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ABSTRACT 

Hazardous levels of arsenic in groundwater is affecting millions of people around 

the world. Arsenic provenance and mobility in groundwater is generally controlled by the 

prevailing geochemical conditions, which can in turn, be a function of either natural 

hydrological changes or by anthropogenic activities such as the injection of water into 

aquifers or the excessive extraction of groundwater resource. Arsenic mobility under 

spatially and temporally varying geochemical conditions is often difficult to assess 

without the appropriate understanding and quantification of the governing physical and 

geochemical processes. This study addresses this knowledge gap by developing and 

applying process-based numerical models that more rigorously incorporate the variability 

of geochemical conditions into the quantification assessments of arsenic mobility. 

In the first part of this thesis, arsenic mobilisation mechanisms that occurred during 

an aquifer injection trial were identified by integrating laboratory-scale and field-scale 

experimental data into a model-based interpretation. The study also quantified the 

inherent uncertainty associated with the non-linear nature of geochemical processes and 

predicted the effects of a large-scale injection scheme on the overall quality of aquifer 

with a focus on the long-term fate of arsenic. The second study focused on quantifying 

the fate of arsenic in the Pleistocene aquifers of south-east Asia which are under immense 

stress from excessive pumping of groundwater in the region. Arsenic adsorption onto 

Pleistocene sediment is the only known mechanism controlling its mobility and this study 

attempted to quantify this processes through laboratory experiments and the data analysis 

using numerical modelling techniques. The study also illustrated the effects of varying 

geochemical conditions on arsenic migration rates in Pleistocene aquifers at a field-scale 

using the developed model. The final part of the thesis evaluated a range of earlier 

proposed reaction mechanism for arsenic oxidation by manganese oxides using the 

numerical modelling approach. Manganese oxide minerals are commonly found as 

coatings on aquifer sediments and play a key role in controlling arsenic mobility through 

coupled adsorption and oxidation processes. 

In all cases the modelling procedure started with a relatively simple conceptual and 

numerical model before model complexity was successively increased, while model 

development was constrained by measured data. In all cases this procedure resulted in an 

improved process understanding.
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CHAPTER 1.  INTRODUCTION 

1.1 Relevance and context of this thesis 

Arsenic has been recognised as possibly the most serious groundwater contaminant 

in the world (Smedley & Kinniburgh, 2002). A large number of studies spanning over the 

last two decades has identified hazardous levels of arsenic in groundwater all over the 

world, with the most alarming cases found in parts of Bangladesh, Cambodia, China, 

India (West Bengal), Nepal and Vietnam. Some estimates suggest that over 100 million 

people are known to have been exposed to high arsenic levels in Bangladesh, India and 

China (Rodríguez-Lado et al., 2013; Smedley & Kinniburgh, 2002; A. H. Smith et al., 

2000). 

Arsenic is naturally found in aquifer sediments either adsorbed on mineral surfaces 

or firmly bound within mineral structures, e.g., in pyrite. In natural waters, arsenic is 

generally found as oxyanions – either arsenite (As(III)) or arsenate (As(V)). As(III) is the 

more toxic of the two and is generally regarded as more mobile due to its weaker sorption 

affinity in the typical natural groundwater pH range (6.5-7.5). Most often, natural 

variations in the geochemical conditions of aquifers are responsible for the mobilisation 

of arsenic from sediments into groundwater. However, anthropogenic activities, such as 

the injection of water into an aquifer for storage and later recovery (Wallis et al., 2011; 

Wallis et al., 2010) or large-scale pumping from aquifers to meet the demands of growing 

populations in south-east Asian countries, can induce changes in the geochemical 

conditions that result in arsenic mobilisation (van Geen et al., 2013; van Geen et al., 

2003). 

Arsenic mobilisation might be triggered by a number of different geochemical 

processes, most importantly changes in groundwater pH, redox conditions, and the 

introduction of other solution species. Once mobilised, sorption is often the controlling 

process for the migration rate of arsenic within groundwater systems. For example, 

arsenic can be strongly adsorbed by metal (oxyhydr)oxide minerals present in the aquifer 

sediments under circumneutral pH. However, above a pH of 8.5, arsenic would desorb 

from the oxide surfaces into surrounding groundwater (Smedley & Kinniburgh, 2002). 

This increase in pH could be due to natural variations or from anthropogenic interventions 

such as the introduction of high pH water into the aquifer system. The injection of 

oxygenated water into aquifers is also known to oxidise pyrite contained in the sediments, 

thereby releasing any mineral bound arsenic (Neil et al., 2012). Additionally, in river 
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deltas for example, fresh organic matter often gets deposited under an impenetrable layer 

of fine-grained alluvial sediments where it readily decomposes and uses up dissolved 

oxygen, nitrates, nitrites, iron and sulphates. This triggers an onset of strong reducing 

conditions which mobilises arsenic either due to desorption from the mineral surfaces or 

from mineral dissolution. Finally, anions such as phosphate, bicarbonate and silicate are 

also known to compete with aqueous arsenic for sorption sites. Sedimentary minerals 

(e.g., manganese oxides) and microbes are known to exert influence on arsenic speciation 

in solution and thus may control its mobility. 

The worst known cases of naturally occurring arsenic contamination have been 

reported in the shallow (< 50 m below ground surface, mBGS) Holocene aquifers of 

south-east Asia with arsenic concentrations reaching levels as high as 3000 µg/l whereas, 

the adjacent Pleistocene aquifers, which are connected either laterally or vertically, are 

generally low in arsenic (< 10 µg/l) (Smedley & Kinniburgh, 2002). At many places, 

Pleistocene aquifers are the sole source of clean water to many developing nations in the 

region. Studies in recent years have reported that these clean aquifers may be threatened 

by the migration of arsenic contaminated groundwater from neighbouring or overlying 

Holocene aquifers, caused by large drawdowns from increased pumping of groundwater 

to meet growing demands (Winkel et al., 2011). 

Experimental studies, either laboratory-based or field-based, can provide insight 

into the processes contributing to the mobilisation and retardation of arsenic in the 

concerned aquifers. However, natural systems are very complex with numerous chemical 

and physical processes acting simultaneously in different combinations that vary 

temporally and spatially. Under such conditions the interpretation of experimental data 

collected in laboratory and field experiments is challenging. Process-based numerical 

modelling tools are capable of integrating and simulating the fundamental chemical and 

physical processes and their spatial and temporal variations. They can be used to represent 

the observed geochemical conditions in natural systems and to identify the most 

appropriate combination of processes that allow to replicate the observations. 

Furthermore, the application of numerical models can be expanded to predict the future 

evolution of geochemical conditions, for example to predict the future behaviour of a 

migrating arsenic plume. 
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1.2 Research objectives 

The research presented in this thesis aims to extend our understanding of the 

processes that control arsenic mobility under variable geochemical conditions in the 

aquifer systems by improving the quantification of these processes through a range of 

numerical modelling techniques. This thesis illustrates the development and applications 

of a range of numerical modelling approaches that can aid with the identification of the 

factors contributing to arsenic mobilisation and retardation. Applications are illustrated 

for two different types of aquifer systems under a variety of geochemical conditions. In 

addition, numerical modelling was used to evaluate a range of earlier proposed reaction 

mechanism for As(III) oxidation by manganese oxides. The specific research objectives 

for this thesis were to: 

i. Identify the key processes controlling arsenic mobility in a deep aquifer system 

and to predict the future fate of arsenic that will result from the large-scale 

reinjection of co-produced CSG water.  

ii. Understand and quantify arsenite sorption in Pleistocene aquifers under variable 

geochemical conditions using controlled laboratory-based experiments and 

geochemical modelling. 

iii. Develop a process-based modelling approach for arsenite oxidation by Mn-

oxides, based on literature data and previously proposed conceptual models of 

reaction mechanisms. 

1.3 Structure of this thesis and publications  

This thesis is structured into five chapters. This chapter (chapter 1) contains a brief 

overview of research problems and the motivation for this thesis. The main research work 

is presented in chapters 2 to 4. Each chapter represents an independent manuscript written 

for publication in a peer-reviewed, scientific journal and therefore can be read as an 

individual piece of work.  

In the first study (chapter 2), arsenic mobility was studied for a case where alkaline 

water produced during coal seam gas (CSG) operations was injected into a deep aquifer 

system (> 1,300 mBGS). Millions of litres of water will be generated over the lifetime of 

CSG operation at the concerned CSG facility in Queensland, Australia and its safe 

disposal is a critical element of the water management strategy at the site. Prior to 

implementation of a large-scale injection scheme, a field injection trial was conducted by 

the CSG operator in order to understand the potential geochemical impacts to the targeted 
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aquifer. The data collected from this trial was analysed with a reactive transport model 

(RTM) that simulated the fate of arsenic and other solution and surface species. Arsenic 

sorption characteristics on the aquifer sediments were determined through laboratory 

experiments, and a site-specific arsenic surface complexation model (SCM) was 

developed. The SCM was incorporated into RTM framework through appropriate 

upscaling techniques. In addition to the alkaline pH (~ 9.3) of the injected water, oxidation 

of sedimentary pyrite due to suspected low levels  of dissolved oxygen in the injected 

water, although not detected in field measurements, was hypothesised as the main cause 

of arsenic mobilisation with the help of numerical modelling technique. Advanced 

statistical methods were applied for the quantification of uncertainty for model 

predictions of arsenic behaviour during the future, long-term field injection scheme.  

The second study (chapter 3) describes a comprehensive analysis of arsenic 

sorption characteristics on Pleistocene sediments collected from a field site in Vietnam. 

With the ever growing threat of arsenic migration into Pleistocene aquifers from adjacent 

Holocene aquifers, arsenic adsorption onto Pleistocene sediments was identified as the 

key factor for the attenuation of elevated arsenic concentrations and for limiting arsenic 

mobility. In this study, arsenic adsorption experiments were carried out under field-

relevant geochemical conditions and the data were analysed through geochemical 

modelling. In the experiments, arsenic sorption affinity was investigated with respect to 

the influence of aqueous arsenic concentrations, solution pH and the presence of 

phosphate. A geochemical modelling framework of successively increased complexity 

was developed. The final version included both primary (arsenic adsorption) and 

secondary (arsenic oxidation by manganese oxide) reactions. The study highlighted the 

sensitivity of this newly developed framework to the varying geochemical conditions in 

the laboratory and the field. 

The motivation for the third study (chapter 4) evolved during the model 

development for the arsenic adsorption experiments on Pleistocene sediments (chapter 3). 

The oxidation of arsenic by manganese oxide is considered to be an important but 

complex process. A number of conceptual hydrochemical reaction models have been 

proposed in the literature through a more qualitative analysis of experimental data. 

However, the hypothesised processes have not been interrogated through advanced 

reactive transport modelling but solely through relatively simplistic reaction approaches 

that reflect very specific experimental conditions. The feasibility of integrating various 

reaction mechanisms proposed in the literature was explored in this study on the basis of 
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a more process-based approach. This study highlights the progression in process 

understanding that evolved during the model development as model complexity was 

progressively increased. The study identifies the gaps in the current knowledge of the 

oxidation process, consequently hypothesises additional processes, and suggests new 

experiments to test these hypotheses. 

The last chapter (chapter 5) contains a summary of the research contributions 

resulting from this thesis. Unless otherwise stated, all scientific work was performed, and 

all sections of the manuscripts, were written by the student. A short description of each 

co-author’s contribution to the manuscripts is listed after each publication citation. The 

three manuscripts arising from this thesis are: 

Rathi, B., Siade, A., Donn, M., Helm, L., Morris, R., Davis, J.A., Berg, M., and 

Prommer, H. (2017, in press). Multiscale characterisation and quantification of 

arsenic mobilisation and attenuation during injection of treated coal seam gas co-

produced water into deep aquifers. Water Resources Research. (Chapter 2) 

For this chapter H. Prommer provided an early version of the field-scale model and 

detailed hydrogeological and solute transport modelling advice as well as scientific 

guidance in the interpretation of the results. A. Siade mentored the setup of the 

automated calibration and the statistical data analysis. Further, chapters 2.5.2 

(Parametric Uncertainty) and 2.5.3 (Predictive Uncertainty) were jointly analysed 

with and co-authored by A. Siade. R. Morris planned and coordinated the field 

experiment (and data collection) in the Precipice aquifer with support from L. 

Helm. L. Helm pre-processed the field data. M. Donn and M. Berg provided input 

into the design and execution of the batch sorption experiments. J.A. Davis provided 

guidance in the development of the surface complexation model. All co-authors 

provided advice to enhance the clarity and readability of the manuscript.  

Rathi, B., Neidhardt, H., Berg, M., Siade, A., and Prommer, H. (2017). Processes 

governing arsenic retardation on Pleistocene sediments: Adsorption experiments 

and model-based analysis. Water Resources Research, 53, DOI: 

10.1002/2017WR020551. (Chapter 3)  

For this chapter H. Neidhardt and M. Berg provided detailed advice and scientific 

guidance for the experimental design and the interpretation of the experimental 

results. A. Siade provided scientific advice and guidance for the setup and 

interpretation of the model optimisation results. H. Prommer and M. Berg 

provided scientific guidance for the overall direction of the research. All co-

authors provided advice to enhance the clarity and readability of the manuscript.   

Rathi, B., Sun, J., Jamieson, J., Siade, A., and Prommer, H. (2017). Process-based 

understanding of arsenic oxidation by manganese oxides using numerical 

modelling approach. Manuscript in preparation for Environmental Science and 

Technology. (Chapter 4) 

For this chapter all co-authors provided detailed advice for the interpretation of 

the available literature and scientific guidance for the overall direction of the 
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research. All co-authors provided advice to enhance the clarity and readability of 

the manuscript. 

Supplementary Information to chapter 3 as well as conference papers resulting from this 

work are attached as appendices to this thesis. The following appendices are included: 

Appendix A: Supporting information, tables and figures for chapter 3. 

Appendix B: Conference abstracts presented in context of this thesis 

B1: Rathi, B., Prommer, H., Donn, M., Davis, J.A., Siade, A., and 

Berg, M. (2014). Understanding and Quantifying Controls of 

Arsenic Mobility during Deep-well Re-injection of CSG Waters. 

Presented at the AGU Fall Meeting, 15-19 December 2014, San 

Francisco, USA. 

B2: Rathi, B., Neidhardt, H., Berg, M., Davis, J.A., and Prommer, H. 

(2015). Determination and quantification of arsenic sorption 

characteristics in the Pleistocene aquifer of Hanoi, Vietnam. 

Presented at the 25th Goldschmidt Conference, 16-21 August 2015, 

Prague, Czech Republic. 

B3: Prommer, H., Rathi, B., Morris, R., Helm, L., Siade, A., and Davis, 

J.A. (2015). Model-based analysis of push-pull experiments in deep 

aquifers to predict large-scale impacts of CSG product water 

reinjection. Presented at the AGU Fall Meeting, 14-18 December 

2015, San Francisco, USA. 

B4: Rathi, B., Sun, J., and Prommer, H. (2016). Modelling of As fate 

governed by naturally occurring Mn-oxides under varying 

geochemical conditions. Presented at the 26th Goldschmidt 

Conference, 26 June-1 July 2016, Yokohama, Japan. 

B5: Rathi, B., Siade, A., Donn, M., Helm, L., Morris, R., Davis, J.A., 

Berg, M., and Prommer, H. (2017). Injection of treated coal seam 

gas co-produced water into deep aquifers – Predicting long-term 

groundwater quality impacts. Presented at the Australian 

Groundwater Conference, 11-13 July 2017, Sydney, Australia. 

B6: Rathi, B., Siade, A., Donn, M., Helm, L., Morris, R., Davis, J.A., 

Berg, M., and Prommer, H. (2017). Multiscale characterisation and 

quantification of arsenic mobilisation during injection of treated 

coal seam gas co-produced water into deep aquifers. Presented at 

the 27th Goldschmidt Conference, 13-18 August 2017, Paris, 

France. 

 



 

CHAPTER 2.  MULTISCALE CHARACTERISATION 

AND QUANTIFICATION OF ARSENIC MOBILISATION 

AND ATTENUATION DURING INJECTION OF 

TREATED COAL SEAM GAS CO-PRODUCED WATER 

INTO DEEP AQUIFERS 

2.1 Abstract 

Coal seam gas production involves generation and management of large amounts 

of co-produced water. One of the most suitable methods of management is injection into 

deep aquifers. Field injection trials may be used to support the predictions of anticipated 

hydrological and geochemical impacts of injection. The present work employs reactive 

transport modeling (RTM) for a comprehensive analysis of data collected from a trial 

where arsenic mobilization was observed. Arsenic sorption behavior was studied through 

laboratory experiments, accompanied by the development of a surface complexation 

model (SCM). A field-scale RTM that incorporated the laboratory-derived SCM was used 

to simulate the data collected during the field injection trial and then to predict the long-

term fate of arsenic. We propose a new practical procedure which integrates laboratory 

and field-scale models using a Monte Carlo type uncertainty analysis and alleviates a 

significant proportion of the computational effort required for predictive uncertainty 

quantification. The results illustrate that both arsenic desorption under alkaline conditions 

and pyrite oxidation have likely contributed to the arsenic mobilization that was observed 

during the field trial. The predictive simulations show that arsenic concentrations would 

likely remain very low if the potential for pyrite oxidation is minimized through complete 

deoxygenation of the injectant. The proposed modeling and predictive uncertainty 

quantification method can be implemented for a wide range of groundwater studies that 

investigate the risks of metal(loid) or radionuclide contamination.  

2.2 Introduction 

Coal seam gas (CSG) has become an important source of energy around the world 

in just over 30 years of its commercial production (Clarkson & Bustin, 2011). USA and 

Australia are currently the main producers, with Canada, China, India and various other 

countries planning to increase their investments in the CSG industry. Production of CSG 

is achieved by reducing the groundwater pressure within the coal seams, which releases 
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methane from the coal in the form of gas. While methane is extracted, it is accompanied 

by large volumes of co-produced water (Schraufnagel, 1993). Current projections indicate 

that the Australian CSG industry alone will extract on the order of 3,200 gigaliters (GL) 

of water from groundwater systems over the next 45 years, with an average production of 

70 GL per year (GL/yr) (DNRM, 2016). Management of large volumes of co-produced 

water is a potential concern due to the elevated water salinity and the presence of residual 

organic substances. This water is managed in different ways at different locations with 

the primary methods being disposal to surface waters and water reuse (Hamawand et al., 

2013). Most of the CSG production sites in Australia are based in the semi-arid regions 

of New South Wales and Queensland where the release of large volumes of co-produced 

water into surface water systems could alter both natural flow and hydrochemical 

patterns, resulting in potentially significant ecological impacts. Therefore at these sites, 

the injection of co-produced water into deeper aquifers after a comprehensive treatment 

process is seen as the most viable and socially acceptable option, besides providing 

treated water for irrigation purposes. 

The site-specific technical and economic feasibility of large-scale CSG water 

injection depends on a combination of operational, hydrogeological and geochemical 

factors. Understanding the geochemical response to the injection of CSG waters and the 

underlying mechanisms is important for predicting the long-term groundwater quality 

evolution, and to prevent any undesired deterioration of the groundwater quality. 

However, due to the often significant depth of the injection targets, significant costs of 

setting up infrastructure for an injection scheme, and the economic pressures of CSG 

production, the target aquifers generally do not undergo detailed characterisation either 

geochemically or mineralogically.  

One of the most concerning geochemical risks to receiving aquifers is the potential 

for arsenic mobilisation from aquifer sediments (Neil et al., 2012). The release of arsenic 

has been observed at numerous managed aquifer recharge sites around the world due to 

several different geochemical mechanisms. For example, the injection of aerobic water 

can induce pyrite oxidation and subsequently, the release of arsenic incorporated within 

the mineralogical structure (Wallis et al., 2011; Wallis et al., 2010). Furthermore, McNab 

Jr et al. (2009) showed that the elevated pH of the recharged water induced desorption of 

arsenic at a managed aquifer recharge site in California’s San Joaquin Valley. Also, 

Appelo and Vet (2003) and later Vanderzalm et al. (2011) reported cases where elevated 
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phosphate levels in the injectant caused the mobilisation of arsenic through competitive 

desorption. 

The most valuable information for predicting geochemical impacts, including the 

risk of metal(loid) mobilisation by large-scale injection schemes can often be obtained 

from monitoring of short-term injection trials (Seibert et al., 2016). The hydrochemical 

data collected during such trials can be analysed and integrated with any additionally 

available information from pre-trial geochemical characterisation efforts and supporting 

laboratory experiments, such as batch sorption experiments. For example, the data 

obtained from laboratory batch sorption experiments for metals or metalloids can be 

analysed through geochemical models that incorporate a surface complexation model 

(SCM). Subsequently, the SCM developed for the laboratory-scale may be incorporated 

into the field-scale model and used for process-based predictions of the long-term 

geochemical behaviour through the application of reactive transport models (RTM). For 

example, D. B. Kent et al. (2000) employed a semi-empirical SCM that was developed 

from laboratory experimental data to simulate zinc transport at the Cape Cod field site. 

Similarly, Curtis et al. (2006) investigated uranium transport in a shallow alluvial aquifer 

beneath a former mill located near Naturita, CO, by using their laboratory-derived SCM 

to describe U(VI) adsorption in a field-scale RTM. Also, Ma et al. (2014) used the SCM 

developed by Stoliker et al. (2011) to simulate the field-scale uranium transport processes 

at the Hanford 300A site under highly transient flow conditions. 

However, there are a number of challenges associated with this type of integrated, 

multi-scale modelling approach. Natural aquifer sediments contain an assemblage of 

minerals and organic materials. The generalised composite approach for SCM (GC-SCM) 

(Davis et al., 1998) has been considered the best approach for taking into account the 

inherent chemical and physical heterogeneity of natural sediments. The GC-SCM is 

calibrated to sediment-based sorption data and its parameters are estimated by inverse 

modelling. Although the resulting GC-SCMs are generally nonlinear and their parameters 

can be estimated more effectively using heuristic algorithms (Rathi et al., 2017), such as 

particle swarm optimisation (PSO) (Eberhart & Kennedy, 1995), there is an underlying 

uncertainty associated with these parameters. The quantification of this uncertainty is 

often computationally infeasible for field-scale RTMs. When upscaling a SCM from the 

laboratory-scale to a field-scale RTM, the differences in heterogeneity, i.e., the size and 

mass of the two systems can play a significant role and must be accounted for. However, 

the effects of parameter uncertainty in the laboratory SCM and on field-scale simulations 



Rathi, B. 

PhD Thesis, The University of Western Australia 

have not been examined. We hypothesise that parameter uncertainty can lead to 

significant predictive uncertainty when using a field-scale RTM to assess long-term 

geochemical behaviour. There have been some studies that have addressed computational 

considerations for predictive uncertainty using simple RTMs. For example, Tartakovsky 

et al. (2009) use sophisticated probability density function (pdf) techniques, resulting in 

reduced computational effort, to explore uncertainty associated with reactive solute 

concentrations for a simple, single-reaction, single-species synthetic case study. 

However, there is currently no study addressing the complex multi-species, multi-reaction 

GC-SCM and its associated impacts on predictive uncertainty in a real-world setting. Due 

to the complexity and numerical requirements associated with GC-SCMs, it is likely that 

Monte Carlo methods are the most viable for quantifying predictive uncertainty 

associated with these models. However, since the CPU run-times of GC-SCMs are very 

fast, Monte Carlo procedures can be quite effective, and their associated results can be 

up-scaled to the field-scale RTM. 

In this study, we explore the integration of laboratory-scale data and models into 

the analysis of a CSG water injection experiment at the field-scale. We propose a new 

practical procedure for upscaling laboratory-derived GC-SCM parameters to be used in a 

field-scale RTM for the subsequent quantification of parametric and predictive 

uncertainty. Our approach alleviates a significant proportion of the computational effort 

required for predictive uncertainty quantification when using field-scale RTMs within a 

Monte Carlo framework. This is accomplished by exploiting the extremely fast execution 

time associated with laboratory based GC-SCMs. We use this framework to identify and 

characterise the mobilisation and attenuation mechanisms that control the risk of 

generating elevated arsenic concentrations in response to large-scale, long-term (re-

)injection into deep aquifers. 

2.3 Field Injection Study 

 Field Site 

The site that provided the data and motivation for this study is located 

approximately 70 km northeast of Roma in the southeast of Queensland, Australia. It is 

situated in the Surat Basin, a sub-basin of the Great Artesian Basin. The CSG and co-

produced water are produced from the Jurassic age Walloon Coal Measures between 450 

– 800 m below ground surface (BGS). The co-produced water was treated via reverse 
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osmosis (RO) and de-oxygenated prior to reinjection into the Precipice Sandstone 

formation (>1,300 mBGS). The lowermost portion of this formation is known as the 

Braided Stream Facies (BSF), which is the most permeable zone of the overall formation, 

comprised of relatively coarse-grained material representative of a high-energy fluvial 

depositional environment (Green et al., 1997). 

 Geochemical and Geophysical Characterisation 

The Precipice formation is characterised by quartzose sandstone, which is fine-

textured in the upper portions of the formation and becomes more coarse-textured with 

depth (Exon, 1976). Aquifer material from the Braided Stream Facies sub-unit of the 

Precipice Sandstone aquifer, collected at various depths from 1300.87 to 1346.50 mBGS, 

was used for sediment characterisation via laboratory experiments. Mineralogical 

analysis of this aquifer material using quantitative X-ray diffraction (XRD) identified 

quartz to be the dominant mineral with up to 5% of clay minerals (kaolinite and illite) 

while crystalline iron minerals, such as goethite, hematite and pyrite, and carbonate 

minerals were not detected. The major components identified by elemental analysis 

(XRF) were 𝑆𝑖𝑂2 (96.45 wt%), 𝐴𝑙2𝑂3 (1.93 wt%) and 𝐾2𝑂 (0.17 wt%) reflecting the 

dominance of quartz, clay and feldspar minerals, while total Iron, as 𝐹𝑒2𝑂3, was present 

in a minor quantity of 0.15 wt%. The XRD and XRF analyses were carried out at the 

CSIRO Mineralogical and Geochemical Services Centre (Urrbrae, SA). 

Wireline geophysical logging of the injection target was undertaken prior to 

running screens. The screened interval was 1285.4 – 1376.5 mBGS and included the 

upper Precipice Sandstone, the BSF and 30 m of the underlying Moolayember Formation, 

a shale. The BSF had a gross thickness of 21.2 m. A gamma response of less than 40GAPI 

suggested a net sand interval of 19.7 m. Porosity values measured using the neutron 

density method ranged from 2% in the Moolayember Formation to up to 30% in the BSF. 

