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Preface 

The work presented in this PhD thesis was carried out between the dates of 

November 2015 to December 2019 at the Department of Environmental 

Engineering, Technical University of Denmark (DTU) under a Sino-Danish 

partnership with the China Academy of Science (CAS) and in collaboration 

with the School of Water Resources and Environment of the China University 

of Geosciences (Beijing). The study was funded by a PhD grant awarded by 

the Sino-Danish Center for Education and Research which aims at 

strengthening the collaboration between Denmark and China. The PhD 

project has been carried out under the main supervision of Massimo Rolle, 

Associate Professor at DTU Environment. Peter Bauer-Gottwein (Professor at 

DTU Environment) has been co-supervising the PhD Thesis. 

The present dissertation is submitted for the attainment of the PhD degree 

and is organized in two parts. The first part puts the findings of the PhD into 

context in an introductive review; the second part consists of the papers listed 

below. These will be referred to in the text by their paper number written 

with the Roman numerals I-IV. 

 

I Stolze L., Zhang D., Guo H. and Rolle M., 2019. Surface 

complexation modeling of arsenic mobilization from goethite: 

Interpretation of an in-situ experiment. Geochimica et Cosmochimica 

Acta, 248, 274-288. 

 

II Stolze L., Zhang D., Guo H. and Rolle M., 2019. Model-based 

interpretation of groundwater arsenic mobility during in situ 

reductive transformation of ferrihydrite. Environmental Science and 

Technology, 53, 6845-6854. 

 

III Stolze L., Wagner J.B., Damsgaard C.D. and Rolle M. Impact of 

surface complexation and electrostatic interactions during pH fronts 

propagation in silica porous media, Geochimica et Cosmochimica 

Acta, under review. 

 

IV Stolze L. and Rolle M. Arsenic mobility during advection-dominated 

transport in naturally-coated sand: pH dependence and charge impact 

on retardation and breakthrough, Environmental Science and 

Technology, submitted. 
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Summary 

Arsenic groundwater contamination is a problem of enormous scale affecting 

the health of millions of people around the world. Extensive research over the 

last decades have allowed identifying the main processes controlling the As 

occurrence and mobility in groundwater. Despite these tremendous efforts, 

the prediction and interpretation of the occurrence and mobility of arsenic for 

mitigation and remediation of As contaminated aquifers remains a formidable 

challenge.  

The mobility and fate of arsenic in groundwater is governed by the interplay 

of multiple co-occurring processes that depend on the local hydrochemical, 

geochemical and hydrodynamic conditions. However, process-based charac-

terization of arsenic mobility has generally been performed focusing on geo-

chemical processes in isolation and have often been limited to batch systems 

involving a limited number of aqueous species and single synthetic minerals, 

in particular Fe and Al oxides. Furthermore, due to the complex coupling of 

physical, chemical and biological processes in natural systems, it is generally 

difficult to distinguish the effects of specific mechanisms on the mobility of 

arsenic from the sole analysis of groundwater chemistry. To this end, experi-

ments with an intermediate level of complexity are required in order to iden-

tify and characterize the various processes affecting the mobility of arsenic. 

Moreover, numerical reactive transport models, integrating fundamental sci-

entific understanding of individual processes, are instrumental for the quanti-

tative interpretation and prediction of the occurrence and fate of arsenic in 

natural systems. 

This thesis explores the mobility of arsenic in semi-controlled flow-through 

systems involving co-occurring processes and approaching natural systems 

from the hydrochemical and mineral perspectives through the combination of 

experimental and numerical methods. The specific focus was the investiga-

tion of the interactions between arsenic and solid mineral phases in multi-

component systems and mineral assemblage. A key aspect of this research 

was the use of extensive experimental datasets collected under different hy-

drochemical conditions and their model-based interpretation with reactive 

transport simulations coupling physical and geochemical processes and ac-

counting for the local aqueous chemical conditions. This approach enabled to 

illuminate the interplay between processes and the specific effects of aqueous 

charged species on As mobility. 



ix 

The first part (Chapter 2 of this thesis) focuses on the release of arsenic from 

well-characterized iron oxides (i.e., goethite and ferrihydrite) during in-situ 

exposure of synthetic mineral phases to natural groundwater conditions. In 

particular, the synergic and competitive effects of aqueous charged species on 

transient desorption of arsenic from goethite were investigated using surface 

complexation models (SCMs). The capabilities of two SCMs broadly applied 

in the field of reactive transport models (i.e., DDL and CD-MUSIC models) 

were compared as these surface complexation descriptions include different 

descriptions of the electrostatic interactions taking place at the surface-

solution interface. The simulation outcomes demonstrate the importance to 

rigorously account for both the chemical and electrostatic interactions taking 

place at the surface interface in multicomponent systems in order to describe 

the macroscopic sorption behavior of arsenic. Whereas some species can di-

rectly compete with arsenic for sorption sites (e.g., phosphate), others, in par-

ticular major cations (e.g., calcium), can significantly affect the surface 

charge behavior of iron oxides through electrostatic interactions and therefore 

impact the sorption affinity of arsenic. This interplay leads to non-linear sur-

face complexation behavior of arsenic which indicates that the sorption of 

arsenic in natural systems strongly depends on the local chemical composi-

tion and the hydrodynamic conditions. Furthermore, a model was developed 

to simulate the observed As temporal release during in-situ reductive trans-

formation of ferrihydrite observed at different spatial locations in the field. 

The model considered the coupling between abiotic and biotic kinetic reduc-

tive dissolution/transformation of ferrihydrite, the sorption of arsenic  and 

aqueous species naturally present in the groundwater as well as the arsenic 

sequestration into newly-formed secondary iron mineral phases. The model-

based interpretation shows that ferrihydrite reductive dissolution is the prima-

ry driver for the mobilization of arsenic. However, secondary abiotic mineral 

transformations triggered by the dissolution of ferrihydrite and dependent on 

the local hydrochemical conditions and on the mineral composition have also 

fundamental implications for the mobility of arsenic. 

The second part (Chapter 3 of this thesis) addresses the transport of arsenic in 

natural mineral assemblage that was studied under well-controlled aqueous 

chemical conditions in flow-through laboratory experiments. This work fo-

cused on naturally-coated quartz sand since it represents the dominant solid 

phase in various aquifers contaminated by arsenic. However, detailed investi-

gation of As mobility in naturally-coated quartz sand has hardly been studied. 

This research was conducted in two successive parts. First, the propagation of 
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pH fronts and the protonation behavior of the mineral assemblage were char-

acterized. Second, the effects of the silica porous media and aqueous charged 

species on arsenic mobility were investigated. A series of column experi-

ments was performed and consisted in injecting As solutions with different 

pH and background electrolyte concentrations in order to explore the interac-

tions between arsenic, the aqueous charged species and the surface of the 

mineral assemblages. The experiments were repeated using different types of 

silica porous media in order to compare their effects on the transport of aque-

ous solutes. The flow-through experiments were combined with the charac-

terization of the natural sand properties and with reactive transport modeling. 

In particular, the interactions between the aqueous charged species and the 

surface of the mineral assemblage were described with surface complexation 

models using a component additive approach in order to account for the dis-

tinct contribution of quartz and metal oxides present in the natural sand coat-

ings. Moreover, the quartz surface was described with a bimodal acidity be-

havior based on recent insights gained from interfacial molecular studies.  

These multiple lines of evidences were used to distinguish the geochemical 

processes governing the mobility of the protons, major ions and arsenic. The 

outcomes showed that the silica porous media substantially interacted with 

the aqueous solutes and revealed an interesting sequential sorption mecha-

nism. This mechanism consisted in a strong release of protons from the 

quartz surface upon interaction with the background electrolytes which, sub-

sequently, led to a profound impact on the arsenic affinity for the natural sand 

coatings. 

In conclusion, this PhD thesis has contributed to advance the knowledge on 

arsenic mobility towards a comprehensive description of arsenic transport in 

complex natural flow-through systems. It has been shown that interpretation 

and prediction of arsenic behavior in the subsurface requires consideration of 

coupled physical, chemical, electrostatic and biological processes and of the 

specific effects of individual aqueous solutes and mineral phases. In this the-

sis, the synergic combination of experimental investigation and reactive 

transport modeling allowed the quantitative understanding of the controlling 

effects of natural hydrochemical conditions and mineral assemblages on the 

fate of arsenic in groundwater. 
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Dansk sammenfartning 

Arsenforurening af grundvandet er et globalt problem, som påvirker millioner 

af menneskers helbred over hele verden. Omfattende forskning i løbet af de 

seneste årtier, har gjort det muligt at identificere de vigtigste processer, som 

driver arsens (As) forekomst og mobilitet i grundvandet. På trods af den om-

fattende indsats, er forudsigelse og forståelse af tilstedeværelsen af arsen i 

grundvand en enorm udfordring i forhold til forebyggelse og behandling af 

forurening.  

Arsens mobilitet og skæbne i grundvand styres af samspillet mellem flere 

samtidigt forekommende processer, som afhænger af de lokale hydrokemiske, 

geokemiske og hydrodynamiske forhold. Proces-baseret karakterisering af 

arsens mobilitet udføres generelt med fokus på isoleret geokemiske processer 

og er derfor ofte begrænset til batch-systemer med et begrænset antal vandop-

løste stoffer og enkle syntetiske mineraler, især Fe- og Al-oxider. På grund af 

det komplekse samspil mellem fysiske, kemiske og biologiske processer i 

naturlige systemer er det generelt kompliceret at adskille virkningen fra spe-

cifikke mekanismer på arsens mobilitet alene ud fra analyser af grundvands-

kemien. Til dette formål er det nødvendigt at udarbejde forsøg af mellemlig-

gende kompleksitet for at identificere og karakterisere de forskellige proces-

ser, der påvirker arsens mobilitet. Derudover er numerisk reaktive transport-

modeller, der integrerer grundlæggende videnskabelig forståelse af de indivi-

duelle processer instrumentelle for den kvantitative fortolkning og forudsi-

gelse af arsens forekomst og skæbne i naturlige systemer. 

Denne afhandling undersøger arsens mobilitet i semi-kontrollerede gennem-

strømningssystemer, der inkluderer samtidigt forekommende processer såle-

des at de nærmer sig naturlige systemer ud fra et hydrokemisk og mineralsk 

perspektiv, og gennem kombinationen af eksperimentelle og numeriske me-

toder. Det specifikke fokus var på undersøgelse af samspillet mellem arsen og 

faste mineralfaser i multi-komponent systemer og mineralsammensætninger. 

Et centralt aspekt i denne forskning var brugen af omfattende eksperimentelle 

datasæt indsamlet under forskellige hydrokemiske forhold samt modelbaseret 

fortolkninger ved hjælp af reaktivtransportmodellering koblet med fysiske og 

geokemiske processer under hensynstagen for de lokale vandkemiske forhold. 

Denne fremgangsmåde gjorde det muligt at belyse samspillet mellem proces-

ser og de specifikke effekter af ladede vandopløste stoffer på As mobilitet. 



xii 

Den første del (kapitel 2 i denne afhandling) fokuserer på frigivelsen af arsen 

fra vel-karakteriseret jernoxider (dvs. goethit og ferrihydrit) under in-situ ek-

sponering af syntetiske mineralfaser for naturlige grundvandsforhold. Navn-

lig blev de synergiske og konkurrerende effekter af de vandige ladede specier 

på transient desorption af arsen fra goethit ved hjælp af overfladekomplekse-

ringsmodeller (engelsk: Surface Complexation Models, SCM). Dette indebar 

en sammenligning af to ofte anvendte SCM inden for reaktivtransportmodel-

lering (dvs. DDL- og CD-MUSIC modellerne). Disse modeller inkluderer 

forskellige beskrivelser af de elektrostatiske interaktioner, som finder sted 

ved grænsefladen mellem overflade og opløsning. De resulterende simulerin-

ger demonstrer vigtigheden af nøje at redegøre for både kemiske og elektro-

statiske interaktioner ved grænsefladen i multi-komponent systemer for at 

beskrive arsens makroskopiske sorptionsopførsel. Hvor nogle specier konkur-

rerer direkte med arsen om sorptionspladser (f.eks fosfat), kan andre, i særde-

leshed større kationer (f.eks. calcium), markant påvirke arsens overfladelad-

ningsadfærd gennem elektrostatiske interaktioner og dermed påvirke arsens 

sorptionsaffinitet. Dette samspil fører til kompleks non-lineær overfladekom-

pleksationsadfærd af arsen, hvilket indikerer, at sorption af arsen i naturlige 

systemer er stærkt afhængig af den lokale kemiske sammensætning og de hy-

drodynamiske forhold. Derudover blev en model udviklet for at simulere fri-

givelsen af As observeret over tid under in-situ reduktiv transformering af 

ferrihydrit forskellige steder i felten. Modellen tager højde for koblingen mel-

lem abiotisk og biotisk kinetisk reduktiv opløsning/transformering af ferrihy-

drit, sorption af arsen og vandige specier naturligt forekommende i grund-

vandet, samt sekvestration af arsen i nydannede sekundære jernmineralfaser. 

Den modelbaseret analyse viser at reduktiv opløsning af ferrihydrit er den 

primære drivkraft bag mobilisering af arsen. Sekundære abiotiske mineral-

transformationer udløst af opløsningen af ferrihydrit og afhængige af de loka-

le hydrokemiske forhold og mineralsammensætningen har dog også grund-

læggende betydning for arsens mobilitet. 

Anden del (kapitel 3 i denne afhandling) vedrører transport af arsen i naturli-

ge mineralsammensætninger, hvilket blev undersøgt under velkontrollerede 

gennemstrømnings- og vandkemiske forhold gennem laboratorieforsøg. Fo-

kus var på naturligt metal oksider belagt kvartssand, da det repræsenterer den 

dominante solide fase i flere arsenforurenede grundvandsmagasiner. Arsens 

mobilitet gennem denne type sand er dog sjældent blevet undersøgt tidligere. 

