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Millions of individuals worldwide are chronically exposed to hazardous concentrations of arsenic from 22 

contaminated drinking water. Despite massive efforts towards understanding the extent and underlying 23 

geochemical processes of the problem, numerical modeling and reliable predictions of future arsenic 24 

behaviour remain a significant challenge. One of the key knowledge gaps concerns a refined 25 

understanding of the mechanisms that underlie arsenic mobilization, particularly under the onset of 26 

anaerobic conditions, and the quantification of the factors that affect this process. In this study, we focus 27 

on the development and testing of appropriate conceptual/numerical model approaches to represent and 28 

quantify the reductive dissolution of iron oxides, the concomitant release of sorbed arsenic and the role 29 

of iron mineral transformations. The initial model development in this study was guided by data and 30 

hypothesized processes from a previously reported,
1
 well/controlled column experiment in which 31 

arsenic desorption from ferrihydrite coated sands by variable loads of organic carbon was investigated. 32 

Using the measured data as constraints, we provide a quantitative interpretation of the processes 33 

controlling arsenic mobility during microbial reductive transformation of iron oxides. Our analysis 34 

suggests that the observed arsenic behaviour is primarily controlled by a combination of reductive 35 

dissolution of ferrihydrite, arsenic incorporation into or co/precipitation with freshly transformed iron 36 

minerals and partial arsenic redox transformations.  37 

 38 

 39 

 40 

 41 

Keywords: arsenic, reactive transport, iron mineral transformations, surface complexation 42 

43 
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Millions of humans worldwide are exposed to the consumption of groundwater contaminated with 45 

arsenic concentrations that exceed the World Health Organization’s acceptable drinking water limit of 46 

10 µg/l. 
2
 Chronic exposure of humans to high concentrations of arsenic in drinking water is associated 47 

with skin lesions, peripheral vascular disease, hypertension, black foot disease and a high risk of 48 

cancer.
3
 Under oxidizing aquifer conditions, at circum/neutral pH, arsenic generally does not pose a 49 

significant threat to groundwater resources as it strongly sorbs onto iron oxide minerals such as 50 

ferrihydrite.
2
 However, the intrusion of reactive organic carbon from sources such as carbon/rich 51 

sediments, constructed ponds, recent degradation of plants, and wastewater
2,4,5

 has in the meantime been 52 

identified as triggers for microbially mediated reductive dissolution of these iron phases, accompanied 53 

by the release of ferrous iron and trace elements such as arsenic. The latter occurs on one hand, due to 54 

the loss of the sorption capacity associated with the dissolution of the iron oxides,
2,5/10

 and additionally, 55 

although to a lesser extent, due to competitive desorption by the bicarbonate generated during oxidation 56 

of organic carbon.
2,11/13

 Among a range of conceptual models, arsenic release triggered by reductive 57 

dissolution of iron oxides has evolved as the most widely accepted cause for the widespread presence of 58 

arsenic in S/SE Asia groundwater, even though locally other mechanisms may also be responsible. 59 

Additionally, associated with the redox transformations induced by labile organic carbon, arsenate 60 

transforms to arsenite, which has in many instances been reported to sorb less strongly to iron oxides 61 

compared to arsenate
2,5,14/16

 and thus appears to explain the often observed increased arsenic mobility in 62 

reducing environments. Contradicting this view, various batch studies showed that at neutral pHs, which 63 

are typical of many natural environments, arsenite sorbed to a similar or greater extent than arsenate on 64 

hydrous ferric oxide and goethite.
17/19

 However in these studies the sorbed arsenic concentrations were 65 

unrealistically high compared to natural environments and in one of the studies the lowest of three 66 

sorbed arsenic concentrations showed the reverse with approximately 30% more arsenate sorbed than 67 

arsenite at pH 7
17

, highlighting the possible variations in the observed behavior.  68 
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 69 

Further complexities in terms of understanding arsenic mobility arise where elevated concentrations of 70 

dissolved ferrous iron promote a range of important iron mineral transformations towards more reduced 71 

and/or more stable iron phases. A number of recent studies
1,20/22

 suggest that understanding how newly 72 

formed iron minerals provide new sorption sites, with varying sorption capacities,
17

 that facilitate the 73 

attenuation of arsenic, is a key issue for understanding arsenic mobility. Furthermore, the possibility of 74 

the transformation reaction to incorporate arsenic into the iron mineral structure may also contribute to 75 

arsenic attenuation.
23,24

 Experiments concerning the dissimilatory iron reduction of the common iron 76 

oxide, ferrihydrite, have shown transformations to goethite and lepidocrocite at low ferrous iron 77 

concentrations, and also to magnetite, at high ferrous iron concentrations.
21,25/27

 A limited number of 78 

studies have successfully quantified iron oxide transformations in numerical models.
21,26,28

