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Abstract 

Scaling (=mineral precipitation) frequently occurs in geothermal power plants representing a 

problem for plant operation by reducing the flow-through in pipes or in pores of the reservoir rock. 

The availability of potential scale forming chemical components within the fluid is among other 

geochemical reactions largely determined by its distribution at the interface between fluid and rock. 

Therefore, it is important to assess the processes linked to the migration and distribution of 

potential scale forming chemical components in geothermal systems such as lead (Pb). This 

element has already been identified as a scale forming mineral in many geothermal facilities such 

as at the in situ geothermal laboratory Groß Schönebeck where laurionite (PbOHCl) has been 

identified as one of the dominant scales that precipitated from the fluid. 

Due to often extreme conditions of these geothermal waters such as high salinity and high 

temperature the experimental determination of chemical equilibrium constants required for 

predicting chemical reactions are difficult to perform. Therefore, many chemical reactions are 

poorly understood and knowledge gaps exist both, on a small scale concerning reactions on 

molecular level and on large scale such as understanding the reactions within a reservoir. 

This study aims looking at both scales by characterizing, on the one hand, the chemical reactions 

on mineral surfaces (surface complexation) and on the other hand, the large scale implication of 

Pb migration in a geothermal reservoir or the effect of scale forming within the well. 

Lead was selected as an exemplary and relevant adsorbate because it had been identified at high 

concentrations in many geothermal fluids for example in those of the Groß Schönebeck 

geothermal site (up to 1 mM Pb). The adsorption of Pb2+ ions onto the surface of the iron oxide 

hematite (Fe2O3) in dependence of temperature, salinity, and pH-value was investigated. Hematite 

was selected as example mineral because it is well described in literature and because it occurs in 

many sandstone reservoirs, such as Groß Schönebeck as coating mineral on the quartz grains. The 

conditions selected in this study are supposed to represent those of typical geothermal systems of 

sedimentary basins. Sorption processes can be simulated via surface complex modeling (SCM) 

approaches which require a reliable thermodynamic surface complex parameter (SCP) input data 

set. This work aims at extending the applicability of surface complexation models to geothermal 

conditions (i.e. high salinity and high temperature). The experimental dataset was interpreted using 

the charge-distribution multi-site complexation model (CD-MUSIC). The results showed that: 

 The model is capable of predicting Pb2+ adsorption for a range of pH (3-9), salinity (0.5 

- 5 M), and temperature (25 - 150 °C). 

 Pb2+ adsorption onto hematite increases with increasing pH and decreases with increasing 

temperature. 

 The adsorption of Pb2+ onto hematite is strongly reduced in highly concentrated chloride 

solutions. 

 Pb2+ adsorption occurs predominantly as bidentate inner sphere surface complex on the 

hematite surface. 

 The calculated Pb2+ adsorption process on hematite is exothermic and spontaneous (ΔrG0 

−31.1±0.6 and −37.4±0.6). 
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The obtained data of surface complexation parameters were used to develop a field scale one-

dimensional (1-D) reactive transport model for Pb(II) mobility for the Groß Schönebeck 

geothermal reservoir system. In this study, the hydro-geochemical conditions and mineralogy of 

the Groß Schönebeck site were used to establish initial conditions and processes that were 

incorporated into the 1-D reactive-transport model (RTM). The RTM model was used to assess 

the importance of surface complex reaction on Pb(II) reactive transport and to evaluate the effect 

of variable geochemical conditions caused by continuous injection of cooled brine into the 

reservoir on Pb(II) mobility. Model simulations revealed complex spatio-temporal relationships 

between reservoir water composition speciation, adsorption, and scale forming potential of Pb(II).  

It was found that cold brine injection enhances Pb adsorption and lowers aqueous Pb 

concentration because of pH increase as consequence of temperature induced calcite dissolution. 

The simulations also showed that surface reactions controlling Pb(II) mobility become more 

dynamic and synchronous within the reservoir fluid flow field when geochemical mass transfer 

processes are involved in the RTM.  

Breakthrough curves for Pb (II) at various spatial and temporal changes during the 30 year 

simulation period indicated that Pb(II) adsorption/desorption is only affected in the vicinity of the 

injection well. Thus, the integrating SCM model in the RTM appears to be crucial for 

considerations when simulating the Pb(II) mobility at the Groß Schönebeck site and elsewhere 

under similar hydro-geochemical conditions.  