Denne forskning er udført i to trin. Først undersøges propagation af pH-

fronterne og protoneringsadfæren af mineralsammensætningen. Derefter un-
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dersøges effekten af silica porøst medie og vandopløste stoffer på arsens mo-

bilitet. Der blev udført serier af søjleforsøg, som bestod i at injicere As-

opløsninger med forskellige pH-værdier og baggrundselektrolytkoncentratio-

ner for at udforske interaktionen mellem arsen, de ladede vandopløste stoffer 

og mineralsammensætningernes overflade. Forsøgene blev gentaget med for-

skellige typer silica porøst medie for at sammenligne disses effekt på trans-

port af vandopløste stoffer. Gennemstrømningsforsøgene blev kombineret 

med karakterisering af det naturlige sands egenskaber samt reaktiv transport 

modellering. Særligt blev samspillet mellem de ladede vandopløste stoffer og 

overfladen af mineralsammensætningen beskrevet ved hjælp af overflade-

komplekseringsmodeller under anvendelse af en komponent additiv metode, 

således at der blev taget højde for de særskilte bidrag fra naturligt forekom-

mende kvarts og metaloxider i kvartssandets belægning. Kvartsoverfladen er 

derudover beskrevet med en bimodal syreadfærd ud fra nyligt opnået viden 

fra molekulære studier af faseovergange. Disse mangfoldige bevisveje blev 

brugt til at adskille de geokemiske processer som regulerer protoners, større 

ioners og arsens mobilitet. Resultaterne viste væsentlig interaktion mellem 

det silica porøse medium og de vandopløste stoffer, og afslørede en interes-

sant, sekventiel sorptionsmekanisme. Denne mekanisme bestod i en stærk 

frigivelse af protoner fra kvartsoverfladen ved interaktion med baggrund-

selektrolyterne, som førte til en gennemgående påvirkning af arsens affinitet 

for den naturlige sandbelægning. 

Denne ph.d.-afhandling bidrager til en øget forståelsen af arsens mobilitet 

ved en omfattende beskrivelse af arsentransport i komplekse naturlige gen-

nemstrømningssystemer. Tolkning og forudsigelse af arsens adfærd i under-

grunden kræver at koblede fysiske, kemiske, elektrostatiske og biologiske 

processer samt de specifikke effekter af individuelle vandopløste stoffer og 

mineralfaser tages i betragtning. Med henblik herpå er den synergiske kombi-

nation af forsøgsdrevet undersøgelser med reaktivtransportmodellering in-

strumentel til at fremme videnskabelig forståelse og tekniske løsninger af ar-

senforurening af grundvand. 
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1 Introduction 

1.1 Background and motivation 
Arsenic geogenic contamination impacts groundwater quality and the health 

of millions of people in various places around the globe. Recognition of this 

problem as a global threat for drinking water resources dates back to the 

1980’s when wells-drilling programs conducted in South-East Asia induced a 

large-scale consumption of As contaminated groundwater leading to the mas-

sive chronic poisoning of the population (Appelo and Postma, 2010; Fendorf 

et al., 2010; Smedley and Kinniburgh, 2013). Since this first awareness, geo-

chemical investigations have aimed at understanding the spatial and temporal 

occurrence of arsenic. This assessment has become increasingly more rele-

vant in a context of global warming and population growth that exacerbates 

the use of groundwater resources in As-impacted areas (Taylor et al., 2012; 

Lemonte et al., 2017).  

In particular, the extensive development of deep groundwater abstraction 

from As-free Pleistocene aquifers in South East-Asia has induced large-scale 

downward migration of contaminated groundwater from the overlying Holo-

cene aquifer. This effect poses a threat to the primary source of As-free 

drinking water in this region and calls for a more thoughtful utilization of the 

resources. Therefore, rigorous estimation of aquifers vulnerability based on 

the controlling geochemical processes is required (Klump et al., 2006; 

Burgess et al., 2010; Radloff et al., 2012; Khan et al., 2016; Knappett et al., 

2016; Michael and Khan, 2016; Shamsudduha et al., 2019).  

Arsenic mobilization from solid phases can also occur during artificial 

groundwater recharge as a consequence of the sudden change in the geo-

chemical conditions. Such release has especially been shown to take place 

during manage aquifer recharge (MAR) which represents an increasingly 

popular technique for the storage and protection of fresh water resources 

(Wallis et al., 2010; Fakhreddine et al., 2015). Thus, degradation of ground-

water quality should be prevented by determining optimal operational condi-

tions based on predictions of the geochemical processes taking place during 

MAR.  

Mitigation and remediation of arsenic contaminated groundwater are particu-

larly challenging due to the large spatial heterogeneity of arsenic concentra-

tions that prevail in many field sites resulting from the local hydrochemical, 

geochemical and hydrodynamic conditions. A promising remediation tech-
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nique consists in injecting chemical amendments performed directly into As 

contaminated aquifers to trigger mineral transformation that ultimately en-

hance the in-situ sequestration of arsenic (Sun et al., 2016, 2018). However, 

the outcome of this approach strongly depends on our ability to predict the 

fate of arsenic during changes in the natural mineral assemblage. It is there-

fore of utmost importance to understand and correctly quantify the processes 

controlling the As release and mobility in groundwater for planning the ab-

straction and recharge of groundwater and for the development of mitigation 

and remediation strategies. 

Arsenic release in subsurface environment is generally triggered by natural 

geogenic processes and leads to hazardous levels in groundwater (Appelo and 

Postma, 2010; Smedley and Kinniburgh, 2013). Over the last decades, enor-

mous efforts have been dedicated to the identification of the primary path-

ways of arsenic from the solid phase to the groundwater. In particular, the 

reductive dissolution of As-bearing poorly crystalline iron oxides has been 

recognized as the primary mechanism leading to the large-scale contamina-

tion observed in the Ganges-Brahmaputra-Meghna rivers, Red river and Me-

kong river in South and South-East Asia (Berg et al., 2001; Postma et al., 

2007; Fendorf et al., 2010) as well as in the arid/ semi-arid basin of Northern 

China (Guo et al., 2013). This mechanism is triggered by the combined ef-

fects of the strong reducing conditions prevailing in the young Quaternary 

aquifers and/or in the shallow sediments of permanent wetlands and the con-

stant supply of Himalayan-derived sediments containing arsenic  (Polizzotto 

et al., 2008; McArthur et al., 2011; Jia et al., 2014; Stuckey et al., 2015). Dif-

ferently, oxidation of As-bearing sulphide minerals such as arsenopyrite can 

lead to significant mobilization of arsenic in ore mineralization areas 

(Smedley et al., 2007; Fakhreddine et al., 2016; Bretzler et al., 2018). Arsenic 

can also be directly supplied in large amounts by geothermal fluid (Sigfusson 

et al. 2011). Furthermore, volcanic ashes have been proposed to be a source 

of arsenic in parts of South America (Bundschuh et al., 2004). 

In groundwater, arsenic transport is significantly affected by its interactions 

with a wide-range of minerals. Fe (hydr)oxides are ubiquitous in natural sys-

tems and exist as a range of minerals with different stabilities (ferrihydrite < 

lepidocrocite < goethite < hematite). These minerals together with the Fe cy-

cle have fundamental implications on the mobility of arsenic (Root et al., 

2007; Fendorf et al., 2010; Jessen et al., 2012; Sø et al., 2018; Sun et al., 

2018). In particular, while the dissolution of Fe mineral phases leads to the 

mobilization of arsenic, the co-occurring precipitation of Fe and/or the crys-
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tallization of Fe oxides into secondary Fe mineral phases can effectively 

scavenge the arsenic through re-incorporation mechanisms (Pedersen et al., 

2006; Tufano and Fendorf, 2008; Erbs et al., 2010). The role of Fe(II) in 

these processes is particularly important as it can catalyze the transformation 

of Fe-oxides into more crystalline phases (Pedersen et al., 2005; Hansel et al., 

2005; Boland et al., 2014), precipitate into Fe mineral phases by reacting with 

aqueous charged species present in groundwater (e.g., Fe-carbonate minerals 

such as siderite and/or sulfide minerals such as mackinawite or pyrite; 

Zachara et al., 2002; Pallud et al., 2010; Kirk et al., 2010; Burton et al., 2011) 

and/or lead to the oxidation of arsenic through electron transfer (Amstaetter 

et al., 2010). Furthermore, arsenic can significantly adsorb onto iron and al-

uminium oxides as well as aluminosilicates due to their large surface areas 

and surface charge properties (i.e., high isoelectric point). This surface capac-

ity decreases inversely to the crystallinity of the oxide whereas the sorption 

affinity of arsenic is determined by its oxidation state, the pH, and the pres-

ence of aqueous charged species. The latter can chemically compete for sorp-

tion sites and/or electrostatically interact at the surface-solution interface 

(Manning and Goldberg, 1996; Swedlund and Webster, 1999; Dixit and 

Hering, 2003; Stachowicz et al., 2007, 2008). 

 

Figure 1. Overview of the multiple processes that can affect arsenic mobility in groundwa-

ter. 

As illustrated in Figure 1, the mobility of arsenic in the subsurface results 

from the interplay of a variety of processes co-occurring at macroscopic and 
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microscopic scales including hydrodynamic transport (i.e., advection, diffu-

sion and dispersion), incorporation during mineral transformation, sorption, 

aqueous reaction, speciation and Coulombic interactions. The occurrence and 

extent of these processes are directly related to the numerous geochemical 

factors that can vary spatially and temporally (Pallud et al., 2010). In particu-

lar, soils and sediments are composed of various mineral phases with differ-

ent reactivity and sorption capacities whereas aqueous species in natural mul-

ticomponent systems can have synergic/opposite effects on the processes af-

fecting As transport due to their structural differences (e.g., charge density, 

valence, size) (Stachowicz et al., 2008; Jessen et al., 2012; Biswas et al., 

2014). 

Figure 2 shows an overview of the current status on arsenic research consid-

ering studies that have aimed at characterizing the arsenic mobility with la-

boratory, in-well exposure and/or pilot in-situ experiments (i.e., field sam-

pling campaigns studies were not included in this literature overview). De-

spite the complexity of natural systems, arsenic mobility remains, to a large 

extent, studied in batch systems, with isolated geochemical processes and 

under simplified well-controlled laboratory conditions involving a low num-

ber of aqueous species and individual synthetic mineral phases. Furthermore, 

many studies have investigated the sorption of arsenic onto Fe and Al oxides 

due to their high sorption capacity and, also, to their relative simplicity of 

synthesis and manipulation in the laboratory. In contrast, our understanding 

of the direct and/or indirect effects of other minerals on the transport of arse-

nic in groundwater remains limited although their importance on As mobility 

is increasingly recognized. For instance, it has recently been shown that man-

ganese oxides can temporally sorb and oxidize As(III) to As(V) (Lafferty et 

al., 2011; Ying et al., 2012) while clay minerals can significantly sorb arsenic 

depending on the hydrochemical conditions (Fakhreddine, 2018). In contrast, 

the effect of quartz on As transport remains largely unexplored despite its 

natural abundance and its quantitative importance in unconsolidated aquifers 

impacted by arsenic contamination (Fendorf et al., 2010). 
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Figure 2. Review of publications focusing on processes affecting As mobility under con-

trolled conditions and categorized by the systems and processes that were studied and by 

the methods of investigation. 
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These research gaps limit our ability to directly transpose the findings of la-

boratory studies to the interpretation and the prediction of arsenic occurrence 

and transport under natural field conditions. It is therefore of primary im-

portance to implement experimental approaches with an intermediate level of 

complexity and which combine transport, multicomponent aqueous systems, 

mineral assemblages and/or multiple geochemical processes in order to gain 

quantitative insights on the mechanisms controlling the mobility of arsenic 

under natural conditions. Such approaches include pilot scale experiments 

directly performed in the field (Neidhart et al., 2014), in-situ observations of 

synthetic minerals exposed to natural groundwater conditions (Nielsen et al., 

2014; Zhang et al., 2017; Neidhart et al., 2018), laboratory experiments per-

formed with mixture/aggregates of synthetic and/or natural materials (Davis 

et al., 1998; Logue et al., 2004; Stollenwerk et al., 2007; Pallud et al., 2010; 

Ying et al., 2012; Mai et al., 2014; Rathi et al., 2017; Sø et al., 2018), sorp-

tion and mineral transformation experiments in multicomponent systems 

(Hansel et al., 2005; Stachowicz et al., 2008) as well as 1D and multidimen-

sional laboratory flow-through experiments (Herbel and Fendorf, 2006; 

Kocar et al., 2006; Tufano and Fendorf, 2008; Rolle et al., 2013; Muniruz-

zaman et al., 2014; Ye et al., 2015; Muniruzzaman and Rolle, 2017; Battistel 

et al., 2019). 

Furthermore, the complexity of natural systems generally complicates the 

direct estimate of the role and importance of individual mechanisms, process-

es and geochemical factors both in experimental and field data investigations. 

Numerical models are therefore instrumental to quantitatively interpret and 

predict the interplay between physical and biogeochemical processes co-

occurring at different scales (Van Capellen and Gaillard, 1996; Steefel et al., 

2005; Appelo and Postma, 2010; Nordstrom, 2012; Parkhurst and Appelo, 

2013; Jakobsen et al., 2019). In recent years, significant advances in compu-

tational performance and methods have allowed the integration of multiple 

processes including transport and geochemical reactions into different reac-

tive transport modeling frameworks applicable to a wide range of environ-

ments and across multiple scales (Appelo and Rolle, 2010; Tournassat and 

Steefel, 2015; Muniruzzaman and Rolle, 2016; Rolle et al., 2018; Sprocati et 

al., 2019). However, despite the pivotal importance of these quantitative de-

scriptions for interpreting laboratory and/or field experiments and the large 

body of literature addressing the mobility of arsenic, the development of pro-

cess-based reactive transport models still remains at an early stage as: 
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 the physical, chemical and electrostatic coupling between aqueous 

charged species that strongly determine sorption reactions and kinetic 

processes are often omitted; 

 employment of linear distribution coefficients, simplistic SCMs and/or 

linear kinetic rates are common practice; 

 the natural mineral assemblage is traditionally simplified by only con-

sidering the impact of iron oxides on the arsenic mobility.  

Hence, the implementation of flexible modeling approaches that rigorously 

consider the multicomponent aqueous system and the composition of the 

mineral assemblage for describing As transport under a wide range of hydro-

dynamic and geochemical conditions represents a challenge as well as an op-

portunity to improve the description of As mobility in the subsurface. 