 However, 79 

despite the apparent significance of these processes for controlling concentrations and mass fluxes of 80 

arsenic under both natural conditions and in environments requiring remediation, they have yet to be 81 

considered in the development, testing and application of numerical modeling frameworks for such 82 

systems.    83 

 84 

Therefore, this study was aimed at developing and evaluating a range of numerical modeling approaches 85 

that can suitably quantify the role of the key geochemical processes associated with a subset of iron 86 

mineral transformations and their impact on arsenic mobility. Our initial model development was guided 87 

by experimental data and hypothesized processes that were derived from well/controlled column studies 88 

in which arsenic mobilization from ferrihydrite/coated sands, by variable loads of lactate, was studied.
1
  89 

Subsequently, a series of alternative conceptual models were investigated. Those alternative models 90 

explore the impact of arsenic incorporation with magnetite and the (partial) oxidation of arsenite.
23,24

 91 

For each model variant, model parameters were estimated through a calibration procedure using Particle 92 

Swarm Optimization (PSO).
29/31

  93 

Page 4 of 29

ACS Paragon Plus Environment

Environmental Science & Technology



 5

  94 

�	����	
��	����������95 

�
	
��	��������	����96 

The model development was guided by a comprehensive data set collected during the laboratory column 97 

study of Tufano and Fendorf.
1
 In their study, arsenic mobilization was investigated under both abiotic 98 

and microbially induced iron/reducing conditions. Four columns were packed with ferrihydrite coated 99 

quartz sand (iron content 83 mmol kg
/1

) loaded with arsenite in an anaerobic chamber (initial loading 100 

concentration of 4.48 mmol kg
/1

) and inoculated with an iron reducing bacteria, Shewananella 101 

putrefacians strain CN<32.  The effective porosity of the column filled with ferrihydrite/coated sands 102 

was determined to be 0.48. An artificial groundwater solution was pumped from the bottom up through 103 

each of the four columns at a rate of 6.8 µL min
/1

, corresponding to ~3 pore volumes per day. Three of 104 

the four column influent solutions contained lactate at concentrations of 7.7 mM, 0.8 mM, and 0.08 105 

mM, respectively. A buffer (PIPES) was used to maintain a pH of 7.1. Water samples were analyzed 106 

periodically over a 90 day period for effluent concentrations. In addition to the columns that were 107 

analyzed for aqueous concentrations, triplicate columns were run simultaneously and sacrificed after 11, 108 

52, and 90 days respectively to analyze the iron mineralogy. Following on from this earlier work the 109 

present study focuses on the development of a suitable reactive transport modeling approach and its use 110 

for an in/depth data interpretation. 111 

�112 

���������
����
���
���	�����113 

In the first step, the geochemical model PHREEQC/2
32

 was used to model and reconstruct the initial 114 

water, sediment and surface concentrations that prevailed within the columns at the start of the column 115 

experiments. In parallel, a simple 1D flow model representing the column setup was constructed with 116 

the USGS model MODFLOW.
33

 The flow model and the simulated initial concentrations formed the 117 

basis for the subsequent transport simulations with the reactive multi/component transport code 118 

PHT3D,
34

 which couples the transport simulator MT3DMS,
35

 and PHREEQC/2. A PSO code was 119 
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written within the PEST++ YAMR run manager
36

, and linked with PHT3D, in order to estimate 120 

adjustable model parameters. The sum of squared residuals between measured and modeled 121 

concentrations was minimized for each investigated model variant, subject to the constraint that model 122 

parameters agree with their corresponding values published in the literature as closely as possible. The 123 

PSO calibration procedure was also used to address posterior parameter uncertainty for the chosen 124 

conceptual model (see Supporting Information).  125 

 126 

������	�
�����������������������
������������
�����
�	������	�������������	
	�����127 

The reactive processes within the columns leading to arsenic release/attenuation were developed with a 128 

focus on five key processes (i) arsenic desorption by chemical disequilibrium during pore water 129 

replacement, (ii) sorption of arsenic on (freshly) transformed iron phases, (iii) arsenic release during 130 

reductive dissolution of iron (iv), partial oxidation of arsenite to arsenate, and, (v) arsenite incorporation 131 

with magnetite. 132 

  133 

Four main conceptual models (S1/S4) were identified and further refined and investigated through 134 

varying the contributions of specific processes. They were translated into numerical models by 135 

formulating a mix of equilibrium and kinetically controlled reactions. These four main conceptual 136 

models, reported variants and the corresponding numerical model implementations are listed in Table 1. 137 

 138 

���������������	�
�����������	
�������	�����139 

Using PHREEQC/2 in batch mode phosphate and arsenic were sequentially pre/sorbed onto the 140 

ferrihydrite coated sand.  Arsenite and arsenate were decoupled from the overall redox equilibrium and 141 

redox transformations were assumed to be kinetically controlled (see also Wallis et al.
37

). To simulate 142 

sorption to mineral surfaces an electric double layer surface complexation model in accordance with 143 

