwertmannite precipitation rate law, calibrated to reproduce the iron
evolution, has been used in the model and applied to reproduce successfully not only
the data from the two sampling campains presented in this study but also the trends

observed at another independent AMD site in the Iberian Pyritic Belt.

In light of the sensitivity analysis results, it can be concluded that the calculations are
very sensitive to the used rate constants and, therefore, the values obtained for these

factors are meaningful.
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Table 1. Physical parameters and hydrogeochemistry of the Tinto Santa Rosa stream

waters during the sampling campaigns.

Table 2. Concentrations of major and minor constituents in the precipitates collected
from the Tinto Santa Rosa stream bed (data from Asta et al., [20]).

Table 3. Main reactions and rate laws used in the model and rate constant values

obtained for the Tinto Santa Rosa stream.
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Captions for figures

Figure 1. Site map and sampling points in the acid discharge of the Tinto Santa Rosa mine.

Figure 2. Comparison between simulated and measured data of concentration of Fe(II),
Fe(IIl) and total iron (a,b), and of pH (c,d) from the Tinto Santa Rosa stream. Error bars
correspond to the analytical error (10% for Fe(II) and Fe(III), 3% for total iron and 0.05 for
pH). First data correspond to the TS1-TS2 mixing point.

Figure 3. Comparison between simulated and measured data for As(Ill) and As(V)
concentrations in the Tinto Santa Rosa stream. Error bars correspond to the analytical
error (15%). The first data correspond to the TS1-TS2 mixing point.

Figure 4. Simulated pH evolution for different rate constants of Fe(Il) oxidation compared
with measured data from the March 2008 campaign (except the first datum, which
corresponds to the TS1-TS2 mixing point). Error bars correspond to the pH measurement
error, which is £0.05 pH units.

Figure 5. Simulated evolution of Fe(II) (a) and Fe(III) (b) concentrations (mol L) for different
rate constants of Fe(Il) oxidation compared with measured data from the March 2008
campaign (except the first data, which correspond to the TS1-TS2 mixing point). Error
bars in concentrations correspond to the analytical error of 10%.

Figure 6. Simulated evolution of As(IIl) and As(V) concentrations (mol L) for different rate
constants of arsenite oxidation compared with measured data from the March 2008
campaign (except the first data, which correspond to the TS1-TS2 mixing point) Error bars
in concentrations correspond to the analytical error of 15 %.

Figure 7. Simulated evolution of pH (a) and Fe(Ill) concentration (mol L) (b) for different
rate constants of schwertmannite precipitation compared with measured data from the
March 2008 campaign (except the first data, which correspond to the TS1-TS2 mixing
point). Error bars correspond to the analytical error (10% for Fe(IlI) and 0.05 for pH).

Figure 8. Simulated evolution of As(V) concentrations (mol L") using different distribution
coefficients (including that of Fukushi et al. [30]) compared with measured data from the
March 2008 campaign (except the first datum, which corresponds to the TS1-TS2 mixing
point). Error bars in concentrations correspond to the analytical error of 15 % for As(V).
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