Formation Micro-imager (FMI) logs did not identify any fracturing through the BSF. 

However, fracturing was observed in the underlying Moolayember Formation. Core 

samples show many of these fractures to be polished into a glass. 

 Field Injection Trial 

Due to the large depth of the target aquifer and associated costs of installing 

monitoring bores, the injection trial was undertaken as a push-pull test in which a single 

well was used for injection into, and extraction from, the targeted aquifer. A total of 52.7 
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megaliters (ML) of treated co-produced water was injected for 65 days spread over 85 

days period, followed by a storage period of 64 days to allow the injected water to react 

with the native groundwater and the aquifer matrix. Finally, a recovery phase was 

operated for a total of 309 days and 156 ML of water was extracted, representing 

approximately three times the total water injected. Samples of the injected water were 

collected for laboratory analysis weekly for the first month, then fortnightly until the end 

of injection phase. During the recovery phase, water quality samples were collected twice 

per day for a period of two weeks, then on a weekly basis until the majority of the injected 

water was recovered, followed by intermittent sampling. A bromide tracer amendment 

was undertaken towards the end of the injection phase. No additional bores were available 

on-site to monitor the water quality within the radius of influence of the injection bore.  

 Background Water Composition 

Groundwater in the Precipice Sandstone formation at the study site prior to 

commencement of the injection experiment was highly reducing containing 4.67 × 10-4 

mol/L dissolved methane and strongly dominated by sodium (7.74 × 10-3 mol/L), while 

chloride was the most dominant anion (2.80 × 10-3 mol/L) followed by bicarbonate (2.59 

× 10-3 mol/L). Calcium concentrations were below the detection limit (2.45 × 10-5 mol/L). 

Field pH and temperature measurements averaged to 7.86 and 62°C, respectively. 

Average background alkalinity was 2.59 × 10-3 mol/L while the concentrations of silica 

and reactive phosphorus were 5.44 × 10-4 mol/L and 3.29 × 10-6 mol/L, respectively. 

Sulphate and arsenic concentrations were found to be below the detection limit of 1.04 × 

10-5 mol/L and 1.33 × 10-8 mol/L, respectively. All analytes of the background water 

composition are listed in Table 2-1. 
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Table 2-1. Summary of hydrochemical compositions. 

Analytes Background Injectant Recovered 

  Avg. Max. Avg. Max. 

Na [mol/L] 7.74 x10-3 4.05 x10-3 7.05 x10-3 6.57 x10-3 7.66 x10-3 

Cl [mol/L] 2.80 x10-3 2.06 x10-3 4.34 x10-3 3.53 x10-3 4.20 x10-3 

HCO3 [mol/L] 2.59 x10-3 9.70 x10-4 1.06 x10-3 1.43 x10-3 2.89 x10-3 

pH 7.80 9.34 9.4 8.5 8.9 

Temperature [°C] 62 18 26 41 50 

Si [mol/L] 5.44 x10-4 2.55 x10-5 4.16 x10-5 3.33 x10-4 5.29 x10-4 

SO4 [mol/L] < 1.04 x10-5 < 1.04 x10-5 < 1.04 x10-5 3.12 x10-5 4.16 x10-5 

Reactive P [mol/L] 6.60 x10-6 < 3.23 x10-7 < 3.23 x10-7 1.94 x10-6 3.23 x10-6 

As [mol/L] 1.60 x10-8 < 1.33 x10-8 < 1.33 x10-8 2.27 x10-7 3.20 x10-7 

Dissolved Oxygen [mol/L] Not measured < 1.25 x10-5 1.25 x10-5 Not measured Not measured 
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 Injectant Water 

CSG co-produced water was stored in an open 120 ML lined pond prior to transfer 

to the treatment facility. The treatment methods for the injectant included coarse filtration 

of suspended solids, ultrafiltration (UF), reverse osmosis (RO), ultra-violet (UV) 

irradiation and deoxygenation by membrane contactors. The water quality was closely 

monitored during both the injection and recovery periods. Water quality parameters, such 

as dissolved oxygen (DO), electrical conductivity (EC), pH, redox potential (ORP) and 

temperature, of the injectant water were recorded at a one-second interval by the process 

control system. 

Sodium was the most dominant cation (4.05 × 10-3 mol/L) in the injectant while 

chloride was the most dominant anion (2.06 × 10-3 mol/L), followed by bicarbonate (9.70 

× 10-4 mol/L). Calcium concentrations were below the detection limit (2.45 × 10-5 mol/L). 

The pH and temperature measurements in the field averaged to 9.3 and 19°C, 

respectively. The high pH of injected water could be attributed to degassing of 𝐶𝑂2 during 

storage in an open pond. Sulphate, reactive phosphorus and arsenic were not detected in 

the injectant. Low concentrations of silica (2.55 × 10-5 mol/L) were also measured (Table 

2-1 and Figure 2-1). 

A bromide tracer amendment was undertaken to determine the physical transport 

behaviour at the study site. Two separate pulses of 8.00 × 10-3 mol/L of 𝑁𝑎𝐵𝑟 were 

injected to increase the identifiability of the observed tracer concentration in response to 

the complex injectant signal. The tracer amendment was carried out towards the end of 

the injection phase (Figure 2-1) to minimise the required recovery period and to prevent 

the excessive dilution of bromide. The tracer solution was prepared by mixing 25kg of 

laboratory grade 𝑁𝑎𝐵𝑟 powder into the 30,000 L blending tank and was injected over 

approximately 4 hours. 
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Figure 2-1. Field injection trial average aqueous chemical compositions.  
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 Observed Geochemical Response 

The recovered water initially displayed a similar ionic composition to that of the 

injectant water, with generally no clear evidence of reactive processes. After the initial 

recovery phase, observed concentrations showed a general trend towards background 

conditions (Figure 2-1). The field-measured pH of the recovered water showed a 

successive transition from 8.79 towards background conditions (7.86). Both silica and 

reactive phosphorus also returned to the background groundwater concentrations. 

While absent in the background groundwater, sulphate was found in the recovered 

water at concentrations of up to 4.16 × 10-5 mol/L, indicating mineral dissolution process 

to release sulphate during subsurface residence of the injectant. The bromide 

breakthrough curve was observed during the initial recovery phase producing a distinct 

peak of 3.75 × 10-5 mol/L (Figure 2-1). 

The most noteworthy geochemical response occurred for arsenic, which peaked at a 

maximum concentration of 3.20 × 10-7 mol/L during the initial recovery phase, as arsenite 

(As(III)(Figure 2-1). This concentration of arsenic is above the World Health 

Organisation (WHO) and Australian drinking water guideline of 1.33 × 10-7 mol/L) but 

far below the water quality guideline of 6.67 × 10-6 mol/L for livestock use applicable to 

the Precipice aquifer targeted for injection in this study (ANZECC, 2000a). Among a 

range of possible geochemical mechanisms that have the potential to cause arsenic 

mobilisation, arsenic desorption from sediment surfaces due the injectant being more 

alkaline than the receiving groundwater appeared to be the most likely. To test this 

hypothesis and to quantify the arsenic sorption (adsorption/desorption) capacity and 

characteristics, a series of laboratory sorption experiments were performed with aquifer 

sediments under controlled geochemical conditions. 

2.4 Laboratory-Based Characterisation of As Sorption 

Behaviour 

 Arsenic Sorption Experiments 

The sorption experiments were carried out with sediment samples collected at a 

depth of 1332.53-1333.55 mBGS. The material was sieved to a size <2.0 mm and 

composited anaerobically. Batch experiments were carried out using 4.00 g of sediment 

material combined with an electrolyte solution of 40 mL of 6 mM 𝑁𝑎𝐶𝑙. The ionic 
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strength of this solution was comparable to the background groundwater of the target 

injection zone. This solution was prepared using deionised water, which was de-

oxygenated by purging with nitrogen gas for 4-5 hours and stored overnight in an 

anaerobic chamber (Coy Laboratories, Model AALC) containing 𝑁2/𝐻2 mixture, with 2% 

𝐻2 gas. Dissolved oxygen in this solution was not detected when measured using a WTW 

3430 with a FDO® 925 sensor.  

For each batch experiment, the sediment-solution suspension was continuously 

mixed end-over-end on a rotating mixer at 25 revolutions per minute (rpm) for an 

equilibration time of two days. Depending on the type of experiment, the electrolyte was 

amended with the stock solutions of As(III) and phosphate (from here on referred to as 

𝑃𝑂4) prepared using analytical grade 0.05 M 𝑁𝑎𝐴𝑠𝑂2 solution and 𝐾𝐻2𝑃𝑂4. Light-

impermeable brown polypropylene centrifuge tubes were used to prevent photo-catalysed 

oxidation of As(III). Experiments were conducted under 𝑁2/𝐻2 atmosphere in the 

anaerobic chamber. No attempts were made to suppress microbial activity. 

Naturally sorbed concentrations of arsenic and 𝑃𝑂4 on the surface sites of the 

aquifer sediments were measured as per the sequential extraction scheme (Keon et al., 

2001) and the modified Colwell-P method (Rayment & Lyons, 2011), respectively. 

Naturally sorbed arsenic was extracted by mixing 4.00 g of sediment with 40 mL of 0.5 

M 𝑁𝑎𝐻2𝑃𝑂4 at 25°C for 16 hours. Naturally sorbed 𝑃𝑂4 was extracted from the sediment 

by mixing 0.40 g of sediment with 0.5 M 𝑁𝑎𝐻𝐶𝑂3 at pH 8.5 for 16 hours at 25°C. 

Samples were centrifuged at 3,500 rpm for 10 min and the supernatants were collected 

and filtered using a 0.45 µm cellulose acetate membrane filter (Whatman). Supernatants 

from the 𝑃𝑂4 extractions were treated with 1 M 𝐻2𝑆𝑂4 and diluted to 50 mL with 

deionised water for laboratory analysis. 

Arsenic sorption experiments were carried out against varying arsenic concentrations, 

solution pH and 𝑃𝑂4 concentrations. Concentration dependent arsenic adsorption on 

aquifer sediments, i.e., adsorption isotherms, was determined for 3 batches of 7 samples 

each (Table 2). The solution pH in each batch was set to 6.10±0.05, 7.51±0.05 and 

9.25±0.05; and As(III) concentrations in samples within a batch were varied from 5.00 × 

10-7 mol/L to 2.00 × 10-5 mol/L. As(III) adsorbed from the solution was determined from 

the difference between the initial and the final aqueous concentrations. Arsenic adsorption 

as a function of pH was measured in 8 samples for an initial As(III) concentration of 2.00 

× 10-6 mol/L with solution pH values ranging from 5.70 to 9.85. The pH of each sample 
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was adjusted with ~0.1 and ~1.0 M 𝐻𝐶𝑙 or 𝑁𝑎𝑂𝐻 prior to adding As(III). The influence 

of 𝑃𝑂4 on arsenic adsorption at pH 9.17±0.10 was determined in 3 batches of 3 samples 

each. The initial As(III) concentration of each sample in all batches was adjusted to 5.00 

× 10-7, 1.00 × 10-6 and 2.00 × 10-6 mol/L, while the initial 𝑃𝑂4 concentrations of all 

samples in each batch were adjusted to 1.60 × 10-6, 3.20 × 10-6 or 6.40 × 10-6 mol/L. The 

final solution pH after completion of sorption experiments was measured using TPS WP-

90 with an IJ-44C pH electrode (Ionode). Samples were centrifuged at 4,500 rpm for 10 

min and the supernatants were collected and filtered using a 0.45 µm cellulose acetate 

membrane filter (Whatman) in the dark under anaerobic conditions. 
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Table 2-2. Summary of laboratory sorption experiments. 

Experiment Batches No. of samples 

per batch 

As added [µmol/L] Solution pH P as 𝑷𝑶𝟒 added [µmol/L] 

Isotherm #1 7 0, 0.5, 1, 2, 5, 10, 20 9.25 (for all samples) N/A 

#2 7 0, 0.5, 1, 2, 5, 10, 20 7.51 (for all samples) N/A 

#3 7 0, 0.5, 1, 2, 5, 10, 20 6.10 (for all samples) N/A 

pH #1 8 2 (for all samples) 5.70, 6.15, 6.50, 7.00, 7.25, 7.50, 8.50, 9.85 N/A 

Competition with P #1 3 0.5 (for all samples) 9.20 (for all samples) 1.6, 3.2, 6.4 

#2 3 1 (for all samples) 9.20 (for all samples) 1.6, 3.2, 6.4 

#3 3 2 (for all samples) 9.20 (for all samples) 1.6, 3.2, 6.4 
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The filtered samples were analysed for arsenic, iron, aluminium, magnesium, manganese, 

soluble reactive phosphorus, potassium, silicon and sodium including arsenic speciation 

for two samples from every experiment at the ChemCentre (Perth, WA). The samples 

were analysed using inductively coupled plasma (ICP) – mass spectrometry (MS) and 

atomic emission spectroscopy (AES); and arsenic speciation was carried out using 

hydride generation atomic absorption spectroscopy (HGAAS). The soluble reactive 

phosphorus (P) in the 𝑃𝑂4 extraction samples were measured by the flow injection 

analysis (method 4500P-G) (APHA, 2012). Arsenic speciation measured on selected 

supernatant samples from each experiment did not detect As(V), thereby confirming that 

no oxidation of As(III) had occurred during the experiments. 

 Observed Geochemical Response 

The sediment used in sorption experiments were measured to have naturally sorbed 

concentrations of 14.24 µmol/kg of arsenic, presumably As(III), and 129 µmol/kg of 

phosphate, respectively. The adsorption of As(III) onto sediments produced non-linear 

isotherms under varying pH and As(III) solution concentrations as shown in Figure 2-2. 

Sorption capacity of the sediment was observed to be higher at a pH of 7.51 compared to 

that at 6.10 and 9.25. This trend was consistent with the results of studies on Fe(III)-

oxides (Dixit & Hering, 2003; Pierce & Moore, 1982; Raven et al., 1998), amorphous Al-

oxide (Goldberg, 2002), and certain clay minerals (Goldberg, 2002; Manning & 

Goldberg, 1997a).  

Sorption of As(III) onto sediment material over the pH range from 5.70 to 9.85 is 

shown in Figure 2-2. Sorption was observed to increase gradually from pH 5.70 to 7.25, 

followed by a gradual, then steep decline for pH values above 8.50. As(III) concentration 

at a solution pH of 9.85 was observed to be higher than the added concentrations 

suggesting that some of the naturally sorbed As(III) on the sediments was mobilised. The 

sorption trend observed between a pH of 5.70 and 9.85 was similar to that reported in 

previous studies conducted with either laboratory synthesised minerals, such as Fe(III)-

oxides (Dixit & Hering, 2003; Manning et al., 1998; Pierce & Moore, 1982; Raven et al., 

1998; Stachowicz et al., 2006), and amorphous Al-oxide (Goldberg, 2002), or with pure 

clay minerals (Goldberg, 2002; Manning & Goldberg, 1997a). On the other hand, sorption 

behaviour is known to vary for aquifer sediments sourced from different locations by 

exhibiting either increasing, decreasing or no effect of increasing solution pH (Manning 

& Goldberg, 1997b).  
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Competition for sorption between 𝑃𝑂4 and As(III) at varying solution 𝑃𝑂4 concentrations 

was not observed (Figure 2-2) likely due to the small, yet field-relevant, 𝑃𝑂4 

concentrations used in the experiments and an abundance of surface sorption sites on the 

sediment. Such competition has previously been observed on Fe(III)-oxides (Dixit & 

Hering, 2003; Jain & Loeppert, 2000; Stachowicz et al., 2008), and on aquifer sediments 

(Gao et al., 2013; Rathi et al., 2017; Thi Hoa Mai et al., 2014). 

 Surface complexation model (SCM) 

The analytical data obtained from laboratory-based sorption experiments was used to 

develop a site-specific surface complexation model (SCM) for arsenic. A non-

electrostatic generalised composite surface complexation modelling (GC-SCM) (Davis et 

al., 1998) approach was utilised to account for the inherent physical and chemical 

heterogeneity of natural sediments without the need for quantification of the surface 

charge and electric potential of sediment surfaces. The geochemical model PHREEQC 

v2 (Parkhurst & Appelo, 1999) was used to analyse the data collected from the sorption 

experiments. A set of surface complexation reactions for arsenic, as As(III), and 

competing anion 𝑃𝑂4 on a generic surface sorption site, Site_OH, were defined in the 

WATEQ4F database (Ball & Nordstrom, 1991). The GC-SCM parameters included 

apparent equilibrium constants (log K) and the density of surface sorption sites (ml) 

(Table 2-3). The protonation and dissociation reactions of the surface sorption sites were 

excluded in the model. All 38 samples from sorption experiments were sequentially 

simulated in PHREEQC by invoking a batch-type equilibrium reaction step between a 

given solution composition and the surface, Site_OH, at the respective solution pH value. 

The initial values of the GC-SCM parameters were determined through manual 

calibration and subsequently, further modified during automated calibration and 

uncertainty analyses. 
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Figure 2-2 Laboratory As(III) sorption experimental observations and surface complexation model 

(SCM) simulations. (a) Adsorption of As(III) on aquifer sediment produced non-linear isotherms and 

demonstrated highest sorption capacity at pH of 7.51. SCM simulations matched the trends for 

arsenic adsorption with the best model fits observed for data at pH values of 7.51 and 9.25. The 

simulated output is slightly underestimated at a pH of 7.51, while being overestimated at a pH of 6.10 

and 9.25. (b) As(III) sorption with changing solution pH increase gradually from pH 5.70 to 7.25, 

followed by a gradual, then steep decline for pH values above 8.50. Some of the naturally sorbed 

As(III) was mobilized at pH 9.85. SCM captured the effects of solution pH on adsorbed arsenic very 

accurately. The simulated output demonstrated highest sorption capacity of the sediments around 

pH 7.50, while no adsorption was observed at pH above 9.50. (c) No competition for sorption between 

𝑷𝑶𝟒 and As(III) at varying solution 𝑷𝑶𝟒 concentrations was observed. SCM was able to simulate the 

lack of competitive effect between arsenic and 𝑷𝑶𝟒 sorption. 
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Table 2-3. Surface complexation reactions of As and P and calibrated GC-SCM and field-scale RTM parameters. 

Solution 

Species 

Description Parameters Values Parameter Bounds in Calibration 

lower upper 

Laboratory GC-SCM parameters     

As(III) Site − OH + AsO3
3− + 3H+ = Site − H2AsO3 +  H2O                         (2-1) 𝑙𝑜𝑔K1 44.84 35 46 

Site − OH + AsO3
3− + 2H+ = Site − HAsO3 + H2O                           (2-2) 𝑙𝑜𝑔K2 30.48 20 36 

Site − OH + AsO3
3− + H+ = Site − AsO3 + H2O                                (2-3) 𝑙𝑜𝑔K3 16.34 12 26 

P Site − OH + PO4
3− + 3H+ = Site − H2PO4 +  H2O                             (2-4) 𝑙𝑜𝑔K4 32.44 23 35 

Site − OH + PO4
3− + 2H+ = Site − HPO4 +  H2O                               (2-5) 𝑙𝑜𝑔K5 14.26 12 27 

Site − OH + PO4
3− + H+ = Site − PO4 + H2O                                   (2-6) 𝑙𝑜𝑔K6 18.16 10 20 

Laboratory surface sites Site − OH [moles] 𝑚𝑙 2.050 × 10-5 5.00 × 10-6 1.00 × 10-3 

Naturally sorbed arsenic (mol/kg)  1.424 × 10-5 - - 

Naturally sorbed phosphate (mol/kg)  1.292 × 10-4 - - 

Field-scale RTM parameters     

Longitudinal dispersivity (m) αL 1.29   
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Horizontal transverse dispersivity (m) αT 0.226   

Thermal diffusion coefficient (m2/day) D 2.0   

Thermal distribution coefficient (m3/kg) Kd 2.00 × 10-4   

Pyrite concentration (mol/kg) (Prommer et al., 2016) pyr 9.275 × 10-2   

Field surface sites Site − OH [moles] 𝑚𝑓 1.647 × 10-6 5.00 × 10-8 1.00 × 10-4 

Arsenopyrite fraction in pyrite (mol%) aspy 2.65 0.005 0.05 

Dissolved oxygen [mol/L] do 1.753 × 10-4 1.25 × 10-5 5.00 × 10-4 
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 Field-scale Reactive Transport Model for Arsenic 

At the field-scale, reactive transport of arsenic was simulated to analyse the observations 

from the injection trial and to predict the long-term behaviour of arsenic. In the first step, 

a non-reactive, conservative version of the model was used to estimate the physical 

transport processes. Subsequently, reactive transport processes were invoked, while 

incorporating and upscaling the information gained from the laboratory experiments and 

associated GC-SCM results. 

 Flow, Conservative Solute and Heat Transport 

The numerical flow model was constructed using MODFLOW (Harbaugh, 2005) 

and subsequent physical transport simulations were performed with PHT3D (Prommer et 

al., 2003). Measured tracer (𝐵𝑟) and conservative species (𝐶𝑙) data were used as the main 

constraints for calibrating the adjustable physical transport parameters, i.e., the 

longitudinal (𝛼𝐿) and transverse (𝛼𝑇) dispersivities.  

As substantial temperature differences occurred between the background 

groundwater in the Precipice Sandstone (~62 ºC) and the injected water (~19 ºC), heat 

transport was therefore considered (i) as an additional environmental tracer and (ii) to 

appropriately consider the temperature-dependency of geochemical reactions. In the 

simulations, temperature was considered as an additional species and heat transport 

parameters were selected based on the similarities between solute and thermal energy 

transport, as discussed earlier (Anderson, 2005; Engelhardt et al., 2013; Ma et al., 2012; 

Seibert et al., 2014). Measured temperature data was used to calibrate the thermal 

diffusion (D) and thermal distribution (Kd) parameters. 

 Model Domain and Discretisation 

The model was set up as a radial-symmetric model under the assumptions that (i) the 

influence of the background groundwater flow was negligible over the duration of the 

injection experiment and (ii) that aquifer heterogeneity in lateral direction was not 

significant. The vertical extent of the model was limited to depths between 1278–1346.5 

mBGS, and discretised into 24 layers of varying thickness, porosity and hydraulic 

conductivity. The vertical discretisation was selected to consider the heterogeneity 

suggested by the wireline logging responses. The Moolayember at depth > 1346.5 m was 

considered impermeable. Each layer was assumed to be homogenous and continuous in 

the lateral direction. A log transform was performed to estimate the hydraulic 
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conductivity of each layer. This was based on a porosity-permeability relationship 

obtained from a database of publically available petroleum industry data and corrected to 

match the transmissivity obtained from pumping test analysis of the injection bore 

(Sreekanth & Moore, 2015). The lateral discretisation varied between 1 m, near the 

injection/extraction well, and 43 m at the column most distant from the well (Figure 2-3). 

 

Figure 2-3. Field-scale groundwater flow model grid. The model was set up as a radial-symmetric 

model through Precipice sandstone and Precipice BSF layers and model grid was discretized into 24 

layers of varying thickness, porosity and hydraulic conductivity. Each layer was assumed to be 

homogenous and continuous in the lateral direction. Hydraulic conductivity and porosity values of 

each layer was taken from (Sreekanth and Moore, 2015). The color fill represents the horizontal 

hydraulic conductivity values along the layers. The lateral discretization varied between 1 m, near 

the injection/extraction well, and 43 m at the column most distant from the well. Well screen was 

assigned to the left-most column between depths 1290 and 1346.5 mBGS. A constant head boundary 

was assigned to the right-most column. Sediment sample for laboratory sorption experiments was 

collected at a depth of 1332.53-1333.55 mBGS prior to well construction. 

Continuously measured injection and extraction rates were discretised into daily 

steps in the model. The chemical analysis of groundwater samples prior to the start of the 

injection trial was used to define the background groundwater composition (Table 2-1), 

while the regularly measured injectant compositions were used to define the time-varying 

injectant composition in the model.  

 Model Parameters 

Physical and heat transport parameters were estimated by constraining them with the 

measured 𝐵𝑟 and 𝐶𝑙 concentrations as well as measured temperatures. The estimated 

dispersivity values of 𝛼𝐿 =1.29 m and 𝛼𝑇 = 0.226 m, and thermal coefficient values of D 

= 2.00 m2/day and Kd = 2.00x10-4 m3/kg provided a good agreement between simulation 

results and observations (Figure 2-4). The good agreement was achieved without 
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invoking a dual-domain approach, which suggests that fracture flow and transport may 

not occur, or at least not be a dominant feature, within the investigated zone of the 

Precipice aquifer. A sensitivity analysis also indicated that the resulting parameter 

estimates were relatively unique and uncorrelated. Therefore, these parameters were 

assumed to have little impact on the estimation of the parameters controlling geochemical 

reactions. The estimated dispersivity values were subsequently fixed to their calibrated 

values for the remainder of this study. 
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Figure 2-4. Field injection trial observations and field-scale conservative solute, heat and reactive transport model simulations. The figure illustrates the injected and the 

extracted water compositions measured over the injection phase (65 days) and the first 65 days of the recovery phase. The injectant chemical compositions were used as a 

time-varying injectant composition in the model. Physical transport and thermal parameters were derived by calibrating Br and Cl concentrations and temperature 

observations and were fixed during the reactive transport model (RTM) calibration. In the RTM, arsenic mobilization was modelled using desorption (primary process) and 

co-release with pyrite oxidation (secondary process). The equilibrium constants in the laboratory-derived SCM were included and kept fixed while an upscaled field surface 

site density parameter (mf) was estimated. The pyrite oxidation was simulated using parameter do which represented the dissolved oxygen concentrations in the injectant. 