Dzombak and Morel
38

 was employed. However, whilst keeping the Dzombak and Morel
38

 database 144 

unchanged, the surface site densities of ferrihydrite (weak and strong site) were iteratively adjusted to 145 
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eventually attain the measured 0.84 µmol kg
/1

 and 4.48 mmol kg
/1

 of phosphate and arsenic surface 146 

loadings, respectively, while the ratio between weak and strong sites was kept constant. Phosphate was 147 

considered in the surface complexation simulations due to its known, strong affinity for sorption and the 148 

potential for competition with both arsenite and arsenate.
39,40

 The modeled initial water chemistry that 149 

was derived through this procedure was utilized to define the initial conditions (Table SI1) for the 150 

reactive transport model simulations. 151 

�152 

�����	�����������	������������153 

In all investigated numerical model variants, the key reaction in the biotic experimental columns was the 154 

oxidation of lactate (electron donor) coupled to the reduction of ferrihydrite (electron acceptor): 155 

C3H5O3
/
 + 4Fe(OH)3 + 7H

+
  → C2H3O2

/
  + HCO3

/ 
 + 4Fe

2+
 + 10H2O          (1)   156 

Note, that ferrihydrite is here, both for simplicity and to represent natural variation, represented as 157 

Fe(OH)3, while recent work by Michel et al.
41

 suggests a stoichiometry Fe10O14(OH)2 for ferrihydrite in 158 

its pure form. To account for the kinetic control of the reaction the lactate degradation rate ����is 159 

described by a standard Monod/type rate expression: 160 

									���� = � � [
����3]������ +	 [
����3]�� �������� +	�����																																									�2� 
where � is a rate constant, [
�����] and ���� are the concentrations of ferrihydrite and lactate, and kferri 161 

and klac are the half saturation constants for ferrihydrite and lactate, respectively. 162 

 163 

 ���������
��	�
������
	�����164 

Within the columns, EXAFS spectroscopy demonstrated that during the experiments a partial 165 

transformation of ferrihydrite to magnetite occurred. This was attributed to the reductive dissolution of 166 

ferrihydrite, which produces ferrous iron. Based on the findings of Hansel et al.
21,42

 and Tufano et al.
26

 it 167 

was assumed that when dissolved ferrous iron occurs in excess of 2×10
/4

 mol L
/1

 it starts to catalyze the 168 

re/crystallization of Fe(II) to magnetite via a solid state conversion of the surface of ferrihydrite. The 169 
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originally proposed rate expression for magnetite precipitation of Tufano et al.
26

 was modified and a 170 

term was added that allows for the limitation of available surface sites.
43

 171 

���� !""#	 =	−���� !""# %&' �0, *1 − ,-"���� �./0��� 1�2 [
�34],��� _""# #6��-�7�89� + [
�34]:
;
	�0, [
�����] − ���[
�����] �											�3� 

where ���� !""#  is the effective rate coefficient, determined through model calibration, ./0���  is the 172 

ion activity product of the aqueous solution, ,-"���� � is the solubility product for magnetite, 173 

,��� _""# #6��-�7�89�
 is a threshold term describing the aqueous concentration of [
�34], which requires an 174 

exponential term ('� set at 3, [Fe(OH)3] is the concentration of ferrihydrite and 	��	is the ferrihydrite 175 

concentration at which magnetite precipitation effectively stalls. 176 

 177 

!�����	����������
	������	���
���	�	��178 

The possibility of arsenite  accumulation via precipitation was considered in model variants S2 and S4 179 

since a number of studies have observed decreasing aqueous arsenic concentrations while Fe mineral 180 

transformations occurred.
23,44

 Furthermore, Wang et al.
45

  analyzed the interaction of As(III) with 181 

magnetite during its precipitation at differing As/Fe ratios. They characterized the samples using 182 

EXAFS spectroscopy to identify whether the uptake was via adsorption or precipitation; at lower ratios 183 

the uptake of As(III) was predominately a result of sorption, while at higher ratios (As/Fe 0.333) the 184 

formation of a surface precipitate became increasingly dominant. The stoichiometry of the reaction was 185 

assumed to be:  186 

Fe
2+

 + 2Fe
3+

 + 2H3AsO3 + H2O →  Fe3O4As2O3 + 8H
+
                                                (4)   187 

The rate of the reaction was directly connected to the magnetite formation rate described by Eqn. (3), 188 

while varying its relative importance, i.e., different molar ratios of As:Fe between a lower limit of 1:100 189 

and an upper limit of 1:0.6, were tested and evaluated.  190 

 191 

!�����������
����������
	������
�	�����192 
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Sorption of arsenic was assumed to occur in all model variants (S1/S4) as (i) surface complexation 193 

reactions with ferrihydrite and (ii) as surface complexation reactions with the newly formed magnetite. 194 

