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ABSTRACT 

Managed aquifer recharge is an increasingly used water management tool in 

Australia and worldwide as it supports a more sustainable development of new water 

resources in water stressed regions. However, the quality of the recharged water may be 

altered during subsurface passage and storage through a combination of hydrogeological 

and geochemical processes. While managed aquifer recharge frequently leads to a water 

quality improvement, e.g., by facilitating the degradation of residual micropollutants, it 

can also lead to cases in which the water quality deteriorates, for example, if metal(loids) 

such as arsenic are mobilised. This study closely analysed the field data obtained during 

a two-year long groundwater replenishment experiment in which highly treated 

wastewater was injected into a heterogeneous, low carbonate aquifer. Numerical 

modelling techniques were employed to assist with the integrated analysis of the specific 

transport processes and geochemical reactions that controlled solute and stable isotope 

evolution as well as heat propagation within the highly stratified aquifer. Results of a joint 

inversion of the observed chloride and temperature data indicated a strong influence of 

the aquifers physical heterogeneity on both solute transport and heat propagation. 

Additionally, heat transfer by conduction between zones of variable hydraulic 

permeabilities in combination with transient injectant temperatures were found to create 

complex heat buffering effects within the aquifer. The examination of the geochemical 

response observed during injection showed that buffered pyrite oxidation was a key 

process altering the injectant quality during subsurface passage. In some parts of the 

aquifer this pH buffering was achieved without substantial release of inorganic carbon. A 

numerical analysis was performed to test and evaluate different conceptual models and 

suggested that either proton buffering and/or aluminosilicates dissolution can explain the 

observed, rapid buffering at locations where carbonates were absent. The spatial 

distribution of this non-carbonate buffering could be related to the depositional history of 

the aquifer. In contrast to other managed aquifer recharge sites, pyrite oxidation by nitrate 

was found to be of minor importance or negligible during the groundwater replenishment 

experiment. Additionally, this study also explored the use of stable sulphur isotope data 

for enhanced process characterisation at an aquifer storage and recovery site within the 

same aquifer that hosted the replenishment experiment. The stable sulphur isotope data 

were used to enhance the identification and quantification of pyrite oxidation. The results 

show that the evolution of the sulphur stable isotope signal was strongly affected by the 

physical and chemical heterogeneity of the aquifer as well as transient δ34S signals in the 
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injected water. However, the combination with numerical modelling techniques allowed 

to successfully employ the δ34S signatures as a valuable additional model constrain. 

Overall this study demonstrated how data from well-controlled managed aquifer recharge 

experiments in combination with an integrated numerical analysis of the physical and 

geochemical processes during the experiment can advance our understanding of an 

aquifers response to physical and geochemical perturbations.    
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CHAPTER 1.  INTRODUCTION 

1.1 Relevance and context of this thesis 

In Australia, and worldwide, changes in annual rainfall patterns, increased water 

consumption, and short- as well as long-term imbalances between water supply and 

demand have resulted in the need to develop new water sources and treatment techniques 

and to improve the sustainable management of the existing resources (Vörösmarty et al., 

2000; Bixio et al., 2006; Maliva, 2006; Miller, 2006; Khan et al., 2008; Yi et al., 2011). 

In particular, the indirect reuse of recycled wastewater is considered to be one of the most 

promising low-cost, and relatively sustainable options to increase the available water 

supply (Levine and Asano, 2004; Pearce, 2008; Yi et al., 2011). Despite the theoretical 

potential for direct re-use of tertiary treated, recycled wastewater, groundwater 

replenishment by deep well injection is often considered an important additional “aquifer 

treatment step” if human consumption is envisaged. The main reasons for adding such a 

treatment step is that it can act as an additional buffer for accidentally released organic 

trace substances (Drewes, 2009) and, perhaps more importantly, it can increase the social 

accpetance of wastewater recycling. In addition, the underground storage of the 

replenished water prevents evaporation losses that adversely impact water preservation 

in surface reservoirs (Bouwer, 2002; Levine and Asano, 2004; Mukhopadhyay et al., 

2004; Dillon, 2005). 

One of the most important aspects affecting the feasibility of such groundwater 

replenishment schemes, or any other managed aquifer recharge project, is the potential 

for undesired changes in the injectant water composition during subsurface passage 

(Maliva et al., 2006). Frequently, the source water applied in managed aquifer recharge 

is aerobic and has a lower ionic strength in comparison to the typically more saline and 

anaerobic conditions in deep aquifers. Upon injection into a deep aquifer, such chemical 

imbalances may trigger a broad range of geochemical processes, including mineral 

dissolution and precipitation, organic matter mineralisation and ion exchange processes 

(e.g., Stuyfzand, 1998; Saaltink et al., 2003; Herczeg et al., 2004; Prommer and 

Stuyfzand, 2005; Greskowiak et al., 2005; Vandenbohede et al., 2009; Descourvieres et 

al., 2010a, 2010b; Wallis et al., 2010, 2011; Antoniou et al., 2012, 2013). These processes, 

in particular changes to the aquifer’s redox zonation and mineral dissolution processes, 

have the potential to improve but also to impair the water quality. The latter occurs, for 

example, where heavy metals, arsenic or other mineral contaminants are released from 
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sediments (e.g., Eastwood and Stanfield, 2001; Jones and Pichler, 2007; Descourvieres et 

al., 2010a; Wallis et al., 2010, 2011; Antoniou et al., 2012, 2013; Neil et al., 2014). 

However, in many cases substantial water quality improvements can also be achieved. In 

many MAR applications the additional subsurface residence promotes the partial or 

complete degradation of trace xenobiotic contaminants, such as pharmaceuticals, 

endocrine disrupting substances or disinfectant byproducts (e.g., Drewes et al., 2005; 

Pavelic et al., 2006a; Greskowiak et al., 2006; Massmann et al., 2006; Ying et al., 2008; 

Drewes, 2009; Patterson et al., 2010; Maeng et al., 2011). Hence, a detailed knowledge 

of these processes and their controls is critical for maintaining high water quality 

standards and thus, the successful operation of groundwater replenishment, among other 

managed aquifer recharge techniques. 

In heterogeneous aquifers, the identification and quantification of water quality 

changes during managed aquifer recharge usually requires a numerical modelling 

approach due to the complexity and interrelation of the physical and geochemical 

processes in the aquifer (e.g., Maliva et al., 2006; Vacher et al., 2006). With few 

exceptions (e.g., Kloppmann et al., 2008; Vandenbohede et al., 2009), most previous 

studies on water quality evolution focused on field experiments where the injectant water 

contained a moderate solute content (e.g., Stuyfzand, 1998; Saaltink et al., 2003; Herczeg 

et al., 2004; Prommer and Stuyfzand, 2005; Greskowiak et al., 2005, 2006; Wallis et al., 

2010, 2011; Antoniou et al., 2012, 2013); additionally, none of these studies employed 

field scale numerical modelling to analyse the geochemical response to the injection of 

very low ionic strength water. However, the injectant chemistry can have a substantial 

effect on the observed geochemical reactions in the aquifer. A low ionic strength of the 

injectant water could, for example, trigger enhanced mineral reactivity, which could 

locally result in the mobilisation of unwanted substances from the sediment matrix 

(Bouwer, 1996) or the deterioration of the aquifer’s structural integrity, depending on the 

aquifer matrix and the rates of dissolution reactions. Also, Neil et al. (2014) observed that 

the injectant water composition impacted on the mobilisation behaviour of arsenic during 

laboratory studies. In addition, injectant alkalinity was reported to control pH buffering 

at several managed aquifer recharge sites (Saaltink et al., 2003; Stuyfzand, 1998), 

especially where injection occurred into aquifers with low calcite concentrations 

(Stuyfzand, 1998).  

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

physical and chemical processes associated with artificially recharging geochemically 
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and hydrogeologically heterogeneous, low carbonate aquifers. This thesis accompanies a 

large-scale, high resolution groundwater replenishment field experiment and employs a 

combination of field investigations and numerical modelling techniques to identify and 

quantify the characteristic physical and chemical processes that evolve during 

replenishment of low ionic strength water. In addition, the enhanced characterisation of 

pyrite oxidation using stable sulphur isotopes is explored at an aquifer storage and 

recovery site within the same aquifer. Due to its reactivity and ubiquitous presence, pyrite 

oxidation has emerged as one of the key processes controlling water quality during 

managed aquifer recharge in anaerobic aquifers. Improving the quantification and further 

analysis of this process is therefore extremely important. 

In the first study (chapter 2) the groundwater flow and solute transport behaviour 

at the groundwater replenishment site is analysed in detail. This part of the study formed 

an important basis for the subsequent analysis of the geochemical processes at the field 

site. In addition to the flow and solute transport behaviour, the study also analysed the 

heat propagation through the heterogeneous aquifer. This was motivated by the fact that 

variations in temperature have previously been shown to strongly affect the magnitude of 

geochemical reactions during managed aquifer recharge. This study employed a joint 

inversion of the observed solute and temperature data in a highly parameterised model. 

Observations were obtained from conventional monitoring wells and time-lapse 

temperature logs to analyse the solute and heat propagation characteristics that prevailed 

during the trial. Results indicated that the solute and heat transport behaviour was largely 

controlled by the strong vertical variations in the hydrogeological properties of the 

sediments. Most importantly, vertical heat conduction between layers of different 

hydraulic conductivity was found to proceed sufficiently fast such that zones of lower 

hydraulic conductivity created a heat buffering effect that could also affect the observed 

temperatures within the zones of higher hydraulic conductivity. In order to evaluate the 

influence of physical heterogeneity on in-well mixing during groundwater sampling, all 

monitoring well sampling events were simulated using multi-node wells in a fully three-

dimensional groundwater flow model. Due to the resulting high computational demand, 

the model was executed using the advanced computing resources provided by the Pawsey 

Supercomputing Centre. However, a comparison of the simulated solute breakthrough 

behaviour with observed transmissivity-weighted concentrations indicated that the 

simulation of the computationally demanding multi-node well sampling events played a 

negligible role for most monitoring locations.  
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The second study (chapter 3) contains a comprehensive analysis of the major 

geochemical processes that proceeded within the low carbonate aquifer in response to the 

groundwater replenishment. This study focused on the characterisation and quantification 

of the specific redox and pH buffering processes. The observed field data showed that, 

similar to other managed aquifer recharge studies, buffered pyrite oxidation played a 

major role in the water quality evolution. However, in many aquifer zones, this pH 

buffering was maintained without any substantial release of inorganic carbon. Reactive 

transport modelling was employed to evaluate multiple hypotheses of alternative pH 

buffering processes. The reactive transport model relied on the previously calibrated 

hydraulic and heat transport properties of the three-dimensional heat and solute transport 

model (chapter 2). However, based on a comparison of the simulated solute breakthrough 

curves, the model dimension was reduced to a radial symmetric case, which notably 

reduced the computational demand. The simulation results indicated that either proton 

buffering or the dissolution of aluminosilicates, or a combination thereof, could explain 

the observed, efficient buffering. Contrary to other managed aquifer recharge studies, 

pyrite oxidation by nitrate did not constitute a major nitrate removal process during the 

trial. The study also highlights that the geochemical response to injection differed 

depending on the depositional history of the aquifer.  

The third study (chapter 4) explores the use of stable sulphur isotopes for the 

identification of pyrite oxidation during managed aquifer recharge in heterogeneous 

aquifers. In this study, the aquifer was characterised in terms of its stable sulphur isotope 

signal, and the benefits of stable sulphur isotope analysis for enhanced process 

characterisation were explored by combining field observations and numerical modelling 

techniques. Results showed that the aquifer’s physical heterogeneity in combination with 

overlapping ranges for the δ34S values in groundwater, pyrite and injectant notably 

complicated the use of stable sulphur isotopes for the quantification of pyrite oxidation. 

However, using a numerical modelling approach, the data could be employed as model 

calibration constraint. The work presented in this chapter was based on a previously 

constructed field-scale reactive transport model that was modified in order to simulate the 

stable sulphur isotope evolution during the aquifer storage and recovery experiment.  

In the following sections of this chapter (chapter 1) the specific objectives that are 

addressed in this thesis, the structure of this thesis, as well as arising publications are 

presented. 
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1.2 Research objectives 

In this thesis coupled flow and reactive transport modelling techniques are 

employed to analyse field observations from a large scale groundwater replenishment 

field experiment using reverse osmosis treated wastewater as the injectant. The research 

work on the groundwater replenishment site is accompanied by a study on the enhanced 

characterisation of pyrite oxidation, one of the most critical geochemical processes during 

managed aquifer recharge in deep aquifers. The specific research objectives for this thesis 

were: 

• Analysis of the groundwater flow and solute transport behaviour within a highly 

heterogeneous aquifer 

• Characterisation of the heat transport behaviour within a physically and 

chemically heterogeneous aquifer  

• Identification and quantification of the field scale geochemical processes that 

occur in a low carbonate aquifer in response to the injection of low ionic strength 

water 

• Characterisation of the stable sulphur isotope signals for sedimentary sulphur 

species in a physically and chemically heterogeneous aquifer 

• Quantification of pyrite reactivity by the use of stable sulphur isotopes during 

artificial recharge in a physically and chemically heterogeneous aquifer 

1.3 Structure of this thesis and arising publications  

This thesis is structured into five chapters. The first chapter contains a brief 

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

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

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

an individual piece of work. The last chapter contains a summary of the research 

contributions resulting from this thesis. 

Unless otherwise stated, all scientific work was performed and all sections of the 

manuscripts were written by the student. A short description of each co-author’s 
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contribution to the manuscripts is listed after each publication citation. The three 

manuscripts arising from this thesis are: 

Seibert, S., Prommer, H., Siade, A., Harris, B., Trefry, M., and Martin M. (2014). Heat 
and mass transport during a groundwater replenishment trial in a highly 
heterogeneous aquifer. Water Resources Research, 50(12), 9463-9483. (Chapter 2) 

For this chapter H. Prommer provided detailed hydrogeological and solute 

transport modelling advice as well as scientific guidance in the interpretation of 

the results. A. Siade mentored the setup of the automated calibration and the 

statistical data analysis. Further, chapter 2.4.4 (Parameter Sensitivities and 

Identifiability) was jointly analysed with and first authored by A. Siade. B. Harris 

conducted the geophysical data inversions and provided scientific guidance for the 

interpretation of the geophysical results. M. Trefry and M. Martin provided 

scientific advice for geothermal and hydrogeological questions. All co-authors 

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

Seibert, S., Atteia, O., Salmon, S. U., Siade, A., Douglas, G., and Prommer, H. (2016). 
Identification and quantification of redox and pH buffering processes in a 
heterogeneous, low carbonate aquifer during managed aquifer recharge. Water 

Resources Research, 52 (5), 4003-4025. (Chapter 3)  

For this chapter O. Atteia, U. Salmon and G. Douglas provided detailed advice and 

scientific guidance for the interpretation of the observed geochemical changes. 

Furthermore, O. Atteia provided and constantly improved the graphical user 

interface which was employed to construct the model input files. A. Siade provided 

scientific advice and guidance for the setup and interpretation of the statistical data 

analysis. H. Prommer provided detailed advice for the setup of the reactive 

transport model, and scientific guidance for the analysis of all results. All co-

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

Seibert, S., Descourvieres, C., Skrzypek, G., Deng, H., and Prommer, H. (2016). Model-

based analysis of δ34S signatures to trace sedimentary pyrite oxidation during 
managed aquifer recharge in a heterogeneous aquifer. Submitted to Journal of 

Hydrology. (Chapter 4) 

For this chapter C. Descourvieres provided detailed, site-specific hydrogeological 

and geochemical advice. Furthermore, C. Descourvieres and H. Deng provided the 

initial version of the reactive transport model which was extended by the student 

for the analysis of stable sulphur isotopes and by sensitivity testing of the buffering 

processes. G. Skrzypek provided scientific advice and guidance for the 

measurement and interpretation of the observed stable sulphur isotope signals in 

the aquifer. H. Prommer provided detailed modelling advice and scientific 

guidance for the interpretation of the observed overall geochemical changes. All 

co-authors provided advice to enhance the clarity and readability of the 

manuscript. The student performed the aqueous stable sulphur isotope sample 

preparation. 
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Supplementary Information to chapter 2, 3 and 4 as well as conference papers 

resulting from this work were attached as appendices to this thesis. The following 

appendices are included: 

Appendix A: Supporting information, tables and figures for chapter 2. 

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

Appendix C: Supporting information and figures for chapter 4.  

Appendix D: Conference abstracts presented in context of this thesis 

D1: Seibert, S., Skrzypek, G., Descourvieres, C., Hinz, C. and Prommer, 

H. (2011). Tracing pyrite oxidation processes in a deep anaerobic 

aquifer using stable sulphur isotope analysis. Presented at the IUGG 

25th Annual Assembly, 27 June – 8 July 2011, Melbourne, Australia. 

D2: Seibert, S., Skrzypek, G., Descourvieres, C., Hinz, C. and Prommer, 

H. (2011). Stable sulphur isotope evolution in groundwater affected 

by pyrite oxidation. Presented at 11th Australasian Environmental 

Isotope Conference and 4th Australasian Hydrogeology Research 

Conference, 12-14 July 2011, Cairns, Australia. 

D3: Seibert, S., Skrzypek, G., Descourvieres, C., Hinz, C. and Prommer, 

H. (2011). Tracing sedimentary pyrite oxidation during managed 

aquifer recharge. Goldschmidt Conference, 14-19 August 2011, 

Prague, Czech Republic. 
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CHAPTER 2.  HEAT AND MASS TRANSPORT DURING 

A GROUNDWATER REPLENISHMENT TRIAL IN A 

HIGHLY HETEROGENEOUS AQUIFER 

 

ABSTRACT 

Changes in subsurface temperature distribution resulting from the injection of 

fluids into aquifers may impact physiochemical and microbial processes as well as basin 

resource management strategies. We have completed a two year field trial in a 

hydrogeologically and geochemically heterogeneous aquifer below Perth, Western 

Australia in which highly treated wastewater was injected for large-scale groundwater 

replenishment. During the trial, chloride and temperature data were collected from 

conventional monitoring wells and by time-lapse temperature logging. We used a joint 

inversion of these solute tracer and temperature data to parameterize a numerical flow 

and multi-species transport model and to analyse the solute and heat propagation 

characteristics that prevailed during the trial. The simulation results illustrate that while 

solute transport is largely confined to the most permeable lithological units, heat transport 

was also affected by heat exchange with lithological units that have a much lower 

hydraulic conductivity. Heat transfer by heat conduction was found to significantly 

influence the complex temporal and spatial temperature distribution, especially with 

growing radial distance and in aquifer sequences with a heterogeneous hydraulic 

conductivity distribution. We attempted to estimate spatially varying thermal transport 

parameters during the data inversion to illustrate the anticipated correlations of these 

parameters with lithological heterogeneities, but estimates could not be uniquely 

determined on the basis of the collected data. 

 

2.1 Introduction 

Rising water demands and changes in rainfall patterns have led to a worldwide 

increase in the exploration of unconventional fresh water sources. This includes the 

reclamation of municipal wastewater to either directly augment existing water supplies 

or for indirect reuse (Crook et al., 1999; Levine and Asano 2004; Mukhopadhyay et al., 

2004; Dillon, 2005, 2009; Bixio et al., 2006; Tortajada, 2006). In the latter case, the 
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product water can be either infiltrated via settling ponds or directly injected and 

temporarily stored in aquifers before its subsequent recovery. This type of water banking 

process generally provides (i) an additional treatment step for organic trace substances 

through naturally occurring (bio-) geochemical processes (Drewes et al., 2005; 

Massmann et al., 2006; Ying et al., 2008; Drewes, 2009; Maeng et al., 2011) and (ii) 

protection against evaporation losses that may occur in surface reservoirs (Bouwer, 2002; 

Mukhopadhyay et al., 2004; Dillon, 2005). Apart from seawater desalinisation, which 

provides another, albeit more energy intensive, option in coastal areas (Pearce, 2008), 

indirect reuse of wastewater is seen as the only significant, low-cost and sustainable 

option to increase available fresh water supplies in many regions in the world. The 

feasibility of such indirect reuse schemes, as well as most other managed aquifer recharge 

(MAR) techniques, depends strongly on the recoverable quantity of the injected water 

(Maliva et al., 2006). The recoverable quantity in turn depends on the nature and 

magnitude of the physical and geochemical processes that modify the composition of the 

injected water during subsurface passage and storage. In order to identify the site relevant 

processes, large-scale implementations of MAR systems are often accompanied by 

precursory injection trials (e.g., Crook et al., 1999; Prommer and Stuyfzand, 2005; Sheng, 

2005; Antoniou et al., 2012). For example, several MAR trials where oxygenated water 

was recharged into anoxic, pyritic aquifers have documented the mobilization of arsenic 

(Arthur et al., 2002; Jones and Pichler, 2007; Wallis et al., 2010, 2011) and other 

undesired elements (Arthur et al., 2002; Antoniou et al., 2012). Other studies have 

focused primarily on the fate of trace organic compounds and organic carbon under 

variable redox conditions induced by MAR operations (Greskowiak et al., 2005, 2006; 

Le Gal La Salle et al., 2005; Drewes, 2009; Maeng et al., 2011).   

Where injection occurs into an aquifer displaying heterogeneity in permeability 

and/or geochemistry, estimating the subsurface fate of the injected water usually requires 

a numerical modeling approach to consider spatial variations of key parameters (e.g., 

Maliva et al., 2006; Vacher et al., 2006). The distribution of these parameters may be 

estimated from pre-trial geophysical, geochemical and hydrogeological aquifer 

characterization and subsequently refined through numerical modeling and the inversion 

of observation data (Pavelic et al., 2006b). The assessment of water quality changes in 

such a heterogeneous system requires a clear understanding of the injected water 

movement to differentiate between the effects of physical mixing and geochemical 

processes (e.g., Kloppmann et al., 2008). This includes the determination of (i) the major 

injectant flowpaths and (ii) the associated injectant residence times. The former will 
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influence which lithology/mineralogy is encountered and therefore affect the type of 

geochemical processes that will be triggered, while the latter will primarily affect the 

magnitude of these processes (e.g., Greskowiak et al., 2005; Prommer and Stuyfzand, 

2005; Wallis et al., 2011). 

Geochemical and biogeochemical reaction rates in artificially recharged aquifers 

can be affected by temperature variations. Seasonal temperature differences may be as 

high as 20 ºC (Prommer and Stuyfzand, 2005; Greskowiak et al., 2006) and consequently, 

effective mineral reaction rates may vary up to almost one order of magnitude between 

seasons (Nicholson et al., 1988). Prommer and Stuyfzand (2005), for example, illustrated 

the effect of seasonal temperature variations of the injectant on pyrite oxidation rates and 

how the redox zonation varied temporally and spatially in response to these variations. A 

potential side effect of temperature induced redox conditions was reported by Bonte et al. 

(2013a), who observed an increased mobility of arsenic with rising water temperatures. 

Temperature variations can also induce biogeochemical alterations. Massmann et al. 

(2006) and Greskowiak et al. (2006) demonstrated how temperature-induced redox 

zonation could impact the degradation of phenazone type pharmaceuticals during MAR. 

For microbial communities in anoxic aquifer sediments, Bonte et al. (2013b) reported a 

shift from iron to sulphate reducing conditions for a temperature increase from 11 to 25 °C 

during a laboratory study. Also, Sharma et al. (2012) provided a model-based analysis of 

a riverbank filtration system and demonstrated how observed seasonal changes in redox 

zonation can be linked to temperature-induced changes in biogeochemical turnover rates.  

While the impact of temperature variation on reactive processes was identified in 

the aforementioned studies, all modelling studies were limited in scope to cases where 

neglecting aquifer heterogeneity and heat conduction within the sediment matrix did not 

deleteriously affect numerical solutions of heat transport (Prommer and Stuyfzand, 2005; 

Greskowiak et al., 2006; Sharma et al., 2012). Modelling studies that have investigated 

aquifer heat storage systems and studies that used heat as a groundwater flow tracer 

generally consider the process of heat conduction (e.g., Bravo et al., 2002; Constantz et 

al., 2003; Anderson, 2005; Constantz, 2008; Vandenbohede et al., 2011). However, only 

a few studies have investigated the effect of small-scale heterogeneities on heat transport 

or quantified the relative importance of conductive and convective heat transport 

processes (e.g., Ferguson, 2007; Bridger and Allen, 2010; Ma et al., 2012). Among these 

studies, Ma et al. (2012) found in their analysis of a strongly advection-dominated, 

heterogeneous aquifer system, that heat conduction had a minor impact on heat transport. 
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Vandenbohede et al. (2011) recorded and modelled heat transport during a heat injection 

and storage experiment within a fairly homogeneous aquifer. They documented how 

under advection-dominated flow conditions -i.e., during the injection period- the 

conductive heat transport component was negligible while becoming important during 

the storage period. However, none of these studies explicitly considered the effect of heat 

transfer towards low permeability layers in a mixed advective-diffusive transport regime. 

To discern the effect of heterogeneous permeability distributions and the potential need 

to consider heterogeneous thermal parameter distributions, more detailed studies are 

required (Ferguson, 2007).  

The present study considers a large field-scale groundwater replenishment 

experiment within a heterogeneous, highly stratified aquifer and evaluates coupled solute 

and heat transport characteristics at meso-scale using model-based analysis of measured 

field data. The aims of this study were (i) to evaluate the role of conductive heat transport 

in a variably advective-diffusive system and (ii) to investigate the effect of lithology-

dependent heat transport parameters on overall heat transport through the aquifer system. 

In addition to tracer and temperature data from short-screened wells, we use time-lapse 

temperature logging to obtain detailed depth profiles of injectant spreading. 

 

2.2 Field Site 

 Groundwater Replenishment Experiment 

In Western Australia, the government has defined a wastewater reuse target of 

35 GL/year by 2030, corresponding to approximately 15% of the projected annual water 

consumption in 2030 (Water Corporation, 2009a). The potential for a large-scale 

implementation of wastewater recycling was recently investigated through a two-year, 

deep-well groundwater replenishment experiment (Water Corporation, 2009b, 2012). The 

primary objectives of the experiment were to investigate the potential environmental and 

health hazards related to the injection of recycled wastewater and to determine the 

evolution of the injected water quality during subsurface passage. The site selected for 

the experiment is located in Craigie, Western Australia. During the advanced wastewater 

treatment process, the secondary treated effluents of the conventional wastewater 

treatment plant undergo a sequence of additional purification and disinfection steps 

including ultrafiltration (UF), reverse osmosis (RO), and UV disinfection. This treatment 

process results in very low ionic strength and very low dissolved chloride concentrations 
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of the treated water with a seasonal temperature variation between 21 and 31 °C  

(Table 2-1). The treated water was then injected over the entire depth of the targeted 

aquifer and the injectant movement was tracked by 20 monitoring wells arranged in 5 

multilevel well clusters at radial distances of 20, 60, 120, 180 and 240 m from the 

injection well (Figures 2-1 to 2-3). Predominantly shorter monitoring well screens (3-

9 m) were used in proximity of the injection well, in order to document and understand 

the variability of hydrogeological and geochemical processes, while two long screen 

(30 m) bores were constructed at larger distances in order to document integrated water 

quality changes. The short screen monitoring bores were roughly arranged in five discrete 

monitoring zones (MZ) and wells within the same depth interval were mostly equipped 

with the same screen length as shown in Figure 2-3.  

Prior to the start of the injection, the field site was subject to a detailed 

hydrogeological and geophysical site characterization including, (i) pump testing and 

flow logging of the injection well, (ii) 3D seismic surveying and vertical profiling to 

analyse the local geological structures and (iii) a lithological characterization using 

geological and geophysical bore logging techniques (Water Corporation, 2009b). 

Injection commenced in November 2010 at an average injection rate of 3.2 ML/d and 

continued with minor operational disruptions until a total of 2.5 GL was injected by the 

end of 2012. 
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Figure 2-1  Schematic map of the groundwater replenishment trial site at Craigie, Perth, 

Australia, showing the location of the injection well and the monitoring well clusters at the 20N, 

60N, 120E, 180W and 240N monitoring sites. 
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Figure 2-2  Depth profiles near the injection well borehole showing site stratigraphy and lithology 

as well as ambient formation temperatures from the 60N time-lapse monitoring location. The 

highlighted area traces the aquifer interval targeted during injection. Depth is reported in meters 

below ground level. Sand intervals are visualized by empty circles, silt intervals by grey and clay 

intervals by black filling. SPS signifies South Perth Shale. Adapted from Descourvieres et al. 

(2011). 
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 Hydrogeological Characteristics of the Study Site 

The targeted aquifer lies within the Central Perth Basin and forms part of the 

Cretaceous Leederville Formation, a heterogeneous succession of discontinuous, 

interbedded sandstones, siltstones and shales with variable thicknesses (Davidson, 1995). 

At the study site the aquifer roughly encompasses the Wanneroo member of the 

Leederville formation between approximately 124 and 224 m depth (Figure 2-2). It is 

locally confined above by the silty sands, silts and clays of the Pinjar member and below 

by both the Mariginiup member and the South Perth Shale (Water Corporation, 2009b; 

Leyland, 2011). Over the injection interval, the lithology is mainly composed of fine to 

coarse grained sandstone units containing varying amounts of silt and clay, with 

interstitial silt and clay layers (Water Corporation, 2009b; Leyland, 2011). The 

sedimentary layers are variably consolidated and variably sorted and, based on the results 

of a seismic survey, show a low angle of inclination towards the east across the field site. 

Facies analysis of a 300 m drill core suggested a deltaic depositional environment across 

the injection interval with two dominant facies associations composed of tidal flats and 

tidally influenced channel deposits (Leyland, 2011). The upper interval, extending from 

124 to 174 m below ground level (mbgl), consists predominantly of clean sand beds (1 m 

thick or more) from tidal channel deposits interrupted by minor layers of tidal flat deposits 

containing higher amounts of finer material. The lower interval, from 174 mbgl 

downwards, is mainly composed of tidal flat sediments and dominated by silty sand 

layers, except for an 8 m thick interval of clean sand tidal channel deposits at the bottom 

of the interval (Leyland, 2011). 

 Water Quality and Temperature Distribution prior to Injection 

Native groundwater conditions and background variability were established at all 

monitoring wells through repeated groundwater quality sampling commencing 

approximately 2 years prior to the start of injection. The groundwater quality shows 

mostly vertical but occasionally also laterally variable groundwater salinities ranging 

between 289 and 1045 mg/L Total Dissolved Solids (TDS) and a corresponding 

variability in chloride concentrations (116 to 541 mg/L) (Table 2-1). While highly 

variable, in general higher salinities and higher dissolved chloride concentrations prevail 

at greater depths. Temperature logging was completed in all deep monitoring wells prior 

to injection. The logging revealed an average gradient of close to 2 °C per 100 m over the 

injection interval (Figure 2-2).  
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Figure 2-3  Schematic aquifer cross section showing the position of high permeability (white 

areas) and low permeability layers (greyed areas) in the model. Monitoring wells are entered with 

their screened depth intervals at radial distance from the injection well. Screen positions of 

monitoring locations to the East and West of the injection well (marked with an *) were corrected 

for the layer dip before being projected on the radial cross section. The position of the time-lapse 

temperature profiles is sketched for the 20N and 60N monitoring location. The depth intervals of 

the monitoring zones (MZ) are entered as dotted lines.  

  

Table 2-1  Ambient groundwater and injectant water composition 

Parameters Units 
Injectant water Groundwater  Zones 

Average Range Average Range 

Temperaturea C 25.7 21.3 – 30.5 25.6 24.6 – 25.6 

pH (Field) - 6.9 6.5-7.2 6.72 6.69 - 6.82 

TDS mg/L 33.6b 19.6 – 71.5b 713 289 – 1045 

Na mg/L 9.5 6 – 14.2 195.5 61 – 303 

K mg/L 1 0.06 – 1.6 13.2 9.1 - 16.5 

Ca mg/L <0.01 <0.01 – 0.01 23.8 22 - 25.8 

Mg mg/L <0.01 <0.01 – 0.03 20.2 6.8 - 30.4 

Fe mg/L <0.005 <0.005 6.6 3.8 - 9.2 

Cl mg/L 6.5 3 - 9 362 116 - 540.5 

HCO3 mg/L 13.5 6 - 46 79.5 71 - 92.4 

NO3 mg/L 2 0.9 – 3.6 <0.04 <0.04 - 0.09 

SO4 mg/L 0.2 <0.1 – 0.5 35.2 5 - 56.2 

aTemperature from field measurements; bTDS calculated by summation   
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 Data Collection 

During the trial, spreading of the injectant was monitored through an extensive 

water quality sampling program and time-lapse temperature logging. The time-lapse 

temperature well logs were performed at the 20N and 60N deep monitoring wells 

throughout the trial period (Figure 2-3). Wire-line temperature logging was completed at 

less than 6 m/min with a calibrated Auslog A626-4 temperature sonde. This sonde is rated 

to 60 °C and 21 MPa pressure and was operating well within specifications. Heat transfer 

across the casing was assumed to be instantaneous. Every temperature log was completed 

over the full monitoring well depth from the surface to the end of hole. This ensured that 

at least the first 100 m of each monitoring well were logged through an interval unaffected 

by injection (i.e., an interval within and above the upper confining layer). Initial wire-line 

temperature measurements and in particular temperature gradients in this zone above the 

injection interval could be reproduced in detail in the consequent measurements and 

therefore support the validity of time lapse wire-line temperature logging. However, some 

averaging might have occurred during the descent of the temperature device. 

The injection flow rates were continuously recorded and summarized on a daily 

basis. Injectant water quality samples were taken monthly from the post-treatment 

reservoir tank shortly before injection and analysed following the same procedure as that 

applied to the groundwater quality samples. 

 Observed Injectant Transport  

Injectant water movement through the aquifer was monitored using chloride 

concentrations as a non-reactive tracer. The onset of the injectant breakthrough is clearly 

recognizable by a decline in chloride concentrations at the monitoring wells. This decline 

is due to the relatively large chloride concentrations of the native groundwater (116-

541 mg/L, see Table 2-1) compared to the relatively low concentrations of the treated 

injectant water (3-9 mg/L). After a 16 month injection period, the majority of monitoring 

bores within a radial distance of 120 m of the injection well showed complete injectant 

breakthrough with chloride concentrations converging to, or slightly exceeding, the 

injectant chloride concentration.  

Most of the monitoring wells that are screened over a similar depth interval share 

the same breakthrough characteristics, i.e., shape of the breakthrough curves and 

chronological order of initial breakthrough (Figure 2-4). The similarity of the 

breakthrough behaviour and the steady increase of injectant arrival times with radial 
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distance suggest that the geological subunits are laterally continuous over the monitored 

depth intervals and spatial scale. However, a few monitoring bores exhibited slightly 

different behaviour. These wells were either screened over a monitoring depth that was 

offset relative to the flow line of other monitoring locations (BY03, BY04), or perforated 

across multiple monitoring depth intervals (BY19, BY22).  

 Observed Temperature Dynamics 

The temperature of the injectant before injection was recorded on a regular basis 

and exhibited clear seasonal variations ranging between 21 ºC during winter up to 31 ºC 

in summer (Table 2-1). At the beginning of the trial, the injectant temperature was ~3.5 ºC 

above the native groundwater temperatures and the injection induced temperature 

changes were recorded as an initial rise in observed groundwater temperatures (Figures 

2-5 and 2-6). In the later stages of the experiment the observed groundwater temperatures 

followed complex variations dependent upon location and time and varied up to 5 ºC 

above and 2.5 ºC below the initial aquifer conditions (Figures 2-5 and 2-7).  

Within the first 16 months after the start of the injection, clear changes in the 

ambient temperature profiles were only recorded for the 20N and 60N monitoring sites 

(Figures 2-5 and 2-7). At these monitoring distances, the first arrival of temperature 

variations occurred at depth intervals that were previously identified as high permeability 

sandstone units. However, as illustrated in Figure 2-5, temperature variations did not 

remain confined to the highly permeable geological units, but were also observed in 

aquifer sections of lower hydraulic conductivity (e.g., BY08 in MZ4). Within the same 

hydraulic unit, the amplitude of temperature variations was successively attenuated in the 

radial direction, compared to the signal recorded for the injection well (Figures 2-6 and 

2-7). In the time-lapse temperature logs, deviations from the background temperatures 

showed a maximum temperature difference of up to 5 ºC at the 20N monitoring site, while 

at the 60N monitoring site, they only reached a maximum of 3.5 ºC (Figure 2-7). The 

temperature breakthrough recorded via groundwater sampling events was retarded 

strongly when compared to chloride arrival times, especially at the more distant 

monitoring sites (Figures 2-4 and 2-5).  
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Figure 2-4  Measured chloride concentrations (black dots) compared to best-fit simulation results for the 20 monitoring wells. Simulation results include chloride concentrations from 

Multi-Node Wells (grey lines) and simulated sampling events (red dots), as well as transmissivity weighted chloride concentrations when the Multi-Node Well option and the monitoring 

well pumping are neglected (green line). Background conditions are marked in grey, the model calibration period in white and the model validation period in light blue 
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Figure 2-5  Measured temperatures (black dots) compared to best-fit simulation results for the 20 monitoring wells. Temperature transport was simulated by heat convection and 

conduction (red), only heat convection (green) or advective-dispersive temperature transport (blue). Background conditions are marked in grey, the model calibration period in white 

and the model validation period in light blue. 
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Figure 2-6  Measured injectant (red dots) and simulation input (red line) temperatures compared to the 

measured (dots) and simulated (line) temperatures at the 20N (green) and 60N (blue) monitoring wells 

BY07 and BY13 (MZ3). Background conditions are marked in grey, the model calibration period in white 

and the model validation period in light blue. 

  



23 

 

Figure 2-7  Simulated temperature-depth distributions in comparison with observed time-lapse temperature 

profiles before (black dotted line) and during the injection trial (black line) at the 20N (a) and 60N (b) 

monitoring location. For the different model realizations, temperature transport was simulated by heat 

convection and conduction (red line), only heat convection (green line) or advective - dispersive 

temperature transport (blue line). 
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2.3 Numerical modeling 

 Conceptual/Numerical Model for Flow and Non-Reactive 

Transport  

The conceptual hydrogeological model was translated into a three-dimensional 

numerical model. Flow and combined chloride/heat transport simulations were performed 

with MODFLOW (Harbaugh et al., 2000) and MT3DMS (Zheng and Wang, 1999), 

respectively. The model comprised the entire aquifer thickness targeted by the injection 

trial as well as an overlying aquifer section. 

 Model Discretization and Boundary Conditions 

The selected model domain is 2000 m × 2000 m in the horizontal plane with the 

injection well approximately located at the model centre (supporting information Figure 

SI 2-1). The grid discretization in the horizontal direction varied between approximately 

7 m in proximity of the injection well to approximately 160 m near the model boundaries. 

The base of the model was defined to coincide with the top of the Mariginiup aquitard 

and South Perth Shale aquiclude, while the model top was set to ground surface. Based 

on the results of the field site seismic survey, a slope of 2° was incorporated for all 

sedimentary layers and extended to the model boundaries. In the vertical direction, the 

model was discretised to reflect the aquifer’s strong vertical heterogeneity. Layer 

thicknesses were based on the joint interpretation of hydrodynamic flow and gamma ray 

logs at the injection borehole. The resulting layers were geologically interpreted as 

sandstone units containing variable amounts of silt and clay and agree well with the 

reported distribution of tidal channel and tidal flats facies along the borehole (Leyland, 

2011). Layers were assumed to be continuous throughout the model domain and of 

constant thickness in the lateral direction.  

Flow across the outer model boundaries was simulated via head-dependent 

boundaries. Therefore, the groundwater flow was entirely controlled by the injection 

flux(es) as background (regional) groundwater flow was deemed to be negligible for the 

duration of the experiment.  

 Injection and Monitoring Wells 

Injection at the recharge well and short-term abstractions at the 20 monitoring bores 

within the injection zone were simulated using the MODFLOW Multi-Node well (MNW) 

package (Zheng, 2006; Konikow et al., 2009) to account for the effects of intra-borehole 
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flow under both purging and non-purging conditions. This has previously been shown to 

affect solute transport in a heterogeneous aquifer where screens extend over several layers 

of varying hydraulic conductivity (e.g., Konikow and Hornberger, 2006; Ma et al., 2011). 

The injection well was simulated using a single Multi-Node well which penetrates across 

the entire 100 m depth of the recharge zone, spanning 60 model layers of highly variable 

hydraulic conductivity. The monitoring bores’ screened intervals vary between 3 m in the 

uppermost injection zone to 30 m at greater distances from the injection well  

(Figure 2-3), and span across 3 to 32 model layers.  

Daily averages were applied to represent the variability of the injection rates, for a 

total simulation time of 630 days. Variable chloride concentrations and injectant 

temperatures were based on the monthly measured injectant water quality. The 

monitoring well sampling events were explicitly simulated as pumping events using the 

MNW package.  

 Transport Model 

 Heat Transport Model 

Heat transport was simulated with MT3DMS (Zheng and Wang, 1999) by 

incorporating temperature as an additional, separate species into the chloride transport 

model based on the similarity between solute and thermal energy transport (Anderson, 

2005; Ma et al., 2012). Analogous with the instantaneous sorption formulation for a 

reactive species, thermal energy uptake by the sediments was simulated using a thermal 

distribution term defined as  

                                                    (Eq. 2-1) 

where Kd,th is the thermal distribution term, cs is the specific heat capacity of the 

sediment and cw and ρw represent the specific heat capacity and density of water as 

described in full detail by Ma et al. (2012). Thermal retardation was subsequently defined 

as 
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specific) thermal diffusion term (Dm,th), corresponding to the molecular diffusion for 

solutes, defined as  

                                                          (Eq. 2-3) 

where ntot represents the total porosity (Thorne et al., 2006). The value for the bulk 

thermal conductivity кo was defined as 

                                                 (Eq. 2-4) 

with кs and кw representing the thermal conductivity of the solid and water phase, 

respectively. Thermal dispersivity was assumed to have the same value as solute 

dispersivity (e.g., Bridger and Allen, 2010; Ma et al., 2012; Engelhardt et al., 2013). This 

modelling approach neglects rate-limited heat transfer and assumes temperature 

equilibrium between water and solid. Further, it is based on the assumption that 

temperature derived changes in density and viscosity of the water and their effect on 

hydraulic conductivity are negligible. 

 Initial and Boundary Conditions 

The initial temperature distribution was derived from the background temperature 

profile measured at monitoring site 60N. A fixed temperature boundary condition was 

defined at the upper model boundary.  

The initial chloride distribution was estimated from the chloride concentrations 

obtained during the pre-trial groundwater quality sampling. Background variability in the 

initial chloride distribution was summarized vertically into seven discrete 

hydrogeochemical zones. These zones were based on hydrochemical characteristics and 

expected hydraulic continuity of the sedimentary units, and largely coincided with the 

monitoring depth zones. For the model layers outside of the monitoring screen intervals, 

initial chloride concentrations were estimated through interpolation and extrapolation. 

Initial chloride concentrations within hydrogeochemical zones were assumed 

homogeneous in the lateral direction and any observed or potential variations in 

concentration, based on lateral heterogeneity or different lithology types, were neglected. 

 Model Calibration 

Model calibration was initially conducted manually via trial-and-error, followed by 

automatic calibration using the numerical parameter estimation software PEST (Doherty, 
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2010). The results of the manual calibration were used as target values for the Tikhonov 

regularisation procedure contained in PEST (Tikhonov and Arsenin, 1977; Doherty, 

2010). Observation data include point chloride and temperature measurements obtained 

at monitoring wells as well as multiple time-lapse temperature profiles obtained at 

selected monitoring locations. Hydraulic and heat transport parameters corresponding to 

layers within the injection interval were the only parameters considered for calibration. 

For layers outside the recharge zone, parameter values were either extrapolated or based 

on previously reported literature values. The calibration period considered for the 

automated calibration was between 10th November 2010 and 1st March 2012 (477 days), 

while the remaining 153 days (ending 1st August 2012) were used for model validation 

purposes. 

 Initial Estimates and Parameterization  

The initial hydraulic conductivity distribution of the injection interval and the 

overlying Pinjar aquitard was derived from the joint interpretation of hydrodynamic flow 

and gamma ray logs at the injection borehole. Vertical hydraulic conductivities were fixed 

to one tenth of the layer horizontal hydraulic conductivity. Horizontal hydraulic 

conductivities of the high permeability layers were estimated per layer (Figure SI 2-1) 

with the exception of the permeable units across the upper part of MZ3 (approx. 157–

167 mbgl) which were combined into one zone (supporting information 2-1 and Figure 

2-3). The low permeability layers were separated into three depth zones for both hydraulic 

conductivity and porosity, according to reported facies associations (Leyland, 2011) and 

geological interpretations (supporting information 2-1 and Figure SI 2-1).  

Values for initial layer porosities were derived from laboratory core measurements. 

For the purposes of model calibration, porosity of the high permeability layers was 

combined into groups that approximately coincide with the monitoring intervals. 

Longitudinal dispersivity was fixed at an estimated value of 1 m, which is consistent with 

a local, meso-scale model representing solute spreading within individual model layers 

(see also, e.g., Greskowiak et al., 2005; Wallis et al., 2010, 2011). The (larger-scale) 

spreading observed at monitoring bores was captured by the explicit consideration of a 

vertically heterogeneous hydraulic conductivity distribution among model layers. All 

hydrogeological properties and parameters (Table 2-2) were assumed laterally 

homogeneous across each layer, despite some natural variations observed during 

geophysical, hydrogeological and hydrochemical characterizations. This assumption may 

represent a significant source of model structural error. 
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Table 2-2  Model parameters employed in the flow, solute and heat transport simulations. 