The arsenopyrite fraction (aspy) parameter controlled the co-release of arsenic during pyrite oxidation. The model which included all three parameters (Model 1, blue solid 

line) produced the best calibration for all the reactive species. Models with either negligible dissolved oxygen in injectant (Model 2, green solid line) or with no arsenopyrite 

fraction (Model 3, red dashed line) failed to calibrate arsenic observations. Model 2 simulations confirms the occurrence of pyrite oxidation during the injection trial. 
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 Reaction Network 

The conservative solute transport model was extended to simulate multi-component 

reactive transport with a primary focus on the processes affecting the fate of arsenic. The 

most common previously reported mechanisms for arsenic mobilisation were (i) the 

reductive dissolution of Fe(III) (oxy)hydroxides (McArthur et al., 2004; Nickson et al., 

2000); (ii) co-release of arsenic during the oxidation of Fe-sulphides (Wallis et al., 2011; 

Wallis et al., 2010); and (iii) arsenic desorption from sediment surfaces due to either 

changing solution pH or competing anions (Smedley & Kinniburgh, 2002). In the present 

case, reductive dissolution of Fe(III) (oxy)hydroxides was deemed unlikely due to the 

prevalent reducing conditions (due to dissolved methane) in the Precipice Sandstone 

aquifer, which makes it unlikely for a significant fraction of easily-reducible iron minerals 

to persist. And in case any Fe(III) (oxy)hydroxides still persisted in the highly reducing 

aquifer, the injectant would have needed to contain a suitable reductant to cause further 

reductive dissolution, which was not the case. Furthermore, co-release of arsenic during 

the oxidation of Fe-sulphides, e.g., pyrite, was initially considered unlikely since the 

injectant was deoxygenated and other potential oxidants such as, nitrate or chlorine, were 

not present. However, sulphate concentrations in the recovered water were observed (4.16 

× 10-5 mol/L) in excess of the background value which was at the detection limit of 1.04 

× 10-5 mol/L, suggesting that pyrite oxidation may have occurred.  

As briefly mentioned above, desorption of arsenic from the sorption sites on 

sediment surfaces due to the changing solution composition was considered to potentially 

be the main cause for arsenic mobilisation. Arsenic desorption could be caused by either 

as a result of changes in the solution pH (Dzombak & Morel, 1990), or competing anions, 

most importantly by 𝑃𝑂4 (Jain & Loeppert, 2000) and 𝐻𝐶𝑂3 (Appelo et al., 2002). The 

pH in the injectant (avg. 9.30) was significantly above the pH in the background water 

(avg. 7.86). On the other hand, concentrations of 𝑃𝑂4 in the injectant water were below 

detection limit (3.23 × 10-7 mol/L) and 𝐻𝐶𝑂3 concentrations in the injectant were below 

those in the background water. Moreover, the laboratory-based measurement of sediment 

arsenic sorption characteristics suggest that the change in solution pH could be the 

primary cause of arsenic mobilisation. In the field-scale RTM, arsenic desorption was 

considered as the primary mechanism for arsenic mobilisation by incorporating the 

surface complexation reactions of As(III) and 𝑃𝑂4 from the laboratory-derived GC-SCM.  
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Additionally, due to the observed sulphate concentrations in the extracted water, 

we also considered the possibility of pyrite oxidation:   

𝐹𝑒𝑆2 + 3.75𝑂2 + 3.5𝐻2𝑂 = 𝐹𝑒(𝑂𝐻)3 + 2𝑆𝑂4
2− + 4𝐻+  (2-7) 

This reaction could have occurred in case of residual dissolved oxygen being 

contained in the injectant water. This could plausibly explain the occurrence of up to 4.16 

× 10-5 mol/L of sulphate in the recovered water. Kinetically controlled pyrite oxidation 

was modelled as described earlier in (Wallis et al., 2011; Wallis et al., 2010):  

𝑟𝑝𝑦𝑟 =  [(𝐶𝑜2
0.5 + 𝑓2𝐶𝑁𝑂3

−
0.5 )𝐶𝐻+

−0.11 × (10−10.19 ×
𝐴𝑝𝑦𝑟

𝑉
) (

𝐶

𝐶0
)

𝑝𝑦𝑟

0.67
] (2-8) 

where, 𝑟𝑝𝑦𝑟 is the specific oxidation rate for pyrite, 𝐶𝑂2
, 𝐶𝑁𝑂3

− and 𝐶𝐻+ are the oxygen, 

nitrate and proton groundwater concentrations, respectively, (
𝐴𝑝𝑦𝑟

𝑉
) is the ratio of mineral 

surface area to solution volume set to 115 dm-1mol-1, and (
𝐶

𝐶0
) is a factor that accounts 

for changes in 𝐴𝑝𝑦𝑟 resulting from the progressing reaction. Parameter 𝑓2 is a constant, 

which was assumed to be unity (Eckert & Appelo, 2002; Prommer & Stuyfzand, 2005). 

Arsenic is often incorporated into the structure of pyrite and has shown to co-dissolve 

during pyrite oxidation (Jones & Pichler, 2007). This process was considered in our model 

and the rate of release (𝑟𝑎𝑠𝑝𝑦) of arsenic associated with pyrite (i.e., arsenopyrite) 

oxidation was considered by scaling 𝑟𝑝𝑦𝑟 with a proportionality term (𝑎𝑠𝑝𝑦), which 

represents the molar ratio of arsenic within pyrite: 

𝑟𝑎𝑠𝑝𝑦  =  𝑎𝑠𝑝𝑦 × 𝑟𝑝𝑦𝑟    (2-9) 

The reported values of aspy found in pyrite is known to vary considerably from about 

0.013 mol% to as high as 4.06 mol% (Welch et al., 2000). The value of aspy was not 

measured for the sediments used in this study and was therefore considered as an 

unknown parameter in the field-scale RTM and was estimated during the calibration 

procedure discussed below. 

 Upscaling 

Upscaling of the laboratory-derived GC-SCM to the field-scale RTM required 

consideration of the difference in heterogeneities between the two systems. The term 

heterogeneity here refers to the differences in the total mass of the sediment involved in 

the two experimental methods, the differences in the solid-solution ratios, the elapsed 

experimental times, the spatial extent of the two systems, the complexity arising due to 
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the interplay between chemical and physical processes, and the mixing due to advection 

(Miller et al., 2010). Miller et al. (2010) found that the upscaling was most successful 

when non-electrostatic GC-SCMs were employed with the differences in heterogeneity 

between the laboratory and field scale systems being handled by the scaling of the surface 

area of the sediments. In the literature this has in several instances been achieved through 

some form of upscaling approach that links the laboratory and field-relevant surface areas 

of the sediment. For instance, Curtis et al. (2006) estimated the total surface area of 

aquifer sediments for their uranium transport model by applying a factor based on the 

porosity and the percentage of the aquifer sediment represented by their laboratory 

sample. They, along with Davis et al. (2004) and Stollenwerk (1998), also used the 

reactive surface area for scaling by including additional types of sorption sites to 

explicitly consider the chemical heterogeneity of mineral surfaces. However, the presence 

of poorly crystalline phases and surface coatings on the sediment grains can make it 

difficult to separate reactive surface area from the total area for both idealised, e.g., lab-

synthesised, and natural sediments (Arnold et al., 1998; Arnold et al., 2001; 

Lützenkirchen et al., 2002).  

In GC-SCMs developed for laboratory batch experimental data, the employed 

surface area represents an averaged metal(loid) sorption behaviour over both the reactive 

and nonreactive areas on the sediment surface. Upscaling a GC-SCM from laboratory to 

field scale by modifying the total surface area assumes that (i) the degree of surface 

heterogeneity of the experimental sediment material used to formulate the SCM is similar 

to that found in the field, and that (ii) the water-sediment interactions and reactivity will 

be similar in field conditions compared to lab conditions (Curtis et al., 2004). Based on 

these assumptions, we derived the surface sorption site density of aquifer sediments in 

the field-scale RTM (mf) by applying a proportionality term, or scaling factor (𝑠𝑐𝑓), to 

the laboratory-scale surface sorption site density (ml) such that, 

𝑚𝑓  =  𝑠𝑐𝑓 × 𝑚𝑙     (2-10) 

The value of 𝑠𝑐𝑓 was estimated in the calibration of the field-scale RTM against the data 

collected from the field injection experiment. 
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2.5 Model Calibration and Uncertainty Analysis 

 Model Calibration 

 Laboratory-derived GC-SCM 

The laboratory-scale GC-SCM contained seven independent parameters consisting 

of six surface complexation equilibrium constants (log K) and one laboratory-scale 

surface site density (ml). There were a total of 47 observations consisting of aqueous 

arsenic and phosphate concentrations. All observations from these arsenic sorption 

experiments were assigned weights that reflect their magnitudes and measurement noise. 

The optimal parameter set was determined by minimizing an objective function defined 

as the sum of squared weighted residuals between the observations and their 

corresponding model-simulated equivalents.  

The laboratory GC-SCM is highly nonlinear with a CPU run-time of ~1 s. 

Therefore, this model is well suited for derivative-free calibration methods such as 

Markov-Chain Monte Carlo (MCMC) and heuristic methods. For example, the DREAM 

software (Vrugt et al., 2009) utilises a variant of the Metropolis-Hastings MCMC method 

employing differential evolution as a heuristic procedure to enhance algorithmic 

performance. Another option, known as the Particle Swarm Optimisation (PSO) 

algorithm, is a heuristic method that has shown promise in efficiently finding globally 

optimal solutions to highly nonlinear optimisation problems (Eberhart & Kennedy, 1995). 

PSO is employed in this study for calibrating the laboratory-scale GC-SCM. Our PSO 

algorithm was recently parallelised using the YAMR run manager contained within the 

PEST++ software suite (Welter et al., 2015) similar to the procedure employed by 

Rawson et al. (2016) and Rathi et al. (2017).  

Overall, the calibrated GC-SCM captures the observed data reasonably accurately 

over the tested concentration range (Figure 2-2). In the isotherm experiments, model 

simulations match the trends for arsenic adsorption with the best model fits observed for 

data at pH values of 7.51 and 9.25. The simulated output is slightly underestimated at a 

pH of 7.51, while being overestimated at a pH of 6.10 and 9.25 (Figure 2-2). The model 

simulations also capture the effects of solution pH on adsorbed arsenic very accurately. 

The model output demonstrates that the highest sorption capacity of the sediments is 

around a pH of 7.50, while no adsorption was observed at pH values above 9.50 (Figure 

2-2). The model is able to simulate the lack of competitive effect between arsenic and 
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𝑃𝑂4 sorption, similar to the experimental data (Figure 2-2). However, the model 

calibration is at its worst for these experiments. The simulated output underestimated 

sorbed arsenic while overestimating the solution 𝑃𝑂4 concentrations. This poor level of 

model calibration could not be improved, suggesting that the model-structure may contain 

errors. Addressing model-structure errors was beyond the scope of this study, as it would 

require further geochemical characterisation of the sediment material in order to include 

additional processes in the conceptual model. However, since the experimental results 

showed no competition between arsenic and 𝑃𝑂4, no further analysis was deemed critical 

for the purpose of utilizing the SCM in the field RTM. A calibrated parameter set for the 

GC-SCM is listed in Table 2-3. Further examination of the particle positions upon 

completion of the PSO calibration process suggested that the optimal parameter set is 

non-unique with several parameters exhibiting strong correlations and mild insensitivity. 

This correlation and insensitivity is a source of uncertainty that is addressed quantitatively 

later in this paper. 

 Field-scale RTM 

The field-scale RTM contains nine parameters consisting of the six surface 

complexation equilibrium constants (log K) defined in the GC-SCM, the up-scaled field 

surface site density parameter (mf), the stoichiometric ratio 𝐴𝑠: 𝐹𝑒𝑆2 that expresses how 

much arsenic is structurally incorporated into pyrite (aspy), and dissolved oxygen 

concentration (do) parameters. The latter parameter (do) was included to investigate the 

origin of the elevated sulphate (𝑆𝑂4) concentrations that were observed during the 

recovery phase of the field trial. We speculated that the most plausible cause was (i) that 

the injection of low levels of oxygen may have occurred accidentally, despite the 

measured oxygen concentrations being consistently below 1.25 × 10-5 mol/L, or (ii) that 

some other unidentified process with equivalent consequences (i.e., 𝑆𝑂4 and arsenic 

release) had occurred. A wide range of other conceptual models (e.g., oxidation events 

during well construction, gypsum dissolution) were also considered but eventually 

discarded because they were unable to reproduce observed concentration patterns, and 

are therefore not discussed here.  

A total of 151 observations consisting of aqueous arsenic, 𝑃𝑂4, 𝑆𝑂4 concentrations, 

and pH were available for field-scale RTM calibration. The scaling factor parameter (scf) 

was estimated during the automated calibration and the corresponding field surface site 

density parameter (mf) was calculated using Eqn. 2-10. The objective function was 
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defined in the same way as discussed previously. However, due to much longer CPU run-

times of >1 hour, gradient-based local-search methods were required for the calibration 

of the field-scale RTM. Therefore the Gauss-Levenberg-Marquardt algorithm contained 

in the PEST software suite (Doherty, 2016a, 2016b) was employed for this task.  

In order to reduce the computational expense associated with calibrating the field-

scale RTM to the reactive constituents, and alleviate some of the effects of correlation 

and insensitivity, the six surface complexation equilibrium constants estimated for GC-

SCM were used in the calibration of the field-scale RTM as fixed constants. This reduces 

the parameter dimension from nine to three, resulting in a very efficient calibration 

procedure as well as in significant computational reductions for the subsequent predictive 

uncertainty quantification. Overall, the calibrated field-scale RTM (Model 1) captures the 

observed data accurately (Figure 2-4). The calibrated values for aspy, do, and mf are 

0.0265 (or 2.65 mol%), 1.753 × 10-4 mol/L and 1.647 × 10-6 mol sites, respectively (Table 

2-3).  

Although these results reproduce the observed behaviour in the field quite well, it 

is important to evaluate the necessity for the inclusion of the oxidation processes 

considered in this study. Therefore, two additional field-scale RTM variants were 

considered. The first variant (Model 2) assumed that no arsenic was present in 

mineralised-form within the sediment material, thus leaving sorption as the only process 

to control the release of arsenic and its attenuation. The second variant (Model 3) assumed 

that the injectant contained a dissolved oxygen concentration of 1.25 × 10-5 mol/L, which 

is equivalent to the reporting limit of the membrane filter unit used for deoxygenation 

during the field injection trial. Arsenic mobilization in both model variants is caused by 

desorption due to the high injectant pH and the modelled concentrations matched the 

background aqueous arsenic concentrations in the aquifer (Figure 2-4). These results 

clearly illustrate that a much better agreement between simulated and measured data is 

achieved when arsenic is mobilised through desorption from surface sites and in 

association with a low oxygen-limited rate of pyrite oxidation. All subsequent analysis of 

field-scale RTM were conducted using Model 1. 

 

 

 



Multiscale characterisation and quantification of arsenic mobilisation and attenuation during injection of 

treated coal seam gas co-produced water into deep aquifers 

35 

Figure 2-5 shows contour snapshots of the key species of interest in the aquifer 

derived from the field-scale RTM for simulation times that correspond to a day during 

the injection (50 days), just after the start of recovery (151 days) and towards the end of 

the recovery period (215 days). Time-lapse 𝐵𝑟 profiles show the distribution of 

conservative solute during the injection trial. Due to the tracer injection towards the end 

of injection phase, 𝐵𝑟 concentrations remains at background levels on Day 50. 𝐵𝑟 has 

travelled its maximum distance by Day 151 in the most permeable layers and on Day 215 

almost all of 𝐵𝑟 has been recovered. The temperature profiles were more evenly 

distributed with depth due to attenuation of temperature gradients by heat conduction and 

due to the early arrival of the transient temperature signal in the highly permeable layers. 

This behaviour was also reported by Seibert et al. (2014). The pH depth profiles clearly 

show that at some depth coinciding with the most permeable layers the injected water 

travelled more than 80 m laterally. Arsenic distribution patterns are affected by oxidation 

of arsenopyrite in the zones where dissolved oxygen is transported to by advection. 

However, arsenic migration in most parts of the model domain was limited to 40 m largely 

due to sorption on sites vacated by phosphate, which was displaced by advective flow and 

the high pH of the injectant. The aqueous arsenic concentration at the well on day 215 

(Figure 2-5), when flux weighted, matched the observed concentration in the pumping 

well (Figure 2-4) which shows that the aquifer approached its original conditions near the 

end of the recovery phase. 
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Figure 2-5. Time-lapse depth profiles in the field-scale RTM. The time-lapse depth profiles of solution 

bromide, temperature, pH, solution arsenic, adsorbed arsenic, and solution phosphate in the 

calibrated field-scale RTM at time intervals 50, 151 and 215 days are illustrated here. 

 Parameter Uncertainty 

The quantification of predictive uncertainty is essential when using the field RTM 

to quantify the long-term, large-scale fate of arsenic. Predictive uncertainty can stem from 

two primary sources, (i) parameter error, and (ii) model-conceptual (or model-structural) 

error. In this study, we focus on parameter error; however, we recognise that model-

structure error, while beyond the scope of this study, may also play a role.  

The quantification of parameter uncertainty for nonlinear modelling studies is 

usually accomplished via Monte Carlo techniques (Keating et al., 2010; Siade et al., 2015; 

M. Tonkin & Doherty, 2009; Vrugt et al., 2009). This process can be computationally 

challenging. The level of computational resources required depends on many factors 

within three general categories, (i) parameter dimension, (ii) the CPU run-time of a single 
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forward model simulation, and (iii) the degree of nonlinearity exhibited between model 

parameters and the model-simulated equivalents of observations. These three categories 

can also compound upon one another; for example, if both the parameter dimension and 

the CPU run-time are large, the cost of uncertainty quantification is increased 

dramatically. Based on preliminary model results, it was clear that several parameter 

combinations exhibited insensitivity and moderate correlations (e.g., aspy versus mf). 

These observations indicate that, even though the effects of model-structural errors are 

ignored in this study, the predictive uncertainty associated with the use of the field-scale 

RTM, due to parameter error, is potentially significant and should be quantified.  

In this study, we propose a novel, yet relatively simple methodology to overcome some 

of the computational issues associated with all three of the aforementioned categories. 

The proposed approach is driven by the simple fact that the CPU run-time of the 

laboratory-scale model is on the order of ~1s (over 3000 times faster than the field RTM). 

Therefore, we propose to use the laboratory model to quantify as much of the parameter 

uncertainty as possible for the associated parameters, i.e., the six surface complexation 

equilibrium constants. This is accomplished relatively quickly, resulting in numerous 

samples of these parameters that calibrate the laboratory-derived GC-SCM within a 

specified level, which is defined by the weighted least-squares objective function. 

Subsequently, we incorporate the results of this uncertainty quantification procedure into 

the field-scale RTM. Since the uncertainty associated with the surface complexation 

equilibrium constants is already quantified, the number of parameters, or the degree of 

freedom, that are considered in the field-scale RTM uncertainty analysis is reduced from 

nine to three. This reduction in parameter dimension dramatically reduces the 

computational requirement associated with predictive uncertainty quantification 

performed with the field-scale RTM. The individual steps of this approach are 

summarised in in Figure 2-6. 
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Figure 2-6. Methodology for model calibration and uncertainty analysis. The parameter set, p, 

consists of all the parameters considered in the field-scale RTM. Some of the parameters in the 

laboratory-derived GC-SCM will not exist in the parameter set p, and vice versa. Therefore, only the 

parameters from the GC-SCM that also exist in p are retained from the parameter uncertainty 

analysis for the GC-SCM, and comprise the vector plab (i.e., from Step 1). When calibrating the RTM 

(Steps 3 and 4), the plab component of p is fixed since this component already successfully calibrates 

the GC-SCM and no further calibration is needed. In Step 4, the RTM is calibrated with the scaling 

factor (scf) as a parameter; therefore, the laboratory value for surface site density (ml) is required 

from the GC-SCM in order to set the site density for the field model (mf) during the model calibration 

process. 

 Laboratory GC-SCM Parameter Uncertainty 

As for calibration, the characteristics of the laboratory-derived GC-SCM (i.e., 

highly nonlinear, but short CPU run-time) suggest that derivative-free global-search 

Monte Carlo techniques should be employed. With our primary goal of this step being to 
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develop a set of parameter samples, rather than a complete description of the posterior 

probability distribution of parameters, we chose to implement a fast, simple Monte Carlo 

variant of the PSO algorithm.  

The basic PSO algorithm utilises the socio-cognitive nature of biological swarms 

to find the solution to a general optimisation problem in which a fitness function is 

minimised (Eberhart & Kennedy, 1995). For calibration, the fitness function is the 

weighted least-squares objective function. The particle positions in the swarm are defined 

as their positions in parameter space; in our study this vector space has a dimension of 

six. Particles “move” randomly through parameter space according to simple rules 

comprised of a social component (based on the best particle in the swarm, the g-best 

position), a cognitive component (based on the best performance of the individual particle 

thus far, the p-best position), and the momentum from a previous movement. 

Convergence is achieved when the particle position with the best fitness function value 

stops improving. 

This PSO algorithm was modified to run in a Monte Carlo mode (Figure 2-6, Step 

1). This is accomplished by simply removing (and saving) particle positions (i.e., 

parameter values), at a given iteration, that produce a weighted least-squares objective 

function value below a specified threshold. Once a particle has been removed in this way, 

a new particle is initialised randomly in its place. The iterative PSO algorithm then 

proceeds as normal onto the next iteration, where the particles’ objective functions are 

again evaluated, and compared to the specified threshold. This process continues until a 

desired number of parameter sets have been saved. In practice, once the swarm of 

particles gets “close” to the calibration threshold, this procedure can produce many 

calibrated parameter samples per iteration. However, it might be biased by the g-best 

particle position if that position remains stagnant for a large number of iterations. This 

phenomenon is alleviated via two considerations. The momentum (or inertia) of a particle 

position is reduced if it is close to the threshold; this increases the likelihood that this 

particle will fall below the threshold quickly. Additionally, neighbourhoods are used such 

that the influence of the g-best position on the swarm is reduced, or diffused; this slows 

the convergence of the algorithm but promotes a more diverse search of the parameter 

space. 

The calibration threshold used for this procedure with the laboratory-derived GC-SCM 

was set to a value just slightly above the lowest weighted least-squares objective function 
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observed in the calibration (Figure 2-6, Step 1). The Monte Carlo PSO algorithm was run 

in parallel across many CPUs using the YAMR run manager in the PEST++ software 

suite (Welter et al., 2015). The swarm size was set to 100 with a neighbourhood size of 

10. In just over an hour of execution time on an eight-core desktop computer, 900 

parameter sets were obtained, each of which calibrate the laboratory GC-SCM. Basic 

statistics were also conducted on these parameter results (Table 2-4). Obtaining a large 

sample size is important, and considering the computational resources available, 900 

parameter sets was deemed sufficient for this study. 

The strong correlation observed between GC-SCM parameters 𝑙𝑜𝑔𝐾1 (reaction 2-

1) and 𝑙𝑜𝑔𝐾6 (reaction 2-6) could be attributed to competition for sorption sites between 

aqueous species 𝐻3𝐴𝑠𝑂3 and 𝐻𝑃𝑂4
2−, that prevail in the experimental pH range of 7.5 

and 9.3. Despite this correlation, these parameters were well constrained by the 

experimental data and hence their values were very unique (see posterior variance and 

ranges in Table 4). The parameter values of 𝑙𝑜𝑔𝐾3 (reaction 2-3) and 𝑙𝑜𝑔𝐾5 (reaction 2-

5) were relatively uncertain most likely due to insensitivity. 
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Table 2-4. This table lists basic sample statistics for the 900 realisations of the Monte Carlo uncertainty analysis presented in this study. The most likely ranges for the 

parameters are based on the modal bin ranges of the posterior histogram; each parameter range was divided into 5 bins for this calculation. 

Short 

Parameter 

Name 

Absolute Range Most Likely Range 

Posterior 

Standard 

Deviation 

Posterior 

Relative 

Standard 

Deviation 

(RSD%) 

Correlation Coefficients 

Lower Upper Lower Upper mf aspy do 𝒍𝒐𝒈𝐊𝟏 𝒍𝒐𝒈𝐊𝟐 𝒍𝒐𝒈𝐊𝟑 𝒍𝒐𝒈𝐊𝟒 𝒍𝒐𝒈𝐊𝟓 𝒍𝒐𝒈𝐊𝟔 

mf 3.03 ×10-08 5.02 ×10-07 1.25 ×10-07 2.19 ×10-07 7.43 ×10-08 40.39% 1.00 

        

aspy 1.81 ×10-02 3.74 ×10-02 2.19 ×10-02 2.58 ×10-02 2.61 ×10-03 10.90% 0.73 1.00 

       

do 1.35 ×10-04 2.16 ×10-04 1.67 ×10-04 1.83 ×10-04 1.17 ×10-05 6.62% -0.21 -0.76 1.00 

      

𝒍𝒐𝒈𝑲𝟏 4.47 ×1001 4.50 ×1001 4.47 ×1001 4.48 ×1001 5.75 ×10-02 0.13% -0.23 -0.09 -0.01 1.00 

     

𝒍𝒐𝒈𝑲𝟐 2.00 ×1001 3.39 ×1001 2.00 ×1001 2.28 ×1001 3.58 ×1000 14.13% -0.03 0.01 -0.04 0.09 1.00 

    

𝒍𝒐𝒈𝑲𝟑 1.20 ×1001 2.49 ×1001 1.20 ×1001 1.46 ×1001 3.42 ×1000 19.29% -0.04 0.00 -0.04 0.29 0.35 1.00 

   

𝒍𝒐𝒈𝑲𝟒 3.22 ×1001 3.27 ×1001 3.24 ×1001 3.25 ×1001 9.69 ×10-02 0.30% -0.02 -0.04 0.03 0.23 0.12 0.04 1.00 

  

𝒍𝒐𝒈𝑲𝟓 1.20 ×1001 2.42 ×1001 1.20 ×1001 1.44 ×1001 3.12 ×1000 18.45% -0.04 -0.01 -0.02 0.15 0.24 0.38 -0.02 1.00 

 

𝒍𝒐𝒈𝑲𝟔 1.80 ×1001 1.83 ×1001 1.80 ×1001 1.81 ×1001 5.31 ×10-02 0.29% -0.19 -0.10 -0.01 0.85 0.12 0.27 0.31 0.08 1.00 
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 Field-scale RTM Parameter Uncertainty 

The results of the parameter uncertainty analysis for the laboratory-derived GC-

SCM model were implemented within that for the field-scale RTM using a similar 

procedure to that used for the calibration; this overall process is also depicted in Figure 

2-6. The procedure begins by selecting a parameter set from the laboratory-based results. 

This parameter set, which already calibrates the laboratory-derived model, is then 

implemented in the field-scale RTM as fixed values, with the remaining field-scale RTM 

parameters assigned random initial values (Steps 2 and 3, Figure 2-6). The field-scale 

RTM is then calibrated through a standard PEST operation until the weighted least-

squares objective function falls below a specified threshold (Step 4, Figure 2-6); this 

threshold is also set just above the best level of calibration achieved (Figure 2-4). There 

are only three parameters to estimate, yet this calibration step still requires up to about 30 

hrs to complete (in serial). This process is then repeated for the 900 parameter sets 

obtained in the laboratory-based uncertainty analysis. All 900 of these Monte Carlo 

realisations were executed in parallel on the CSIRO high-performance cluster, Pearcey. 