1.2 Research objectives 
The aim of this PhD thesis has been to advance the scientific understanding 

and the capability to describe the mobility of arsenic in flow-through systems 

representative of natural groundwater conditions in terms of mineral assem-

blages and/or hydrochemical composition. Specific objectives were to: 

 test the ability of surface complexation models implemented for well-

characterized mineral phases to capture the macroscopic sorption be-

havior of arsenic under natural groundwater conditions; 

 assess the impact of aqueous charged species and identify surface 

mechanisms influencing the sorption behavior of arsenic under com-

plex multicomponent systems; 

 investigate the fate of arsenic during reductive transformation of iron 

oxides under natural groundwater conditions; 

 implement a modeling approach to simulate sorption processes taking 

place at the surface of natural mineral assemblages with explicit con-

sideration of the relevant mineral surfaces and with a rigorous descrip-

tion of the electrostatic interactions and chemical reactions; 

 perform flow-through experiments to investigate As transport in natu-

rally-coated sand and to characterize the impact of pH and major ions 

on arsenic mobility. 
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1.3 Outline of the PhD thesis 
The thesis is divided in two main chapters. Chapter 2 presents a model-based 

interpretation of the mechanisms of arsenic release and sequestration 

from/onto synthetic iron oxides during an in-situ experiment. In particular, 

the capabilities of two surface complexation model (SCMs) to simulate As 

desorption from goethite under complex hydrochemical conditions are com-

pared. These models are used to interpret the surface mechanisms controlling 

the release of arsenic (Stolze et al., 2019-I). This chapter also describes the 

implementation of a modeling framework capable to simulate the reductive 

transformation of ferrihydrite and the co-occurring release of arsenic and se-

questration into secondary mineral phases under natural groundwater condi-

tions (Stolze et al., 2019-II). Chapter 3 focuses on laboratory experiments and 

their model-based interpretation. First, it presents the characterization of the 

surface protonation of natural silica porous media and its reactivity upon con-

tact with major ions (Stolze et al., 2019-III). Thereafter, this chapter explores 

the impact of the silica surface behavior on the As mobility under well-

controlled hydrochemical and flow-through conditions (Stolze and Rolle, 

2019-IV). The two chapters of this thesis are complementary as they focus on 

As mobility in partially-controlled flow through systems and as they respec-

tively address the effects of (i) the interplay between aqueous charged species 

in multicomponent aqueous systems and (ii) the contribution of different sur-

faces coexisting in natural mineral assemblages. A key feature of the work 

presented in the PhD thesis was to use large datasets collected under different 

hydrochemical conditions in order to constrain the model implementation 

and, in particular, the calibration of the geochemical model parameters 

through parallelization of the simulations. Figure 3 displays the organization 

of the projects and the modeling approach applied to interpret the field and 

laboratory experiments. Chapter 4 presents the Conclusions of the PhD thesis 

and Chapter 5 provide some perspectives for future work. 
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Figure 3. Overview of the PhD research and methodology employed for the model-based 

interpretation of the processes controlling As mobility investigated during field and labora-

tory experiments. Roman numerals I-IV refer to the papers included in the PhD Thesis. 
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2 Arsenic release and sequestration 

during in-situ exposure of iron oxides 

Uptake of arsenic by iron oxides represents an important, if not the principal, 

pathway affecting directly the mobility of arsenic in many groundwater sys-

tems. Over the last decades, a large amount of studies have contributed to 

improve our understanding of the interactions between As and the iron oxides 

and the geochemical factors affecting these processes. 

Sorption experiments in conjunction with spectroscopy analyses of the struc-

ture of the surfaces and complexes have provided important insights on the 

sorption of arsenic (Stachowicz et al., 2006; Catalano et al., 2008; Hiemstra, 

2010; Xu and Catalano, 2016). In particular, aqueous species have been 

found to exert different types of interactions with the surface as a result of 

their different sizes, hydration shells, molecular structures, valences and 

charge densities. Some charged species can chemically bind to the surface 

(i.e., inner-sphere complexes) while others only interact electrostatically 

(outer-sphere complexes) resulting in distinct effects on the sorption of arse-

nic (i.e., enhancement or reduction; Stachowicz et al., 2008). In this regard, 

the development of surface complexation models has primarily aimed at pre-

dicting the macroscopic sorption behavior as well as to interpret the underly-

ing microscopic mechanisms by explicitly accounting for the chemical reac-

tions, electrostatic interactions and interplay between charged species taking 

place at the solid-liquid interface (Davis et al., 1978; Hayes and Leckie, 1987; 

Hayes et al., 1990; Dzombak and Morel, 1990; Hiemstra and van Riemsdijk, 

1996; Benjamin, 2002; Hiemstra and van Riemsdijk, 2006; Sverjensky and 

Fukushi, 2006; Wang and Giammar, 2013). 

Beside the studies that have focused on sorption processes, the iron cycle, 

that is characterized by a continuous interconversion of the Fe hydr(oxides), 

has long been a topic of interest in the research community due to its promi-

nent role in the environment and its influence on a wide range of aqueous 

species (Cornell and Schwertmann, 2003). Two primary processes have been 

recognized as controlling the amount and structure of Fe (hydr)oxides in the 

subsurface: first, the biotic reductive dissolution of iron oxides coupled to the 

oxidation of organic matter, which is mediated by Fe-reducing bacteria (dos 

Santos and Stumm, 1992; Lovley, 2001); second, the aging of Fe 

(hydr)oxides characterized by an increase in their crystallinity which is pri-

marily promoted by the presence of Fe(II) and electron transfer through a 
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mechanism known as the Ostwald ripening (Hansel et al., 2003). Further 

studies have shown that the rate and nature of the iron oxides transformation 

are strongly influenced by the presence of aqueous species which can (i) re-

duce the extent of the reductive transformation through surface coverage (i.e., 

adsorption processes) inhibiting the accessibility to surface sites (Roden, 

2003; Borch et al., 2007; Hansel et al., 2011), (ii) influence the mineraliza-

tion pathways (Jang et al., 2003; Hansel et al., 2005) and/or (iii) precipitate 

with the generated Fe(II). In the last decade, laboratory studies have investi-

gated the impact of the reductive transformation of Fe (hydr)oxide on the ar-

senic mobility. This work has primarily demonstrated that these reductive 

processes have confounding impacts on the mobility of arsenic as they simul-

taneously lead to the release of arsenic through the disintegration of the min-

eral phase but also to its sequestration into secondary crystalline phases 

(Zobrist et al., 2000; Herbel and Fendorf, 2006; Pedersen et al., 2006; Kocar 

et al., 2006; Tufano and Fendorf, 2008). 

The mobility and fate of arsenic in natural systems will therefore strongly 

depend on the local physical and chemical conditions and their effects on the 

interplay between multiple processes. However, the behavior of arsenic is 

traditionally assessed based on laboratory experiments performed under well-

controlled conditions involving a low number of aqueous species and focus-

ing on a restricted number of processes and mechanisms. In particular, while 

groundwater is composed of a large number of aqueous species and arsenic 

uptake is sensitive to a variety of factors (i.e., aqueous and surface arsenic 

speciation, surface loading, surface charge, pH and presence of competitors 

for sorption sites), the sorption of arsenic and other aqueous species has been 

to a large extent limited to single- and dual- aqueous species systems. The 

work of Stachowicz et al. (2008) represents the only contribution towards a 

comprehensive assessment of the As sorption onto well-characterized iron 

oxides under complex hydrochemical conditions using a triple adsorbate sys-

tems. Similarly, the fate of arsenic during the transformation of iron oxides is 

usually studied under simplified conditions. Until now, no studies have ad-

dressed the effect of the natural hydrochemical composition of groundwater 

on these interactions despite the well-known importance of aqueous charged 

species on the sorption of arsenic and the transformation of iron oxides. To 

date, pilot field scale experiments have been the only attempt for assessing 

the As mobility during transformation of iron oxides under complex hydro-

chemical conditions (Neidhart et al., 2014). The disadvantage of this method 

lies in the fact that conditions of the experiments cannot be fully controlled. 
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In particular, processes have to be inferred from hydrochemical measure-

ments performed at sparse locations (i.e., monitoring wells) and knowledge 

about the mineral phase assemblage is fairly limited. 

In this context, in-situ experiments that consist in observing the change in 

synthetic mineral phases when exposed to groundwater conditions represent a 

powerful approach for bridging the knowledge gap between laboratory and 

field studies. This Chapter presents the model-based interpretation of in-situ 

experiments performed in an As contaminated aquifer that consisted in as-

sessing the As release and sequestration during exposure of As-loaded iron 

oxides to natural As-contaminated groundwater (Zhang et al., 2017). Two 

types of processes were particularly under focus: (i) the desorption of arsenic 

from a stable mineral phase goethite (Stolze et al. 2019-I) and (ii) the fate of 

arsenic during the reductive transformation of poorly crystalline Fe oxide fer-

rihydrite (Stolze et al. 2019-II). 

2.1 In-situ experiments and characterization of 

mineral phases composition 
The in-situ experiments were performed by Zhang et al. (2017) in an As-

contaminated aquifer of the Hetao basin, Northern China. Here, a summary is 

reported focusing on goethite and ferrihydrite. The experimental dataset also 

included hematite that is not considered in this study. Goethite and ferrihy-

drite coated-sands were synthetized and loaded with arsenic in the laboratory. 

Subsequently, the As-loaded coated sands were divided in small amounts (0.5 

g) before deployment in 7 monitoring wells located in the As-contaminated 

aquifer during 80 days. In order to monitor the transient change in the miner-

al phase composition induced by the continuous flow of groundwater through 

the pores and replenishment of aqueous solutes, time-wise sampling of the 

As-loaded iron minerals was conducted throughout the experiment. 

These samples were used to measure the temporal change in As and Fe solid-

associated concentrations as well as the transformation in mineral phases oc-

curring over the total time of the in-situ experiments. The analyses revealed 

that: (i) As was released from both goethite and ferrihydrite but the measured 

temporal profiles were different; (ii) goethite remained stable throughout the 

experiments whereas ferrihydrite significantly dissolved leading to a decrease 

in the total Fe-content and was found to transform into secondary mineral 

phases; (iii) the transient behavior of the As release and mineral transfor-

mation significantly varied among the 7 locations of the monitoring wells; 
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(iv) the As speciation partially changed for ferrihydrite whereas, for goethite, 

As remained in its oxic form. 

 

Figure 4. Field site, conceptual models and modeling approach for the As mobiliza-

tion/sequestration occurring during the in-situ experiments. (a) Predictive map of As 

groundwater contamination in China from Rodríguez-Lado (2013). (b) Map of the Hetao 

Basin from Guo et al. (2016). (c) Simultaneous calibration approach through paralleliza-

tion of the simulations with a common set of parameters for different spatial locations. (d) 

Arsenic desorption from As-loaded goethite when exposed to groundwater conditions (e) 

Arsenic mobilization during reductive transformation of ferrihydrite. 

The complex and spatially different changes in As-content and solid phase 

composition resulting from the natural hydrodynamic and hydrochemical 

conditions impeded a mechanistic interpretation of these transient transfor-

mations directly from the experimental dataset. Therefore, numerical models 

were implemented to allow a quantitative interpretation of the processes and 

geochemical factors impacting the As-loaded iron oxides. In particular, these 

models aimed at distinguishing the hydrochemical species and mechanisms 

controlling the desorption of arsenic and the reductive transformation of 

poorly crystalline iron oxides and the simultaneous release/sequestration of 

arsenic. 
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2.2 Modeling approach 

2.2.1 Modeling framework and calibration strategy 

In this PhD thesis, the IPhreeqc module (Charlton and Parkhurst, 2011) was 

used for coupling the geochemical code PHREEQC-3 (Parkhurst and Appelo, 

2013) with the software Matlab
®

. This flexible modeling approach allowed 

benefiting from (i) the calculation capabilities of PHREEQC to simulate the 

transport of aqueous species, kinetic and equilibrium reactions and (ii) the 

computational capability of Matlab
®

 for data analyses, visualization, parallel-

ization of the simulations and model parameters calibration.  

A primary objective of the model implementation was the development of a 

single set of parameters for the respective considered minerals (i.e., goethite 

and ferrihydrite) that could reproduce the experimental observations collected 

at different spatial locations in the Hetao Basin field site. This approach was 

adopted to ensure that the model could explicitly account for the effects of 

the hydrochemical conditions on the As release and mineral transformation in 

order to offer a mechanistic interpretation of the in-situ experiments. There-

fore, the parameters were systematically calibrated by simultaneously using 

the datasets collected among the 7 wells through parallelization of the simula-

tions. Figure 5 schematically illustrates the structure of the modeling frame-

work. 

 

Figure 5. Methodology employed for the model-based interpretation of the processes con-

trolling the As mobility observed during field and laboratory experiments.  
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2.2.2 Surface complexation models 

In the last decades, surface complexation models (SCMs) have emerged as a 

valuable alternative to the distribution coefficient (Kd) approach or to similar 

methods based on the non-linear Freundlich or Langmuir adsorption iso-

therms. In fact, the empirical nature of these methods and the absence of 

mechanistic description preclude wide applicability under different geochem-

ical conditions. In contrast, SCMs mathematically describe the electrochemi-

cal structure of the mineral-water interface which allows to explicitly ac-

counting for the effects of the chemical composition of the aqueous solution 

on the sorption reactions (i.e., competitive and/or synergic ion adsorption) 

(Davis and Kent, 1990; Goldberg, 1992; Appelo and Postma, 2010).  

Development of modern SCMs was initiated by the work of Helmholtz 

(1853), Gouy (1910) and Chapman (1913) on the electrical double layer 

(EDL) theory that describes the distribution of counterions at a charged sur-

face - water interface as a function of the electrostatic field that extends from 

the surface towards the solution. In particular, Gouy and Chapman demon-

strated that the capacitance of the surface - water interface was function of 

the electrolyte composition and that the surface charge σ0 is compensated by 

a diffuse swarm of counterions, having a total charge σd , fully dissociated 

from the surface (i.e., the diffuse layer). This theory was later refined by 

Stern (1924) and Grahame (1947) who showed that counterions can be elec-

trostatically bound to the surface and approach to a finite distance equivalent 

to the size of a water molecule (i.e., the hydrated shell) forming a compact 

layer. Stern and Grahame represented this distribution by introducing a Stern 

layer in-between the surface plane and the diffuse layer. This layer includes 

an inner Helmholtz plane (IHP that is also referred as β-plane or 1-plane) 

with a charge σβ resulting from the electrostatically bound ions (i.e., outer-

sphere complexes). The outer Helmholtz plane (OHP) or shear plane marks 

the beginning of the diffuse layer with a charge equals to the dissociated 

charge σd. 