Parameters High Permeability Layers Low Permeability Layers Basis for 

Initial Value 
Calibration 

Parameter 
Initial Value Calibration Range Initial Value Calibration Range 

Kh   [m/d]  (horizontal hydraulic conductivity) 6.3 - 107 1 - 300 0.1  (13)a 0.01 - 0.5  (0.05-24)a Manual Yes 

Kz    [m/d]  (vertical hydraulic conductivity) 0.63 - 10.7 0.1 - 30 0.01  (0.13)a 0.001 - 0.05  (0.005-2.4)a Manual Yes 

neff   [-]      (effective porosity)b 0.36 0.2 - 0.4 0.05 0.03 - 0.1 Laboratory Yes 

αL      [m]    (longitudinal dispersivity) 1 na 1 na Estimate No 

αTH  [m]   (horizontal transverse dispersivity) 0.1 x αL na 0.1 x αL na Estimate No 

αTV  [m]   (vertical transverse dispersivity) 0.01 x αL na 0.01 x αL na Estimate No 

Dm   [m2/d]  (molecular diffusion) 4.38 x 10-5 na 4.38 x 10-5 na Estimate No 

ρW   [kg/m3]  (density of water at 25 °C) 997c na 997c na Literature No 

cW   [J/(kg*K)] (specific heat capacity of the water) 4186d na 4186d na Literature No 

кW    [W/(m*K)] (thermal conductivity of the water) 0.58d na 0.58d na Literature No 

ρS    [kg/m3]     (density of the solid) 2650e na 2650e na Literature No 

cS   [J/(kg*K)] (specific heat capacity of the solid) 744f 700 – 800g 744f 700 – 900g Literature Yes 

кS   [W/(m*K)] (thermal conductivity of the solid) 3h 2-4.5i 3h 1-4.5i Literature Yes 
aValues in brackets represent the horizontal and vertical hydraulic conductivity of the lowest layer (L69);  bFor this model neff   was the same as ntot ;  

cNIST,2013;  dMa and Zhen (2010), Ma et al. (2012);  eSolid density was 

approximated by assuming Quartz mineral density (Waples and Waples, 2004a) based on sediment characterisation results;  fCalculated after Engelhardt et al. (2013) for a representative aquifer sand lithology;  gCalibration range 

bracketing literature values for similar lithologies (Ma et al., 2012; Vandenbohede et al., 2011), the lower boundary was defined by the specific heat capacity of quartz (Engelhardt et al., 2013), the upper boundaries were calculated 

after Waples and Waples (2004a, 2004b), based on the average mineralogical composition of aquifer sands (high permeability layers) and aquifer shales (low permeability layers) assuming a maximum of 5% sediment organic 

matter in the form of kerogen;  hInitial estimate based on Vandenbohede et al. (2011);  iParameter ranges based on Anderson (2005) and Midttømme et al. (1998) 
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The initial estimate for thermal diffusion was calculated based on literature values 

for thermal conductivity of sand and water and the specific heat capacity of water  

(Table 2-2). The starting value for thermal retardation was estimated using the specific 

heat capacity for the sediment, which was calculated based on literature values and 

particle size analysis of a representative sandy aquifer lithology following the procedure 

outlined in Engelhardt et al. (2013) (Table 2-2).  

 Calibration Procedure 

During manual calibration, hydraulic and heat parameters were varied in small 

increments and care was taken to maintain the relative flow distribution that was 

identified by the flow log measurements as closely as possible. Early heat transport 

calibration indicated the presence of a very strong thermal retardation as well as the need 

for lithological variation of thermal transport parameters. 

For the automated calibration procedure using Tikhonov regularisation, results 

from the manual calibration, with the exception of the heat transport parameters, were 

used as initial estimates and regularisation targets. In order to evaluate whether a 

heterogeneous distribution of heat transport parameters contributes to an improved 

description of field observations, prior information for heat transport parameters was 

devised to promote a homogeneous distribution. In other words, Tikhonov regularisation 

targets were set such that all thermal conductivity and heat capacity parameters for the 

solids are equivalent or homogeneous, respectively (Table 2-3).  

 

Table 2-3  Tikhonov regularisation targets 

Regularisation  Targetsa 

log10(cs_sand) - log10(cs_lcup)  =  0 

log10 (cs_sand) - log10 (cs_lclo)  =  0 

log10 (cs_lcup) - log10 (cs_lclo)  =  0 

log10 (tc_sand) - log10 (tc_lcup)  =  0 

log10 (tc_sand) - log10 (tc_lclo)  =  0 

log10 (tc_lcup) - log10 (tc_lclo)  =  0 

awith cs_sand, cs_ lcup, cs_ lclo and  tc_sand, tc_lcup, tc_lclo representing calibration parameters 

for solid specific heat capacity (estimated as Kd =cs/cw*ρw in the model simulations) and thermal 

conductivity of high permeability layers as well as low permeability layers in the upper and lower 

injection interval  
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Therefore, if these parameters are not individually identifiable, the calibration 

procedure will result in a nearly homogeneous distribution; however, if these parameters 

are in fact identifiable, the result could lead to a heterogeneous distribution in order to 

achieve a sufficiently calibrated model. Prior information for the heat transport 

parameters associated with high permeability units alone were set to appropriate literature 

values for sand (Table 2-2).  

Prior information used for regularisation was divided into two groups: (1) prior 

estimates of the parameter values themselves (or target values) and (2) parameter 

differences associated with the assumption of a homogeneous heat transport 

parameterization. This allows the relative weight adjustments (imposed by the Tikhonov 

algorithm) to be independent for both types of prior information. In the first group, 

parameter target values were based on the results of the manual calibration with an 

appropriate relative weighting scheme that reflects the uncertainty associated with each 

target value. In the second group, the weights were all equivalent, as each combination of 

parameter differences was assumed as equally uncertain.  

Upper and lower boundaries for hydraulic conductivity were assumed within a 

relatively large range for the higher permeability layers, while for the low permeability 

layers only a variation between 0.01 to 0.5 m/d was allowed (Table 2-2). The deepest 

model layer is an exception, where a greater conductivity range of 0.05-24 m/d was 

implemented to account for the averaging of a variable lithology identified in this interval. 

The upper limit of 24 m/d represents the maximum possible flow contribution from the 

identified 8 m thick sand interval located at the bottom of the layer as well as other 

interbedded minor sand layers that potentially remain under-represented in the flow logs.  

Effective porosity was allowed to vary between 0.2 and 0.4 for the high 

permeability layers and 0.03 and 0.1 for the low permeability layers (Table 2-2). The 

parameter range for specific heat capacity and thermal conductivity of the solids 

associated with the highly permeable units was based on the range of reported literature 

values for sand. For the low permeability layers a variety of possible lithological attributes 

ranging from pure fine sand to clay lithology were considered for the parameterization 

(Table 2-2).  

A weighted least-squares objective function was used to address model fit during 

automatic calibration. Chloride and temperature observations were grouped depending on 

observation type and location and weights were adjusted dependent on the quality of 

observation data. Observations at the monitoring bores BY03 and BY04 were excluded 
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from the calibration, as the conceptual model could not reproduce the assumed local low 

hydraulic connection. Calibration of the thermal transport parameters was predominantly 

constrained by comparing modelled heat profiles with time-lapse temperature logs 

sampled across the logging interval. Temperature measurements derived during 

groundwater sampling were considered to a lesser extent (i.e., assigned smaller 

observation weights) due to the large uncertainties associated with these observations and 

extreme outliers (approximated frequency 1:100) were neglected when measurement 

errors were evident. 

2.4 Model-Based Analysis of Field Observations 

 Estimated Solute and Thermal Transport Parameters 

The jointly calibrated three-dimensional heat and conservative transport model was 

able to closely reproduce both the temperature and chloride transport characteristics that 

were observed as breakthrough data and as time-lapse data (Figures 2-4, 2-5and 2-7). This 

objective was achieved while maintaining plausible flow and transport parameter values 

using the Tikhonov regularisation procedure. A comparison between the initially 

estimated hydraulic conductivities and the automatically calibrated values shows that the 

calibrated hydraulic conductivity distribution deviates only modestly from the initially 

estimated distribution, which was derived from a combined interpretation of flow- and 

resistivity logs (Figure 2-8). However, the calibration results suggest higher hydraulic 

conductivities for some layers in the lower hydraulic conductivity range, particularly in 

MZ4 and MZ5. The conductivity values assigned to these layers were increased 

substantially relative to the conductivities in the upper injection interval sections. For the 

low permeability layers the initial estimate of 0.1 m/d increased to its upper bound of 

0.5 m/d in the upper injection interval and 0.15 m/d in the lower injection interval during 

the automatic calibration. Restricting parameters by their respective bounds is not ideal 

for parameter estimation; however, this only occurs for a very few parameters in this 

study and is usually the result of model structure error. The restriction occurs only for the 

low permeability layers, where many of the various parameters (both hydraulic and 

thermal) are assumed to be approximately homogeneous, which may be an inappropriate 

assumption and could produce some model structure error. However, a detailed, 

heterogeneous parameterization for the low permeability layers cannot be justified based 

on the limited observation data available.  
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The hydraulic conductivity of the deepest model layer (hc69) was also increased 

substantially during automatic calibration (Table 2-4). These changes likely reflect the 

discontinuous nature of the low permeability layers, and in the case of the deepest model 

layer, also indicate a possible underestimation of the initial permeabilities. Nevertheless, 

despite these modifications the overall characteristics of the permeability distribution was 

maintained, with the majority of the injectant being received by the upper injection 

interval. 

Estimates for sediment effective porosities remained around 0.36 for most of the 

high permeability layers with the exception of the porosity value for MZ3 (n01c), which 

increased to approximately 0.39 during the calibration process (Table 2-4).  In the low 

permeability zones, the effective porosity decreased to its lower bound of 0.03. 

A homogeneous distribution of the specific heat capacities and thermal 

conductivity values for the solid material was shown to be sufficient for an accurate 

simulation of the observed temperature dynamics. PEST-calibrated specific heat 

capacities and thermal conductivities for the high and low permeability layers were at or 

close to the user-defined upper bounds for the sand lithology. However, a further increase 

in the specific heat capacity value of the sand lithology was deemed unreasonable. The 

mineralogical composition was very well defined during the site characterization and an 

increase in this value above 800 J/kg K is unlikely when compared to the weighted 

average of mineralogical contributions calculated after Waples and Waples (2004a, 

2004b), or literature values of similar lithologies (e.g., Waples and Waples, 2004a; 

Anderson, 2005; Vandenbohede et al., 2011). Two plausible alternative explanations for 

the estimated high specific heat capacity demand could be (i) an overestimation of the 

porosity for high permeability layers (i.e., sediment specific heat capacity making up for 

the underestimation of sediment matrix), or (ii) an inaccurate conceptual geological 

model. For example, a different sedimentary composition could be considered that 

contains more sediment organic matter, or lenses of finer material with a greater total 

porosity than effective porosity which would lead to a higher specific heat capacity of the 

sediment. The relatively high estimates for thermal conductivity could also be related to 

the high porosity values or the result of averaging effects occurring during temperature 

logging.   
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Figure 2-8  Comparison of flow-log derived 

hydraulic conductivities (black) and best-fit 

simulation results after the automated calibration 

(red). 
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Table 2-4  Parameter Values, Sensitivities and Identifiabilitiesa 

Monitoring 

Zone 

Parameter Starting 

Valueb 

Parameter 

Value 

Composite 

Sensitivity 

Ident. 

43 

Ident. 

40 

Ident. 

37 

MZ1 hc13  [m/d] 13 13.08 0.25 0.77 0.32 0.29 

hc14  [m/d] 75 70.18 0.29 0.94 0.87 0.76 

hc15  [m/d] 50 46.63 0.33 0.99 0.91 0.70 

hc16  [m/d] 50 44.99 0.29 0.97 0.97 0.72 

hc17  [m/d] 6.3 6.35 0.22 0.15 0.08 0.05 

hc18  [m/d] 107 83.49 0.49 1.00 0.99 0.98 

hc19  [m/d] 88 64.91 0.66 1.00 1.00 0.93 

hc21  [m/d] 57 47.26 0.28 0.99 0.97 0.83 

MZ2 hc24  [m/d] 88 70.48 0.21 0.99 0.96 0.84 

hc25  [m/d] 38 35.02 0.27 0.51 0.45 0.44 

hc26  [m/d] 63 52.04 0.35 0.94 0.88 0.77 

hc27  [m/d] 13 12.35 0.25 0.89 0.42 0.41 

hc28  [m/d] 25 23.00 0.34 0.99 0.96 0.92 

hc30  [m/d] 13 13.03 0.17 0.98 0.94 0.71 

hc31  [m/d] 38 33.39 0.34 0.90 0.88 0.71 

hc32  [m/d] 44 40.00 0.28 0.95 0.93 0.90 

hc33  [m/d] 107 63.72 0.33 0.98 0.93 0.89 

hc35  [m/d] 107 87.00 0.24 0.83 0.41 0.39 

hc36  [m/d] 38 39.71 0.39 0.99 0.96 0.88 

hc37  [m/d] 38 42.69 0.38 1.00 0.99 0.95 

MZ3 hc40s  [m/d] 50 50.56 2.64 1.00 0.99 0.99 

hc49  [m/d] 63 67.50 0.58 1.00 1.00 0.98 

MZ4 hc52  [m/d] 24 28.63 1.26 1.00 0.99 0.94 

hc54  [m/d] 6.3 6.76 0.42 1.00 0.95 0.94 

hc56  [m/d] 13 18.76 1.13 1.00 0.98 0.95 

MZ5 hc62  [m/d] 31 28.80 0.43 1.00 0.98 0.94 

hc63  [m/d] 31 27.53 0.27 1.00 0.97 0.94 

hc64  [m/d] 88 92.82 3.39 1.00 0.98 0.95 

MZ1 n01a  [-] 0.36 0.36 0.45 1.00 0.99 0.97 

n01b  [-] 0.36 0.36 0.18 0.97 0.93 0.45 

MZ2 n01c  [-] 0.36 0.39 1.11 1.00 1.00 0.99 

MZ3 n01d  [-] 0.36 0.36 2.91 1.00 1.00 0.99 

MZ4 n01e  [-] 0.36 0.36 1.93 1.00 0.99 0.96 

MZ5 n01f  [-] 0.36 0.36 3.56 1.00 0.98 0.96 

MZ1-3 n02  [-] 0.05 0.03 0.22 1.00 0.98 0.97 

MZ4-5 n03  [-] 0.05 0.03 0.32 1.00 0.94 0.93 

outside MZ5 n04  [-] 0.05 0.03 1.64 1.00 0.99 0.99 

MZ1-3 hc_lcup  [m/d] 0.1 0.50 0.33 0.86 0.41 0.26 

MZ4-5 hc_lclo  [m/d] 0.1 0.15 0.17 0.47 0.30 0.23 

outside MZ5 hc69  [m/d] 13 18.86 1.26 0.99 0.98 0.94 

all cs_sand  [m3/mg] 744 800 0.75 0.99 0.98 0.95 

MZ1-3 cs_lcup  [m3/mg] 744 799 0.51 1.00 0.99 0.92 
MZ4-5 cs_lclo  [m3/mg] 744 798 0.37 1.00 0.96 0.93 

all tc_sand  [W/(m*K)] 3 3.70 0.36 1.00 0.99 0.99 
MZ1-3 tc_lcup  [W/(m*K)] 3 3.70 0.25 1.00 0.97 0.96 

MZ4-5 tc_lclo  [W/(m*K)] 3 3.70 0.30 1.00 0.94 0.93 
aThe abbreviation Ident. signifies identifiability, the prefix hc symbolizes hydraulic conductivity, n effective sediment porosity, cs he 

specific heat capacity of the sediment (cs) (estimated as Kd,th= cs/(cw*ρw) in the model simulations) and tc thermal conductivity. The 

term sand stands for high permeability layers, the terms lcup and lclo symbolise the low permeability layers in the upper and lower 

injection interval.  bBased on manual calibration results 
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 Simulation of Chloride Transport 

Under the hydrogeological conditions of the study site, the penetration of the 

injectant was predominantly governed by both the injection rate and the relative 

difference between the hydraulic conductivities of the individual model layers.  

Figure 2-9 illustrates the variable penetration distance of injectant into the aquifer and 

shows the stark contrast between the upper and lower injection intervals. The distribution 

was consistent with the geological interpretation of tidal channels in the upper and tidal 

flat deposits in the lower injection interval (Leyland, 2011). The steepness and general 

characteristics of the simulated chloride breakthrough curves (BTCs) at individual 

monitoring locations (Figure 2-4) depended mostly on the variability of the hydraulic 

conductivity among the layers being sampled at the monitoring screens and their 

contribution to the overall transmissivity of the target aquifer.  

Chloride breakthrough at some 20N monitoring locations occurred rapidly relative 

to the sampling frequency and resulted in poorly resolved falling limbs as displayed in 

Figure 2-4. In contrast, due to the decrease in flow velocity with increasing radial distance 

from the injection point, the more distant bores contained a sufficiently high number of 

sampling events, allowing for a more accurate documentation of the breakthrough 

characteristics at these locations. Steep, uniform BTCs were observed for the monitoring 

wells BY07, BY13, BY02 and BY21 in MZ3. In the model, this behaviour was well 

approximated for the BY07 and BY13 BTCs when assuming a laterally uniform hydraulic 

conductivity distribution for all conductive layers that intersect the screen intervals of the 

corresponding monitoring bores. However, the almost equally steep BTCs observed at 

the more distant monitoring bores, BY02 and BY21, were not well represented by the 

model despite assuming a relatively low longitudinal dispersivity of 1 m. These 

observations suggest a nearly dispersion-free transport process, i.e., piston flow 

behaviour, for this depth interval. Most other monitoring wells exhibited a relatively 

gradual decline in chloride concentrations, which is likely the result of a greater 

variability in the conductivity distribution as well as a greater number of contributing 

model layers.  

In MZ5 the simulated breakthrough behaviour was dominated by a single, highly 

permeable unit, which resulted in a steep initial decline in the chloride concentrations at 

monitoring wells near the injection well. However, for monitoring bores further away 

from the injection well, substantial, but delayed contributions from lower permeability 

layers caused a tailing effect and complete injectant breakthrough was only gradually 
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reached for these bores. A closer match of the observed breakthrough behaviour for this 

monitoring zone was most likely prevented by the assumption of lateral homogeneity for 

the layers, especially at greater distance to the injection well.  

At the two long-screened wells, BY22 and BY19, chloride concentrations initially 

increased above background concentrations shortly after injection started and were most 

likely a result of intra-borehole flows (supporting information 2-2 and Figure SI 2-2). The 

smooth, gradual breakthrough at BY19 can again be attributed to the wide range in 

hydraulic conductivities of the layers intersecting the relatively long bore screen. 
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Figure 2-9  Illustration of the different aquifer penetration characteristics for (a) simulated chloride concentrations, and simulated temperatures assuming (b) advective - 

dispersive temperature transport without heat-sediment interactions, or (c) convective and conductive temperature transport including heat-sediment interactions. 
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 Simulation of Heat Transport 

The simulated temperatures obtained with the calibrated model reproduce closely 

the observed temperature distributions. The lateral propagation of the injectant 

temperature signal into the surrounding aquifer sections was mainly controlled by 

convective heat transport with the injectant flow whereby the seasonally changing 

injectant temperature acted as the main driver for the observed temperature variations. 

With growing distance from the injection well, the amplitude of the simulated 

temperature signal was increasingly attenuated and the propagation rates of the signal 

were strongly retarded relative to the migration rates of the chloride concentration front 

or the simulation of an advective–dispersive transported temperature signal, where none 

of the heat-sediment interactions were considered (Figures 2-4, 2-5 and 2-9). This 

retardation is caused by heat exchange between the injectant and the aquifer matrix as 

well as by heat transport through the solid phase by heat conduction. The increase in the 

retardation of the temperature signal propagation with growing distance from the injectant 

well can be attributed to the successively decreasing flow velocities in combination with 

longer flow paths. Due to the short travel distances between the injection well and the 

20N monitoring boreholes, the differences between the temperatures of the injected water 

and the temperatures measured at 20N remain small. However, simulated temperatures at 

greater distances from the injection well, i.e., at the 60N monitoring site, exhibit an 

increased sensitivity to the employed heat transport parameter values. 

In the time-lapse temperature depth profiles the first arrival of the temperature 

signal was not evenly distributed across the entire profile, but occurred at discrete depth 

intervals (Figure 2-7). This characteristic behaviour was reproduced by the calibrated 

model such that early temperature breakthrough coincides with the distribution of high 

permeability layers. In the low permeability layers the arrival of the initial temperature 

rise was retarded; this retardation increased with the thickness of these layers. Over time, 

the temperature profiles became more evenly distributed with depth due to the attenuation 

of temperature gradients by heat conduction and due to the early arrival of the transient 

temperature signal in the highly permeable layers. For example, on day 173 at the 20N 

monitoring site, the arrival of cooler water reduced the previously higher temperature 

signal in the uppermost injection interval (125-135 mbgl) resulting in a reduction of the 

previous temperature gradient towards the lower sections of the aquifer (Figures 2-7 and 

2-9). At the same time, heat conduction had nearly balanced the temperature gradient 

between the permeable units and the extensive low permeability zone between  
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175-195 mbgl. Another example of strongly reduced temperature gradients due to heat 

conduction and a heterogeneous hydraulic conductivity distribution can be seen on day 

475 at the 60N monitoring site. On those days, the possibility to identify the location of 

high and low permeability layers, or the specific hydraulic conductivities of those layers, 

would have been greatly reduced when conducting single bore-hole temperature 

measurements. This underlines the important role that time-lapse temperature 

measurements can play in conjunction with continuous injectant temperature records. In 

general, the model slightly underestimates the observed temperature retardation, which is 

most clearly displayed by the early arrival of the simulated initial temperature 

breakthrough at both monitoring locations. This is likely to be an effect of the joint 

calibration, where, due to data quality, the observed chloride BTCs were weighted higher 

than temperature profiles or temperature BTCs. Other possible explanations could include 

the chosen zonation for heat transport parameters or other model structural errors. 

The temperature BTCs clearly display the seasonality of the injectant water 

temperature signal as well as the increasing attenuation of the signal with radial distances 

from the injection well (Figures 2-5 and 2-6). For example, when comparing simulated 

temperature breakthrough curves at monitoring site 60N with those at 20N, the amplitude 

of the seasonal signal is greatly reduced at 60N, while the arrival of the March 2011 

temperature peak has shifted up to 6 months. The advective–dispersive transported 

temperature simulation shows that this attenuation is only partially caused by mixing 

processes with the ambient groundwater. Other important factors were the heat transport 

parameters, as well as the flow velocity within the high permeability layers and the 

thickness of the low permeability layers in the vicinity of the monitoring screens. The 

former factor controls the quantity of heat transported per volume of sediment and thus 

influences which proportion of the transported heat flow is passed to the sediment, while 

the latter factor effects on the temperature gradient directly influencing vertical heat 

conduction.  

 Role of heat conduction 

While the influence of heat conduction was greatest in the low permeability zones, 

which can be most clearly seen in the steplike progression of the simulation results 

without heat conduction in Figure 2-7, it also influenced heat transport in the high 

permeability layers (Figures 2-5 and 2-7). Heat conduction was found to substantially 

advance the initial arrival times of the temperature signal at several monitoring locations, 

i.e., the thermal breakthrough occurred more rapidly. Especially in the upper injection 
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interval, initial breakthrough was simulated to occur earlier in monitoring wells and 

temperature profiles if conduction was considered as compared to the case where thermal 

diffusion was set to zero (Figures 2-5 and 2-7). For monitoring bores BY15 and BY16, 

heat conduction from high permeability layers outside of the screened intervals not only 

altered the initial arrival times but also increased the total magnitude of the temperature 

signal significantly.  

As illustrated in Figure 2-7, heat conduction between high and low permeability 

layers also caused notable attenuation of the thermal propagation within the high 

permeability layers at selected depths. This attenuation effect depended strongly on the 

relative thicknesses of the surrounding low permeability layers and consequently was 

most apparent for wells in MZ4 and MZ5. For example, at BY08 the temperature signal 

arrival time without heat conduction exceeded that when conduction was considered 

throughout most of the calibration period (Figure 2-5). On day 302 in the 20N temperature 

profiles, this effect is visualised at the extensive low permeability zone between 

approximately 175-195 mbgl. Here, the re-distribution of heat from the low to the high 

permeability layers notably delays the arrival of the low temperature signal for the high 

permeability layers contributing to the screened interval at BY08 (Figure 2-7).  

These examples demonstrate that in an aquifer exhibiting strong heterogeneity in 

hydraulic parameters, heat conduction from the surrounding higher or lower permeability 

layers can alter the temperatures measured at a discrete depth interval, for example at a 

well screen. This may impact the accuracy of hydraulic conductivity estimates that are 

based on these temperature measurements. 

 Impact of Heterogeneity on Thermal Parameter Values  

Despite the initial choice of a heterogeneous heat transport parameter distribution, 

the observation data were not sufficient in quality and/or quantity to uniquely estimate a 

heterogeneous distribution. Although heat retardation was underestimated, as seen in the 

time-lapse temperature profiles (Figure 2-7), higher specific heat capacities for the low 

permeability layers did not improve the model fit sufficiently enough to justify a departure 

from the parameter homogeneity assumption. Thus, the calibration results support 

previously reported studies that analysed heat transport processes within similar aquifer 

lithologies and assumed these parameters to be homogeneous (e.g., Bravo et al., 2002; 

Vandenbohede et al., 2011). However, the results of the homogeneity regularization 

procedure may also have been influenced by the lumping of the heat transport parameters 

in zones that were previously defined by flow and gamma log interpretation, which may 
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not reflect the true distribution of heat transport parameters. A possible explanation for a 

variable distribution of heat transport parameters within a certain lithology could be a 

heterogeneous distribution of sediment organic matter or entrapped pore water that effects 

on the bulk specific heat capacity of the sediment due to the higher heat capacities of 

those substances compared to that of minerals.  

 Parameter Sensitivities and Identifiability 

The sensitivity of each calibrated parameter was calculated in order to quantitate 

each parameter’s influence on the observations (Table 2-4), which consist of different 

data types (chloride breakthrough, temperature breakthrough, and temperature profiles). 

It is important to note here that since the model is nonlinear, these sensitivities are only 

accurate for the calibrated parameter values and may be different for different parameter 

values. Hydraulic conductivity and porosity were identified as the most sensitive 

parameters for solute and heat transport. However, for temperature observations, specific 

heat capacity and thermal conductivity were also found to have a significant influence. 

Sediment porosities are the most sensitive parameters for all observation groups; 

however, this is most likely an effect of the implemented parameterization, where 

hydraulic conductivity was parameterized on a layer-by-layer basis, and sediment 

porosity was lumped according to monitoring zones and thus covered larger intervals.   

Heat transport parameters were found to be most sensitive to temperature 

observations at the 20N and 60N monitoring sites and nearly insensitive to temperature 

observations at greater radial distance. This is in agreement with the absence of 

pronounced temperature signals beyond the 60N monitoring locations, at least within the 

considered time frame (Figure 2-5). For most observation sites (organised as individual 

groups in PEST), the composite parameter sensitivity for thermal conductivity was lower 

than that for specific heat capacity of the sediment. However, for the 60N time-lapse 

temperature observations, the composite sensitivities associated with thermal 

conductivity were notably greater than those at 20N, while the sensitivities to specific 

heat capacity increased less pronounced. This is consistent with a model where the 

influence of heat conduction on heat transport is increasing when the flow velocities 

reduce. The composite thermal parameter sensitivities indicated a stronger sensitivity to 

thermal transport parameters in the highly permeable layers. This most likely reflects the 

fact that heat transport observation points were predominantly distributed across highly 

permeable layers. All computed parameter sensitivities are listed in Table 2-4. 
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Parameter identifiability was also calculated to evaluate the ability of each 

parameter to be estimated uniquely during calibration (Doherty and Hunt, 2009). The 

identifiability statistic, as described by Doherty and Hunt (2009) is based on an 

eigenvalue decomposition of the estimated parameter covariance matrix, which in the 

case of a linearized statistical model, is a function of the Jacobian matrix of parameter 

sensitivities to the model outcomes corresponding with observations. Parameters that 

“reside” predominantly in the null space of this Jacobian matrix are said to be 

unidentifiable as they can potentially take on a number of values without significantly 

changing the objective function (Doherty and Hunt, 2009). Identifiability ranges from 0.0 

(i.e., the parameter is completely within the null space and thus relative unidentifiable) to 

1.0 (i.e., the parameter is completely within the solution space and thus identifiable).  It 

is important to note here that, similar to sensitivities, identifiability suffers from the same 

limitations associated with the assumption of a linear model.  

In this study, utilities contained within the PEST software suite were used to 

conduct this analysis: SUPCALC was used to conduct the eigenvalue decomposition for 

identifying the solution space dimensionality and IDENTPAR was used to calculate the 

parameter identifiabilities (Doherty, 2010). The SUPCALC results indicated that the 

solution space dimensionality could range from 37 to the total number of parameters, 46, 

indicating the problem is reasonably well-determined and that all parameters are 

reasonably identifiable; therefore, parameters residing on their respective bounds are 

likely a result of model structure error. To compare and analyse the relative identifiability 

of each parameter, the identified minimum solution space dimensionality of 37 was 

chosen, i.e., 9 principal components span the null space. The resulting parameter 

identifiabilities are listed in Table 2-4. Parameter identifiabilities associated with solution 

space dimensions of 40 and 43 were also calculated and listed in Table 2-4 to address 

which parameters “fall” into the null space “faster” as the null space dimension increases. 

As a whole, with a solution space dimension of 37, most hydraulic and heat 

parameters were reasonably identifiable (> 0.7), with the exception of some hydraulic 

conductivity and layer porosity values (Table 2-4). Despite the absence of direct 

observations obtained from the deepest layer, porosity and hydraulic conductivity values 

for this layer (n04, hc69) were found to have relatively large composite sensitivities. 

However, they are highly correlated with a correlation coefficient around 0.93. These two 

results alone do not provide enough information to determine whether the parameters can 

be estimated uniquely. However, based on the eigenvalue decomposition, both 
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parameters have large coefficients in the first principal component. This result reflects 

the parameter correlation; however, despite this correlation, the parameters remain 

relatively identifiable because they have near-zero coefficients in the principal 

components that span the null space.  

The parameter with the lowest identifiability of 0.05 was the hydraulic conductivity 

value of a high permeability layer in the upper injection interval (hc17). Even though this 

layer intersects several monitoring well screens (BY16, BY19, BY22) and forms part of 

the aquifer depth interval covered by time-lapse temperature observations, it still remains 

almost entirely in the null space due to the fact that it is both statistically independent of 

the other parameters and comparatively insensitive overall. Hydraulic conductivity values 

for both low permeability layers (hc_lcup, hc_lclo) showed a low identifiability (0.23-

0.26) and low correlation to other parameters as well. This may indicate that the advective 

flow contribution from these layers was relatively negligible for solute and heat transport 

in the model simulations. The remaining parameters that were less identifiable (0.29–

0.45) were hydraulic conductivity values of high permeability layers in the upper 

injection interval mostly associated with MZ1 and MZ2 (hc13, hc35, hc25, hc27) and the 

layer porosity of MZ2. However, none of these parameters depicted a strong correlation 

to other parameters and all appeared to be constrained significantly by various chloride 

and temperature observation data; this further indicates that the problem is relatively well-

determined.  

It is important to note that these parameters are less identifiable than most, and that 

this identifiability analysis is a comparative one that depends heavily on the choice of the 

solution space dimensionality. For example, if the solution space dimension was chosen 

to be 43, only three parameters have an identifiability less than 0.7: hc17, hc25, and 

hc_lclo (Table 2-4). This indicates that these parameters are the least identifiable and 

could be considered for removal from the estimation process by fixing them or lumping 

them with other parameters. Also, one could use the results of the identifiability analysis 

to evaluate which parameters could be further distributed (e.g., spatially) into multiple 

parameters. For example, hydraulic conductivity hc40s and porosity n01d not only have 

a relatively large composite sensitivity, they are also mildly correlated (0.87) and 

dominate the second principal component. This indicates that these parameters could 

potentially be spatially distributed into multiple parameters, which could also alleviate 

correlation. This is due to the fact that spatially lumped hydraulic conductivity and 

porosity parameters could potentially result in similar overall sensitivity distributions 
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among the observations of heat and chloride transport. If these two parameter types were 

more spatially distributed, their associated individual sensitivities would become smaller, 

more localized and, in the presence of adequate observation data and prior information, 

potentially less correlated. 

2.5 Conclusions 

Numerical modelling was used to analyse solute and heat propagation during a two-

year long groundwater replenishment experiment in which highly treated wastewater was 

injected into a deep, sedimentary aquifer. Observed chloride concentrations and 

temperatures, together with time-lapse temperature logs served as joint model calibration 

constraints to determine the aquifer flow and thermal transport properties. The calibrated 

model was subsequently employed to elucidate the processes and process interactions that 

control solute and heat migration within the highly stratified aquifer. Solute and heat 

transport characteristics were both found to be controlled by the strong vertical variations 

in the lithological properties of the sediments. The associated highly heterogeneous 

hydraulic conductivity distribution caused advective solute transport to be largely 

confined to clean, laterally continuous sand beds. In contrast, vertical heat conduction 

among layers of different hydraulic conductivity was sufficiently fast such that zones of 

lower hydraulic conductivity also played an important role for the overall heat transport 

behaviour. Compared to the penetration rates of the chloride concentration front, which 

marks the interface between injectant and groundwater, the heat migration rates were 

found to be increasingly retarded and the temperature amplitudes were increasingly 

attenuated with growing distance from the injection well. Heat transfer by heat conduction 

was found to influence the complex temporal and spatial temperature distribution, 

especially in aquifer sequences with a particularly heterogeneous hydraulic conductivity 

distribution. For example, in aquifer intervals where high permeability layers were 

imbedded within an extensive low permeability zone, heat transfer by heat conduction 

was found to affect the apparent thermal retardation within the high permeability layer. 

This is not only important for MAR but also for many other applications were temperature 

transport plays a role. Temperature observations from groundwater monitoring bores 

and/or discrete depth intervals may be affected not only by the targeted sedimentary units 

but also by the neighbouring permeability distribution. Furthermore, in the case of a 

variable temperature signal, the complex interplay between heat advection and 

conduction in an advective-dispersive aquifer can almost completely balance the 

observed temperature gradients at times. This can potentially complicate the 
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identification of preferential flow paths via temperature logging and underlines the need 

for time-lapse temperature logging. Both effects can complicate the use of these 

temperature data as inexpensive flow tracers. Furthermore, it displays that in a mixed 

advective-dispersive flow regime the consideration of heat conduction is important for 

the correct simulation of temperature distribution, which may also impact on the accurate 

simulation of geochemical processes kinetics. 

While we attempted to estimate spatially varying thermal transport parameters 

during the data inversion to reflect the anticipated variations of these parameters with 

lithological heterogeneities, these could not be uniquely determined on the basis of the 

collected data. 

To our knowledge this is the first study that successfully employed a joint inversion 

of solute concentrations, temperature data and time-lapse temperature logging to 

document and quantify local-scale heat transport behaviour in a vertically highly 

heterogeneous formation. We have shown how geological heterogeneities affect 

interactions between the various processes that control heat transport. An improved 

understanding of these processes and how to parameterize numerical models will support 

the emerging and further increasing use of heat as an inexpensive tracer and model 

calibration constraint in groundwater systems where naturally or artificially induced 

temperature changes are tracked to quantify flow and transport processes. Thus insights 

gained from the study may also be relevant for (i) aquifer thermal energy storage projects 

and their impact on water quality (Bonte et al., 2013a, 2013b), (ii) coal seam gas product 

water reinjection projects and (iii) remediation of contaminated groundwater sites where 

the pollutant’s properties and degradation rates are either directly affected by 

groundwater temperatures or through temperature induced changes in redox conditions 

(e.g., Piatt et al., 1996; Scow and Hicks, 2005). Furthermore, also coupled CO2 

sequestration and geothermal energy capture projects benefit from detailed knowledge of 

thermal properties and the nature of temperature change during injection (e.g., Buscheck 

et al., 2011; Randolph and Saar, 2011), especially as temperature greatly affects CO2 

sequestration behaviour due to temperature dependent density effects (Bachu, 2003).  
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CHAPTER 3.  IDENTIFICATION AND 

QUANTIFICATION OF REDOX AND PH BUFFERING 

PROCESSES IN A HETEROGENEOUS, LOW 

CARBONATE AQUIFER DURING MANAGED 

AQUIFER RECHARGE 

 

ABSTRACT 

Managed aquifer recharge of aerobic water into deep aquifers often induces the 

oxidation of pyrite, which can lead to groundwater acidification and metal mobilisation. 

As circumneutral pH is often maintained by the dissolution of sedimentary calcite or high 

injectant alkalinity little attention is generally paid to potential alternative pH buffering 

processes. In contrast, this study analysed water quality evolution from a 2 year long 

groundwater replenishment trial in an anaerobic, mostly carbonate free aquifer. While 

injection of aerobic, very low salinity water triggered pyrite oxidation, the comprehensive 

field data showed that in many aquifer zones pH was buffered without substantial release 

of inorganic carbon. A numerical analysis was performed to test and evaluate different 

conceptual models and suggested that either proton buffering or the dissolution of 

aluminosilicates, or a combination thereof, can explain the observed, rapid buffering at 

locations where carbonates were absent. In contrast to many previous managed aquifer 

recharge (MAR) studies, the oxidation of sedimentary pyrite by nitrate was found to be 

of minor importance or negligible. The study also highlights that the depositional history 

of the aquifer, and the associated differences in mineralogy and geochemistry, need to be 

considered when estimating groundwater quality evolution during the injection of various 

water types for aquifer replenishment or other management purposes. 

 

3.1 Introduction 

In water stressed regions water management strategies often involve the injection 

of sometimes large quantities of aerobic water into deep, reducing aquifers. Managed 

aquifer recharge (MAR), for example, is an increasingly used water storage and 

purification option, which is also employed to mitigate water table drawdown or to limit 

seawater intrusion (e.g., Pyne, 1995; Dillon, 2005, 2009; Drewes, 2009; Holländer et al., 
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2009; Missimer et al., 2012). Another emerging application is the planned re-injection of 

large volumes of (treated) coal seam gas (CSG) produced water into deep aquifers in the 

coming years to combat the depletion of groundwater resources in Australia. As the 

injected water is typically in geochemical disequilibrium with the target aquifer, the 

injection triggers a series of water rock/sediment interactions, including mineral 

dissolution or precipitation, ion exchange and surface complexation reactions. Among the 

reactions that are typically induced, pyrite oxidation and its potential to cause 

groundwater acidification and/or metal(loid) release is of particular concern. Several 

studies have also reported the mobilisation of arsenic and/or other undesirable trace 

elements, including Ni, Co, U and Mn, as a result of MAR activities (e.g., Stuyfzand, 

1998; Arthur et al., 2002; Jones and Pichler, 2007; Wallis et al., 2010, 2011; Antoniou et 

al., 2012, 2013; Neil et al., 2014). Under those cicumstances mineral pH buffering 

reactions play an important role in regulating the mobility of metal(loids). In many cases 

the dissolution of calcite acts as the primary and very effective pH buffering mechanism, 

due to the widespread presence of this mineral, and its fast dissolution kinetics, in aquifers 

selected for MAR (e.g., Stuyfzand, 1998; Herczeg et al., 2004; Greskowiak et al., 2005, 

2006).  

In systems where calcite is absent or has become depleted, dissolution of other 

minerals such as other carbonates, hydroxides, and aluminosilicates may provide 

additional pH buffering capacity in response to pyrite oxidation, albeit at a slower rate 

than calcite. These buffering processes are generally associated with lower pH and a 

distinct spatio-temporal sequence of buffering reactions often evolves in response to 

continuous groundwater acidification (e.g., Ptacek and Blowes, 1994; Walter et al., 

1994a, 1994b; Jurjovec et al., 2002; Gunsinger et al., 2006). For example, Ptacek and 

Blowes (1994) describe sequential buffering during ongoing pyrite oxidation in a 

carbonate-bearing mine waste. After the initial consumption of primary and secondary 

carbonates (calcite and siderite), they observed the dissolution of previously precipitated 

gibbsite at pH 4.9-5.2, and subsequent ferrihydrite dissolution at pH < 4.5. Salmon and 

Malmstrom (2004) found that the pH of 4.9 in the groundwater of a carbonate-free mine 

waste deposit could largely be explained by a balance of acid generation by pyrite 

oxidation and acid consumption by chlorite and ferrihydrite dissolution.  

Furthermore, studies of non-calcareous, sandy aquifers or soils exposed to acid rain 

frequently report pH buffering at lower pH by the dissolution of metal hydroxides, 

aluminosilicates and/ or proton buffering (e.g., Nätscher and Schwertmann, 1991; Mol et 
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al., 2003; Kjøller et al., 2004; Fest et al., 2005). For example, Mol et al. (2003) showed 

that feldspar dissolution is the primary pH buffering mechanism in Dutch soils at pH 3-

4. Franken et al. (2009) report pH buffering resulting from sulfate and Fe-oxide reduction 

by dissolved organic matter and the dissolution of jurbanite, illustrating that redox 

processes can also create a buffering effect.  

In contrast to these cases, to our knowledge no published field study has reported 

the persistence of circumneutral conditions during pyrite oxidation in the absence of 

carbonate dissolution or high injectant alkalinity. In this study we analyse data from a 

comprehensive, long-term field trial, where the injection of aerobic, very low salinity 

water into an anaerobic, mostly carbonate free aquifer showed that pyrite oxidation did 

indeed occur but that pH was buffered at most locations for at least the duration of the 

two year trial. The present work incorporates the results of several earlier laboratory-scale 

investigations that used batch and column experiments with well-preserved aquifer 

sediments to anticipate the most important reactions likely to occur during the field-trial 

(Descourvieres et al., 2010a, 2010b). Our study evaluates and refines the earlier proposed 

geochemical reaction network against a comprehensive set of field observations from a 

two-year injection trial within the Leederville aquifer in Perth, Western Australia. We 

illustrate how MAR systems can provide valuable opportunities to study field-scale water 

rock interactions under relatively well-controlled hydraulic and geochemical conditions. 

We focus particularly on the analysis of circumneutral sedimentary pH buffering 

processes in a low carbonate to carbonate-free environment, and the assessment of total 

sediment acid buffering capacity. The large-scale field trial offers a unique possibility for 

the determination of far from equilibrium field-scale reaction rates and for the observation 

of long-term aquifer mineral behaviour (i.e., reactivity, passivation effects, limitations on 

mineral buffering, and ion-exchange reactions) and thus the sustainability of groundwater 

replenishment as a water management technique. 

3.2 Materials and Methods 

 Field Trial and Site Hydrogeology  

A deep-well groundwater replenishment trial with highly treated waste water, 

derived from treated domestic sources, was undertaken in metropolitan Perth, Western 

Australia, to assess the potential for future large-scale waste water recycling. The 

investigations addressed both its technical feasibility and also its societal acceptance. The 

water quality evolution of the injectant in the targeted interval of the Leederville aquifer 
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(Figure 3-1) was observed at 20 monitoring locations arranged in five well clusters at 

variable distances and directions from the injection well (Seibert et al., 2014). In this area 

the Leederville aquifer consists of siliciclastic, paralic sediments mostly encompassing 

the Wanneroo Member of the Cretaceous Leederville Formation (Descourvieres et al., 

2010a; Leyland, 2011). Within the depth interval targeted for injection, from 124 to  

224 m below ground level (mbgl), the aquifer sediments comprise two main depositional 

environments (Leyland, 2011). The upper part of the injection interval (124 - 172 mbgl) 

is characterised by tidally influenced distributary channel deposits (TCD), while the lower 

section (172 - 224 mbgl) contains predominantly intertidal flat deposits (TFD)  

(Figure 3-1), with a further minor (8 m) interval of tidal channel fills at the base of the 

sequence (Leyland, 2011). The TCD consists predominantly of clean sand lithologies, 

while the TFD is more enriched in silt and clay. The Leederville aquifer is locally 

confined above by the silty sands, silts and clays of the Pinjar Member and below by both 

the Mariginiup Member and the South Perth Shale (Leyland, 2011). Over the extent of 

the field site, the encountered sedimentary units show a low angle inclination towards the 

east. 

Groundwater quality evolution throughout the trial was monitored through an 

extensive groundwater sampling campaign that captured a broad range of water quality 

indicators (Water Corporation, 2009b). Those included physico-chemical parameters, 

major ions, nutrients, heavy metals/metalloids and a comprehensive suite of organic 

substances. All water quality samples were stored on ice immediately after sampling and 

submitted for analysis the same day. The injectant was sampled monthly, after the final 

treatment step and immediately prior to injection, following the same procedures as the 

groundwater quality sampling. A comprehensive description of the sampling procedure 

is detailed in Water Corporation (2009b). 
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Figure 3-1  Schematic cross section of the injection interval covering the entire Leederville aquifer. White 

and grey areas show the interbedding of low permeable layers (Kh <1, grey) and high permeable layers (Kh 

>1, white). Also shown are the screened intervals of the injection and the montoring wells (dark grey lines) 

projected along the aquifer cross section. Screens marked with an asterisk (*) were corrected for layer 

inclination towards the east and west of the injection well. MZ1 to MZ5 (separated by dotted lines) denote 

monitoring zones with the corresponding monitoring well positions located approximately along a flow 

line. MZ1 to MZ3 reside in the tidal channel deposits (TCD), while MZ4 and MZ5 are located in the tidal 

flat deposits (TFD). 

 

 Sediment Composition and Reactivity 

The mineralogy, major and trace element composition and total organic carbon of 

44 sediment samples were determined by X-ray diffraction, X-ray fluorescence and 

sediment combustion respectively. Detailed analytical techniques are described in an 

earlier related study of sediments from the same aquifer (Descourvieres et al., 2010a).  

Sediment from the sand lithology in the TCD (15 samples) was composed of quartz, 

K- and Na-feldspars, kaolinite, chlorite, muscovite and pyrite, while in the TFD 

(19 samples) additionally siderite (0-2 %) was intermittently present (Table 3-1). 

Samples from the silt (6 samples) and clay (4 samples) sized sediments in both 

depositional environments generally contained the same suite of minerals. However in 

the TCD, siderite was only present at the interface to the TFD. Other carbonates (e.g., 

calcite) were not directly identified during the mineralogical characterisation. 
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Nevertheless, an excess of total carbon above that of total organic carbon suggested the 

intermittent presence of trace-carbonates (0-0.11 %) in both depositional environments. 

Based on the XRD analysis and the work by Descourvieres et al. (2010a) it was assumed 

that those trace carbonates would be present as siderite and/or ankerite in the Leederville 

aquifer sediment. Carbon isotope analysis of sediment samples from a 15 km distant 

borehole targeting the same aquifer showed a depleted isotopic signal of approximately  

-20 ‰ VPDB for total inorganic carbon, which is consistent with depleted values 

previously reported for marine siderite (Mozley and Wersin, 1992). Total organic carbon 

(TOC), and cation exchange capacity (CEC) as determined by ammonium chloride, were 

enriched in the fine grained lithologies and varied between 0.05 and 5.8 % and between 

1 and 19 meq/100g. In respirometer incubation experiments with these sediments, 

Descourvieres et al. (2010a) found that the majority of the sediment reduction capacity 

originates from pyrite (20-100 %), sediment organic matter (3-36 %) and Fe(II) 

carbonates (3-28 %). In addition, an unidentified redox process was observed that 

accounted for up to 55 % of the total reduction capacity in some samples. 