Finally, this study evaluated another aspect of relevance for Pb mobility in Groß Schönebeck: 

Scaling, formed in the borehole of the production well consists not only of laurionite but also of 

barite and calcite other minerals that might have an effect on laurionite formation. The 

thermodynamic equilibrium model developed for assessment of potential mineral scaling during 

geothermal fluid production identified laurionite, barite and calcite as the most dominant minerals 

precipitated in the well, as confirmed by X-Ray Diffraction analysis. The pressure drop during 

production causes calcite formation due to the pH increase caused by CO2(g) release. Simulation 

results further revealed that a coupled effect of cooling and pH increment caused by CO2(g) release 

together with the availability of high concentrations of Pb in the brine results in over saturation of 

laurionite in the well. However, precipitating laurionite does not occur until the pH rises above 

6.72. The model also calculated barite precipitation in the well which is a consequence of the 

temperature drop along upward flow in the production well during production.  

In conclusion, modeling chemical reactions based on experimental studies and field observations 

is an important tool for predicting more reliable the mobility of scale forming minerals in 

geothermal systems. 
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Zusammenfassung 

Scalings (= mineralische Ausfällungen) treten häufig in Geothermie-Kraftwerken auf und stellen 

ein Problem für den Anlagenbetrieb dar, da sie zu einer Verringerung der Durchströmung in den 

Rohren der Anlage oder in den Poren des Speichergesteins führen. Die Verfügbarkeit der potenziell 

scale-bildenden chemischen Komponenten in dem Fluid wird unter anderem durch geochemische 

Reaktionen an der Grenzfläche zwischen Flüssigkeit und Gestein bestimmt. Daher ist es sehr 

wichtig, die Migration und Verteilung der möglichen scale-bildenden chemischen Komponenten, 

wie z.B. Blei (Pb) und der damit verbundenen Prozesse in geothermischen Systemen zu beurteilen. 

Blei wurde bereits als scale-bildendes Mineral in vielen Geothermieanlagen, wie z.B. im In-situ-

Geothermielabor Groß Schönebeck (Groß Schönebeck ) nachgewiesen, wobei das Mineral 

Laurionit (PbOHCl) als die häufigste Bleiverbindung, die aus dem Fluid ausgefällt wurde, 

identifiziert wurde. 

Aufgrund der oft extremen Bedingungen dieser geothermischen Fluide, wie beispielsweise hohe 

Salzgehalten und Temperaturen, ist die experimentelle Erfassung der chemischen Reaktionen, die 

zur Bestimmung von Gleichgewichtskonstanten dienen jedoch meist schwierig durchzuführen. 

Daher gelten viele chemische Reaktionen unter diesen Bedingungen oft als schlecht verstanden. 

Wissenslücken bestehen sowohl hinsichtlich der Reaktionen auf molekularer Ebene, als auch im 

großem Maßstab, wenn es darum geht den Verlauf der Reaktionen in einem Reservoir 

abzuschätzen. 

Die hier voliegende Studie zielt darauf ab, auf beiden Skalen die Prozesse zu erfassen: Einerseits 

sollen die chemischen Reaktionen an Mineraloberflächen bestimmt werden (Charakterisierung der 

Oberflächenkomplexierung), andererseits sollen im großen Maßstab Implikationen der Pb-

Migration in einem geothermischen Reservoir und der daraus resultierende Einfluss auf die Scale-

Bildung untersucht werden. 

Blei wurde als beispielhaftes und geeignetes Adsorbat ausgewählt, da es in hohen 

Konzentrationen in vielen geothermischen Fluiden, beispielsweise in jenen des 

Geothermiestandorts Groß Schönebeck (bis zu 1 mM Pb) nachgewiesen worden ist. Es wurde 

daher die Adsorption von Pb2+ an der Oberfläche des Eisenoxids Hämatit (Fe2O3) in 

Abhängigkeit von Temperatur, Salzgehalt und pH-Wert untersucht. Hämatit wurde als Adsorbent 

ausgewählt, da es zum einen in der Literatur auch hinsichtlich seiner Oberflächeneigenschaften gut 

beschrieben ist und zum anderen, da es sich in vielen Sandstein-Speichergesteinen, wie auch in 

Groß Schönebeck, als dünne Schicht (Coating) um die mineralischen Quarzkörner angelagert hat. 