Overall, the process, including queueing, required about one week of computing time to 

complete, which is a more practical time compared to what would be required to address 

all nine parameters using the field-scale RTM.  

Basic statistics were conducted on the results of this analysis and presented in Table 2-4. 

The field-scale RTM parameters do and aspy were moderately negatively correlated 

(correlation coefficient = -0.76); however, simulated sulphate concentrations were only 

controlled by the value of do, which despite this correlation, results in a relatively unique 

estimate for this parameter (Table 2-4). The parameters mf and aspy were also moderately 

positively correlated (correlation coefficient = 0.73); however, in contrast to do, this 

correlation has caused these parameters to be relatively uncertain (Table 2-4). All surface 

complexation equilibrium constants are relatively uncorrelated with the three field-scale 

parameters. This, combined with the fact that all of the surface complexation equilibrium 

constants obtained from the laboratory-based uncertainty analysis were able to produce 

an acceptable level of calibration for the field-scale RTM, confirms that these parameters 

are relatively insensitive to the field-scale RTM model outputs. This further emphasises 

the importance of conducting site-specific laboratory experiments followed by the 

development and analysis of their corresponding GC-SCM. 
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 Predictive Uncertainty – Long-term Fate of Arsenic 

The results of the parameter uncertainty analysis were used to quantify the 

predictive uncertainty associated with the long-term fate of arsenic, i.e., over several years 

of reinjection. In practice there are numerous predictions that could be of interest; for 

example, (i) the maximum (peak) concentration observed at a particular location, (ii) the 

arsenic behaviour under varying, controllable geochemical conditions, (iii) the radius of 

influence associated with arsenic concentrations that are above specific guidelines, etc.  

In this study, we constructed a predictive model for the study site by modifying the 

model domain that was used for simulating the injection trial. While the overall lateral 

and vertical extents and the vertical discretisation of the model remained unchanged, the 

discretisation in lateral direction was coarsened near the injection well to reduce 

computational costs. For simplicity a constant injection rate was assigned to simulate the 

impacts of a long-term injection. The background groundwater composition remained 

unchanged from the injection trial simulations. Model simulations were derived for all 

900 parameter sets produced in the previously discussed Monte Carlo realisations. 

Simulation results are illustrated by vertically integrating the simulated values over the 

model domain at each location using transmissivity-weighted averaging. 

Two different injectant compositions were employed to examine the fate and transport of 

arsenic (Table 2-5). The first injectant composition was similar to that used in the 

injection trial except that the dissolved oxygen concentration was allowed to change as 

per the value of parameter do obtained during Monte Carlo simulations. For the second 

tested injectant water composition it was assumed that the dissolved oxygen levels will 

consistently remain at 1.25 × 10-5 mol/L, corresponding to the specified maximum 

residual oxygen concentration after de-oxygenation via membrane filters. 
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Table 2-5. Injectant compositions for predictive model. 

Analytes Background Injectant 1 Injectant 2 

Na [mol/L] 7.74 ×10-3 4.05 ×10-3 4.05 ×10-3 

Cl [mol/L] 2.80 ×10-3 2.06 ×10-3 2.06 ×10-3 

HCO3 [mol/L] 2.59 ×10-3 9.70 ×10-4 9.70 ×10-4 

pH 7.80 9.34 9.34 

Temperature [°C] 62 18 18 

Si [mol/L] 5.44 ×10-4 2.55 ×10-5 2.55 ×10-5 

SO4 [mol/L] 5.21 ×10-6 5.21 ×10-6 5.21 x×10-6 

Reactive P [mol/L] 6.60 ×10-6 1.61 ×10-7 1.61 ×10-7 

As [mol/L] 1.60 ×10-8 6.67 ×10-9 6.67 ×10-9 

Dissolved Oxygen [mol/L] Not measured 1.328 ×10-4 1.25 ×10-5 
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 Implications for long-term arsenic behaviour: Temporal and spatial 

changes 

The results of the predictive model simulations are presented for the simulation 

completed at the end of 10 years as an example. The results of all 900 predictive model 

simulations are illustrated in Figure 2-7, showing the distribution of arsenic moving 

through the aquifer at this time. There is considerable variability for all 900 simulations; 

however, these simulations show that the magnitude of arsenic concentrations may 

exceed the Australian drinking water guideline (1.33 × 10-7 mol/L) at some locations 

within the aquifer while remaining below the ANZECC (2000a) water quality guideline 

for livestock (6.67 × 10-6 mol/L). Figure 2-7 also illustrates some aspects of the 

probability distribution of arsenic at a given distance from the injection well. The mean 

arsenic concentration, and it’s associated +/- one standard deviation, appear closer to the 

minimum values for the first 350m of the profile and then beyond this point, they appear 

midway between the lowest and the highest values. The other constituents also show that 

most of the Monte Carlo simulations reside near the minimum simulated values except 

for pH which resides more symmetrically between the minimum and maximum simulated 

values. The variability seen in the groundwater pH and sorbed concentrations of arsenic 

and 𝑃𝑂4 is overall relatively high by comparison. The increased uncertainty in 

groundwater pH over the long-term injection was mostly a result of parametric 

uncertainty in the parameter do which controls pyrite oxidation in the model and thus 

affects solution pH (Eqn. 2-7).  

Additionally, simulation results are also depicted in Figure 2-7 that illustrate the effects 

of the correlation between mf and aspy on predictive uncertainty. The latter parameter 

controls the amount of arsenic release due to oxidation while the former is responsible 

for retardation through sorption. The model simulation for higher values of both 

parameters corresponds to increased arsenic mobilisation near the well, which dissipates 

sharply beyond 350 m due to increased sorption. Intuitively, smaller values of these 

parameters results in lesser mobilisation of arsenic near the well, however, decreased 

sorption also results in lower retardation over the length of model domain. The simulation 

results produced by one of the modal parameter sets, i.e., a parameter set with high 

likelihood based on the posterior histogram (Table 2-4), represent a highly likely 

prediction of the model. As shown in Figure 2-7, this result suggests relatively low arsenic 

mobilisation and stronger retardation. 
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Figure 2-7. Predictive uncertainty for aquifer injection at the end of 10 years – Part 1. The results of 

900 predictive model simulations were produced using injectant composition similar to that used in 

the injection trial with increased dissolved oxygen concentration of 1.753 × 10-4 mol/L (derived from 

the calibrated field-scale RTM). The plots on the left illustrate some aspects of the probability 

distribution of different species at a given distance from the injection well. All 900 simulations are 

illustrated by the grey shaded area in the plots on the right. Three simulations were selected to 

demonstrate the effects of correlation between field-scale RTM parameters. The simulation plotted 

as red line controls arsenic mobility through sorption while the simulation in yellow was dominated 

by dissolved oxygen parameter (do). The simulation in green has similar do value as in the yellow 

simulation and thus clearly shows correlation between field surface site density (mf) and arsenopyrite 

fraction (aspy) parameters. 

 Implications for long-term arsenic behaviour: Effects of de-oxygenation 

The simulation results of the predictive model, discussed above, were also produced to 

test for the effects of a nearly complete de-oxygenation of the injectant on the fate and 

transport of arsenic (Figure 2-8). The mean concentrations and the associated +/- one 

standard deviation of all constituents appear closer to the minimum values. These results 
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also indicate that the magnitude of arsenic mobilised will be reduced dramatically if the 

dissolved oxygen concentrations in the injectant remain limited throughout the operation 

of the injection scheme and will remain below the ANZECC (2000a) water quality 

guideline for livestock (6.67 × 10-6 mol/L). Although the overall uncertainty of the model 

simulations remains similar, the shape of dissolved arsenic migration profile is narrower 

with smaller peaks. This shape is controlled mainly by sorption processes, and any arsenic 

mobilisation due to oxidation is limited due to the lack of dissolved oxygen in the 

injectant. These results emphasise the need for maintaining low levels of dissolved 

oxygen in the injectant. 

 

Figure 2-8. Predictive uncertainty for aquifer injection at the end of 10 years – Part 2. These results 

were produced using injectant composition similar to that used in the injection trial but with nearly 

complete de-oxygenation of the injectant. The overall results were similar to that illustrated in Figure 

2-7 except that the magnitude of arsenic mobilized was reduced dramatically emphasizing the need 

for maintaining low levels of dissolved oxygen in the injectant. Note that the results are plotted at 

different scales to that in Figure 7 to clearly demonstrate the predictive uncertainty where required. 
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2.6 Conclusions 

CSG production in coming decades will likely involve the management of large 

amounts of co-produced water through disposal into deep aquifers after off-site treatment. 

Prior to the implementation of long-term injection schemes it is important to perform field 

injection trials that generate sufficiently meaningful data sets to allow for the assessment 

of both the hydrological and geochemical impacts. The substantial depth of some of the 

aquifers targeted for reinjection schemes limits the opportunities for an extensive 

monitoring network and often a push-pull test, as discussed in this study, is the only 

feasible option to acquire such datasets. The present work illustrates how reactive 

transport models (RTM) can be used to maximise the value of the acquired injection trial 

data in conjunction with multi-scale data from supporting laboratory experiments and the 

pre-trial hydrogeological and geochemical investigations. 

During the injection trial analysed in this study, excess arsenic concentrations (up 

to 3.20 × 10-7 mol/L) were observed in the recovery phase, suggesting that arsenic was 

mobilised by the injectant water. The data set collected during this trial allowed for a 

detailed analysis of the coupled transport and reaction processes. Complementing the data 

collected in the field, a series of experiments was performed in the laboratory with 

sediments from the study site to better understand and quantify arsenic sorption 

behaviour. The laboratory data were described by a generalised composite surface 

complexation model (GC-SCM), which was subsequently incorporated into the field-

scale simulations of the injection trial. Upscaling of the GC-SCM from the laboratory to 

the field scale was achieved by adjusting the surface site density term through a scaling 

factor. Initially, it was assumed that the mobilisation of arsenic was caused primarily by 

desorption from high injectant pH (9.30). However, due to the observed increase of 

sulphate concentrations during recovery, it was speculated that pyrite oxidation may have 

occurred, resulting in the co-release of arsenic incorporated into the pyrite structure.  

Based on the insights gained from the model calibration we conclude that both desorption 

and pyrite oxidation may have contributed to arsenic mobilisation during the injection 

trial. 

Although it was considered likely that both processes played a role, the magnitude 

of each process’s contribution was highly uncertain due to the high degree of correlation 

between their respective governing parameters. To account for this uncertainty in the 

predictions of the long-term arsenic behaviour a novel yet simple methodology was 
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developed and presented. The proposed methodology integrates information from both 

the laboratory GC-SCM and the field-scale RTM into the model predictions. The 

computational requirements to quantify predictive uncertainty are reduced by exploiting 

the extremely fast model execution times associated with the GC-SCM. The results 

indicate that there is a significant uncertainty associated with the long-term fate of arsenic 

at the study site. However, the results also clearly illustrate that arsenic levels will remain 

below the Australian drinking water guideline (1.33 × 10-7 mol/L) if the potential for 

pyrite oxidation is minimised through complete deoxygenation of the injectant. The 

proposed efficient modelling and predictive uncertainty quantification method can be 

easily implemented for a wide range of other groundwater studies that investigate the 

risks of metal(loid) or radionuclide contamination, and can be easily extended to 

incorporate additional expert knowledge such as, expected trends in parameters, expected 

ratios amongst parameters, etc.. 
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CHAPTER 3.  PROCESSES GOVERNING ARSENIC 

RETARDATION ON PLEISTOCENE SEDIMENTS: 

ADSORPTION EXPERIMENTS AND MODEL-BASED 

ANALYSIS 

3.1 Abstract 

In many countries of south/south-east Asia, reliance on Pleistocene aquifers for the 

supply of low-arsenic groundwater has created the risk of inducing migration of high-

arsenic groundwater from adjacent Holocene aquifers. Adsorption of arsenic onto mineral 

surfaces of Pleistocene sediments is an effective attenuation mechanism. However, little 

is known about the sorption under anoxic conditions, in particular the behaviour of 

arsenite. We report the results of anoxic batch experiments investigating arsenite (1–25 

µmol/L) adsorption onto Pleistocene sediments under a range of field-relevant conditions. 

The sorption of arsenite was non-linear and decreased with increasing phosphate 

concentrations (3–60 µmol/L) while pH (range 6–8) had no effect on total arsenic 

sorption. To simulate the sorption experiments, we developed surface complexation 

models of varying complexity. The simulated concentrations of arsenite, arsenate and 

phosphate were in good agreement for the isotherm and phosphate experiments while 

secondary geochemical processes affected the pH experiments. For the latter, the model-

based analysis suggests that the formation of solution complexes between organic buffers 

and Mn(II) ions promoted the oxidation of arsenite involving naturally-occurring Mn-

oxides. Upscaling the batch experiment model to a reactive transport model for 

Pleistocene aquifers demonstrates strong arsenic retardation and could have useful 

implications in the management of arsenic-free Pleistocene aquifers. 
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Figure 3-1. Arsenic retardation in Pleistocene aquifers during migration of Holocene groundwater is 

controlled by surface complexation on two types of surface sorption sites A and B (primary process), 

and As(III) oxidation by Mn-oxides naturally present on sediment surfaces (secondary process). 

3.2 Introduction 

Arsenic contamination in the south/south-east (S/SE) Asian region affects the 

health of millions of individuals who rely on groundwater as the main source for drinking 

and irrigation water (Smedley & Kinniburgh, 2002). Elevated arsenic levels are common 

in the groundwater sourced from the Holocene aquifers in this region, while, on the other 

hand, groundwater extracted from the Pleistocene aquifers is characteristically low in 

arsenic (<10 µg/L) (Fendorf et al., 2010). Therefore, the reliance on groundwater 

extraction from Pleistocene aquifers has been rapidly increasing over the past few 

decades. This has raised considerable concerns over the long-term sustainability of these 

aquifers due to the alteration in the local and regional hydrology in some areas (van Geen 

et al., 2013), thereby inducing the migration of high-arsenic groundwater both, laterally 

and vertically, into Pleistocene aquifers and threatening the supply wells (Berg et al., 

2008; Fendorf et al., 2010; Harvey et al., 2002; Winkel et al., 2011). 

The long term sustainability of Pleistocene aquifers requires both hydrological and 

geochemical protection from arsenic migration (McArthur et al., 2008; Stollenwerk, 

2003; Stute et al., 2007). In the absence of a confining layer between Holocene and 

Pleistocene aquifers, hydrological protection would occur in cases where the recharge 

area of an aquifer has low dissolved arsenic concentrations and the solutes, such as 
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dissolved organic carbon (DOC) that can mobilise arsenic, are absent (Burgess et al., 

2010). Achieving sustainability solely on the basis of hydrological protection strategies 

would require different approaches for shallow local groundwater sources compared to 

deeper regional aquifers. (Michael & Voss, 2008) for example, have illustrated through 

large-scale numerical modelling that specific pumping strategies might be able to provide 

low-arsenic water from Pleistocene aquifers for domestic and irrigation use. 

The role of geochemical protection relies largely on two specific arsenic attenuation 

mechanisms, namely, adsorption and precipitation (Fendorf et al., 2010). Among the 

latter, secondary arsenic sulphide precipitation is the most widely recognised mechanism 

in reducing aquifers (Lowers et al., 2007). However, studies of arsenic mobility under 

sulphate-reducing conditions have shown that sulphide production can lead to the 

formation of thioarsenic species, which is known to significantly enhance arsenic 

mobility (Planer-Friedrich et al., 2007). Therefore, arsenic adsorption onto sediments will 

in many cases be the most reliable process for attenuating dissolved arsenic 

concentrations in groundwater. However, a significant knowledge gap still exists with 

respect to quantitative studies of arsenic adsorption onto natural aquifer sediments. Such 

studies are extremely important to develop and implement reliable management strategies 

for vulnerable aquifers in S/SE Asia. 

A number of modelling approaches have been suggested in the literature for 

quantification of sorption processes. Despite its well-known shortcomings, the 

distribution coefficient (Kd) approach is still the most widely used concept for quantifying 

arsenic adsorption in both laboratory and field scale numerical models (Radloff et al., 

2011; van Geen et al., 2013; Zhang & Selim, 2005). The Kd approach often fails to 

represent both the spatially and temporally varying geochemical conditions and the 

associated variations in the partitioning behaviour between the aqueous and sorbed phases 

of the contaminant (Tessier et al., 1989). However, surface complexation models (SCMs) 

can explicitly consider this variability, and a wide range of SCMs have been developed 

and applied for both metals and metalloids, including arsenic (Biswas et al., 2014; Jessen 

et al., 2012; Jung et al., 2009; Rawson et al., 2016; Stollenwerk et al., 2007). SCMs 

provide a process-based quantification of arsenic adsorption behaviour as a function of 

varying arsenic solution concentration, arsenic speciation, and solution pH. SCMs also 

consider the influence of competing ions such as phosphate or bicarbonate, as well as the 

density of adsorption sites on host minerals, such as Fe-oxides. However, several 

shortcomings in the existing SCMs for arsenic limit their wider application, including the 
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application to Pleistocene aquifers in S/SE Asia. Firstly, most of the SCMs have been 

developed for pure, synthetic minerals, e.g. Fe- and Al oxides (Dixit & Hering, 2003; 

Dzombak & Morel, 1990; Karamalidis & Dzombak, 2010; Stachowicz et al., 2008), while 

natural sediments consist of an aggregate of different minerals for which the combined 

surface properties are not comparable to those of single synthetic minerals (Davis et al., 

1998; Davis & Kent, 1990). Secondly, the few attempts to construct SCMs for Pleistocene 

sediments were all using data from adsorption experiments that were performed with 

arsenate, (As(V)) (Stollenwerk et al., 2007). This was justified based on the assumption 

that arsenite (As(III)) would be oxidised upon contact with Pleistocene sediments 

(Stollenwerk et al., 2007) or by assuming that the adsorption behaviour of As(III) and 

As(V) at near-neutral pH conditions was similar (Robinson et al., 2011). However, both 

assumptions are controversial as the As(III) oxidation during the migration from 

Holocene into Pleistocene aquifer sections has been disputed (Radloff et al., 2011; Thi 

Hoa Mai et al., 2014) along with clearly contrasting adsorption characteristics of As(III) 

and As(V) for Red River floodplain sediments (Thi Hoa Mai et al., 2014).  

Therefore, this study is aimed at providing characterisation and model-based 

quantification of As(III) adsorption behaviour onto natural Pleistocene sediments, typical 

of S/SE Asia, under varying geochemical conditions. The sediments were obtained from 

a well-characterised field site in Vietnam which represents typical conditions of arsenic 

polluted Pleistocene aquifers in S/SE Asia (Berg et al., 2008). We used these sediments 

for laboratory batch adsorption experiments and analysed the data using a non-

electrostatic generalised composite-surface complexation model (GC-SCM) (Davis et al., 

1998). Secondary geochemical processes were considered in the model simulations to 

investigate the magnitude of their impact on experimental results. 

3.3 Methods 

 Study Site 

The study site from which the Pleistocene sediments were collected is located in 

the village of Van Phuc, 10 km south-east of Hanoi on the banks of the Red River, 

Vietnam. Research into arsenic has been conducted at this site for more than 10 years 

(Berg et al., 2008). The aquifers at Van Phuc are shallow, and the lateral depositions of 

Holocene and Pleistocene sediments are generally not hydraulically separated by an 

aquitard (Stahl et al., 2016). Similar to the situation in many delta regions of S/SE Asia, 
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reductive dissolution of Fe-oxide minerals in the younger Holocene depositions at Van 

Phuc has resulted in the natural enrichment of arsenic in groundwater (Berg et al., 2008). 

Steadily increasing pumping for the water supply of Hanoi City for over 100 years 

(Winkel et al., 2011) has caused a reversal of the natural hydraulic head gradient at Van 

Phuc, causing groundwater to flow from the river towards Hanoi. This flow reversal has 

resulted in the migration of arsenic contaminated groundwater from Holocene sediments 

into previously uncontaminated Pleistocene sediments (van Geen et al., 2013). 

 Sediment Material 

The Pleistocene sediment material used in our experiments was obtained in April 

2006 during a previously reported field study (Eiche, 2009; Eiche et al., 2010; Eiche et 

al., 2008). The particulars of sample collection and storage procedures are provided in 

Appendix A. The results of various mineral analyses on fresh sediment material 

confirmed it to be oxidised (Fe(III)-oxides content 4.1 wt%), typical of Pleistocene 

sediments found in the S/SE Asian alluvial systems and the amount of pre-sorbed arsenic, 

presumably As(V), was measured to be 4.0 µmoles per kg of the sediment. The total 

organic carbon content in the sediment material was measured to be 0.03 % by weight 

and was considered to have low reactivity based on the 𝛿13𝐶 signature data and high C/N 

ratios (Eiche, 2009; Eiche et al., 2008). Prior to using the sediment material in our study, 

there were no indications of significant alterations in its properties. The specific surface 

area of the sediment was 3.52 ± 0.18 m2/g determined by the Brunauer-Emmett-Teller 

(BET) 𝑁2 gas adsorption method on a Coulter SA3100 surface area analyser. The original 

sediment material contained no gravel (>2 mm) (Eiche, 2009) and was sieved to a grain 

size of <0.5 mm for use in our experiments. The sieving was believed to have a minimal 

effect on the overall mineral composition of the sediment. 

 Adsorption Experiments 

A series of laboratory experiments were performed to characterise As(III) sorption 

behaviour on Pleistocene sediments using solutions with compositions representative of 

Holocene groundwater. These experiments were designed to examine As(III) adsorption 

behaviour on Pleistocene sediments with varying As(III) concentrations, solution pH and 

𝑃𝑂4 concentrations. These experiments were conducted in anaerobic conditions to 

simulate the geochemical conditions typical of Pleistocene and Holocene aquifers in S/SE 

Asia. 
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The sorption experiments were conducted in batch reactors, each containing 1.00 g 

of sediment material and 25 mL of 15 mmol/L 𝑁𝑎𝐶𝑙 (Sigma Aldrich, ≥ 99.0%) solution. 

The 𝑁𝑎𝐶𝑙 solution ionic strength was representative of typical Holocene groundwater at 

the Van Phuc site and was de-oxygenated by purging with argon gas for 3 hours. The de-

oxygenated solution was moved inside an anaerobic chamber (MBRAUN UNIlab Plus, 

𝑁2 99.999%, O2 < 1 ppm) and no dissolved 𝑂2 was detected (Hach HQ40d meter/LDO 

sensor). 

The stock solutions of As(III) and inorganic phosphate (𝑃𝑂4) were prepared freshly 

before each experiment from analytical grade sodium (meta)arsenite (90%, Sigma 

Aldrich) and 𝑁𝑎2𝐻𝑃𝑂4. 2𝐻2𝑂 (Merck, ≥ 98.0%). Any adjustments to the solution pH 

were carried out with 10 mmol/L organic buffers MES (2-(N-morpholino)ethanesulfonic 

acid, Sigma, ≥ 99.0%) or MOPS (3-(N-morpholino)propanesulfonic acid, Fluka, ≥ 

99.0%). Additionally, an artificial groundwater (AGW) solution similar to the average 

composition of Holocene groundwater at the Van Phuc site was prepared in 𝐶𝑂2 purged 

deionised water by adding 𝑁𝑎𝐶𝑙 (Sigma Aldrich, ≥ 99.0%), 𝐹𝑒𝐶𝑙2 (Sigma, ≥ 98.0%), 

𝑀𝑛𝐶𝑙2. 4𝐻2𝑂 (Fluka, ≥ 99.0%), 𝐶𝑎𝐶𝑂3 (Merck, ≥ 99.0%), 𝐾2𝐻𝑃𝑂4. 3𝐻2𝑂 (Merck, ≥ 

99.0%), 𝐾2𝐶𝑂3 (Merck, ≥ 99.0%) and 𝑀𝑔𝑂 (Merck, ≥ 97.0%). Chemical composition of 

AGW is listed in Table 1. 

Table 3-1. Chemical composition of AGW solution. 

Solution Species Concentrations 

Na 0.30 mmol/L 

Cl 0.68 mmol/L 

K* 4.20 mmol/L 

Mg 1.39 mmol/L 

Ca 2.25 mmol/L 

𝑃𝑂4 22.6 µmol/L 

Mn(II) 1.64 µmol/L 

Fe(II) 0.19 mmol/L 

𝑇𝐶𝑂2 ** 11.47 mmol/L 

* Solution Potassium (K) concentration was computed from the charge balance calculation in PHREEQC.  

** measured using titration method with MColortestTM Alkalinity test kit. 



  Processes governing arsenic retardation on 

Pleistocene sediments: Adsorption experiments and model-based analysis 

57 

Samples were prepared in amber glass vials to prevent photo-catalysed oxidation 

of As(III). The batch experiments and solution extractions were carried out in the dark 

and under 𝑁2 atmosphere within the anaerobic chamber at 25 ˚C. The solution pH was 

measured at the end of each experiment (IQ125 miniLab Professional pH meter) and 

sample solutions were filtered to 0.2 µm through nylon membrane syringe filters 

(Whatman). A 6 mL aliquot from each filtered solution was separated using a disposable 

aluminosilicate cartridge (Meng & Wang, 1998), at a flow rate of approximately 6 

mL/min, for aqueous arsenic speciation. Out of the remaining sample filtrates, 10 mL of 

each was used for measuring the concentrations of total dissolved arsenic, 𝑃𝑂4 and other 

solutes. The filtered samples were acidified with ultrapur 𝐻𝑁𝑂3 (Sigma Aldrich) for 

preservation and stored under 4 ˚C. The amount of adsorbed As(III) in the experiments 

was determined by difference between initial and final aqueous concentrations. 

A series of preliminary experiments were conducted to understand the rate of 

As(III) adsorption onto Pleistocene sediments. Based on the results of these tests, a 

duration of 7 days was selected to be the most appropriate for the main adsorption 

experiments (see Figure A1-1, Appendix A). The first set of main adsorption experiments 

was conducted to determine the concentration dependent adsorption of As(III) to the 

sediment through an adsorption isotherm. A total of 11 samples, in triplicate, were used 

with initial As(III) concentrations ranging from 0.1 µmol/L to 25 µmol/L and at the 

natural sediment suspension pH. An adsorption isotherm for As(III) was also determined 

for 7 samples, in duplicate, containing sediment suspension in the AGW solution.  