An electrostatic double layer model based on Dzombak and Morel’s
38

 surface complexation reactions 195 

for arsenite, arsenate, and phosphate sorption onto ferrihydrite were used in the simulations. The model 196 

was extended to utilize Dixit and Hering’s
17

 arsenite sorption reactions onto magnetite and associated 197 

surface site densities. Note, that while various sorption site densities of ferrihydrite and magnetite were 198 

tested, the total number of sorption sites was stoichiometrically linked with the temporally varying 199 

mineral concentrations. Other sorption reactions incorporated were ferrous iron, phosphate,
46

 and 200 

bicarbonate,
12

 which introduced competitive sorption between arsenic and other ions for a finite number 201 

of sorption sites. The stoichiometries of the considered surface complexation reactions are listed in 202 

Table 2.   203 

 204 

!�����	������
	����205 

To investigate a range of different potential explanations for the observed As behaviour, a subset of the 206 

simulations (S3 and S4) incorporated the previously not considered possibility that some 207 

arsenite/arsenate redox transformations have occurred. Initially, we tested the possibility that the 208 

arsenite that was added during the preparation of the columns was oxidized to arsenate at varying 209 

degrees shortly after sorbing on the ferrihydrite/coated sands. While the prerequisites for such an 210 

oxidation to occur were considered to be reasonably unlikely, a partial, photo/induced
47

 oxidation or an 211 

oxidation via intermediate Fe(III) phases was reported elsewhere
48

 for a Fe(III)/goethite system. 212 

 213 

!����
	�������	����214 

While arsenite and arsenate were decoupled from the overall redox equilibrium, kinetically controlled 215 

arsenate reduction to arsenite was still assumed to occur in the three lactate/amended columns, except 216 

for model variants S1 and S2, which assumed that As persisted as arsenite throughout the entire 217 
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experiment. The rate expression describing this reaction was dependent on both arsenate and lactate 218 

concentrations using a standard Monod/type expression:  219 

									�<-�=���> = � � ��?@	<-�=���?@	<-�=� +	��?@	<-�=�� � �������� +	�����																																																																		�5� 
where � is a rate constant, ��?@	<-�=� and ���� are the concentrations of arsenite and lactate, and 220 

��?@	<-�=� and klac are the half saturation constants for arsenite and lactate, respectively. 221 

 222 

����������������	�
����
����
	�����	�
	�����223 

The model development started with the numerical implementation of the initial conceptual 224 

hydrochemical model of Tufano and Fendorf
1
 (S1). A manual trial/and/error calibration procedure was 225 

employed in order to provide a suitable set of initial parameter estimates for the subsequent automatic 226 

calibration. This approach was repeated for the revised conceptual models in which initial arsenite 227 

oxidation (S3, S4) and arsenic incorporation with magnetite (S2 and S4) was considered. The model 228 

parameters associated with each variant of the numerical implementation were then estimated by 229 

minimizing the sum of squared residuals between model/simulated and experimentally measured 230 

results. The Gauss/Levenberg/Marquardt method was initially attempted, to further refine the model 231 

parameters.
49/51

 However, due to the severe nonlinearity of the inverse problem in this study, 232 

convergence was difficult to achieve with this algorithm. Therefore, the heuristic PSO method was 233 

implemented, which is known for its relatively high convergence rates (especially for Pareto analyses), 234 

and its effectiveness at avoiding local minima,
29

 which is a significant issue for severely nonlinear 235 

optimization problems. The parameters to be estimated included a number of kinetic reaction rate 236 

constants, arsenic surface complexation constants, and surface site densities associated with specific 237 

iron minerals (Table 2). These parameters were largely interdependent of each other. Furthermore, 238 

calibration was constrained to produce an arsenic surface loading of 4.25 × 10
/5

 M, corresponding to the 239 

value measured by Tufano and Fendorf
1
 as well as by pre/defined degrees of initial arsenite oxidation 240 

(model variants S4a and S4b). Prior information, obtained from literature
17,38,52

 and expert knowledge, 241 
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was used to define the upper and lower bounds of each parameter, and subsequently to obtain an 242 

approximately Bayesian estimate of the parameters. 243 

 244 

����
���	������������245 

�����	�����������	�����������������	��
����
	�������������������������
�������
�	
	����
����246 

For all investigated conceptual models, simulations reproduced the temporal concentration changes of 247 

iron that were induced by the amendment and transformation of varying lactate concentrations in 248 

conjunction with the reductive dissolution of ferrihydrite. Figure 1 shows selected, representative results 249 

for variant S4b. Similar results were, however, obtained for all other discussed model variants. In the 250 

three columns in which lactate was added, dissolved ferrous iron concentrations increased significantly 251 

until day 20 of the column operation. Larger and faster increases were associated with the addition of 252 