Based on this early theory, SCMs have been implemented to describe the sur-

face – water interface as a succession of planes x having their own charge σx 

and potential Ψx related through mathematical equations expressing the decay 

of the electrostatic potential with distance from the surface. Specific adsorp-

tion is expressed with mass action laws that consist in: (i) a set of chemical 

reactions between a surface functional group ≡SOH and aqueous solutes lead-

ing to the formation of surface complexes and (ii) equilibrium affinity con-
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stants K controlling the reactions. The amount of functional groups available 

for reactions are defined by the site density Ns [site/nm
2
], the surface area 

[m
2
/g] and the mass of mineral phase [g]. The affinity constants directly de-

pend on the nature of the functional group and are usually determined empiri-

cally. For instance, the deprotonation and protonation reactions of a given 

functional group are expressed as: 

≡SOH = ≡SO-+ H+ K1 (1) 

≡SOH + H+ = ≡SOH2
+ K2 (2) 

The affinity constants K account for the chemical free energy of the reactions 

and the contribution of the electrostatic field. The latter is achieved with the 

introduction of a variable coulombic term exp (
F ∑ ∆Ψx

RT
) based on the Boltz-

mann distribution which accounts for the relative change in potentials ∆Ψx in 

the planes x induced by the reaction. Hence, the equilibrium constants of the 

deprotonation and protonation reactions defined for the surface plane 0 are 

defined as: 

K1 = 
[≡SiO-][H+]

[≡SiOH]
exp (

-FΨ0

RT
) (3) 

K2 = 
[≡SiOH2

+]

[≡SiOH][H+]
exp (

FΨ0

RT
) (4) 

Where F is the Faraday’s constant (96.485 C/mol), Ψ0 is the electrical poten-

tial at the surface [V], R is the ideal gas constant (8.314 J/mol/K) and T is the 

absolute temperature (K).  

The diffuse double layer (DDL). As illustrated in Figure 6, SCMs primarily 

differ in the definition of their interfacial structures for describing the decay 

of electrostatic potential from the surface towards the solution and the distri-

bution of counterions in the interface. In particular, the diffuse double layer 

(DDL) developed by Stumm and co-workers (Stumm et al., 1970; Huang and 

Stumm, 1973) directly stems from the Gouy-Chapman theory with respect to 

the description of the electrostatic interface.  

The DDL explicitly considers acid-base reactions and complexation of aque-

ous species via ligand exchange (i.e., inner-sphere complexes) with mass ac-

tion laws and disregards the formation of outer-sphere complexes. These re-

actions are defined in the surface plane -0 and the surface charge σ0 results 
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from the protonation of the surface and surface complexes. σ0 is compensated 

by the dissociated charge of the diffuse layer σd so that: 

σ0 + σd = 0 (5) 

The charge σd is calculated from the Gouy-Chapman theory derived from the 

Poisson-Boltzmann equation and that accounts for ionic strength effects of 

the electrolyte on the adsorption as:  

σd = -0.1174√I sinh (
zeΨ0

2kT
) (6) 

where I is the ionic strength, ze is the ionic charge in the electrolyte [C] and k 

is the Boltzmann constant. Therefore, the ions in the diffuse layer are not ex-

plicitly considered and are instead only treated as point charges. Furthermore, 

the DDL assumes no potential drop between the surface and the diffuse layer:  

Ψ0=Ψd (7) 

 

Figure 6. Schematic representations of the diffuse double layer (a), basic Stern (b) and 

triple layer model (c). 

The triple layer model (TLM). The TLM is based on the Stern-Grahame the-

ory and explicitly accounts for the weakly electrostatically bound ions which 

are assigned to the IHP (i.e., also referred as the β-plane or 1-plane). The ad-

sorption of a cation M
+
 or an anion A

-
 in the β-plane is defined by the reac-

tions: 

≡SO- + M+ = ≡SO- − M+ KM (8) 

≡SOH2
+ + A- = ≡SOH2

+ − A- KA (9) 

The equilibrium constants of these reactions are defined as: 
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KM = 
[≡SO − M]

[≡SiO-][M+]
exp (

FΨβ

RT
) (10) 

KA = 
[≡SiOH2

+]

[≡SiOH][H+]
exp (

-FΨβ

RT
) (11) 

The original model proposed by Stern and Grahame only considered a change 

in potential between the surface and the IHP with a fixed capacitance value 

C1 and ignored the difference in potential between the IHP and OHP. This 

representation is referred as the basic Stern model. Yates et al. (1974) ex-

tended this representation by introducing a constant capacitance C2 between 

the IHP and OHP. This extended triple layer model was implemented by Da-

vis et al. (1978). Similar to the DDL, the charges of the 3 planes compensate 

each other: 

σo+ σβ+ σd = 0 (12) 

where σo is the charge of the surface (i.e., 0-plane) that is mostly controlled 

by acid-base reactions and inner-sphere complexes, σβ  is the charge of the 

IHP which results from the outer-sphere complexes and σd is the charge of 

the OHP that is calculated as the charge of the diffuse layer via the Gouy-

Chapman theory. Furthermore, the decay in electrostatic potential from the 

surface towards the solution is defined as:  

Ψ0 - Ψβ= 
σo

C1

 (13) 

Ψβ - Ψd= 
σo+ σβ

C2

= -
σd

C2

 (14) 

Where C1 is the integral capacitance between the surface and the IHP and C2 

is the integral capacitance between the IHP and the OHP. C1 and C2 are as-

sumed constant and generally treated as adjustable parameters although C2 is 

commonly fixed to 0.2 F/m
2
. The overall capacitance of the Stern layer C can 

be calculated as: 

1

C
= 

1

C1

+ 
1

C2

 (15) 
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The CD-MUSIC model. The charge distribution – multisite complexation 

model (CD-MUSIC, Hiemstra et al., 1989) implemented by Hiemstra and co-

workers follows the extended triple layer model interfacial structure. Howev-

er, the capacitance C2 is generally fixed higher than 0.2 F/m
2
 as the physical 

reality of this value has been disputed (Hiemstra and van Riemsdijk, 2006). 

Therefore, the CD-MUSIC model is often referred to a triple plane model 

(TPM) for distinction with the TLM. Furthermore, the CD-MUSIC includes 

two additional components which aim at accounting for the microscopic 

structures of the surface and complexes derived from spectroscopic and mo-

lecular dynamics investigations. In fact, these microscopic properties have 

fundamental implications on macroscopic adsorption phenomena. 

The multisite complexation (MUSIC) component takes into account the het-

erogeneity and the abundance of surface functional groups as the surface 

structure directly controls the affinity of aqueous charged species for sorption 

sites. In particular, the surface groups, that are hydroxyl sites in the case of 

oxides, can be singly, doubly or triply coordinated with the metals present in 

the crystal. The degree of coordination of the oxygen atom defines the formal 

charge of the surface group and, thus, the charging behavior of the oxide. For 

instance, the charging behavior of goethite is primarily determined by singly 

FeOH(H) and triply Fe3O(H) coordinated surface groups.  

Furthermore, based on the Pauling bond valence concept, the charge distribu-

tion (CD) component is used to calculate (i) the formal charge of the surface 

groups and (ii) the distribution of charge of surface complexes in the interfa-

cial region. For inner-sphere complexes, a fraction f of the charge of the ad-

sorbed species is attributed to the surface (i.e., the 0- plane). The remaining 

fraction of charge (1 - f) is attributed to the IHP. Similar to the inner-sphere, 

the outer-sphere complexes can have a spatial charge distribution between the 

IHP and OHP. The charge distribution depends on the structure of the surface 

complex (i.e., common ligands and the bond valence) as well as the orienta-

tion of the water molecules in the electrostatic field (Hiemstra et al., 2006) . 

These factors are generally determined by combining spectroscopy analyses 

and Brown bond valence analyses of molecular dynamics simulations, as well 

as by directly fitting adsorption data (Hiemstra et al., 2006, Stachowicz et al. 

2006). Application of the CD approach is particularly relevant for oxyanions 

such (e.g., arsenate, phosphate, silicate) and divalent cations (e.g., Mg
2+

, 

Ca
2+

, Cu
2+

) as their charge can distribute across the surface-water interface 

(Rietra et al., 1999; Stachowicz et al., 2006; Hiemstra 2010; Hiemstra, 2018).  
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It is important to specify that the concept of charge distribution for surface 

complexes is not only limited to the CD-MUSIC model and has been success-

fully applied with the triple layer model for simulating the sorption of  various 

oxyanions (carbonate, sulfate, arsenite, arsenate) by considering spectroscop-

ically determined structures of surface complexes (Villalobos et al., 2009; 

Fukuski and Sverjensky, 2006, 2007). In particular, Fukuski and Sverjensky 

(2006) have proposed a theoretical approach to account for the electrostatic 

effect of water dipole desorption upon formation of inner-sphere complexa-

tion of oxyanions. This approach allows determining electrostatic factor for 

correcting the charge allocation of inner-sphere anion complexes for the tri-

ple layer model. 

Performance of the DDL and CD-MUSIC models under natural groundwa-

ter conditions. Many adsorption studies have focused on the characterization 

of ferrihydrite and goethite surfaces with the DDL and the CD-MUSIC mod-

els due to the abundances of such minerals in natural systems and their impli-

cations for the mobility of aqueous charged species. These works have led to 

the development of large surface complexation reaction databases which in-

clude a wide-range of adsorption reactions for various aqueous species. In 

particular, the DDL databases for ferrihydrite and goethite implemented by 

Dzombak and co-workers (Dzombak and Morel, 1990; Mathur and Dzombak, 

2006) are widely used for describing sorption onto iron oxides due to the 

simplicity of this SCM and its availability in various geochemical calculation 

codes (e.g., MINTEQ, PHREEQC). Regarding, the CD-MUSIC model, the 

development of a database for goethite has gone along with the implementa-

tion and testing of the CD-MUSIC model by Hiemstra and co-workers. A 

CD-MUSIC database for ferrihydrite has recently been initiated (Hiemstra 

and Zhao, 2016; Hiemstra, 2018). The additional implementation of arsenic 

sorption reactions in the DDL (for ferrihydrite and goethite) and CD-MUSIC 

(for goethite) models has primarily been achieved by Dixit and Hering (2003) 

and Stachowicz et al. (2006), respectively, although other studies have aimed 

at characterizing the sorption of arsenic onto ferrihydrite and goethite with 

the DDL model (e.g., Goldberg and Johnston, 2001). 

The popularity of these databases in the community of reactive transport 

modeling has led to a common usage of their surface complexation reactions 

for simulating arsenic sorption onto iron oxides taking place at the surface of 

sediments (Burnol and Charlet, 2010; Wallis et al., 2010; Shariff et al., 2011; 

Jessen et al., 2012; Biswas et al., 2014; Rawson et al., 2017). However, the 

ability of the SCMs for synthetic minerals to accurately model the sorption of 
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aqueous charged species and, especially, arsenic in natural systems has not 

been extensively assessed. In particular, these reactions are primarily imple-

mented based on well-controlled batch adsorption experiments including a 

low amount of species (i.e., rarely more complex than a dual adsorbate sys-

tem) and these SCMs have not been rigorously tested for complex multicom-

ponent flow-through systems  

In Stolze et al. (2019-I), I employed the in-situ experimental dataset collected 

by Zhang et al. (2017) to test and compare the ability of the DDL and the 

CD-MUSIC model to simulate the transient desorption of arsenic from goe-

thite under natural hydrochemical and hydrodynamic conditions. Goethite 

was chosen as it is, to date, the only mineral for which an extensive set of 

thermodynamically-consistent surface complexation reactions exists in both 

DDL and CD-MUSIC models. For each SCM, the temporal change in As-

solid concentration for the 7 wells was modeled by parallelizing the simula-

tions at the different locations using the modeling framework shown in Fig-

ure 5. Simulations were performed with two different sets of parameters. The 

first set of parameters consisted in direct application of values found in the 

literature. Second, the SCM parameters were re-optimized using the parallel-

ization scheme shown in Figure 5 in order to explore possible improvement 

in the agreement between the simulation results and the experimental dataset. 

Calibration intervals were defined as the 95% confidence interval of the pa-

rameter value reported in the literature for consistency with the sorption 

properties of the mineral surface observed in the laboratory.  

 

Figure 7. Comparison between simulated and measured concentrations of arsenic adsorbed 

onto the goethite-coated sand in three of the seven monitoring wells used for the in-situ 

experiments. 

As an example, comparisons between the simulated and measured concentra-

tions of arsenic adsorbed on the coated sand for 3 wells are displayed in Fig-

ure 7. These results indicated that the CD-MUSIC performed significantly 

better than the DDL with respect to the groundwater conditions at the field 
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site and that calibration of the CD-MUSIC parameters didn’t lead to substan-

tial improvements in the quality of the fit. Calibration of the DDL model pa-

rameters significantly improved the agreement with the data. However, the 

DDL model failed at capturing the transient change in arsenic concentration 

as well as the amount of adsorbed arsenic when approaching equilibrium with 

the groundwater hydrochemical conditions. The superiority of the CD-

MUSIC model can be ascribed to its explicit consideration of (i) the micro-

scopic structure of the surface and surface complexes, (ii) the more advanced 

description of the electrostatic interface including outer-sphere complexes 

and charged distribution of the adsorbed species, and (iii) the higher quality 

of its surface reactions database that include monodentate and bidentate com-

plexes including the ternary goethite-Fe(II)-As(III) complex. 

2.2.3 Reaction network of the reductive transformation of 

ferrihydrite 

In Stolze et al. (2019-II), modeling of the dataset of ferrihydrite was per-

formed in order to reproduce the transient release of solid-associated arsenic 

concentrations and the concomitant reductive mineral transformation of ferri-

hydrite. The latter was characterized by solid–associated Fe concentrations 

and measurements of the mineral assemblage at 80 days. A model was im-

plemented that was capable to simulate: (i) the desorption of arsenic, (ii) the 

change in As speciation, (iii) the reductive dissolution and transformation of 

ferrihydrite into secondary iron mineral phases, and (iv) the incorporation of 

arsenic into the crystal structure of the newly formed minerals. The primary 

objective of this model-based investigation was to reproduce the datasets col-

lected at different spatial locations by accounting for the effect of the local 

hydrochemical composition of the natural groundwater on the As sorption 

and the mineral transformation, which indirectly impacts the arsenic mobility 

through incorporation mechanisms.  