A comparison between the total iron and total sulphur concentrations in the 

sediment as determined by X-ray fluorescence showed that iron concentrations were 

persistently above the stoichiometric ratio for pyrite. Applying the empirical formula 

presented in Griffioen et al. (2012), this surplus iron is likely to persist predominantly in 

form of silica-bound iron and to a minor extent as siderite-bound iron plus an additional 

sedimentary iron phase. Based on the interpretation of their experiments, Descourvieres 

et al. (2010a) proposed glauconite as an additional iron-bearing mineral, which possibly 

caused the observed mass balance discrepancy (8-55 %) in a limited number of their 

samples. The presence of autochthonous as well as parautochthonous glauconite has been 

previously reported for deltaic and tidal influenced deposits (Amorosi, 1997; Chafetz and 

Reid, 2000) and glauconite has been observed as a common constituent for the marine 

facies of the Leederville formation (Davidson, 1995). Descourvieres et al. (2010b) 

observed glauconite at an average concentrations of 0.04 % in sands hosted by the 

Leederville formation; however, no direct observation was made for the injection interval 

of the field site discussed in this paper. 
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Table 3-1  Considered geochemical reactions and geochemical composition for the sand lithology of tidal channel deposits (TCD) and tidal flats deposits (TFD), single values indicate 
the average concentrations (based on 15 samples for TCD and 19 samples for TFD) used in the numerical simulations, while values in brackets indicate the concentration ranges.a 

aIn case of chlorite and glauconite the initial concentrations were adjusted during calibration. Cation exchange capacity is given in meq/100g. Phase stochiometries and reaction equilibrium constants are based on Parkhurst  

and Appelo (1999) if not indicated otherwise. binitial concentration estimate; cstoichiometric formula and equilibrium constant for ankerite from Al et al. (2000); dstoichiometric formula and equilibrium constant for low 

temperature glauconite from Pham et al. (2011); eequilibrium constant from Griffioen (2003)  

Geochemical Reaction Reaction Formula 
Analysed 

Concentrations 

Equilibrium 

Constant  

TCD [%] TFD [%] log_K 

Pyrite oxidation 
FeS2 + 3.5 O2 + H2O → Fe2+ + 2 SO4

2- + 2 H+ 0.80 
(0-2) 

0.61 
(0-1) 

na 
FeS2 + 2.8 NO3

- + 0.8 H+ → Fe2+ + 2 SO4
2- + 1.4 N2 + 0.4 H2O 

SOM oxidation 
CH2O + O2 → HCO3

- + H+ 0.3 
(0.05-1.5) 

0.9 
(0.1-5) 

na 
CH2O + 0.8 NO3

- → HCO3
- + 0.4 N2 + 0.2 H+ + 0.4 H2O 

Ferrous iron oxidation 
Fe2+ + 0.25 O2 + H+ → Fe3+ + 0.5 H2O 

Table 3-2 na 
Fe2+ + 0.2 NO3

- + 1.2 H+ → Fe3+ + 0.1 N2 + 0.6 H2O 

Ankerite dissolutionc CaFe0.6Mg0.4(CO3)2 →  Ca2+ + 0.6 Fe2+ + 0.4 Mg2+ + 2 CO3
2- 0.1b 0.1b -17.40c 

Siderite dissolution FeCO3 → Fe2+ + CO3
2- 0.1b 0.26 

 (0-2) 
-10.89 

Glauconite dissolutiond Ca0.02K0.85Fe1.03Mg1.01Fe0.05Al0.32Si3.735O10(OH)2 + 7.06 H+ + 7.47 H2O → 

0.02Ca2+ + 0.85K+ + 1.03Fe3+ + 1.01Mg2+ + 0.05Fe2+ + 0.32Al3+ + 3.735H4SiO4 + 4.53H2O 
0.1b 0.1b 8.033d 

Chlorite dissolution Mg5Al2Si3O10(OH)8 + 16 H+ → 5 Mg2+ + 2 Al3+ + 3 H4SiO4 + 6 H2O 0.03 
(0-0.5) 

0.16 
(0-0.5) 

68.38 

Gibbsite 

precipitation/dissolution 
Al3+ + 3 H2O ↔ Al(OH)3 + 3 H+ na na 8.11 

Fe(OH)3 

precipitation/dissolution 
Fe3+ + 3 H2O ↔ Fe(OH)3 + 3 H+ na na 4.891 

SiO2 

precipitation/dissolution 
SiO2 + 2 H2O ↔ H4SiO4 na na -2.71 

Cation exchange  Cati+ + i X- = CatXi  ;  Cat = Na+, K+, NH4
+, Ca2+, Mg2+, Sr2+, Ba2+, Mn2+, Fe2+, Al3+, AlOH2+  1.9 (1 - 4 ) 3.1 (1 – 6) various  

Proton Buffering H+ + X- = HX  na na 5.08e 
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 Hydrogeochemistry  

The salinity of the ambient groundwater varied widely (387-1045 mg/L TDS), with 

the higher salinities generally prevailing at greater depths in the aquifer. The groundwater 

was characterised by moderately reducing conditions, as indicated by elevated iron and 

manganese concentrations, and circumneutral pH (Table 3-2). Mineral saturation index 

calculations were performed on the water quality analyses using the geochemical model 

PHREEQC (Parkhurst and Appelo, 1999). The standard PHREEQC database was 

appended with the thermodynamic data presented in Table 3-1, and it was assumed that 

redox speciation was controlled by equilibrium with pyrite, although H2S was not 

analysed. The mineral saturation indices were similar across all monitoring locations, 

despite the differences in total salinity (Figure 3-2). The groundwater was close to 

solubility equilibrium or slightly oversaturated with respect to siderite and K-feldspar, 

and strongly oversaturated with respect to kaolinite and muscovite. The groundwater was 

undersaturated with respect to calcite, dolomite, ankerite, glauconite, Na-feldspar (albite) 

and chlorite, as well as amorphous Fe-, Al- and Si-phases (FeOH3(a), AlOH3(a), SiO2(a)). 

However, for the more crystalline Fe-, Al- and Si-phases (goethite, gibbsite, chalcedony 

and quartz) the groundwater was close to solubility equilibrium or slightly oversaturated. 

The groundwater was also variably under- to oversaturated with respect to the Fe(II) 

phosphate mineral vivianite.  

In contrast to the ambient groundwater chemistry, the injectant composition 

contained oxidants, i.e., dissolved oxygen and nitrate (Table 3-2). Another key 

characteristic of the injectant was the very low total salinity (average 33.6 mg/L TDS) 

that resulted from the reverse osmosis tertiary waste water treatment procedure. Prior to 

injection, the pH was stabilised at around circumneutral conditions (pH 6.5-7.2) through 

the addition of sodium hydroxide. Injectant alkalinity was mostly provided by bicarbonate 

(HCO3
-) which varied substantially with time (1-7.5 × 10-4 mol/L), due to variations in 

operational conditions during the degassing step that was applied following reverse 

osmosis treatment. The measured injectant composition showed charge balance errors of 

up to 22 %, which was interpreted as analytical errors due to the very low concentrations 

of most ions. Saturation indices were calculated assuming (i) that solute concentrations 

below the limit of recording (LOR) (Table 3-2) were 50 % of the LOR and (ii) that redox 

conditions were determined by the presence of oxygen and thus the pe value was 

calculated based on the O2/H2O redox couple. The injectant was notably undersaturated 



55 

(SI < -0.5) with respect to most minerals, except for selected Fe and Al- phases 

(FeOH3(a), goethite, gibbsite, kaolinite and muscovite).  

 

 

Figure 3-2  Mineral saturation indices in ambient groundwater samples. Calculations were performed by 

PHREEQC using the thermodynamic data summarised in Table 3-1. Minerals marked with an asterisk * 

were not directly identified during mineral characterization. 
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Table 3-2  Major constituents of the native groundwater and injectant water composition. Values with a 

less-than sign show the limit of detection (LOD). Average concentrations are for general comparison only 

as variable injectant and groundwater zone chemistries 

Parameters Units Injectant water Groundwater Zones 

Average Range Average Range 

Temperaturea °C 25.7 21.3 – 30.5 25.6 24.6 – 25.6 

pHa - 6.9 6.5 – 7.2 6.72 6.69 - 6.82 

Oxygena mg/L 8.3 7.6 – 9.1 no data  

TDSb mg/L 33.6 19.6 – 71.5 713 387 – 1045 

Na mol/L 4.1 ×10-4 2.6 – 6.21 ×10-4 8.5 ×10-3 0.4 - 1.3 ×10-2 

K mol/L 2.5 ×10-5 1.5 – 4.1 ×10-5 3.4 ×10-4 2.5 – 4.2 ×10-4 

NH4 mol/L 1.8 ×10-5 0.8 – 3.1 ×10-5 1.2 ×10-5 1.1 – 1.3 ×10-5 

Ca mol/L < 2.5 ×10-6 < 2.5 – 2.5 ×10-6 5.9 ×10-4 5.5 – 6.4 ×10-4 

Mg mol/L < 4.1 ×10-6 < 4.1 – 12 ×10-6 8.3 ×10-4 0.4 - 1.3 ×10-3 

Ba mol/L < 1.5 ×10-8 <1.5 ×10-8 7.4 ×10-7 5.3 – 8.8 ×10-7 

Sr mol/L < 2.3 ×10-8 < 2.3 – 2.3 ×10-8 1.5 ×10-6 1.2 – 1.9 ×10-6 

Fe mol/L < 9.0 ×10-8 < 9.0 ×10-8 1.3 ×10-4 0.9 – 1.6 ×10-4 

Mn mol/L < 1.8 ×10-8 < 1.8 ×10-8 9.8 ×10-7 0.9 – 1.1 ×10-6 

Al mol/L < 1.9 ×10-7 < 1.9 ×10-7 3.6 ×10-7 2.8 – 5.0 ×10-7 

Cl mol/L 1.8 ×10-4 0.8 – 2.5 ×10-4 1.0 ×10-2 0.5-1.5×10-2 

HCO3 mol/L 2.2 ×10-4 1 – 7.5 ×10-4 1.3 ×10-3 1.2 - 1.5 ×10-3 

NO3 mol/L 1.4 ×10-4 0.6 – 2.6 ×10-4 < 7.1 ×10-7 < 7.1 – 7.1 ×10-7 

SO4 mol/L 1.4 ×10-6 < 1.0 – 5.2 ×10-6 3.7 ×10-4 1.0 – 5.9 ×10-4 

Si mol/L 1.3 ×10-5 0.5 – 2.2 ×10-5 4.5 ×10-4 3.9 – 5.2 ×10-4 

aTemperature, pH and oxygen from field measurements; bTDS calculated by summation 

 

3.3 Modeling Framework 

 Overview 

The conceptual hydrogeological model for the trial site was based on an extensive 

geophysical and geological field characterisation that was conducted prior to the start of 

the injection trial. It was then further refined through the model-based interpretation of 

the observed heat and conservative solute transport behaviour that was documented 

during the injection (Seibert et al., 2014). Based on the results from this three-dimensional 

numerical model it was concluded that a simplification to a radial-symmetric two-

dimensional model was justified by the good agreement between both models in terms of 

the simulated conservative tracer breakthrough behaviour. This simplification provided a 

substantial reduction in computational demand for the reactive transport simulations. The 
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flow and reactive transport simulations were conducted using MODFLOW (Harbaugh et 

al., 2000) and PHT3D (Prommer et al., 2003), respectively. The necessary scaling of the 

model input parameters for the radial-symmetric simulation approach was appropriately 

considered (Langevin, 2008; Wallis et al., 2013).   

 Flow, conservative and heat transport model  

The extent of the model was defined such that it included a section of the overlying 

Pinjar Member aquitard (28 m) and the complete injection interval (100 m; Figure 3-1) 

that spans across the entire Leederville aquifer. The base of the model coincides with the 

confining Mariginiup Member aquitard and South Perth shale aquiclude. The model was 

discretised into 76 laterally homogeneous and continuous layers, with the same vertical 

hydraulic and thermal property distribution as the previously calibrated three-dimensional 

model (Seibert et al., 2014; supporting information 3-1). The model extension in radial 

direction was selected to be 1000 m. The injection well was placed at one end of the radial 

cross-section and the groundwater monitoring bore screens were projected along the 

cross-section at their radial distances and measured depths (Figure 3-1). For monitoring 

bores to the east and west of the injection well, screen depths were corrected for the dip 

of the layers such that the monitoring bore screens spanned across the same permeable 

units as in the three-dimensional model. Flow across the outer end of the cross section 

was simulated as constant head boundary. Groundwater flow was considered to be 

governed solely by the injection fluxes (3.2 ML/d average rate) as the background 

groundwater flow was considered negligible (Seibert et al., 2014).  

Heat transport was included in the simulation based on the analogy between solute 

and energy transport (e.g., Anderson, 2005; Ma et al., 2012; Seibert et al., 2014), as 

temperature variations have been previously shown to strongly affect geochemical 

reaction rates and the correspondingly evolving redox zonation during MAR (Prommer 

and Stuyfzand, 2005; Greskowiak et al., 2006; Sharma et al., 2012; Burke et al., 2014b). 

 Initial vertical geochemical and hydrogeochemical zonation  

The initial sediment geochemical composition in the model was assigned according 

to the main distribution of the two identified facies zones, i.e., the TCD in the upper 

injection interval and the TFD in the lower injection interval (Leyland, 2011). The minor 

interval of TCD at the base of the TFD was neglected in the model, as no observation 

data were available. For each facies, the average mineralogical composition of the sand 

lithology was attributed to the whole interval (Table 3-1). The impact of the presence of 
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trace concentrations (0.1 %) of glauconite, ankerite and siderite (Table 3-1) was tested in 

variants of the base model.  

Vertical variations in the ambient groundwater hydrochemical composition were 

approximated in the model by defining five discrete depth zones, within which 

homogeneous initial concentrations were assumed. The zonation largely followed the 

distribution of intervals of higher hydraulic conductivity that were separated by low 

hydraulic conductivity sediment layers (MZ1-5 in Figure 3-1). Monitoring wells BY03 

and BY04 were excluded from the analysis as the conceptual and numerical model 

assumption of laterally continuous layers was not consistent with geophysical 

observations from those locations (Seibert et al., 2014). The measured native groundwater 

compositions that were attributed to specific depth zones were charge balanced by 

adjusting the chloride concentrations and equilibrated at 25° C with pyrite to determine 

the initial redox conditions and solute speciation. The initial composition of the exchanger 

sites was calculated by assuming equilibrium between exchange sites and the background 

groundwater. 

Injectant water quality data were available for the first 679 days of the injection. 

Prior to their use in the model, the solutions were charge balanced by adjusting either 

chloride or sodium concentrations. The highest measured bicarbonate concentration of 

7.5 × 10-4 mol/L was reduced to the second highest value of 3.4 × 10-4 mol/L, as this 

maximum was influenced by the variable operational conditions during degassing and 

was not considered representative for a month long injection period.  

 (Bio)geochemical reaction network 

In analysis of the results of laboratory-scale sediment incubation experiments on 

Leederville sediments, Descourvieres et al. (2010a, 2010b) selected rate laws for the 

dominant mineral weathering rates based on extensive literature review. The reaction 

network that was developed and evaluated for that study was adopted and further refined 

during the conceptualisation and calibration of our field-scale numerical model  

(Table 3-1). 
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 Redox Reactions  

The rate expression for oxidation of sedimentary pyrite by dissolved oxygen and 

nitrate was based on a previously developed and applied rate law (Williamson and 

Rimstidt, 1994; Eckert and Appelo, 2002; Prommer and Stuyfzand, 2005; Descourvieres 

et al. 2010b): 
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where CO2 and CNO3- are the aqueous concentrations of dissolved oxygen and 

nitrate, and the term f2 indicates a scaling factor that in some previous studies was 

assumed to be unity (Eckert and Appelo 2002; Prommer and Stuyfzand, 2005). The term 

CH+ indicates the free proton concentration, while the ratio (m/m0)0.67 considers the 

decrease in mineral concentration (m) relative to the initial mineral concentration (m0) 

with progressing reaction assuming spherical particles, which is assumed proportional to 

the relative decline in mineral surface area. The term Apyr/V indicates the initial ratio 

between mineral reactive surface area and solution volume. For this and all other parallel 

redox reactions below, the preferred oxidant is determined by solution pe; in practice this 

means that nitrate reduction does not proceed until oxygen is depleted. To incorporate the 

previously identified temperature dependence of pyrite oxidation, an Arrhenius equation 

was included following the approach as detailed in Prommer and Stuyfzand (2005): 
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where Tc and Tref refer to the groundwater temperature and a reference temperature, 

respectively, both in degrees Celsius, and a1 and a2 are rate constants optimized for pyrite 

oxidation (Prommer and Stuyfzand, 2005).  

The oxidation of sediment organic matter was anticipated to be the major competing 

process for oxygen and nitrate reduction. This process was represented in the model as a 

temperature dependent Monod-type reaction following a previously established rate 
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expression for the oxidation of dissolved and sediment organic carbon (Parkhurst and 

Appelo, 1999; Greskowiak et al., 2006; Descourvieres et al., 2010b; Sharma et al., 2012): 
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where kO2 and kNO3 are rate parameters for the degradation by dissolved oxygen and 

nitrate respectively. The temperature dependence term fT represents the overall rate 

dependence on groundwater temperatures (e.g., O’Connell, 1990; Kirschbaum, 1995; 

Greskowiak et al., 2006; Sharma et al., 2012) as: 
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where a1 and b2 are fitting parameters and Topt represents the optimal temperature 

for degradation (Greskowiak et al., 2006; Sharma et al., 2012). Based on the simultaneous 

presence of sediment organic matter as well as dissolved sulphate and ferric iron in the 

ambient groundwater, the oxidation of sediment organic matter by these two electron 

acceptors was considered unlikely to play a role over the duration of the trial and was 

therefore not included in the simulations.  

To account for siderite dissolution and the associated consumption of oxidation 

capacity by the released ferrous iron, a reaction rate expression proposed for the pH range 

between pH 6 and pH 10.3 (Duckworth and Martin, 2004) was implemented: 
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where ka and kn are rate constants for the dissolution at acidic and neutral pH and 

the last term describes a reduction of the dissolution rate when approaching equilibrium, 

where IAP is the ion activity product and K is the equilibrium constant. Under an oxic 

atmosphere (pO2 = 1 atm), Duckworth and Martin (2004) observed a rapid passivation of 

siderite dissolution due to ferrihydrite precipitation under near neutral to slightly alkaline 

pH conditions. To account for this effect a passivation term kinhib was included. The 

approach was adapted from a study of the reactivity decline for elemental iron due to the 

precipitation of secondary minerals (Jeen et al., 2007):   
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( ( ) )
3

exp OHFeinhib mak −=     (3-7) 

where a is a passivation rate constant and mFe(OH)3 is the molar concentration of 

precipitated ferrihydrite per solution volume.  

The simultaneous occurrence of ferrous iron and nitrate in groundwater during the 

trial indicated at least partial redox disequilibrium. To account for this, the oxidation of 

ferrous to ferric iron by oxygen and nitrate was simulated as a kinetically controlled 

process. The simulation employed a previously established rate expression for the 

oxidation by dissolved oxygen (Stumm and Morgan, 1996), which was then extended to 

include oxidation by nitrate as described in Eckert and Appelo (2002) and Wallis et al. 

(2010): 
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where k1, k2, kO2 and kNO3 are rate constants, PO2 indicates the partial pressure of 

oxygen, COH- the hydroxyl ion activity and CFe2+ the concentration of ferrous iron in 

solution.  

Besides the aforementioned oxygen and nitrate consuming processes, the aerobic 

laboratory studies of Descourvieres et al. (2010a) indicated the presence of an additional, 

unidentified redox process, most likely the dissolution of ferrous iron bearing 

aluminosilicates, particularly glauconite. Glauconite is reported to dissolve congruently 

at circumneutral to mildly acidic pH and a previously developed rate expression that 

describes the elemental release during glauconite dissolution (Fernandez-Bastero et al., 

2008) was adapted in the model as follows: 
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where ka, kn and kb are rate constants for mineral dissolution under acidic, neutral 

and alkaline pH conditions and l, n and p indicate fitting factors. The observed build-up 

of a passivating, amorphous layer as an intermediate step prior to dissolution (Fernandez-

Bastero et al., 2008) could not be related to a well-defined mineral phase as was the case 

for siderite and was thus approximated by adjusting the factor p in the simulations. 
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Another process that this study considered as a potential source of reduction 

capacity was the release of ferrous iron from cation exchange sites, caused by the re-

equilibration of the exchanger with the transient changes in water quality during 

groundwater replenishment. Cation exchange processes as well as aqueous speciation and 

the precipitation of secondary minerals, i.e., of ferrihydrite, gibbsite, and amorphous 

silica were considered as equilibrium reactions during the simulation (Table 3-1), with 

reaction stoichiometry and thermodynamic constants taken from the original PHREEQC 

database (Parkhurst and Appelo, 1999).  

 Sediment Buffering Reactions  

Given the transport-limited oxidant availability and longer residence times, it is 

plausible that slower sediment buffering reactions and trace mineral dissolution had a 

greater impact in the field than in the earlier conducted laboratory experiments. Buffering 

by trace amounts of carbonates was considered in the simulations by testing the effect of 

the presence of siderite (Equation (3-6)) and/or ankerite. Natural ankerites are solid 

solutions between the end members dolomite (CaMg(CO3)2) and ankerite (CaFe(CO3)2) 

(Descourvieres et al., 2010a; Pham et al., 2011) and an ankerite composition of 

CaFe0.6Mg0.4(CO3)2 was estimated for the Leederville sediments and neighbouring 

formations (Watson, 2006; Descourvieres et al., 2010a). To consider ankerite dissolution 

in the simulations, the rate expression for dolomite dissolution developed by Chou et al. 

(1989) was adopted to simulate ankerite dissolution: 
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where ka, kCO2 and kn are rate constants, the exponent n is an exponential factor that 

was previously proposed to vary between 0.50 and 0.75 (Chou et al., 1989; Busenberg 

and Plummer, 1982) and CCO2 indicates the activity of CO2 in the water. 

However, as carbonate concentrations were found to vary strongly across the 

injection interval, substantial pH buffering by carbonate dissolution was expected to be 

confined to sedimentary units with sufficient carbonate concentrations. Therefore the 

potential contribution of trace aluminosilicate dissolution to pH buffering was also 

assessed. While K-feldspar was the dominant aluminosilicate mineral identified in the 

sediments (16-43 %), its contribution to sediment pH buffering was only observed for pH 

around 4 during laboratory experiments (Descourvieres et al., 2010a). Feldspar 

dissolution typically proceeds relatively slow and is generally considered as only being 
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important at very low pH (e.g., Mol et al., 2003). Salmon and Malmström (2004), for 

example, found that dissolution of chlorite was a more significant pH buffering reaction 

than the dissolution of feldspars and muscovite. Fernandez-Bastero et al. (2008) observed 

that glauconite was more soluble under acidic conditions than other ubiquitous silicates. 

Also, Griffioen (2001) found glauconite dissolution as the most likely explanation for 

increasing potassium concentrations in pristine groundwater. Finally, preliminary testing 

of feldspar weathering using a rate from Sverdrup and Warfvinge (1995) also indicated 

that this mineral would not contribute significantly to pH buffering. Consequently, only 

the dissolution reactions of chlorite and glauconite (Equation (3-9)) were assessed in the 

model for their potential to contribute to the overall sediment pH buffering capacity. 

Chlorite dissolution was included by adapting the rate equation presented by Lowson et 

al. (2005):  
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where ka, kn and kb depict rate constants. 

As another alternative pH buffering process, proton buffering on sediment surfaces, 

i.e., the exchange of protons on cation exchange surfaces, was explored. In the model 

proton buffering was considered by defining multiple exchangers, whereby one 

exchanger functioned solely as cation exchanger, while the other exchanger additionally 

included an equilibrium constant for proton exchange and represented the fraction of the 

total cation exchange capacity participating at proton buffering. The employed constant 

for proton buffering was adopted from Griffioen (2003), who successfully applied the 

approach to a comparable problem (Table 3-1). 

 Model Development and Calibration Strategy 

During the model development and calibration process, systematic testing of 

alternative conceptual models and/or individual processes was conducted when 

deviations from the originally proposed reaction network (Descourvieres et al. 2010a, 

2010b) appeared necessary. With the exception of model simulations that excluded all 

mineral and exchange reactions (non-reactive runs), all investigated model variants 

incorporated pyrite and sediment organic matter oxidation. To investigate the key 

buffering mechanisms a wide range of alternative models was tested, including 

differences in mineral composition within reported literature ranges where the site-
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specific composition of the mineral was unknown. The most important investigated 

model variants are summarized in Table 3-3.  

Model calibration was achieved by manual, successive adjustment of reaction rate 

constants and a successive reduction of the residuals between simulated and observed 

solute concentrations. For minerals, the calibration was achieved by adjusting Amineral/V 

and, in the case of chlorite and glauconite, by additionally adjusting the initial 

concentration in the range of plausible values. For the calibration of the glauconite 

dissolution rate, the reaction rate parameters were varied within the range previously 

identified for the elemental release (Fernandez-Bastero et al., 2008) and p was employed 

as additional fitting parameter. The rates of sediment organic matter and ferrous iron 

oxidation by oxygen and nitrate were adjusted by directly calibrating the reaction rate 

constants. The effect of cation exchange was investigated by varying the cation exchange 

capacity (CEC) while equilibrium constants remained unchanged. Proton buffering on 

sediment surfaces was calibrated by additionally adjusting the fraction of cation exchange 

capacity participating in proton exchange. Furthermore the impact of minor changes 

(≤ 20 %) to the total cation exchange capacity were investigated. PEST++ was used to 

conduct a sensitivity analysis of all relevant parameters (Welter et al, 2015); a discussion 

on the sensitivity analysis results is included in the supporting information. 

 

Table 3-3  Overview of the most important model variants employed to test different sediment and 

injectant buffering processes for TCD and TFD.a 

Run Facies Assumed Buffering Process 

ank1 all dissolution of ankerite  

sid1 all dissolution of pure siderite 

sid2 all dissolution of siderite assuming calcium and magnesium replacement for iron  

sid3 all dissolution of siderite with calcium and magnesium replacements within                           

0-20 m radial distance from the injection well only 

glauc1 TCD dissolution of glauconite  

glauc2 TCD dissolution of glauconite assuming a ferrous to ferric iron ratio of 0.35 

chlor1 TCD dissolution of chlorite employing the original equilibrium constant (Parkhurst 

and Appelo, 1999) 

prot1 TCD proton buffering by cation exchange on sediment surface  

aAll simulations assume pyrite oxidation, sediment organic matter oxidation and cation exchange. 
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3.4 Results 

 Injectant propagation through the aquifer 

The propagation of the injectant through the aquifer was marked by a sharp decline 

in chloride concentration (e.g., Figure 3-3 and 3-4). The majority of the injectant flux was 

received by the generally more permeable TCD, with the exception of a particularly 

permeable sandstone bed within the TFD, located in the monitoring zone 5 (MZ5) 

(Figure 3-1). However, the breakthrough in MZ5 (BY06 and BY12) was affected by some 

contributions from lower permeability layers (Seibert et al., 2014), as indicated for 

instance by the slight underprediction of chloride concentrations after injectant 

breakthrough in BY12 (Figure 3-4).   

 Model based analysis of the observed solute concentrations  

The reactive transport simulations replicated most of the major geochemical 

patterns that were observed during the groundwater replenishment trial. The analysis 

presented here focuses mostly on two distinct flow lines that represent the two 

depositional environments, both located within zones of elevated transmissivity, i.e., (i) 

the flow line within the TCD that is captured by MZ3 (BY07 and BY13) , and (ii) the 

higher permeability section within the TFD, which is captured by MZ5 (BY06 and BY12) 

(Figure 3-1). However, within each depositional environment, similar behaviour was 

generally observed for the other monitoring locations. The measured and simulated 

results both suggested that the most prominent geochemical changes arising from 

injectant propagation and aquifer sediment-solute interaction were completed within a 

60 m radial distance from the well, at least over the trial duration. Given this finding, the 

detailed data analysis and discussion in this paper will focus on the near-well zone. All 

reaction rate parameters that were employed in the reported simulations are summarized 

in Table 3-4. 
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Table 3-4  Fixed and calibrated reaction rate parameters and calibrated mineral concentrationsa 

Process EQ Fixed Parameters Ref. Calibrated Parameters for Best Fit Simulations  

Pyrite oxidation (3-1) a1 =  -6758.1 ; a2 = 16.1 ; Tref  = 25 ̊C (1) TCD: Apyr/V = 148 - 185 ; f2 = 0.005 

TFD: Apyr/V = 555 - 12025 ;  f2 = 0.005   or   Apyr/V = 125 - 750 ;  f2 = 1 

SOM oxidation (3-4) a1 = -1.50 ; b2 = 0.18 ; Topt = 35 ̊C (2) TCD: kO2 = 4 – 8 x 10-11;  kNO3 =2 – 4 x 10-11 

TFD: kO2 = 2.8 – 24 x 10-10;  kNO3 =1.4 – 12 x 10-10 

Ferrous iron oxidation (3-8) k1 = 0 ; k2 = 1.33x1012 (3) all: kO2 = 9.73; kNO3 = 2.0 

Ankerite Dissolution (3-10) ka = 2.6 x 10-7 ; kCO2 = 10-8 ; kn = 2.2 x 10-12 (4) all Aank/V = 0.25 (TFD) - 5 (TCD); n=0.65 

Siderite Dissolution (3-6) ka, = 10-4.6 ; kn = 10-8.65 (5) TFD 
a = 1.5-1500 ;  Asid/V = 0.1     

High Mg-Ca Siderite:   Fe0.6Mg0.3Ca0.1CO3 

Glauconite Dissolution (3-9) 
ka = 10-7.9- 9.7 ; kn = 10-10- 24 ; kb = 10-8 – 9 ;  

m= 0.34-1.1 ; n = 0.21 – 0.47 (6) TCD 

ka = 10-8 ; kn = 10-18 ; kb = 10-9; Aglauc/V = 650 ; m0 = 0.06% (0.1%); 

l = 0.61 ; n = 0.35 ; p = 2 

High –Fe(2) Glauc:  Ca0.02K0.85Fe0.83Mg1.01Fe0.25Al0.32Si3.735O10(OH)2 

Chlorite Dissolution (3-11) ka, = 10-9.79 ; kn = 10-13; kb = 10-16.79 (7) TCD Achlor/V = 300; m0 = 0.02% (0.03%) 

Cation exchange 

capacity na na (8) TCD: 0.6 - 0.9 (1.9) meq/100g 

TFD: 1.2 - 1.9 (3.1) meq/100g 

Proton Buffering na na (9) TCD: 50  - 100 % CEC 

 aValues in brackets indicate initial concentrations. The term Amin/V indicates the initial mineral reactive surface area relative to 1 L of solution [m2 /dm-3]. References are for the fixed rate parameters only. (1) Prommer and 

Stuyfzand (2005); (2) Greskowiak et al. (2006), Sharma et al. (2012); (3) Wallis et al. (2010), Stumm and Morgan (1996); (4) Chou et al. (1989); (5) Duckworth and Martin (2004); (6) Fernandez-Bastero et al. (2008); (7) 

Lowson et al. (2005); (8) Parkhurst and Appelo (1999); (9) Griffioen (2003) 
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 Redox processes in response to groundwater replenishment 

Coinciding with the injectant breakthrough, sulphate concentrations in the 

groundwater increased by approximately two orders of magnitude above the injected 

concentration within a short travel distance, i.e., prior to the closest monitoring wells at 

20 m distance (Figures 3-3 and 3-4; note that conservative injectant breakthrough, i.e., 

the simulated solute behaviour in the absence of any reactive processes is shown by the 

solid black line). The observed sulphate concentrations and the model simulations 

indicate that pyrite oxidation consumed the majority of the available oxygen before the 

injectant reached the monitoring boreholes at 20 m, as previously reported for other deep-

well injection schemes (e.g., Stuyfzand, 1998; Prommer and Stuyfzand, 2005; Wallis et 

al., 2010; Antoniou et al., 2013). This was evident in both depositional environments. 

In contrast to sulphate, the observed changes in nitrate concentrations showed a 

distinct difference between the two depositional environments at 20 m distance from the 

injection borehole. While nitrate concentrations in the TCD remained similar to the 

injectant concentrations for the 20N monitoring locations, they strongly declined in the 

TFD over the same distance (compare Figures 3-3 and 3-4). At the 60N monitoring 

locations, low nitrate concentrations were observed for both the TCD and TFD. In 

contrast to the initially assumed conceptual model that was based on the experience from 

other MAR sites, the more refined analysis of the data from this injection trial suggest 

that the decline in the nitrate concentration in the TCD was not due to consumption by 

pyrite oxidation, given that there was no substantial increase in sulphate between the 

monitoring locations at 20N and at 60N (Figure 3-3). In the TFD, pyrite oxidation by 

nitrate also likely played a minor role as sulphate concentrations at 20 m distance were 

similar in both depositional environments despite the pronounced decline of nitrate in the 

TFD (Figure 3-4). While reaction-induced changes in bicarbonate concentrations could 

not be attributed to sediment organic matter oxidation alone, the simultaneous increase in 

bicarbonate concentration and depletion of nitrate observed at 20 m distance in the TFD 

suggested that oxidation of sediment organic matter by nitrate proceeded along the flow 

path (Figure 3-4). In contrast, bicarbonate concentrations in the TCD were relatively low 

and little nitrate removal occurred in the proximity of the injection well (Figure 3-3). This 

contrasting behaviour was well reproduced by the model if the reactivity of sediment 

organic matter in the TCD was assumed to be lower than in the TFD (Table 3-4).  

Attempts to match the observed nitrate concentrations at 60 m distance in the TCD 

by adjusting the sediment organic matter oxidation rate constants resulted in a small 
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overestimation of the observed bicarbonate concentrations (Figure 3-3), which could 

suggest the presence of an additional, unidentified nitrate removal process. For both pyrite 

and sediment organic matter oxidation, temperature-induced reaction rate variations were 

found to have a negligible effect on the simulated sulphate and bicarbonate 

concentrations, contrasting with other MAR studies (e.g., Prommer and Stuyfzand, 2005; 

Greskowiak et al., 2006); however, seasonal variations of their injectant temperatures did 

exceed the range observed in this study. 

The calibrated ferrous iron oxidation rate constants (Table 3-4) were within the 

range of previously reported values. Dissolved iron concentrations were much higher in 

the TFD than in the TCD (compare Figures 3-3 and 3-4), suggesting that the dominant 

iron release processes differed between the two zones. Identifying the cause of this 

difference was complicated by the presence of multiple mineral iron sources, removal of 

ferrous iron from solution by oxidation, subsequent ferrihydrite precipitation, and the 

possibility of ion exchange acting as either source or sink for iron. Furthermore, the extent 

to which the various processes occurred was dependent upon the spatial and temporal 

variability of pH and its effect on the oxidation kinetics of ferrous iron (e.g., Morgan and 

Lahav, 2007), and other ions. For the TCD, simulation results showed that the initial 

increase in observed ferrous iron concentrations at 20N immediately after injectant 

breakthrough was well reproduced by iron release from cation exchange sites, while 

various factors contributed to the longer-term increase, most importantly declining 

groundwater pH and cation exchange. In the TFD, ferrous iron concentrations at 20 m 

continuously increased during the injection period and the observed ferrous iron 

behaviour was best reproduced by the dissolution of siderite in combination with cation 

exchange. At greater distance from the injection well, cation exchange was the main 

process controlling ferrous iron concentrations at all locations.  

The assumption that ammonia concentrations were solely controlled by cation 

exchange was insufficient to reproduce its entire observed behaviour (Figures 3-3 and  

3-4). The remaining discrepancies may indicate that the fate of other cations and the 

resulting impact on the ion exchange of ammonia was not fully captured, or that an 

additional ammonium removal process, possibly ammonium oxidation by oxygen and/or 

nitrate, had occurred. However, the effect of partial ammonium oxidation to N2 or nitrate 

on the total oxygen and/or nitrate concentrations was considered insignificant compared 

to other processes for this study, due to the relatively low ammonium concentrations 

(Table 3-2). 
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Figure 3-3  Simulation results [mol/L] for redox sensitive species at TCD monitoring wells BY07 and 

BY13 in 20 and 60 meter distance from the injection well. The black circles represent field measurements. 

The black line indicates advective-dispersive injectant breakthrough in the absence of geochemical reaction 

or cation exchange (Fe(2) = 0.13-1.3 × 10-16 mol/L). The light blue line indicates the best simulation fit for 

pyrite and SOM oxidation assuming f2=0.005 for pyrite oxidation (buffering: glauc1). The blue dotted line 

shows a re-calibrated best fit simulation when assuming f2=1 for pyrite oxidation (buffering: glauc1). The 

dark blue line represents the effect of assuming a higher ferrous iron concentration in glauconite (glauc2). 
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Figure 3-4  Simulation results [mol/L] for redox sensitive species at TFD monitoring wells BY06 and 

BY12 in 20 and 60 meter distance from the injection well. The black circles and black line represent field 

measurements and advective-dispersive injectant breakthrough as described in Figure 3. The purple line 

indicates the best simulation fit for pyrite and SOM oxidation assuming f2=0.005 for pyrite oxidation 

(buffering: sid3). The purple dotted line shows a re-calibrated best fit simulation when assuming f2=1 for 

pyrite oxidation (buffering: sid3). 
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 Sedimentary buffering mechanism in response to proton release 

The occurrence of sediment pH buffering in response to the acidification induced 

by pyrite oxidation can be concluded from the disparity between the low pH in 

simulations considering pyrite oxidation alone and the observed persistence of the 

circumneutral pH conditions in the field data (Figures 3-5 to 3-7). At the TCD 20N 

monitoring locations, an initial pH increase above the background and injectant pH 

occurred shortly after injectant breakthrough, a phenomenon that was reproduced by 

some of the model variants discussed below. Subsequently, the pH steadily declined 

towards a minimum of pH 5.73. In contrast, at the TFD 20N monitoring locations, the 

observed pH was similar to initial conditions and remained relatively stable for the 

duration of the monitoring period. At 60 m radial distance, all monitoring locations 

showed an increase in pH above background conditions.  

The observed bicarbonate concentrations also clearly differed between the two 

depositional environments, with higher concentrations occurring in the TFD in 

conjunction with higher pH (compare Figures 3-5 and 3-7). In the TCD, a good 

calibration of bicarbonate concentrations (with low sediment organic matter reactivity 

and no carbonate dissolution), indicated that carbonate dissolution was unlikely to be the 

primary buffering mechanism in this section of the aquifer, despite the initial persistence 

of circumneutral pH over the first half of the trial (Figure 3-5). Model variants employing 

ankerite and/or siderite dissolution as a possible buffering mechanism resulted either in 

an underestimation of pH or an overestimation of bicarbonate at the 20N monitoring 

location. Additionally, increasing the ankerite dissolution rate to approximate the 

observed buffering behaviour at 20N resulted in a strong overestimation of the 

background pH at the more distant bores due to the undersaturation of ankerite in the 

ambient groundwater (Figure 3-2), which induced ankerite dissolution prior to injectant 

breakthrough. 

Based on the mineralogical characterization and solution chemistry, aluminosilicate 

dissolution (i.e., glauconite, chlorite) was considered as an alternative explanation for pH 

buffering in the TCD. At the observed range of pH, the main constituents released by 

these minerals either precipitate from solution (e.g., Al, Si, Fe), or undergo cation 

exchange (e.g. Ca, Mg, K), masking the underlying buffering process. The best overall 

agreement between simulated and observed solute behaviour was achieved when 

dissolution of glauconite was invoked (Figure 3-6). The observed decline in pH buffering 

capacity at 20N, as evidenced by the pH decline in the later phase of the trial  
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(Figures 3-5 and 3-6), could either indicate exhaustion of this mineral or alternatively, its 

passivation. In the model, reactivity reduction by passivation was considered and various 

implementations tested by adjusting the initial concentration (m0) as well as the 

exponential fitting factor p for m/m0 (Table 3-4). However, despite the overall good 

agreement when assuming glauconite buffering, a notable overestimation of simulated 

silica and potassium concentrations remained. Assuming instead sediment buffering by 

chlorite dissolution showed the best overall fit for solutes at the 20N monitoring location 

(Figure 3-6). The approximation of the successively declining buffering capacity only 

required a small adjustment of the field-observed chlorite concentration (Table 3-4). 

However, while the observed general trend in pH at the more distant bore was well 

reproduced by the chlorite-dissolution model variant, the actual pH was strongly 

overestimated.  

Simulating pH buffering through proton exchange resulted in an overall 

consistently favourable agreement between simulated and observed pH behaviour and 

also a good agreement for all major cation concentrations (Figure 3-6). However, 

observed silica concentrations were underestimated by the simulation. During the later 

trial phase when pH was declining in the TCD, the simulated pH remained slightly 

overestimated, except toward the end when an abrupt pH decline commenced once the 

proton buffering capacity was exhausted. Buffering by re-dissolution of freshly 

precipitated metal hydroxides did not proceed in the simulations under the prevailing 

redox and pH conditions.  

In the TFD, pH remained similar to initial conditions while the observed 

bicarbonate concentrations showed a substantial increase compared to injectant 

concentrations, exceeding the concentrations provided by injectant and sediment organic 

matter oxidation alone (Figure 3-7). The observed bicarbonate concentrations were best 

reproduced by simulating sediment organic matter oxidation in combination with siderite 

dissolution.  

Similar to the simulation results for the TCD, assuming buffering by ankerite 

dissolution in the TFD resulted in discrepancies for pH and bicarbonate during both 

background and injection conditions at the more distant monitoring location (Figure 3-7). 

In contrast, invoking siderite dissolution did not affect the good match between simulated 

and observed background pH or bicarbonate. However, assuming that siderite dissolution 

occurred throughout the aquifer also resulted in an overestimation of simulated pH after 

injectant breakthrough at the more distant bores. Limiting the spatial extent of siderite 
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reactivity to the near well environment (0- 20 m) produced a substantially better 

agreement between observed and simulated pH. However in all cases, simulations 

underestimated the observed bicarbonate concentrations at the 20N monitoring location.  

The observed, simultaneous mobilization of Ca and Mg in the TFD was equally 

well approximated by assuming either the dissolution of a siderite with endmember 

composition (FeCO3) or the dissolution of siderite with partial calcium and magnesium 

replacement for iron. However, observed ferrous iron concentrations were more closely 

reproduced when a mixed carbonate mineral was assumed (Figure 3-7). In the model the 

observed iron, calcium and magnesium concentrations were best approximated by the 

adaptation of the siderite stoichiometric formula to Fe0.6Mg0.3Ca0.1CO3 (Table 3-4). The 

assumption of siderite as mixed carbonate resulted in a minor underestimation of the 

background pH (Figure 3-7).  

 

 

Figure 3-5  Simulation results for pH and bicarbonate [mol/L] at TCD monitoring wells BY07 and BY13 

assuming pH buffering by carbonate dissolution. The black circles represent field measurements. The grey 

dashed line indicates simulation results when no mineral buffering or cation exchange proceeds. The green 

and the light purple line show simulation results for ankerite (ank1) and pure siderite (sid1) dissolution 

when reproducing the observed bicarbonate concentrations was not considered. In contrast, the dotted 

purple line indicates the best simulation result for pure siderite dissolution (sid1) when bicarbonate 

concentrations were approximated in the calibration. 

  

  



74 

 

Figure 3-6  Simulation results ([mol/L], except pH) at TCD monitoring wells BY07 and BY13 assuming 

pH buffering by aluminosilicate dissolution and proton buffering. The brown, blue and orange lines 

represent model variants assuming chlorite dissolution (chlor1), glauconite dissolution (glauc1) and proton 

buffering (prot1) (Tables 3-3 and 3-4), respectively. For all other symbols please refer to Figure 3-5. 
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Figure 3-7  Simulation results [mol/L] except pH at TFD monitoring wells BY06 and BY12 assuming pH 

buffering by carbonate dissolution. The green and the light purple line show simulation results for 

dissolution of ankerite (ank1) and pure siderite (sid1), respectively. The pink line indicates the simulation 

results for dissolution of siderite with a mixed cation compositions (sid2), while the dark purple line shows 

the simulation results if this process is confined to 20 meter radial distance around the injection well (sid3). 

Simulation results without mineral buffering or cation exchange are shown as grey dashed line, while the 

solid gray line additionally neglects SOM oxidation. For all other symbols please refer to Figure 3-5. 
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 Cation exchange reactions 

After injectant breakthrough, the observed concentrations for divalent cations (e.g., 

Ca, Mg, Ba, Sr) increased substantially above the injectant concentrations at the 20N 

monitoring location, with in general higher concentrations occurring in the TFD (e.g., 

Figures 3-6 and 3-7). In contrast, monovalent cations remained closer to the injectant 

concentrations, with only moderate relative increases or, in the case of ammonium, a 

relative decrease in aqueous concentrations (Figures 3-3 and 3-4). At distances further 

from the well, most cations showed initially lower, but then successively increasing, 

concentrations after the injectant breakthrough.  

For the TCD, this cation behaviour was equally well approximated in the model by 

assuming either an initial cation release by mineral (glauconite or chlorite) dissolution 

followed by cation exchange, or by considering proton buffering via cation exchange 

(Figure 3-6). After the complete breakthrough of the injectant, in particular the mobility 

of divalent cations (e.g., Ca, Mg, Ba, Sr) appeared to be strongly influenced by cation 

exchange. This can be concluded from the investigated model variants which all showed 

that simulations considering cation exchange (Figure 3-6) provided an improved match 

with observed concentrations compared to those that omitted this process (supporting 

information Figure SI 3-3). The comparison between simulated calcium and magnesium 

concentrations for the two model variants that assumed Ca-bearing glauconite and non-

Ca-bearing chlorite dissolution, respectively, (Figure 3-6) also illustrates the influence of 

cation exchange. In the latter case the observed calcium concentrations can still be 

matched by the simulation in which calcium originates exclusively from the release of 

calcium from exchange sites. This effect is also shown in the model variant that relies on 

proton buffering, where the majority of the divalent cations is provided in exchange for 

protons on the exchanger sites (Figure 3-6). In contrast, monovalent cations (e.g., Na, K) 

were less affected by cation exchange possibly due to their weaker exchange affinity and 

higher concentrations of monovalent cations in the injectant water.  