In another set of experiments, the competition effect between As(III) and 𝑃𝑂4 was 

studied for three initial As(III) concentrations – 1, 2.5 and 7.5 µmol/L, and for 𝑃𝑂4 

concentrations ranging from 3 to 60 µmol/L in a total of 15 samples, in duplicate. These 

concentration ranges are characteristically similar to the average composition of 

Holocene groundwater in S/SE Asia. 

In the final set of experiments, the pH effect on As(III) adsorption was studied for 

two initial As(III) concentrations – 1 and 7.5 µmol/L, at six different pH values 

representing the range typically found in the Holocene groundwater of S/SE Asia, 

including Van Phuc. The experiment was conducted on a total of 12 samples, in duplicate, 

with the solution pH modified to 6.1 and 6.5 (using MES buffer), and to 6.8, 7.2, 7.5 and 

7.9 (using MOPS buffer). The dissolved solute concentrations in all extracted sample 

solutions were measured using ICP-MS (Agilent 7500cx). 
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 Geochemical Modelling 

 Modelling Approach and Tools 

The data collected from the experiments were analysed using the geochemical 

modelling code PHREEQC version 2 (Parkhurst & Appelo, 1999). The primary objective 

of the model simulations was to develop a process-based quantitative description of the 

arsenic adsorption behaviour on the Van Phuc Pleistocene sediments, which could 

potentially be applied to other study sites with similar geochemical characteristics. A 

PHREEQC model was constructed to simulate the experimental response for each of the 

45 samples using step-wise batch-type reactions between the solution and sediment 

surface. The thermodynamic data for the relevant aqueous species in the model is 

included in Table A1-1, Appendix A. A non-electrostatic GC-SCM was used to simulate 

surface complexation reactions as it was better suited to the inherent physical and 

chemical heterogeneity of the sediment material (Davis et al., 1998). The model 

construction was based on the geochemical conceptualisation of the processes occurring 

in the experiments, which contained a significant degree of uncertainty. Therefore, 

conceptual models of different complexity were formulated and their suitability to 

describe the experimental data was assessed (Table 3-2). Where available, measured 

properties, such as initial aqueous solution concentrations, were used as model inputs, 

and parameters were estimated through a joint inversion procedure in which measured 

concentrations were used for model calibration.
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Table 3-2. Conceptual models, included reaction processes and assumptions. 

Model Primary (Surface complexation) Reactions Assumptions for Pre-sorbed As(V) Secondary reactions 

 

As(III) and 𝑃𝑂4 on site Vp_a 

As(V) and 𝑃𝑂4 on site Vp_b 

Mn(II) on 

site Mn_c 

Fixed 

(4.0 µmol As/kg sediment) 

(Ref a) 

Unknown 

(Estimated) 

None 

Organic buffer 

and 𝑀𝑛2+ 

solution complex 

Kinetically controlled 

As(III) oxidation by 

Mn-oxides 

M1 

(refer to Section 3.4.2.1) 

       

M2 

(refer to Section 3.4.2.2) 

       

M3 

(refer to Section 3.4.3.3) 

       

Ref a: (Eiche, 2009; Eiche et al., 2008) 
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 Model calibration 

The parameter estimation procedure for the various conceptual models of different 

complexity included up to 29 parameters (Table 3-3) and 160 observations. The number 

of moles of each surface site (m) and the logarithmic value of the apparent equilibrium 

constant (logK) of each surface complexation reaction were included in the list of all 

model parameters that were estimated during the calibration procedure. The observations 

consisted of measured concentrations of As(III), total arsenic, 𝑃𝑂4 and Mn(II). The sum 

of squared residuals between measured and modelled data was used as the objective 

function, and subsequently minimised during the calibration process. 

The models considered in this study result in inverse problems that are in general 

highly nonlinear. Commonly used SCM calibration tools, e.g., FITEQL (Herberlin & 

Westall, 1999), UCODE (Poeter & Hill, 1999), or PEST (Doherty, 2016a, 2016b), were 

deemed potentially unreliable in producing a global solution because the objective surface 

can be highly non-convex (Abdelaziz & Zambrano-Bigiarini, 2014; Goldberg, 1991; Yeh, 

1986). In fact, in this study, we initially attempted to use the Gauss-Levenberg-Marquardt 

(GLM) algorithm contained in PEST, and found that it was susceptible to falling into 

local minima, and alone could not yield well-calibrated models. Therefore, heuristic, 

global-search methodologies were explored, and Particle Swarm Optimisation (PSO) was 

chosen for this study (Coello et al., 2004; Eberhart & Kennedy, 1995; Kennedy et al., 

2001). A PSO code was written within the PEST++ YAMR run manager (Welter et al., 

2015), and linked with PHREEQC for the estimation of parameters, similar to the study 

conducted by Rawson et al. (2016). To further improve the calibration, the GLM 

algorithm was employed to conduct a local search in the neighbourhood of the parameter 

set resulting from PSO calibration. Tikhonov regularisation (Tikhonov & Arsenin, 1977) 

was also employed during this secondary calibration step to incorporate prior information 

from Stollenwerk et al. (2007), remediating the potential impacts of over-

parameterisation, or over-fitting. 
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Table 3-3. Modeled reaction network and estimated parameters. 

Surface 

Site 

Solution 

Species 

Reactions Parameters Values for Model (Stollenwerk et 

al., 2007) M1 

(Section 3.4.2.1) 

M2 

(Section 3.4.2.2) 

M3 

(Section 3.4.3.3) 

Vp_a H+and 

OH− 

Vp_𝑎OH + H+ = Vp_𝑎OH2
+                                       (3-1) 

Vp_𝑎OH = Vp_𝑎O− +  H+                                         (3-2) 

𝑝K𝑎
1  

𝑝K𝑎
2  

2.10 

-2.96 

3.14 

-3.21 

3.80 

-2.76 

- 

- 

 As(III) Vp_𝑎OH + AsO3
3− + 3H+ = Vp_𝑎H2AsO3 + H2O   (3-3) 

Vp_𝑎OH + AsO3
3− + 2H+ = Vp_𝑎HAsO3

− +  H2O    (3-4) 

Vp_𝑎OH + AsO3
3− + H+ = Vp_𝑎AsO3

2− + H2O        (3-5) 

𝑙𝑜𝑔K𝑎
1  

𝑙𝑜𝑔K𝑎
2  

𝑙𝑜𝑔K𝑎
3  

42.75 

42.31 

33.41 

45.02 

42.09 

27.63 

42.02 

42.29 

26.21 

37.50 

32.10 

30.01 

 𝑃𝑂4 Vp_𝑎OH + PO4
3− + 3H+ = Vp_𝑎H2PO4 + H2O       (3-6) 

Vp_𝑎OH + PO4
3− + 2H+ = Vp_𝑎HPO4

− +  H2O        (3-7) 

Vp_𝑎OH + PO4
3− + H+ = Vp_𝑎PO4

2− + H2O            (3-8) 

𝑙𝑜𝑔K𝑎
4  

𝑙𝑜𝑔K𝑎
5  

𝑙𝑜𝑔K𝑎
6  

30.10 

28.84 

20.95 

30.66 

28.55 

21.02 

34.98 

28.74 

11.87 

- 

- 

- 

  Surface sorption site (moles) 𝑚𝑎 1.108 x 10-5 1.065 x 10-5 1.302 x 10-5 - 

Vp_b H+and 

OH− 

Vp_𝑏OH + H+ = Vp_𝑏OH2
+                                       (3-9) 

Vp_𝑏OH = Vp_𝑏O− + H+                                       (3-10) 

𝑝K𝑏
1  

𝑝K𝑏
2  

3.13 

-6.40 

1.94 

-6.42 

5.48 

-7.05 

7.43 

-7.03 

 As(V) Vp_𝑏OH + AsO4
3− + 3H+ = Vp_𝑏H2AsO4 + H2O 

 (3-11) 

Vp_𝑏OH + AsO4
3− + 2H+ = Vp_𝑏HAsO4

− +  H2O  (3-12) 

Vp_𝑏OH + AsO4
3− + H+ = Vp_𝑏AsO4

2− + H2O      (3-13) 

Vp_𝑏OH + AsO4
3− = Vp_𝑏OHAsO4

3− +  H2O          (3-14) 

𝑙𝑜𝑔K𝑏
1  

𝑙𝑜𝑔K𝑏
2  

𝑙𝑜𝑔K𝑏
3  

𝑙𝑜𝑔K𝑏
4  

31.03 

22.09 

13.76 

4.52 

27.85 

25.74 

15.28 

8.92 

27.99 

21.60 

10.41 

7.69 

30.66 

22.34 

8.70 

10.54 
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 𝑃𝑂4 Vp_𝑏OH + PO4
3− + 3H+ = Vp_𝑏H2PO4 + H2O       (3-15) 

Vp_𝑏OH + PO4
3− + 2H+ = Vp_𝑏HPO4

− +  H2O        (3-16) 

Vp_𝑏OH + PO4
3− + H+ = Vp_𝑏PO4

2− + H2O          (3-17) 

𝑙𝑜𝑔K𝑏
5  

𝑙𝑜𝑔K𝑏
6  

𝑙𝑜𝑔K𝑏
7  

26.26 

24.00 

15.75 

27.53 

24.30 

17.54 

31.40 

24.16 

17.31 

32.80 

24.89 

13.56 

  Surface sorption site (moles) 𝑚𝑏 1.356 x 10-4 4.761 x 10-5 2.153 x 10-5 6.50 x 10-5 

Mn_c Mn2+ Mn_𝑐OH + Mn2+ =  Mn_𝑐OMn+ +  H+                 (3-18) 𝑙𝑜𝑔K𝑚𝑛
1  -0.011 -0.002 -9.030 x 10-5 - 

  Surface sorption site (moles) 𝑚𝑚𝑛 8.055 x 10-6 6.574 x 10-6 8.642 x 10-6 - 

Pre-sorbed concentrations (µmol per kg sediment) As(V) 4.0 28.3 0.18 - 

𝑃𝑂4 123.4 115.9 194.7 - 

Mn 16.9 17.8 110.5 - 

Solution complex formation constants      

𝑀𝑂𝑃𝑆 − 𝐻 +  𝑀𝑛2+ =  𝑀𝑂𝑃𝑆 − 𝑀𝑛+  +  𝐻+                      (3-19) log𝐾𝑀𝑂𝑃𝑆    4.22
a  

𝑀𝐸𝑆 − 𝐻   +  𝑀𝑛2+ =  𝑀𝐸𝑆 − 𝑀𝑛+     +  𝐻+                      (3-20) log𝐾𝑀𝐸𝑆    3.59
b  

Oxidation rate constant (L/moles/s) 𝑘 - - 1.919 x 10-2 5.4 x 10-6 

Half saturation constant (moles/L) 𝐾𝑠 - - 5.660 x 10-3 - 

Exponential term 𝛼 - - 0.949 - 

Ref a: modified from (Anwar & Azab, 1999); Ref b: modified from (Azab & Anwar, 2012) 
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3.4 Results and Discussion 

 Experimental Results 

 Adsorption Experiments 

The concentration-dependent adsorption of As(III) on the Pleistocene sediment 

produced non-linear isotherms in both 𝑁𝑎𝐶𝑙 and artificial groundwater (AGW) solutions 

(Figure 3-2). For the highest tested arsenic concentration (25 µmol/L), and in the absence 

of any competing solutes, maximum amount of As(III) adsorbed was 0.26 µmol per g of 

sediment. This amount was reduced to 0.19 µmol per g sediment for the case where an 

artificial groundwater (AGW) solution containing 𝑃𝑂4 and 𝐻𝐶𝑂3
− was used, suggesting 

competition for the surface sites. Dissolved As(V) was not detected in any sample. The 

equilibrium pH of the samples ranged from 6.3 to 6.4 at the end of the adsorption 

experiment. The maximum As(III) adsorbed on Van Phuc Pleistocene sediment under 

𝑁𝑎𝐶𝑙 conditions was considerably higher than the amount adsorbed on Pleistocene 

sediments from Bangladesh (Stollenwerk et al., 2007) and Holocene sediments from Nam 

Du, Vietnam (Thi Hoa Mai et al., 2014). However, the maximum As(III) adsorbed on 

Bangladesh sediments was approximately 20% lower than that for As(V) (Stollenwerk et 

al., 2007) (Figure 3-2). This, not surprisingly, affirms differing adsorption characteristics 

for both arsenic species on natural sediments, contrary to that on pure Fe-oxide minerals 

(Dixit & Hering, 2003; Goldberg, 2002). 
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Figure 3-2. Adsorption Isotherm. Concentration dependent adsorption of As(III) on Pleistocene 

sediments in (a) 15 mM NaCl and (b) artificial groundwater (AGW) solutions. Ref a: (Stollenwerk et 

al., 2007) and Ref b:.(Thi Hoa Mai et al., 2014) 

 Competition with Phosphate 

The results of the phosphate experiments suggested competition between 𝑃𝑂4 and 

As(III) for the surface sites (Figure 3-3). The reduction in As(III) adsorption with 

increasing 𝑃𝑂4 concentrations was least visible in the experiment with low initial As(III) 

concentrations (1 µmol/L), while becoming more significant when initial As(III) 

concentrations was 7.5 µmol/L. In the latter experiment, the overall adsorption of As(III) 

decreased by up to 36% with increasing solution 𝑃𝑂4 concentrations. Similar competition 

effects have been observed between As(V) and 𝑃𝑂4 (Douglas B. Kent & Fox, 2004; 

Stollenwerk et al., 2007). On the contrary, increasing solution As(III) concentrations had 

no effect on the adsorption of 𝑃𝑂4 on the sediment. Dissolved As(V) was not detected in 

any sample. 
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Figure 3-3. Competitive adsorption of As(III) and 𝑷𝑶𝟒. Adsorption behaviour of As(III) on 

Pleistocene sediments in presence of competing solute 𝑷𝑶𝟒, determined in 15 mM NaCl solution at 

initial As(III) concentrations of 1.0, 2.5 and 7.5 µmol/L and initial 𝑷𝑶𝟒 concentrations of 3, 6, 12, 24, 

48 and 60 µmol/L. Ref a:.(Stollenwerk et al., 2007) 

 Effects of pH 

The effect of solution pH on As(III) adsorption behaviour was apparent for two 

investigated initial As(III) concentrations (Figure 3-4). The data from both experiments 

suggested an increase in As(III) adsorption by up to 25% with pH increasing from 6 to 8. 

However in both experiments, the percentage of measured As(III) in the solutions 

decreased from 90% to 50% with increasing pH while the total arsenic concentration 

remained relatively constant. Initially, this was assumed to be the redistribution of sorbed 

As(III) and As(V) species on the sediment surface sites influenced by solution pH, similar 

to previously observed behaviour on Pleistocene sediment (Stollenwerk et al., 2007) and 
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various mineral phases (Dixit & Hering, 2003; Goldberg, 2002). However, if all of the 

pre-sorbed 4.0 µmol of As(V) per kg of Van Phuc sediment sample (Eiche, 2009; Eiche 

et al., 2008) was to be mobilised, it would only be equivalent to 0.16 µmol/L of As(V) in 

solution, which was well under the maximum As(V) measured (1.47 µmol/L). This 

implies that there is either some uncertainty in the measurement of pre-sorbed As(V) on 

sediment surface sites or that As(V) was produced from (partial) oxidation of the As(III) 

added to the solution. 

 

Figure 3-4. Effects of pH. As(III) sorption behaviour on Pleistocene sediments with varying solution 

pH, determined at initial As(III) concentrations of (a) 1 µmol/L and (b) 7.5 µmol/L in 15 mM NaCl 

solution. The solution pH was modified to 6.1 and 6.5 using MES buffer, and to 6.8, 7.2, 7.5 and 7.9 

using MOPS buffer. 
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 Model-Based Analysis of Arsenic Adsorption 

The geochemical modelling approach, used here to interpret the data and to 

establish a more widely usable SCM, included both the surface complexation reactions 

and any secondary geochemical reactions that may have proceeded during the batch 

experiments as a result of the experimental procedure. The identification of these 

secondary reactions and their influence on arsenic adsorption behaviour was not clear 

initially, and the model-based analysis of the experimental data was required to determine 

their relevance. Modelling was started with what was considered to be the simplest 

possible set of reactions, before model complexity was increased to account to account 

for additional processes. 

 Basic Surface Complexation Model (Model M1) 

Initial modelling of the experimental results considered only surface complexation 

reactions, i.e., any secondary geochemical reactions were assumed to play no role. The 

surface complexation reactions considered in these simulations were based on the model 

of Stollenwerk et al. (2007). We started with a reaction network that included only one 

type of mineral-hosted surface site (Vp_a). The reaction network included As(III) and 

𝑃𝑂4 surface complexation reactions as well as the protonation and deprotonation 

reactions of the -OH functional group on Vp_a. The adopted model was modified based 

on the hypothesis of Thi Hoa Mai et al. (2014) who suggested that the adsorption 

characteristics of As(III) and As(V) may be different depending on the mineral-hosted 

surface sites. Consequently, an additional surface site (Vp_b) and the corresponding 

surface complexation reactions of As(V) and 𝑃𝑂4 were included in the model (Table 3-2 

and Table 3-3). As(III) and As(V) were decoupled from the redox equilibrium, usually 

assumed in the standard PHREEQC database. Initial model simulations included only the 

surface complexation reactions of As(III), As(V) and 𝑃𝑂4, with the amount of pre-sorbed 

As(V) on the sediment set to the previously determined value of 4.0 µmol/kg (Eiche, 

2009; Eiche et al., 2008). The model was calibrated against the observation data from all 

experiments using PSO alone. This model (M1) was able to simulate concentration 

dependent adsorption of As(III), its competition with 𝑃𝑂4, and the pH effects reasonably 

well (Figure 3-2 to Figure 3-4). However, model M1 was unable to reproduce the 

observed aqueous As(V) concentrations in the two pH experiments (Figure 3-4).  
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 Surface Complexation Reactions with Uncertain Pre-Sorbed 

Concentrations (Model M2) 

The observed aqueous As(V) concentrations in the pH experiments could have 

potentially been desorbed from sediment surface sites during the batch experiments. 

However, mass balance calculations suggested that the previously determined amount of 

pre-sorbed As(V) (Eiche, 2009; Eiche et al., 2008) could not alone explain these observed 

aqueous As(V) concentrations. As a result, model M1 was revised to include the 

concentration of pre-sorbed As(V) as an estimated model parameter and its value was 

estimated during the model calibration via PSO alone. This revised model, M2, was again 

able to achieve a good agreement with all measured As(III) data but did not yield 

significantly improved results for As(V). The modelled As(V) concentrations were 

overestimated for the experiment that used low initial As(III) concentrations, while 

modelled concentrations were underestimated for the experiment with high initial As(III) 

concentrations (Figure 3-4). From this result, it was concluded that in the pH experiments 

some redox transformations from As(III) to As(V) must have occurred and the model 

required further revision. 

 Surface Complexation Reactions and Secondary Geochemical 

Reactions 

To identify and quantify the secondary geochemical reactions responsible for the 

redox transformation from As(III) to As(V), and to understand their influence on arsenic 

adsorption behaviour, concentrations of other solutes in the solution were closely 

inspected, and additional processes were considered to test variations of the conceptual 

model. Upon examination, the species that stood out the most was the measured dissolved 

manganese, i.e., Mn(II), ions. 

 Release of Mn(II) ions 

Distinctly higher concentrations of Mn(II) ions, or 𝑀𝑛2+, were observed in the pH 

experiments (max 4.19 µmol/L) compared to those obtained from the isotherm and 

phosphate experiments (max 0.56 µmol/L) (Figure 4). The blank samples from all 

experiments contained 𝑀𝑛2+ concentrations below the detection limit of 0.02 µmol/L. 

The most likely sources of 𝑀𝑛2+ were thought to be either (i) manganese-bearing 

minerals or (ii) pre-sorbed Mn(II) on sediment surface sites. 
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Figure 3-5. Aqueous Mn(II) concentrations. The concentrations of aqueous Mn(II) are plotted for 

experiments in which As(III) sorption behaviour on Pleistocene sediments was determined for 

varying (a) As(III) concentrations, in 15 mM NaCl and artificial groundwater (AGW) solutions; (b) 

𝑷𝑶𝟒 concentrations; and (c) solution pH values. 

Dissolution and release of 𝑀𝑛2+ could either involve reduced manganese minerals 

such as rhodochrosite (𝑀𝑛𝐼𝐼𝐶𝑂3) or the reduction of Mn-oxides, which would only 

proceed in the presence of a suitable electron donor. Under the prevailing experimental 

conditions, As(III) was the only potential electron donor. However, the As(III) 

concentration of 1.0 µmol/L in one of the pH experiments was too low to explain the 

observed magnitude of 𝑀𝑛2+ released through direct reduction of Mn-oxides. 

Furthermore, the dissolution of rhodochrosite would be primarily controlled by the ion 

activity product of 𝑀𝑛2+ and 𝐶𝑂3
2−, which is not consistent with the fact that enhanced 

𝑀𝑛2+ release occurred only in the pH experiments (range 6 to 7) and not in other 

experiments (pH range 6.3 to 6.6). Similarly, the observed phenomena is not easily 

explained by desorption since a fixed amount of pre-sorbed Mn(II) cannot produce higher 

concentrations of 𝑀𝑛2+ in the pH experiments alone (Figure 3-5). The decreasing 

concentrations of 𝑀𝑛2+ with increasing pH or 𝑃𝑂4 concentrations could be attributed to 

higher sorption of cations surface sorption sites saturated with OH or 𝑃𝑂4 anions. 

Therefore, some geochemical process, producing relatively high 𝑀𝑛2+ concentrations, 

must be occurring in the pH experiments that is not occurring in the remaining 

experiments. 

The main difference between the pH experiments and the other experiments was 

that organic buffers, MOPS and MES, were employed to maintain pH in addition to the 

background 𝑁𝑎𝐶𝑙 solution. While these buffers are generally considered not to undergo 

any metal complex formation for the investigated pH range, Anwar and Azab (Anwar & 



Rathi, B. 

PhD Thesis, The University of Western Australia 

Azab, 1999; Azab & Anwar, 2012) suggested that 𝑀𝑛2+ complexes can be formed. They 

also determined complex formation constants for MES and MOPS with 𝑀𝑛2+: 

𝑀𝑂𝑃𝑆 − 𝐻 + 𝑀𝑛2+ = 𝑀𝑂𝑃𝑆 − 𝑀𝑛+ + 𝐻+ 𝑙𝑜𝑔𝐾𝑀𝑂𝑃𝑆 = 3.54 (3-19) 

𝑀𝐸𝑆 − 𝐻 + 𝑀𝑛2+ = 𝑀𝐸𝑆 − 𝑀𝑛+ + 𝐻+  𝑙𝑜𝑔𝐾𝑀𝐸𝑆 = 3.48 (3-20) 

Therefore, these buffers have the potential to enhance Mn(II) desorption from the 

sediment surface sites. This process can indirectly promote significant As(III) oxidation 

by Mn-oxides. In order to see this, first a brief review of As(III) by Mn-oxides is provided 

in the following. 

 As(III) Oxidation by Manganese Oxides 

The oxidation of As(III) by both laboratory synthesised and naturally occurring 

manganese oxides has been extensively discussed in the literature through experimental 

and geochemical modelling studies (Amirbahman et al., 2006; Bai et al., 2016; Nesbitt et 

al., 1998; Scott & Morgan, 1995; Stollenwerk et al., 2007; Tournassat et al., 2002; Ying 

et al., 2011). These studies consider the following overall reaction for As(III) oxidation 

by Mn-oxides: 

𝑀𝑛𝑂2 + 𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3 + 2𝐻+   → 𝑀𝑛2+ + 𝐻3𝐴𝑠𝑉𝑂4 + 𝐻2𝑂   (3-21) 

The details of the mechanisms proposed for the oxidation of As(III) by Mn-oxides 

vary in the literature and usually involve a series of steps. However, there is a general 

agreement that the adsorption of As(III) onto Mn-oxide surface sites is the initiating step 

for the oxidation reaction (Amirbahman et al., 2006). Subsequently, adsorbed As(III) 

undergoes kinetically controlled oxidation and releases As(V) into the solution (Nesbitt 

et al., 1998). In order to model this, there must be a mechanism for initiating the oxidation 

of As(III) only after it has sorbed onto Mn-oxides contained within the sediment. 

The rate of As(III) oxidation by Mn-oxides could be affected by solution pH. A 

recent experimental study (Wu et al., 2015) showed that the oxidation rate was higher at 

solution pH 6 compared to that at pH 3. However, to the best of our knowledge, there are 

no experimental studies that have rigorously investigated the effects of pH, above 6, on 

the rate of As(III) oxidation. In this study, we explicitly consider the effects of pH and 

therefore must have a mechanism for quantifying these effects in our model. 
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 Revised Conceptual Model (Model M3) 

The addition of organic buffers in the pH experiments could promote significant 

As(III) oxidation by Mn-oxides. With the addition of an organic buffer, pre-sorbed Mn(II) 

is mobilised due to formation of stronger solution complexes: 

𝑀𝑛_𝑐𝑂𝑀𝑛+     +   𝑂𝑟𝑔𝑏 − 𝐻  →    𝑀𝑛_𝑐𝑂𝐻 +  𝑂𝑟𝑔𝑏 − 𝑀𝑛+  (3-22) 

where Mn_c denotes a surface site on Mn-oxide and Orgb is either MOPS or MES. 

The relative increase in the number of surface sites occupied by OH species (𝑀𝑛_𝑐𝑂𝐻) 

allows for an increased amount of dissolved As(III) to adsorb and undergo kinetically 

controlled oxidation. 