The kinetic rates controlling the mineral transformation reactions were de-

fined as a function of the surface and/or aqueous chemical parameters and of 

the mineral phase composition. This was achieved by performing a thorough 

literature review in order to include mechanisms observed in isolation in var-

ious laboratory studies. In particular the kinetic rate of microbially-mediated 

ferrihydrite dissolution was expressed as a Monod type rate equation with 

additional terms that accounted for the decrease in ferrihydrite reactivity due 

to: (i) the decrease in ferrihydrite total surface area, (ii) the passivation of 

ferrihydrite surface via adsorption of charged species and, (iii) the inhibition 

of ferrihydrite surface due to the formation of crystalline Fe(III)-oxides:  
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Rferri= -kferri (
[Fe(OH)

3
]

Km
ferri-org + [Fe(OH)

3
]
) (

AFe(OH)3

A0, Fe(OH)3

) (
Stot-Soccupied

Stot

) L(t)   {
L(t<ti, ferri)=0

L(t≥ti, ferri)=1
 (16) 

Km
ferri-org= Km,0

ferri-org
 

[FeOOH]

[Fe(OH)
3
] + [FeOOH]

 (17) 

 

where kferri  is the rate constant, Km
ferri-org  is the half-saturation constant, 

AFe(OH)3
 and A0, Fe(OH)3

 are the total surface areas of ferrihydrite at time t and 

t=0, respectively, Stot is the total amount of ferrihydrite surface sites, Soccupied 

is the amount of ferrihydrite surface sites and Km,0

ferri-org
 is a calibrated variable. 

Quantities in brackets, [ ], represent the molar concentration of the indicated 

species. L(t) expresses the inhibition of the reductive dissolution of ferrihy-

drite observed in the different wells at the field site over a time period ti, ferri, 

as indicated by the lag phase preceding the decrease in the solid-associated 

Fe content.  

The model also accounted for the Fe(II)-catalyzed crystallization of ferrihy-

drite through Ostwald ripening mechanism induced by Fe(II) produced during 

the biotic reductive dissolution of ferrihydrite. This abiotic process is primar-

ily driven by electron transfer from the ferric iron towards the solid phase 

which destabilizes the mineral structure and leads to the disintegration of fer-

rihydrite (Williams and Scherer, 2004; Gorski and Scherer, 2011; Yang et al., 

2010; Boland et al., 2014). The supply rate and the magnitude of the aqueous 

Fe(II) concentration have been identified as the key factors determining the 

type of mineralization pathway and controlling the kinetics of the reaction. In 

particular, lepidocrocite and goethite formation are typically observed at low-

er and over a broad range of Fe(II) concentrations whereas magnetite for-

mation occurs at high Fe(II) concentrations relative to the amount of ferrihy-

drite. The exact mechanism involves in the conversion of ferrihydrite into 

Fe(III) oxides is still debated. Some studies postulated that the dissolution of 

ferrihydrite leads to a release in Fe(III) that subsequently precipitates as 

lepidocrocite and/or goethite (Hansel et al., 2003; Hansel et al., 2005; 

Pedersen et al., 2005). Other authors recently proposed a revised conceptual 

model in which the adsorbed Fe(II) oxidizes at the surface whereas the in-

jected electron leads to the disintegration of ferrihydrite releasing Fe(II) in 

solution (Gorski and Scherer, 2011; Boland et al., 2014). Differently, magnet-

ite forms through topotactic transformation of ferrihydrite (i.e., re-

arrangements of the mineral structure through nucleation and crystal growth) 

during which Fe(II) remains inside the solid resulting in a mix Fe(II)-Fe(III) 
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solid (Tronc et al., 1992; Benner et al., 2002; Hansel et al., 2005; Pedersen et 

al., 2005; Jeon et al., 2003; Zachara et al., 2002). Furthermore, recent studies 

have demonstrated that Ostwald ripening is not strictly controlled by a Fe(II)-

surface interaction mechanism. In fact, direct electron transfer from dissolved 

Fe(II) towards the mineral, acting as a semiconductor can take place which 

significantly modifies the rate and extent of the transformation (Yang et al., 

2010; Boland et al., 2013; Boland et al., 2014). Last, Hansel et al. (2005) 

showed that both the rate and the mineralization pathway of ferrihydrite were 

strongly influenced by the presence of major ions (i.e., chloride, sulfate, car-

bonate).  

Based on these individual findings, mineral transformation reactions and cor-

responding kinetic rate expression have been implemented in Stolze et al., 

2019-II to model the reductive transformation of ferrihydrite. Two main sim-

plifications were made: 

 The product of the Ostwald ripening was defined as a single Fe(III) 

crystalline phase FeOOH (i.e., the different mineralization pathways 

were not considered). This choice was motivated by the absence of de-

tected magnetite at the end of the experiment and by the difficulty to 

quantitatively distinguish the presence of lepidocrocite and goethite at 

the end of the in-situ experiments due to their similar mineral struc-

ture. 

 The Ostwald ripening mechanism was expressed as a simplified disso-

lution/precipitation mechanism in which the totality of the Fe(III) pro-

duced from the dissolution of ferrihydrite is converted into the Fe(III) 

mineral phase 

The Monod-type kinetic rate controlling the Ostwald ripening accounted for 

the surface coverage of Fe(II) adsorbed onto ferrihydrite, the presence of 

Fe(II) in the aqueous phase relative to the amount of ferrihydrite, as well as 

the concentrations of major ions (Cl
-
, SO4

2-
 and HCO3

-
): 

ROstwald=  - (k1 (
SFe(II)

Stot 
)  + k2

[Fe2+]

[Fe(OH)3]
) (

[Fe(OH)
3
]

Km
ferri-ost + [Fe(OH)

3
]
) (

1

[Cl
-
]  + [SO4

2-
] + [HCO3

- ]
)

x

 
(18) 

where k1 and k2 are rate constants, SFe(II) is the amount of ferrihydrite surface 

sites occupied by Fe(II), and x is a calibrated exponent. 

The electron transfer from aqueous Fe(II) was inhibited when the absolute 

energy of the electrons in solutions was lower than the absolute energy of the 
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conduction band of ferrihydrite (i.e., EFe(OH)3
= -5.00 eV; Boland et al., 

2013). This was achieved by setting k2 equal to 0 when EFe(OH)3
  was higher 

than the absolute energy of electrons calculated with the Nernst equation as-

suming that the electrochemical potential of electrons in solution is controlled 

by the Fe(II)/Fe(III) redox couple as (Yang et al., 2010):  

E(eV) = E0 + 0.059log (
{Fe2+}

{Fe3+}
) 

(19) 

Where E0 is -5.21 eV (equivalent to the standard redox potential 0.77 V on 

the standard hydrogen electrode scale with an absolute energy of -4.44 eV), 

{Fe2+} and {Fe3+} are the activities of ferrous and ferric ions in solution, re-

spectively.  

Precipitation of siderite and mackinawite were allowed to proceed as product 

of the reaction between Fe(II) and dissolved carbonate and sulfide naturally 

present in the groundwater depending on the degree of oversaturation. The 

precipitation of these secondary minerals was controlled by the kinetic rate 

expressions: 

Rsid-pptn=ksid-pptnmax (0, [1-
Ksp(sid)

IAPsid

]) 
(20) 

Rmack-pptn=kmack-pptnmax (0, [1-
Ksp(mack)

IAPmack

]) 
(21) 

where Ksp is the solubility product and IAP is the ion activity product.  

The modeling framework included sorption and incorporation of arsenic onto 

the newly formed mineral phases. The ferrihydrite and goethite DDL data-

bases were selected to model sorption processes, as an extensive CD-MUSIC 

reactions database for ferrihydrite has not been yet implemented. The incor-

poration of arsenic was assumed to only occur into siderite and Fe(III) oxides 

and it was defined with a linear rate, stoichiometrically proportional to the 

amount of produced secondary mineral phases. 

The calibration of the model parameters was performed considering the da-

tasets of three monitoring wells selected based on the availability of mineral 

composition measurements. These datasets included the transient change of 

solid-associated arsenic, the solid –associated Fe concentrations as well as 

the mineral composition measured at the end of the in-situ experiments. 
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2.3 Model-based interpretation 
The implemented models were used to quantitatively assess the mechanisms 

controlling the mobilization of arsenic from the As-loaded goethite and ferri-

hydrite. In particular, the key hydrochemical parameters responsible for the 

desorption of arsenic were identified by analyzing the simulated transient 

change in surface composition of the minerals and by exploring the sensitivi-

ty of adsorption processes and As mobility to changes in the hydrochemical 

conditions. Furthermore, the individual impacts of the various co-occurring 

processes in the mobilization of arsenic from ferrihydrite were evaluated by 

the formulation of modeling scenarios in which processes were partially iso-

lated.  

Based on the superiority of the CD-MUSIC model to reproduce the transient 

change in solid-associated As concentration, this SCM was used to interpret 

the adsorption processes controlling the release of arsenic from goethite. As 

an example, Figure 8 shows the outcomes of this analysis for one specific 

well at the field site.  

 

Figure 8. Transient change in surface composition of goethite (a)-(b) and sensitivity anal-

yses of the effects of pH (c) and Ca (d)-(e) on sorption processes in well 4-5 at the Hetao 

Basin field site. 
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Modeling results can be summarized as follow: 

 As(V) was completely removed from the surface after 60 days while 

As(III) significantly sorbed through the formation of Fe(II)-As(III) 

ternary complexes (Figure 8a). Phosphate was the main competitor for 

As(V) sorption sites whereas it did not have any effect on the goethite-

Fe(II)-As(III) ternary complex (Figure 8b); 

 pH exerts a strong non-linear control on a variety of species including 

arsenic and thus significantly determine the adsorption behavior of ar-

senic (Figure 8c); 

 Calcium and, to a lower extent, magnesium, influence the sorption of 

arsenic through electrostatic interactions affecting the surface charge 

(Figure 8d-e). 

Stolze et al. (2019-I) reports additional simulation results of goethite surface 

composition in other wells at the Hetao Basin field site and provides further 

details on the effects of aqueous charged species on the sorption of arsenic 

onto goethite. The paper also includes a global sensitivity analysis offering 

insights on the linear and non-linear effects of pH, phosphate, carbonate, iron 

and calcium. 

Concerning the reductive dissolution of ferrihydrite, the transient release of 

arsenic was significantly different from goethite as the mobilization of arse-

nic occurred in two successive steps (Figure 9a). Modeling results and com-

parison between simulation outcomes from model scenarios helped decipher-

ing the processes controlling the behavior of arsenic. In particular, this mod-

eling assessment indicated that: 

 The initial fast release of As was mainly controlled by desorption 

whereas the subsequent decrease in solid-associated concentrations 

primarily resulted from the disintegration of available sorption sites 

due to the reductive dissolution of ferrihydrite; 

 Part of the mobilized arsenic was incorporated into the secondary Fe 

mineral phases (Figure 9a-c). The extent of the arsenic reincorporation 

significantly varied among the considered spatial locations as a result 

of the spatially variable chemical and hydrodynamic conditions lead-

ing to different mineral transformation; 

 The adsorbed As(V) was rapidly reduced to As(III) on the surface of 

ferrihydrite prior to the reductive dissolution.  
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Figure 9. Transient changes in solid-associated arsenic, Fe content and surface composi-

tion of ferrihydrite in monitoring well 4-5. Comparison between simulations and data (a)-

(b); results of the model scenarios used to disentangle the processes controlling the As 

mobilization (c); simulated change of the surface composition with the calibrated model 

(d). 

Stolze et al. (2019-II) provides further simulation results on (i) the ferrihy-

drite transformation and arsenic release in two other wells at the Hetao Basin 

field site, (ii) the effects of the groundwater chemistry on the surface compo-

sition of ferrihydrite to identify the species controlling the desorption of ar-

senic, and (iii) the Fe(II) generated from the reductive dissolution of  ferrihy-

drite for comparison with mineral transformation studied under well-

controlled laboratory conditions. 

Figure 10 summarizes the processes controlling the release of arsenic from 

goethite and ferrihydrite during the in-situ experiments which were identified 

from the model-based interpretations described in Stolze et al. (2019-I, 2019-

II). The modeling results have shown that the description of As release from 

iron oxides under natural groundwater conditions requires the consideration 

of the complex interplay between multiple co-occurring processes and 

charged species that individually influence the sorption as well as the mineral 

transformation. The model-based interpretation has also illuminated a certain 

number of processes that might have potentially important implications on 

the natural mobility of arsenic but which remain largely unexplored to date. 

In particular, the formation of the ternary goethite-Fe(II)-As(III) complex 
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predicted by the CD-MUSIC model is remarkable as the spectroscopy meas-

urements only indicated the presence of As(V) at the end of the experiment.  

 

Figure 10. Model-based interpretation of the in-situ experiments: summary of the process-

es that influence the mobilization of arsenic and the transformation of iron oxides in the 

case of (a) goethite and (b) ferrihydrite. 

It could therefore be hypothesized that As(III) was oxidized into As(V) at the 

surface of goethite by electron transfer from Fe(II). This mechanism has been 

already observed by Amstaetter et al. (2010) in laboratory experiments. 

Moreover, the fact that the SCMs indicate that As(III) has more affinity than 

As(V) for the iron oxides contradicts the established paradigm that As(III) 

has a higher mobility and that stems from a large amount of experimental 

studies (Zobrist et al., 2000; Tufano and Fendorf, 2008; Tufano et al., 2009; 

Kocar et al., 2006; Herbel and Fendorf, 2006; Saalfield and Bostick, 2009). 

This result suggests, on the contrary, that the relative affinity of these species 

depend on the local groundwater chemistry and on the interplay between mul-

tiple hydrochemical factors. In agreement with our findings, Dixit and Hering 

(2003) hypothesized that As(III) sorption onto ferrihydrite could be greater 

than As(V) within environmentally relevant pH ranges. 