3.5 Discussion 

 Redox processes 

While pyrite oxidation was identified as the key process driving reaction-induced, 

post-injection concentration changes, the model-based data analysis also provides 

substantial evidence that denitrification made little or no contribution to pyrite oxidation 

in parts of the aquifer during the field trial. This conclusion contradicts the findings of 
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several previous field and modelling studies, which reported pyrite oxidation by nitrate 

at low temperatures and circumneutral groundwater pH (e.g., Postma et al., 1991; 

Moncaster et al., 2000; Eckert and Appelo, 2002; Prommer and Stufzand, 2005; 

Schwientek et al., 2008; Otero et al., 2009; Wallis et al., 2010), or under slightly acidic 

conditions (e.g., Jørgensen et al., 2009). This nitrate-induced oxidation process has, 

however, also previously been disputed in the literature. While no pyrite oxidation by 

nitrate was observed in laboratory studies by Schippers and Jørgensen (2002) and Haaijer 

et al. (2007), a recent study by Bosch et al. (2012) identified the oxidation of nano-sized 

pyrite by nitrate through Thiobacillus denitrificans. In addition, reported reaction kinetics 

from field studies vary widely. For example, Schwientek et al. (2008) observed very slow 

oxidation and concluded that this might be the reason for the unsuccessful laboratory 

confirmation, while Prommer and Stuyfzand (2005) observed complete removal of nitrate 

by pyrite and sediment organic matter oxidation within a period < 50 days during a MAR 

field experiment. Pauwels et al. (1998) also reported reaction kinetics in the order of days 

for denitrification by pyrite and ferrous iron oxidation in a schist aquifer. A possible 

explanation for those differences could be that pyrite oxidation by nitrate consumes 

protons (Böttcher et al., 1990; Pauwels et al., 1998, 2000) (Table 3-1), and thus may 

depend on the creation of acidic micro-environments or sediment rims (Moncaster et al., 

2000) that might locally not be present in the Leederville aquifer. An alternative 

explanation was suggested by Zhang et al. (2009), who proposed an incomplete oxidation 

of pyrite to elemental sulphur for their field study, based on laboratory findings for 

hydrogen sulphide oxidation by nitrate (Cardoso et al., 2006).  

The identified low reactivity of sediment organic matter in the Leederville sediment 

agrees with previous findings of low and variable biomineralization rates in aquifers 

(Jakobsen and Postma, 1994). The biomineralization rates of sediment organic matter 

were found to vary by one order of magnitude between the two depositional 

environments. The lower concentrations of sediment organic matter and the lower 

contribution of biomineralization to the observed oxygen and nitrate reduction in the TCD 

may indicate the presence of less reactive organic material than in the TFD. The 

dependence of organic matter reactivity on the depositional origin of the sediment are 

well known, and can indicate differences in syn-and post-depositional conditions, 

particularly oxygen exposure times (Hartog et al., 2004). 

While a minor, unexplained sink for nitrate is apparent, other studies have shown 

that nitrate could be consumed by microbially mediated oxidation of ferrous iron (e.g., 
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Straub et al., 1996; Benz et al., 1998; Chaudhuri et al., 2001) released through the 

dissolution of a yet unidentified, reactive iron mineral phase (e.g., green rust) or contained 

in a solid state mineral phase, particularly in siderite (Weber et al., 2001). 

 Buffering processes 

The very low bicarbonate release in the upper injection interval strongly suggests 

the presence of an alternative buffering process to carbonate dissolution. The dissolution 

of an aluminosilicate, i.e., chlorite or glauconite, appears to be an alternative explanation; 

however, the dissolution rate constants deduced from the model calibration correspond to 

high surface areas for both minerals (chlorite: 275 m2/g, glauconite: 240 m2/g) based on 

the estimated mineral concentrations of 0.02 % and 0.06 % (Table 3-4). Such high surface 

areas would be consistent with the presence of very fine-grained, perhaps authigenically-

derived chlorite and glauconite (e.g., Dubois et al., 2010). Alternatively, an increase in 

mineral surface area may have occurred via colloidal mobilization of the clays that could 

have been triggered by the low ionic strength of the injectant. For example, Macht et al. 

(2011) observed an increase from 61 ± 2 to 346 ± 37 m2g-1 for the surface area of 

montmorillonite as a result of clay dispersion. In the field, evidence for colloid 

mobilization was provided by an increase in unfiltered aluminium concentrations during 

the initial breakthrough of the injectant and also directly by the separation of colloidal 

material from the water. While predominantly kaolinite and crandallite were identified in 

the colloidal material, chlorite dispersion as result of salinity changes has previously been 

observed (Flury et al., 2002).  

Simulations assuming chlorite dissolution provide an acceptable overall model fit 

for the 20N location (Figure 3-6). However, the pH values at all monitored depths at 60N 

were greatly overestimated, which could be an effect of employing the equilibrium 

constant and composition of the endmember chlinochlore in the simulation. In contrast, 

chlorites incorporating, for example, Fe, Al and Si replacements, may be characterized 

by a greatly reduced value for the equilibrium constant (Kitterick, 1982; Lowson et al., 

2007). A model variant employing an adapted equilibrium constant (log_k = 58.38) was 

able to replicate both the observed pH at 20N and at the more distant monitoring locations 

(supporting information Figure SI 3-4).  

In contrast, the model variants that assume glauconite dissolution were able to 

reproduce most major concentration features that were observed near the injection well, 

while also closely approximating background and post-breakthrough conditions at further 

distant monitoring wells. The overestimation of potassium release could be due to the 
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selected glauconite composition, given that the composition of natural glauconite can 

show considerable variability, with sodium and/or calcium frequently replacing 

potassium (e.g., Thompson and Hower, 1975; Bitschene et al., 1992; Drits et al., 2010; 

Huggett and Cuadros, 2010). In some cases, the amount of replaced cations can reach up 

to 0.2 mol per O10(OH)2 (Thomposon and Hower, 1975). Model simulations employing a 

high-calcium composition for glauconite (supporting information Figure SI 3-4) resulted 

in an improved potassium estimation and overall agreement of modelled and observed 

initial conditions. Alternatively, the stoichiometric ratio of potassium can be lower than 

the assumed 0.85 mol per O10(OH)2, i.e., as low as 0.15 mol per O10(OH)2, depending on 

the percentage of illite interlayers within the glauconite (Thompson and Hower, 1975). 

Cation exchange was also previously found to alter the composition of glauconite 

minerals (Chapelle and Knobel, 1983). The overestimation of the simulated silica 

concentrations could be due to an incorrect model of the dissolution process, which overly 

simplifies the build-up of the passivating gel (Fernandez-Bastero et al., 2008). Overall, 

our model simulations suggest that the dissolution of glauconite could be a valid 

explanation for the observed pH buffering in the TCD; however the process of colloidal 

dispersion and the concomitant increase in surface area would require further 

investigations as glauconite frequently occurs in nodules of sand grain size which are less 

susceptible to colloidal dispersion. 

The simulation investigating the effect of proton buffering as a third alternative pH 

buffering process for the TCD was also found to produce a generally good agreement 

with observed pH and solute concentration at 20N as well as for background conditions 

and more distant monitoring locations. The differences in simulated and observed pH 

characteristics during the pH decline, including the abrupt cessation of the simulated 

sediment buffering capacity, reflect the relatively simplistic proton buffering model and 

the absence of other simultaneously occurring pH buffering processes that were not 

simultaneously considered in this model variant. The observed increased silica 

concentrations were underestimated, possibly because neither desorption nor the 

dissolution of amorphous silica (Stuyfzand, 1998) or a slow dissolution of trace amounts 

of aluminosilicate minerals were considered in this simulation, as they were not expected 

to substantially affect the major ion chemistry or pH buffering.  

Previous studies have noted the importance of proton buffering in the context of 

acidification of non-calcareous soils (e.g., Bache, 1984; Nätscher and Schwertmann, 

1991; Fest et al., 2005) or as part of cation exchange reactions during the displacement of 
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aqueous solutions in sediment systems (e.g., Griffioen, 1993, 1994, 2003; Appelo, 1994). 

Additionally, Appelo et al. (1998) identified proton buffering on organic matter as 

important side reaction in stabilizing pH during carbonate buffered pyrite oxidation. 

However, none of these studies reported proton buffering as the primary buffering 

mechanism maintaining neutral pH during pyrite oxidation. Nevertheless, our simulations 

suggest that proton buffering is a highly plausible model to explain the observed pH 

buffering in the TCD. 

Considering the underestimation of silica when assuming proton buffering and the 

overestimation of silica when assuming glauconite dissolution, a simultaneous occurrence 

of both processes appears plausible. However, a combined simulation was not attempted 

as it was not possible to uniquely constrain an even more complex model with the 

available data. 

A formal sensitivity analysis for the model variants considering different buffering 

processes (see supporting information 3-5) showed that pH was foremost sensitive to the 

rate parameters of the relevant buffering mineral reaction (glauc1, chlor1, sid1) or, in the 

case of proton buffering, the concentration of proton exchanger sites. In model scenarios 

were the concentration of the buffering mineral was notably diminished during the 

simulation (glauc1, chlor1), pH was additionally very sensitive to the initial 

concentrations of these minerals, which most likely reflects their role for the duration and 

rate reduction of the buffering process. Other parameters with a strong influence on pH 

were the rate parameters for pyrite, sediment organic matter and ferrous iron oxidation as 

proton producing processes. The concentration of cation exchange sites and the strong 

influence of the cation exchange capacity was most prominent for pH buffering by siderite 

dissolution (sid1) and possibly reflects either (i) the influence of cation exchange on the 

saturation state of siderite through the release or uptake of cations, or (ii) the release and 

subsequent oxidation of ferrous iron from exchanger sites – or a combination thereof. 

In the TFD, the observed buffering was best reproduced when assuming the 

dissolution of a siderite with partial calcium and magnesium replacements for iron. A 

mixed cation composition with calcium, magnesium and manganese replacing the iron 

has been reported elsewhere for siderite (e.g., Mozley, 1989; Postma, 1981; Jurjovec et 

al., 2002; Antoniou et al., 2012, 2013), and substantial magnesium and calcium 

substitutions of up to 41 mol% and 15 mol% were observed in marine siderite (Mozley, 

1989). The assumed partial cation substitution of siderite therefore is consistent with the 

identified deltaic depositional setting and the negative carbon isotope values of the aquifer 
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sediments (Mozley and Wersin, 1992; Leyland, 2011). Groundwater pH buffering by 

siderite dissolution during MAR has been previously reported to pose a threat to 

groundwater quality though manganese mobilization (Antoniou et al., 2012, 2013); a 

slight increase in manganese concentrations above injectant concentrations was indeed 

observed at the TFD 20N monitoring locations (data not shown). Despite the oxidation 

of sediment organic matter and the subsequent buffering by siderite dissolution, the 

observed bicarbonate concentrations were still underestimated, indicating that some 

processes remain unaccounted for. 

The elevated silica concentrations observed in the TFD were not reproduced in 

simulations with carbonate buffering. As for the TCD the unconsidered silica source may 

be either desorption from the sediment, or, alternatively, the dissolution of amorphous 

silica (Stuyfzand, 1998) or aluminosilicates.   

3.6 Conclusion 

In this study we investigated the geochemical response following the injection of 

oxidizing, low alkalinity water into a low carbonate unit of a sedimentary aquifer, with a 

particular focus on the acid generation from pyrite oxidation, and the processes that 

stabilized the pH during the injection. Our model-based analysis of the comprehensive 

field observations suggests that either proton buffering or the dissolution of 

aluminosilicates, or a combination thereof, explains the observed, rapid buffering at 

locations where carbonates were depleted. To our knowledge, these non-carbonate 

buffering processes have not previously been recognized to have the capacity to sustain 

circumneutral pH conditions during MAR. However, the localized depletion in buffering 

capacity near the injection well towards the end of the field trial illustrates that long term 

groundwater replenishment would benefit from increased injectant alkalinity. Without 

increased alkalinity a low-pH front could slowly migrate away from the injection well, 

whereby the radial flow-field implies that the migration rate will successively slow down. 

In contrast to aquifer sections within the TCD, the decline of pH buffering capacity was 

not observed in the parts of the aquifer where carbonate dissolution did occur over the 

trial duration.  

In contrast to many previous MAR studies, the oxidation of sedimentary pyrite by 

nitrate was found to be of minor importance or negligible. This may be important when 

evaluating the potential for pyrite oxidation to lead to deterioration of water quality, for 

example, through enhanced release and mobility of trace metals and metalloids, or when 
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assessing the removal rate of nitrate by naturally occurring aquifer processes. This study 

also highlighted that the depositional history of the aquifer and the resulting differences 

in mineralogy and geochemistry need to be considered when estimating groundwater 

quality evolution during any activities involving the injection of water underground. 

Overall the results of this study demonstrate the important contribution that detailed data 

from well-controlled MAR projects can make to advance both our understanding and our 

capacity to quantify the geochemical response to disturbances in natural systems.  
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CHAPTER 4.  MODEL-BASED ANALYSIS OF δ34S 

SIGNATURES TO TRACE SEDIMENTARY PYRITE 

OXIDATION DURING MANAGED AQUIFER 

RECHARGE IN A HETEROGENEOUS AQUIFER 

 

ABSTRACT 

The oxidation of pyrite is often one of the main drivers affecting groundwater 

quality during managed aquifer recharge in deep aquifers. Data and techniques that allow 

detailed identification and quantification of pyrite oxidation are therefore crucial for 

assessing and predicting the adverse water quality changes that may be associated with 

this process. In this study, we explore the benefits of combining stable sulphur isotope 

analysis with reactive transport modelling to improve the identification and 

characterisation of pyrite oxidation during an aquifer storage and recovery experiment in 

a chemically and physically heterogeneous aquifer. We characterise the stable sulphur 

isotope signal in both the ambient groundwater and the injectant as well as its spatial 

distribution within the sedimentary sulphur species. The identified stable sulphur isotope 

signal for pyrite was found to vary between -32 and +34 ‰, while the signal of the 

injectant showed to range between +9.06 to +14.45 ‰ during the injection phase of the 

experiment. Both isotope and hydrochemical data together suggest a substantial 

contribution of pyrite oxidation to the observed, temporally variable δ34S signals. 

Although the variability of the δ34S signal in pyrite and the injectant were both found to 

complicate the analysis of the stable isotope data, the incorporation of the data into a 

numerical modelling approach allowed to successfully employ the δ34S signatures as a 

valuable additional constraint for identifying and quantifying the contribution of pyrite 

oxidation to the redox transformations that occured in response to the injection of 

oxygenated water. 

 

4.1 Introduction 

Surface water acquired during wet seasons is typically stored in open dam lakes 

(e.g., Graf, 1999; Altinbilek, 2002). However, the retained water is subject to substantial 

evaporative losses (Altinbilek, 2002), particularly in warm and dry climates. 
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Underground storage through managed aquifer recharge (MAR) can protect the resource 

from these losses and provide a valuable water management tool in water stressed regions 

(Dillon, 2005). One of the major challenges for MAR is the potential deterioration of the 

water quality that is induced by the geochemical reactions between the often oxygenated 

injectant and the aquifer matrix (Maliva et al., 2006). Especially in deep aquifers, the 

oxidation of pyrite is in many cases the key process that drives undesired modifications 

of the injectant water quality during subsurface passage and storage (e.g., Stuyfzand, 

1998; Saaltink et al., 2003; Prommer and Stuyfzand, 2005; Jones and Pichler, 2007; 

Descourvieres et al., 2010a,b; Wallis et al., 2010). Depending on the site-specific aquifer 

geochemistry and the hydrochemical composition of the injectant these modifications can 

adversely impact the groundwater quality up to the extent that the water becomes 

unsuitable for the intended use (e.g., Jones and Pichler, 2007; Neil et al., 2014). Most 

importantly the interactions between the typically oxygenated or nitrate containing 

injectant and pyrite have often been shown to strongly affect the redox zonation of the 

target aquifer (Stuyfzand, 1998; Prommer and Stuyfzand, 2005; Wallis et al. 2010, 2011; 

Antoniou et al., 2012, 2013; Seibert et al., 2016). This directly influences the removal 

potential of micropollutants (e.g., pharmaceuticals, personal care products, disinfection 

by-products and iodated contrast media) that may prevail in the injectant at residual 

concentrations and often degrade preferentially under specific redox conditions 

(Greskowiak et al., 2006; Pavelic et al., 2006a; Carrara et al., 2008; Barbieri et al. 2011; 

Maeng et al., 2011; Burke et al., 2014a, 2014b; Henzler et al., 2014). On the other hand, 

pyrite oxidation also increases the risk of groundwater quality deterioration through the 

release of metals and metalloids such as arsenic (Jones and Pichler, 2007; Descourvieres 

et al. 2010a; Wallis et al. 2010, 2011; Neil et al., 2014), and through groundwater 

acidification, which facilitates the mobility of heavy metals where the aquifer’s matrix 

buffering capacity is low (Kjøller et al., 2004, Descourvieres et al., 2010a). A detailed 

characterisation and investigation of the factors affecting pyrite oxidation is therefore 

crucial to reliably identify and predict geochemical reactions and the associated long term 

water quality evolution that occurs in response to managed aquifer recharge.  

Over the past years, stable sulphur isotope analysis (SSIA) was established as a 

powerful tool for tracing pyrite oxidation and other sulphur cycling processes in various 

environments (e.g., Strebel et al., 1990; Eckert and Appelo, 2002; Massmann et al., 2003; 

Herczeg et al., 2004; Le Gal La Salle et al., 2005; Donahue et al., 2008; Schwientek et 

al., 2008; Dale et al., 2009; Otero et al., 2009; Prommer et al., 2009; Gibson et al., 2011; 

Zhang et al., 2012, 2013). This method relies on the typically large differences in the 
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stable sulphur isotope (δ34S) signals between the reduced and the oxidised sulphur species 

(e.g., Strebel et al., 1990; Bottrell et al., 1995; Spence et al., 2001; Trettin et al., 2002; 

Massmann et al., 2003; Schwientek et al., 2008; Gibson et al., 2011). This characteristic 

difference is caused by isotope fractionation processes that occur during bacterial 

sulphate reduction, the predecessor for sedimentary pyrite formation, which results in a 

significant depletion in 34S for the produced sulphide against the original sulphate source 

(Kaplan and Rittenberg, 1964; Rees, 1973; Chambers and Trudinger, 1979; Canfield, 

2001; Brunner and Bernasconi, 2005). The 34S depleted signal is subsequently captured 

during the formation of sedimentary pyrite and preserved (Böttcher et al., 1998). 

However, at a later stage it may be (i) released back to the groundwater upon intrusion of 

more oxidised waters that induce pyrite oxidation (Balci et al., 2007), and (ii) 

subsequently transported within the aquifer with no or only negligible additional 

fractionation (van Stempvoort et al., 1990). 

In groundwater systems, previous studies have used SSIA to proof pyrite oxidation 

and bacterial sulphate reduction during deep-well managed aquifer recharge in a 

carbonate aquifer (Herczeg et al., 2004; Le Gal La Salle et al., 2005), to identify major 

sources and governing processes for sulphate concentrations during acid mine drainage 

(Taylor et al., 1984; Edraki et al., 2005), and to constrain the consumption of aqueous 

nitrate through sulphide oxidation for aquifers polluted by high nitrate concentration 

(Schwientek et al., 2008; Otero et al., 2009, Zhang et al., 2012, 2013). Other applications 

used SSIA to estimate the extent of sulphate reduction over the isotopic enrichment of 

residual sulphate in the context of natural attenuation of oxidisable organic or emerging 

metal contaminants (Lee and Saunders, 2003; Knöller et al., 2008; Prommer et al., 2009; 

Gibson et al., 2011), as competing process during enhanced remediation of hydrocarbons 

(Eckert and Appelo, 2002), or to investigate marine and biogenic sulphur cycling 

(Wijsman et al., 2001; Donahue et al., 2008; Skrzypek et al., 2008; Dale et al., 2009).  

The detailed interpretation of sulphur stable isotope data collected under field 

conditions requires the consideration of complex hydrogeological and hydrochemical 

processes that may affect the isotope signal during subsurface passage and thus relies 

strongly on capturing the aquifer’s physical and chemical heterogeneity (e.g., Knöller et 

al., 2008). In the case of stable carbon isotope signatures, reactive transport modelling 

has shown to assist with the integrative analysis of the interacting physical and 

geochemical processes that control these isotope signatures in heterogeneous aquifer 

systems (e.g., van Breukelen and Prommer, 2008; Pooley et al., 2009; d’Affonseca et al., 
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2011; Höyng et al., 2015). However, only a few studies have considered the value of field 

scale numerical modelling of δ34S signatures and their potential contribution to exploring 

heterogeneous and transient changing conditions (Eckert and Appelo, 2002; Prommer et 

al., 2009; Zhang et al., 2013). Both studies that analyse pyrite oxidation, i.e., Eckert and 

Appelo (2002) and Zhang et al. (2013) report either a narrow δ34S signal range (-21 to -

16 ‰.) or assign a single δ34S value (-4.2 ‰) for sedimentary pyrite at their field site. 

However, studies by Wijsman et al. (2001) and Ferrini et al. (2010) have shown that in 

some sedimentary units the δ34S signal of pyrite may vary up to ±50 ‰ even over very 

small distances, depending on various diagenetic or syn-depositional influences. Such 

large variabilities of the δ34S signal in pyrite are likely to occur especially in 

heterogeneous aquifers and are thought to add additional complexity to the application of 

SSIA.  

In this study we explored the potential benefits of employing SSIA for the enhanced 

characterisation of pyrite oxidation processes during a large scale aquifer storage and 

recovery (ASR) experiment in a chemically and physically heterogeneous aquifer near 

Perth, Western Australia. The well controlled ASR experiment provides an ideal field 

laboratory for the examination of a heterogeneous aquifer and the field site as well as 

most site relevant processes were extensively characterised by previous studies 

(Descourvieres et al., 2010a, 2010b, 2011; Descourvieres, 2011). The aim of this study 

was (i) to characterise the stable sulphur isotope signal with respect to its vertical 

distribution and variations within a strongly heterogeneous aquifer, and (ii) to examine 

the feasibility of using SSIA in combination with reactive transport modelling as a 

supporting tool for the identification and improved quantification of pyrite oxidation. 

4.2 Materials and Methods 

 Study Site  

The research at the study site was aimed to investigate the technical feasibility of 

ASR operations in the Perth Basin as a mean to mitigate seasonal water supply imbalances 

of the Perth Metropolitan area. The trial site (referred to as M345) was located 

approximately 15 km North of Perth and consisted of an ASR injection/recovery well and 

five monitoring wells (M01/08, M02/08, M03/08, M04/08 and M01/09) installed 15 to 

40 m from the well (Figure 4-1). The injection horizon stretched over a total depth of 

105 m between 320 and 425 meter below ground level (mbgl) and comprised two 

injection intervals (320 – 370 mbgl and 395 – 425 mbgl) separated by a 25 m section of 
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blind casing. The 6 to 9 m long screens of the monitoring wells were located at variable 

depths within the injection intervals (Figure 4-2). Due to operational problems, 

groundwater monitoring well M01/09 was only used to obtain the initial groundwater 

chemistry. 

The targeted aquifer is a part of the Cretaceous Leederville Formation and consists 

predominantly of unconsolidated sands and poorly consolidated sandstones with 

interbedded siltstones and mudstone/shale layers of marine and continental origin 

(Davidson, 1995; Descourvieres et al., 2010a; Descourvieres et al., 2011). At the injection 

site, the main aquifer encompassed the Wanneroo Member (250 - 515 mbgl) and was 

locally confined by alternating siltstones, silty sandstones and shales of the Pinjar and 

Mariginiup Member at the aquifer top and bottom (Descourvieres et al., 2010a; 

Descourvieres, 2011). The aquifer was strongly stratified but had relatively homogeneous 

permeabilities within the lateral extent of the injection zone.  

The mineralogical composition of the aquifer sediments varied from clean, mostly 

subarkosic sands to kaolinite and trace element bearing silts and clays (Descourvieres et 

al., 2010a; Descourvieres et al., 2011). Sedimentary pyrite was present across all 

lithologies with average concentrations of 0.60 w/w % for sands, 1.54 w/w % for silts and 

2.45 w/w % for clays as measured by XRD for sediment samples from this field site and 

another location within the Leederville aquifer (Table 3-1, Descourvieres et al., 2010b). 

The carbonate content of the aquifer matrix was generally very low (< 1- 4 w/w %) and, 

where present, consisted mainly of siderite, ankerite and dolomite (Descourvieres et al., 

2011). The total organic carbon (TOC) content varied between 0.04 and 5.50 w/w % and 

showed a relative enrichment within the fine grained lithologies (Descourvieres et al., 

2011).   

 ASR field experiment 

After an initial spin up period (10 days) with a low average injection rate  

(0.2 ML/d), a total volume of 190 ML of potable water, supplied from a mixture of 

variable groundwater sources, was injected into the Leederville aquifer during the main 

ASR injection phase. This was followed by the aquifer storage (21 days) and a recovery 

(49 days) phase. The main injection period commenced with 2 ML/d and was later 

increased to 5 ML/d, while recovery rates ranged between 4 to 7 ML/d. Both, the injection 

and the recovery rate were recorded continuously throughout the whole cycle. Baseline 

groundwater chemistry sampling commenced prior to injection and all monitoring wells 

were sampled during three sampling events (39, 26 and 15 days prior to injection) in order 
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to establish the ambient groundwater water quality and the initial stable sulphur isotope 

signal of aqueous sulphate (26 and 15 days prior to injection only). Throughout the ASR 

cycle comprehensive monitoring continued and ground- and injectant water samples were 

analysed for an extensive suite of major ions, trace metals, nutrients, and stable sulphur 

isotope composition. The groundwater sampling process and the analytical procedures 

for the analyses of the water chemistry except for the determination of stable sulphur 

isotope compositions are described in detail by Descourvieres et al. (2010a). 

 

 

Figure 4-1  Field site sketch showing the locations of the ASR well and the groundwater monitoring wells 

M01/08, M02/08, M03/08 and M04/08. Groundwater monitoring well M01/09 was only considered for 

initial groundwater chemistry due to operational problems. The field sketch was adapted with permission 

from Descourvieres (2011). Grid coordinates are given in GDA94/MGA94 Zone 50. 
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Figure 4-2  Cross-section displaying the model domain and the filter locations for the ASR well, as well 

as the groundwater monitoring wells M01/08, M02/08, M03/08 and M04/08. Groundwater monitoring well 

M01/09 was only considered for initial groundwater chemistry due to operational problems. Initial 

groundwater chemistry zones are visualised by the coloured section. 

 

 Stable sulphur isotope analysis 

 Stable Sulphur Isotope Sample Preparation 

In order to determine the stable isotope composition of the sedimentary sulphur 

species (δ34S) prevailing in the Leederville aquifer matrix fifteen (15) samples were taken 

from core material collected during drilling of the ASR well (Figure 4-3). In order to 

characterise the entire aquifer, samples were taken across the whole depth of the target 

aquifer and from its upper confining layer (221 to 510 mbgl). The sedimentary sulphur 

species were chemically separated and analysed at the Laboratory of Isotope Geology and 

Geoecology, Institute of Geological Sciences at the University of Wroclaw, following a 

sequential extraction technique using Kiba reagent, modified after Sasaki et al., (1979). 

The water soluble sulphates were extracted by washing the sediment samples for five 

hours with Mili-Q water before separating the sediment–water suspension with a 

centrifuge. The remaining supernatant was filtered through a 0.45 µm cellulose acetate 

filter and the dissolved sulphate was precipitated as BaSO4 by the addition of BaCl2. 

Elemental and organic sulphur were separated by leaching the sediment for 24 h with 

dichloromethane in a Soxhlet apparatus filled with copper wire. The organic sulphur 

dissolved in the dichloromethane solution was pre-concentrated by evaporation and 

subsequently was explosively oxidised under high pressure of oxygen (2.5 MPa) using 
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the Parr Bomb device (Parr Instrument Company, Moline, Illinois, USA). Finally the 

dissolved sulphate was precipitated as BaSO4 by the addition of BaCl2 to the solution. In 

the next step the elemental sulphur was reacted with the copper wire to form copper 

sulphide, which was subsequently digested with 6 M HCl at 70-80 °C. The yield H2S was 

reacted with a 1 M AgNO3 solution and precipitated as Ag2S. Finally, monosulphides 

were extracted using 6 M HCl as acid volatile sulphides under nitrogen atmosphere at 70-

80 °C. From the solution, Ag2S precipitated after reaction with AgNO3 as previously 

described for elemental sulphur. The aqueous sulphate in the groundwater and injectant 

samples that were collected before and throughout the ASR cycle was precipitated as 

BaSO4 by a surplus addition of BaCl2. The obtained BaSO4 was treated with H2O2 and 

dried overnight at 110 °C prior to analysis. 

 Stable Sulphur Isotope Analyses  

All stable sulphur isotope analyses were carried out using an off-line vacuum 

preparation technique. The obtained BaSO4 and Ag2S was quantitatively converted to 

gaseous SO2 during reaction with V2O5 (Yanagisawa and Sakai, 1983) and cryogenically 

purified using a vacuum preparation line. The extracted SO2 was analysed using Thermo 

Delta V Plus Isotope Ratio Mass Spectrometer in dual inlet mode versus gaseous SO2 

working reference gas prepared from NBS127 reference material. All measurements were 

normalised using international reference materials IAEA-SO5, IAEA-SO6 and NBS127 

following multi-point normalisation method (Paul et al., 2007). The combined uncertainty 

of analyses was < 0.30 ‰. The isotopic composition of samples is reported using the 

standard δ−notation using VCDT scale (Vienna-Canyon Diablo Troilite). The δ−value of 

a sample is defined as the relative difference in parts per thousand (‰), between the 

isotope ratio of the sample (RSpl) and the reference standard (Rstd) as per equation 4-1, 

where R is the ratio of heavy to light sulphur isotope 34S/32S. 

3101)( ×








−=

std

Spl

R

R
Splδ ‰     (4-1) 
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Figure 4-3  Measured δ34S signals for sedimentary sulphur species in the Leederville aquifer. Sample 

locations and lithologies are indicated by the diamond shapes. The two shaded lines indicate the isotopic 

range of cretaceous seawater sulphate (15 to 20‰) (Paytan, 2004) as well as the calculated maximum 

isotopic fraction during bacterial sulphate reduction (-31 to -26‰) assuming a maximum fractionation 

factor of -46 ‰ (Rees, 1973). Adapted from Descourvieres et al. (2011). 

 



92 

 Reactive Transport Modelling 

 Modelling frame work 

The groundwater flow model MODFLOW (Harbaugh et al., 2000) and the reactive 

transport model PHT3D (Prommer et al., 2003) were used to compute and analyse 

groundwater flow and reactive multi-component transport that occurred during the ASR 

experiment. Both computer codes have previously been extensively used for the 

simulation of the biogeochemical processes that induce the characteristic geochemical 

changes for managed aquifer recharge systems (e.g., Greskowiak et al., 2005, 2006; 

Wallis et al., 2010, 2011; Seibert et al., 2014, 2016) and also for the joint simulation of 

biogeochemical processes and their associated carbon and sulphur isotope signatures 

(e.g., van Breukelen and Prommer, 2008; Pooley et al., 2009; Prommer et al., 2009; 

Höhener and Atteia, 2010; d’Affonseca et al., 2011; Zhang et al., 2013). The conceptual 

and numerical model were based on data from an extensive mineralogical, 

hydrogeological and geophysical site characterisation and supported by preliminary 

laboratory experiments on sediment reactivity (Descourvieres et al., 2010a, 2010b) and a 

model based interpretation of the observed major hydrogeochemical changes during the 

ASR experiment (Descourvieres, 2011). 

 Model Geometry and Setup 

A local-scale, high-resolution model was set up, using the same domain and 

discretisation for the flow and reactive transport model (Descourvieres, 2011). The 

vertical discretisation into layers of variable flow contribution and their initial hydraulic 

conductivities were derived from a joint interpretation of geological and geophysical core 

logging, flow log and pump testing data measured at the ASR well (Descourvieres, 2011). 

Based on the comparison of the geophysical logs from the various monitoring wells that 

were drilled for this experiment it was determined that horizontal layers were continuous 

over the extent of the model domain and physical and geochemical properties were 

assumed to be homogeneous within each layer (Descourvieres, 2011). The lateral extent 

of the model was defined at 400 m radial distance from the ASR well to completely 

capture the zone of influence for the injection/recovery regime (Figure 4-2).  

Initial model runs using a fully three-dimensional numerical model confirmed that 

groundwater background flow and monitoring well purging had a negligible effect on the 

flow field imposed by the injection/recovery regime of the ASR well (Descourvieres, 

2011). Therefore, assuming radial symmetry, the model geometry could effectively be 
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reduced to a two-dimensional radial-symmetric model (Descourvieres, 2011). The radial-

symmetry model was considered following the approach described in Wallis et al. (2013). 

One border of the model profile embodied the ASR well, while at the other model edge 

of the profile, uniform groundwater heads were maintained via a constant head boundary 

(supporting information Figure SI 4-1). Groundwater flow across the vertical boundaries 

was excluded by setting no flow conditions along aquifer top and bottom. The flow 

regime during the ASR cycle was simulated using daily averaged injection and recovery 

rates as described in chapter 4.2.2.  

 Non-reactive Transport 

The flow and non-reactive transport model was automatically calibrated by using 

the numerical parameter estimation software PEST (Doherty, 2010) and the observed 

chloride concentrations as constraints to identify the conservative transport behaviour of 

the injectant water. This was possible due to the distinct concentration differences 

between the injectant (150-170 mg/L) and the ambient groundwater in the aquifer 

(between 240 mg/L and 720 mg/L varying with depth). The initial chloride 

concentrations were derived from the background groundwater quality sampling and were 

represented in the model by five distinct zones that reflect the observed increase in solute 

concentrations with depth (Figure 4-2). The simulated hydrodynamic dispersion is 

thought to represent local-scale-dispersion, while larger-scale solute dispersion is 

considered by explicitly resolving the (vertical) aquifer heterogeneity. Therefore, the 

defined longitudinal dispersivity value of 1 m is relatively small for the transport 

distances simulated in the model (Table 4-2). 

 Reaction Network 

The reaction network selected to represent the key water-sediment processes that 

occur in response to the injection of aerobic water was mostly developed prior to the start 

of the field trial. Detailed laboratory incubation experiments of >50 sediment samples 

representing the geochemical heterogeneity of the Leederville aquifer and column 

experiments provided a comprehensive database to constrain the development of a kinetic 

modelling framework (Descourvieres et al., 2010a, 2010b). The reaction network was 

then further refined during the development and manual calibration of the field-scale 

reactive transport model. The key reactions identified included (i) the oxidative 

dissolution of sedimentary pyrite and organic matter, (ii) subsequent pH buffering by 

injectant alkalinity and (iii) instantaneous, equilibrium controlled precipitation of siderite 
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and formation of iron and aluminium oxides, as well as (iv) cation exchange reactions in 

equilibrium with ambient groundwater conditions as dominant processes affecting on the 

water quality evolution (Table 4-1). All employed kinetic reaction rate expressions are 

referenced in Table 4-2. As the observed pH values never decreased sufficiently low to 

allow ferric iron to remain in solution, pyrite oxidation by ferric iron was not considered 

in the model.  

In order to integrate the simulation of the stable sulphur isotopes into the reaction 

module the aqueous and non-aqueous sulphur species were defined separately for the 

appropriate light (32S) and heavy (34S) fractions and their relative concentrations were 

considered according to their corresponding δ34S signals. The same pyrite oxidation rate 

was used for 32S-pyrite and 34S-pyrite as no significant fractionation was assumed to occur 

during aerobic pyrite oxidation (Balci et al., 2007). For the 32S pool of pyrite, pyrite 

oxidation was considered as 
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� ��	
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��       (4-9) 

where rpyr represents the total pyrite oxidation rate and ����
��  and ����

��  are the 

concentrations of isotopically light and heavy pyrite. For the 34S pool of pyrite, the pyrite 

oxidation was considered likewise as  
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��       (4-10) 

as discussed in more detail, for example, in Prommer et al., (2009) and Gibson et 

al., (2011).  

Cation exchange reactions were simulated assuming instant equilibration with the 

transient groundwater hydrochemical composition at all times. The initial exchange site 

composition was determined by assuming equilibrium conditions with the native 

groundwater prior to the injection of non-native water. The total amount of exchanger 

sites was deducted from the measured cation exchange capacity and exchange reactions 

were considered for major cations, Al3+, AlOH2+, Ba2+, Mn2+ and Fe2+ (Descourvieres, 

2011).  
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Table 4-1  Identified geochemical reactions, reaction stochiometries, and solid phase concentrations measured for aquifer material from the field site and another location within the 

Leederville aquifer (Descourvieres et al., 2010b). Cation Exchange Capacity is displayed in meq/100g. The reported equilibrium constants are based on Parkhurst and Appelo (1999). 

Geochemical Reaction Reaction Formula Equation 
Reaction 

Type 

Analysed Concentrations  

[w/w%]a 

Equilibrium 

Constant  

Sandstone Siltstone Mudstone log_K 

Pyrite oxidation Fe32S2 + 3.5 O2 + H2O  →  Fe2+ + 2 32SO4
2- + 2 H+ (4-2) KIN 0.60 ± 0.9 1.54 ± 1.4 2.45 ± 2.2 na 

SOM oxidation CH2O + O2  →  CO2 + H2O (4-3) KIN 0.52 ± 0.8 1.63 ± 1.2 3.86 ± 3.5 na 

Ferrous iron oxidation Fe2+ + 0.25 O2 + H+ → Fe3+ + 0.5 H2O (4-4) KIN see Table 4-2 na 

Siderite 

dissolution/precipitation 
FeCO3 ↔  Fe2+ + CO3

2- (4-5) EQ 0.12 ± 0.6 0.77 ± 2.3 0.87 ± 1.5 -10.89 

Gibbsite 

dissolution/precipitation 
Al3+ + 3 H2O ↔ Al(OH)3 + 3 H+ (4-6) EQ n.d. n.d. n.d. 8.11 

Fe(OH)3 

dissolution/precipitation 
Fe3+ + 3 H2O ↔ Fe(OH)3 + 3 H+ (4-7) EQ n.d. n.d. n.d. 4.891 

Cation Exchange 

Reactions 
Cati+ + i X- = CatXi  ;  

Cat = Na+, K+, Ca2+, Mg2+, Ba2+, Mn2+, Fe2+, Al3+, AlOH2+ 
(4-8) EQ 2.62 ± 2.1 7.60 ± 4.7 11.8 ± 6.1 various 

aw/w% refers to weight percentage of bulk sediment;  n.d. not detected;  KIN: Kinetic reaction;  EQ: Equilibrium reaction 
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Table 4-2  Hydraulic parameters, reaction rates and calibrated parameter values employed in the model. 

Nonreactive Model Reactive Model 

Hydraulic Parameter 
Calibrated 

Parameter Range 
Reaction Rate Ref 

Calibrated 

Parameter 

Kh  [m/d]  (horizontal hydraulic 
conductivity) 

0.0001 - 71 
Pyrite Oxidation 

67.0

0

19.1011.05.0 10
2

pyr

pyr

HOpyr
m

m

V

A
CCr 
















= −−

+  

m = pyrite concentration, 
m0 = initial pyrite concentration 
Apyr/V = pyrite reactive surface 
area over solution volume 
CO2, CH+= dissolved oxygen and 
free proton concentration  

(a) 
V

Apyr
= 35 

Kz  [m/d]  (vertical hydraulic 
conductivity) 

Kh x 0.1 

neff  [-]  (effective porosity) 0.01 – 0.5 

αL  [m]  (longitudinal dispersivity) 1 
SOM oxidation 

2

2

2 41094.2 O

O

OSOM
C

C
kr

+×
= −  

CO2 = dissolved oxygen 
concentration 
kO2  = rate constant 

(b) 
2Ok  = 2 x 10-11 

αTH  [m]  (horizontal transverse 
dispersivity) 

0.1 x αL 

αTV  [m]  (vertical transverse 
dispersivity) 

0.05 x αL Ferrous iron oxidation 

2

2

22 2 FeOOHFeFe CPCkr −=  

COH-= hydroxyl ion activity  
CFe2 -= ferrous iron 
concentration 
kFe2  = rate constant 

(c) 2Fek  = 1.5 x 1013 

Dm  [m2/d]  (molecular diffusion) 4.38 x 10-5 

(a) Williamson and Rimstidt (1994), (b) Parkhurst and Appelo (1999), (c) Wallis et al. (2010), Stumm and Morgan (1996) 
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 Initial and boundary conditions 

The distribution of geochemical parameters (e.g., mineralogical composition, 

exchange capacity, sediment organic matter content) was defined by allocating previously 

identified average values for the three main lithologies sand, silt and clay to the 

corresponding lithological units in the model (Descourvieres et al., 2010a; Descourvieres, 

2011). These average values were subsequently moderately adjusted within the identified 

variability ranges during the process of model calibration. Table 4-1 presents the average 

concentrations and variability ranges observed for the key constituents within the 

Leederville aquifer material. 

The native groundwater composition used in the simulations was derived from the 

baseline water quality monitoring and grouped into five distinct hydrochemical zones, 

which exhibited an overall increasing salinity trend with depth (Figure 4-2, Table 4-3) 

(Descourvieres, 2011). The groundwater was charge balanced by slightly adapting the 

initial chloride concentration and a chemical equilibrium with the exchange site 

composition was defined (Descourvieres, 2011). Both, charge-balancing and 

equilibrating the groundwater composition had negligible effect on the overall 

groundwater chemical composition. At the groundwater monitoring well M02/08, the 

background concentrations for most solutes were notably higher than at other monitoring 

wells within a similar depth range. Therefore the initial water chemistry employed for 

this chemical zone was based on the composition measured at the more distant M01/08 

within the same hydraulic unit (Figures 4-1 and 4-2). During the injection phase, the 

aqueous and the stable sulphur isotope composition of the injectant was differentiated in 

the model to reflect the variations of the measured composition as close as possible. For 

the initial model set up the δ34S value of pyrite from the sand sample from the upper 

injection horizon (LC36, 340 mbgl) was selected, as groundwater flow was expected to 

occur almost exclusively within the sands (Table 4-4). From this baseline, the δ34S value 

for pyrite was varied within the measured range in order to analyse the effect of variable 

isotope compositions and a best fit manual calibration allowing a variable δ34S 

composition of pyrite was performed. Additionally, the influence of the transient δ34S 

composition of aqueous sulphate in the injectant was tested by a simulation maintaining 

a constant δ34S composition for injected sulphate throughout the injection period. 
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Table 4-3  Water quality data for native groundwater at the groundwater monitoring wells (M01/08, 

M02/08, M03/08, M04/08 and M01/01) and for the ASR injectant. Values with a less-than sign show the 

limit of detection (LOD). 

Parameters Units 

Injectant 

water 
Native Groundwater Composition 

Range M01/08 M02/08 M03/08 M04/08 M01/09 

Temperaturea C 26.4 – 27.0 24.4 25.5 25.0 24.8 26.5 

Conductivitya μS/cm 743-791 978 2265 1084 1794 2400 

TDSb mg/L 444 - 492 525 1237 594 961 1356 

pHa - 7.1 – 7.5 6.48 6.38 6.39 6.36 6.39 

Oxygena mol/L 4.9 – 5.1×10-

no data 

Na mol/L 3.9 – 4.3×10- 5.9×10-3 1.6×10-2 6.7×10-3 1.3×10-2 1.8×10-2 

K mol/L 1.5 – 1.6×10- 3.1×10-4 4.5×10-4 3.2×10-4 4.2×10-4 4.9×10-4 

Ca mol/L 7.2 – 8.5×10- 3.5×10-4 5.0×10-4 3.2×10-4 3.7×10-4 2.8×10-4 

Mg mol/L 3.4 – 3.8×10- 6.0×10-4 1.1×10-3 6.6×10-4 1.0×10-3 1.2×10-3 

Ba mol/L 1.7 – 2.3×10- 7.5×10-7 1.3×10-6 7.2×10-7 1.6×10-6 6.6×10-7 

Fe mol/L < 9.0×10-7 1.8×10-4 3.0×10-4 2.1×10-4 3.2×10-4 2.2×10-4 

Mn mol/L 3.6 – 5.5×10- 3.3×10-6 4.6×10-6 3.9×10-6 5.1×10-6 4.2×10-6 

Al mol/L 1.7 – 2.0×10- 7.0×10-6 5.2×10-6 1.9×10-6 7.2×10-6 4.7×10-6 

Cl mol/L 4.2 – 4.8×10- 6.9×10-3 1.8×10-2 8.2×10-3 1.3×10-2 2.0×10-2 

HCO3
c  mol/L 1.9 – 2.2×10- 8.0×10-4 7.4×10-4 7.0×10-4 6.4×10-4 9.0×10-4 

SO4 mol/L 1.8 – 2.6×10- 3.1×10-4 9.4×10-4 3.6×10-4 6.9×10-4 1.0×10-3 

δ
34S ‰ 9.06 – 14.45 14.66 14.01 14.54 14.00 13.90 

Si mol/L 3.2 – 3.5×10- 3.1×10-4 3.1×10-4 3.0×10-4 3.3×10-4 3.2×10-4 

aTemperature, conductivity, pH and oxygen from field measurements; bTDS calculated by summation; cAlkalinity as HCO3  

 

 

4.3 Results and discussion 

 Aquifer matrix stable sulphur isotope characterisation 

The sulphur species that were identified for the Leederville aquifer sediments, 

comprised of water soluble sulphates, elemental sulphur, polysulphides and traces of 

monosulphides. (Table 4-4). According to the initial mineralogical characterisation 

(Descourvieres et al., 2010a), the analysed polysulphides were interpreted to consist 

predominantly of pyrite and are referred to as pyrite hereafter. For sediment material from 

the same aquifer, Descourvieres et al. (2010b) also identified the presence of neo-

precipitated water soluble sulphates (gypsum (CaSO4·2H2O) and epsomite 

(MgSO4·7(H2O)) contrary to ambient groundwater saturation indices and initial XRD 

analysis. The presence of these secondary minerals was interpreted as products of partial 



99 

pyrite oxidation during storage (Descourvieres et al., 2010b) which is likely to be the case 

for the water soluble sulphates in the sulphur speciation sample material as well. 