7.7 mM and 0.8 mM compared to the addition of 0.08 mM, while virtually no difference was found 253 

between the addition of 7.7 mM and 0.8 mM lactate. The model replicated these observations closely 254 

once a suitable value for the half/saturation constant in the Monod term for lactate (Eqn. 2) was 255 

selected. 256 

 257 

The results for all model variants are also consistent with the interpretation that the time lag in the 258 

breakthrough of ferrous iron at the column effluent is due to the retarded transport of ferrous iron that is 259 

freshly released during ferrihydrite dissolution. Breakthrough of the ferrous iron in the column effluent 260 

initially occurred only at low concentrations due to immediate re/sorption on ferrihydrite. However, 261 

once a new sorption equilibrium (corresponding to the higher aqueous ferrous iron concentrations) was 262 

attained throughout the column, i.e., newly released ferrous iron was no longer sorbed, a substantially 263 

higher breakthrough concentration was observed. This is illustrated in Figure 2, which shows simulated 264 

concentration profiles for model variant S4b for the 7.7mM lactate amendment cases at various times 265 

after the start of the experiment. Sorbed ferrous iron reached saturation at day 11, whilst in the case of 266 

0.08mM lactate amendment a similar level of saturation was only reached after 19 days (Figure SI1). 267 
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Following the initial breakthrough of dissolved ferrous iron in the column effluent, the concentrations 268 

peaked quickly before decreasing successively (Figure 1). The decrease was more pronounced in the 269 

case of 7.7mM and 0.8mM than the 0.08 mM lactate amendment. The observed decreases can be 270 

replicated by the numerical model as a result of the successively lower rate of ferrihydrite dissolution 271 

within the column, which causes a slowing release of ferrous iron. This decrease is not outweighed by 272 

the simultaneous decrease in available sorption sites, which induces the release of ferrous iron.  273 

 274 

 ���������
��	�
������
	���� 275 

The Fe/EXAFS results for the three lactate amended columns, as discussed in
1
 showed that specifically 276 

in the early phase of the experiment (before day 11) ferrihydrite was partially transformed to magnetite 277 

(Figure 3) while, on the other hand, no magnetite was found in the abiotic column. No other iron 278 

minerals were identified by EXAFS spectroscopy, i.e., no goethite or lepidocrocite formed prior to 279 

magnetite. This may be due to the oxyanions (arsenite and phosphate) poisoning the transformation.
53,54

 280 

The observations are in line with previous studies
27,42

 which have shown that in chloride/dominated 281 

systems, at neutral pH, with high ferrous iron concentrations magnetite is the primary transformation 282 

product of ferrihydrite. As shown in Figure 3, our calibrated model was able to closely replicate those 283 

observations. In the lactate amended columns the highest iron transformation rates occurred in the early 284 

phase of the experiments once the ferrous iron that was produced during reductive dissolution of 285 

ferrihydrite started to successively increase and exceed the set threshold concentration of 2×10
/4

 mol L
/1

 286 

of Fe
2+

. After an initial rapid increase of the magnetite formation rate, peaking after 5/6 days in the 287 

7.7mM/0.8mM lactate columns, to 7/8 days in the 0.08 mM lactate column, the iron transformation 288 

rates decrease quickly, before stalling 7 to 12 days after the start of the experiments (see Figure 3). In 289 

the model, which closely replicated the fractions measured by Tufano and Fendorf,
1
 this occurred when 290 

about 10% of the originally present ferrihydrite was consumed or transformed and the available sorption 291 

sites for magnetite formation had decreased accordingly. As magnetite consists of Fe(II) in octahedral 292 

sites and Fe(III) in both tetrahedral and octahedral coordination, the presence of tetrahedral Fe(III) at the 293 
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ferrihydrite surface controls the formation of magnetite.
43

 Thus surface passivation may limit magnetite 294 

formation once tetrahedral Fe(III) surface sites have been exhausted.
27

 Zachara et al.
55

 also discussed 295 

that high bicarbonate concentrations may impede conversion of ferrihydrite to magnetite by minimizing 296 

site accessibility through bicarbonate sorption. In the column study, bicarbonate concentrations were not 297 

particularly high. However, the elevated concentrations of sorbed arsenic on the sites provided by 298 

ferrihydrite may have a similar effect on minimizing site accessibility and thus play a role on limiting 299 

the formation of magnetite.
56

  300 

 301 

Compared to the rate expression proposed by Tufano et al.,
26

 a more process/based formulation for 302 

magnetite formation (Eqn 3) could potentially employ a rate/dependence on sorbed ferrous iron 303 

concentrations
55,57

 rather than the aqueous ferrous iron concentration. The impact of changing the rate 304 

expression was evaluated for the model of the 7.7mM lactate amended column.  The results show that 305 

for a sorbed ferrous iron threshold concentration of 3.5×10
/3

 mol L
/1

, simulated aqueous and mineral 306 

concentrations remain similar to the results obtained when employing Eqn 3. 307 

 308 

�����������
� 	����	��	����	����309 

"�����
��������	�
��������
�	������
���
���#�������$%&�310 

Model simulations that were based on the reaction network implementation of the conceptual model 311 

proposed by Tufano and Fendorf
1
 (S1), which assumed that all arsenic persisted as arsenite, allowed to 312 

mostly replicate the observed data of the abiotic (no lactate amendment) experiment after day 10 (Figure 313 