The progress of ferrihydrite transformation has been shown to play an im-

portant role in determining the arsenic mobilization. In particular, the initial 

lag phase preceding the reductive dissolution of ferrihydrite resulted in an 

initial period of arsenic desorption induced by natural aqueous species. This 

lag phase could, for instance, correspond to the period required for microbial 

colonization of the surface of ferrihydrite and/or for the establishment of an-

aerobic conditions in the ferrihydrite coated sand. Moreover, Roden (2003) 

reported that the initial rate of microbial reduction of ferrihydrite was low 

compared to other Fe oxide minerals due to dehydration of ferrihydrite result-

ing in oxide particle aggregation delaying the onset of microbially-mediated 
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reductive dissolution of ferrihydrite. Despite the impossibility to identify the 

exact mechanism leading to this lag phase, modeling and experimental results 

suggest that the cycling of dehydration/hydration of ferrihydrite during water 

table fluctuation might have important implications in the mobility of arsenic 

as well as on the transformation of iron oxides. Modeling results have also 

shown that the effects of aqueous charged species (chloride, sulfate and bi-

carbonate) on the kinetic rate of the Ostwald ripening were significant and 

led to spatially variable reductive transformation of ferrihydrite. Future mod-

el investigations should include their effects on the mineralization pathways 

from ferrihydrite to more crystalline minerals (Hansel et al., 2005) although 

this work would require further knowledge on the effects of aqueous charged 

species on the transformation of ferrihydrite in multicomponent systems. 
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3 Arsenic transport in silica porous media  

Arsenic adsorption has essentially been studied in batch experiments with 

well-characterized synthetic metal oxides and, in particular, iron and alumin-

ium oxides, due to their high adsorption capacity in natural environments. 

Interpretation and prediction of the mobility of arsenic under natural condi-

tions are commonly conducted by transposing the surface behavior of these 

oxides to describe the retention capacity of sediments (e.g., Wallis et al., 

2010; Burnol and Charlet, 2010; Rawson et al., 2017). However, it has been 

recognized that surface complexation models developed for synthetic iron 

oxides are not sufficient to accurately describe the surface behavior of com-

plex mineral assemblages composing the solid matrix of the subsurface 

(Davis et al., 1998; Sharif et al., 2011; Jessen et al., 2012; Sø et al., 2018). 

Two reasons can be invoked to explain such discrepancy. First, the natural 

metal oxides might be considerably different from synthetic minerals due to 

the presence of impurities and/or mixed crystalline structures that can impact 

their surface behavior (Kent et al., 2002). Second, the high sorption capaci-

ties of metal oxides might have masked the fundamental importance of other 

mineral phases.  

In particular, the contribution of silica surfaces is typically ignored when as-

sessing the transport of trace elements and/or contaminants in groundwater 

(Coston et al., 1995; Fuller et al., 1996; Kent et al., 2002) despite the abun-

dance of quartz material in the subsurface (Iler, 1979) and its complex acid-

base surface behavior (Ong et al., 1992; Sulpizi et al., 2012; Pfeiffer-Laplaud 

et al., 2015; McNeece et al., 2018). Understanding the effects of silica sur-

faces on aqueous charged species is particularly critical for assessing the 

transport of arsenic in permeable sandy sediments. In fact, while subsurface 

domains composed of sand are particularly vulnerable to As contamination as 

a result of their high hydraulic conductivity, their retention capacity depends 

on the amount and nature of the sand coatings (Burgess et al., 2010; Knappett 

et al., 2016; Gillispie et al., 2019).  

A few contributions have investigated the interaction between arsenic and the 

surfaces of natural soils and sediments through batch adsorption experiments. 

The resulting adsorption datasets are traditionally interpreted by simplifying 

the composition of the mineral assemblage through the consideration of ge-

neric surface sites (Stollenwerk et al., 2007; Mai et al., 2014; Rathi et al., 

2017; Sø et al., 2018). However, lumping the surface properties of such com-

plex mineral assemblage limits our understanding of the microscopic mecha-
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nisms underlying macroscopic adsorption phenomena and our capabilities to 

predict the transport of aqueous charged species through natural porous me-

dia. In fact, the surface charge behavior and adsorption capacity of the differ-

ent mineral phases composing the assemblage can greatly vary (Hiemstra, 

2010). For instance, quartz and metal oxides have near-opposite surface 

charge behavior within environmental pH range (Kosmulski, 2009). Thus, 

their impact on the transport of aqueous charged species can be expected to 

be radically different (Quezada et al., 2017). 

Furthermore, the applications of batch systems to study sorption onto natural 

mineral assemblages might have largely hindered important effects of surfac-

es that less extensively and/or indirectly impact the sorption of the aqueous 

species under focus. In fact, solution pH and ionic strength in these experi-

ments are typically fixed and the sorption of trace elements is mainly con-

trolled by the phase exhibiting the highest adsorption capacity (e.g., metal 

oxides in the case of naturally coated sands). However, due to their different 

influence on the hydrochemical factors, the mineral phases can be expected to 

mutually affect their surface compositions in a complex interplay between 

surface mechanisms and exchange of charged species governed by transport 

processes (e.g., Ying et al., 2012). This indirect coupling between surface 

processes cannot be resolved in batch systems and requires experimental ob-

servations capturing the dynamics of the competitive and/or synergic interac-

tions between surfaces coexisting in the natural assemblage. To this end, 

flow-through experiments performed with natural mineral assemblage can 

help discriminating the relative importance of the different surfaces on the 

mobility of aqueous charged species. Figure 11 schematically illustrates the 

interplay between arsenic, the aqueous charged species and the different 

types of surfaces co-existing in natural sands under flow-through conditions. 



33 

 

Figure 11. Geochemical interactions and mass-transfer processes during transport of arse-

nic and aqueous charged species in natural sands. 

In this Chapter, the mobility of arsenic in different types of silica porous me-

dia under advection dominated flow-through conditions is assessed. The in-

vestigations were divided in two main steps. First, the mineral composition 

and the protonation/deprotonation behavior of natural sands were character-

ized (Stolze et al., 2019-III). Subsequently, the combined effects of pH, ma-

jor ions and the surfaces of metal oxides and quartz composing the surface of 

natural sands on the transport of arsenic were investigated (Stolze and Rolle, 

2019-IV). In conjunction with the experiments, a reactive transport model 

was progressively implemented to describe and interpret the transport of pro-

tons, major ions and arsenic through the silica porous media and the effects 

of the quartz and the metal oxides on the mobility of the considered aqueous 

charged species. 

3.1 Laboratory investigation 

3.1.1 Flow-through experiments 

We performed a suite of column experiments to explore the transport of pro-

tons, major ions and arsenic in silica porous media and the interactions of the 

aqueous charged species with the surface of the porous matrix. This approach 

offers the advantage to (i) infer the individual impacts of surfaces composing 

the mineral assemblage on the mobility of aqueous charged species under 
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flow-through conditions from the composition of the breakthrough curves and 

(ii) to maximize the surface-to-solution ratio (Bürgisser et al., 1994) which is 

critical in the case of quartz due to its low surface area (i.e., < 1 m
2
/g for nat-

ural sands (Coston et al., 1995; McNeece and Hesse, 2016). Three types of 

silica porous media were employed in order to compare their effects on the 

mobility of aqueous species. Pure quartz beads (denoted as QB) were used to 

observe the impact of quartz only on pH and major ions and as a blank for the 

flow-through experiments performed with arsenic. Two types of natural sands 

(denoted as Sand Germany, SG, and Sand Denmark, SD) collected from two 

different geographic locations were tested to evaluate the role of mineral 

phases (i.e., quartz and metal oxides present in the coatings) and processes 

controlling the transport of aqueous charged species.  

I initially performed a series of 21 column experiments that consisted in in-

jecting solutions of different pH (i.e., HCl pH 2.8 or 5.5 with the former pre-

pared by adding 1.6 mM of HCl) and of different ionic strength (i.e., NaBr [0 

– 100] mM) in order to characterize the protonation/deprotonation behavior 

of the mineral assemblage. Thereafter, 12 column experiments with injection 

of As(V) solutions with different pH and background electrolyte concentra-

tions were performed in order to explore the interplay between arsenic H
+
, 

major ions and surfaces of the mineral assemblage. Table 1 summarizes the 

main operational settings of the flow-through experiments.  

Table 1. Summary of the flow-through experiments: geometry and flow parameters and 

chemical composition of the inlet solutions. 

Porous medium Quartz beads (QB) Sand Germany (SG) Sand Denmark (SD) 

Grain diameter [mm] 1 1.3 0.8 

Flow velocity [m/day] 1 1 1 

Column dimensions [cm] 14.4 × 1.75 14.4 × 1.75 14.4 × 1.75 

(1) Protonation/deprotonation behavior 

Experiment A1 A2 A3 A4 A5 A6 A7 

NaBr [mM] 0 10 100 0.1 1 10 100 

pH Neutral Neutral Neutral Acid Acid Acid Acid 

(2) Arsenic mobility 

Experiment B1 B2 B3 B4 

   NaBr [mM] 0 0 100 100 

   pH Neutral Acid Neutral Acid 

   As injected [mg/L] 1 1 1 1 

    

All column experiments were performed with a seepage flow velocity of 1 

m/day. The columns were equipped with two inlet and two outlet ports con-
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nected to a high-precision peristaltic pump. One outlet port was used for 

time-wise sampling of the effluent (i.e., 1 hour interval) and measurement of 

the ion breakthrough curves. The remaining port was connected to a flow-

through vial for continuous measurement of the pH breakthrough curve. Fig-

ure 12 illustrates the experimental setup. 

 

Figure 12. Laboratory flow-through setup. 

Figure 13 displays a selected set of measured and simulated breakthrough 

curves in order to illustrate the main transport behavior observed during the 

column experiments. Sharp drops in pH were measured at the outlet of the 

columns after flushing 1 pore volume (PV) during the experiments performed 

with NaBr. This indicated a substantial release of H
+
 from the silica porous 

media (Figure 13a). The amount of H
+
 released significantly differed among 

the silica porous media in the order SG>SD>QB encompassing 3 orders of 

magnitude of pH and with a minimum pH 2.75, measured at the outlet of the 

columns for SG. This difference could not be linearly related to the measured 

BET surface areas and suggested that additional factors/processes had to be 

considered for explaining the composition of the pH breakthrough curve. This 

hypothesis was also supported by the different shapes of the H
+
 breakthrough 

curves for acid injections performed at high ionic strength between the two 

natural sands (shown in Stolze et al., 2019-III). Measured breakthrough 

curves of injected ions revealed that Na
+
 was significantly retarded whereas 

Cl
-
 and Br

-
 transport was conservative (Figure 13b). Arsenic was also found 

to be strongly retarded in natural sands although arsenic interaction with the 

solid phase was significantly affected by the pH and/or major ions contained 
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in the inlet solution as suggested by the different As breakthrough curves 

measured during the different types of injections (Figure 13c). In particular, 

when injecting arsenic as part of an acidic solution, arsenic elution occurred 

as a strongly retarded front (red curve, Figure 13c). In contrast, when inject-

ing arsenic with a 100 mM NaBr background electrolyte, a fast traveling 

wave of arsenic was eluted at 1 PV (green curve, Figure 13c) despite the 

strong decrease in pH measured at the outlet of the columns (Figure 13a). The 

patterns of the As breakthrough curves were found similar between the two 

natural sands although the overall retardation and the magnitude of the As 

fast traveling waves differed (shown in Stolze and Rolle, 2019-IV). These 

results suggested similar As uptake mechanisms but different adsorption ca-

pacity and/or reactivity for arsenic of the natural sand surfaces. 

 

Figure 13. Breakthrough curves of pH, major ions and arsenic. In panel (a) the lines indi-

cate the measured pH for the experiments performed by injecting 100 mM NaBr in the 

three porous media. Panel (b) shows the Na
+
 and Br

-
 breakthrough curves measured (sym-

bols) and simulated (lines) for the case of 1mM NaBr injection in SG. Panel (c) displays 

the As breakthrough curves for the 2 column experiments performed with SG; the lines 

connecting the As measurement points have been added to help visualization.  

Stolze et al. (2019-III) provide all measured breakthrough curves of pH and 

major ions collected for the three silica porous media under the tested hydro-

chemical conditions (i.e., pH [2.8 – 6] and NaBr [0 – 100 mM]). Stolze and 

Rolle (2019-IV) display As breakthrough curves for analogous experiments 

performed in SD and QB as shown for SG in Figure 13c. 

3.1.2 Characterization of natural sand surfaces and crystal 

structures 

In order to gain knowledge on the reactive fraction of minerals that influence 

the mobility of aqueous species in the flow-through experiments, multiple 

lines of evidences were used to characterize the surface composition and the 
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topology of the silica porous media, as well as the type of As association with 

the surface of natural sands: 

 Brunauer-Emmett-Teller (BET) measurements of the surface areas of 

the silica porous media were performed; 

 A chemical extractions scheme was applied to quantify the metal ox-

ides present in the coatings of the natural sand and estimate their crys-

tallinity based on the methods of Coston et al. (1995), Fuller et al. 

(1996) and Tucillo et al. (1999); 

 A sequential extraction procedure was followed to determine the type 

of arsenic association with the surface of natural sands based on the 

method of Keon et al. (2001); 

 Scanning electron microscopy (SEM) inspection of the samples to-

gether with Energy Dispersive X-Ray Spectroscopy (SEM-EDS) 

measurements were performed to assess the topology and identify 

mineral phases exposed to the pore water; 

 X-Ray powder diffraction (XRD) measurements were performed to an-

alyze the dominant crystal structures of the natural sands. 

These characterization techniques revealed that Fe and Al minerals were pre-

sent as coatings of the sand in very low amount (i.e., <0.02 wt% and < 0.007 

wt%) in comparison to the mineral bulk consisting of quartz. Fe is predomi-

nantly present as crystalline phases embedded in a matrix of mixed Al-Si 

minerals in agreement with previous studies that have focused on the charac-

terization of natural sand coatings (Penn et al., 2001). SEM images of the sur-

face and cross-sections of the natural sands indicated that Fe minerals are 

mainly localized in the form of agglomerates/flakes following a patchy dis-

tribution (Figure 14). In contrast nanometer-size particles of alumino-silicates 

mineral seem to be significantly more widespread over the surface of natural 

sands as indicated by SEM-EDS measurements and XRD analyses (Stolze et 

al. 2019-III). Surface topography and quartz crystal structures also differ be-

tween SG and SD as indicated by SEM-backscattered electron images and 

XRD analyses, respectively. In fact, SG presents a higher surface roughness 

at the μm scale as well as additional crystal structures including quartz with 

shorter cell edges. 

Stolze et al. (2019-III) provide additional SEM images and SEM-EDS anal-

yses for both natural sand surfaces SD and SG. Moreover, Stolze and Rolle 

(2019-IV) show the results of the sequential chemical extractions performed 
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for characterizing the As association with the natural sand surfaces indicating 

that most of the arsenic was strongly adsorbed to the surface of natural sands. 