The analysed stable sulphur isotope (δ34S) composition varied between -32 and 

+34 ‰ within the analysed geological units (221-510 mbgl) and both the maximum and 

the minimum δ34S value were attained in pyrite (Table 4-4). In general, the variations in 

the δ34S composition were stronger over depth than between the different sulphur species 

of a single sample and did not show a simple spatial trend (Figure 4-3). A clear 

relationship with a more positive δ34S value for sulphate and a more negative δ34S value 

for pyrite in the same sample, as would be expected for syndiagenetically deposited 

minerals, could also not be established, which supports the theory of partial pyrite 

oxidation during storage. The difference in δ34S composition of the sulphur species could 

instead derive from differences in the δ34S composition between several generations of 

pyrite (e.g., Ferrini et al., 2010) of which only some reacted during partial oxidation on 

the pyrite grain surface. However, other influences on the δ34S composition of sulphates, 

for example, by sulphate precipitation from remaining formation water, could not be 

excluded. Therefore, both, the measured δ34S composition of pyrite as well as the mass 

weighted (mw) δ34S value of pyrite and water soluble sulphates were considered in the 

interpretation. As the present study explicitly considered the δ34S variability of pyrite and 

as both the minimum and the maximum δ34S signals were attained in pyrite, the relative 

high concentrations of sulphates compared to pyrite that is present in some samples is not 

thought to affect the validity of the results. 

Depending on the sample lithology, the δ34S values for sedimentary sulphur species 

showed some variation, with in general higher δ34S values, and less variation in the 

predominantly silty and clayey sediments compared to the sandy sediments. However, 

this relationship could not be confirmed statistically due to the small sample size.  

Within the area of the injection screens, a much narrower overall range of pyrite 

δ34S compositions has been observed: -2.25 ‰ (mw -0.41 ‰) in the sand (LC36, 

340 mbgl) and +4.65 ‰ (mw +0.24 ‰) in the silt (LC42, 355 mbgl) sample at the upper 

screened interval and +4.43 ‰ (mw +4.62 ‰) in the silt sample (SC24, 408 mbgl) at the 

lower screen interval (Table 4-4, Figure 4-2). However, samples taken directly above and 

below the injection screen areas as well as within the blank filter section showed a 

stronger variation: -23.25 ‰ (mw -24.27 ‰) in a sand sample (LC31, 315 mbgl) from 

5 m above the upper screen, -3.96 ‰ (mw -10.93 ‰) and +11.29 ‰ (mw +10.90 ‰) for 
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a sand (LC45, 371 mbgl) and silt (SC10, 390 mbgl) sample from 1 m below and 5 m 

above the blank filter edge, and +2.98 ‰ (mw 2.32 ‰) for a mudstone sample (SC32, 

428 mbgl) from 3 m below the lower screen. Similar variations have been observed in a 

study by Wijsman et al. (2001) where, depending on the environmental conditions that 

prevail during diagenesis, the δ34S composition of pyrite varied between -5 and -45 ‰ in 

the scale of few cm. A short discussion of the possible reasons for the wide range of 

observed δ34S signals in pyrite is presented in the supporting information 4-2 

 Initial water chemistry and stable sulphur isotope composition  

The native groundwater was anaerobic with a slightly acidic to circumneutral pH 

(6.3 – 7.3) and elevated iron and sulphate concentrations (Table 4-3) (Descourvieres et 

al., 2010a). The hydrochemistry was strongly Na-Cl dominated and, in general, the total 

dissolved solids concentrations (TDS) increased with depth (525 – 1356 mg/L) except for 

M02/08 where comparably high concentrations for most major ions prevailed at a 

moderate depth (Table 4-3). The relative major ion composition was similar for all 

monitoring wells and resembled mean seawater composition (Figure 4-4). This supports 

the theory that the higher salinities encountered at M02/08 can be interpreted as entrapped 

seawater seeping out of finer sediments as was previously proposed for other groundwater 

wells in the Leederville aquifer (Davidson, 1995). Mineral saturation indices showed that 

the groundwater was close to solubility equilibrium or slightly oversaturated for barite, 

siderite and chalcedony/quartz, while for calcite and gypsum an under- and for kaolinite 

an oversaturation was calculated (Descourvieres et al., 2010a). The stable sulphur isotope 

signal for aqueous sulphate in groundwater indicated an approximately homogeneous 

background signal between +13.90 and +14.66 ‰ despite the strongly variable sulphate 

concentrations across the aquifer (Table 4-3, Figures 4-5 and 4-6).  

The aerobic injectant showed on average a lower TDS (444 – 492 mg/L) and a more 

variable δ34S composition ranging from 9.06 to 14.45 ‰ (Table 4-3). The water was 

sourced from a drinking water reservoir that was fed by a series of groundwater bores, 

causing some chemical variability. In general, the injectant had a low turbidity, neutral to 

slightly alkaline pH (7.1 – 7.5) and was close to the solubility equilibrium with calcite  

(SI -0.84 to -0.36). Measured oxygen concentrations (7.8 - 8.2 mg/L) indicated a high 

oxygen saturation (SI -0.72 to -0.70) while nitrate concentrations remained below 1 mg/L 

(Table 4-3). 
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Table 4-4  Sedimentary sulphur species and corresponding sulphur isotope signals measured for Leederville aquifer material at the field site. Organic sulphur was not identified in any 

of the samples. The values for the combined isotope signals of sulphates and polysulphides are based on a mass-weighted calculation. 

Sample  S-Sulphates  S-Elemental Sulphur  S-Polysulphides  S-Sulphates +                    

S-Polysulphides 

Name Depth 

[m bgl] 

Lithology [mmol/ 

gsed] 

[‰- 

VCDT] 

[mmol/ 

gsed] 

[‰- 

VCDT] 

[mmol/ 

gsed] 

[‰- 

VCDT] 

[mmol/ 

gsed] 

[‰- 

VCDT] 

M345-1-LC6 221 Siltstone 0.0211 13.78 0.0010 22.67 0.0054 9.06 0.0265 12.82 

M345-2-LC13b 260 Sandstone 0.0073 -22.49 0.0003 -14.71 0.0161 -31.93 0.0234 -28.99 

M345-3-LC18 275 Sandstone 0.0260 -9.51 0.0008 -2.11 0.0186 -6.66 0.0447 -8.32 

M345-4-LC27 300 Sandstone 0.0030 -9.17 0.0000 n.a. 0.0027 -4.98 0.0057 -7.19 

M345-5-LC31 315 Sandstone 0.0038 -29.74 0.0001 n.a. 0.0203 -23.25 0.0241 -24.27 

M345-6-LC36a 340 Sandstone 0.0017 2.69 0.0001 n.a. 0.0028 -2.25 0.0045 -0.41 

M345-7-LC42a 355 Siltstone 0.0267 -1.20 0.0004 n.a. 0.0087 4.65 0.0354 0.24 

M345-8-LC45 371 Sandstone 0.0140 -11.85 0.0000 n.a. 0.0018 -3.96 0.0158 -10.93 

M345-9-SC10 390 Siltstone 0.0096 10.12 0.0001 n.a. 0.0192 11.29 0.0288 10.90 

M345-10-SC24a 408 Siltstone 0.0140 4.62 0.0007 14.12 0.0042 4.43 0.0182 4.58 

M345-11-SC32 428 Mudstone 0.0522 1.98 0.0074 7.82 0.0274 2.98 0.0796 2.32 

M345-12-SC34 455 Sandstone 0.0050 24.23 0.0001 n.a. 0.0004 33.98 0.0054 25.02 

M345-13-LC55 477 Sandstone 0.0030 -11.67 0.0001 n.a. 0.0002 -14.31 0.0032 -11.83 

M345-14-LC60 491 Sandstone 0.0004 -6.29 0.0001 n.a. 0.0005 -17.59 0.0010 -12.62 

M345-15-LC67b 510 Sandstone 0.0030 -2.67 0.0000 n.a. 0.0083 -1.52 0.0113 -1.83 

aInjection interval; bMonosulphides detected with 0.0003 [mmol/gsed]
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Figure 4-4  Ternary plots for the major ion composition of native groundwater (black symbols) and mean 

seawater (red star). To enhance the readability, chloride, sodium and potassium concentrations were 

adjusted to one tenth of their measured values. The change in groundwater composition in response to the 

injectant (red circles) throughout the ASR cycle is visualised for the case of GMB 2/08 (coloured 

diamonds). Mean seawater composition was taken from Morcos (1970). 

 

 Hydrochemical changes in groundwater during the ASR cycle 

In response to injection, the groundwater composition at the monitoring wells 

changed from a strongly Na-Cl dominated to a more Ca-HCO3 enriched composition 

(Figure 4-4). This change is illustrated by the observed chloride concentrations, where a 

decline in chloride compared to background concentrations traces the displacement of 

native groundwater by the injectant during injection and storage (Figures 4-5 and 4-6). 

The subsequent increase in chloride concentrations indicates the return of the displaced 

native groundwater during the recovery phase. For most groundwater monitoring wells 

the return to initial concentrations at the end of the ASR cycle was completed during the 

recovery phase, except for M02/08, where initial concentration lay notably above the 

background concentrations measured at M01/08 for the same hydrostratigraphic layer 

(Figure 4-5). At this monitoring well, chloride concentrations returned to the initial 

concentration measured at M01/08 and thus the initial concentration differences were 

neglected in the model simulations (see section 4.2.4.5). Overall, the chloride 

concentration changes that were observed at the monitoring bores are well matched by 

the corresponding simulated chloride concentrations. 
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Similar to chloride, most reactive species showed a clear differentiation between 

the injection and storage, and the recovery period (Figure 4-5). During the injection 

period, observed sulphate concentrations decreased compared to background values at 

most monitoring wells. However, they maintained higher concentrations than the 

injectant indicating a net sulphate gain during aquifer passage (Figure 4-5). In the model, 

this net gain of sulphate was best approximated when assuming the oxidation of 

sedimentary pyrite by oxygen (Figure 4-5, red line) as compared to a simulation assuming 

only advective-dispersive transport for sulphate (Figure 4-5, black line). At M02/08 and 

M01/08 this pattern was additionally complicated by the high initial concentrations at 

M02/08 that were transported through the aquifer to M01/08, and possibly M03/08, in the 

form of an initial sulphate concentration pulse after the start of the injection. 

The observed oxygen concentrations indicated almost complete oxygen removal 

prior to the arrival at most of the monitoring wells, except M02/08. In the model, this was 

simulated by oxygen consumption through pyrite oxidation and, to a lesser degree, 

sediment organic matter and ferrous iron oxidation. At M02/08 an increasing trend for 

oxygen throughout the injection period was observed. This behaviour could be 

reproduced in the model as a combined result of pyrite oxidation and the operational 

increase in injection rate (Figures 4-5 and 4-6).  

Groundwater pH buffering in response to the acidity generated by pyrite oxidation 

was provided by the bicarbonate contained in the injectant. Bicarbonate concentrations in 

the injectant reached up to 2.2 mmol/L and exceeded those in the ambient groundwater 

(0.6 - 0.9 mmol/L) (Table 4-3, Figure 4-5). The relative increase in bicarbonate during 

injection is also illustrated in Figure 4-4 where injection caused a change towards higher 

relative bicarbonate concentrations in the ternary diagram. 

During the storage period, most solutes maintained their previous concentrations, 

except for M02/08 where sulphate and bicarbonate concentrations continued to increase 

while the δ34S value decreased (Figure 4-5). This most likely indicates that pyrite 

oxidation, possibly buffered by trace carbonate dissolution, continued during storage in 

agreement with observations of increasing oxygen concentrations towards the end of 

injection (Figure 4-5). In the model the characteristics of this behaviour was replicated, 

but the magnitude of the effect was not matched. During recovery most solute 

concentrations returned to their initial ambient concentrations, indicating a complete 

return of native groundwater and the end of hydrochemical disturbances by the injectant. 
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However at M02/08, similar to chloride, also the other solutes only returned to the 

background levels observed for M01/08.  
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Figure 4-5 : Field values (black circles) and simulated concentrations for selected groundwater chemistry as well as the δ34S signal in aqueous sulphate at the ASR well and the 

monitoring locations during the first ASR cycle. The best fit model variant (red line) assumes a variable δ34S signal for sedimentary pyrite in the aquifer. In comparison, a model variant 
assuming no geochemical reactions (black line) is shown. Periods before and after the ASR cycle are grey areas, while the ASR periods of injection (start 11/12/2009), storage and 
abstraction are visualised by the green, white and blue patches. During the injection period, the displayed concentrations at the ASR well are the model input concentrations. 



106 

 

Figure 4-6  Simulated concentration contours of selected key species (chloride, sulphate and oxygen) and of the sulphur isotope composition for the calibrated model 
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Stable sulphur isotope evolution 

The stable sulphur isotope signal in the groundwater showed a similar δ34S signal 

pattern at most monitoring wells throughout the ASR cycle (Figure 4-5). Starting from 

the approximately homogeneous background (~14 ‰; see Table 4-3), the δ34S values 

decreased in response to injection at all groundwater monitoring wells and remained at 

the lower levels during storage (M01/08, M03/08, M04/08) or continued to decrease 

(M02/08). With the commencement of the recovery period, the δ34S signals increased 

again until reaching their initial background values at all monitoring wells (Figures 4-4 

and 4-6). The mismatch between the advective-dispersive transport (Figure 4-5, black 

line) and the observed δ34S values at most monitoring locations indicates that these 

changes cannot be replicated by mixing of injectant and native groundwater alone, but 

that they require a contribution from an additional sulphate source with a lower δ34S 

signal. For the case of M04/08, the good agreement between observed δ34S values and 

the advective-dispersive transport is misleading, as measured sulphate concentrations 

indicate a net sulphate gain during subsurface passage. 

The injectant showed an increasing δ34S signal over the period of injection that was 

controlled by the mixing of the variable injectant sources, starting from 9.06 ‰ and 

ending at 14.45 ‰ at a similar δ34S value as the aquifer’s background signal. During 

recovery, this pattern was repeated, starting from 9.37 ‰ and ending at 14.12 ‰; 

however, this time the mixing of the stored injectant in combination with the δ34S signal 

released by pyrite oxidation and the returning native groundwater controlled the signal. 

The increasing trend of the δ34S signal in the injectant was repeated to a lesser extend at 

some monitoring wells, especially at M02/08, while other monitoring wells further away, 

for example M01/08 on the same flow path, did not show an increasing trend after 

injectant breakthrough. This behaviour most likely reflects the influence of physical 

transport effects that occur between the ASR well and a single groundwater monitoring 

well and that increase with increasing distance from the ASR well. In the model 

simulation, the transient δ34S values of the injectant, in combination with the δ34S signals 

released by pyrite oxidation, created a complex pattern with initial decrease of the δ34S 

values followed by subsequent re-increase due to the rising δ34S values in the injectant 

(Figure 4-6 compare day 25 and day 69). This caused some areas of the aquifer to show 

the same δ34S value as the initial groundwater δ34S signal, despite full injectant 

breakthrough. 
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Figure 4-7  Influence of the δ34S signal in pyrite on the simulated sulphur stable isotope evolution in 

groundwater. All simulations employed the same pyrite oxidation rate that was calibrated to the observed 

sulphate release. The highlighted green, blue and orange lines indicate the measured  

(-2.25 ‰) and the mass weighted (-0.41 ‰) δ34S signal for sand (LC36, Table 4-3) as well as a simulated 

δ34S value of 5 ‰. The grey solid lines visualise the simulation results for δ34S values of -5, -10 and -30 ‰, 

while the grey dotted lines represent +10 and +30 ‰. During the injection period, the displayed 

concentrations at the ASR well represent the δ34S signals of aqueous sulphate in the aquifer at the ASR well 

location. 

 

Besides dispersive mixing of the injectant with native groundwater, the δ34S signal 

of sulphate derived from pyrite oxidation is expected to be a major contributing factor to 

the stable sulphur isotope evolution in the groundwater. However, the identification of 

the magnitude of this contribution could not be resolved through a simple three-source 

mixing model due to (i) the temporal variability of the injectant δ34S values and (ii) the 

overlapping ranges for the δ34S values in the injectant, the initial groundwater and within 

pyrite. In particular when considering the variability of δ34S values for pyrite across the 

aquifer and the injection interval, it appeared likely that assigning a single δ34S value for 
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pyrite, for example -2.25 ‰ (LC36, 340 m bgl), would not allow to reproduce the 

observed isotopic response in the aquifer. Therefore, a numerical modelling approach 

which allowed to incorporate variations in the δ34S composition of pyrite within the 

observed δ34S range was explored. Simulation results (calibrated to the observed sulphate 

concentrations) show that at most monitoring wells the measured δ34S signals in the 

groundwater were best approximated when the δ34S composition of pyrite was set to a 

value between -0.41 ‰ and +5 ‰ (Figure 4-7, blue and orange lines). This value is in 

good agreement with the measured, mass weighted δ34S values for the upper screen area 

(LC36: -0.41 ‰; LC42: +0.24 ‰). However, an exception was M04/08, where the 

observed δ34S signals suggested a δ34S composition above +10 ‰ for pyrite. At the ASR 

well, which during recovery provides a flux-weighted integrated signal, maintaining a 

constant δ34S composition of -0.41 ‰ or 5 ‰ for pyrite, led to a small under- and 

overestimation of the observed δ34S values during recovery. The best fitting model 

simulation (Figures 4-5 and 4-6) therefore assumes a variation in the δ34S composition of 

reactive pyrite across the injection interval. In this simulation, the δ34S composition was 

varied between -3.0 ‰ and +3.5 ‰ for pyrite in sand and silt lithologies, while for clays 

increased δ34S values between +3.5 and +14 ‰ were adopted.  

Modifications of the observed δ34S values in aqueous sulphate by bacterial sulphate 

reduction were deemed unlikely over the duration of the trial, due to several reasons. At 

first, despite the simultaneous occurrence of sulphate and sediment organic matter under 

background conditions no indications for bacterial sulphate reduction were observed. For 

example, despite highly variable sulphate concentrations background δ34S values were 

homogeneous across the aquifer. Also, the relative increase in sulphate concentrations 

during the residence time of the injectant within the aquifer was well captured by the 

modelled pyrite oxidation which consumed the majority of oxygen (i.e., there was no 

unexplained loss of sulphate) (Figure 4-5). In addition, instead of showing an enrichment 

in δ34S as characteristic for bacterial sulphate reduction, the δ34S of aqueous sulphate 

showed a depletion in δ34S when compared to a simulation indicating the advective-

dispersive transport of the injectant at most monitoring bores (Figure 4-5, black line). 

While there was no depletion at M04/08, there also was no sign of enrichment in δ34S for 

aqueous sulphate and the measured sulphate concentrations indicated a gain of sulphate. 
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Figure 4-8  Influence of the injectant’s transient δ34S signal (red line) on the sulphur stable isotope 

evolution in groundwater. For comparison simulation results for a constant δ34S value in the injectant (blue 

line) are displayed. During the injection period, the displayed concentrations at the ASR well are the model 

input concentrations. 

 

 

In order to evaluate the influence of the transient δ34S signal in the injectant on the 

stable sulphur isotope evolution in groundwater, a simulation that assumed a constant 

δ34S signal of 9.06 ‰ during the injection was conducted. A comparison of these 

simulation results with the best fitting model variant (Figure 4-8) illustrates the strong 

influence of the injected δ34S signal on the overall groundwater δ34S signal. Fixing the 

injectant δ34S signal to a constant value resulted in a difference of up to 4 ‰ at the single 

groundwater monitoring wells (e.g., M02/08) and at the ASR well (recovery only) as well 

as the lack of an increasing trend during injection. This underlines the importance of 

continuous determination of the characteristics of the injectant during ASR, as it is 

essential to explain the observed groundwater composition. 
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Figure 4-9  Simulation results at GMB 2/08 and GMB 1/08 for the δ34S signal (a) and sulphate 

concentrations (b) in groundwater when assuming a constant δ34S value of -2.25 ‰ for sedimentary pyrite 

in the aquifer. In one case (blue line) pyrite oxidation is calibrated to aqueous sulphate, while in the other 

case (green line) pyrite oxidation is calibrated to the δ34S signal in aqueous sulphate. The best fit simulation 

and a model variant assuming no geochemical reactions (black line) are shown for comparison. 

 

 

The effect of ignoring the variations in the stable sulphur isotope composition of 

pyrite was examined by using the observed sulphate concentrations and the observed δ34S 

signal as alternative model calibration constraints. Assuming a constant δ34S signal of  

-2.25 ‰, as measured for pyrite in the upper injection horizon resulted in different 

calibration results for pyrite oxidation based on groundwater δ34S values as compared to 

sulphate concentrations. This was of particular interest at M02/08 and M01/08, as their 

screen depths (332- 338 mbgl) were in close vicinity of the aquifer matrix sample (LC36, 

340 mbgl). Adopting the δ34S value of -2.25 ‰ for pyrite at these bores resulted in an 

underestimation of the observed sulphate concentrations when pyrite oxidation was 

calibrated to fit the measured δ34S signal (Figure 4-9, green line). On the other hand, when 

the rate of pyrite oxidation was calibrated to approximate the observed sulphate 

concentrations this resulted in an underestimation of the measured δ34S signal  

(Figure 4-9, blue line). The adapted δ34S composition of pyrite (+3 ‰) that was employed 
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to approximate the observed isotope signal in the best-fit simulation  

(Figure 4-9, red line) was only minor when compared to the variations of δ34S 

composition in the aquifer matrix and agreed very well with the δ34S composition 

measured for sulphates (+2.69 ‰) at the same depth. This similarity could indicate that 

these sulphates represent the oxidation products of the reactive fraction of pyrite in this 

aquifer matrix sample. The employed δ34S value for pyrite is therefore still plausible 

while simultaneously sulphate concentrations are well approximated. 

4.4 Conclusion 

In this study we investigated the vertical distribution and variation of the stable 

sulphur isotope signal in pyrite in a chemically and physically heterogeneous aquifer and 

subsequently examined the feasibility of using SSIA in combination with reactive 

transport modelling for the identification and improved quantification of pyrite oxidation 

during managed aquifer recharge. The detailed sediment analysis showed a wide range 

for the stable sulphur isotope signal of pyrite in such an aquifer. Our model-based analysis 

of the stable sulphur isotope evolution in groundwater suggests that the use of SSIA as a 

supporting tool for the characterisation of pyrite oxidation processes can be complicated 

by the release of variable δ34S signals during pyrite oxidation and by the transient stable 

sulphur isotope signal of the injectant. The identification of the δ34S signals in the 

injectant and for the sedimentary sulphur species therefore is of major importance when 

applying SSIA in a heterogeneous aquifer. However, in combination with numerical 

modelling it can still provide a valuable additional constraint and improve the overall 

robustness of the model. As such this study is not only highlighting the benefits of the use 

of SSIA during managed aquifer recharge but also for all other applications where SSIA 

can be employed in heterogeneous aquifers, for example at acid mine drainage sites 

and/or groundwater pollution sites involving elevated nitrate concentrations. 
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CHAPTER 5.  SUMMARY OF RESEARCH 

CONTRIBUTION  

The main contribution of this thesis is the integrated, quantitative analysis of the 

specific field scale processes involved with artificially recharging physically and 

chemically heterogeneous, low carbonate aquifers. The two field experiments that were 

analysed in this thesis provided a unique data set to study the injection induced aquifer 

responses. The model framework that was developed allowed for a detailed investigation 

of the dynamic interactions between physical transport, heat transport and a wide range 

of geochemical processes within the complex aquifer system. Perhaps, the most important 

aspect of the analysis of the groundwater replenishment trial was to understand the 

specific geochemical impacts of recharging low salinity water, and to examine the main 

buffering processes. In addition, the analysis of the ASR experiment that was performed 

within the same heterogeneous aquifer explores the combination of stable sulphur isotope 

analysis and numerical modelling to obtain an improved quantification of pyrite 

oxidation.    

The calibration of the heat and solute transport model of the groundwater 

replenishment experiment employed for the first time a joint inversion of (i) continuously 

collected chloride data from short-screened monitoring wells and (ii) multiple spatially 

continuous temperature measurements obtained from time-lapse temperature logs. The 

analysis highlighted the important role of the heat buffering effect of low hydraulic 

conductivity zones on the overall heat transport behaviour. The model results illustrate 

the complex interplay between high and low-conductivity zones, and that data from 

conventional groundwater monitoring wells needs to be carefully interpreted. The work 

also underlines the important information contained in time-lapse temperature logs for 

calibrating models that simulate systems with temporally variable temperature signals. 

While this study applied a joint inversion methodology to a particular managed aquifer 

recharge experiment, the insights gained from this study will be equally relevant for the 

sampling design and data interpretation of many other studies involving heat transport in 

physically heterogeneous aquifers. Furthermore, the results advance the necessary 

understanding for using heat as an inexpensive and environmentally friendly tracer.   

The simultaneous consideration of transport and geochemical processes that was 

obtained through the development of the reactive transport model allowed for the detailed 

identification and quantification of the major geochemical processes and their 
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contribution to the temporally and spatially varying water quality changes that evolved 

during the replenishment experiment. The testing of multiple conceptual models of the 

dominating redox and pH buffering processes provided important insights on which 

mechanisms were most likely to explain the field observations. Groundwater pH 

buffering of the acidification that was caused by pyrite oxidation was found to proceed in 

some aquifer zones without a substantial carbonate release. The model based analysis 

suggested that either proton buffering and/or aluminosilicate dissolution were the key 

buffering mechanisms that maintained a circumneutral pH during the injection 

experiment. These non-carbonate buffering processes have not previously been 

recognized to have the capacity for sustaining circumneutral pH conditions during 

managed aquifer recharge. Furthermore, in contrast to other managed aquifer recharge 

studies, the oxidation of sedimentary pyrite by nitrate was found to be of minor 

importance or negligible at the field site. These findings are of major interest for future 

water management questions and managed aquifer recharge projects, especially in 

aquifers that have not been previously considered for managed aquifer recharge due to 

their low carbonate contents.   

The application of the stable sulphur isotope analysis at the aquifer storage and 

recovery site was found to benefit substantially from the combination with numerical 

modelling techniques to account for the physical and chemical heterogeneity of the 

aquifer. Only the integrated analysis of the physical transport and geochemical processes 

allowed for the successful reproduction of the observed stable sulphur isotopes evolution, 

as the use of a three point mixing model was inappropriate due to the wide and 

overlapping δ34S ranges of injectant, groundwater and aquifer matrix. The identified 

release of a spatially variable δ34S signal by pyrite oxidation emphasised the need for the 

determination of the δ34S signal variations for pyrite prior to the application of a stable 

sulphur isotope analysis and, in general, underlines the benefit of multiple process 

constraints (here sulphate concentrations in combination with δ34S signals). This study 

provides a template for future applications where stable sulphur isotope analysis is used 

as a tool to improve the identification and quantification of pyrite oxidation in 

heterogeneous aquifers. This study also highlights the benefits of an integrated data 

analysis through numerical modelling techniques. The findings are important as pyrite 

oxidation generally provides the main driver for water quality changes during managed 

aquifer recharge and in many other cases where oxygenated water is intruded into 

anaerobic aquifers.  
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The work presented in this thesis succeeded to enhance our understanding of the 

physical and chemical changes that occur in heterogeneous aquifers in response to large-

scale injection schemes. As already noted, this thesis is therefore not only important for 

managed aquifer recharge applications, but also for many other applications were non-

native water is injected into a heterogeneous aquifer such as, for example, geothermal and 

deep well disposal applications.  

Furthermore, an important outcome of developing the quantitative framework in this 

thesis is its future application for the management of a full-scale implementation 

(14 GL/a) of the groundwater replenishment scheme, and its subsequent rapid expansion 

to a 28 GL/a scheme within the next 3 years. This thesis will also provide important 

insights for an eventual planned groundwater replenishment system that will provide 

50 % of the Perth water needs by 2050. Applications of this model framework at a much 

larger scale will require the development of suitable upscaling techniques that determine 

the revised parameterisation required in models of lower grid resolution.  

To underpin the design of these large-scale groundwater replenishment schemes, the 

developed framework can also be used to evaluate possible mitigation strategies to 

combat the risk of groundwater acidification, for example by variations in the treatment 

process that would increase the alkalinity of the injectant. No such risk was identified at 

the ASR site, where the pH buffering potential was provided solely by the bicarbonate in 

the injectant. Scenario simulations with modified injectant compositions (results not 

shown) suggest that also at the groundwater replenishment experiment pH could have 

been stabilised at circumneutral pH by a moderate increase in the injectant alkalinity.  

Future studies may include a further refined mineralogical characterisation of the 

target aquifer and additional laboratory column experiments with low carbonate 

sediments. These could potentially eliminate the remaining doubts with respect to the 

individual contribution of the pH buffering processes hypothesised in this thesis. Such 

experiments would also further clarify whether nitrate indeed played a minor or 

insignificant role for pyrite oxidation. The experiments should include the analysis of 

stable sulphur isotopes, as discussed in Chapter 4, and advanced microbial 

characterisation techniques. 

  



118 

  



119 
 

REFERENCES 

Al, T. A., Martin, C. J. and Blowes, D. W. (2000). Carbonate-mineral/water interactions 
in sulfide-rich mine tailings. Geochimical et Cosmochimica Acta, 64(23), 3922-
3948. 

Altinbilek, D. (2002). The role of dams in development. International Journal of Water 

Resources Development, 18(1), 9-24. 

Amorosi, A. (1997). Detecting compositional, spatial, and temporal attributes of 
glaucony: A tool for provenance research. Sedimentary Geology, 109, 135-153. 

Anderson, M. P. (2005). Heat as a ground water tracer. Ground Water, 43(6), 951–968. 

Antoniou, E. A., van Breukelen, B. M., Putters, B., and Stuyfzand, P. J. (2012). 
Hydrogeochemical patterns, processes and mass transfers during aquifer storage and 
recovery (ASR) in an anoxic sandy aquifer. Applied Geochemistry, 27(12), 2435–
2452.  

Antoniou, E. A., Stuyfzand, P. J., and van Breukelen, B. M. (2013). Reactive transport 
modeling of an aquifer storage and recovery (ASR) pilot to assess long-term water 
quality improvements and potential solutions. Applied Geochemistry, 35, 173-186. 

Appelo, C. A. J. (1994). Cation and proton exchange, pH variations, and carbonate 
reactions in a freshening aquifer. Water Resources Research, 30(10), 2793-2805. 

Appelo, C. A. J., Verweij, E., and Schäfer, H. (1998). A hydrochemical transport model 
for an oxidation experiment with pyrite/calcite/exchangers/organic matter 
containing sand. Applied Geochemistry, 13, 257-268. 

Arthur, J. D., Dabous, A. A., and Cowart, J. B. (2002). Mobilization of arsenic and other 
trace elements during aquifer storage and recovery, southwest Florida. In U.S. 

Geological Survey Artificial Recharge Workshop, edited by Aiken, G. R., and 
Kuniansky, E. L., pp.47–50, U.S. Geological Survey Open-File Report 02-89.  

Bache, B. W. (1984). The role of calcium in buffering soils. Plant, Cell and Environment, 
7, 391-395. 

Bachu, S. (2003). Screening and ranking of sedimentary basins for sequestration of CO2 
in geological media in response to climate change. Environmental Geology, 44, 277–
289, doi:10.1007/s00254-003-0762-9.  

Balci, N., Shanks, W. C., Mayer, B., and Mandernack, K. W. (2007). Oxygen and sulfur 
isotope systematics of sulfate produced by bacterial and abiotic oxidation of pyrite. 
Geochimica et Cosmochimica Acta, 71(15), 3796-3811.  

Barbieri, M., Carrera, J., Sanchez-Vila, X., Ayora, C., Cama, J., Köck-Schulmeyer, M., 
López de Alda, M., Barceló, D., Brunet, J. T., and García, M. H. (2011). Microcosm 
experiments to control anaerobic redox conditions when studying the fate of organic 
micropollutants in aquifer material. Journal of Contaminant Hydrology, 126(3-4), 
330-345. 



120 

Benz, M., Brune, A., and Schink, B. (1998). Anaerobic and aerobic oxidation of ferrous 
iron at neutral pH by chemoheterotrophic nitrate –reducing bacteria. Archives of 

Microbiology, 169, 159-165. 

Bitschene, P. R., Holmes, M. A., and Breza, J. R. (1992). 9. Composition and origin of 
Cr-rich glauconitic sediments from the southern Kerguelen Plateau (Site 748)1, in 
Proceedings of the Ocean Drilling Program, Scientific Results, Vol.120, edited by 
Wise S. W., Jr., and Schlich, R., pp.113-121, Ocean Drilling Program, College 
Station, Tex. 

Bixio, D., Thoeye, C., De Konig, J., Joksimovic, D., Savic, D., Wintgens, T., and Melin, 
T. (2006). Wastewater reuse in Europe. Desalination, 187, 89–101, 
doi:10.1016/j.desal.2005.04.070.  

Bonte, M., van Breukelen, B. M., and Stuyfzand, P. J. (2013a). Temperature-induced 
impacts on groundwater quality and arsenic mobility in anoxic aquifer sediments 
used for both drinking water and shallow geothermal energy production. Water 

Research, 47, 5088-5100. 

Bonte, M., Röling, W. F. M., Zaura, E., van der Wielen, P. W. J. J., Stuyfzand, P. J., and 
van Breukelen, B. M. (2013b). Impacts of shallow geothermal energy production on 
redox processes and microbial communities. Environmental Science and 

Technology, 47(24), 14476–14484, doi:10.1021/es4030244. 

Bosch J., Lee, K.-Y., Jordan, G., Kim, K.-W., and Merckenstock, R. U. (2012). 
Anaerobic, nitrate-dependent oxidation of pyrite nanoparticles by Thiobacillus 
denitrificans. Environmental Science and Technology, 46, 2095-2101. 

Böttcher, J., Strebel, O., Voerkelius, S., and Schmidt, H.-L. (1990). Using isotope 
fractionation of nitrate-nitrogen and nitrate-oxygen for evaluation of microbial 
denitrification in a sandy aquifer. Journal of Hydrology, 114, 413-424. 

Böttcher, M. E., Smock, A., and Cypionka, H. (1998). Sulfur isotope fractionation during 
experimental precipitation of iron(II) and manganese(II) sulfide at room 
temperature. Chemical Geology, 146, 127–134. 

Bottrell, S. H., Hayes, P. J., Bannon, M., and Williams, G. M. (1995). Bacterial sulfate 
reduction and pyrite formation in a polluted sand aquifer. Geomicrobiology Journal, 
13(2), 75-90. 

Bouwer, H. (1996). Issues in artificial recharge. Water Science and Technology, 33(10), 
381-390. 

Bouwer, H. (2002). Artificial recharge of groundwater: Hydrogeology and engineering. 
Hydrogeology Journal, 10(1), 121–142, doi:10.1007/s10040-001-0182-4. 

Bravo, H. R., Jiang, F., and Hunt, R. J. (2002). Using groundwater temperature data to 
constrain parameter estimation in a groundwater flow model of a wetland system. 
Water Resources Research, 38(8), 28–1–28–14, doi:10.1029/2000WR000172.  



121 
 

Bridger, D. W., and Allen, D. M. (2010). Heat transport simulations in a heterogeneous 
aquifer used for aquifer thermal energy storage (ATES). Canadian Geotechnical 

Journal, 47(1), 96–115, doi:10.1139/T09-078.  

Brunner, B., and Bernasconi, S. M. (2005). A revised isotope fractionation model for 
dissimilatory sulfate reduction in sulfate reducing bacteria. Geochimica et 

Cosmochimica Acta, 69(20), 4759-4771. 

Burke, V., Richter, D., Hass, U., Duennbier, U., Greskowiak, J., and Massmann, G. 
(2014a). Redox-dependent removal of 27 organic trace pollutants: Compilation of 
results from tank aeration experiments. Environmental Earth Sciences, 71(8), 3685–
3695. 

Burke, V., Greskowiak, J., Asmuß, T., Bremermann, R., Taute, T., and Massmann, G. 
(2014b). Temperature dependent redox zonation and attenuation of wastewater-
derived organic micropollutants in the hyporheic zone. Science of the Total 

Environment, 482–483, 53–61. 

Buscheck, T. A., Chen, M., Sun, Y., Hao, Y., and Elliot, T. R. (2012). Two-stage, 
integrated, geothermal-CO2 storage reservoirs: an approach for sustainable energy 
production, CO2-sequestration security, and reduced environmental risk, Lawrence 
Livermore National Laboratory, LLNL-TR-526952.  

Busenberg, E., and Plummer, L. N. (1982). The kinetics of dissolution of dolomite in 
CO2-H2O systems at 1.5 to 65 ºC and 0 to 1 atm PCO2. American Journal of Science, 
282, 45-78. 

Canfield, D. E. (2001). Isotope fractionation by natural populations of sulfate-reducing 
bacteria. Geochimica Cosmochimica Acta, 65(7), 1117-1124. 

Cardoso, R. B., Sierra-Alvarez, R., Rowlette, P., Flores, E. R., Gomez, J., and Field, J. A. 
(2006). Sulfide oxidation under chemolithoautotrophic denitrifying conditions. 
Biotechnology and Bioengineering, 95(6), 1148-1157, doi:10.1002/bit. 

Carrara, C., Ptacek, C., Robertson, W. D., Blowes, D. W., Moncur, M. C., Sverko, E., 
and Backus, S. (2008). Fate of pharmaceutical and trace organic compounds in three 
septic system plumes, Ontario, Canada. Environmental Science and Technology, 
42(8), 2805-2811.  

Chafetz, H. S., and Reid, A. (2000). Syndepositional shallow-water precipitation of 
glauconitic minerals. Sedimentary Geology, 136, 29-42. 

Chambers, L. A., and Trudinger, P. A. (1979). Microbial fractionation of stable sulfur 
isotopes: A review and critique. Geomicrobiology Journal, 1(3), 249–293. 

Chapelle, F. H., and Knobel, L. L. (1983). Aqueous geochemistry and the exchangeable 
cation composition of glauconite in the Aquia aquifer, Maryland. Ground Water, 
21(3), 343-352. 

Chaudhuri, S. K., Lack, J. G., and Coates, J. D. (2001). Biogenic magnetite formation 
through anaerobic biooxidation of Fe(II). Applied and Environmental Microbiology, 
67(6), 2844-2848. 



122 

Chou, L., Garrels, R. M., and Wollast, R. (1989). Comparative study of the kinetics and 
mechanisms of dissolution of carbonate minerals. Chemical Geology, 78, 269-282. 

Constantz, J. (2008). Heat as a tracer to determine streambed water exchanges. Water 

Resources Research, 44(4), W00D10, doi:10.1029/2008WR006996.  

Constantz, J., Cox, M. H., and Su, G. W. (2003). Comparison of heat and bromide as 
ground water tracers near streams. Ground Water, 41(5), 647–657. 

Crook, J., MacDonald, J., and Trussell, R. (1999). Potable use of reclaimed water. 
American Water Works Association. Journal, 91(8), 40–49.  

d'Affonseca, F. M., Prommer, H., Finkel, M., Blum, P., and Grathwohl, P. (2011). 

Modeling the long‐term and transient evolution of biogeochemical and isotopic 
signatures in coal tar–contaminated aquifers. Water Resources Research, 47(5), 1-
22. 

Dale, A. W., Brüchert, V., Alperin, M., and Regnier, P. (2009). An integrated sulfur 
isotope model for Namibian shelf sediments. Geochimica et Cosmochimica Acta, 
73(7), 1924-1944.  

Davidson, W. A. (1995). Hydrogeology and groundwater resources of the Perth Region, 
Western Australia, Western Australia Geological Survey, Bulletin 142, 170p. 

Descourvieres, C., Hartog, N., Patterson, B. M., Oldham, C., and Prommer H. (2010a). 
Geochemical controls on sediment reactivity and buffering processes in a 
heterogeneous aquifer. Applied Geochemistry, 25, 261-275. 

Descourvieres, C., Prommer, H., Oldham, C., Greskowiak, J., and Hartog, N. (2010b). 
Kinetic reaction modeling framework for identifying and quantifying reductant 
reactivity in heterogeneous sediments. Environmental Science and Technology, 44, 
6698-6705. 

Descourvieres, C., Douglas, G., Leyland, L., Hartog, N., and Prommer, H. (2011). 
Geochemical reconstruction of the provenance, weathering and deposition of 
detrital-dominated sediments in the Perth Basin: The Cretaceous Leederville 
Formation, south-west Australia. Sedimentary Geology, 236(1-2), 62-76. 

Descourvieres, C. J. (2011). Quantifying water quality changes during managed aquifer 
recharge in a physically and chemically heterogeneous aquifer. PhD Thesis at The 

University of Western Australia, Crawley, WA, Australia. 

Dillon, P. (2005). Future management of aquifer recharge. Hydrogeology Journal, 13(1), 
313–316, doi:10.1007/s10040-004-0413-6.  

Dillon, P. (2009). Column theme: Ground water replenishment with recycled water. 
Ground Water, 47(4), 492–495.  

Doherty, J. E. (2010). PEST: Model-independent parameter estimation. Watermark 
Numer. Comput., Brisbane, Queensland, Australia [available at 
www.pesthomepage.org]. 



123 
 

Doherty, J. E., and Hunt, R. J. (2009). Two statistics for evaluating parameter 
identifiability and error reduction. Journal of Hydrology, 366, 119-127, 
doi:10.1016/j.hydrol.2008.12.018. 

Donahue, M. A., Werne, J. P., Meile, C., Lyons, T. W. (2008). Modeling sulfur isotope 
fractionation and differential diffusion during sulfate reduction in sediments of the 
Cariaco Basin. Geochimica et Cosmochimica Acta, 72(9), 2287-2297.  

Drewes, J. E. (2009). Ground water replenishment with recycled water- water quality 
improvements during managed aquifer recharge. Ground Water, 47(4), 502–505.  

Drewes, J. E., Hoppe, C., and Jennings, T. (2005). Fate and transport of N-nitrosamines 
under conditions simulating full-scale groundwater recharge operations. Water 

Environment Research, 78(13), 2466–2473.  

Drits, V. A., Zviagina, B. B., McCarty, D. K., and Salyn, A. L. (2010). Factors responsible 
for crystal-chemical variations in the solid solution from illite to aluminoceladonite 
and from glauconite to celadonite. American Mineralogist, 95, 348-361. 

Dubois, I. E., Holgersson, S., Allard, S., and Malmström, M. E. (2010). Correlation 
between particle size and surface area for chlorite and K-feldspar. In Water-Rock 

Interaction, edited by Torres-Alvarado, I.S., pp.717-720, Taylor and Francis, 
London. 

Duckworth, O. W., and Martin, S. T. (2004). Role of molecular oxygen in the dissolution 
of siderite and rhodochrosite. Geochimica and Cosmochimica Acta, 68(3), 607-621. 

Eastwood, J. C., and Stanfield, P. J. (2001). Key success factors in an ASR scheme. 
Quarterly journal of engineering geology and hydrogeology, 34(4), 399-409. 

Eckert, P., and Appelo, C. A. J. (2002). Hydrogeochemical modeling of enhanced 
benzene, toluene, ethylbenzene, xylene (BTEX) remediation with nitrate. Water 

Resources Research, 38(8), 5-1 – 5-11. 

Edraki, M., Golding, S. D., Baublys, K. A., and Lawrence, M. G. (2005). Hydrochemistry, 
mineralogy and sulfur isotope geochemistry of acid mine drainage at the Mt. Morgan 
mine environment, Queensland, Australia. Applied Geochemistry, 20(4), 789-805. 

Engelhardt, I., Prommer, H., Moore, C., Schulz, M., Schüth, C., and Ternes, T. (2013). 
Suitability of temperature, hydraulic heads and acesulfame to quantify wastewater-
related fluxes in the hyporheic and riparian zone. Water Resources Research, 49(1), 
426-440, doi:10.1029/2012WR012604. 

Ferguson, G. (2007). Heterogeneity and thermal modeling of ground water. Ground 

Water, 45(4), 485–490, doi:10.1111/j.1745-6584.2007.00323.x.  

Fernandez-Bastero, S., Gil-Lozano, C., Briones, M. J. I., and Gago-Duport, L. (2008). 
Kinetic and structural constraints during glauconite dissolution: Implications for 
mineral disposal of CO2. Mineralogical Magazine, 72(1), 27–31.   



124 

Ferrini, V., Fayek, M., de Vito, C., Mignardi, F., and Pignatti, J. (2010). Extreme sulphur 
isotope fractionation in the deep Cretaceous biosphere. Journal of the Geological 

Society, 167, 1009–1018. doi:10.1144/0016-76492009-161. 

Fest, E. P. M., Temminghoff, E. J. M., Griffioen, J., and van Riemsdijk, W. H. (2005). 
Proton buffering and metal leaching in sandy soils. Environmental Science and 

Technology, 39, 7901-7908. 

Flury, M., Mathison, J. B., and Harsch, J. B. (2002). In situ mobilisation of coloids and 
transport of cesium in Hanford sediments. Environmental Science and Technology, 
36, 5335-5341. 

Franken, G., Postma, D., Duijnisveld, W. H. M., Böttcher, J., and Molson, J. (2009). Acid 
groundwater in an anoxic aquifer: Reactive transport modelling of buffering 
processes. Applied Geochemistry, 24, 890-899. 

Gibson, B. D., Amos, R. T., and Blowes, D. W. (2011). 34S/32S fractionation during 
sulfate reduction in groundwater treatment systems: Reactive transport modelling. 
Environmental Science and Technology, 45(7), 2863-2870.  

Graf, W. L. (1999). Dam nation: A geographic census of American dams and their large‐

scale hydrologic impacts. Water Resources Research, 35(4), 1305-1311. 

Greskowiak, J., Prommer, H., Vanderzalm, J., Pavelic, P., and Dillon, P. (2005). 
Modeling of carbon cycling and biogeochemical changes during injection and 
recovery of reclaimed water at Bolivar, South Australia. Water Resources Research, 
41(10), 1–16, doi:10.1029/2005WR004095. 