These processes are incorporated into model M2 by simulating the apparent 

secondary geochemical reactions as follows: (i) the formation of 𝑀𝑛2+ complexes with 

organic buffers (MOPS and MES); and (ii) the oxidation of As(III) by 𝑀𝑛𝐼𝑉 𝑜𝑟 𝐼𝐼𝐼 𝑂𝑥. The 

revised reaction network included an additional surface site (𝑀𝑛_𝑐), assumed to be 

associated with Mn-oxides and was occupied mostly by Mn(II) species prior to the start 

of the adsorption experiment. Once the organic buffer displaces Mn(II) and results in 

increased 𝑀𝑛_𝑐𝑂𝐻 sites, As(III) oxidation proceeds using a rate law modified from the 

literature (Tournassat et al., 2002; Ying et al., 2011) as: 

𝑑[𝐴𝑠(𝐼𝐼𝐼)]

𝑑𝑡
= 𝑘 × (

[𝐴𝑠(𝐼𝐼𝐼)]

𝐾𝑠 + [𝐴𝑠(𝐼𝐼𝐼)]
) × {𝑂𝐻−}𝛼  ×

([𝑀𝑛_𝑐𝑂𝐻] −  [𝑀𝑛_𝑐𝑂𝑀𝑛+])

𝑇𝑜𝑡𝑎𝑙[𝑀𝑛_𝑐]
 

(3-23) 

where 𝑘 is rate constant (L/mol/s), [𝐴𝑠(𝐼𝐼𝐼)] is the total amount of all As(III) 

solution species (mol/L), 𝐾𝑠 is a half-saturation constant for As(III) (mol/L), {𝑂𝐻−} is 

the activity of 𝑂𝐻− ions (mol/L), 𝛼 is an exponential term, [𝑀𝑛_𝑐𝑂𝐻] represent the moles 

of surface sites (𝑀𝑛_𝑐𝑂𝐻) per litre of solution, [𝑀𝑛_𝑐𝑂𝑀𝑛+] represent the moles of 

Mn(II) occupied surface sites (𝑀𝑛_𝑐𝑂𝑀𝑛+) per liter of solution and 𝑇𝑜𝑡𝑎𝑙[𝑀𝑛_𝑐] 

represent the total moles of surface sites on Mn-oxides. These processes, combined with 

model M2, resulted in a more complex model denoted as M3 (Figure 3-6). 
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Figure 3-6. Model M3 conceptualisation. The surface complexation model M3 includes three types of 

surface sites on Pleistocene sediments. Site Vp_a complexes with As(III), 𝑷𝑶𝟒 and – 𝑶𝑯; site Vp_b 

with As(V), 𝑷𝑶𝟒 and – 𝑶𝑯 ; and site Mn_c complexes with – 𝑶𝑯, Mn(II) and As(III) species. The 

pre-sorbed amount of As(V) on sediments was considered unknown and was, therefore, estimated 

during model calibration. Addition of buffers MES and MOPS allowed for mobilisation of pre-

sorbed Mn(II) from sediment-bound Mn-oxides by forming strong solution complexes. This process 

increases the number of Mn_c sites available for As(III) to undergo oxidation into As(V). Model M3 

produced the best calibration for the observed data in all experiments. 

In model M3, the oxidation rate was allowed to proceed kinetically over a period 

of 7 days, corresponding to the period between the start of the batch experiment and 

sample collection. The exponential term (α) was included for the activity of 𝑂𝐻− ions to 

establish a relationship between solution pH and the oxidation rate, and its value was 

estimated during model calibration via PSO, followed by a local calibration step via PEST 

with Tikhonov regularisation. As shown in Figure 3-2 to Figure 3-4, model M3 was 

capable of explaining all measured concentrations of As(III), As(V), total arsenic and 

𝑃𝑂4. The formation of the solution complexes between the organic buffer and 𝑀𝑛2+, and 

its effects on dissolved As(V) concentrations in the pH experiments, can be demonstrated 

with model M3 by (de)activating the reaction 3-22 (comparison of model outputs are 

shown in Figure A1-2, Appendix A). The process-based geochemical modelling 
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framework in model M3 identifies and incorporates secondary geochemical reactions 

(As(III) oxidation) and observed data (𝑀𝑛2+ concentrations) to derive an improved 

interpretation of experimental data.  

The sensitivity of each calibrated parameter in model M3 was calculated using the 

PEST software in order to measure each parameter's influence on the observations, which 

consist of different data types (As(III), total arsenic, 𝑃𝑂4 and 𝑀𝑛2+). It is important to 

note here that since the model is nonlinear, these sensitivities are only accurate for the 

calibrated parameter values and may be different for different parameter values. The 

apparent equilibrium constant 𝑙𝑜𝑔𝐾𝑎
2 for reaction 3-4 in Table 3-3 was identified as the 

most sensitive parameter for all observations due to the complex interactions and 

competition of other species with As(III). The parameter 𝑙𝑜𝑔𝐾𝑎
5 (reaction 3-7, Table 3-3) 

was also identified as a very sensitive parameter as it represents the sorption of 𝐻2𝑃𝑂4
− 

species which is dominant over the pH range considered in 𝑃𝑂4 experiments. In contrast, 

the parameters 𝑙𝑜𝑔𝐾𝑏
1 (reaction 3-11, Table 3-3) and 𝑙𝑜𝑔𝐾𝑏

2 (reaction 3-12, Table 3-3) 

were the least sensitive parameters, possibly due to low concentrations of As(V) present 

in the experiments. The parameters 𝑙𝑜𝑔𝐾𝑎
2 and 𝑙𝑜𝑔𝐾𝑎

5 were strongly correlated which 

demonstrates a strong competition between As(III) and 𝑃𝑂4 for sorption on site Vp_a. 

This correlation was remediated with the help of Tikhonov Regularisation by matching 

the parameter values to the prior information obtained from Stollenwerk et al. (2007). 

Some of the effects of correlation amongst parameter estimates may still persist even with 

regularisation, e.g., for parameters that do not have prior information in the literature such 

as, 𝑝𝐾𝑎
2 (reaction 3-2, Table 3-3) and 𝑙𝑜𝑔𝐾𝑎

2. However, these effects would likely be 

small as half of the parameters considered in this study have prior information taken from 

literature. Furthermore, quantitatively addressing the effects of parameter uncertainty is 

beyond the scope of this study. 

The competition effect between As(III) and 𝑃𝑂4 as postulated in model M3 is better 

illustrated in Figure 3-7. In the isotherm experiments, increasing As(III) solution 

concentrations result in mobilisation of 𝑃𝑂4 either pre-sorbed on sorption sites or added 

to the solution. In the phosphate experiments, increasing 𝑃𝑂4 competes for the surface 

sites with the fixed amount of As(III) added to the solutions. In the pH experiments, 

variations in the adsorption of As(III) and As(V) appear to be negligible over the 

experimental pH range. 
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Figure 3-7. Adsorbed concentrations in model M3. The amount of adsorbed As(III), As(V) and 𝑷𝑶𝟒 

per g of sediment calculated in model M3 are plotted for As(III) sorption experiments on Pleistocene 

sediments under varying (a) As(III) concentrations, in 15 mM NaCl and artificial groundwater 

(AGW) solutions; (b) 𝑷𝑶𝟒 concentrations; and (c) solution pH values. 

 Implications for field-scale arsenic transport and retardation 

The simulation of As(III) oxidation by Mn-oxides was considered in our model 

through a somewhat simplistic approach based on the widely accepted overall reaction 3-

21. Additional data, outside of the scope of this study, would be required in order to tightly 

constrain a more refined model of the various mechanisms that were previously 

hypothesised in some studies that specifically investigated the role of Mn-oxides on 

As(III) oxidation (Amirbahman et al., 2006; Tournassat et al., 2002). However, the 

occurrence of Mn(II) mobilisation by organic buffers points to a very important scenario 

that could affect arsenic mobility at field sites. Migrating groundwater from shallow 

Holocene aquifers into Pleistocene aquifers contains large amount of dissolved organic 

carbon (DOC) (Harvey et al., 2002). The DOC is composed of various organic ligands 

including organic acids, amino acids, sugars, phenols and other compounds which are 

known to form solution complexes with divalent ions, such as 𝑀𝑛2+ (Gillispie et al., 

2016; Norvell, 1988), sorbed on Mn-oxide minerals naturally present in the Pleistocene 

sediments (Eiche et al., 2008). This could further result in the oxidation of dissolved 

As(III), as observed in our pH experiments. As(V) produced from redox transformations 

could sorb on the additional sites present on the sediments or precipitate with aqueous 
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Mn(II). Reducing groundwater from Holocene aquifers also contains high concentrations 

of dissolved Fe(II) which, is preferentially oxidised to Fe(III)-(hydro)oxides by Mn-

oxides in comparison to As(III) (Wu et al., 2015). These newly formed Fe-minerals have 

a high affinity for both As(III) and As(V) adsorption and greatly improve arsenic 

attenuation in groundwater (Pierce & Moore, 1982; R. L. Smith et al., 2017).  

We expect that the relevance of the above discussed geochemical processes will 

vary from site to site and as such a more generic prediction of their impact is beyond the 

scope of this study. However, we demonstrate the consideration of the primary surface 

complexation reactions from model M3 within a highly idealised 1-D reactive transport 

model developed with PHT3D (Prommer et al., 2003) that is loosely based on a 2.5 km 

long transect at the Van Phuc site (van Geen et al., 2013). The main purpose of these 

simulations is to illustrate the impact of varying geochemical conditions and assumptions 

on arsenic migration rates. In the simulations, we used the surface complexation reactions 

of As(III), As(V) and 𝑃𝑂4 as defined for model M3. A range of different fractions of 

sorption site densities calculated for Pleistocene sediments in model M3 were employed 

along with varying compositions of Holocene groundwater. Figure 3-8 illustrates the 

sensitivity of simulated arsenic concentration profiles to varying geochemical conditions 

and parameters after a 50-year long intrusion of Holocene groundwater into a Pleistocene 

aquifer. The results illustrate the strong impact of the magnitude of the aqueous arsenic 

concentrations as well as a significant impact of the aqueous phosphate concentrations on 

arsenic migration rates within the Pleistocene aquifer. Figure 3-8 further shows the 

significant impact of the sediment sorption sites that would be physically accessible at 

field-scale and the corresponding variation in the effective retardation factor values for 

arsenic (Rmin = 10 for 5% of sites accessible; Rmax = 58 for 20% of sites accessible). This 

result reasserts that the inaccessibility of sorption sites and hydrogeological heterogeneity 

could produce lower arsenic retardation when upscaling laboratory models to field-scale 

(Radloff et al., 2011). The almost vertical shape of the arsenic fronts is controlled by 

strong adsorption characteristics determined in our experiments as compared to the more 

dispersed plume fronts produced by linear sorption models (van Geen et al., 2013). The 

simulated concentration peaks near the plume fronts are due to the competition between 

As(III) and 𝑃𝑂4 for adsorption on the sediment surface sites. 



Rathi, B. 

PhD Thesis, The University of Western Australia 

 

Figure 3-8. 1-D reactive transport simulations. An idealised one-dimensional (1-D) model was 

developed that considers the intrusion of high-arsenic Holocene groundwater into a low-arsenic 

Pleistocene aquifer over 50 years to a distance of 2.5 km. The arsenic concentration profiles produced 

using this model are illustrated for sediment surface sites equal to (a) 20%; and (b) 5% of laboratory 

sediments under varying As(III) and 𝑷𝑶𝟒 concentrations of incoming Holocene groundwater. The 

physical accessibility of the sediment sorption sites at field-scale is shown to have a significant impact 

on the simulated arsenic retardation factor. Ref a: (van Geen et al., 2013) 

3.5 Conclusions 

In this study we performed quantitative characterisation of As(III) adsorption 

behaviour onto natural Pleistocene sediments, through anoxic batch experiments under a 

range of field-relevant geochemical conditions and inverse geochemical modelling. 

Based on the results, As(III) adsorption onto sediment surface sites was found to be non-

linear, similar to the previous study of Stollenwerk et al. (2007). The observed sorption 

characteristics found dissolved inorganic phosphate (𝑃𝑂4) competes with As(III) for the 

sorption sites and the solution pH in the investigated range between 6 and 8 had a 

negligible effect on total arsenic sorption. Contrary to the previously reported study by 

Stollenwerk et al. (2007), the possibility of As(III) oxidation by naturally abundant Mn-

oxides was examined in all of our experiments and was only observed in the pH 

experiments.  
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A series of models was developed for this study with varying complexity in order 

to identify the processes governing As(III) sorption and oxidation. Upon rigorous 

calibration of each model, it became apparent that an additional process was required in 

order to simulate the As(III) oxidation in the pH experiments. The primary difference 

between the pH experiments and the remaining experiments was the addition of organic 

buffers, MOPS and MES. In the model simulations, these buffers were shown to be 

sensitive to As(III) oxidation by displacing Mn(II) from the sediment surfaces. The 

desorption of Mn(II) from Mn-oxide surface sites driven by formation of aqueous 

complexes with organic buffers and the subsequent oxidation of As(III) by Mn-oxides 

were found to be necessary processes in order to most accurately reproduce observed 

experimental concentrations in the pH experiments.  

For the model developed in this study, As(III) sorption behaviour was simulated 

through three types of sorption sites. One type of site allowed for competitive sorption 

between As(III) and 𝑃𝑂4, while the second site represented sedimentary Mn-oxides that 

were pre-sorbed with divalent metal ions, such as Mn(II). We hypothesised that dissolved 

organic matter in natural waters could exert an influence that is analogous to that of the 

organic buffers used in our pH experiments and affect the partitioning of pre-sorbed metal 

ions by forming solution complexes with them. This could result in free Mn-oxide 

sorption sites which promote oxidation of As(III) to arsenate, As(V). This required a third 

type of site in the model that allowed for competitive sorption between As(V) and 𝑃𝑂4. 

Our study illustrates how a process-based inverse geochemical modelling framework can 

identify and incorporate secondary geochemical reactions (e.g., kinetically controlled 

As(III) oxidation) and observed data (𝑀𝑛2+ concentrations) to derive an improved 

interpretation of laboratory sorption experiments. The derived model M3 will provide an 

important basis for future, more detailed and site-specific reactive transport modelling 

study within Pleistocene aquifers. 
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CHAPTER 4.  QUANTIFICATION OF ARSENIC 

ADSORPTION AND OXIDATION ON MANGANESE 

OXIDES 

4.1 Abstract 

Oxidation of arsenite (As(III)) by manganese oxide minerals (Mn oxides) 

commonly found as coatings on aquifer sediments can be an important process controlling 

arsenic mobility in many aquifers. To date the mechanistic details of the arsenite 

oxidation process have only been described qualitatively. Through a detailed, model-

based analysis of key literature data, this study exposed some limitations of the currently 

available conceptual models. Based on the newly gained insights into the As(III) 

oxidation mechanism by Mn oxides  we suggest that only a relatively small fraction of 

the Mn oxide, i.e., the fraction representing mineral edges, is responsible for the initial 

adsorption and oxidation of aqueous As(III). The remaining Mn oxide acts as a pool 

which replenishes fresh Mn(IV) edge sorption sites after the second oxidation step, which 

involves As(III) oxidation on Mn(III) edge sorption sites. Our model simulations 

demonstrate a strong passivation effect of Mn oxide surfaces towards As(III) oxidation 

due to competition from aqueous As(V). The proposed model also explains the delayed 

appearance of aqueous Mn(II), which only occurs once the vacancy sorption sites are 

completely saturated with Mn(II) produced in the second oxidation step. 

4.2 Introduction 

Arsenic (As) is a common industrial and geogenic groundwater contaminant which 

predominantly occurs in natural systems as either arsenite (As(III)) or arsenate (As(V)). 

Through a variety of biogeochemical and mineral surface reactions As(III) can be 

oxidised to As(V), which is less toxic and arguably less mobile. One of the most important 

oxidation mechanisms involves manganese oxide minerals (Mn oxides). Mn oxides are 

ubiquitous in soils and sediments as fine-grained aggregates and coatings on other 

soil/sediment particles (Post, 1999). Although relatively low in abundance, Mn oxides 

have characteristically large surface areas and a relatively high redox potential, which 

explains their disproportionate influence on controlling redox processes within soils and 

sediments (Jenne, 1968; Yao & Millero, 1996). The reactivity of Mn oxides depends on 

their crystal structure, e.g., layered Mn oxides (also known as phyllomanganates) are 

considered more reactive than other types of Mn oxides (Wu et al., 2015). Birnessite 
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(𝑀𝑛𝑂2) and manganite (𝑀𝑛𝑂𝑂𝐻) are two dominant phyllomanganates found in nature. 

Surface adsorption sites on the basal planes of birnessite (known as vacancy sites) are 

inert towards adsorption of oxyanions, e.g., As oxyanions and phosphate, and instead 

attract cations such as Fe, Pb and Cu. On the other hand, the adsorption sites on the 

mineral edges (i.e., edge sites) can adsorb both cations and oxyanions (Zhu et al., 2009). 

The oxidation of As(III) by both laboratory synthesised and natural Mn oxides has 

been studied extensively (Chiu & Hering, 2000; Lafferty et al., 2010; Manning et al., 

2002; Oscarson et al., 1983; Scott & Morgan, 1995; Tournassat et al., 2002; Villalobos et 

al., 2014; Wu et al., 2015). However, the details of the proposed reaction mechanisms 

vary markedly with respect to the intermediate steps involved, the contribution of surface 

reactions, and the surface properties of Mn oxides. While the overall stoichiometric 

reaction of As(III) with Mn(IV) oxide can be described by (Villalobos et al., 2014) 

𝑀𝑛𝑂2(𝑠)  +  𝐻3𝐴𝑠𝑂3  +  𝐻+  →  𝑀𝑛2+ + 𝐻2𝐴𝑠𝑂4
−  +  𝐻2𝑂  (4-1) 

for the pH range between 2.2 and 7.0, the oxidation process is generally suggested to 

occur through a surface controlled redox mechanism. This mechanism involves the 

adsorption of As(III) onto Mn oxide sorption sites, followed by its direct surface oxidation 

to As(V) and subsequent release into the solution. The Mn(IV) oxide surface is reduced 

to aqueous Mn(II) in this redox reaction, thereby exposing new Mn(IV) oxide surface for 

continued oxidation (Scott & Morgan, 1995). 

The end products of the above reaction, Mn(II) and As(V), are known to passivate 

the surface of Mn oxides either by adsorbing onto surface sorption sites responsible for 

As(III) oxidation (Manning et al., 2002) or by forming Mn(II) – As(V) mineral 

precipitates that block these surface sorption sites (Tournassat et al., 2002). Nesbitt et al. 

(1998) showed that oxidation of As(III) proceeds in a two-step pathway, involving the 

reduction of Mn(IV) oxide to form Mn(III) oxide as an intermediate reaction product: 

2𝑀𝑛𝐼𝑉𝑂2(𝑠) +  𝐻3𝐴𝑠𝑂3 +  𝐻2𝑂 →  2𝑀𝑛𝐼𝐼𝐼𝑂𝑂𝐻∗(𝑠) + 𝐻3𝐴𝑠𝑂4 + 2𝐻+  (4-2) 

𝑀𝑛𝑂𝑂𝐻∗(s) is then further reduced by As(III): 

2𝑀𝑛𝐼𝐼𝐼𝑂𝑂𝐻∗(𝑠)  + 𝐻3𝐴𝑠𝑂3  +  4𝐻+  → 2𝑀𝑛2+ + 𝐻3𝐴𝑠𝑂4 + 3𝐻2𝑂  (4-3) 

Furthermore, Manning et al. (2002) and Lafferty et al. (2010) hypothesised that the 

above reactions occurred on the surface of Mn oxide where one molecule of As(III) 

reacted with two Mn(IV) surface sorption sites to produce one As(V) molecule and two 

Mn(III) surface sorption sites. 
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2(> 𝑀𝑛𝐼𝑉 − 𝑂𝐻) + 𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3 + 𝐻2𝑂 →  2(> 𝑀𝑛𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4
2− + 2𝐻+ (4-4) 

Finally, As(III) is oxidised by the remaining sites, e.g., by two Mn(III) sites: 

2(> 𝑀𝑛𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  →  2𝑀𝑛2+ +  𝐻𝐴𝑠𝑉𝑂4
2− +  𝐻2𝑂 + 4𝐻+  (4-5) 

The extent of As(III) oxidation by sediment bound Mn oxides is known to be 

affected by a wide range of geochemical factors, including the solution pH, competing 

solutes (Fe(II), phosphate, organic carbon, etc.) and the specific Mn mineralogy. While 

the As(III) oxidation rate increases with increasing pH (Wu et al., 2015), the rate is known 

to decrease with increasing concentrations of other solution species (Raven et al., 1998; 

Wu et al., 2015), which compete strongly for the surface sorption sites provided by the 

Mn oxides. Different Mn oxides have different specific surface areas and surface sorption 

site densities, which affect the amount of As(III) that can get adsorbed and thus oxidised 

(Villalobos et al., 2014). 

While the conceptual models of the arsenite oxidation mechanisms by Mn oxides 

have been successively refined, only a few attempts have been made to quantify As(III) 

oxidation by Mn oxides (Amirbahman et al., 2006; Rathi et al., 2017; Stollenwerk et al., 

2007; Wallis et al., 2010; Ying et al., 2011). All of these previous attempts use the overall 

stoichiometric reaction of As(III) oxidation (Reaction 4-1) and do not adopt a more 

rigorous process-based modelling approach to interrogate the intermediate surface 

reactions and the prevailing geochemical conditions that influence the extent and rate of 

As(III) oxidation.  

Therefore, this study was aimed at reviewing the current understanding of arsenite 

oxidation mechanisms by Mn oxides and to develop and evaluate suitable process-based 

modelling approaches. Conceptual models of sequentially increasing complexity, each 

capturing the details of the reaction mechanisms that were suggested by previous studies, 

were translated into numerical models and assessed against the most extensive 

experimental data that were available in the literature (Lafferty et al., 2010; Manning et 

al., 2002). The selected experiments were conducted at pH values most relevant to natural 

systems and used two types of typical Mn oxides. Through this approach we evaluated 

proposed reaction mechanisms in a quantitative framework and, based on the simulation 

results, propose a revised conceptual model of the oxidation mechanism. 
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4.3 Materials and Methods 

 Dataset description 

The conceptual models were tested against experimental data from both batch 

(Manning et al., 2002) and flow (Lafferty et al., 2010) experiments. Both types of 

experiments were performed with a fixed amount of synthetic Mn oxide that resembled 

natural Mn oxide coatings found on aquifer sediments. 

The setup of the batch experiments was designed to assess the oxidation of 100µM 

As(III) in a closed reaction cell containing either 1.15 mM or 2.88 mM of Mn oxide 

suspended in 0.10 M 𝑁𝑎𝐶𝑙 solution buffered at pH 6.50 (Manning et al., 2002). The type 

of Mn oxide that was used in the experiment is known as acid-Birnessite, which has 

characteristically large crystals and a small specific surface area (Villalobos et al., 2014). 

The duration of the experiments was up to 48 hours. However, published data were only 

available for the first 8 hours of the experiment. Aliquots of samples were collected 

throughout the course of the experiment (Figure 4-1). Almost all of the As(III) was 

consumed in these experiments, despite the presence of the reaction products As(V) and 

Mn(II), which are known to reduce the oxidation rate. The study provided a 

comprehensive data set for solution As(III) and As(V) as well as the total amount of 

adsorbed As(III) and As(V) at the end of the experiment. The study also conducted 

spectral analysis to confirm adsorption of As(III) and As(V) on surface sorption sites, but 

showed no evidence of the oxidation mechanism being a two-step process involving the 

intermediate generation of 𝑀𝑛𝑂𝑂𝐻∗(s). The data presented in this study did not provide 

any information on the rates of potential intermediate reactions steps. More details of the 

experimental setup and conditions are listed in Table 4-1. 

The experimental setup of the flow-through experiment was used to assess As(III) 

oxidation in a partially open system containing 11.5 mM of Mn oxide suspended in 10 

mM 𝑁𝑎𝐶𝑙 solution buffered at pH 7.2 with 5.0 mM MOPS (Lafferty et al., 2010). The 

As(III) concentration in the injected solution was 100µM. The type of Mn oxide that was 

used in this experiment is known as delta-Birnessite, which has characteristically small 

crystals and large specific surface area, and is consequently more reactive than the acid-

Birnessite (Villalobos et al., 2014). In the experiment, aqueous species, As(III), As(V) 

and Mn(II), could leave the reaction cell but elution of solid Mn oxide was prevented. 

The experimental duration was set to 48 hours with aliquots of samples collected at time 

intervals gradually increasing from 3 minutes to 2 hours. The time-varying ratio of As(III) 
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to Mn oxide concentrations resulting from continuous injection and removal of aqueous 

As(III) from the reaction cell and the presence of competing solutes (As(V) and Mn(II)) 

produced during the reaction prohibited complete oxidation of As(III) in the experiments 

(Figure 4-2). The study provided comprehensive data on solution As(III), As(V) and 

Mn(II) as well as the amount of total arsenic adsorbed on Mn oxides, as measured during 

the course of the experiment. The data set is, therefore, useful for estimating the time-

varying rate of As(III) oxidation and also to determine the rates of potential intermediate 

reactions steps. More details on the experimental setup and conditions are listed in Table 

4-1. 

Table 4-1. Details of experimental setup and conditions in the selected data sets 

 Batch Experiments Flow Experiments 

Study (Manning et al., 2002) (Lafferty et al., 2010) 

As(III) in solution 100 µM 100 µM 

Mn oxide i. 1.15 mM 

ii. 2.88 mM 

11.5 mM 

Mn oxide specific 

surface area 

32 m2/g 273 m2/g 

pH 6.50 7.20 

Experiment duration 8 hours 48 hours 

Other conditions - Reaction Cell = 30 mL 

Flow rate = 1.0 mL/min 

Data As(III) and As(V) in solution 

Total As adsorbed 

As(III), As(V) and Mn(II) in solution 

Total As adsorbed 

 Modelling approach and tools 

The initial numerical model implementation was based on the geochemical 

conceptualisation of the processes hypothesised in the literature. Subsequently, the 

complexity of the conceptual model was successively increased, and the suitability of 

each new model variant was evaluated against the experimental data. Measured 

properties, such as the initial aqueous solution concentrations, were used as model inputs 

and parameter values were estimated through a manual calibration procedure. 
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The data sets from the batch experiments were analysed using the geochemical 

modelling code PHREEQC (Parkhurst & Appelo, 1999). In the flow-through 

experiments, the flow of As(III) solution into the reaction cell was modelled using 

MODFLOW (Harbaugh, 2005) and the chemical reaction network was implemented in 

PHT3D (Prommer et al., 2003). The adsorption reactions of As(III), As(V) and Mn(II) 

were modelled using a surface complexation approach. As(III) and As(V) were decoupled 

from the general redox equilibrium, and redox transformations were assumed to be 

kinetically controlled. 

 Conceptual model development 

The current process understanding of As(III) oxidation by Mn oxides was evaluated 

by translating three specific sets of processes into separate model variants to investigate 

how suitable each variant is in replicating the temporal behaviour of the reactants for 

which observed data were available. The simplest model variant, in which oxidation was 

considered to occur as a one-step process controlled by the dissolution rate of 𝑀𝑛𝑂2 

(model M1) was defined as the base case. Subsequently, one or more degrees of 

complexity were sequentially added to consider kinetically controlled oxidation in two 

steps by mineral 𝑀𝑛𝑂2(s) and an intermediate product 𝑀𝑛𝑂𝑂𝐻∗(s), either without 

(model M2) or with adsorption of aqueous species (model M3).  