4). Nevertheless, a deviation between the model and the observations persisted in that the simulations 314 

did not capture the initial effluent arsenite concentration drop that occurred prior to day 10. This 315 

discrepancy may be attributed to weaker outer/sphere arsenic complexes undergoing rapid desorption, a 316 

process that was not captured by our surface complexation model implementation.  317 

 318 

Page 13 of 29

ACS Paragon Plus Environment

Environmental Science & Technology



 14

For this model variant (S1), however, in the simulations of the lactate/amended columns, the 319 

experimentally observed arsenite breakthrough concentrations could not be reproduced. For example, in 320 

the column in which 7.7 mM lactate was amended, observed arsenic concentrations decreased 321 

dramatically during the first 12 days (Figure 4). In contrast to those observations, dissolved arsenite 322 

breakthrough concentrations increased significantly in all preliminary model simulations as a result of 323 

the lactate/induced reductive dissolution of ferrihydrite and the associated loss of sorption sites (Figure 324 

4). Tufano and Fendorf
1
 suggested that the observed sharp initial decrease in arsenic concentrations may 325 

be due to the newly generated sorption capacity of the freshly formed magnetite. This hypothesis was 326 

evaluated by successively increasing the sorption site density of the freshly precipitated magnetite. The 327 

simulations showed that a sorption site density of 3 mol per mol of magnetite would be required to 328 

replicate the observed concentration decrease. This is implausible as magnetite was previously 329 

estimated to have a 6 times lower specific surface area than ferrihydrite,
17

 which in the present study 330 

would correspond to approximately 0.02 mol per mol of magnetite, i.e., >120 times less than our model/331 

estimated value.  Furthermore sorption strengths of magnetite, as estimated by Dixit and Hering
17

 332 

through a batch/modeling study, showed similar strengths (surface complexation constants) for both  333 

iron oxides and magnetite. Based on these modeling results it was concluded that it was unlikely that 334 

‘classic’ equilibrium/type surface complexation reactions with magnetite could have been responsible 335 

for the observed decline in dissolved arsenic concentrations.  336 

 337 

������������!��	
�����
��338 

!���������������
	������	���
���	�	��$'&�339 

A key assumption of all initially investigated model variants was that arsenite was not allowed to be 340 

incorporated into the structure of magnetite during transformation. This was based on the findings of 341 

Coker et al., 
58

 who concluded that arsenite could only exist as a surface complex. However a number of 342 

other column studies
15,23,44

 have observed enhanced arsenite retention in conjunction with iron 343 

transformations from ferrihydrite to magnetite. This suggests that the sink for arsenite may be 344 
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precipitation during ferrihydrite transformation to magnetite. Therefore model variants that allowed 345 

arsenite to be captured into the transforming magnetite were tested and evaluated for a range of different 346 

As:Fe molar ratios. This additional process was appended to the original model, and the calibration 347 

process was repeated with this model variant (S2). A relatively good representation of the observed 348 

arsenic and iron concentrations was achieved (Fig SI2). However to attain this, the molar ratio of As:Fe 349 

was 1:1.7. Furthermore, to achieve a satisfactory simulation of the observed arsenic breakthrough 350 

behaviour, the initial arsenic surface loading in the column had to be increased to 7.6 × 10
/5 

M compared 351 

to the 4.25 × 10
/5

 M reported by Tufano and Fendorf,
1
 which further reduces the plausibility of this 352 

model variant.  353 

 354 

������	�
������
	��������
�����	��$(&�355 

Following from some initial test simulations of this conceptual model (see Supporting Information) this 356 

variant was formally calibrated (S3). The calibration procedure resulted in estimates of the (i) initial 357 

distribution of arsenite and arsenate (i.e., % of oxidation prior to start of the experiments), (ii) arsenic 358 

surface complexation reaction constants, (iii) surface site densities, (iv) kinetic reaction rate constants 359 

for ferrihydrite dissolution/magnetite precipitation and As(V) transformation to As(III) (Table 2). With 360 

the calibrated model it was possible to replicate all observed iron and arsenic concentrations from all 361 

four column experiments with a single, consistent model. This is illustrated in Figure SI3, which shows 362 

the comparison between the simulated and observed arsenic and ferrous iron breakthrough curves.  363 

 364 

In the simulation of the abiotic column that shows a good agreement with the data, arsenic leaching 365 

from the column occurs in the majority as arsenate. However, in the simulations of the lactate amended 366 

model, the arsenate that was assumed to have formed during the experimental preparation was rapidly 367 

reduced to arsenite once the lactate reduction caused a shift to reducing conditions. The rapid 368 

transformation to arsenite in combination with the selected surface complexation constants that cause 369 

arsenite to sorb more strongly, causes the modeled effluent arsenic concentrations to successively 370 
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decrease within the first 20 days of the experiment (Figure 1). With reductive dissolution of iron 371 

progressing in the lactate/amended columns, the continuous loss of ferrihydrite/associated sorption sites 372 

causes arsenite to be released to the aqueous phase and effluent concentrations to steadily increase after 373 

day 20.  374 

 375 

The key for this variant to match the experimental data is a parameterization of the surface 376 

complexation model that allows arsenite to sorb more strongly than arsenate. This agrees with the 377 

results of Dixit and Hering’s
17

 batch experiments at circum/neutral pH. However, contradicting their 378 

observations, several column studies
15,23,24

 have demonstrated arsenite to desorb more extensively than 379 

arsenate.    380 

�381 

����������������
���������������
	������	���
���	�	��
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	����$)&�382 