Greskowiak, J., Prommer, H., Massmann, G., and Nützmann, G. (2006). Modeling 
seasonal redox dynamics and the corresponding fate of the pharmaceutical residue 
phenazone during artificial recharge of groundwater. Environmental Science and 

Technology, 40(21), 6615-6621. 

Griffioen, J. (1993). Multicomponent cation exchange including 
alkalinisation/acidification following flow through sandy sediment. Water 

Resources Research, 29(9), 3005-3019. 

Griffioen, J. (1994). Uptake of phosphate by iron hydroxides during seepage in relation 
to development of groundwater composition in coastal areas. Environmental Science 

and Technology, 28, 675-681. 

Griffioen, J. (2001). Potassium adsorption ratios as an indicator for the fate of agricultural 
potassium in groundwater. Journal of Hydrology, 254, 244-254. 

Griffioen, J. (2003). Kation- uitwisselingspatronen bij zoet/zout 
grondwaterverplaatsingen. Stromingen, 9(4), 35-45. 

Griffioen, J., Klein, J., and van Gaans, P. F. M. (2012). Reaction capacity characterization 
of shallow sedimentary deposits in geologically different regions of the Netherlands. 
Journal of Contaminant Hydrology, 127, 30-46. 



125 
 

Gunsinger, M. R., Ptacek, C. J., Blowes, D. W., Jambor, J. L. and Moncur, M. C. (2006). 
Mechanisms controlling acid neutralization and metal mobility within a Ni-rich 
tailings impoundment. Applied Geochemistry, 21, 1301-1321. 

Haaijer, S. C. M., Lamers, L. P. M., Smolders, A. J. P., Jetten, M. S. M., and Op den 
Camp, H. J. M. (2007). Iron sulfide and pyrite as potential electron donors for 
microbial nitrate reduction in freshwater wetlands. Geomicrobiology Journal, 24(5), 
391-401, doi:10.1080/01490450701436489. 

Harbaugh, A. W., Banta, E. R., Hill, M. C., and McDonald, M. G. (2000). MODFLOW-

2000, the U.S . Geological Survey modular ground-water model - User guide to 
modularization concepts and the ground-water flow process. U.S. Geological Survey 
Open-File Report 00-92, 121p. 

Hartog, N., van Bergen, P. F., de Leeuw, J. W., and Griffioen, J. (2004). Reactivity of 
organic matter in aquifer sediments: Geological and geochemical controls. 
Geochimica and Cosmochimica Acta, 68(6), 1281-1292. 

Henzler, A. F., Greskowiak, J., and Massmann, G. (2014). Modeling the fate of organic 
micropollutants during river bank filtration (Berlin, Germany). Journal of 

Contaminant Hydrology, 156, 78–92. 

Herczeg, A. L., Rattray, K. J., Dillon, P. J., Pavelic, P. and Barry, K. E. (2004). 
Geochemical processes during five years of aquifer storage recovery. Ground Water, 
42(3), 438-445. 

Höhener, P. and Atteia, O. (2010). Multidimensional analytical models for isotope ratios 
in groundwater pollutant plumes of organic contaminants undergoing different 
biodegradation kinetics. Advances in Water Resources, 33(7), 740-751.  

Holländer, H. M., Mull, R., and Panda, S. N. (2009). A concept for managed aquifer 
recharge using ASR-wells for sustainable use of groundwater resources in an alluvial 
coastal aquifer in Eastern India. Physics and Chemistry of the Earth, 34, 270- 278. 

Höyng, D., Prommer, H., Blum, P., Grathwohl, P., and Mazo D'Affonseca, F. (2015). 
Evolution of carbon isotope signatures during reactive transport of hydrocarbons in 
heterogeneous aquifers. Journal of Contaminant Hydrology, 174, 10-27. 

Huggett, J. M., and Cuadros J. (2010). Glauconite formation in lacustrine/palaeosol 

sediments, Isle of Wight (Hampshire Basin), UK. Clay Minerals, 45, 35-49. 

Jakobsen, R., and Postma, D. (1994). In situ rates of sulfate reduction in an aquifer 
(Rømø, Denmark) and implications for the reactivity if organic matter. Geology, 
22(12), 1103-1106. 

Jeen, S.-W., Mayer, U., Gillham, R. W., and Blowes, D. W. (2007). Reactive transport 
modeling of Trichloroethene treatment with declining reactivity of iron. 
Environmental Science and Technology, 41, 1432-1438. 

Jones, G. W., and Pichler, T. (2007). Relationship between pyrite stability and arsenic 
mobility during aquifer storage and recovery in southwest central Florida. 
Environmental Science and Technology, 41(3), 723–730.  



126 

Jørgensen, C. J., Jacobsen, O. S., Elberling, B., and Aamand, J. (2009). Microbial 
oxidation of pyrite coupled to nitrate reduction in anoxic groundwater sediment. 
Environmental Science and Technology, 43(13), 4851-4857.  

Jurjovec, J., Ptacek, C. J., and Blowes, D. W. (2002). Acid neutralization mechanisms 
and metal release in mine tailings: A laboratory column experiment. Geochimica 

and Cosmochimica Acta, 66(9), 1511-1523. 

Khan, S., Mushtaq, S., Hanjra, M. A., & Schaeffer, J. (2008). Estimating potential costs 
and gains from an aquifer storage and recovery program in Australia. Agricultural 

Water Management, 95(4), 477-488. 

Kaplan, I. R. and Rittenberg, S. C. (1964). Microbiological fractionation of sulphur 
isotopes. Microbiology, 34(2), 195-212. 

Kirschbaum, M. U. F. (1995). The temperature dependence of soil organic matter 
decomposition, and the effect of global warming on soil organic C storage. Soil 

Biology and Biochemistry, 27(6), 753-760. 

Kitterick, J. K. (1982). Solubility of two high-Mg and two high-Fe chlorites using 
multiple equilibria. Clays and Clay Minerals, 30(3), 167-179. 

Kjøller, C., Postma, D., and Larsen, F. (2004). Groundwater acidification and the 
mobilisation of trace metals in a sandy aquifer. Environmental Science and 

Technology, 38, 2829-2835. 

Kloppmann, W., van Houtte, E., Picot, G., Vandenbohede, A., Lebbe, L., Guerrot, C., 
Millot, R., Gaus, I., and Wintgens, T. (2008). Monitoring reverse osmosis treated 
wastewater recharge into a coastal aquifer by environmental isotopes (B, Li, O, H). 
Environmental Science and Technology, 42(23), 8759-8765. 

Knöller, K., Vogt, C., Feisthauer, S., Weise, S. M., Weiss, H., and Richnow, H.-H. (2008). 
Sulfur cycling and biodegradation in contaminated aquifers: Insights from stable 
isotope investigations. Environmental Science and Technology, 42(21), 7807-7812.  

Konikow, L. F., and Hornberger, G. Z. (2006). Modeling effects of multinode wells on 
solute transport. Ground Water, 44(5), 648–660.  

Konikow, L. F., Hornberger, G. Z., Halford, K. J., and Hanson, R. T. (2009). Revised 
multi-node well ( MNW2 ) package for MODFLOW ground-water flow model. U.S. 
Geological Survey Techniques and Methods 6-A30, 67p. 

Langevin, C. D. (2008). Modelling axisymmetric flow and transport. Groundwater, 
46(4), 579-590. 

Le Gal La Salle, C., Vanderzalm, J., Hutson, J., Dillon, P., Pavelic, P., and Martin, R. 
(2005). Isotope evolution and contribution to geochemical investigations in aquifer 
storage and recovery: A case study using reclaimed water at Bolivar, South 
Australia. Hydrological Processes, 19(17), 3395-3411, doi: 10.1002/hyp.5977. 



127 
 

Lee, M. K., and Saunders, J. A. (2003). Effects of pH on metals precipitation and sorption: 
Field bioremediation and geochemical modeling approaches. Vadose Zone Journal, 
2(2), 177-185. 

Levine, A. D., and Asano, T. (2004). Peer reviewed: Recovering sustainable water from 
waste water. Environmental Science and Technology, 38(11), 201A-208A, 
doi:10.1021/es040504n. 

Leyland, L. (2011). Hydrogeology of the Leederville Aquifer, Central Perth Basin, 
Western Australia. PhD thesis at The University of Western Australia, Crawley, 

Western Australia, Australia.  

Lowson, R. T., Comarmond, M.-C. J., Rajaratnam, G., and Brown, P. L. (2005). The 
kinetics of the dissolution of chlorite as a function of pH at 25 ˚C. Geochimica and 

Cosmochimica Acta, 69(7), 1687-1699. 

Lowson, R. T., Brown, P. L., Comarmond, M.-C. J., and Rajaratnam, G. (2007). The 
kinetics of chlorite dissolution. Geochimica and Cosmochimica Acta, 71, 1431-
1447. 

Ma, R. and Zheng, C. (2010). Effects of density and viscosity in modeling heat as a 
groundwater tracer. Ground Water, 48(3), 380-389. 

Ma, R., Zheng, C., Tonkin, M., and Zachara, J. M. (2011). Importance of considering 
intraborehole flow in solute transport modeling under highly dynamic flow 
conditions. Journal of Contaminant Hydrology, 123(1-2), 11–19, 
doi:10.1016/j.jconhyd.2010.12.001.  

Ma, R., Zheng, C., Zachara, J. M., and Tonkin, M. (2012). Utility of bromide and heat 
tracers for aquifer characterization affected by highly transient flow conditions. 
Water Resources Research, 48(8), W08523, doi:10.1029/2011WR011281. 

Macht, F., Eusterhues, K., Pronk, G. J., and Totsche, K. U. (2011). Specific surface area 
of clay minerals: Comparison between atomic force microscopy measuremets and 
bulk-gas (N2) and -liquid (EGME) adsoprtion methods. Applied Clay Science, 53(1), 
20-26. 

Maeng, S. K., Sharma, S. K., Lekkerkerker-Teunissen, K., and Amy, G. L. (2011). 
Occurrence and fate of bulk organic matter and pharmaceutically active compounds 
in managed aquifer recharge: A review. Water Research, 45(10), 3015–3033, 
doi:10.1016/j.watres.2011.02.017. 

Maliva, R., Guo, W., and Missimer, T. (2006). Aquifer storage and recovery: Recent 
hydrogeological advances and system performance. Water Environment Research, 
78(13), 2428 –2435.  

Massmann, G., Tichomirowa, M., Merz, C., and Pekdeger, A. (2003). Sulfide 

oxidation and sulfate reduction in a shallow groundwater system (Oderbruch 
Aquifer, Germany). Journal of Hydrology, 278(1-4), 231-243.  

Massmann, G., Greskowiak, J., Dünnbier, U., Zuehlke, S., Knappe, A., and Pekdeger, A. 
(2006). The impact of variable temperatures on the redox conditions and the 



128 

behaviour of pharmaceutical residues during artificial recharge. Journal of 

Hydrology, 328(1-2), 141–156. 

Midttømme, K., Roaldset, E., and Aagaard, P. (1998). Thermal conductivity of selected 
claystones and mudstones from England, Clay minerals, 33, 131-145. 

Miller, G. W. (2006). Integrated concepts in water reuse: Managing global water needs. 
Desalination, 187(1), 65-75. 

Missimer, T. M., Sinha, S., and Ghaffour, N. (2012). Strategic aquifer storage and 
recovery of desalinated water to achieve water security in the GCC/MENA region. 
International Journal of Environment and Sustainability, 1(3), 87-99. 

Mol, G., Vriend, S. P., and van Gaans, P. F. M. (2003). Feldspar weathering as the key to 
understanding soil acidification monitoring data: A study of acid sandy soils in the 
Netherlands. Chemical Geology, 202, 417-441. 

Moncaster, S. J., Bottrell, S. H., Tellam, J. H., Lloyd, J. W., and Konhauser, K. O. (2000). 
Migration and attenuation of agrochemical pollutants: Insights from isotopic 
analysis of groundwater sulfate. Journal of Contaminant Hydrogeology, 43, 147-
163. 

Morcos, S. A. (1970). Chemical composition of seawater and the variation of calcium and 
alkalinity. Journal du Conseil, 33(2), 126-33. 

Morgan, B., and Lahav, O. (2007). The effect of pH on the kinetics of spontaneous Fe(II) 
oxidation by O2 in aqueous solution – basic principles and a simple heuristic 
description. Chemosphere, 68, 2080-2084. 

Mozley, P. S. (1989). Relation between depositional environment and elemental 
composition of early diagenetic siderite. Geology, 17, 704-706. 

Mozley, P. S., and Wersin, P. (1992). Isotopic composition of siderite as an indicator of 
depositional environment. Geology, 20, 817-820. 

Mukhopadhyay, A., Al-Awadi, E., Oskui, R., Hadi, K., Al-Ruwaih, F., Turner, M., and 
Akber, A. (2004). Laboratory investigations of compatibility of the Kuwait Group 
aquifer, Kuwait, with possible injection waters. Journal of Hydrology, 285(1-4), 
158–176.  

Nätscher, L., and Schwertmann, U. (1991). Proton buffering in organic horizons of acid 
forest soils. Geoderma, 48, 93-106. 

Neil, C. W., Yang, Y. J., Schupp, D., and Jun Y.-S. (2014). Water chemistry impacts on 
arsenic mobilisation from arsenopyrite dissolution and secondary mineral 
precipitation: Implications for managed aquifer recharge. Environmental Science 

and Technology, 48, 4395-4405.  

Nicholson, R. V, Gillham, R. W., and Reardon, E. J. (1988). Pyrite oxidation in carbonate-
buffered solution: 1. Experimental kinetics. Geochimica et Cosmochimica Acta, 
52(5), 1077–1085. 



129 
 

O’Connell, A. M. (1990). Microbial decomposition (respiration) of litter in eucalypt 
forests of south western Australia: An empirical model based on laboratory 
incubations. Soil Biology and Biochemistry, 22(2), 153-160. 

Otero, N., Torrentó, C., Soler, A., Menció, A., and Mas-Pla, J. (2009). Monitoring 
groundwater nitrate attenuation in a regional system cuopling hydrogeology with 
multi-isotopic methods: The case of Plana de Vic (Osona, Spain). Agriculture, 

Ecosystems and Environment, 133, 103-113, doi:10.1016/j.agee.2009.05.007. 

Parkhurst, D. L., and Appelo C. A. J. (1999). User’s guide to PHREEQC – A computer 
program for speciation, reaction-path, 1D-transport, and inverse geochemical 
calculations. U.S. Geological Survey Water-Resources Investigation Report, 99-
4259, 312p. 

Patterson, B. M., Shackleton, M., Furness, A. J., Pearce, J., Descourvieres, C., Linge, K. 
L., Busetti, F., and Spadek, T. (2010). Fate of nine recycled water trace organic 
contaminants and metal (loid) s during managed aquifer recharge into a anaerobic 
aquifer: column studies. Water research, 44(5), 1471-1481. 

Paul, D., Skrzypek, G., and Forizs, I. (2007). Normalization of measured stable isotopic 
compositions to isotope reference scales – A review. Rapid Communications in Mass 

Spectrometry, 21, 3006-3014. 

Pauwels, H., Kloppmann, W., Foucher, J.-C., Martelat, A., and Fritsche, V. (1998). Field 
tracer test for denitrification in a pyrite-bearing schist aquifer. Applied 

Geochemistry, 13(6), 767-778. 

Pauwels, H., Foucher, J.-C., and Kloppmann, W. (2000). Denitrification and mixing in a 
schist aquifer: Influence on water chemistry and isotopes. Chemical Geology, 168, 
307-324. 

Pavelic, P., Dillon, P. J., and Nicholson, B. C. (2006a). Comparative evaluation of the 
fate of disinfection byproducts at eight aquifer storage and recovery sites. 
Environmental Science and Technology, 40(2), 501-508.  

Pavelic, P., Dillon, P. J., and Simmons, C. T. (2006b). Multiscale characterization of a 
heterogeneous aquifer using an ASR operation. Ground Water, 44(2), 155–164.  

Paytan, A., Kastner, M., Campbell, D., and Thiemens, M. H. (2004). Seawater sulfur 
isotope fluctuations in the Cretaceous. Science, 304, 1663-1665. 

Pearce, G. K. (2008). UF/MF pre-treatment to RO in seawater and wastewater reuse 
applications: A comparison of energy costs. Desalination, 222(1-3), 66–73.  

Pham, V. T. H., Lu, P., Aagaard, P., Zhu, C., and Hellevang, H. (2011). On the potential 
of CO2–water–rock interactions for CO2 storage using a modified kinetic model. 
International Journal of Greenhouse Gas Control, 5, 1002–1015. 

Piatt, J. J., Backhus, D. A., Capel, P. D., and Eisenreich, S. J. (1996). Temperature-
dependent sorption of naphthalene, phenanthrene, and pyrene to low organic carbon 
aquifer sediments. Environmental Science and Technology, 30, 751-760.  



130 

Pooley, K. E., Blessing, M., Schmidt, T. C., Haderlein, S. B., Macquarrie, K. T. B., and 
Prommer, H. (2009). Aerobic biodegradation of chlorinated ethenes in a fractured 
bedrock aquifer: Quantitative assessment by compound-specific isotope analysis 
(CSIA) and reactive transport modelling. Environmental Science and Technology, 
43(19), 7458-7464. 

Postma, D. (1981). Formation of siderite and vivianite and the pore-water composition of 
a recent bog sediment in Denmark. Chemical Geology, 31, 225-244. 

Postma, D., Boesen, C., Kristiansen, H., and Larsen, F. (1991). Nitrate reduction in an 
unconfined sandy aquifer: Water chemistry, reduction processes, and geochemical 
modeling. Water Resources Research, 27(8), 2027-2045. 

Prommer, H., Barry, D., and Zheng, C. (2003). MODFLOW/ MT3DMS –based reactive 
multicomponent transport modelling. Groundwater, 41(2), 247-257. 

Prommer, H., and Stuyfzand, P. J. (2005). Identification of temperature-dependent water 
quality changes during a deep well injection experiment in a pyritic aquifer. 
Environmental Science and Technology, 39(7), 2200-2209.  

Prommer, H., Anneser, B., Rolle, M., Einsiedl, F., and Griebler, C. (2009). 
Biogeochemical and isotopic gradients in a BTEX/PAH contaminant plume: Model-
based interpretation of a high-resolution field data set. Environmental Science and 

Technology, 43(21), 8206-8212.  

Ptacek, C. J., and Blowes, D. W. (1994). Influence of siderite on the pore-water chemistry 
of inactive mine-tailings impoundments. In Environmental Geochemistry of Sulfide 

Oxidation, ACS Symposium Series, edited by Alpers, C. et al., pp.172-189, American 
Chemical Society, Washington, D. C.. 

Pyne, R. D. G. (1995) Groundwater recharge and wells: A guide to aquifer storage 
recovery. A. F. Lewis, Boca Raton, Fla. 

Randolph, J. B., and Saar, M. O. (2011). Coupling carbon dioxide sequestration with 
geothermal energy capture in naturally permeable, porous geologic formations: 
Implications for CO2 sequestration. Energy Procedia, 4, 2206-2213, 
doi:10.1016/j.egypro.2011.02.108. 

Rees, C. (1973). A steady-state model for sulphur isotope fractionation in bacterial 
reduction processes. Geochimica et Cosmochimica Acta, 37(5), 1141-1162.  

Saaltink, M. W., Ayora, C., Stuyfzand, P. J., and Timmer, H. (2003). Analysis of a deep-
well recharge experiment by calibrating a reactive transport model with field data. 
Journal of Contaminant Hydrology, 65(1-2), 1-18 

Salmon, S. U., and Malmström, M. E. (2004). Geochemical processes in mill tailings 
deposits: Modelling of groundwater composition. Applied Geochemistry, 19, 1-17. 

Sasaki A., Arikawa, Y., and Folinsbee, R. E. (1979). Kiba reagent method of sulphur 
extraction applied to isotopic work. Bull. Geol. Surv. Japan, 30, 241-245. 



131 
 

Schippers, A., and Jørgensen, B. B. (2002). Biogeochemistry of pyrite and iron sulfide 
oxidation in marine sediments. Geochimica and Cosmochimica Acta, 66(1), 85-92. 

Schwientek, M., Einsiedl, F., Stichler, W., Stögbauer, A., Strauss, H., and Maloszewski, 
P. (2008). Evidence for denitrification regulated by pyrite oxidation in a 
heterogeneous porous groundwater system. Chemical Geology, 255, 60-67. 

Scow, K. M., and Hicks, K. A. (2005). Natural attenuation and enhanced bioremediation 
of organic contaminants in groundwater. Current Opinion in Biotechnology, 16, 
246-253, doi:10.1016/j.copbio.2005.03.009. 

Seibert, S., Prommer, H., Siade, A., Harris, B., Trefry, M., and Martin, M. (2014). Heat 
and mass transport during a groundwater replenishment trial in a highly 
heterogeneous aquifer. Water Resources Research, 50(12), 9463-9483. 

Seibert S., O. Atteia, S. U. Salmon, A. Siade, G. Douglas, and H. Prommer (2016). 
Identification and quantification of redox and pH buffering processes in a 
heterogeneous, low carbonate aquifer during managed aquifer recharge. Water 

Resources Research, 52 (5), 4003-4025. doi:10.1002/2015WR017802. 

Sharma, L., Greskowiak, J., Ray, C., Eckert, P., and Prommer, H. (2012). Elucidating 
temperature effects on seasonal variations of biogeochemical turnover rates during 
riverbank filtration. Journal of Hydrology, 428-429, 104-115. 

Sheng, Z. (2005). An Aquifer Storage and Recovery system with reclaimed wastewater 
to preserve native groundwater resources in El Paso, Texas. Journal of 

Environmental Management, 75(4), 367–377.  

Skrzypek, G., Akagi, T., Drzewicki, W., and Jędrysek, M.-O. (2008). Stable isotope 
studies of moss sulfur and sulfate from bog surface waters. Geochemical Journal, 
42, 481-492. 

Spence, M. J., Bottrell, S. H., Thornton, S. F., and Lerner, D. N. (2001). Isotopic 

modelling of the significance of bacterial sulphate reduction for phenol attenuation 
in a contaminated aquifer. Journal of Contaminant Hydrology, 53(3-4), 285-304.  

Straub, K. L., Benz, M., Schink, B., and Widdel, F. (1996). Anaerobic, nitrate-dependent 
microbial oxidation of ferrous iron. Applied and Environmental Microbiology, 
62(4), 1458-1460. 

Strebel, O., Böttcher, J., and Fritz, P. (1990). Use of isotope fractionation of sulfate-sulfur 
and sulfate-oxygen to assess bacterial desulfurication in a sandy aquifer. Journal of 

Hydrology, 121, 155-172. 

Stumm, W., and Morgan, J. J. (1996). Aquatic chemistry: Chemical equilibria and rates 
in natural waters. 3rd ed., 1022p., John Wiley, New York, NY.  

Stuyfzand, P. J. (1998). Quality changes upon injection into anoxic aquifers in the 
Netherlands; Evaluation of 11 experiments. In Artificial Recharge of Groundwater, 
edited by Peters, J. H. et al., pp.283-291, A. A. Balkema, Brookfield, VT. 



132 

Sverdrup, H. U., and Warfvinge, P. (1995). Estimating field weathering rates using 
laboratory kinetics. In Chemical weathering rates of silicate minerals, Rev. Mineral. 

31, edited by White, A. F. and Brantley, S. L, 583p., Mineralogical Society of 
America, Chantilly, VA, USA. 

Taylor, B. E., Wheeler, M. C., and Nordstrom, D. K. (1984). Isotope composition of 
sulphate in acid mine drainage as measure of bacterial oxidation, Nature, 308(5), 
538-541. 

Thompson, G. R., and Hower, J. (1975). The mineralogy of glauconite. Clays and Clay 

Minerals, 23, 289-300. 

Thorne, D., Langevin, C. D., and Sukop, M. C. (2006). Addition of simultaneous heat and 

solute transport and variable fluid viscosity to SEAWAT. Computers and 

Geosciences, 32(10), 1758–1768.  

Tikhonov, A. N., and Arsenin, V. Y. (1977). Solution of Ill-Posed Problems. V. H. 
Winston, Washington D. C.. 

Tortajada, C. (2006). Water Management in Singapore. International Journal of Water 

Resources Development, 22(2), 227–240. 

Trettin, R., Knöller, K., Loosli, H. H., and Kowski, P. (2002). Evaluation of the sulfate 
dynamics in groundwater by means of environmental isotopes. Isotopes in 

Environmental and Health Studies, 38(2), 103-119.  

Vacher, H. L., Hutchings, W. C., and Budd, D. A. (2006). Metaphors and models: The 
ASR bubble in the Floridan aquifer. Ground Water, 44(2), 144–54. 

van Breukelen, B. M., and Prommer, H. (2008). Beyond the Rayleigh equation: Reactive 
transport modeling of isotope fractionation effects to improve quantification of 
biodegradation. Environmental Science and Technology, 42(7), 2457-2463. 

van Stempvoort, D. R., Reardon, E. J., and Fritz, P. (1990). Fractionation of sulfur and 
oxygen isotopes in sulfate by soil sorption. Geochimica et Cosmochimica Acta, 
54(10), 2817-2826.  

Vandenbohede, A., van Houtte, E., and Lebbe, L. (2009). Water quality changes in the 
dunes of the western Belgian coastal plain due to artificial recharge of tertiary treated 
wastewater. Applied Geochemistry, 24(3), 370-382. 

Vandenbohede, A., Hermans, T., Nguyen, F., and Lebbe, L. (2011). Shallow heat 
injection and storage experiment: Heat transport simulation and sensitivity analysis. 
Journal of Hydrology, 409(1-2), 262–272.  

Vörösmarty, C. J., Green, P., Salisbury, J., and Lammers, R. B. (2000). Global water 
resources: Vulnerability from climate change and population growth. Science, 
289(5477), 284-288. 

Wallis, I., Prommer, H., Simmons, C. T., Post, V., and Stuyfzand, P. J. (2010). Evaluation 
of conceptual and numerical models for arsenic mobilization and attenuation during 



133 
 

managed aquifer recharge. Environmental Science and Technology, 44(13), 5035–
5041.  

Wallis, I., Prommer, H., Pichler, T., Post, V., Norton, S. B., Annable, M. D., and 
Simmons, C. T. (2011). Process-based reactive transport model to quantify arsenic 
mobility during aquifer storage and recovery of potable water. Environmental 

Science and Technology, 45(16), 6924–6931.  

Wallis, I., Prommer, H., Post, V., Vandenbohde, A., and Simmons, C. T. (2013). 
Simulating MODFLOW-based reactive transport under radial-symmetric flow 
conditions. Ground Water, 51(3), 398-413. 

Walter, A. L., Frind, E. O, Blowes, D. W., Ptacek, C. J., and Molson, J. W. (1994a). 
Modelling of multicomponent reactive transport in groundwater: 1. Model 
development and evaluation. Water Resources Reseach, 30, 3137-3148. 

Walter, A. L., Frind, E. O, Blowes, D. W., Ptacek, C. J., and Molson, J. W. (1994b). 
Modelling of multicomponent reactive transport in groundwater: 2. Metal mobility 
in aquifers impacted by acidic mine tailings discharge. Water Resources Reseach, 
30, 3149-3158. 

Waples, D. W., and Waples, J. S. (2004a). A review and evaluation of specific heat 
capacities of rocks, minerals and subsurface fluids. Part1: Minerals and nonporous 
rocks. Natural Resources Research, 13(2), 97–122.  

Waples, D. W., and Waples, J. S. (2004b). A review and evaluation of specific heat 
capacities of rocks, minerals and subsurface fluids. Part2: Fluids and porous rocks. 
Natural Resources Research, 13(2), 123–130.  

Water Corporation (2009a). Water forever: Towards climate resilience (October 2009), 
104p., Perth, Australia. 

Water Corporation (2009b). Site characterisation report - groundwater replenishment 

trial, 72p., Perth, Australia. 

Water Corporation (2012). Groundwater report 2012 - groundwater replenishment trial, 
116p., Perth, Australia. 

Watson, M. (2006). Petrological characterisation of the Vlaming Sub-Basin, Perth Basin 
for the purpose of CO2 storage. CO2CRC Publication Number RPT06-0098, 
CO2CRC, Canberra, ACT, Australia. 

Weber, K. A., Picardal, F. W., and Roden, E. E. (2001). Microbially catalyzed nitrate-
dependent oxidation of biogenic solid-phase Fe(II) compounds. Environmental 

Science and Technology, 35, 1644-1650. 

Welter, D. E., White, J. T., Hunt, R. J., and Doherty, J. E., (2015), Approaches in highly 
parameterized inversion— PEST++ Version 3, a Parameter ESTimation and 
uncertainty analysis software suite optimized for large environmental models. U.S. 
Geological Survey Techniques and Methods, Book 7, Chap. C12, 54p, 
doi:10.3133/tm7C12. 



134 

Wijsman, J. W. M., Middelburg, J. J., Herman, P. M. J., Böttcher, M. E., Heip, C. H. R. 
(2001). Sulfur and iron speciation in surface sediments along the northwestern 
margin of the Black Sea. Marine Chemistry, 74, 261-278. 

Williamson, M. A., and Rimstidt, J. D. (1994). The kinetics and electrochemical rate-
determining step of aqueous pyrite oxidation. Geochimica et Cosmochimica Acta, 
58(24), 5443-5454. 

Yanagisawa, F. and Sakai, H. (1983). Preparation of SO2 for sulfur isotope ratio 
measurements by thermal decompositions of BaSO4-V2O5-SiO2 mixtures. 
Analytical Chemistry, 55, 985- 987. 

Yi, L., Jiao, W., Chen, X., and Chen, W. (2011). An overview of reclaimed water reuse 
in China. Journal of Environmental Sciences, 23(10), 1585-1593. 

Ying, G.-G., Toze, S., Hanna, J., Yu, X.-Y., Dillon, P. J., and Kookana, R. S. (2008). 
Decay of endocrine-disrupting chemicals in aerobic and anoxic groundwater. Water 

Research, 42(4-5), 1133–1141. 

Zhang, Y.-C., Slomp, C. P., Broers, H. P., Passier, H. F., and van Cappellen, P. (2009). 
Denitrification coupled to pyrite oxidation and changes in groundwater quality in a 
shallow sandy aquifer. Geochimica and Cosmochimica Acta, 73, 6716-6726.  

Zhang, Y.-C., Slomp, C. P., Broers, H. P., Bostick, B., Passier, H. F., Böttcher, M. E., 
Omoregie, E. O., Lloyd, J. R., Polya, D. A., and van Cappellen, P. (2012). Isotopic 
and microbiological signatures of pyrite-driven denitrification in a sandy aquifer. 
Chemical Geology, 300-301, 123-132. 

Zhang, Y.-C., Prommer, H., Broers, H. P., Slomp, C. P., Greskowiak J., van der Grift, B., 
and van Cappellen, P. (2013). Model-based integration and analysis of 
biogeochemical and isotopic dynamics in a nitrate-polluted pyritic aquifer. 
Environmental Science and Technology, 47, 10415−10422.  

Zheng, C. (2006). MT3DMS v5.2 - Supplemental User’s Guide. Dept. of Geological 
Sciences, Univ. of Alabama, Tuscaloosa, Alabama. 

Zheng, C., and Wang, P. P. (1999). MT3DMS - A modular three - dimensional 
multispecies transport model for simulation of advection, dispersion and chemical 
reactions of contaminants in groundwater systems; Documentation and user’s guide. 
U.S. Army Engineer Research and Development Centre Contract Report SERDP-
99-1, 202, Vicksburg, MS. 

 



 

APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 

Parameterization of hydraulic conductivities in MZ3 and the low permeability 

layers 

The layers in MZ3 were combined into one, uniform hydraulic conductivity zone 

because the observed, steep chloride-breakthrough behaviour indicated little difference 

between arrival times for the individual layers in this zone.  

The low permeability layers were separated into three, laterally homogeneous, 

zones according to reported facies associations (Leyland, 2011) and geological 

interpretations. The first zone, between 124 mbgl and 174 mbgl, includes the low 

permeability layers stratified within the upper, high permeability zone of the aquifer, 

which predominantly consists of tidal channel deposits. The intermediate zone, between 

174 mbgl and 204 mbgl, represents the low permeability layers stratified within the 

predominantly low permeable section of the aquifer, which are primarily tidal flats 

deposits. The third zone consists of a single model layer, from 204 to 224 mbgl, for which 

a mixed silty-sand – sand lithology was identified; this includes an 8 m thick interval of 

tidal channel deposits at the layer bottom (Leyland, 2011). Based on geological evidence 

and minor flow log contributions, this 8 m thick sand interval and some additional minor 

interbedded sand layers indicate the existence of high permeability units within the deep, 

predominantly low conductive layer. However, this layer lies beneath the perforated 

intervals of the monitoring wells and therefore was not subdivided into low and high 

permeability layers as no monitoring data were available to support the separation. 

Instead, an average hydraulic conductivity was implemented in this layer and was allowed 

to vary over a relatively wide range during calibration with the upper limit set to a 

maximum overall transmissivity contribution of 20%. 



 

 

Figure SI 2-1: Cross-section through the modelling domain north of the injection well. Red cells indicate Multi-Node well nodes at the injection well (IW) and the 20N, 60N and 

240N monitoring location. White sections show high permeability layers with the layer name detailed on the figure. Light and dark grey areas show low permeability layers in the 

upper and lower injection interval. The deepest modelling layer (Layer 69) is displayed in blue. 



 

Influence of Multi-Node Wells 

As discussed earlier, all monitoring bores were explicitly simulated as multi-node 

wells (i.e., using the MNW package in MODFLOW) to account for the intra-borehole 

flows that may occur during both pumping (i.e., sampling events) and ambient conditions. 

In order to quantify the effects of MNW wells, the associated model results were 

compared with an additional simulation where monitoring bore sampling was not 

explicitly modeled and transmissivity-weighted concentration values were calculated for 

the well-node cells instead (Figures 2-4 and SI 2-2). The comparison of simulated 

temperatures and chloride concentrations showed generally only very small differences, 

in contrast to the findings by Ma et al. (2012), who observed a strong influence of intra-

borehole flows for similar screen lengths in a vertically heterogeneous aquifer. Only the 

two long-screen monitoring locations, BY19 and BY22, exhibited a notable influence of 

intra-borehole flow on simulated chloride concentrations (Figure SI 2-2). At these wells, 

significant intra-borehole flow occurred from the deeper model layers towards the 

shallower model layers throughout the injection period. Therefore, deeper groundwater 

containing higher chloride concentrations was transported through the well into layers of 

lower ambient chloride concentrations. This intra-borehole flow caused an increase in the 

simulated chloride concentrations, above the transmissivity weighted chloride 

concentrations, and agreed well with the rise in chloride concentrations above background 

concentrations, that was observed in the field after the start of injection (Figure SI 2-2).  

At all other monitoring locations, the simulation of multi-node wells did not provide 

any substantial influence or improvement of the simulation results. However, at some 

bores the simulated chloride concentrations during no-pumping events oscillated between 

close to background and relatively reduced chloride concentrations during breakthrough 

and thereafter (Figure SI 2-2). These concentration changes occurred when fluxes from 

different model layers, at different stages of injectant breakthrough, were entering the 

well. Concentrations obtained from simulated pumping events showed no significant 

difference from the transmissivity-weighted concentrations without pumping. Notable 

effects of the simulated pumping of the monitoring wells on the surrounding boreholes 

were not observed for any of the monitoring bores. 

 

 

 



 

 

Figure SI 2-2: Measured (black dots) and simulated chloride concentrations at selected monitoring 

locations. Simulation results include chloride concentrations from Multi-Node Wells (grey lines) and 

simulated sampling events (red dots), as well as computed transmissivity weighted chloride concentrations 

when the Multi-Node Well option and the monitoring well pumping are neglected (green line). Background 

conditions are marked in grey, the model calibration period in white and the model validation period in 

light blue.  

 

  



 

APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

Model Domain 

The two-dimensional, radial model was vertically discretised into 76 layers 

spanning across the Pinjar aquitard (77 to 124 mbgl) and the entire Leederville aquifer 

(124 to 224 mbgl; here Wanneroo member) covering the complete injection interval (122 

to 224 mbgl). The position of the injection and monitoring well screens, boundary 

conditions as well as the layer discretisation are displayed in the Figures SI 3-1 and 3-2. 

For the radial model the previous layer discretisation of the three-dimensional model was 

refined for some layers, while the hydraulic properties were maintained across the same 

depth intervals. In the lateral direction, the discretisation of the radial model varied 

between 2 m at the injection well and 100 m at the model boundary (Figure SI 3-1). A 

comparison between both models’ vertical discretisation is presented in Table SI 3-1. 

Hydraulic and heat transport parameters employed in the simulations are summarised in 

Table SI 3-2. 

 

 

Figure SI 3-1: Illustration of the radial-symmetric model domain.  

  



 

 

Figure SI 3-2: Schematic map of the injection and monitoring screen positions (screen widths not to scale) 

and applied boundary conditions in the radial-symmetric model domain.  

 

  



 

Table SI 3-1  Comparison between the three-dimensional model’s (Seibert et al., 2014) and the two-
dimensional, radial model’s depth discretisation on a layer base in meters below ground level (mbgL).  

 

3-D model Radial Model 3-D model Radial Model 

Layer 

No. 

Top of 

layer  

Layer 

No. 

Top of 

layer  

Layer 

No. 

Top of 

layer  

Layer 

No. 

Top of 

layer  

1-7 0 na na 39 156.79 38 156.81 

8 96.76 1-3 96.77 40 157.76 39-40 157.77 

9 120.48 4 120.50 41 160.46 41 160.47 

10 121.79 5 121.80 42 161.06 42 161.07 

11 122.70 6 122.72 43 162.46 43 162.47 

12 123.76 7 123.77 44 163.08 44 163.09 

13 124.76 8 124.77 45 163.76 45 163.77 

14 125.11 9 125.13 46 164.35 46 164.36 

15 125.50 10-11 125.52 47 165.26 47 165.27 

16 126.83 12 126.84 48 166.76 48 166.77 

17 128.19 13 128.21 49 169.56 49 169.57 

18 128.76 14-15 128.77 50 172.76 50 172.77 

19 130.56 16 130.57 51 177.11 51 177.13 

20 133.61 17 133.62 52 177.76 52 177.77 

21 134.76 18 134.77 53 178.76 53-54 178.77 

22 136.26 19 136.27 54 181.76 55 181.77 

23 136.84 20-21 136.85 55 182.76 56 182.77 

24 138.76 22 138.77 56 184.26 57 184.27 

25 139.51 23 139.53 57 185.26 58 185.27 

26 139.99 24 140.00 58 186.26 59 186.27 

27 140.56 25 140.57 59 186.67 60-62 186.69 

28 141.46 26 141.47 60 195.33 63 195.35 

29 142.96 27 142.97 61 196.76 64 196.77 

30 143.76 28 143.77 62 197.76 65 197.77 

31 144.76 29 144.77 63 198.73 66 198.74 

32 145.56 30 145.57 64 199.26 67-68 199.27 

33 146.26 31 146.27 65 201.26 69 201.27 

34 147.76 32 147.77 66 202.26 70 202.27 

35 149.76 33 149.77 67 203.04 71 203.05 

36 150.26 34-35 150.27 68 204.17 72 204.19 

37 151.92 36 151.93 69 204.76 73-76 204.78 

38 153.76 37 153.77 69 224.76 76 224.77 

 

  



 

Tab SI 3-2  Model flow and transport parameters based on the results of the calibrated heat and transport 
model described in Seibert et al. (2014). 

 

Parameter Model Parameter Values 

High Permeability 
Layers 

TCD: neff =  ntot = 0.36-0.39 ; Kh =6.35 - 87 [m/d]; Kv = 0.1 x Kh 

TFD: neff =  ntot = 0.36 ; Kh =6.76 - 92.82[m/d]; Kv = 0.1 x Kh 

Low Permeability 
Layers 

TCD: neff =  ntot = 0.03; Kh =0.5 [m/d]; Kv = 0.1 x Kh 

TFD: neff =  ntot = 0.03; Kh =0.15[m/d]; Kv = 0.1 x Kh 

Solute Transport  all: αL = 1[m]; αTH = 0.1 x αL [m]; αTV = 0.01 x αL [m] 

Heat Transport all:   
cs = 800 [J/(kg*K)]; кs =3.7[W/(m*K)] cw = 4186 [J/(kg*K)]; 

кw = 0.58 [W/(m*K)]; ρw =997 [kg/m3]  

 

  



 

Simulation of Heat Transport 

Heat transport was simulated following the analogy between solute and thermal 

energy transport as described in greater detail by Ma et al. (2012). Heat uptake by the 

sediment was approximated by the thermal distribution term Kd,th 
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where cs and cw represent the specific heat capacity of the sediment and water and 

ρw gives the density of water. Subsequently, thermal retardation (Rth) was simulated as 
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where ρb represents the bulk density and neff is the effective porosity of the sediment. 

Conductive heat transport was included over thermal diffusion term Dm,th 
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where ntot is the total porosity of the sediment and кs and кw represent the thermal 

conductivity of the solid. In the simulation, thermal retardation was simulated by analogy 

with instantaneous sorption of an artificial temperature species through surface 

complexation to an artificial surface species (Parkhurst and Appelo, 2013). The values 

for cs, кs, neff  and ntot were taken from the calibrated 3-dimensional model (Seibert et al. 

2014, Table SI 3-2), while for cw, кw and ρw literature values were employed  Thermal 

diffusion was integrated as species dependent diffusion based on the calibrated values for 

each hydraulic unit (Seibert et al., 2014). 

 

 

Parkhurst D. L. and Appelo C.A.J. (2013) Description of input and examples for 
PHREEQC version 3 – A computer program for speciation, batch-reaction, one-
dimensional transport, and inverse geochemical calculations: U.S. Geological 
Survey Techniques and Methods, book 6, chap. A43, 497 p.. 