 

Figure 14. Example of SEM characterization of the surface and coatings of the natural 

sand SG. Backscattered electron images of the natural sand surface (a) -(b) and example of 

SEM-EDS measurements performed at the location of coatings visible on the SEM images 

(c). Cross-sectional backscattered electron image taken at the surface edge of the natural 

sand (d) and corresponding SEM-EDS elemental mapping (e)-(i). Relative X-Ray intensity 

for a specific element increases from cold to warm colours. Black is non-detected. 

3.2 Modeling approach 
In order to quantitatively interpret the experimental observations and the ef-

fects of the different mineral phases and processes affecting the mobility of 

aqueous charged species, a reactive transport model was implemented. The 

model was based on (i) the measured breakthrough curves, (ii) the knowledge 

gained from the characterization of the natural sand surfaces, and (iii) previ-

ous studies that have focused on surface reactions with individual minerals: 

quartz, iron and aluminium oxides. These investigations led to a conceptual 

framework including sorption as the predominant interaction between aque-
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ous species and the quartz as well as the metal oxides present in the coatings 

of natural sands during transport through the porous domain. 

Similar to the work performed on the As release from synthetic iron minerals 

exposed to natural groundwater conditions presented in Chapter 2, implemen-

tation of the reactive transport model was performed with the geochemical 

code PHREEQC (Parkhurst and Appelo, 2013) using the IPhreeqc module 

(Charlton and Parkhurst, 2011). Furthermore, transport simulations were par-

allelized for the columns performed with a given porous medium in order to 

implement a unique set of model parameters capable of describing the inter-

actions between aqueous charged species and the solid surfaces under various 

hydrochemical conditions (Figure 5, section 2.2.1). 

3.2.1 Transport model 

The transport of aqueous charged species in the 1D saturated porous media 

was described with the governing multicomponent transport equations, ac-

counting for compound-specific diffusive/dispersive properties and Cou-

lombic interactions between aqueous charged species (Appelo and Wersin, 

2007; Rolle et al., 2018). Full description of the governing equations is pro-

vided in (Stolze et al. 2019-III and Stolze and Rolle, 2019-IV). 

3.2.2 Sorption onto silica porous media 

Surface complexation models were implemented to describe the interactions 

between the aqueous charged species and the surfaces. The component addi-

tive (CA) approach was employed in order to distinctively account for the 

surfaces of quartz and metal oxides present in the coatings of natural sands. 

Furthermore, the triple layer model and the basic Stern model were chosen to 

describe the surface reactions of oxides and quartz, respectively, and to rig-

orously account for the electrostatic effects of the major ions on the sorption 

mechanisms. 

Protonation/deprotonation behavior and interactions of major ions with 

silica porous media. 

In Stolze et al. 2019-III, a model was developed in order to reproduce the pH 

and major ions breakthrough curves measured during the injection of acidic 

and salt solutions performed with the three silica porous media. 

Initial forward simulations of the column experiments performed using exist-

ing SCM for synthetic minerals indicated that the decrease in pH at 1 PV 

when injecting a NaBr electrolyte (Figure 13a) was due to the interactions 

between the major ions and the quartz surface. In contrast, the observed and 
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simulated tailing of the H
+
 eluted from the columns packed with natural sands 

when injecting a HCl solution suggested that the metal oxides present in the 

coatings have a significant effect on the retardation of protons. While the 

tested single-mineral SCMs provided information on the type of surfaces in-

fluencing the transport of aqueous charged species, none of these models 

could reproduce the experimental dataset. Thus, we implemented a SCM in-

cluding two surface components: the quartz and the metal oxides with revisit-

ed sets of surface complexation reactions and optimized parameters. 

Quartz surface reactions are traditionally modeled with a single pKa approach 

due to its overall negatively charged surface within most environmental pH 

ranges and low point of zero charge (i.e., pHPZC <3). However, spectroscopic 

and molecular dynamics studies have highlighted the bimodal acidity surface 

behavior of quartz resulting from the existence of multiple types of surface 

sites that can be positively or negatively charged (Ong et al., 1992; Duval et 

al., 2002; Sulpizi et al., 2012). Recent modeling results have shown that ac-

counting for this surface property is important for capturing the macroscopic 

sorption behavior of quartz (McNeece et al., 2018; García et al., 2019). 

Therefore, the surface protonation/deprotonation of quartz was modeled with 

a 2-pKa formalism respecting the relationship pH
PZC

= 
1

2
(pKa1+pKa2) where 

pKa1 and pKa2 are the acidity constants of silanol groups based on results of 

molecular dynamics studies. Furthermore, site density was fixed to the typi-

cal value of 4.6 sites/nm
2
 for silica (Iler, 1979; Hiemstra et al., 1989).  

Surfaces of metal oxides present in the coatings were represented with a sin-

gle type of site and aimed at reproducing the retardation of the protons prop-

agation through surface site protonation. Surface complexation reactions and 

corresponding surface complexation parameters were optimized based on lit-

erature values.  

Stolze et al. (2019-III) provides additional details on the surface complexa-

tion models and reactions as well as on the set of calibrated parameters in-

cluded in the implemented reactive transport model simulating the transport 

of protons and major ions. 

Surface complexation of arsenic onto natural mineral assemblages. 

In Stolze and Rolle (2019-IV), we focused on the adsorption of arsenic onto 

the surface of natural sands SG and SD and on the impact of pH and major 

ions. In this work, we assumed that the metal oxides represented the domi-

nant sink for arsenic due to the high affinity of this metalloid for their posi-
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tively charged surface sites (Fendorf et al., 1997; Arai et al., 2001; Kent and 

Fox, 2004). However, we showed that quartz plays, indirectly, an important 

role on arsenic mobility. 

As shown by SEM images and chemical extraction of sand coatings, quantifi-

cation and characterization of the surface sites available on the surface of 

natural mineral assemblages is quite complicated due to their heterogeneity 

and complex composition including multiple elements (e.g., Al, Fe, Ti, Mg, 

K), crystal structures (i.e., ranging from amorphous to crystalline) and impu-

rities (e.g., Al substitution in Fe crystal structures). Whereas more advanced 

techniques (e.g., transmission electron microscopy TEM, X-ray absorption 

spectroscopy) might allow further characterization and identification of the 

phases present in the coatings, direct estimation of the reactive surface sites, 

areas and amount of the mineral phases is precluded since it is not possible to 

decompose the natural mineral assemblage to study the mineral phases in iso-

lation. Here, a pragmatic approach was adopted: based on the dominance of 

Fe and Al oxides in the natural sand coatings, two types of surface sites were 

defined to account for the heterogeneity of the natural sand. This choice was 

supported by previous applications of the CA approach that have shown that 

consideration of the FeOH and AlOH mineral phases can be sufficient to de-

scribe the interactions of trace elements with the surface of natural sands 

(Davis et al., 1998; Dong et al., 2011, 2014). The site densities were fixed to 

10 sites/nm
2
 (Davis and Kent, 1990) while their surface areas were expressed 

in [m
2
/g sand] and calibrated. Calibration intervals were defined based on: 

 The amount of mineral oxides [g oxides / g sand] determined from the 

Al and Fe leached during the hydroxylamine hydrochloride chemical 

extraction since the latter targets the most reactive fraction of the coat-

ing oxides; 

 The specific surface areas of metal oxides ranging from (i) synthetic 

goethite (i.e., 54 m
2
/g oxide) since this mineral exerts an important 

control on the mobility of trace elements in natural systems (Dong et 

al., 2011) to (ii) estimated surface area of nano-sized natural oxides 

(i.e., 1000 m
2
/g oxide) that have been shown to represent the reactive 

fraction in natural soils (Hiemstra, 2010). 

The surface protonation of the metal oxide was described with a 1-pKa for-

malism (i.e., including a single protonation step) since the pH range, under 

which the column experiments were performed, was relatively low compared 

to the high pHPZC of metal oxides. 
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Simulation of macroscopic arsenic sorption data is traditionally performed 

with SCM using a sufficient number of hypothetical inner-sphere complexes 

(i.e., in general 2-3 types of surfaces species) (Dzombak and Morel, 1990; 

Stollenwerk et al., 2007). However, the consideration of the microscopic 

binding modes and the structure of the surface complexes are crucial for cap-

turing the macroscopic sorption behavior of arsenic in particular in multi-

component systems where aqueous species can both chemically and electro-

statically interact with the surface (Stachowicz et al., 2008; Xu and Catalano, 

2018). This has been illustrated in Chapter 2 by the excellent performance of 

the CD-MUSIC model under natural hydrochemical conditions (Stolze et al., 

2019-I). Furthermore, Catalano et al. (2008), using advanced spectroscopic 

techniques, demonstrated that arsenate could simultaneously sorb as inner- 

and as outer-sphere complexes. This finding supports the conceptual descrip-

tion of a negative charge of arsenic dissociated from the surface layer as in-

cluded in most advanced SCM, such as the CD-MUSIC (Stachowicz et al., 

2006) and TLM (Fukushi and Sverjensky, 2007), although, the conceptual 

description of the arsenic charge distribution at the solid solution interface is 

still debated (Stachowicz et al., 2006; Fukushi and Sverjensky, 2007). In this 

research, we used the set of As surface reactions proposed by Fukushi and 

Sverjensky (2007). This set of surface reactions was chosen in the present 

study since: (i) it has been shown to be applicable for a wide range synthetic 

Fe/Al oxides for surface coverage up to 2.5 μmol/m
2
 in batch systems, (ii) it 

has already presented satisfying capabilities for describing complex behavior 

of arsenate in multi-species batch systems (Kanematsu et al., 2010), and (iii) 

it accounts for realistic structures of As surface complexes determined from 

X-Ray and spectroscopic studies including arsenic outer-sphere complexes 

(Wang and Giammar, 2013). 

Stolze and Rolle (2019-IV) provide additional details on the surface com-

plexation models and reactions included in the reactive transport model used 

to simulate the transport of arsenic, protons and major ions. 

Comparison between simulation outcomes and experimental data 

The reactive transport models including the SCMs calibrated for SG and SD 

were able to satisfactorily simulate the As and pH breakthrough curves with 

single sets of surface complexation parameters encompassing the different 

experimental conditions tested. Figure 15 shows an example of the fit of the 

experimental data collected during the injection of an arsenic solution with a 

NaBr background electrolyte in the natural sand SG. The calibrated model 
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could capture the fast arsenic traveling wave followed by the retarded front 

(Figure 15a) and the sharp drop in pH occurring after 1 PV followed by a 

sluggish recovery towards the pH of the injected solution (Figure 15b). The 

model could also reproduce the transport of major ions as shown in Figure 

13b.  

 

Figure 15. Comparison between simulated and experimental breakthrough curves of pH 

and arsenic for injection of 1 mg/L As solution with a 0.1 M NaBr background electrolyte. 

Stolze et al. (2019-III) show additional comparison between experimental 

datasets and modeling outcomes regarding the transport of protons and major 

ions studied under different hydrochemical conditions. The results showed 

that the reactive transport model has the capability to capture the interactions 

of protons and major ions with the silica porous media within the considered 

pH range [2.5 – 6] and NaBr concentrations within [0 – 100 mM] under the 

experimental flow-through conditions. In that paper, the ability of the SCM 

for quartz alone to reproduce the pH breakthrough curves was also tested. 

Such assessment showed that consideration of oxides surfaces is necessary to 

satisfactorily simulate the transport of the aqueous charged species although 

the quartz surface represents the predominant control of the H
+
 front propaga-

tion upon injection of the NaBr electrolyte. Stolze and Rolle (2019-IV) pro-

vide the comparison between simulated and measured breakthrough curves of 

arsenic and pH for the different As transport experiments (i.e., as shown in 

Figure 13c) performed in SG and SD. 

3.3 Interpretation of the experiments using multiple 

lines of evidence 
The combination of the reactive transport model with the experimental results 

including the measured breakthrough curves and the characterization of the 

sand surfaces and crystal structures allowed the quantitative interpretation of 
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the geochemical processes affecting the transport of aqueous charged solutes 

in the silica porous media under flow-through conditions. 

3.3.1 Protonation behavior of the silica porous media 

The quartz surface was found to strongly interact with protons and sodium. A 

striking effect revealed by the flow-through experiments and the implemented 

model is the significant release of protons from quartz upon sodium adsorp-

tion. This mechanism resulted in the strong decrease in pH measured at 1 PV 

when injecting a solution with a NaBr background electrolyte (Figure 13a). 

Figure 16e displays simulated spatial profiles of H
+
 along the column packed 

with natural sand (SG) and indicates that the concentrations of protons in-

creased progressively in the domain taking the form of a wave of increasing 

magnitude as the NaBr plume propagates through the sand. This effect can be 

qualified as a “snow-plow effect” as the interactions of Na
+
 with an increas-

ing amount of quartz surface causes the accumulation of H
+
 near the advanc-

ing front of the plume. In Stolze et al. (2019-III), a prototype non-invasive 

optode technique was tested for measuring pH spatial profiles along the col-

umn during the propagation of the pH front and confirmed the progressive 

amount of H
+ 

generated during injection of a NaBr injection. Furthermore, 

the release of protons from quartz increases the surface charge of metal ox-

ides which might significantly influence the mobility of aqueous charged 

species having a high affinity for metal oxides surfaces as shown in Stolze et 

al. (2019-I). 

The differences in protonation behavior observed among the quartz surfaces 

could be explained by the different surface topographies and/or crystal struc-

tures and interpreted in the light of molecular dynamics and spectroscopy 

studies. In particular, the natural sand that led to the highest amount of re-

leased protons (i.e., SG, Figure 13a) exhibited the highest surface roughness 

which has been shown to be a controlling factor on the presence of acidic 

sites (i.e., higher potential for releasing protons; Pfeiffer-Laplaud et al., 

2015) Furthermore, the low value of the calibrated inner-Stern layer capaci-

tance C1 for quartz indicated short distance of approach of Na
+
 outer-sphere 

complexes. This result contradicts past surface complexation description of 

quartz surface (e.g., Hiemstra, 2010) but is in agreement with recent molecu-

lar dynamics studies that have shown a closer distance of approach of Na
+
 

from the surface of quartz resulting from the lower hydration of the quartz 

surface in contrast to iron oxides (Pfeiffer-Laplaud and Gaigeot, 2016a,b; 

Quezada et al., 2017). In Stolze et al. (2019-III), we used the set of calibrated 
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surface complexation model to explore the charging behavior of quartz when 

varying pH and the concentration of background electrolyte.  