 One-step oxidation (Model M1) 

This model was constructed by implementing a single kinetically controlled 

reaction of As(III) with Mn oxide (Reaction 4-1). This approach is a simplistic way of 

representing As(III) oxidation, which has previously been used to simulate As(III) 

oxidation at various spatial scales (Rathi et al., 2017; Stollenwerk et al., 2007; Wallis et 

al., 2010; Ying et al., 2011). In this model variant the rate of As(III) oxidation was 

calculated using a second order rate law (Wallis et al., 2010): 

𝜕𝐴𝑠(𝐼𝐼𝐼)

𝜕𝑡
=  −𝑘 × [𝐴𝑠(𝐼𝐼𝐼)]  × [𝑀𝑛𝑂2]   (4-6) 

where 𝑘 is the rate constant (mol-2L2s-1), and [As(III)] and [𝑀𝑛𝑂2] are 

concentrations of solution As(III) and solid 𝑀𝑛𝑂2, respectively, in moles/L. The initial 

value for the rate constant (𝑘) was taken from (Wallis et al., 2010). The equilibrium 

reaction for mineral 𝑀𝑛𝑂2(s) was adopted from the WATEQ4F database (Ball & 

Nordstrom, 1991): 
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𝑀𝑛𝑂2(𝑠)  +  4𝐻+  +  2𝑒−  ↔  𝑀𝑛2+  +  2𝐻2𝑂   log K = 43.60    (4-7) 

 Two-step oxidation (Model M2) 

The second model considers As(III) oxidation by Mn oxides to occur as a two-step 

process (Reactions 4-2 and 4-3) (Moore et al., 1990; Nesbitt et al., 1998; Scott & Morgan, 

1995; Wu et al., 2015). Initially, As(III) is oxidised by 𝑀𝑛𝐼𝑉𝑂2(s) to produce 

𝑀𝑛𝐼𝐼𝐼𝑂𝑂𝐻∗(s): 

(
𝜕𝐴𝑠(𝐼𝐼𝐼)

𝜕𝑡
)

𝑀𝑛𝐼𝑉
=  −𝑘1  × [𝐴𝑠(𝐼𝐼𝐼)]  × [𝑀𝑛𝑂2]    (4-8) 

followed by the second As(III) oxidation step during which 𝑀𝑛𝑂𝑂𝐻∗(s) is reduced to 

Mn(II): 

(
𝜕𝐴𝑠(𝐼𝐼𝐼)

𝜕𝑡
)

𝑀𝑛𝐼𝐼𝐼
=  −𝑘2  × [𝐴𝑠(𝐼𝐼𝐼)]  × [𝑀𝑛𝑂𝑂𝐻∗]   (4-9) 

where 𝑘1 and 𝑘2 are rate constants (mol-2L2s-1), [As(III)] is the concentrations of aqueous 

As(III) in moles/L, and [𝑀𝑛𝑂2] and [𝑀𝑛𝑂𝑂𝐻∗] are concentrations of the minerals 

𝑀𝑛𝑂2(s) and 𝑀𝑛𝑂𝑂𝐻∗(s) in moles/L, respectively. The intermediate reaction product 

𝑀𝑛𝑂𝑂𝐻∗(s) was considered to represent manganite, the most stable and abundant 

Mn(III) oxide mineral under natural conditions, and its equilibrium reaction was adopted 

from the WATEQ4F database (Ball & Nordstrom, 1991): 

𝑀𝑛𝑂𝑂𝐻∗(𝑠)  +  3𝐻+  +  𝑒−  ↔  𝑀𝑛2+  +  2𝐻2𝑂        log K = -25.34     (4-10) 

 Two-step oxidation with adsorption (Model M3) 

The conceptual model M2 was further modified to include adsorption of As(III) on 

Mn oxide surface sorption sites, followed by oxidation to As(V) (Lafferty et al., 2010; 

Manning et al., 2002). The oxidation still follows a two-step process, but is now 

dependent on the concentration of adsorbed As(III). Kinetically controlled reactions link 

the decrease in the Mn(IV) and Mn(III) surface site densities to 𝑀𝑛𝑂2(s) and 𝑀𝑛𝑂𝑂𝐻∗(s) 

dissolution (see Eqn. 4-4 and 4-5). The surface complexation reactions of As(III) on 

Mn(IV) and Mn(III) surface sites are defined as: 

2(> 𝑀𝑛𝐼𝑉 − 𝑂𝐻) + 𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  →  (> 𝑀𝑛𝐼𝑉 − 𝑂)2𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂      (4-11) 

2(> 𝑀𝑛𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  →  (> 𝑀𝑛𝐼𝐼𝐼 − 𝑂)2𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂    (4-12) 

Additionally, adsorption of the reaction product As(V) was also included in the model to 

cause surface passivation (Manning et al., 2002): 

2(> 𝑀𝑛𝐼𝑉 − 𝑂𝐻) + 𝐻2𝐴𝑠𝑉𝑂4
−  →  (> 𝑀𝑛𝐼𝑉 − 𝑂)2𝐴𝑠𝑉𝑂𝑂𝐻 + 2𝐻2𝑂       (4-13) 
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2(> 𝑀𝑛𝐼𝑉 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4
2−  →  (> 𝑀𝑛𝐼𝑉 − 𝑂)2𝐴𝑠𝑉𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑂𝐻− (4-14) 

The equilibrium constants of these surface complexations reactions have not been 

previously determined and were therefore estimated during the model calibration 

procedure. 

We implemented these two steps in the numerical model by following first order rate 

expressions: 

(
𝜕𝐴𝑠(𝐼𝐼𝐼)

𝜕𝑡
)

𝑀𝑛𝐼𝑉
=  −𝑘3  × [𝐴𝑠(𝐼𝐼𝐼)𝑎𝑑𝑠

𝑀𝑛𝐼𝑉]   (4-15) 

(
𝜕𝐴𝑠(𝐼𝐼𝐼)

𝜕𝑡
)

𝑀𝑛𝐼𝐼𝐼
=  −𝑘4  × [𝐴𝑠(𝐼𝐼𝐼)𝑎𝑑𝑠

𝑀𝑛𝐼𝐼𝐼]   (4-16) 

where 𝑘3 and 𝑘4 are rate constants (mol-2L-1s-1), [𝐴𝑠(𝐼𝐼𝐼)𝑎𝑑𝑠
𝑀𝑛𝐼𝑉] and [𝐴𝑠(𝐼𝐼𝐼)𝑎𝑑𝑠

𝑀𝑛𝐼𝐼𝐼] are the 

concentrations of As(III) adsorbed (in moles) on minerals [𝑀𝑛𝑂2] and [𝑀𝑛𝑂𝑂𝐻∗] (in 

moles), respectively.  

Additionally, the aqueous Mn(II) ions produced as a result of the reactions in this 

conceptual model will preferentially adsorb onto vacancy sites that reside on the basal 

plane of Mn oxide: 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦 − 𝑂𝐻 +  𝑀𝑛2+  → > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦 − 𝑂𝑀𝑛+ + 𝐻+;  (4-17) 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦 − 𝑂𝐻 +  𝑀𝑛2+ + 𝐻2𝑂 → > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦 − 𝑂𝑀𝑛𝑂𝐻 + 2𝐻+; (4-18) 

4.4 Results and Discussion 

 Numerical implementation of conceptual models 

 One-step oxidation by 𝑀𝑛𝑂2(s) (Model M1) 

Overall, the model M1 results failed to capture the observed temporal concentration 

changes of all aqueous species in both batch and flow experiments (Figure 4-1 and Figure 

4-2). The best result was achieved after adjusting the rate constant (Table 4-2) from the 

initial estimate that was adopted from (Wallis et al., 2010). A higher value of the rate 

constant was used for the simulation of the flow-through experiment, reflecting the fact 

that the delta-Birnessite employed in this experiment is more reactive than the acid-

Birnessite used in the batch experiments. 

The model simulations for the batch experiment with a low 𝑀𝑛𝑂2(s) suspension 

density could accurately reproduce the observed aqueous As(III) concentration for the 

first hour of the experiment. However, aqueous As(III) concentrations were 
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underestimated for the remainder of the experiment while aqueous As(V) concentrations 

were overestimated for the entire experiment. These results indicated that the one-step 

oxidation model lacked key processes, which would slow As(III) adsorption over time 

and cause retention of a fraction of As(V) on Mn oxide as it was produced throughout the 

experiment. Furthermore, using a consistent rate constant across all model simulations 

resulted in a poor match for the experiment with the higher 𝑀𝑛𝑂2(s) suspension density. 

This confirmed that the rate of As(III) oxidation was not directly proportional to the 

𝑀𝑛𝑂2(s) suspension density, as previously hypothesised (Manning et al., 2002).  

Similarly, the application of model M1 to the flow experiment captured the 

observed aqueous As(III) and As(V) concentrations during the initial first 7 hours of the 

experiment (Figure 4-2). Thereafter, aqueous As(III) concentration was underestimated 

and As(V) was overestimated in the model. Model simulation results from the flow 

experiment reaffirmed the need for additional processes in order to capture the observed 

decrease of the As(III) uptake rate and the retention of As(V) on Mn oxides. Furthermore, 

experimental observations showed that aqueous Mn(II) appeared in the experiment after 

7 hours, reaching a stable As(V):Mn(II) ratio of 1:1.15 after 16 hours that persisted for 

the remainder of the experiment (Lafferty et al., 2010). However, throughout the model 

simulation, aqueous Mn(II) was overestimated while following an As(V):Mn(II) ratio of 

1:1. This discrepancy between model and observed results highlights the need to include 

an additional process to simulate the retention of Mn(II) on Mn oxides (Lafferty et al., 

2010). 
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Figure 4-1  Observations from laboratory batch experiments (Manning et al., 2002) and simulation 

results of models M1 to M4. 



Quantification of arsenic adsorption and oxidation on manganese oxides 

89 

 

Figure 4-2  Observations from laboratory flow experiment (Lafferty et al., 2010) and simulation 

results of models M1 to M4. 
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Table 4-2  Model Parameters 

Parameters Initial values M1 M2 M3 M4 

Mineral reactions 
     

Birnessite 𝑀𝑛𝑂2(𝑠)  +  4𝐻+  +  2𝑒−  ↔  𝑀𝑛2+  +  2𝐻2𝑂                                       (4-7) 43.601a 43.601 43.601 43.601 43.601 

Manganite 𝑀𝑛𝑂𝑂𝐻∗(𝑠)  +  3𝐻+  +  𝑒−  ↔  𝑀𝑛2+  +  2𝐻2𝑂                                 (4-10) -25.34a -25.34 -25.34 -25.34 -25.34 

Krautite 𝑀𝑛2+ + 𝐻2𝐴𝑠𝑂4
− + 𝐻2𝑂 ↔  𝑀𝑛𝐼𝐼𝐻𝐴𝑠𝑉𝑂4. 𝐻2𝑂 + 𝐻+                          (4-19) -0.2b - - 2.25 2.25 

Rate Constants 
     

k 

(mol-2L2s-1) 

𝑀𝑛𝑂2(𝑠)  +  𝐻3𝐴𝑠𝑂3  +  𝐻+  →  𝑀𝑛2+ +  𝐻2𝐴𝑠𝑂4
−  +  𝐻2𝑂                  (4-1) 2c 0.3 (Batch) 

1.0 (Flow) 

- - - 

𝑘1 

(mol-2L2s-1) 

2𝑀𝑛𝐼𝑉𝑂2(𝑠) +  𝐻3𝐴𝑠𝑂3 + 𝐻2𝑂 →  2𝑀𝑛𝐼𝐼𝐼𝑂𝑂𝐻∗(𝑠) +  𝐻3𝐴𝑠𝑂4 + 2𝐻+ 
(4-2) 

2c - 0.3 (Batch) 

0.5 (Flow) 

- - 

𝑘2 

(mol-2L2s-1) 

2𝑀𝑛𝐼𝐼𝐼𝑂𝑂𝐻∗(𝑠)  + 𝐻3𝐴𝑠𝑂3  +  4𝐻+  → 2𝑀𝑛2+ + 𝐻3𝐴𝑠𝑂4 + 3𝐻2𝑂    (4-3) 2c - 0.001 (Batch) 

0.09 (Flow) 

- - 

𝑘3 

(mol-2L2s-1) 

2(> 𝑀𝑛𝐼𝑉 − 𝑂𝐻) +  𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3 + 𝐻2𝑂  
→  2(> 𝑀𝑛𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2− + 2𝐻+        (4-4) 
2c - - 0.03 (Batch) 

0.2 (Flow) 

- 

𝑘4 

(mol-2L2s-1) 

2(> 𝑀𝑛𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  →  2𝑀𝑛2+ +  𝐻𝐴𝑠𝑉𝑂4
2− + 𝐻2𝑂 + 4𝐻+ 

(4-5) 
2c - - 0.001 (Batch) 

0.005 (Flow) 

- 

𝑘5 

(mol-1Ls-1) 

𝑀𝑛𝑂2 edge to 𝑀𝑛𝑂𝑂𝐻 edge: 

(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂)

2
𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂 

→  2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2− + 2𝐻+            (4-20) 

2c - - - 0.004 (Batch) 

0.015 (Flow) 
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𝑘6 

(mol-1Ls-1) 

𝑀𝑛𝑂𝑂𝐻 edge to Mn(II): 

(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂)

2
𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂 

→  2𝑀𝑛2+ +  𝐻𝐴𝑠𝑉𝑂4
2− +  𝐻2𝑂 + 4𝐻+             (4-21) 

2c - - - 0.001 (Batch) 

0.013 (Flow) 

Surface Acidity Constants 
     

Mn(IV) oxide edge site 
     

pKa1 > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻 + 𝐻+ = > 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝑉 − 𝑂𝐻2
+                                         (4-22) 4.31d - - 4.31d 4.31d 

pKa2 > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻 = > 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝑉 − 𝑂− + 𝐻+                                            (4-23) 6.06e - - 6.06e 6.06e 

Mn(III) edge site 

     

pKa1 > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻+ = > 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝐼𝐼 − 𝑂𝐻2
+                                         (4-24) 8.20d,f - - 8.20d,f 8.20d,f 

Mn(IV) vacancy site 

     

pKa2 > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 − 𝑂𝐻 = > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦

𝐼𝑉 − 𝑂− +  𝐻+                                 (4-25) 2.35e - - 2.35e 2.35e 

Surface Site Density 
     

m4e M(IV) edge 0.05458g - - 0.00445 (Batch) 

0.05458 (Flow) 

0.2 (Batch) 

0.2 (Flow) 

m4v Mn(IV) vacancy - - - 0.001 (Batch) 

0.001 (Flow) 

0.0005 (Flow) 

0.0005 (Flow) 

Surface complexation reactions 
     

𝑀𝑛𝑂2 edge 

     

As(III) 2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻) + 𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  ↔  (> 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝑉 − 𝑂)
2

𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂 

(4-26) 

38.76h - - 46.00 45.70 

As(V) 2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻) + 𝐻2𝐴𝑠𝑉𝑂4

−  →  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 2𝐻2𝑂 

(4-27) 

24.43h - - 30.00 17.00 
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2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2−  

→  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑂𝐻−       (4-28) 

18.10h - - 26.00 3.20 

𝑀𝑛𝑂𝑂𝐻 edge 

     

As(III) 2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) + 𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  ↔  (> 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝐼𝐼 − 𝑂)
2

𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂 

(4-29) 

38.76h - - 44.50 44.50 

As(V) 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) + 𝐻2𝐴𝑠𝑉𝑂4

−  →  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 2𝐻2𝑂 

(4-30) 

24.43h - - 28.00 19.00 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2−  

→  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑂𝐻−          (4-31) 

18.10h - - 23.50 6.20 

𝑀𝑛𝑂2 vacancy 

     

Mn(II) 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 − 𝑂𝐻 +  𝑀𝑛2+  → > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦

𝐼𝑉 − 𝑂𝑀𝑛+ + 𝐻+           (4-17) 1.2e - - 1.2e 1.2e 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 − 𝑂𝐻 +  𝑀𝑛2+ + 𝐻2𝑂 → > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦

𝐼𝑉 − 𝑂𝑀𝑛𝑂𝐻 + 2𝐻+ 

(4-18) 

-2.7e - - -2.7e -2.7e 

𝑴𝒏𝑶𝟐 fractions (mol/L) 
     

Batch Exp low 𝑀𝑛𝑂2 suspension 
Bulk fraction - - - - 1.05×10-03 

Edge fraction - - - - 1.00×10-04 

Batch Exp high 𝑀𝑛𝑂2 suspension 
Bulk fraction - - - - 2.43×10-03 

Edge fraction - - - - 4.50×10-04 

Flow Exp 
Bulk fraction - - - - 8.60×10-03 

Edge fraction - - - - 2.91×10-03 

a (Ball & Nordstrom, 1991); b (Tournassat et al., 2002); c(Wallis et al., 2010) ; d (Zhu et al., 2009); e (J. W. Tonkin et al., 2004); f (Ramstedt et al., 2004); g (Villalobos et al., 2014); h (Dixit & Hering, 2003)  
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 Two-step oxidation by mineral 𝑀𝑛𝑂2 and intermediate product 𝑀𝑛𝑂𝑂𝐻∗ 

(Model M2) 

In contrast to model M1, M2 incorporates As(III) oxidation reactions with both 

𝑀𝑛𝑂2(s) and 𝑀𝑛𝑂𝑂𝐻∗(s), as proposed by Nesbitt et al. (1998). The second order rate 

constant reported by Wallis et al. (2010) was used for initial estimates of 𝑘1 and 𝑘2 in 

Eqn. (4-8) and (4-9), respectively. Both values were manually adjusted to match the 

observations as close as possible (Table 4-2). Similar to model M1, higher values were 

necessary for both 𝑘1 and 𝑘2 for the simulation of the flow experiment compared to the 

batch experiments.  

Similar to M1, model M2 failed to capture the aqueous As(III) and As(V) 

concentrations observed in both the batch and the flow experiments as well as aqueous 

Mn(II) concentrations in the flow experiment. However, model M2 captured the delayed 

appearance of Mn(II) in the flow experiment (Figure 4-1 and Figure 4-2) better than 

model M1. This can be attributed to the high initial ratio of 𝑀𝑛𝑂2(s) to As(III) (up to 29:1 

for the batch and 115:1 for the flow experiment), which meant that As(III) oxidation was 

predominantly caused by 𝑀𝑛𝑂2(s). Consequently, the contribution of As(III) oxidation 

by 𝑀𝑛𝑂𝑂𝐻∗(s) was relatively minor and, therefore, produced low concentrations of 

aqueous Mn(II) in the model (Reaction 4-3). The disproportionate role of 𝑀𝑛𝑂2(s) in the 

overall oxidation of As(III) suggests that potentially only a fraction of the total amount 

of 𝑀𝑛𝑂2(s) was available for As(III) oxidation at the onset of every experiment. A 

possible option to represent this behaviour in the model was to apply a limit on the 

available 𝑀𝑛𝑂2(s) by defining that the oxidation rate depends on the amount of As(III) 

that is adsorbed on the mineral surface sites. 

 Two-step oxidation with adsorption reactions (Model M3) 

In model M3, the two-step oxidation mechanism in model M2 was modified to 

include adsorption reactions of As(III) and As(V), and the oxidation rates depend only on 

the concentrations of adsorbed As(III). 𝑀𝑛𝑂2(s) and 𝑀𝑛𝑂𝑂𝐻∗(s) were both assumed to 

provide surface sites > 𝑀𝑛𝐼𝑉 and > 𝑀𝑛𝐼𝐼𝐼, respectively. Site densities were kept constant 

to the values adopted from Villalobos et al. (2014). The equilibrium constants for As(III) 

and As(V) on hydrous ferric oxide from Dixit and Hering (2003) were used as initial 

values in the model for adsorption on both > 𝑀𝑛𝐼𝑉 and > 𝑀𝑛𝐼𝐼𝐼 sites, while the second 

order rate constants reported by Wallis et al. (2010) were assigned as initial values for 𝑘3 

and 𝑘4 in Eqn. (4-15) and (4-16), respectively before being adjusted during model 
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calibration (Table 4-2). Finally, the equilibrium constants for the Mn(II) adsorption 

reactions (Eqn. 4-17 and 4-18) were taken from J. W. Tonkin et al. (2004). The results of 

the model variant M3 yielded a slightly improved calibration of the aqueous As(III) and 

As(V) concentrations observed in the batch experiment with a low 𝑀𝑛𝑂2(s) suspension 

density (Figure 1), but failed to reproduce the results of the batch experiment with higher 

𝑀𝑛𝑂2 suspension density (Figure 4-1) and the flow experiment (Figure 4-2).  

The distribution of surface bound species in model M3 shows significant amounts 

of adsorbed As(V) on the surface of both 𝑀𝑛𝑂2(s) and 𝑀𝑛𝑂𝑂𝐻∗(s) (Figure 4-3). 

Adsorption of As(V) on surface sites is expected to cause surface passivation and reduce 

the rate of As(III) oxidation (Lafferty et al., 2010). However, due to the high initial ratios 

of 𝑀𝑛𝑂2(s) to As(III) in the model, the effect of the surface passivation process was minor 

and As(III) oxidation proceeded unabated on 𝑀𝑛𝑂2(s). Once again, this only left minor 

amounts of As(III) to adsorb on > 𝑀𝑛𝐼𝐼𝐼 sites and to be available for oxidation by the 

reaction intermediate 𝑀𝑛𝑂𝑂𝐻∗(s), thereby, producing low concentrations of aqueous 

Mn(II) in model M3. The model M3 simulations suggested that the (measured) initial 

amount of 𝑀𝑛𝑂2(s) that was hosting adsorbed As(III) at the onset of the oxidation 

reactions was too high and that observations would have been better matched with a lower 

initial concentration. 

Overall all three previously proposed (Lafferty et al., 2010; Manning et al., 2002; 

Nesbitt et al., 1998; Villalobos et al., 2014) conceptual models (M1 – M3) showed some 

major limitations and point towards the possibility that only a limited fraction of the Mn 

oxides effectively participates in the reactions. Therefore a new, revised conceptual 

model was developed to eliminate the shortcomings of the previously proposed models. 
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Figure 4-3 Surface speciation results from model M3 simulations of the batch and flow experiments. 

4.5 Revised Conceptual Model (M4) 

The revised model relies on incorporating more detailed understanding of the 

mechanism controlling As(III) adsorption and oxidation on the Mn oxide surface. 

Importantly, As(III) and other oxyanions can only adsorb on the edge sites, which account 

for only a small number of the total Mn contained in the structure of the Mn oxides. 

Therefore, the total 𝑀𝑛𝑂2(s) mass was separated into two different fractions, i.e., a bulk 

fraction and an edge fraction, as illustrated in Figure 4-4. The two fractions were assumed 

to host two different types of sites: (i) vacancy sites (> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 ) were assigned to the 

bulk fraction and (ii) edge sites (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 ) were assigned to the edge fraction. In this 

revised conceptual model it is assumed that in the first step of the oxidation, As(III) is 

adsorbed on > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  sites where it undergoes oxidation to produce As(V) and >
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𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  sites on the edge fraction are reduced to > 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝐼𝐼  sites. Consequently, the latter 

reacts with more As(III) and produces As(V) and Mn(II) in the second oxidation step. 

The rate of depletion of > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼  sites also controls the rate at which Mn oxide is 

transferred from the bulk mineral fraction to the edge fraction, thereby replenishing the 

pool of available > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  sites (Step 3 in Figure 4-4). 

 

Figure 4-4 Revised conceptual model (M4) 

The oxidation reaction on > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  sites can be written as: 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻) +  𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  ↔  (> 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝑉 − 𝑂)
2

𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂            (4-26) 
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→  2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2− + 2𝐻+  (4-20) 

and on > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼  sites as: 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻3𝐴𝑠𝐼𝐼𝐼𝑂3  ↔  (> 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝐼𝐼 − 𝑂)
2

𝐴𝑠𝐼𝐼𝐼𝑂𝐻 + 2𝐻2𝑂;            (4-29) 

→  2𝑀𝑛2+ +  𝐻𝐴𝑠𝑉𝑂4
2− +  𝐻2𝑂 + 4𝐻+ (4-21) 

The As(III) oxidation rate on both the > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  (Table 4-2, Reaction 4-20) and the >

𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼  (Table 4-2, Reaction 4-21) sites was described by: 

𝑟1  =  𝑘5 × [(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂)

2
𝐴𝑠𝐼𝐼𝐼𝑂𝐻]  (4-20) 

𝑟2  =  𝑘6 × [(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂)

2
𝐴𝑠𝐼𝐼𝐼𝑂𝐻]  (4-21) 

The reaction products As(V) also adsorbs on both > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  and > 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝐼𝐼  sites thereby 

shielding them from As(III) and affecting its oxidation rate (surface passivation): 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻) +  𝐻2𝐴𝑠𝑉𝑂4

−  →  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 2𝐻2𝑂            (4-27) 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2−  →  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑂𝐻−         (4-28) 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻2𝐴𝑠𝑉𝑂4

−  →  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 2𝐻2𝑂           (4-30) 

2(> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂𝐻) +  𝐻𝐴𝑠𝑉𝑂4

2−  →  (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼 − 𝑂)

2
𝐴𝑠𝑉𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑂𝐻−         (4-31) 

The aqueous Mn(II) produced in the second oxidation step is preferentially adsorbed on 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉  sites as per following reaction: 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 − 𝑂𝐻 +  𝑀𝑛2+  → > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦

𝐼𝑉 − 𝑂𝑀𝑛+ + 𝐻+             (4-17) 

> 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 − 𝑂𝐻 +  𝑀𝑛2+ + 𝐻2𝑂 → > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦

𝐼𝑉 − 𝑂𝑀𝑛𝑂𝐻 + 2𝐻+           (4-18) 

Additionally, the reaction products As(V) and Mn(II) could also form a precipitate with 

a chemical composition close to the mineral krautite (Tournassat et al., 2002): 

𝑀𝑛2+ + 𝐻2𝐴𝑠𝑂4
− + 𝐻2𝑂 ↔  𝑀𝑛𝐼𝐼𝐻𝐴𝑠𝑉𝑂4. 𝐻2𝑂 + 𝐻+;  log 𝐾𝑠   (4-19) 

The processes described by Reactions. (4-17) to (4-19) are expected to control Mn(II) 

concentrations in the model simulations, while krautite precipitation over Mn oxide could 

contribute towards a surface passivation. 