In the final conceptual model variant, a combination of the previously discussed processes was 383 

implemented into the model. Two slightly differing variants (S4a, S4b) were considered, which 384 

depended on the degree of arsenite oxidation that was occurring and therefore defining the initial 385 

conditions. The first variant (S4a) assumed a partial arsenite oxidation of 25% (during the experimental 386 

setup) and the second variant (S4b) assumed it to be 10%. In each case, a good model fit was achieved, 387 

primarily by allowing variations in the ratio of arsenic incorporation with magnetite (relative to 388 

precipitating Fe). Assuming 25% and 10% arsenite oxidation (S4a,b), the simulated As:Fe molar ratio 389 

was 1:4.5 and 1:3.1, respectively, highlighting that a decrease in the assumed arsenite oxidation requires 390 

magnetite to more efficiently capture arsenite during the mineral transformation phase. However, with 391 

the increased As:Fe ratio the initial arsenic surface loading had to be increased slightly to 4.9 × 10
/5 

M 392 

(S4a) and even more to 6.2 × 10
/5 

M in S4b. Simulation results for S4b are displayed in Figure 1. 393 

�394 
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Our modeling framework that was developed in this study provides a process/based description of the 396 

complex interactions that evolve during the reductive dissolution of ferrihydrite and its partial 397 

transformation to magnetite. The model investigations provided the basis for the re/interpretation of 398 

some well/controlled, previously reported experiments that attributed significant arsenic attenuation to 399 

the adsorption on neo/formed magnetite. Among the original and revised conceptual/numerical models 400 

the variant S4 appears to be the most plausible variant. These variants capture the observed arsenic and 401 

iron breakthrough dynamics for variable loads of lactate amendment best, suggesting that arsenic 402 

incorporation with magnetite in addition to sorption on mineral surfaces must also have occurred and 403 

contributed substantially to the attenuation of aqueous arsenic concentrations. Furthermore, based on the 404 

model results, we speculate that a small fraction of the arsenite may have been oxidized prior or around 405 

the start of the column operations. In the unlikely case that arsenite oxidation had occurred to a 406 

significantly larger extent, it could still only explain the observed arsenic breakthrough curves if 407 

arsenate sorption to ferrihydrite under the experimental conditions was weaker than arsenite sorption, 408 

which contradicts several column experiments that suggested that arsenite had a higher mobility 
15,23,24

 409 

compared to arsenate.  410 

 411 

Eventually this implies that in the short term the intrusion and degradation of organic carbon and the 412 

coupled reductive dissolution of ferrihydrite is not enhancing arsenic release until ferrihydrite and the 413 

associated sorption capacity are nearing depletion. If indeed arsenic precipitation during magnetite 414 

formation was the dominant process for attenuating arsenic concentrations, then iron oxide 415 

transformations may limit or delay arsenic release into the groundwater. However, where reducing 416 

conditions already prevail, iron transformations (for example to goethite) may have been completed and 417 

thus no additional attenuation of arsenic occurs. Our results call for additional experiments that further 418 

investigate whether arsenite was incorporated in the structure of the transforming magnetite or rather 419 

accumulated as an amorphous As(III)/Fe(III) precipitate on the magnetite surface. Such experiments 420 

could also further clarify whether the model/derived As:Fe molar ratios are plausible. In addition the 421 
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model framework should now be tested and extended for a variety of idealized laboratory conditions 422 

and for data sets from controlled and well/characterized field experiments such as reported by Neidhardt 423 

et al.,
20

 and Harvey et al.
59

  424 

   425 

������	����������426 

 427 

��!!�����������	����428 

Additional material includes additional descriptions, Tables and Figures related to various permutations 429 
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S1 As(III) sorption to ferrihydrite and magnetite. No As redox transformations.  

S2 S1 + As(III) incorporation with magnetite. No As redox transformations. 

S3 S1 + (partial) As(III) oxidation.  

S4a S1, S2, S3 + As(III) oxidation set at 25%. 