 

 



 

Table SI 3-3   Field concentrations observed at monitoring wells BY06, BY07, BY12 and BY13. The term DAI indicates days after or before injection. 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY06 -658 7.20 8.44E-03 3.50E-04 4.84E-04 8.19E-04 2.22E-07 1.07E-05 4.66E-05 9.48E-03 1.51E-03 7.11E-07 1.78E-04 4.49E-04 

BY06 -630 7.12 7.92E-03 3.40E-04 4.64E-04 7.49E-04 2.22E-07 1.14E-05 3.94E-05 9.53E-03 1.51E-03 7.11E-07 2.87E-04 4.16E-04 

BY06 -601 6.83 7.74E-03 3.35E-04 4.92E-04 7.69E-04 2.59E-07 1.21E-05 4.48E-05 9.22E-03 1.56E-03 7.11E-07 2.33E-04 4.33E-04 

BY06 -573 7.05 8.57E-03 3.68E-04 5.29E-04 8.14E-04 1.85E-07 9.95E-06 4.30E-05 9.59E-03 1.51E-03 7.11E-07 2.64E-04 4.49E-04 

BY06 -546 8.50 7.48E-03 3.09E-04 4.77E-04 7.49E-04 1.85E-07 9.95E-06 4.66E-05 4.54E-03 1.25E-03 7.11E-07 9.79E-05 3.83E-04 

BY06 -518 7.11 8.09E-03 3.56E-04 5.14E-04 8.31E-04 2.59E-07 9.95E-06 4.66E-05 9.39E-03 1.51E-03 7.11E-07 2.90E-04 4.66E-04 

BY06 -490 6.87 7.92E-03 3.58E-04 5.24E-04 8.06E-04 1.85E-07 1.14E-05 4.66E-05 9.48E-03 1.51E-03 7.11E-07 2.71E-04 4.49E-04 

BY06 -461 6.80 7.96E-03 3.53E-04 5.64E-04 8.19E-04 1.11E-06 1.21E-05 3.76E-05 1.28E-02 1.61E-03 7.11E-07 2.71E-04 4.33E-04 

BY06 -434 6.92 7.83E-03 3.50E-04 5.46E-04 8.10E-04 1.85E-07 9.95E-06 4.83E-05 1.02E-02 1.39E-03 7.11E-07 3.58E-04 4.49E-04 

BY06 -400 6.82 8.05E-03 3.48E-04 5.26E-04 8.64E-04 1.85E-07 9.95E-06 5.37E-05 9.25E-03 2.00E-03 7.11E-07 2.91E-04 5.99E-04 

BY06 -364 6.80 8.09E-03 3.53E-04 5.19E-04 9.09E-04 1.85E-07 1.21E-05 5.19E-05 9.59E-03 1.51E-03 7.11E-07 2.77E-04 4.66E-04 

BY06 -343 6.52 8.35E-03 3.76E-04 5.29E-04 9.38E-04 1.85E-07 1.21E-05 5.55E-05 9.96E-03 1.51E-03 7.11E-07 2.71E-04 4.83E-04 

BY06 -20 7.08 7.96E-03 3.40E-04 5.91E-04 7.90E-04 1.85E-07 1.28E-05 4.12E-05 9.65E-03 1.90E-03 7.11E-07 2.88E-04 4.33E-04 

BY06 6 6.88 7.70E-03 3.40E-04 5.09E-04 8.43E-04 1.85E-07 1.14E-05 4.30E-05 9.62E-03 1.34E-03 7.11E-07 2.88E-04 4.66E-04 

BY06 19 6.94 6.87E-03 2.97E-04 4.59E-04 7.65E-04 1.85E-07 6.40E-06 3.58E-05 8.29E-03 1.80E-03 2.13E-06 2.53E-04 4.33E-04 

BY06 26 6.95 5.44E-03 2.40E-04 3.12E-04 5.59E-04 1.85E-07 9.24E-06 2.86E-05 6.21E-03 1.39E-03 2.20E-05 1.98E-04 4.49E-04 

BY06 40 7.10 2.85E-03 1.30E-04 1.15E-04 1.73E-04 1.85E-07 6.40E-06 8.95E-06 1.83E-03 1.39E-03 4.26E-06 1.48E-04 3.99E-04 

BY06 62 7.50 1.93E-03 1.07E-04 8.23E-05 1.03E-04 1.85E-07 4.26E-06 5.01E-06 1.02E-03 1.29E-03 1.42E-06 1.20E-04 3.33E-04 

BY06 76 7.36 1.88E-03 1.15E-04 8.98E-05 1.07E-04 1.85E-07 5.69E-06 5.37E-06 9.03E-04 1.44E-03 2.13E-06 1.01E-04 3.16E-04 

BY06 90 7.37 1.57E-03 1.07E-04 8.23E-05 1.07E-04 1.85E-07 5.69E-06 6.62E-06 8.18E-04 1.25E-03 2.84E-06 1.11E-04 3.16E-04 

BY06 104 7.67 1.44E-03 1.10E-04 1.02E-04 1.19E-04 1.85E-07 5.69E-06 8.06E-06 7.33E-04 1.51E-03 1.42E-06 1.16E-04 3.00E-04 

BY06 118 6.83 1.27E-03 1.10E-04 7.73E-05 1.23E-04 1.85E-07 7.82E-06 8.95E-06 6.49E-04 1.20E-03 2.13E-06 1.16E-04 2.83E-04 

BY06 132 7.19 1.34E-03 1.28E-04 9.73E-05 1.32E-04 1.85E-07 6.40E-06 8.77E-06 5.08E-04 1.25E-03 1.42E-06 1.13E-04 2.83E-04 

BY06 153 7.04 1.00E-03 1.23E-04 8.98E-05 1.32E-04 1.85E-07 7.82E-06 1.00E-05 4.23E-04 1.20E-03 2.84E-06 1.11E-04 2.83E-04 

BY06 168 7.05 1.07E-03 1.46E-04 1.10E-04 1.48E-04 1.85E-07 7.82E-06 1.13E-05 4.23E-04 1.25E-03 2.13E-06 1.17E-04 2.66E-04 

BY06 181 7.19 1.28E-03 1.66E-04 1.27E-04 1.73E-04 1.85E-07 7.82E-06 1.16E-05 3.95E-04 1.25E-03 2.13E-06 1.13E-04 3.00E-04 

BY06 196 7.24 9.48E-04 1.30E-04 1.05E-04 1.48E-04 1.85E-07 7.11E-06 1.22E-05 3.95E-04 1.10E-03 2.13E-06 1.11E-04 2.50E-04 

BY06 210 7.03 1.04E-03 1.53E-04 1.32E-04 1.89E-04 1.85E-07 9.24E-06 1.36E-05 3.95E-04 1.10E-03 6.40E-06 1.20E-04 3.00E-04 

BY06 224 7.22 7.96E-04 1.05E-04 9.98E-05 1.48E-04 1.85E-07 6.40E-06 1.20E-05 2.82E-04 1.25E-03 3.55E-06 1.19E-04 2.33E-04 

BY06 244 7.37 8.09E-04 1.15E-04 1.20E-04 1.77E-04 1.85E-07 7.82E-06 1.24E-05 2.82E-04 1.05E-03 5.69E-06 1.33E-04 2.00E-04 

BY06 259 7.01 8.13E-04 1.13E-04 1.27E-04 1.85E-04 1.85E-07 7.82E-06 1.11E-05 2.82E-04 1.05E-03 2.13E-06 1.35E-04 2.00E-04 



 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY06 272 6.87 8.48E-04 1.10E-04 1.25E-04 1.97E-04 1.85E-07 7.11E-06 1.25E-05 2.26E-04 1.39E-03 3.55E-06 1.31E-04 1.83E-04 

BY06 287 7.22 6.87E-04 8.95E-05 1.20E-04 1.81E-04 1.85E-07 7.82E-06 1.40E-05 2.54E-04 1.00E-03 7.11E-07 1.28E-04 2.00E-04 

BY06 309 7.21 7.35E-04 9.46E-05 1.32E-04 1.93E-04 1.85E-07 8.53E-06 1.59E-05 2.54E-04 1.00E-03 7.11E-07 1.34E-04 1.66E-04 

BY06 322 6.96 5.96E-04 7.67E-05 1.07E-04 1.73E-04 1.85E-07 8.53E-06 1.31E-05 2.54E-04 9.51E-04 7.11E-07 1.17E-04 1.66E-04 

BY06 335 7.11 7.66E-04 9.21E-05 1.32E-04 2.02E-04 1.85E-07 9.24E-06 1.79E-05 2.26E-04 9.51E-04 2.13E-06 1.23E-04 1.83E-04 

BY06 349 7.04 6.52E-04 7.93E-05 1.12E-04 1.69E-04 1.85E-07 8.53E-06 1.63E-05 2.26E-04 8.52E-04 2.13E-06 1.35E-04 1.66E-04 

BY06 363 6.75 6.83E-04 8.70E-05 1.25E-04 1.97E-04 1.85E-07 6.40E-06 1.79E-05 2.82E-04 9.51E-04 7.11E-07 1.27E-04 1.66E-04 

BY06 398 7.22 6.22E-04 7.16E-05 1.20E-04 1.77E-04 1.85E-07 1.07E-05 1.63E-05 2.82E-04 9.83E-04 7.11E-07 1.15E-04 1.83E-04 

BY06 404 6.92 6.92E-04 8.18E-05 1.25E-04 1.81E-04 1.85E-07 9.24E-06 1.79E-05 2.54E-04 1.02E-03 7.11E-07 1.34E-04 1.66E-04 

BY06 413 7.12 7.00E-04 8.95E-05 1.30E-04 2.02E-04 1.85E-07 9.24E-06 1.97E-05 2.54E-04 9.83E-04 7.11E-07 1.32E-04 1.83E-04 

BY06 425 6.91 6.61E-04 7.93E-05 1.20E-04 1.89E-04 1.85E-07 1.07E-05 1.97E-05 1.97E-04 9.83E-04 7.11E-07 1.21E-04 1.83E-04 

BY06 432 7.23 6.44E-04 7.42E-05 1.12E-04 1.77E-04 1.85E-07 8.53E-06 1.97E-05 1.97E-04 9.51E-04 7.11E-07 1.26E-04 1.83E-04 

BY06 440 6.88 6.13E-04 5.88E-05 9.48E-05 1.44E-04 1.85E-07 8.53E-06 1.67E-05 1.41E-04 9.18E-04 7.11E-07 1.09E-04 1.66E-04 

BY06 456 6.89 5.65E-04 7.16E-05 1.10E-04 1.65E-04 1.85E-07 1.42E-05 1.97E-05 1.41E-04 8.52E-04 7.11E-07 1.37E-04 1.83E-04 

BY06 488 7.03 5.74E-04 7.42E-05 1.15E-04 1.73E-04 1.85E-07 1.28E-05 1.97E-05 1.97E-04 8.19E-04 7.11E-07 1.17E-04 1.83E-04 

BY06 517 6.96 5.39E-04 7.16E-05 1.12E-04 1.69E-04 1.85E-07 1.21E-05 2.51E-05 2.26E-04 7.87E-04 7.11E-07 1.36E-04 1.83E-04 

BY06 546 6.89 5.48E-04 6.39E-05 1.17E-04 1.69E-04 1.85E-07 1.14E-05 2.33E-05 1.69E-04 7.70E-04 7.11E-07 1.28E-04 1.66E-04 

BY06 586 7.05 5.13E-04 5.37E-05 1.12E-04 1.65E-04 1.85E-07 1.14E-05 2.51E-05 1.69E-04 7.38E-04 7.11E-07 1.48E-04 1.53E-04 

BY06 609 7.05 5.22E-04 4.86E-05 1.12E-04 1.56E-04 1.85E-07 1.28E-05 2.69E-05 1.69E-04 7.21E-04 7.11E-07 1.23E-04 1.45E-04 

BY06 638 6.97 4.39E-04 4.09E-05 9.73E-05 1.40E-04 1.85E-07 1.35E-05 2.51E-05 1.13E-04 7.05E-04 7.11E-07 1.23E-04 1.33E-04 

BY06 672 6.85 5.13E-04 4.86E-05 1.27E-04 1.73E-04 1.85E-07 1.21E-05 3.22E-05 1.13E-04 7.05E-04 7.11E-07 1.39E-04 1.35E-04 

BY06 714 7.23 4.65E-04 3.84E-05 1.07E-04 1.52E-04 1.85E-07 1.42E-05 3.04E-05 1.97E-04 6.56E-04 7.11E-07 1.15E-04 1.30E-04 

BY06 734 6.97 4.52E-04 4.09E-05 1.05E-04 1.52E-04 1.85E-07 1.35E-05 3.04E-05 1.97E-04 6.56E-04 7.11E-07 1.26E-04 1.26E-04 

BY06 762 6.94 4.09E-04 3.58E-05 9.98E-05 1.32E-04 1.85E-07 1.42E-05 2.69E-05 2.26E-04 7.05E-04 7.11E-07 1.13E-04 1.23E-04 

BY07 -658 7.00 1.00E-02 3.91E-04 6.96E-04 1.07E-03 5.56E-07 1.63E-05 1.24E-04 1.25E-02 1.34E-03 7.11E-07 3.00E-04 4.83E-04 

BY07 -630 6.87 9.61E-03 3.86E-04 6.46E-04 9.87E-04 3.34E-07 1.35E-05 9.85E-05 1.29E-02 1.10E-03 7.11E-07 4.18E-04 4.49E-04 

BY07 -601 6.79 9.48E-03 3.58E-04 6.41E-04 1.02E-03 5.19E-07 1.35E-05 1.22E-04 1.24E-02 1.20E-03 7.11E-07 3.49E-04 4.99E-04 

BY07 -573 6.90 9.66E-03 3.50E-04 6.39E-04 9.67E-04 4.45E-07 1.14E-05 1.13E-04 1.22E-02 1.41E-03 7.11E-07 3.66E-04 4.83E-04 

BY07 -546 8.59 9.70E-03 3.53E-04 6.26E-04 9.79E-04 4.08E-07 1.28E-05 1.22E-04 1.21E-02 1.25E-03 7.11E-07 6.01E-04 4.99E-04 

BY07 -518 6.95 1.05E-02 3.91E-04 6.61E-04 1.07E-03 4.45E-07 1.07E-05 1.15E-04 1.29E-02 1.20E-03 7.11E-07 3.90E-04 4.66E-04 

BY07 -490 6.78 1.03E-02 3.94E-04 6.46E-04 1.04E-03 4.45E-07 1.35E-05 1.27E-04 1.30E-02 1.29E-03 7.11E-07 3.85E-04 4.99E-04 

BY07 -461 6.64 1.10E-02 3.91E-04 6.86E-04 1.11E-03 3.71E-07 1.42E-05 1.07E-04 1.56E-02 1.51E-03 1.42E-06 3.81E-04 4.49E-04 



 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY07 -435 6.72 1.05E-02 3.89E-04 6.39E-04 1.07E-03 1.85E-07 1.14E-05 1.15E-04 1.39E-02 1.29E-03 7.11E-07 3.87E-04 4.83E-04 

BY07 -400 6.66 1.11E-02 4.27E-04 6.96E-04 1.11E-03 1.85E-07 1.14E-05 1.34E-04 1.28E-02 1.00E-03 7.11E-07 4.11E-04 6.49E-04 

BY07 -364 6.63 1.06E-02 3.91E-04 6.41E-04 1.12E-03 4.45E-07 1.42E-05 1.34E-04 1.34E-02 1.29E-03 7.11E-07 3.84E-04 4.99E-04 

BY07 -343 6.35 1.04E-02 3.63E-04 5.96E-04 1.09E-03 3.34E-07 1.49E-05 1.29E-04 1.35E-02 1.20E-03 7.11E-07 3.75E-04 4.99E-04 

BY07 -22 6.93 1.07E-02 3.96E-04 7.44E-04 1.06E-03 2.59E-07 1.42E-05 1.06E-04 1.37E-02 1.51E-03 7.11E-07 4.42E-04 4.49E-04 

BY07 21 7.30 9.57E-04 4.09E-05 2.99E-05 2.47E-05 3.71E-07 2.13E-06 3.22E-06 3.95E-04 2.95E-04 1.21E-04 1.21E-04 2.33E-04 

BY07 26 7.50 8.66E-04 3.58E-05 2.50E-05 1.65E-05 1.85E-07 2.84E-06 1.09E-06 2.82E-04 3.44E-04 1.28E-04 1.10E-04 1.83E-04 

BY07 41 8.04 6.61E-04 5.12E-05 3.49E-05 2.06E-05 5.19E-07 3.55E-06 1.77E-06 2.26E-04 2.95E-04 1.35E-04 1.23E-04 1.03E-04 

BY07 62 7.90 6.66E-04 7.67E-05 4.24E-05 3.29E-05 2.59E-07 7.82E-06 2.15E-06 2.82E-04 2.95E-04 1.56E-04 1.17E-04 1.02E-04 

BY07 76 7.65 6.26E-04 7.16E-05 4.74E-05 3.29E-05 1.85E-07 1.07E-05 1.59E-06 2.54E-04 3.93E-04 1.63E-04 1.02E-04 1.02E-04 

BY07 90 7.51 6.31E-04 8.44E-05 5.24E-05 4.11E-05 1.85E-07 1.42E-05 2.33E-06 2.54E-04 3.93E-04 1.85E-04 1.01E-04 8.82E-05 

BY07 104 7.57 5.31E-04 7.42E-05 5.49E-05 4.11E-05 1.85E-07 1.42E-05 2.51E-06 2.26E-04 5.08E-04 1.49E-04 9.89E-05 8.32E-05 

BY07 118 6.94 5.18E-04 7.16E-05 4.99E-05 4.52E-05 1.85E-07 1.71E-05 2.51E-06 2.54E-04 4.43E-04 1.56E-04 9.68E-05 7.82E-05 

BY07 132 7.15 5.74E-04 6.39E-05 4.99E-05 4.52E-05 1.85E-07 1.42E-05 2.86E-06 2.26E-04 2.95E-04 1.71E-04 1.01E-04 6.99E-05 

BY07 153 7.12 5.39E-04 4.60E-05 4.99E-05 5.35E-05 1.85E-07 1.35E-05 1.79E-06 2.54E-04 3.44E-04 2.20E-04 9.89E-05 7.32E-05 

BY07 168 6.93 6.22E-04 4.86E-05 5.99E-05 5.76E-05 1.85E-07 1.35E-05 1.41E-06 2.82E-04 2.95E-04 2.13E-04 1.05E-04 7.82E-05 

BY07 181 6.91 5.83E-04 3.84E-05 5.24E-05 4.94E-05 2.22E-07 1.14E-05 9.49E-07 2.54E-04 2.95E-04 1.99E-04 1.06E-04 7.66E-05 

BY07 196 7.25 5.48E-04 3.07E-05 4.99E-05 4.52E-05 1.85E-07 9.95E-06 6.27E-07 2.54E-04 2.95E-04 1.99E-04 1.08E-04 8.15E-05 

BY07 210 7.02 6.35E-04 3.32E-05 5.24E-05 4.94E-05 2.59E-07 9.24E-06 5.01E-07 2.54E-04 1.97E-04 1.99E-04 1.12E-04 8.15E-05 

BY07 224 7.27 5.13E-04 2.81E-05 4.99E-05 5.35E-05 1.85E-07 6.40E-06 1.16E-06 2.54E-04 3.93E-04 2.13E-04 1.25E-04 5.99E-05 

BY07 244 6.97 5.61E-04 3.58E-05 6.24E-05 7.40E-05 1.85E-07 9.24E-06 1.47E-06 2.54E-04 2.46E-04 1.92E-04 1.41E-04 6.32E-05 

BY07 259 7.26 5.35E-04 3.32E-05 5.74E-05 6.58E-05 1.85E-07 8.53E-06 1.18E-06 2.26E-04 2.46E-04 1.35E-04 1.33E-04 6.82E-05 

BY07 272 6.40 5.18E-04 3.58E-05 6.24E-05 7.40E-05 1.85E-07 7.82E-06 1.79E-06 2.26E-04 3.93E-04 1.35E-04 1.30E-04 6.99E-05 

BY07 287 6.70 4.92E-04 3.32E-05 5.99E-05 7.40E-05 1.85E-07 9.24E-06 1.49E-06 2.26E-04 2.46E-04 1.35E-04 1.44E-04 8.65E-05 

BY07 307 6.97 4.61E-04 3.32E-05 4.99E-05 5.35E-05 1.85E-07 9.24E-06 5.19E-07 2.26E-04 1.97E-04 1.14E-04 1.17E-04 9.82E-05 

BY07 322 7.09 3.70E-04 2.30E-05 3.49E-05 4.11E-05 1.85E-07 8.53E-06 2.86E-07 2.26E-04 1.97E-04 1.14E-04 1.09E-04 8.15E-05 

BY07 335 6.74 4.83E-04 2.81E-05 4.24E-05 4.52E-05 1.85E-07 9.24E-06 7.70E-07 1.97E-04 1.97E-04 1.07E-04 1.23E-04 9.99E-05 

BY07 349 6.76 5.26E-04 3.32E-05 4.49E-05 4.94E-05 1.85E-07 9.95E-06 6.80E-07 2.54E-04 1.48E-04 1.56E-04 1.19E-04 7.99E-05 

BY07 363 7.12 5.57E-04 3.58E-05 4.99E-05 5.35E-05 1.85E-07 9.24E-06 6.27E-07 2.54E-04 1.97E-04 1.28E-04 1.18E-04 9.65E-05 

BY07 398 7.45 4.83E-04 2.81E-05 4.74E-05 4.11E-05 2.22E-07 1.14E-05 3.04E-07 2.82E-04 1.97E-04 7.04E-05 1.15E-04 1.10E-04 

BY07 404 7.04 5.44E-04 3.32E-05 4.99E-05 4.52E-05 1.85E-07 9.95E-06 4.30E-07 2.54E-04 1.97E-04 4.55E-05 1.53E-04 1.15E-04 

BY07 413 6.73 4.65E-04 3.07E-05 3.99E-05 4.11E-05 1.85E-07 8.53E-06 2.86E-07 1.69E-04 1.80E-04 6.18E-05 1.29E-04 1.26E-04 



 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY07 425 6.86 4.18E-04 3.07E-05 3.74E-05 4.11E-05 1.85E-07 9.24E-06 5.19E-07 1.41E-04 1.64E-04 7.82E-05 1.04E-04 8.99E-05 

BY07 432 7.26 3.83E-04 2.81E-05 3.74E-05 3.70E-05 1.85E-07 8.53E-06 5.91E-07 1.97E-04 1.64E-04 6.68E-05 1.10E-04 8.32E-05 

BY07 440 6.60 3.87E-04 2.56E-05 3.74E-05 4.11E-05 1.85E-07 9.24E-06 6.98E-07 1.69E-04 1.80E-04 6.47E-05 1.16E-04 7.99E-05 

BY07 456 7.09 3.78E-04 2.81E-05 3.99E-05 4.52E-05 1.85E-07 8.53E-06 6.27E-07 1.41E-04 1.64E-04 7.82E-05 1.18E-04 7.49E-05 

BY07 488 6.41 4.22E-04 2.56E-05 3.24E-05 4.11E-05 1.85E-07 7.11E-06 5.55E-07 1.97E-04 1.48E-04 7.82E-05 1.04E-04 7.32E-05 

BY07 517 6.64 4.48E-04 2.81E-05 4.49E-05 4.52E-05 1.85E-07 5.69E-06 1.15E-06 2.26E-04 1.31E-04 9.95E-05 1.07E-04 6.82E-05 

BY07 546 6.30 4.52E-04 2.56E-05 4.24E-05 4.52E-05 1.85E-07 5.69E-06 1.36E-06 1.69E-04 1.48E-04 1.07E-04 1.21E-04 5.99E-05 

BY07 586 6.17 4.39E-04 2.30E-05 3.74E-05 4.11E-05 1.85E-07 7.11E-06 1.24E-06 1.69E-04 1.15E-04 7.11E-05 1.17E-04 4.66E-05 

BY07 609 6.22 4.26E-04 2.05E-05 3.24E-05 3.29E-05 1.85E-07 5.69E-06 1.29E-06 1.41E-04 1.15E-04 8.53E-05 1.23E-04 4.66E-05 

BY07 638 6.02 3.39E-04 1.79E-05 3.24E-05 3.29E-05 1.85E-07 8.53E-06 1.79E-06 1.13E-04 1.15E-04 7.82E-05 1.18E-04 4.33E-05 

BY07 672 6.45 4.05E-04 2.05E-05 4.24E-05 4.11E-05 1.85E-07 7.82E-06 1.79E-06 1.41E-04 1.15E-04 4.69E-05 1.45E-04 5.16E-05 

BY07 734 6.04 4.26E-04 2.30E-05 3.74E-05 3.70E-05 1.85E-07 1.49E-05 3.04E-06 1.97E-04 9.83E-05 9.24E-05 1.15E-04 4.83E-05 

BY07 748 5.95 5.00E-04 2.56E-05 3.99E-05 4.11E-05 1.85E-07 1.63E-05 3.76E-06 2.26E-04 9.83E-05 1.28E-04 1.15E-04 6.32E-05 

BY07 762 6.00 4.48E-04 2.05E-05 3.49E-05 3.29E-05 1.85E-07 1.63E-05 2.86E-06 2.26E-04 8.19E-05 1.14E-04 1.30E-04 5.49E-05 

BY12 -657 6.95 1.11E-02 3.66E-04 4.99E-04 9.71E-04 2.97E-07 1.14E-05 6.98E-05 1.23E-02 1.51E-03 7.11E-07 4.34E-04 4.33E-04 

BY12 -629 6.84 1.07E-02 3.53E-04 4.57E-04 8.93E-04 1.85E-07 1.14E-05 5.91E-05 1.25E-02 1.39E-03 7.11E-07 5.04E-04 3.99E-04 

BY12 -602 6.82 1.06E-02 3.50E-04 4.67E-04 9.26E-04 2.22E-07 1.21E-05 6.45E-05 1.16E-02 1.51E-03 7.11E-07 3.99E-04 4.33E-04 

BY12 -573 6.98 1.12E-02 3.73E-04 4.89E-04 9.38E-04 1.85E-07 1.07E-05 5.73E-05 1.13E-02 1.51E-03 7.11E-07 4.24E-04 4.49E-04 

BY12 -545 8.23 1.03E-02 3.30E-04 4.52E-04 8.72E-04 1.85E-07 9.24E-06 6.09E-05 5.42E-03 1.39E-03 7.11E-07 1.08E-04 3.99E-04 

BY12 -518 6.92 1.07E-02 3.50E-04 4.59E-04 9.09E-04 1.85E-07 9.95E-06 5.55E-05 1.16E-02 1.39E-03 7.11E-07 4.35E-04 4.33E-04 

BY12 -460 6.64 1.08E-02 3.63E-04 4.79E-04 9.54E-04 3.71E-07 1.14E-05 5.73E-05 1.30E-02 1.61E-03 7.11E-07 3.82E-04 4.33E-04 

BY12 -434 6.85 1.03E-02 3.40E-04 4.47E-04 8.68E-04 1.85E-07 9.24E-06 5.91E-05 1.19E-02 1.61E-03 7.11E-07 4.09E-04 4.49E-04 

BY12 -399 6.66 9.48E-03 3.22E-04 4.22E-04 8.27E-04 1.85E-07 9.95E-06 6.27E-05 1.12E-02 1.70E-03 7.11E-07 3.96E-04 6.16E-04 

BY12 -363 6.66 9.66E-03 3.32E-04 4.32E-04 8.80E-04 1.85E-07 1.14E-05 6.27E-05 1.09E-02 1.51E-03 7.11E-07 3.74E-04 4.49E-04 

BY12 -342 6.55 9.83E-03 3.66E-04 4.49E-04 8.89E-04 1.85E-07 9.24E-06 6.45E-05 1.12E-02 1.51E-03 7.11E-07 3.63E-04 4.49E-04 

BY12 -189 nan 9.44E-03 3.27E-04 4.39E-04 8.10E-04 2.22E-07 1.28E-05 5.91E-05 1.07E-02 2.00E-03 7.11E-07 4.22E-04 4.33E-04 

BY12 -20 6.86 9.13E-03 3.27E-04 4.52E-04 8.23E-04 1.85E-07 8.53E-06 6.62E-05 1.01E-02 1.70E-03 7.11E-07 3.32E-04 4.33E-04 

BY12 28 6.83 7.57E-03 3.02E-04 3.92E-04 7.24E-04 1.85E-07 1.07E-05 6.45E-05 9.79E-03 1.20E-03 3.55E-06 3.04E-04 4.49E-04 

BY12 40 6.89 4.92E-03 1.82E-04 1.92E-04 3.99E-04 1.85E-07 7.82E-06 2.86E-05 5.02E-03 1.00E-03 1.28E-05 2.37E-04 3.83E-04 

BY12 62 7.04 3.97E-03 1.48E-04 1.37E-04 2.59E-04 1.85E-07 4.26E-06 1.72E-05 3.55E-03 9.01E-04 7.11E-07 2.26E-04 3.16E-04 

BY12 76 7.16 3.25E-03 1.18E-04 1.05E-04 2.14E-04 7.04E-07 4.26E-06 1.36E-05 2.82E-03 1.05E-03 1.42E-06 1.84E-04 2.83E-04 

BY12 90 7.11 3.18E-03 1.20E-04 1.07E-04 2.02E-04 1.85E-07 3.55E-06 1.06E-05 2.79E-03 9.51E-04 8.53E-06 1.97E-04 2.83E-04 



 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY12 104 7.25 2.84E-03 1.05E-04 8.73E-05 1.69E-04 1.85E-07 4.26E-06 7.88E-06 2.31E-03 1.00E-03 1.07E-05 1.83E-04 2.83E-04 

BY12 119 6.89 2.18E-03 8.95E-05 5.74E-05 1.32E-04 1.85E-07 4.26E-06 5.91E-06 2.06E-03 9.51E-04 1.21E-05 1.78E-04 2.50E-04 

BY12 132 7.11 2.64E-03 1.15E-04 7.49E-05 1.44E-04 1.85E-07 5.69E-06 5.01E-06 1.81E-03 9.01E-04 2.35E-05 1.84E-04 2.50E-04 

BY12 153 6.94 2.49E-03 1.43E-04 7.49E-05 1.32E-04 1.85E-07 6.40E-06 4.83E-06 1.58E-03 8.52E-04 2.56E-05 1.73E-04 2.50E-04 

BY12 169 6.94 2.17E-03 1.30E-04 6.99E-05 1.23E-04 1.85E-07 7.82E-06 4.83E-06 1.61E-03 9.51E-04 1.99E-05 1.66E-04 2.33E-04 

BY12 182 7.29 1.86E-03 1.20E-04 6.74E-05 1.23E-04 1.85E-07 4.98E-06 4.12E-06 1.47E-03 8.52E-04 9.95E-06 1.57E-04 2.33E-04 

BY12 196 7.47 1.92E-03 1.30E-04 6.99E-05 1.28E-04 1.85E-07 7.11E-06 3.94E-06 1.44E-03 9.01E-04 7.82E-06 1.54E-04 2.16E-04 

BY12 211 6.95 2.22E-03 1.28E-04 6.99E-05 1.36E-04 1.85E-07 6.40E-06 4.83E-06 1.30E-03 8.52E-04 7.11E-07 1.78E-04 2.33E-04 

BY12 224 7.21 1.88E-03 1.18E-04 6.49E-05 1.15E-04 1.85E-07 4.26E-06 3.94E-06 1.24E-03 7.54E-04 6.40E-06 1.74E-04 2.16E-04 

BY12 246 7.36 1.67E-03 8.95E-05 5.74E-05 1.07E-04 1.85E-07 7.82E-06 3.94E-06 1.13E-03 7.54E-04 2.84E-06 1.81E-04 2.00E-04 

BY12 259 7.23 1.74E-03 1.07E-04 6.49E-05 1.19E-04 1.85E-07 8.53E-06 3.94E-06 1.07E-03 8.03E-04 7.11E-07 1.84E-04 2.00E-04 

BY12 273 7.22 1.49E-03 9.97E-05 6.49E-05 1.19E-04 1.85E-07 9.95E-06 5.01E-06 1.02E-03 7.54E-04 7.11E-07 1.88E-04 2.00E-04 

BY12 287 7.33 1.47E-03 9.46E-05 5.99E-05 1.11E-04 1.85E-07 8.53E-06 4.66E-06 9.87E-04 7.54E-04 7.11E-07 1.75E-04 2.00E-04 

BY12 309 7.23 1.75E-03 9.97E-05 6.99E-05 1.28E-04 1.85E-07 8.53E-06 5.19E-06 1.16E-03 7.54E-04 7.11E-07 1.83E-04 2.00E-04 

BY12 322 7.08 2.07E-03 1.15E-04 8.23E-05 2.22E-04 1.85E-07 7.82E-06 4.12E-06 1.49E-03 8.03E-04 7.11E-07 1.79E-04 2.00E-04 

BY12 336 7.27 1.37E-03 8.44E-05 6.49E-05 1.15E-04 1.85E-07 7.11E-06 4.83E-06 9.59E-04 7.05E-04 7.11E-07 1.67E-04 1.83E-04 

BY12 350 7.32 1.24E-03 8.70E-05 6.49E-05 1.15E-04 1.85E-07 7.82E-06 4.66E-06 8.74E-04 6.56E-04 7.11E-07 1.92E-04 1.83E-04 

BY12 399 7.12 1.44E-03 8.18E-05 6.74E-05 1.28E-04 1.85E-07 8.53E-06 4.48E-06 1.10E-03 7.54E-04 7.11E-07 2.13E-04 2.00E-04 

BY12 427 7.26 1.24E-03 8.95E-05 6.74E-05 1.23E-04 1.85E-07 8.53E-06 5.37E-06 7.05E-04 7.21E-04 7.11E-07 1.92E-04 2.00E-04 

BY12 460 7.37 1.02E-03 8.18E-05 6.49E-05 1.15E-04 1.85E-07 9.95E-06 5.37E-06 5.64E-04 6.88E-04 1.42E-06 1.77E-04 1.83E-04 

BY12 490 7.12 9.44E-04 8.44E-05 6.74E-05 1.23E-04 1.85E-07 8.53E-06 5.01E-06 5.08E-04 6.72E-04 7.11E-07 1.50E-04 1.83E-04 

BY12 517 7.20 9.00E-04 8.44E-05 6.99E-05 1.23E-04 1.85E-07 9.24E-06 6.09E-06 4.80E-04 6.56E-04 7.11E-07 1.63E-04 1.83E-04 

BY12 546 7.18 8.70E-04 8.44E-05 7.24E-05 1.23E-04 1.85E-07 8.53E-06 5.37E-06 4.23E-04 6.39E-04 7.11E-07 1.59E-04 1.83E-04 

BY12 589 7.28 8.39E-04 7.93E-05 7.24E-05 1.36E-04 1.85E-07 8.53E-06 5.73E-06 2.26E-04 6.88E-04 7.11E-07 1.83E-04 1.66E-04 

BY12 609 7.15 8.44E-04 7.16E-05 6.74E-05 1.19E-04 1.85E-07 7.82E-06 5.73E-06 3.10E-04 6.72E-04 7.11E-07 1.56E-04 1.61E-04 

BY12 638 7.18 6.79E-04 6.14E-05 5.99E-05 1.07E-04 1.85E-07 8.53E-06 5.01E-06 2.54E-04 6.56E-04 7.11E-07 1.46E-04 1.53E-04 

BY12 679 7.20 7.66E-04 7.16E-05 7.24E-05 1.23E-04 1.85E-07 7.11E-06 5.37E-06 1.97E-04 6.56E-04 7.11E-07 1.50E-04 1.55E-04 

BY12 754 7.32 7.13E-04 6.39E-05 7.49E-05 1.40E-04 1.85E-07 9.95E-06 6.45E-06 2.54E-04 6.23E-04 7.11E-07 1.47E-04 1.55E-04 

BY12 756 7.06 7.31E-04 6.65E-05 7.49E-05 1.28E-04 1.85E-07 9.95E-06 7.16E-06 2.54E-04 6.23E-04 7.11E-07 1.51E-04 1.43E-04 

BY12 763 7.43 7.09E-04 6.39E-05 7.49E-05 1.36E-04 1.85E-07 9.95E-06 4.83E-06 2.26E-04 6.39E-04 7.11E-07 1.55E-04 1.41E-04 

BY13 -657 6.64 1.01E-02 4.02E-04 7.01E-04 1.22E-03 8.90E-07 1.49E-05 2.15E-04 1.20E-02 1.15E-03 7.11E-07 5.76E-04 4.99E-04 

BY13 -629 6.60 9.66E-03 3.89E-04 6.36E-04 1.09E-03 5.93E-07 1.35E-05 1.79E-04 1.31E-02 7.05E-04 7.11E-07 6.40E-04 4.33E-04 



 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY13 -602 6.54 9.57E-03 3.68E-04 6.29E-04 1.10E-03 7.04E-07 1.35E-05 1.79E-04 1.25E-02 7.54E-04 7.11E-07 5.11E-04 4.99E-04 

BY13 -573 6.66 9.44E-03 3.56E-04 6.19E-04 1.07E-03 7.41E-07 1.28E-05 1.97E-04 1.22E-02 1.10E-03 7.11E-07 6.27E-04 4.83E-04 

BY13 -546 7.95 9.83E-03 3.71E-04 6.31E-04 1.09E-03 6.67E-07 1.07E-05 1.97E-04 1.24E-02 1.44E-03 7.11E-07 4.09E-04 4.83E-04 

BY13 -518 6.67 9.57E-03 3.89E-04 6.39E-04 1.09E-03 5.93E-07 1.07E-05 1.74E-04 1.32E-02 8.03E-04 7.11E-07 5.62E-04 4.66E-04 

BY13 -489 6.52 9.96E-03 3.94E-04 6.34E-04 1.07E-03 1.85E-07 1.42E-05 1.97E-04 1.33E-02 1.39E-03 7.11E-07 4.79E-04 4.83E-04 

BY13 -460 6.39 1.10E-02 4.14E-04 6.74E-04 1.19E-03 7.41E-07 1.35E-05 1.79E-04 1.53E-02 1.29E-03 1.42E-06 5.04E-04 4.83E-04 

BY13 -434 6.58 1.01E-02 3.86E-04 6.36E-04 1.10E-03 1.85E-07 1.07E-05 1.77E-04 1.33E-02 1.20E-03 7.11E-07 5.18E-04 4.83E-04 

BY13 -399 6.45 1.04E-02 3.89E-04 6.49E-04 1.11E-03 1.85E-07 1.14E-05 1.79E-04 1.26E-02 1.29E-03 7.11E-07 5.52E-04 6.49E-04 

BY13 -364 6.35 1.02E-02 3.81E-04 6.19E-04 1.13E-03 5.93E-07 1.35E-05 1.79E-04 1.32E-02 1.00E-03 7.11E-07 4.88E-04 4.99E-04 

BY13 -343 6.29 1.04E-02 4.22E-04 6.36E-04 1.13E-03 5.93E-07 1.07E-05 1.75E-04 1.34E-02 1.10E-03 7.11E-07 4.86E-04 4.99E-04 

BY13 -21 6.68 1.06E-02 4.09E-04 6.26E-04 1.08E-03 3.71E-07 1.07E-05 1.54E-04 1.31E-02 1.39E-03 7.11E-07 4.58E-04 4.83E-04 

BY13 28 7.36 1.03E-02 3.86E-04 6.24E-04 1.09E-03 3.34E-07 1.35E-05 1.41E-04 1.40E-02 9.51E-04 7.11E-07 4.29E-04 5.16E-04 

BY13 41 6.71 9.31E-03 3.22E-04 5.76E-04 1.02E-03 2.97E-07 1.21E-05 1.27E-04 1.32E-02 1.10E-03 7.11E-07 4.64E-04 4.99E-04 

BY13 62 6.70 9.00E-03 3.43E-04 5.24E-04 9.13E-04 4.08E-07 1.07E-05 1.18E-04 1.15E-02 1.15E-03 1.42E-06 3.95E-04 4.99E-04 

BY13 76 6.73 7.13E-03 2.71E-04 3.82E-04 7.08E-04 1.74E-06 9.95E-06 8.77E-05 8.35E-03 1.29E-03 4.26E-06 2.97E-04 5.16E-04 

BY13 90 6.98 3.22E-03 1.28E-04 1.35E-04 2.34E-04 2.97E-07 4.26E-06 3.04E-05 3.19E-03 9.01E-04 9.95E-06 1.82E-04 4.33E-04 

BY13 104 7.14 2.24E-03 9.21E-05 1.05E-04 1.56E-04 3.71E-07 2.84E-06 1.97E-05 2.00E-03 1.00E-03 7.82E-06 1.53E-04 3.83E-04 

BY13 119 7.02 1.25E-03 5.12E-05 2.25E-05 5.35E-05 4.08E-07 2.13E-06 7.88E-06 9.87E-04 7.54E-04 7.11E-06 1.46E-04 3.33E-04 

BY13 133 7.29 8.66E-04 4.09E-05 9.98E-06 1.23E-05 8.90E-07 1.42E-06 2.33E-06 2.82E-04 6.06E-04 1.49E-05 1.10E-04 3.16E-04 

BY13 153 7.71 7.96E-04 3.84E-05 2.50E-06 8.23E-06 6.30E-07 1.42E-06 1.79E-06 2.82E-04 4.43E-04 1.71E-05 1.02E-04 3.00E-04 

BY13 169 6.93 7.79E-04 3.32E-05 4.99E-06 8.23E-06 5.93E-07 1.42E-06 1.79E-06 2.82E-04 3.93E-04 1.49E-05 1.02E-04 2.83E-04 

BY13 182 7.40 5.79E-04 2.56E-05 4.99E-06 8.23E-06 6.30E-07 2.84E-06 1.50E-06 2.54E-04 4.43E-04 8.53E-06 9.68E-05 2.33E-04 

BY13 197 7.34 8.00E-04 3.58E-05 4.99E-06 8.23E-06 5.93E-07 1.42E-06 1.79E-06 2.82E-04 4.43E-04 6.40E-06 9.26E-05 3.00E-04 

BY13 211 6.99 8.79E-04 3.58E-05 7.49E-06 1.65E-05 4.82E-07 1.42E-06 1.59E-06 2.54E-04 3.93E-04 5.69E-06 1.01E-04 2.66E-04 

BY13 224 7.45 6.79E-04 2.81E-05 4.99E-06 8.23E-06 4.82E-07 7.11E-07 1.34E-06 2.26E-04 6.06E-04 1.63E-05 9.79E-05 2.50E-04 

BY13 246 7.60 7.13E-04 3.07E-05 4.99E-06 8.23E-06 2.97E-07 1.42E-06 1.24E-06 2.54E-04 3.44E-04 5.61E-05 1.10E-04 2.16E-04 

BY13 259 7.30 8.13E-04 3.84E-05 7.49E-06 8.23E-06 2.22E-07 1.42E-06 1.06E-06 2.54E-04 3.44E-04 5.69E-05 1.16E-04 2.16E-04 

BY13 273 7.19 6.92E-04 3.07E-05 4.99E-06 8.23E-06 3.34E-07 1.42E-06 9.85E-07 2.54E-04 2.95E-04 7.11E-05 1.20E-04 2.16E-04 

BY13 287 7.39 7.13E-04 3.32E-05 4.99E-06 8.23E-06 3.34E-07 2.84E-06 1.07E-06 2.82E-04 2.95E-04 5.76E-05 1.21E-04 2.16E-04 

BY13 307 7.28 6.44E-04 3.07E-05 4.99E-06 8.23E-06 2.22E-07 2.13E-06 8.06E-07 2.54E-04 2.46E-04 3.62E-05 1.15E-04 2.00E-04 

BY13 322 7.32 5.92E-04 2.81E-05 4.99E-06 8.23E-06 2.59E-07 1.42E-06 7.52E-07 2.82E-04 2.95E-04 1.56E-05 1.13E-04 1.66E-04 

BY13 336 7.57 7.35E-04 3.32E-05 4.99E-06 8.23E-06 4.45E-07 2.13E-06 9.49E-07 2.82E-04 2.46E-04 4.26E-06 1.25E-04 1.83E-04 



 

Well DAI pH Na K Ca Mg Al Amm Fe (filt) Cl HCO3 NO3 SO4 Si 

BY13 350 7.39 6.87E-04 3.07E-05 4.99E-06 8.23E-06 2.59E-07 7.11E-07 1.00E-06 2.54E-04 2.95E-04 7.11E-07 1.37E-04 1.58E-04 

BY13 399 7.69 6.61E-04 3.07E-05 4.99E-06 8.23E-06 2.97E-07 2.13E-06 1.32E-06 1.97E-04 2.95E-04 7.11E-07 1.47E-04 1.58E-04 

BY13 404 7.26 6.79E-04 3.32E-05 7.49E-06 8.23E-06 1.85E-07 1.42E-06 1.49E-06 2.54E-04 3.11E-04 7.11E-07 1.33E-04 1.48E-04 

BY13 413 7.36 6.57E-04 3.32E-05 4.99E-06 8.23E-06 1.85E-07 2.84E-06 1.20E-06 1.69E-04 2.79E-04 7.11E-07 1.32E-04 1.48E-04 

BY13 427 7.54 6.83E-04 3.58E-05 7.49E-06 1.23E-05 1.85E-07 1.42E-06 1.50E-06 2.54E-04 2.79E-04 7.11E-07 1.26E-04 1.45E-04 

BY13 433 7.92 7.05E-04 3.84E-05 7.49E-06 1.23E-05 1.85E-07 2.13E-06 1.43E-06 2.26E-04 2.79E-04 7.11E-07 1.27E-04 1.40E-04 

BY13 440 7.30 7.00E-04 3.07E-05 7.49E-06 1.23E-05 1.85E-07 2.13E-06 1.36E-06 2.82E-04 2.62E-04 7.11E-07 1.25E-04 1.28E-04 

BY13 460 7.55 6.52E-04 3.84E-05 7.49E-06 1.23E-05 1.85E-07 2.84E-06 1.45E-06 1.97E-04 2.79E-04 7.11E-07 1.32E-04 1.41E-04 

BY13 490 7.30 5.83E-04 3.84E-05 7.49E-06 1.23E-05 1.85E-07 2.84E-06 1.27E-06 1.41E-04 2.95E-04 7.11E-07 1.10E-04 1.48E-04 

BY13 517 7.39 6.00E-04 5.12E-05 7.49E-06 1.23E-05 1.85E-07 3.55E-06 1.79E-06 1.97E-04 2.95E-04 7.11E-07 1.21E-04 1.60E-04 

BY13 546 7.35 5.79E-04 5.37E-05 9.98E-06 1.65E-05 1.85E-07 4.26E-06 1.97E-06 1.97E-04 2.95E-04 7.11E-07 1.17E-04 1.66E-04 

BY13 589 7.24 5.52E-04 5.88E-05 1.25E-05 2.06E-05 1.85E-07 5.69E-06 2.33E-06 1.97E-04 2.79E-04 7.11E-07 1.34E-04 1.60E-04 

BY13 609 7.13 5.74E-04 6.65E-05 1.25E-05 2.06E-05 1.85E-07 5.69E-06 2.51E-06 1.69E-04 2.79E-04 7.11E-07 1.21E-04 1.50E-04 

BY13 638 7.18 4.70E-04 6.14E-05 1.25E-05 2.06E-05 1.85E-07 7.11E-06 2.33E-06 1.69E-04 2.95E-04 7.11E-07 1.21E-04 1.41E-04 

BY13 680 7.23 5.13E-04 7.42E-05 1.50E-05 2.47E-05 1.85E-07 7.11E-06 2.86E-06 1.41E-04 2.79E-04 7.11E-07 1.22E-04 1.35E-04 

BY13 700 7.34 5.26E-04 7.67E-05 1.75E-05 2.88E-05 1.85E-07 7.11E-06 2.86E-06 1.41E-04 3.44E-04 7.11E-07 1.27E-04 1.25E-04 

BY13 734 7.16 4.96E-04 7.93E-05 2.00E-05 3.29E-05 1.85E-07 7.82E-06 3.58E-06 1.69E-04 2.79E-04 7.11E-07 1.26E-04 1.12E-04 

BY13 763 7.63 5.00E-04 8.44E-05 2.25E-05 4.11E-05 1.85E-07 7.82E-06 3.76E-06 1.69E-04 2.62E-04 7.11E-07 1.25E-04 1.08E-04 

 

 
 



 

 

Fig SI 3-3  Concentration breakthrough curves ([mol/L] except pH) at TCD monitoring wells BY07 and 

BY13 in 20 and 60 meter distance from the injection well. The black circles represent field measurement. 

The grey dashed line indicates simulation results when no mineral buffering or cation exchange proceeds. 

The brown and the blue lines represent simulations assuming chlorite (chlor1) and glauconite (glauc1) 

dissolution when no cation exchange processes are considered 

  



 

 

Fig SI 3-4  Illustration Concentration breakthrough curves ([mol/L] except pH) at TCD monitoring wells 
BY07 and BY13 in 20 and 60 meter distance from the injection well. The black circles represent field 
measurements, the grey dashed line indicates simulation results when no mineral buffering or cation 
exchange proceeds. The brown, blue and orange lines show model variants assuming mineral buffering by 
chlorite dissolution assuming an adapted equilibrium constant (log_k = 58.38), glauconite dissolution 
assuming an adapted stoichiometric formula (Ca0.22K0.45Fe1.03Mg1.01Fe0.05Al0.32Si3.735O10(OH)2) and proton 
buffering. After 400 d chlorite dissolution switches back to the original equilibrium constant 
(log_k = 68.38) for visualisation.   



 

Sensitivity Analysis 

During the sensitivity analysis, parameter values calibrated as zero were only 

slightly modified (0.001) and as a consequence, the relative sensitivity to these parameters 

was determined as zero. In the simulations these were the equilibrium conditions assumed 

for ferrihydrite, gibbsite and amorphous silica (thus the saturation indices were set to 

zero) and the non-proton buffering cation exchange capacity for MZ1 (x1) and MZ3 (x3). 

In all model variants, pH was foremost sensitive to the rate parameters of the 

buffering mineral reaction (glauc1, chlor1, sid1) or, in the case of proton buffering, the 

concentration of proton exchanger sites. In cases were the concentration of the buffering 

mineral was notably diminished during the simulation (glauc1, chlor1), pH was 

additionally sensitive to the initial concentrations of these minerals. The sensitivity to the 

initial concentrations most likely reflects their role in the duration and rate reduction of 

the buffering process. Other parameters with a strong influence on pH were the 

concentration of cation exchange sites and the rate parameters for pyrite, sediment organic 

matter and ferrous iron oxidation. The strong influence of the cation exchange capacity 

was most prominent for pH buffering by siderite dissolution (sid1: all MZ; glauc1, chlor1: 

MZ4 and MZ5) and possibly reflects either (i) the influence of cation exchange on the 

saturation state of siderite through the release or uptake of cations, or (ii) the release and 

subsequent oxidation of ferrous iron from exchanger sites – or a combination thereof. 