 Numerical implementation of the revised conceptual model 

The moles of the edge fraction initially present in the model M4 were represented 

as an adjustable model parameter and the difference between the total Mn oxide and the 

edge fraction was assigned to the bulk fraction. The initial values of both edge site 
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densities (> 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  and > 𝑀𝑛𝑒𝑑𝑔𝑒

𝐼𝐼𝐼 ) were taken from the literature (Villalobos et al., 

2014) and were allowed to be estimated in the model during calibration. Given that 

currently there are no estimates for the density of the vacancy sites available (>

𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉 ) the density was also represented as an adjustable parameter in the model. The 

initial values of the equilibrium constants for As(III), As(V) and krautite, and the rate 

constants for As(III) oxidation (𝑘5 and 𝑘6 in Eqs. 4-20 and 4-21, respectively) were taken 

from the literature but allowed to be adjusted (within limits) during the model calibration 

(Dixit & Hering, 2003; Tournassat et al., 2002; Wallis et al., 2010). The equilibrium 

constants for Mn(II) adsorption reactions on > 𝑀𝑛𝑣𝑎𝑐𝑎𝑛𝑐𝑦
𝐼𝑉  sites (Eqs. 4-17 and 4-18) were 

taken from (J. W. Tonkin et al., 2004) and were kept fixed during model calibration. All 

fixed and adjustable model parameters are listed in Table 4-2. 

The simulation of model M4 successfully reproduced the observed As(III), As(V) 

and Mn(II) aqueous concentrations in both batch and flow experiments (Figure 4-1 and 

Figure 4-2). The best agreement of the model with observed data was achieved when the 

edge fractions were assumed to be 8.7% and 15.6% of the total Mn oxide in the simulation 

of batch experiments with low and high 𝑀𝑛𝑂2 suspensions, respectively. This suggests 

that more Mn(IV) edge sites were available at the start of the experiment consisting of 

higher 𝑀𝑛𝑂2 suspension density. On the other hand, the edge fraction was estimated to 

be 34% of the total Mn oxide in the simulations of the flow experiment that matched the 

data closest. This much higher value can be attributed to the fact that delta-birnessite that 

was used in flow experiment has a characteristically higher edge site density than the 

acid-birnessite used in the batch experiments (Villalobos et al., 2014). These results show 

that the revised model M4 reflects the properties of different Mn oxides and their effects 

on As(III) oxidation.  

Due to the limited, short experimental periods of the batch experiments and the 

small ratios of As to Mn oxide that were used, As(III) oxidation was only observed on 

the Mn(IV) edge sites while the Mn(III) sites were largely occupied by As(V) (Figure 

4-5). On the contrary, the flow experiments demonstrated a more complex combination 

of different processes that were active and dominating during the 48 hour-long 

experimental period (Figure 4-6). The As(III) oxidation processes occurring in model M4 

during the different stages of the flow experiment can be described as follows: 
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i. Time 0 to 2 hours: The limited amount of Mn(IV) oxide contained within the 

edge fraction allowed for an initial fast As(III) oxidation rate during the first 

2 hours. 

ii. Time 2 to 7 hours: The reaction product As(V) competed for > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝑉  sites 

with adsorbed As(III), resulting in a relatively slow As(III) oxidation rate. A 

small amount of As(III) is oxidised on Mn(III) sites and the reaction product 

Mn(II) adsorbs on Mn(IV) vacancy sites. 

iii. Time 7 to 10 hours: By this stage, a sufficient number of > 𝑀𝑛𝑒𝑑𝑔𝑒
𝐼𝐼𝐼  sites were 

generated, which allowed for adsorption of both As(III) and As(V). The 

As(III) oxidation process started to switch from Mn(IV) to Mn(III) sites and 

near the end of this stage, the initially available amount of the edge fraction 

was completely exhausted. Mn(II) also appears in the solution during this 

stage after all vacancy sites were saturated. 

iv. Time 10 to 20 hours: A small amount of krautite precipitation is observed 

during this stage, which decreases the aqueous concentrations of As(V) and 

Mn(II). At the end of this stage, a drop in As(III) oxidation rate and lower 

concentrations of aqueous As(V) and Mn(II) prevent any further precipitation 

of krautite. 

v. Time 20 to 48 hours: The final stage demonstrates a dynamic equilibrium 

between a number of processes – As(III) oxidation on Mn(III) and new 

Mn(IV) sites, As(V) adsorption on Mn(III) sites, and physical transport of 

solution species through the reaction cell. 
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Figure 4-5. Surface speciation results from model M4 simulations of the batch experiments 

 

Figure 4-6. Various outputs from model M4 simulations of the flow experiment. 

4.6 Implications 

Although the experimental studies utilised here for the model-based analysis 

provided comprehensive data on aqueous composition, they lacked detailed information 

on the solid phase, such as a detailed post-experimental characterisation of the Mn 

mineralogy, including potential krautite formation over the experimental period, 

speciation of adsorbed species, and surface sites densities. To evaluate our revised 
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conceptual model and to confirm the formulated rate expressions the information of co-

evolution of solution and solid phases will be necessary.  

The numerical model that simulates As(III) oxidation by Mn oxides is relevant for 

a wide range of scenarios in natural groundwater systems. High abundance of Mn oxide 

coatings on natural sediments inadvertently impose significant influence of arsenic 

mobility in groundwater as illustrated in previous studies (Rathi et al., 2017; Wallis et al., 

2010). Furthermore, Mn oxides are widely used in water treatment processes for their 

high affinity for toxic pollutants (e.g., arsenic). This study has explored pure interaction 

between arsenic and Mn oxides and it provides a good foundation for assessing the 

influence of other solution species or chemical factors in future research. Development 

of a modelling framework based on adsorption and surface oxidation mechanisms 

supports a more refined understanding of the complex interaction between arsenic and 

Mn oxides. 

 





 

CHAPTER 5.  SUMMARY OF RESEARCH 

CONTRIBUTION  

The objective of this thesis was to advance our current understanding and 

capabilities of quantifying processes that control arsenic mobility under complex, 

spatially and temporally variable geochemical conditions. This paradigm was followed 

across three different types of studies in which different combinations of physical and 

chemical processes affected and/or controlled arsenic mobility. 

In the first study, arsenic mobility was studied by integrating information from 

different spatial and temporal scales into a modelling framework (Chapter 2). This 

included data derived from laboratory batch experiments and data from a large field-scale 

injection experiment into a deep (> 1300 mBGS) aquifer. The model-based interpretation 

of the data identified high solution pH and pyrite oxidation as key arsenic mobilisation 

process. This study integrated numerical models developed for vastly different scales and 

quantified the inherent uncertainty associated with the non-linear nature of geochemical 

processes. The study also predicted the effects of a large-scale injection scheme with a 

focus on the long-term fate of arsenic. 

The second study focused on quantifying the fate of arsenic in Pleistocene aquifers. 

Many Pleistocene aquifers in south-east Asia are at risk of being polluted by the invasion 

of arsenic from overlying and/or neighbouring Holocene aquifers. The increased risk is 

magnified by the relatively recent (<50 years) but significant changes in hydraulic 

conditions that were induced by the excessive groundwater extraction required to meet 

the demands of the growing population in many part of this region. Arsenic migrating 

into Pleistocene aquifers may occur as arsenite, which is generally assumed to be 

relatively mobile. To clarify the impact sorption may have on arsenite mobility within 

Pleistocene aquifer this study (Chapter 3) was set up to study arsenite sorption on 

Pleistocene sediments experimentally under a range of field-relevant conditions, followed 

by the interpretation of these data through a model-based analysis. Models developed 

with varying degrees of complexity identified both arsenite sorption (primary) and 

oxidation (secondary) on Pleistocene sediments as the significant processes controlling 

its mobility. The study also illustrated the effects of varying geochemical conditions on 

arsenic migration rates at a field-scale using the developed model, the results of which 

provide a stark contrast with the simple 𝐾𝑑 approach that is still most commonly used to 

quantify the impact of sorption on arsenic transport rates. This study was the first 
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experimental and modelling study that investigated arsenite sorption on Pleistocene 

experiments.  

The third study (Chapter 4) integrated and interrogated experimental data 

characterising arsenite oxidation by Mn oxides. Oxidation of arsenite by manganese oxide 

minerals (Mn oxides) commonly found as coatings on aquifer sediments is considered a 

key process controlling arsenic mobility in many aquifers. The details of this arsenite 

oxidation mechanism have only been described qualitatively and using highly simplistic 

models. In this study, a detailed model-based analysis of a comprehensive literature data 

set was used to test our current process understanding, eventually exposing limitations in 

the previously proposed oxidation reaction pathways. An alternate hypothesis was 

proposed whereby only a relatively small fraction of manganese oxide, representing 

mineral edges, was responsible for the adsorption and oxidation of aqueous arsenite while 

the remaining mineral acts as a pool which replenishes more Mn(IV) for sustained 

oxidation. 

Overall, the research work presented in this thesis illustrates the significance of 

process-based modelling in generating an improved understanding and quantification of 

arsenic mobility in natural aquifer systems. In all cases the modelling procedure started 

with relatively simple conceptual and numerical models before model complexity was 

successively increased. These increments were made by employing reactions mechanisms 

that have either been discussed previously or have not been considered at all in order to 

provide plausible explanations for reducing the differences between model results and 

experimental data. 

The PhD study also highlights the variety of factors and processes that may play a 

role on controlling arsenic mobility and why simple models often fail to describe arsenic 

migration rates. To date, very few attempts have been made to quantify arsenic transport 

in natural aquifers, even though these capabilities are urgently needed to protect water 

resources in deeper, yet unpolluted aquifers. 
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APPENDIX A.  SUPPLEMENTARY INFORMATION FOR 

CHAPTER 3 

A.1 Sediment Material 

The Pleistocene sediment material used in our experiments was obtained in April 

2006 during a previously reported field study (Eiche, 2009; Eiche et al., 2010; Eiche et 

al., 2008). The fresh sediment material collected in the field from the depth of 27.4-27.7 

m below ground surface and was filled into polypropylene bags flushed with nitrogen to 

minimise oxidation. The sediment material was packed into Mylar bags and flushed again 

with nitrogen before transporting to Karlsruhe Institute of Technology (KIT), Germany, 

where it was kept frozen until further analysis. Subsamples of sediment were transferred 

to the Swiss Federal Institute of Aquatic Science and Technology (Eawag), Switzerland 

in 2012 under frozen conditions, where it was freeze-dried. A number of mineral analyses, 

including X-ray diffraction, micro X-ray fluorescence spectroscopy, sequential extraction 

for solid-state arsenic partitioning and diffuse reflectance spectroscopy, confirmed the 

fresh sediment to be oxidised with a high Fe(III)-oxides content (4.1 wt% and delta-R 

>0.70), typical of Pleistocene sediments found in the S/SE Asian alluvial systems. Prior 

to using the sediment material in our experiments, there were no indications of significant 

alterations in its properties. 

A.2 As(III) Adsorption Kinetics Experiments 

A series of preliminary experiments were conducted to understand the kinetics of As(III) 

adsorption onto Pleistocene sediments. The batch samples contained 1.00 g sediment in 

25 mL of 15 mM NaCl background solution. The sediment-solution suspensions were 

spiked to contain 10 µmol/L of As(III) and were mixed on an end-rotating mixer 

(Heidolph REAX2) at the room temperature of 25˚C. An aliquot of samples were 

collected/extracted at 0.5, 1, 3, 7, 10 and 14 days interval. The results showed As(III) 

adsorption plateauing after 7 days (Figure S1-1), which was selected as the suitable time 

period for all adsorption experiments. 
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Figure A1-1: Experimental results of kinetics of As(III) adsorption. 

A.3 Thermodynamic Data of Aqueous Species 

Table A1-1: Thermodynamic data for aqueous speciation of As(III), As(V), 𝑃𝑂4 and Mn(II). 

Solution Species Reaction 𝒍𝒐𝒈𝑲 Source 

As(III) 

𝐻3𝐴𝑠𝑂3  =  𝐻2𝐴𝑠𝑂3
−  +  𝐻+ -9.15 a 

𝐻3𝐴𝑠𝑂3  =  𝐻𝐴𝑠𝑂3
2−  +  2𝐻+ -23.85 a 

𝐻3𝐴𝑠𝑂3  =  𝐴𝑠𝑂3
3−  +  3𝐻+ -39.55 a 

As(V) 

𝐻3𝐴𝑠𝑂4  =  𝐻2𝐴𝑠𝑂4
−   + 𝐻+ -2.3 a 

𝐻3𝐴𝑠𝑂4  =  𝐻𝐴𝑠𝑂4
2−  +  2𝐻+ -9.46 a 

𝐻3𝐴𝑠𝑂4  =  𝐴𝑠𝑂4
3−  +  3𝐻+ -21.11 a 

𝑷𝑶𝟒 

𝑃𝑂4
3−  +  3 𝐻+  =  𝐻3𝑃𝑂4 21.72 b 

𝑃𝑂4
3−  +  2 𝐻+  =  𝐻2𝑃𝑂4

− 19.55 c 

𝑃𝑂4
3−  + 𝐻+  =  𝐻𝑃𝑂4

2− 12.35 c 

Mn(II) 

𝑀𝑛2+ + 𝐻2𝑂 =  𝑀𝑛𝑂𝐻+  + 𝐻+ -10.59 c 

𝑀𝑛2+ +  𝐶𝑙−  =  𝑀𝑛𝐶𝑙+ 0.61 c 

𝑀𝑛2+ +  2 𝐶𝑙− =  𝑀𝑛𝐶𝑙2 0.25 c 

𝑀𝑛2+ +  3 𝐶𝑙− =  𝑀𝑛𝐶𝑙3
− -0.31 c 

𝑀𝑛2+ +  𝐶𝑂3
2− =  𝑀𝑛𝐶𝑂3 4.9 c 

𝑀𝑛2+ +  𝐻𝐶𝑂3
− =  𝑀𝑛𝐻𝐶𝑂3

+ 1.95 c 

* a – wateq4f database; b – minteq database; c – phreeqc database 
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A.4 Model M3 Output: effects of organic buffer – Mn(II) 

complexation 

 

Figure A1-2: Effects of buffer in model M3. As(III) sorption behaviour on Pleistocene sediments with 

varying solution pH was determined at initial As(III) concentrations of (a) 1 µmol/L and (b) 7.5 µmol/L in 

15 mM NaCl solution. The solution pH was modified to 6.1 and 6.5 using MES buffer, and to 6.8, 7.2, 7.5 

and 7.9 using MOPS buffer. The output from surface complexation model M3 are plotted here with (solid 

blue line) and without (dashed black line) organic buffer and 𝑀𝑛2+ complexation in pH experiments. 
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B.1 Understanding and Quantifying Controls of Arsenic 

Mobility during Deep-well Re-injection of CSG Waters. 

Presented at the AGU Fall Meeting, 15-19 December 2014, San Francisco, USA. 

Rathi, B. 1,2, Prommer, H. 1,2, Donn, M. 2, Davis, J.A. 3, Siade, A. 1,2, and Berg, M. 4 
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2 CSIRO Land and Water, Floreat, WA, Australia 

3 Lawrence Berkeley National Laboratory, Berkeley, CA, USA 

4 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland 

In Australia, the injection of reverse-osmosis treated production water from coal 

seams into the surrounding, deep aquifers may provide the most viable method to dispose 

of large quantities of production water. The geochemical disequilibrium between the 

injectant water composition and the target aquifer can potentially drive a range of water-

sediment interactions that must be clearly understood and quantified in order to anticipate 

and manage future water quality changes at both the local and regional scale.  

In this study, we use a multi-scale geochemical characterisation of a proposed 

reinjection site in combination with geochemical/reactive transport modelling to 

understand and predict the long-term fate of arsenic; and explore means for suitably 

mitigating an undesired increase of naturally occurring arsenic concentrations. We use a 

series of arsenic sorption experiments with the aquifer material from an injection trial site 

in Queensland, Australia to quantify As sorption/desorption from mineral surfaces in 

response to changes in site-specific geochemical conditions. 

Batch experiments with arsenite were performed under anoxic conditions to 

replicate the highly reducing in-situ conditions. The results showed significant arsenic 

mobility at pH >8. Competitive sorption effects with phosphate and the impact of varying 

temperatures were also tested in batch mode. A site-specific general composite (GC) 

surface complexation model (SCM) was derived through inverse geochemical modelling, 

i.e., selection of appropriate surface complexation reactions and optimisation of sorption 

constants. The SCM was subsequently tested and further improved during the 

interpretation of data from column flow-through experiments and from a field injection 

trial. Eventually the uncertainty associated with estimates of sorption constants was 
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addressed and the effects of this uncertainty on field-scale model predictions were 

analysed. 
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B.2 Determination and quantification of arsenic sorption 

characteristics in the Pleistocene aquifer of Hanoi, Vietnam. 

Presented at the 25th Goldschmidt Conference, 16-21 August 2015, Prague, Czech 

Republic. 

Rathi, B. 1,2, Neidhardt, H. 3, Berg, M. 4, Davis, J.A. 5, and Prommer, H. 1,2 

1 The University of Western Australia, Crawley, WA, Australia  

2 CSIRO Land and Water, Floreat, WA, Australia 

3 University of Tübingen, Department of Geosciences, Tübingen, Germany 

4 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland 

5 Lawrence Berkeley National Laboratory, Berkeley, CA, United States 

Arsenic contamination in Van Phuc, located in the vicinity of Hanoi, has been 

intensively studied for its source, spatial variability as well as hydrological and 

sedimentary controls. A recent study established a 16 to 20 fold retardation in the extent 

of the arsenic contamination relative to the lateral movement of groundwater across the 

boundaries of Holocene and Pleistocene aquifers. However, to date this estimate has not 

been underpinned by any comprehensive experimental evidence of arsenic sorption onto 

aquifer sediments collected from the Van Phuc field site.  

The present study was carried out to determine the arsenic sorption characteristics 

of sediments from the Pleistocene aquifer under variable hydrochemical conditions. 

Representative sediment samples were obtained from a location which has low 

groundwater arsenic concentrations, but is potentially downstream to a high arsenic 

plume migrating with the groundwater flow induced by the pumping for the municipal 

water supply of Hanoi. 

Sorption experiments were carried out with arsenite in a dark and anaerobic set-up. 

The results were used to develop and calibrate a site-specific non-electrostatic surface 

complexation model. The calibration relied on a newly developed particle swarm 

optimisation algorithm in PEST software suite. Apparent equilibrium constants (logKs) 

were derived for surface complexation reactions of arsenite and the distribution of 

arsenite onto different types of surface sites was used to characterise different types of 

minerals taking part in arsenic sorption. 
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B.3 Model-based analysis of push-pull experiments in 

deep aquifers to predict large-scale impacts of CSG 

product water reinjection 

Presented at the AGU Fall Meeting, 14-18 December 2015, San Francisco, USA. 

Prommer, H. 1,2, Rathi, B. 1, Morris, R. 3, Helm, L. 3, Siade, A. 1,2, and Davis, J.A. 4 

1 The University of Western Australia, Crawley, WA, Australia  

2 CSIRO Land and Water, Floreat, WA, Australia 

3 Origin Energy, Australia 

4 Lawrence Berkeley National Laboratory, Berkeley, CA, USA 

Over the next two decades coal seam gas production in Australia will require the 

management of large quantities of production water. For some sites the most viable option 

is to treat the water to a high standard via reverse osmosis (RO) and to inject it into deep 

aquifers. The design and implementation of these field-scale injection schemes requires 

a thorough understanding of the anticipated water quality changes within the target 

aquifers. In this study we use reactive transport modelling to integrate the results of a 

multi-scale hydrogeological and geochemical characterisation, and to analyse a series of 

short-term push-pull experiments with the aim to better understand and reliably 

accurately predict long-term water quality evolution and the risks for mobilizing geogenic 

arsenic. 

Sequential push-pull tests with varying injectant compositions were undertaken, 

with concentrations recorded during the recovery phase reaching levels of up to 180 ppb 

above the ambient concentrations observed prior to the push-pull experiments. The 

highest As concentrations were observed in conjunction with the injection of aerobic 

water, while de-oxygenation of the injectant lowered As concentrations significantly. The 

lowest As concentrations were observed when the injectant was de-oxygenated and acid-

amended. The latter was underpinned by complementary laboratory As sorption 

experiments using sediments from the target aquifer at various pHs, which, consistent 

with literature, show a decrease in As sorption affinity under alkaline conditions. 

In the model-based analysis of the experimental data, model parameters for each 

conceptual model variant were estimated through an automatic calibration procedure 

using Particle Swarm Optimisation (PSO) whereby bromide and temperature data were 

used to constrain flow, solute and heat transport parameters. A series of predictive model 
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scenarios were performed to determine whether advanced manipulation of the injectant 

composition is required. 
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B.4 Modelling of As fate governed by naturally occurring Mn-

oxides under varying geochemical conditions. 

Presented at the 26th Goldschmidt Conference, 26 June-1 July 2016, Yokohama, Japan. 

Rathi, B. 1,2, Sun, J. 3, and Prommer, H. 1,2 

1 The University of Western Australia, Crawley, WA, Australia  

2 CSIRO Land and Water, Floreat, WA, Australia 

3 Lamont Doherty Earth Observatory, Columbia University, Palisades, NY, USA 

Arsenic (As) contamination in groundwater poses serious environmental and 

human health risks. The transformation of arsenite (As(III)), into less mobile and less 

toxic arsenate (As(V)) enhance As sequestration from groundwater and reduces the risk. 

Manganese (Mn) oxide minerals are known to oxidise As(III) to As(V). Mn-oxides 

commonly occur as coatings and fine-grained aggregates of poorly-crystalline mineral 

phases in the natural environment. The oxidation process by Mn-oxides can be very rapid, 

compared to the direct oxidation of aqueous As(III) by molecular oxygen. 

A number of mechanisms for As(III) oxidation by Mn-oxides have been suggested 

in the literature, of which most are complex and involve several simultaneous reactions. 

There is a general agreement that the first step in oxidation is adsorption of As(III) onto 

either Mn(IV) or Mn(III) sites on Mn-oxide surfaces. This is followed by oxidation of 

sorbed As(III) by either electron transfer or substitution. The rate of oxidation reaction 

could differ between Mn(IV) and Mn(III) sites. 𝑀𝑛2+ ions are also produced in the 

oxidation step from the reductive dissolution of Mn(IV or III) oxides. Both, 𝑀𝑛2+ and 

As(V), could remain sorbed or form precipitates on the surface and passivate the surface 

sites, thereby inhibiting further As(III) oxidation. Other ions, e.g., 𝐹𝑒2+ and phosphate, 

are also known to passivate Mn-oxide surface sites. 

In this study, we have reviewed and translated previously proposed conceptual 

models into a process-based numerical model and evaluated the model against measured 

data. 
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B.5 Injection of treated coal seam gas co-produced water into 

deep aquifers – Predicting long-term groundwater quality 

impacts. 

Presented at the Australian Groundwater Conference, 11-13 July 2017, Sydney, 

Australia. 

Rathi, B. 1,2, Siade, A. 1,2, Donn, M. 2, Helm, L. 3, Morris, R. 3, Davis, J.A. 4, Berg, M. 5, 

and Prommer, H. 1,2 

1 The University of Western Australia, Crawley, WA, Australia  

2 CSIRO Land and Water, Floreat, WA, Australia 

3 Origin Energy, Australia 
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5 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland 

Coal Seam Gas production in the coming decades will involve disposal of large 

amounts of co-produced water into deep aquifers. Prior to the implementation of larger-

scale injection schemes, it is important to perform field injection trials that generate 

sufficiently meaningful data sets to allow for the assessment of both the hydrological and 

geochemical impacts on the target aquifer. The present work illustrates the use of reactive 

transport modelling for data analysis from a field experiment where arsenic mobilisation 

was observed. This type of modelling study requires integration of multi-scale data and 

models with a relatively high parametric uncertainty. The parametric uncertainty, 

however, can lead to significant predictive uncertainty when the field-scale reactive 

transport model (RTM) is employed for the prediction of the long-term groundwater 

quality evolution.  

Arsenic sorption behaviour was studied through laboratory experiments and 

modelled using a surface complexation approach. A field-scale RTM that incorporated 

the laboratory-derived model was used to simulate the injection trial and to predict the 

long-term fate of arsenic. Here, we propose a new practical procedure for better 

integration of laboratory and field-scale models in order to quantify predictive 

uncertainty. The approach alleviates a significant proportion of the computational effort 

required for uncertainty quantification. The results illustrate that both desorption and 

pyrite oxidation have likely contributed to arsenic mobilisation observed during the trial.  

The predictive simulations show that arsenic levels are likely to remain very low if the 

potential for pyrite oxidation is minimised through a complete deoxygenation of the 

injectant. The proposed modelling and predictive uncertainty quantification approach can 
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be implemented for a wide range of groundwater studies that investigate the risks of 

metal(loid) or radionuclide contamination. 
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B.6 Multiscale characterisation and quantification of arsenic 

mobilisation during injection of treated coal seam gas co-

produced water into deep aquifers. 

Presented at the 27th Goldschmidt Conference, 13-18 August 2017, Paris, France. 

Rathi, B. 1,2, Siade, A. 1,2, Donn, M. 2, Helm, L. 3, Morris, R. 3, Davis, J.A. 4, Berg, M. 5, 

and Prommer, H. 1,2 
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3 Origin Energy, Australia 
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In Australia, coal seam gas production in coming decades will involve disposal of 

large volumes of co-produced water into deep aquifers. Prior to the implementation of 

large-scale injection schemes, it is important to perform short-term injection trials that 

generate sufficiently meaningful data sets that allow for a robust assessment of potential 

hydrological and geochemical impacts. The present work illustrates the use of reactive 

transport modelling for the analysis of an injection trial where arsenic (As) mobilisation 

was observed. Such a modelling study requires integration of data and models from 

multiple scales with a relatively high uncertainty in parameter values. This parametric 

uncertainty can lead to significant uncertainties in the long-term groundwater quality 

predictions derived from a field-scale reactive transport model (RTM).  

As sorption behaviour was studied through laboratory experiments that 

underpinned the development of a surface complexation model (SCM). The laboratory-

derived SCM was incorporated into a field-scale RTM to simulate the injection trial and 

to predict the long-term fate of As. We propose a new practical procedure for integration 

of laboratory and field-scale models in order to efficiently quantify predictive uncertainty. 

The results illustrate that both As desorption and pyrite oxidation most likely contributed 

to As mobilisation. The predictive simulations show that the complete deoxygenation of 

the injectant will minimise the potential for pyrite oxidation and ensure very low As 

levels. The methodology is applicable to a wide range of groundwater studies that 

investigate the risks of metal(loid) or radionuclide contamination. 
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