 
Figure 16. Model-based interpretation of the geochemical processes affecting the As 

transport in flow-through silica porous media. (a) and (e) show simulated spatial profiles 

of protons concentration whereas (b) and (f) display simulated spatial profiles of arsenic 

concentration during injections of As as part of an acidic solution (i.e., pH 2.8 adjusted by 

adding 1.6 mM HCl) or with a background electrolyte (i.e., 100 mM NaBr), repectively. 
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3.3.2 Effect of the mineral assemblage on As mobility 

In Stolze and Rolle (2019-IV), the reactive transport model was used to dis-

entangle the processes affecting the transport of arsenic in natural sands. The 

good agreement between the measured and simulated arsenic and pH break-

through curves (e.g., Figure 15) validated the hypothesis that the arsenic mo-

bility was controlled through sorption onto the metal oxides present in the 

coatings leading to significant retardation of arsenic (Figure 13c). However, 

the quartz and aqueous charged species substantially affected the transport 

behavior of arsenic. 

The set of calibrated surface complexation parameters was used to explore 

the effects of pH and major ions on the adsorption of arsenic. As expected 

from numerous studies focusing on arsenic sorption onto metal oxides (e.g., 

Manning and Goldberg, 1996; Goldberg and Johnston, 2001; Dixit and 

Hering, 2003), the more acidic conditions enhanced As sorption onto metal 

oxides present in the coatings of natural sands through the protonation of sur-

face sites. More surprising, the SCM indicated that arsenic adsorption is sen-

sitive to the ionic strength with decreasing surface concentration upon for-

mation of negatively-charged anion outer-sphere complexes suggesting the 

presence of As outer-sphere complexes in agreement with the findings of 

Catalano and co-workers (Catalano et al., 2008; Xu and Catalano, 2016; Xu 

and Catalano, 2018). 

The effect of protons in enhancing the arsenic adsorption was highest when 

As was injected as part of an acidic solution (pH 2.8 prepared with 1.6 mM of 

HCl) since protonation of the metal oxide surfaces increased the adsorption 

of arsenic throughout the porous domain (Figure 16a-d). In comparison, 

while the pH decreased to a similar value when injecting As with a 100 mM 

NaBr background electrolyte (i.e., pH 2.75) due to the release of H
+
 from 

quartz upon uptake of Na
+
, arsenic was significantly less retarded and could 

be transported as a fast traveling wave (Figure 16e-h). The reactive transport 

model demonstrates that this interesting transport behavior results from a 

complex interplay between transport processes, quartz, metal oxides and the 

aqueous charged species. Whereas the more acidic conditions induced by the 

release of H
+
 from quartz globally enhanced the sorption of arsenic via proto-

nation of the metal oxides, the concentrations of H
+
 only progressively in-

creased towards the outlet as the plume of NaBr advanced towards the outlet 

and contacted an increasing amount of quartz (Figure 16e). Therefore, the 

mobility of arsenic was favored closer to the inlet and decreased progressive-

ly towards the outlet of the column as the pH near the advancing front of the 
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plume became more acidic with time during the first pore volume flushed. 

This is illustrated in Figure 16f by the decreasing magnitude of the As fast 

traveling wave while it is transported away from the inlet. The sequential 

sorption mechanisms which link the surface behavior of quartz and iron oxide 

and significantly impact the mobility of arsenic demonstrate the importance 

of the CA approach for describing the transport of aqueous charged species in 

complex mineral assemblage composed of mineral phases exhibiting different 

surface behavior. 

Stolze and Rolle (2019-IV) presents additional simulated spatial profiles and 

batch calculation results that were used to disentangle the surface mecha-

nisms of oxides and quartz affecting the transport of arsenic. 
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4 Conclusions 

In this PhD Thesis, experimental methods and model-based interpretation 

have been combined to disentangle the specific contribution of geochemical 

mechanisms and hydrochemical factors on the mobility of arsenic. The focus 

was on partially controlled flow-through systems involving (i) single well-

characterized mineral phases (i.e., goethite and ferrihydrite) exposed to natu-

ral groundwater chemistry and (ii) complex natural mineral assemblages (i.e., 

natural sands) interacting with a limited number of aqueous charged species.  

In order to investigate the effects of natural groundwater conditions on As 

mobilization from iron oxides, recent in-situ experiments performed in an 

arsenic-contaminated aquifer of Northern China have been considered. These 

experiments consisted in observing the transient change in As content and 

mineral phases from well-characterized iron oxides (i.e., goethite and ferri-

hydrite) when exposed to natural groundwater conditions. The experimental 

dataset indicated that arsenic was released from goethite through desorption 

while As mobilization from ferrihydrite occurred concomitant to the reduc-

tive transformation of the mineral phase. However, the co-occurrence of mul-

tiple processes and the complex hydrochemical conditions did not allow a 

detailed evaluation of the geochemical mechanisms controlling the arsenic 

release. Therefore, reactive transport modeling was instrumental to provide a 

quantitative understanding of the experimental datasets. 

Modeling of the transient desorption of arsenic from As-loaded goethite ex-

posed to groundwater conditions during in-situ experiments revealed that ar-

senic sorption in natural systems is controlled by chemical and electrostatic 

interactions at the surface-solution interface and involves multiple aqueous 

charged species. Therefore, surface complexation models represent a consid-

erable progress in comparison to the traditional empirical sorption modeling 

approaches which cannot explicitly account for the variability in aqueous 

chemistry. Based on the apparent importance of electrostatic interactions, 

most advanced SCMs with an explicit description of the electrostatic surface 

behavior (i.e., CD-MUSIC, TLM) seem necessary for capturing the adsorp-

tion of arsenic upon formation of outer-sphere complexes. Moreover, these 

models require extensive surface complexation thermodynamic database that 

include surface complexes specifically formed in multicomponent systems 

(e.g., the goethite-Fe(II)-As(III) ternary complex) and account for the micro-

scopic properties of the surface species. 
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The description of As release occurring during the reductive dissolu-

tion/transformation of ferrihydrite integrated fundamental process knowledge 

with the experimental observation at the field site. The model-based interpre-

tation illuminated the effects of the synergic interplay between biotic and 

abiotic kinetic processes on the mobilization of arsenic. Arsenic was sequen-

tially mobilized by fast initial desorption and, subsequently, by the loss of 

sorption sites. A key finding of this study was the impact of secondary abiotic 

mineral transformations on the mobility of arsenic. These transformations 

triggered by the Fe(II) produced during the reductive dissolution of ferrihy-

drite and dependent on the local hydrochemical conditions as well as the 

mineral composition, led to substantial sequestration of arsenic.  

In the second part of the thesis, the mobility of arsenic in natural sands and 

under flow-through conditions was explored. The objective was to illuminate 

the specific influence of the mineral phases present in the mineral assemblage 

and the role of pH and major ions. The interactions between arsenic, the 

aqueous charged species and the silica porous media were characterized by 

extensive aqueous and surface characterization as well as reactive transport 

models. The latter accounted for the different types of surfaces present in the 

mineral assemblage using surface complexation models with a CA approach. 

The study initially focused on the protonation behavior of the silica porous 

media under different ionic strength.  

The flow-through experiments highlighted strong interactions between the 

silica porous media with protons and major ions. The most striking effect was 

the substantial amount of H
+
 that was released from natural sands upon injec-

tion of a background electrolyte. The implemented reactive transport model 

could capture the experimental observations by accounting distinctively for 

the surfaces of quartz and metal oxides present in the sand coatings. In par-

ticular, description of the quartz surface with a bimodal acidity behavior 

based on molecular dynamics and spectroscopic studies was found to be es-

sential for capturing the macroscopic effect of quartz on the aqueous chemi-

cal composition. The model-based interpretation revealed that the release of 

H
+
 from natural sand resulted from the surface deprotonation of quartz upon 

Na
+
 adsorption. This mechanism subsequently led to significant protonation 

of Fe/Al due to their opposite surface behavior. 

The knowledge gained on the protonation behavior of the silica porous media 

and their interactions with major ions contributed to interpret the interactions 

of arsenic with the mineral assemblage and the aqueous charged species. Ar-
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senic was significantly retarded in natural sands, especially under acidic con-

ditions, and exhibited complex transport behavior in the presence of major 

ions. The reactive transport model showed that arsenic mobility was mainly 

restricted through inner- and outer-sphere complexation onto nano-sized 

Al/Fe oxides present in the coatings of natural sands with the extent of the 

adsorption dependent on both pH and ionic strength. Therefore, the release of 

protons from quartz and the subsequent increase in the surface charge of the 

metal oxides enhanced the adsorption of arsenic. This sequential sorption 

mechanism demonstrates the importance of explicitly considering the differ-

ent mineral surfaces present in a mineral assemblage and which interact dif-

ferently with the aqueous charged species as well as the various chemical and 

electrostatic interactions taking place at the surface-solution interface in order 

to capture the transport of arsenic in natural systems. 

Overall, the analysis of field and laboratory experiment datasets and the de-

velopment of modeling approaches offered new insights on the relative im-

portance of processes governing the release and mobility of arsenic as well as 

on the specific impacts of hydrochemical and geochemical factors in natural 

systems. 
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5 Perspectives  

The research performed in this thesis has also highlighted some possible di-

rections for future investigation. As illustrated in Figure 2, the current state of 

the art still presents many research gaps both in terms of process understand-

ing and methods/setups used to study As transport under conditions ap-

proaching the complexity of natural systems. In the following I briefly out-

line different research lines that should be pursued in upcoming studies. 

Extrapolation of fundamental knowledge to natural systems. The outcomes 

of this thesis highlight the importance of conducting experimental and model-

ing studies focusing on systems with an intermediate level of complexity in 

order to characterize the processes governing the mobility of arsenic in natu-

ral systems. Future studies should extend the proposed framework by investi-

gating arsenic transport in: 

 mineral assemblages including additional mineralogy and/or reactive 

mineral phases and under natural aqueous chemistry; 

 multidimensional flow-through systems including spatially-distributed 

physical  and/or chemical heterogeneities. 

These investigations will contribute to further extrapolate the fundamental 

knowledge on arsenic mobility to complex heterogeneous aquifer systems. 

Molecular characterization of arsenic complexation and interfacial charge 

distribution. The molecular-based description of the surface-solution inter-

face is critical for the description of the macroscopic sorption behavior of 

arsenic. The recent findings of simultaneous formation of inner-sphere and 

outer-sphere complexes of arsenic at the surface of metal oxides have dis-

rupted the classical paradigm that arsenic is purely chemically bound to the 

surface (Catalano et al., 2008; Xu and Catalano, 2016). Whereas this finding 

is supported by the observed significant effects of major ions on the arsenic 

adsorption (Stachowicz et al., 2008; Xu and Catalano, 2018), it contradicts 

most advanced description of arsenic complexation in SCMs. In fact, arsenic 

complexation is typically described with inner-sphere structures determined 

from classical spectroscopic techniques (EXAFS, ATR-FTIR) with part of 

their charge dissociated from the surface plane (Arai et al., 2004; Fukushi and 

Sverjensky, 2007; Stachowicz et al., 2008).  

Furthermore, the interfacial charge distribution of oxyanions, and in particu-

lar arsenic, is usually described by considering the structure of the complexes 
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and by accounting for the electrostatic work on the surface hydration shell 

through an electrostatic correction factor. However, the approaches employed 

for calculating this factor differ, leading to significant differences in the de-

scription of arsenic charge distribution (Hiemstra and van Riemsdijk, 2006; 

Stachowicz et al., 2006; Sverjensky and Fukushi, 2006; Fukushi and 

Sverjensky, 2007).  

Therefore, further work is required to (i) elucidate the microscopic type of 

binding and interfacial electrostatic distribution of arsenic at the surface-

solution interface and (ii) to include this knowledge in SCMs capable of de-

scribing arsenic macroscopic adsorption behavior under a wide range of hy-

drochemical conditions. 

As mobilization and sequestration during iron oxide transformation in mul-

ticomponent systems. As illustrated in Stolze et al. (2019-II), the reductive 

dissolution/transformations of iron minerals have important implications for 

the mobility of arsenic and involve a complex interplay between biotic and 

abiotic processes. The development of reactive transport models capable of 

capturing the spatial variability and dynamics of mineral transformation and 

the coupled arsenic mobilization/sequestration in natural environments re-

quires further understanding on: 

 the mechanistic effects of aqueous solutes (Hansel et al., 2005), ad-

sorbed and co-precipitated species (Vempati and Loeppert, 1989; 

Hansel et al., 2011; Wang et al., 2014) on the kinetics and mineraliza-

tion pathways of the Fe(II)-induced crystallization of iron oxides; 

 the transient state of intermediate crystalline mineral which can con-

vert further to more stable forms having different potential for the se-

questration of arsenic (Ona-Nguema et al., 2002); 

 the modes and mechanisms of sequestration of arsenic and other aque-

ous solutes in the products of the iron mineral transformation; 

 the spatial variability, reactivity and specialization of organic matter 

and microbial communities that control the reductive transformation of 

iron oxides and arsenic in groundwater (Islam et al., 2005; Campbell et 

al., 2006; Burnol et al., 2007); 

 the specific surface behavior and sorption properties of a large range of 

Al- and Fe- oxides, which affect the mobility of aqueous charged spe-

cies. This work would support the development of surface complexa-

tion database, similar to that of goethite and ferrihydrite, for describing 
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surface interactions in natural systems involving complex mineral as-

semblages and aqueous chemistry. 

Interactions of quartz surface with aqueous charged species.  The investiga-

tion performed in this thesis focusing on silica porous media has revealed that 

the surface behaviour of quartz is complex and might have implications on 

the transport of arsenic and aqueous solutes in groundwater. Such complex 

behaviour is probably overlooked by most investigators in the fields of geo-

sciences. However, other disciplines (e.g., computational chemistry) and 

novel experimental and modeling techniques have recently contributed to 

deepen the understanding of surface/solution interactions for quartz minerals  

(Duval, et al., 2002; Sulpizi et al., 2012; Pfeiffer-Laplaud and Gaigeot, 

2016a,b; Quezada et al., 2017). Such results and the outcomes this thesis call 

for further investigation of quartz surface properties and their interaction with 

other charged species. This would also support the development of SCMs 

capable of describing the macroscopic sorption behavior of this mineral in 

multicomponent systems. 
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