S4b S1, S2, S3 + As(III) oxidation set at 10%. 
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Initial concentration of aqueous As(III) 1.3E/05 1.3E/05 1.6E/06 3.2E/06 3.45E/06 1.00E/06 1.00E/05 

Initial concentration of aqueous As(V) 0 0 1.5E/05 1.1E/05 1.13E/05 0.00E+00
 

5.00E/05 

Sorption site density of weak sites (ferrihydrite) 0.1 0.1 0.12 0.135 0.10 0.05
c 

0.31
a 

Sorption site density of strong sites (ferrihydrite) 0.0025 0.0025 0.005 0.0026 0.005 N/A N/A 

Sorption site density of weak sites (magnetite) 3.1 0.021 0.027 0.021 0.03 0.01
a 

0.04
a 

Sorption site density of strong sites (magnetite) 0.008 0.0005 0.0007 0.00052 0.00068 N/A N/A 

����	���	��������������	������!
�9	��������	�������:����������� 

Hfo_wOH+ H3AsO3 = Hfo_wH2AsO3 +  5.91 5.56 5.6 5.58 5.51 4.02
a 

5.56
b 

Hfo_wOH+AsO4/3+3H+= Hfo_wH2AsO4 + H2O NA NA 29.31 30 30.5 24.18
b 

34.44
b 

Hfo_wOH+AsO4/3+2H+ = Hfo_wHAsO4/ + H2O NA NA 23.9      23    23.18 23.18
b 

24.43
a 

Hfo_wOH+AsO4/3=Hfo_wAsO4/2 NA NA 8.5 6.95 5.28 4.69
a 

11.48
b 

����	���	������	�������	������!
�9	��������	��������	������ 

Mag_wOH+ AsO3 = Mag_wH2AsO3 + H2O 5.61 5.61 5.6 5.23 6 0
a 

7.67
a 

Mag_wOH+AsO4/3+3H+= Mag_wH2AsO4 + H2O NA NA 29.31 31.8 29.2 20 40 

Mag_wOH+AsO4/3+2H+ = Mag_wHAsO4/ + H2O NA NA 29.31 26 23.18 19 29 

Mag_wOH+AsO4/3=Mag_wOHAsO4
/3

 NA NA 8.5 10.2 5.65 5 13 

;��������	������	�������	���

Magnetite precipitation 5.00E/06 8.0E/04 2.5E/04 6.4E/05 5.1E/05 5.0E/05 5.00E/03 

C_m (Eqn. 3) 0.21 0.229 0.22 0.217 0.21 0.20 0.25 

As inc. into magnetite (As:Fe molar ratio) NA 0.9 NA 0.34 0.35 5.0E/02 1.0E+00 

As:Fe molar ratio from above NA 1:1.7 NA 1:4.5 1:3.1 NA NA 

� (Eqn. 5) NA NA 9.8E/09 4.70E/09 6.0E/09 3.0E/09 6.00E/09 

Ferrihydrite dissolution 1.10E/08 1.10E/08 1.10E/08 1.07E/08 1.01E/08 1.00E+09 5.00E/08 

Hfo_wOH and Mag_wOH represent weak sorption onto ferrihydrite and magnetite respectively. Identical surface complexation constants were 

used for strong sorption sites onto ferrihydrite and magnetite. Concentration units mol.L
/1

. Surface complexation constants are log K’s. All 

other constants are unitless. 
a
Reference

17
. 

b
Reference

38
. 

c
Reference

52
. 
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�645 

:������ ).� Simulation (S4b) and experimental results for arsenic and ferrous iron for four columns 646 

amended with varying lactate concentrations. Symbols represent observed concentrations for the abiotic 647 

(red triangle), 7.7mM (blue circle), 0.8mM (inverted black triangle), and 0.08mM (green square) 648 

column experiments from Tufano and Fendorf
1
 respectively. Solid lines represent the calibrated model.��649 

�650 

�651 

�652 

�653 

�654 

�655 

�656 

�657 
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�658 

659 
:������$.�S4b simulated column profiles for 7.7mM lactate amended column (flow from left to right). 660 

Row 1: Aqueous ferrous iron concentrations. Row 2 and 3 are major sorbed ions onto ferrihydrite and 661 

magnetite respectively; green is hydroxyl group, red is total arsenic, and blue is ferrous iron. Row 4: 662 

Arsenic incorporated into transforming magnetite.�663 

�664 

�665 

�666 

�667 

�668 

�669 

�670 

�671 

�672 
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�673 

:������ *.� S4b simulation results at midpoint along column. Experimental results were taken from 674 

terminated columns. Top panel: Magnetite precipitation rate (solid lines) and ferrihydrite dissolution 675 

rate (dashed lines) for each of the lactate amended models. Middle panel: Simulated aqueous ferrous 676 

iron concentrations at column effluent end. Bottom panel: Simulation (solid line) and experimental 677 

results (symbol) of the iron transformation from ferrihydrite (in blue) to magnetite (in black) for each 678 

lactate amended model.  679 
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�685 

�686 

:������(.�Simulated (dashed and solid lines, model variant S1) and experimental results (symbols) at 687 

the column effluent end: Simulation results with just As(III) for 7.7mM lactate and abiotic columns. The 688 

black solid line represents As(III) with a sorption site density of magnetite approximately 120 times of 689 

that reported by Dixit and Hering.
17
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(As(V) possibly initially present)
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