The sensitivities of the simulated oxygen and nitrate concentrations showed similar 

distributions for the different model variants. Oxygen was found most sensitive to pyrite 

oxidation, pH buffering parameters and, to a lesser extent, the concurring processes of 

SOM and ferrous iron oxidation. The relative strong sensitivity to parameters that also 

influence pH buffering possibly reflects the pH dependency of pyrite (Equation 3-1) and 

ferrous iron oxidation (Equation 3-8). Nitrate was most strongly influenced by the rate 

parameters representing SOM oxidation by nitrate, pyrite and ferrous iron oxidation, and 

pH buffering parameters.  

Apart from ferrous iron, the mono- and divalent cation concentrations were 

foremost influenced by the cation exchange capacity and, especially in the case of 

divalent cations, the relevant pH buffering parameters and pyrite oxidation. The 

sensitivities towards the relevant pH buffering process and pyrite oxidation as the main 

driver for pH buffering, are most likely caused by the direct release of the specific cation 

during the mineral dissolution process or by a subsequent release from the cation 

exchanger sites in response to the uptake of another cation (or proton). Compared to the 



 

other cations, ferrous iron additionally showed an increased sensitivity towards siderite 

dissolution and pyrite oxidation, possibly due to the direct release of ferrous iron by both 

processes. 

Dissolved inorganic carbon (DIC) was mostly sensitive to SOM oxidation by nitrate 

and, where applicable, to siderite dissolution. Additionally, the parameters for pyrite 

oxidation, as a rivalling process for nitrate and oxygen consumption, were significantly 

sensitive. For regions were siderite buffering prevailed, cation exchange and the oxidation 

of ferrous iron also had a notable effect on DIC, possibly due to their influence on siderite 

saturation.  

Sensitivities for sulfate were consistent among the model variants, with pyrite and 

SOM oxidation as the most influential processes. Aside from that, mostly the parameters 

influencing pH buffering behavior played an important role, which is most likely due to 

the pH dependence of the pyrite oxidation reaction. 

  



 

Table SI 3-4 Tested Composites   

Composite Reaction Parameter Equation 

fe2_p1 Ferrous iron oxidation kO2 (3-8) 

fe2_p2 Ferrous iron oxidation kNO3 (3-8) 

pyr_p1 Pyrite oxidation f2 (3-1) 

pyr_p2 Pyrite oxidation Apyr/V  (3-1) 

som_p1 SOM oxidation kO2 (3-2) 

som_p2 SOM oxidation kNO3 (3-2) 

cl_p1 Chlorite dissolution Achlor/V  (3-11) 

c1 Chlorite initial concentration m0 at MZ1 (3-11) 

c2 Chlorite initial concentration m0 at MZ2 (3-11) 

c3 Chlorite initial concentration m0 at MZ3 (3-11) 

glauc_p1 Glauconite dissolution Aglauc/V  (3-9) 

glauc_p2 Glauconite dissolution p (3-9) 

g1 Glauconite initial concentration m0 at MZ1 (3-9) 

g2 Glauconite initial concentration m0 at MZ2 (3-9) 

g3 Glauconite initial concentration m0 at MZ3 (3-9) 

sid_p1 Siderite dissolution Asid/V (3-6) 

sid_p2 Siderite dissolution a (3-6) 

feri_eq Equilibrium reaction SI Ferrihydrite  na 

gib_eq Equilibrium reaction SI Gibbsite na 

si_eq Equilibrium reaction SI amorphous Silica  na 

x1 Cation exchange w/o proton buffering CEC at MZ1 na 

x2 Cation exchange w/o proton buffering CEC at MZ2 na 

x3 Cation exchange w/o proton buffering CEC at MZ3 na 

x4 Cation exchange w/o proton buffering CEC at MZ4 na 

x5 Cation exchange w/o proton buffering CEC at MZ5 na 

y1 Cation exchange with proton buffering CEC at MZ1 na 

y2 Cation exchange with proton buffering CEC at MZ2 na 

y3 Cation exchange with proton buffering CEC at MZ3 na 

y4 Cation exchange with proton buffering CEC at MZ4 na 

y5 Cation exchange with proton buffering CEC at MZ5 na 

 

 

  



 

Table SI 3-5  Relative sensitivities of the simulated solute concentrations to the tested composites (Table 
SI3-4) for model runs prot1 (all MZ), sid1 (all MZ), glauc1 (MZ1-3; MZ4-5: sid1) and chlor1 (MZ1-3; 
MZ4-5: sid1). Dissolved inorganic carbon (DIC) field values employed for the performance of the 
sensitivity analysis were calculated based on the observed field pH and water chemistry using the 
geochemical modelling software PHREEQC. 

 Proton Buffering Chlorite Buffering Glauconite Buffering Siderite Buffering 

         

pH                 

 y3 3.10E-02 cl_p1 2.76E-02 g3 1.74E-02 x5 9.74E-03 

 y1 1.13E-02 c1 1.69E-02 g1 1.73E-02 sid_p1 5.23E-03 

 y2 8.97E-03 c2 1.62E-02 x5 1.20E-02 pyr_p2 4.58E-03 

 y5 5.43E-03 c3 1.41E-02 glauc_p2 9.65E-03 x3 3.62E-03 

 y4 2.47E-03 x5 9.42E-03 g2 8.89E-03 x2 2.35E-03 

 x4 1.62E-03 x3 4.59E-03 glauc_p1 3.80E-03 x4 2.15E-03 

 pyr_p2 1.44E-03 pyr_p2 3.74E-03 pyr_p2 3.64E-03 som_p2 2.05E-03 

 som_p2 1.39E-03 x2 3.54E-03 sid_p1 3.37E-03 x1 1.67E-03 

 som_p1 9.90E-04 sid_p1 3.24E-03 x3 3.32E-03 fe2_p2 1.55E-03 

 x5 9.27E-04 x1 3.03E-03 x4 2.82E-03 fe2_p1 9.05E-04 

 x2 8.69E-04 som_p2 2.27E-03 x2 1.84E-03 pyr_p1 4.61E-04 

 fe2_p1 7.30E-04 x4 2.22E-03 som_p2 1.67E-03 som_p1 4.53E-04 

 fe2_p2 3.05E-04 fe2_p1 1.44E-03 x1 1.54E-03 sid_p2 0.00E+00 

 pyr_p1 1.53E-04 som_p1 1.39E-03 fe2_p2 1.20E-03 feri_eq 0.00E+00 

 feri_eq 0.00E+00 fe2_p2 1.37E-03 fe2_p1 8.55E-04 gib_eq 0.00E+00 

 gib_eq 0.00E+00 pyr_p1 1.10E-03 pyr_p1 6.39E-04 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 5.32E-04   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
O(0)                 

 pyr_p2 3.80E-07 pyr_p2 4.71E-07 pyr_p2 4.37E-07 pyr_p2 1.87E-07 

 y3 3.53E-07 c3 7.61E-08 g3 1.08E-07 sid_p1 2.36E-08 

 y1 5.60E-08 som_p2 6.86E-08 g1 7.44E-08 som_p2 2.30E-08 

 y2 5.59E-08 som_p1 4.71E-08 som_p2 5.56E-08 som_p1 1.42E-08 

 som_p2 5.01E-08 cl_p1 4.03E-08 som_p1 4.25E-08 fe2_p1 3.04E-09 

 som_p1 4.15E-08 c1 1.33E-08 glauc_p2 3.98E-08 fe2_p2 1.92E-09 

 fe2_p1 1.04E-08 c2 6.48E-09 g2 3.29E-08 x2 8.30E-10 

 pyr_p1 2.43E-09 x3 4.82E-09 glauc_p1 1.79E-08 x3 7.55E-10 

 x2 1.57E-09 x1 4.49E-09 x3 1.19E-08 x1 6.89E-10 

 fe2_p2 1.45E-09 pyr_p1 3.23E-09 x1 3.68E-09 pyr_p1 4.16E-10 

 y4 1.11E-13 fe2_p1 2.67E-09 fe2_p1 2.64E-09 x4 1.03E-13 

 y5 9.09E-14 x2 1.30E-09 pyr_p1 2.61E-09 x5 1.08E-14 

 x4 4.68E-14 fe2_p2 3.37E-10 x2 2.37E-09 sid_p2 0.00E+00 

 x5 7.81E-15 sid_p1 2.33E-12 fe2_p2 1.72E-09 feri_eq 0.00E+00 

 feri_eq 0.00E+00 x5 1.30E-12 x5 3.63E-10 gib_eq 0.00E+00 

 gib_eq 0.00E+00 x4 4.38E-13 sid_p1 2.14E-10 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 x4 5.20E-11   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Na                 

 y3 2.25E-06 x5 5.70E-06 x5 5.35E-06 x3 5.53E-06 

 y1 1.21E-06 x3 2.31E-06 x4 2.14E-06 x5 5.50E-06 

 x4 8.95E-07 x4 2.08E-06 x3 1.98E-06 x2 2.66E-06 

 x5 7.42E-07 x1 1.84E-06 x1 1.34E-06 x1 2.38E-06 

 y2 6.80E-07 x2 1.36E-06 sid_p1 1.22E-06 x4 2.06E-06 



 

 Proton Buffering Chlorite Buffering Glauconite Buffering Siderite Buffering 

         

 y5 6.30E-07 sid_p1 1.08E-06 x2 1.11E-06 sid_p1 1.62E-06 

 y4 6.26E-07 c1 8.59E-07 g1 4.88E-07 som_p2 1.25E-06 

 x2 5.42E-07 cl_p1 7.34E-07 pyr_p2 4.56E-07 fe2_p2 8.99E-07 

 pyr_p2 2.74E-07 c2 5.39E-07 som_p2 4.50E-07 pyr_p2 8.34E-07 

 som_p2 1.91E-07 pyr_p2 5.24E-07 g3 3.46E-07 fe2_p1 2.08E-07 

 fe2_p2 1.11E-07 som_p2 5.00E-07 g2 3.13E-07 pyr_p1 2.07E-07 

 pyr_p1 1.03E-07 c3 3.06E-07 fe2_p2 2.48E-07 som_p1 7.05E-08 

 som_p1 3.51E-08 fe2_p1 2.33E-07 glauc_p2 1.84E-07 sid_p2 0.00E+00 

 fe2_p1 2.87E-08 fe2_p2 1.50E-07 fe2_p1 1.76E-07 feri_eq 0.00E+00 

 feri_eq 0.00E+00 pyr_p1 1.37E-07 pyr_p1 1.49E-07 gib_eq 0.00E+00 

 gib_eq 0.00E+00 som_p1 5.19E-08 glauc_p1 8.80E-08 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 4.54E-08   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
K                 

 y3 7.98E-07 x5 1.26E-06 x5 1.43E-06 x5 1.24E-06 

 y1 4.18E-07 x3 1.06E-06 x3 1.11E-06 x3 1.07E-06 

 x5 2.07E-07 x1 5.37E-07 g1 6.35E-07 x1 5.63E-07 

 x4 1.86E-07 x4 3.42E-07 g3 5.61E-07 x4 3.41E-07 

 y5 1.76E-07 x2 2.67E-07 x1 4.69E-07 x2 2.41E-07 

 y2 1.46E-07 sid_p1 1.60E-07 x2 4.29E-07 sid_p1 2.31E-07 

 y4 1.34E-07 cl_p1 1.24E-07 g2 3.31E-07 som_p2 1.19E-07 

 x2 1.10E-07 c1 9.59E-08 x4 3.30E-07 pyr_p2 9.79E-08 

 pyr_p2 3.45E-08 pyr_p2 7.98E-08 glauc_p2 3.03E-07 fe2_p2 9.53E-08 

 som_p2 2.56E-08 c2 7.82E-08 sid_p1 1.63E-07 fe2_p1 2.93E-08 

 pyr_p1 1.32E-08 som_p2 5.33E-08 pyr_p2 1.13E-07 pyr_p1 1.65E-08 

 fe2_p2 1.00E-08 fe2_p1 4.51E-08 glauc_p1 1.03E-07 som_p1 9.84E-09 

 som_p1 5.35E-09 c3 4.15E-08 som_p2 7.61E-08 sid_p2 0.00E+00 

 fe2_p1 4.59E-09 pyr_p1 2.11E-08 fe2_p2 5.39E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 fe2_p2 1.51E-08 fe2_p1 2.96E-08 gib_eq 0.00E+00 

 gib_eq 0.00E+00 som_p1 7.27E-09 pyr_p1 2.22E-08 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 1.54E-08   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
NH4                 

 y3 1.98E-07 x5 1.78E-07 x5 1.58E-07 x5 1.82E-07 

 y1 1.25E-07 x3 1.72E-07 x3 1.45E-07 x3 1.21E-07 

 x5 6.41E-08 x1 1.25E-07 x1 9.37E-08 x1 1.04E-07 

 x4 5.84E-08 x2 9.61E-08 x4 7.97E-08 x2 8.95E-08 

 y5 5.13E-08 x4 8.61E-08 x2 7.88E-08 x4 8.60E-08 

 y2 4.52E-08 cl_p1 8.35E-08 g1 3.77E-08 sid_p1 5.44E-08 

 x2 4.41E-08 c1 4.91E-08 sid_p1 3.33E-08 pyr_p2 3.45E-08 

 y4 3.62E-08 sid_p1 3.59E-08 pyr_p2 2.74E-08 som_p2 9.56E-09 

 pyr_p2 1.87E-08 c3 3.44E-08 g3 2.70E-08 fe2_p1 8.78E-09 

 som_p2 6.28E-09 c2 3.40E-08 g2 2.34E-08 fe2_p2 6.29E-09 

 fe2_p1 3.10E-09 pyr_p2 3.10E-08 glauc_p2 1.76E-08 som_p1 1.80E-09 

 pyr_p1 2.65E-09 som_p2 1.00E-08 glauc_p1 6.88E-09 pyr_p1 1.56E-09 

 som_p1 2.18E-09 fe2_p1 9.26E-09 som_p2 6.17E-09 sid_p2 0.00E+00 

 fe2_p2 1.36E-09 som_p1 6.49E-09 fe2_p1 5.68E-09 feri_eq 0.00E+00 

 feri_eq 0.00E+00 fe2_p2 5.83E-09 fe2_p2 4.97E-09 gib_eq 0.00E+00 

 gib_eq 0.00E+00 pyr_p1 5.23E-09 pyr_p1 2.84E-09 si_eq 0.00E+00 



 

 Proton Buffering Chlorite Buffering Glauconite Buffering Siderite Buffering 

         

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 2.08E-09   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Ca                 

 y3 1.14E-06 x1 4.40E-07 x5 4.47E-07 x3 4.46E-07 

 y1 6.74E-07 c1 4.32E-07 g1 3.15E-07 sid_p1 4.32E-07 

 y2 2.39E-07 x5 3.99E-07 x1 2.14E-07 x1 4.09E-07 

 y5 1.66E-07 x3 3.37E-07 g3 1.66E-07 x5 3.91E-07 

 x4 1.13E-07 cl_p1 3.29E-07 glauc_p2 1.43E-07 x2 3.09E-07 

 x5 1.01E-07 c2 2.98E-07 sid_p1 1.33E-07 som_p2 2.05E-07 

 x2 9.51E-08 x2 2.47E-07 x4 1.32E-07 pyr_p2 2.01E-07 

 pyr_p2 9.20E-08 x4 1.62E-07 x2 1.25E-07 x4 1.53E-07 

 y4 7.44E-08 sid_p1 1.46E-07 x3 1.21E-07 fe2_p2 1.20E-07 

 som_p2 4.86E-08 c3 9.80E-08 g2 1.20E-07 fe2_p1 3.55E-08 

 som_p1 2.36E-08 pyr_p2 9.79E-08 pyr_p2 9.16E-08 som_p1 2.27E-08 

 fe2_p1 1.60E-08 som_p2 6.99E-08 glauc_p1 5.12E-08 pyr_p1 1.46E-08 

 pyr_p1 1.37E-08 fe2_p1 2.34E-08 som_p2 4.49E-08 sid_p2 0.00E+00 

 fe2_p2 1.21E-08 som_p1 2.11E-08 fe2_p2 2.70E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 fe2_p2 1.63E-08 fe2_p1 1.79E-08 gib_eq 0.00E+00 

 gib_eq 0.00E+00 pyr_p1 1.60E-08 pyr_p1 1.55E-08 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 1.24E-08   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Mg                 

 y3 7.17E-07 x5 8.14E-07 x5 9.07E-07 x3 8.50E-07 

 y1 3.37E-07 x3 7.91E-07 g3 5.34E-07 x5 8.05E-07 

 y5 2.92E-07 c1 6.50E-07 g1 4.48E-07 sid_p1 6.51E-07 

 y2 2.79E-07 c2 6.05E-07 x4 2.99E-07 x2 4.14E-07 

 x4 2.68E-07 cl_p1 5.90E-07 sid_p1 2.88E-07 x4 3.62E-07 

 x5 1.91E-07 x2 4.73E-07 glauc_p2 2.77E-07 som_p2 2.96E-07 

 y4 1.79E-07 x1 4.68E-07 x3 2.28E-07 x1 2.92E-07 

 x2 1.23E-07 c3 4.51E-07 g2 2.21E-07 pyr_p2 2.80E-07 

 pyr_p2 9.45E-08 x4 3.57E-07 x2 1.99E-07 fe2_p2 1.79E-07 

 som_p2 6.04E-08 sid_p1 3.16E-07 pyr_p2 1.66E-07 fe2_p1 4.33E-08 

 pyr_p1 2.06E-08 pyr_p2 1.76E-07 x1 1.58E-07 som_p1 3.33E-08 

 som_p1 1.84E-08 som_p2 1.01E-07 glauc_p1 9.54E-08 pyr_p1 2.78E-08 

 fe2_p1 1.69E-08 fe2_p1 3.93E-08 som_p2 7.46E-08 sid_p2 0.00E+00 

 fe2_p2 1.25E-08 som_p1 3.09E-08 fe2_p1 3.29E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 pyr_p1 2.24E-08 fe2_p2 2.56E-08 gib_eq 0.00E+00 

 gib_eq 0.00E+00 fe2_p2 1.93E-08 som_p1 2.34E-08 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 pyr_p1 2.08E-08   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Ba                 

 y2 2.23E-10 c1 5.66E-10 g1 4.10E-10 x3 5.27E-10 

 x4 1.72E-10 x1 5.46E-10 x5 3.93E-10 sid_p1 5.24E-10 

 x2 1.46E-10 cl_p1 4.16E-10 x1 2.59E-10 x1 5.06E-10 

 y4 1.11E-10 c2 4.10E-10 g3 2.06E-10 x2 4.11E-10 

 y5 1.09E-10 x3 3.98E-10 x4 2.05E-10 x5 3.41E-10 



 

 Proton Buffering Chlorite Buffering Glauconite Buffering Siderite Buffering 

         

 x5 8.50E-11 x5 3.45E-10 sid_p1 1.85E-10 pyr_p2 2.51E-10 

 pyr_p2 7.67E-11 x2 3.34E-10 glauc_p2 1.83E-10 som_p2 2.49E-10 

 y3 4.24E-11 x4 2.32E-10 x2 1.67E-10 x4 2.29E-10 

 som_p2 3.03E-11 sid_p1 1.95E-10 g2 1.63E-10 fe2_p2 1.42E-10 

 y1 2.22E-11 pyr_p2 1.29E-10 x3 1.42E-10 fe2_p1 4.42E-11 

 som_p1 1.13E-11 c3 1.28E-10 pyr_p2 1.22E-10 som_p1 3.07E-11 

 pyr_p1 1.12E-11 som_p2 8.45E-11 glauc_p1 6.49E-11 pyr_p1 1.58E-11 

 fe2_p1 8.92E-12 som_p1 2.75E-11 som_p2 5.62E-11 sid_p2 0.00E+00 

 fe2_p2 8.34E-12 fe2_p1 2.67E-11 fe2_p2 3.37E-11 feri_eq 0.00E+00 

 feri_eq 0.00E+00 pyr_p1 1.91E-11 fe2_p1 2.07E-11 gib_eq 0.00E+00 

 gib_eq 0.00E+00 fe2_p2 1.88E-11 pyr_p1 1.98E-11 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 1.83E-11   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Sr                 

 y2 4.09E-10 x5 1.27E-09 x5 1.45E-09 x3 1.29E-09 

 y5 4.04E-10 x3 9.69E-10 g1 6.32E-10 x5 1.25E-09 

 x4 3.53E-10 c1 8.72E-10 g3 5.06E-10 sid_p1 9.79E-10 

 x5 3.13E-10 x1 8.46E-10 sid_p1 4.32E-10 x1 7.93E-10 

 x2 2.66E-10 cl_p1 7.49E-10 x4 4.24E-10 x2 7.32E-10 

 y4 2.29E-10 c2 7.29E-10 x1 4.01E-10 x4 4.72E-10 

 pyr_p2 1.75E-10 x2 5.94E-10 x3 3.44E-10 som_p2 4.67E-10 

 y3 1.28E-10 x4 4.79E-10 glauc_p2 3.34E-10 pyr_p2 4.64E-10 

 som_p2 9.21E-11 sid_p1 4.54E-10 x2 3.00E-10 fe2_p2 2.90E-10 

 y1 3.91E-11 c3 3.16E-10 g2 2.94E-10 fe2_p1 8.12E-11 

 pyr_p1 3.25E-11 pyr_p2 2.35E-10 pyr_p2 2.23E-10 som_p1 5.26E-11 

 fe2_p1 2.80E-11 som_p2 1.64E-10 som_p2 1.29E-10 pyr_p1 4.01E-11 

 som_p1 2.36E-11 fe2_p1 6.00E-11 glauc_p1 1.19E-10 sid_p2 0.00E+00 

 fe2_p2 1.63E-11 som_p1 4.64E-11 fe2_p2 5.70E-11 feri_eq 0.00E+00 

 feri_eq 0.00E+00 pyr_p1 3.96E-11 fe2_p1 4.89E-11 gib_eq 0.00E+00 

 gib_eq 0.00E+00 fe2_p2 3.33E-11 pyr_p1 3.98E-11 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 3.27E-11   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Fe                 

 y3 3.19E-07 x5 2.99E-07 x5 3.64E-07 pyr_p2 4.60E-07 

 y1 2.31E-07 x4 1.57E-07 x4 2.23E-07 sid_p1 3.37E-07 

 pyr_p2 1.51E-07 sid_p1 1.01E-07 sid_p1 1.48E-07 x5 2.89E-07 

 som_p2 5.46E-08 cl_p1 7.31E-08 som_p2 6.28E-08 x3 2.58E-07 

 y5 4.79E-08 som_p2 7.10E-08 pyr_p2 3.53E-08 x2 1.72E-07 

 x5 4.00E-08 x1 5.32E-08 x1 3.22E-08 x1 1.64E-07 

 fe2_p2 2.90E-08 x3 3.83E-08 x2 3.08E-08 x4 1.53E-07 

 fe2_p1 2.63E-08 pyr_p2 3.26E-08 x3 2.78E-08 som_p2 7.03E-08 

 y2 2.33E-08 x2 2.66E-08 fe2_p2 2.06E-08 fe2_p2 5.84E-08 

 pyr_p1 2.08E-08 pyr_p1 1.94E-08 g1 1.70E-08 fe2_p1 5.63E-08 

 x4 1.90E-08 c1 1.91E-08 fe2_p1 1.57E-08 pyr_p1 2.16E-08 

 y4 1.52E-08 c3 1.70E-08 pyr_p1 1.52E-08 som_p1 1.82E-08 

 x2 1.42E-08 fe2_p1 1.19E-08 som_p1 1.47E-08 sid_p2 0.00E+00 

 som_p1 9.62E-09 som_p1 1.17E-08 g3 1.35E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 fe2_p2 9.56E-09 glauc_p2 6.19E-09 gib_eq 0.00E+00 

 gib_eq 0.00E+00 c2 8.86E-09 g2 3.92E-09 si_eq 0.00E+00 



 

 Proton Buffering Chlorite Buffering Glauconite Buffering Siderite Buffering 

         

 si_eq 0.00E+00 sid_p2 0.00E+00 glauc_p1 2.44E-09   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Mn                 

 y1 6.60E-10 cl_p1 8.97E-10 x5 7.62E-10 x5 6.99E-10 

 y3 5.43E-10 x1 8.76E-10 x1 3.53E-10 x3 6.93E-10 

 y2 3.39E-10 x5 7.14E-10 g1 3.20E-10 x1 6.34E-10 

 y5 2.41E-10 x3 6.96E-10 sid_p1 2.54E-10 sid_p1 5.89E-10 

 x4 2.31E-10 c1 5.71E-10 x4 2.54E-10 x2 5.77E-10 

 x5 1.68E-10 x2 5.64E-10 x2 2.16E-10 som_p2 2.84E-10 

 x2 1.64E-10 c2 5.04E-10 x3 2.03E-10 x4 2.80E-10 

 y4 1.55E-10 sid_p1 2.89E-10 g2 1.84E-10 pyr_p2 2.42E-10 

 pyr_p2 9.87E-11 x4 2.85E-10 g3 1.68E-10 fe2_p2 1.74E-10 

 som_p2 5.37E-11 som_p2 2.42E-10 glauc_p2 1.66E-10 fe2_p1 4.79E-11 

 fe2_p2 1.90E-11 pyr_p2 2.41E-10 pyr_p2 1.11E-10 som_p1 3.21E-11 

 pyr_p1 1.79E-11 c3 1.94E-10 som_p2 7.50E-11 pyr_p1 2.02E-11 

 som_p1 1.71E-11 som_p1 1.53E-10 glauc_p1 6.18E-11 sid_p2 0.00E+00 

 fe2_p1 1.42E-11 fe2_p2 1.41E-10 fe2_p2 5.15E-11 feri_eq 0.00E+00 

 feri_eq 0.00E+00 pyr_p1 1.25E-10 fe2_p1 2.61E-11 gib_eq 0.00E+00 

 gib_eq 0.00E+00 fe2_p1 1.23E-10 pyr_p1 2.46E-11 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 som_p1 1.55E-11   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Al                 

 y3 2.43E-10 cl_p1 1.75E-08 g3 1.15E-09 x3 1.42E-09 

 y1 2.42E-10 x3 1.26E-08 g1 9.59E-10 sid_p1 6.22E-10 

 x4 1.68E-10 c3 6.90E-09 sid_p1 7.42E-10 pyr_p2 4.45E-10 

 y2 1.33E-10 c1 5.96E-09 x3 5.99E-10 som_p2 4.39E-10 

 x2 9.35E-11 c2 5.68E-09 glauc_p2 5.26E-10 x4 3.68E-10 

 x5 8.68E-11 x2 5.56E-09 pyr_p2 4.85E-10 x2 3.39E-10 

 som_p2 6.16E-11 som_p2 5.36E-09 som_p2 4.36E-10 fe2_p2 3.12E-10 

 pyr_p2 3.77E-11 x1 4.47E-09 x4 4.35E-10 x5 2.83E-10 

 y4 3.50E-11 pyr_p2 4.24E-09 g2 4.21E-10 x1 2.60E-10 

 fe2_p2 2.41E-11 som_p1 2.86E-09 fe2_p2 3.56E-10 pyr_p1 1.38E-10 

 y5 1.76E-11 fe2_p2 2.51E-09 glauc_p1 3.00E-10 fe2_p1 9.14E-11 

 pyr_p1 1.53E-11 pyr_p1 2.47E-09 x5 2.66E-10 som_p1 3.51E-11 

 som_p1 8.32E-12 fe2_p1 2.40E-09 x2 2.52E-10 sid_p2 0.00E+00 

 fe2_p1 3.48E-12 sid_p1 2.01E-09 pyr_p1 2.16E-10 feri_eq 0.00E+00 

 feri_eq 0.00E+00 x5 9.35E-10 x1 1.65E-10 gib_eq 0.00E+00 

 gib_eq 0.00E+00 x4 5.66E-10 som_p1 1.18E-10 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 fe2_p1 1.06E-10   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Cl                 

 y3 6.03E-12 som_p2 2.22E-11 som_p2 1.80E-11 som_p2 9.17E-12 

 som_p2 2.72E-12 pyr_p1 2.01E-11 pyr_p2 1.60E-11 sid_p1 8.44E-12 

 pyr_p2 2.46E-12 pyr_p2 1.84E-11 pyr_p1 1.46E-11 x5 8.18E-12 

 fe2_p2 1.94E-12 som_p1 8.12E-12 sid_p1 1.35E-11 x3 4.76E-12 

 som_p1 7.14E-13 c2 8.10E-12 fe2_p2 1.16E-11 x2 4.13E-12 



 

 Proton Buffering Chlorite Buffering Glauconite Buffering Siderite Buffering 

         

 fe2_p1 7.14E-13 x3 5.42E-12 som_p1 9.38E-12 pyr_p2 3.70E-12 

 y1 2.80E-13 cl_p1 4.96E-12 g2 9.21E-12 x4 3.58E-12 

 x2 2.75E-13 x4 3.59E-12 glauc_p2 9.19E-12 x1 2.58E-12 

 y2 2.04E-13 x1 3.27E-12 fe2_p1 9.19E-12 som_p1 1.85E-12 

 x4 1.63E-13 x5 2.72E-12 x3 9.03E-12 pyr_p1 4.44E-13 

 y4 1.18E-13 fe2_p1 1.17E-12 x2 4.96E-12 fe2_p2 4.48E-15 

 pyr_p1 2.15E-14 x2 9.65E-13 g1 3.74E-12 fe2_p1 0.00E+00 

 feri_eq 0.00E+00 c1 6.05E-13 x4 2.70E-12 sid_p2 0.00E+00 

 gib_eq 0.00E+00 fe2_p2 4.44E-13 g3 1.08E-12 feri_eq 0.00E+00 

 si_eq 0.00E+00 c3 4.44E-13 x1 8.69E-13 gib_eq 0.00E+00 

 x1 0.00E+00 sid_p1 9.08E-15 glauc_p1 8.37E-13 si_eq 0.00E+00 

 x3 0.00E+00 sid_p2 0.00E+00 x5 3.72E-13   

 x5 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 y5 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
DIC                 

 som_p2 2.18E-06 x5 2.20E-06 som_p2 2.07E-06 sid_p1 3.48E-06 

 pyr_p2 1.17E-06 som_p2 2.09E-06 pyr_p2 1.66E-06 pyr_p2 2.64E-06 

 pyr_p1 5.19E-07 pyr_p2 1.61E-06 sid_p1 1.38E-06 som_p2 2.08E-06 

 som_p1 4.56E-07 sid_p1 1.21E-06 x5 1.26E-06 x5 1.91E-06 

 y3 1.68E-07 pyr_p1 6.50E-07 pyr_p1 6.44E-07 fe2_p2 1.73E-06 

 fe2_p2 1.31E-07 x4 4.66E-07 x4 6.32E-07 x3 1.49E-06 

 y4 1.07E-07 som_p1 4.34E-07 som_p1 4.37E-07 pyr_p1 8.62E-07 

 y2 1.02E-07 fe2_p1 3.85E-07 fe2_p1 2.82E-07 x1 5.37E-07 

 y1 9.27E-08 x1 3.65E-07 fe2_p2 2.55E-07 x2 4.98E-07 

 x4 8.09E-08 x3 2.57E-07 x1 1.62E-07 x4 4.37E-07 

 y5 6.53E-08 fe2_p2 2.24E-07 x2 7.76E-08 fe2_p1 3.53E-07 

 x5 4.27E-08 x2 2.18E-07 g2 6.42E-08 som_p1 3.18E-07 

 x2 3.07E-08 cl_p1 1.33E-07 g3 5.82E-08 sid_p2 0.00E+00 

 fe2_p1 1.39E-08 c1 7.79E-08 x3 5.36E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 c2 7.22E-08 g1 5.22E-08 gib_eq 0.00E+00 

 gib_eq 0.00E+00 c3 3.36E-08 glauc_p2 4.29E-08 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 glauc_p1 1.74E-08   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
NO3                 

 som_p2 8.31E-07 som_p2 8.64E-07 som_p2 8.32E-07 som_p2 7.11E-07 

 pyr_p2 3.45E-07 pyr_p2 3.16E-07 pyr_p2 3.26E-07 pyr_p2 3.06E-07 

 y3 1.60E-07 cl_p1 2.42E-07 g1 2.45E-07 sid_p1 1.30E-07 

 pyr_p1 9.72E-08 x1 2.17E-07 g3 1.94E-07 fe2_p2 8.68E-08 

 y2 8.31E-08 pyr_p1 1.26E-07 g2 1.85E-07 pyr_p1 7.12E-08 

 y1 7.14E-08 x3 1.24E-07 glauc_p2 1.77E-07 x3 6.17E-08 

 x2 5.60E-08 c1 1.08E-07 pyr_p1 9.52E-08 x1 3.58E-08 

 fe2_p2 5.16E-08 x2 8.36E-08 x3 6.84E-08 x4 2.79E-08 

 som_p1 3.52E-08 c2 7.17E-08 glauc_p1 6.32E-08 som_p1 2.72E-08 

 x4 2.95E-08 c3 5.74E-08 x1 5.32E-08 x2 2.38E-08 

 y4 2.73E-08 som_p1 3.14E-08 x2 4.77E-08 fe2_p1 1.23E-08 

 fe2_p1 8.48E-09 x4 2.97E-08 som_p1 3.59E-08 x5 6.42E-09 

 y5 5.72E-09 sid_p1 2.18E-08 sid_p1 3.21E-08 sid_p2 0.00E+00 

 x5 4.99E-09 fe2_p2 1.77E-08 fe2_p2 3.15E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 fe2_p1 1.76E-08 x4 2.35E-08 gib_eq 0.00E+00 

 gib_eq 0.00E+00 x5 5.36E-09 fe2_p1 1.56E-08 si_eq 0.00E+00 
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 si_eq 0.00E+00 sid_p2 0.00E+00 x5 5.94E-09   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
SO4                 

 pyr_p2 7.92E-07 pyr_p2 8.44E-07 pyr_p2 8.52E-07 pyr_p2 8.95E-07 

 som_p2 7.81E-07 som_p2 7.58E-07 som_p2 7.72E-07 som_p2 7.20E-07 

 pyr_p1 3.32E-07 pyr_p1 3.47E-07 pyr_p1 3.28E-07 pyr_p1 3.19E-07 

 som_p1 2.33E-07 som_p1 2.27E-07 som_p1 2.27E-07 som_p1 2.06E-07 

 y3 7.82E-08 x5 1.40E-07 x5 9.90E-08 sid_p1 1.56E-07 

 y1 7.15E-08 x3 4.24E-08 g1 8.37E-08 x5 1.39E-07 

 y2 3.90E-08 cl_p1 4.03E-08 g3 7.61E-08 fe2_p1 4.61E-08 

 y5 2.39E-08 fe2_p1 3.90E-08 g2 7.03E-08 fe2_p2 2.96E-08 

 x5 2.27E-08 x1 3.34E-08 glauc_p2 6.51E-08 x3 1.59E-08 

 fe2_p1 1.86E-08 c2 2.69E-08 sid_p1 3.88E-08 x1 1.46E-08 

 y4 1.74E-08 x2 2.47E-08 fe2_p1 3.60E-08 x4 1.11E-08 

 x2 1.03E-08 sid_p1 2.45E-08 x3 3.11E-08 x2 9.46E-09 

 fe2_p2 8.53E-09 c1 2.12E-08 x2 3.00E-08 sid_p2 0.00E+00 

 x4 5.55E-09 c3 1.77E-08 glauc_p1 2.99E-08 feri_eq 0.00E+00 

 feri_eq 0.00E+00 x4 1.19E-08 x1 2.70E-08 gib_eq 0.00E+00 

 gib_eq 0.00E+00 fe2_p2 7.64E-09 x4 1.75E-08 si_eq 0.00E+00 

 si_eq 0.00E+00 sid_p2 0.00E+00 fe2_p2 1.49E-08   

 x1 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 x3 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   
Si         

 som_p2 1.16E-12 som_p2 1.04E-06 g1 2.99E-06 som_p2 2.27E-13 

 pyr_p2 1.08E-12 cl_p1 9.85E-07 g3 2.59E-06 pyr_p2 2.08E-13 

 pyr_p1 1.06E-12 c1 9.22E-07 g2 1.89E-06 fe2_p2 1.73E-13 

 y3 2.72E-13 x1 7.63E-07 glauc_p2 1.33E-06 pyr_p1 1.71E-13 

 fe2_p2 2.42E-13 x3 7.54E-07 pyr_p2 8.80E-07 fe2_p1 1.61E-13 

 x5 1.13E-13 c2 7.39E-07 som_p2 7.87E-07 sid_p1 1.27E-13 

 som_p1 8.15E-14 x2 5.34E-07 x1 7.18E-07 som_p1 1.11E-13 

 y2 7.79E-14 c3 5.25E-07 fe2_p2 7.00E-07 x1 1.06E-13 

 x4 2.03E-14 pyr_p2 4.06E-07 x3 6.45E-07 x3 8.30E-14 

 x2 1.97E-14 pyr_p1 2.13E-07 x2 6.03E-07 x5 7.76E-14 

 y1 1.20E-14 fe2_p2 5.59E-08 glauc_p1 5.00E-07 x2 5.40E-14 

 fe2_p1 0.00E+00 fe2_p1 5.13E-08 pyr_p1 1.78E-07 x4 2.31E-14 

 feri_eq 0.00E+00 som_p1 4.34E-08 fe2_p1 1.47E-07 sid_p2 0.00E+00 

 gib_eq 0.00E+00 sid_p1 1.83E-08 som_p1 9.32E-08 feri_eq 0.00E+00 

 si_eq 0.00E+00 x5 8.21E-09 sid_p1 2.91E-08 gib_eq 0.00E+00 

 x1 0.00E+00 x4 4.43E-09 x5 9.20E-09 si_eq 0.00E+00 

 x3 0.00E+00 sid_p2 0.00E+00 x4 5.34E-09   

 y4 0.00E+00 feri_eq 0.00E+00 sid_p2 0.00E+00   

 y5 0.00E+00 gib_eq 0.00E+00 feri_eq 0.00E+00   

   si_eq 0.00E+00 gib_eq 0.00E+00   

     si_eq 0.00E+00   

 

  



 

APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 

Modelling domain 

 

 

Figure SI 4-1: Schematic map of the ASR and monitoring wells screen positions (screen widths not to 

scale) and applied boundary conditions in the radial-symmetric model domain.  

  



 

Interpretation of the observed δ34S signal variability of sedimentary pyrite  

The stable sulphur isotope composition in sedimentary pyrite is largely resulting 

from the isotopic discrimination during bacterial sulphate reduction (BSR), the 

predecessor of sedimentary pyrite formation. Under open system conditions for sulphate 

and slow BSR rates, the preferential metabolization of 32S-sulphate can lead to an isotopic 

fractionation factor up to -46 ‰ between the original sulphate source and the produced 

hydrogen sulphide (Rees; 1973). The isotopic signal of this 32S enriched hydrogen 

sulphide is then captured by the formation of sedimentary pyrite without further 

fractionation (Böttcher et al., 1998).  

Seawater sulphate is known to have an approximately uniform stable sulphur 

isotope composition worldwide 21.0±0.25‰ (Thode et al., 1961, Rees 1978), but a 

variable δ34S signal over geological time scales (e.g., Claypool et al., 1980; Strauss, 1997; 

Paytan et al., 2004). However, when assuming a maximum δ34S signal variation from 15 

to 20 ‰ for Cretaceous seawater sulphate (Paytan et al., 2004) and a fractionation factor 

of -46 ‰, a substantial amount of the δ34S values in Leederville pyrite remains 

unaccounted for (Figure 4-3), as the majority resides in the bracket between Cretaceous 

seawater sulphate and the calculated minimum (-26 to -31 ‰). Deviations from the 

fractionation factor of -46 ‰ have been observed by numerous studies before (e.g., Rees, 

1973; Strauss, 1997; Canfield, 2001; Wijsman et al,. 2001) and can in part be explained 

by the reducing organisms themselves as well as the environmental conditions they 

encounter during reduction (Rees, 1973, Chambers and Trudinger, 1979, Canfield, 2001). 

Isotopic signals between the δ34S signal of the source sulphate and -46 ‰ fractionation 

can be caused by a high cellular rate and/ or a limitation of the available sulphate 

concentrations during BSR (e.g., Rees, 1973; Chambers and Trudinger, 1979; Canfield, 

2001). In natural environments, (partially) closed system conditions for sulphate and thus 

a limitation of sulphate available for BSR during early diagenesis can be achieved, for 

example, by high organic matter reactivity or high sediment accumulation rates (Wijsman 

et al., 2001). As the encountered sediment organic matter is relatively unreactive 

(Descourvieres et al. 2010a), a high sediment accumulation rate leading to (partially) 

closed system conditions for sulphate appears the most likely explanation for those stable 

sulphur isotope signals in the Leederville aquifer material. The lowest δ34S value of -

31.98 ‰, measured for sedimentary pyrite at 260 mbgl (LC13), shows a 32S-enrichment 

that exceeds ∆34S -46 ‰ fractionation between 1 and 6 ‰ depending on the selected 

isotope source signal for Cretaceous sulphate. This value could either indicate that the 



 

experimental fractionation factor does not constitute the maximum achievable 

fractionation (Rees, 1973; Brunner and Bernasconi, 2007), or that a localised re-oxidation 

of hydrogen sulphide occurred that further depleted the 34S-concentration of the sulphate 

source during diagenesis (e.g., Wijsman et al., 2001).  

The highest δ34S value of +33.98 ‰ measured for sedimentary pyrite (SC34, 

455 mbgl) shows a positive enrichment of +14 - 19 ‰ towards Cretaceous seawater. This 

value lies above the experimental fractionation factor of +3 ‰ reported for BSR under 

strong sulphate limitation (Rees, 1973) and could indicate a diffusional loss of 32S 

enriched hydrogen sulphide during early diagenesis. Following the Rayleigh distillation 

curve, diffusive loss of hydrogen sulphide prior to pyrite formation causes the remaining 

sulphate to become progressively enriched with 34S (e.g., Ferrini et al., 2010), and thus 

able to produce a more 34S enriched δ34S signal in pyrite than the original sulphate source. 
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Oxidation of sedimentary pyrite and organic carbon are often the main drivers for 

water quality changes during managed aquifer recharge (MAR) operations in anaerobic 

aquifers, where aerobic water is injected. Particularly the oxidation of pyrite may trigger 

secondary reactions such as pH buffering, for example by carbonate and Fe(II)-

aluminosilicate dissolution, and trace metal release.  

During the formation of the sedimentary pyrite in such aquifers, the occurrence of 

microbial sulphate reduction is associated with the stable isotope fractionation of sulphur 

against the isotopic composition of the background sulphate reservoir. Subsequent (re-) 

oxidation of the pyrite during injection of aerobic water may release this characteristic 

isotope signal to groundwater.  

The analysis of the stable sulphur isotope evolution can therefore assist in 

discriminating the sulphate released during sulphide oxidation against other sources of 

aqueous sulphate and offer additional insights into the dominant reaction processes as 

well as the depositional environment.  

The present study analyses groundwater quality and stable sulphur isotope data 

obtained during an aquifer storage and recovery (ASR) trial in the deep, anaerobic 

heterogeneous Leederville aquifer beneath Perth, Western Australia. The change in stable 

sulphur isotope composition in groundwater resulting from pyrite oxidation, triggered by 

the injection of aerobic shallow groundwater is evaluated through geochemical modelling 

techniques that were specifically modified to incorporate reaction processes affecting the 

evolution of sulphur isotope composition.  
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Oxidation of sedimentary pyrite frequently increases the risk of water quality 

detoriation through acidification and particularly the associated mobilisation of heavy 

metals. Capabilities for a detailed identification and quantification of the oxidation 

process are therefore crucial to assess and predict such water quality changes. 

In this study we use the analysis of the stable sulphur isotope composition (δ34S) to 

investigate groundwater quality changes induced by pyrite oxidation. The δ34S value can 

function as an early indicator for pyrite oxidation processes based on a contrasting sulphur 

isotope signal in pyrite against the background water composition. During the formation 

of sedimentary pyrite, δ34S is determined by microbial sulphate reduction processes that 

are associated with the stable isotope fractionation of sulphur against the isotopic 

composition of the background sulphate reservoir. Upon (re-) oxidation this δ34S is 

released to the groundwater, which allows discrimination of sulphate produced by pyrite 

oxidation from other sources of aqueous sulphur species.  

The present study analyses groundwater quality and stable sulphur isotope data 

obtained during an aquifer storage and recovery (ASR) trial in the heterogeneous, 

anaerobic Leederville aquifer beneath Perth, Western Australia. Results show a gradual 

decrease in δ34S by the oxidation of sedimentary pyrite, which was triggered by the 

injection of an aerobic water source. Changes in the chemical and isotopic composition 

of the water are evaluated through hydrogeochemical modelling techniques that were 

specifically modified to incorporate reaction processes affecting the evolution of sulphur 

isotope composition.  
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Oxidation of sedimentary pyrite is often one of the main drivers affecting 

groundwater quality during managed aquifer recharge. In cases where this leads to the 

depletion of the sedimentary buffering capacity, groundwater acidification and 

particularly the associated mobilisation of heavy metals and metalloids (e.g., arsenic) can 

significantly deteriorate groundwater quality. Data and techniques that allow for a 

detailed identification and quantification of the mineral reactions are therefore crucial to 

assess and predict such adverse water quality changes.  

The present study examines the feasibility of using stable sulphur isotope analysis 

as a supporting tool for tracking and characterising pyrite oxidation processes during an 

aquifer storage and recovery experiment in Perth, Western Australia. During the 

experiment pyrite oxidation was triggered by the injection of potable aerobic water into 

a well characterised heterogeneous, anaerobic aquifer. Stable sulphur isotope signals 

(δ34S) were analysed for sedimentary sulphur species and for aqueous sulphate 

concentrations in both the ground- and the injectant water in addition to extensive 

hydrochemical monitoring.  

The collected data, including the δ34S value was interpreted by geochemical and 

reactive transport modelling. The models were specifically adapted to incorporate all 

reactions and isotope fractionation processes that affect the evolution of δ34S in the 

groundwater and the sediments.  

The observed δ34S data from the monitoring wells indicate that the released sulphate 

is characterised by a successively changing δ34S signal during the injection phase. These 

observed δ34S trends are thought to result from a highly variable δ34S composition of the 

pyrite, which was most likely caused by isotopic fractionation associated with the 

sulphate reduction that occurred during and/or after the deposition of the sediments. 