Die in dieser Studie gewählten Bedingungen sollen typische geothermische Systeme von 

Sedimentbecken repräsentieren. Sorptionsprozesse können über Oberflächenkomplex-

modellierung (SCM) simuliert werden, die aber einen zuverlässigen Eingangsdatensatz von 

thermodynamischen Oberflächenkomplexparametern (SCP) erfordern. Diese Arbeit zielt darauf 

ab, die Anwendbarkeit der Oberflächenkomplexierungsmodelle auf geothermische Bedingungen 

zu erweitern, d.h. auf hohe Salzgehalte und Temperaturen. Der experimentelle Datensatz wurde 

mit Hilfe des Ladungsverteilungs-Multi-Site-Komplexmodells (CD-MUSIC) interpretiert. Die 

gewonnen Ergebnisse zeigten, dass: 

 Das Modell kann die Adsorption von Pb2+ an der Hämatitoberfläche innerhalb des 

experimentell validierten Bereiches vorhersagen (pH 3-9; Salzgehalt 0,5-5 M und 25 - 150 ° 

C). 
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 Die Pb2+-Adsorption an Hämatit nimmt mit zunehmendem pH-Wert zu und mit 

steigender Temperatur ab. 

 Die Pb2+-Adsorption an Hämatit verringert sich in hochkonzentrierten Salzlösungen 

deutlich gegenüber Lösungen mit niedriger Ionenstärke. 

 Die Pb2+-Adsorption tritt vorwiegend als bidentanter innersphärischer 

Oberflächenkomplex an der Hämatit-Oberfläche auf. 

 Der Adsorptionsprozess von Pb2+ an Hämatit wurde als exotherm und spontan 

berechnet (ΔrG0 −31.1±0.6 and −37.4±0.6). 

Die so erhaltenen Daten zur Oberflächenkomplexierung wurden dazu verwendet, ein 

eindimensionales (1-D) reaktives Transportmodell zu entwickeln, das die Pb(II)-Mobilität im 

Geländemaßstab für das geothermische Reservoirsystem von Groß Schönebeck darstellt. In dieser 

Studie wurde die hydrogeochemischen Bedingungen und die Mineralogie des Standorts Groß 

Schönebeck verwendet, um die initialen Bedingungen und Prozesse zu definieren, die für ein 1-D 

Reaktions-Transportmodell (RTM) erforderlich sind. Das RTM-Modell wurde verwendet, um die 

Bedeutung der Oberflächenkomplexreaktion auf den reaktiven Transport des Pb(II) zu beurteilen 

und die Wirkung variabler geochemischer Bedingungen, verursacht durch kontinuierliche Injektion 

von abgekühltem Thermalwasser in das Reservoir, auf die Blei-Mobilität zu bewerten. Die 

Modellsimulationen haben gezeigt, dass komplexe, räumliche und zeitliche Beziehungen zwischen 

der Thermalwasserzusammensetzung und der Speziations-, Adsorptions- und dem Scale-

Bildungspotential des Bleis vorliegen. 

Es wurde festgestellt, dass die Injektion von kühlem Thermalwasser die Pb-Adsorption verstärkt 

und die Konzentration des gelösten Pb aufgrund einer pH-Wert-Erhöhung als Folge einer 

temperaturbedingten Calcitlösung bewirkt. Die Simulationen zeigten auch, dass 

Oberflächenreaktionen, die die Pb(II)-Mobilität kontrollieren, innerhalb des Strömungsfelds des 

Reservoirfluids dynamischer werden und gleichzeitig stattfinden, sofern geochemische 

Stoffaustauschprozesse der RTM berücksichtigt werden. Durchbruchskurven für Pb(II) bei 

unterschiedlichen räumlichen und zeitlichen Veränderungen während des Simulationszeitraums 

von 30 Jahren zeigten, dass die Adsorption/Desorption von Pb(II) nur in der Umgebung der 

Injektionsbohrung beeinflusst wird. Somit scheint die Integration des SCM-Modells in ein RTM 

für Simulationen von Pb(II) von Bedeutung für das System Groß Schönebeck zu sein., aber auch 

für andere geothermische Standorte mit ähnlichen hydro-geochemischen Bedingungen. 

Schließlich erfasst diese Studie noch einen weiteren Aspekt, der die Relevanz der Pb-Mobilität 

für den Standort Groß Schönebeck aufzeigt: Das Scaling, das sich innerhalb der 

Produktionsbohrung von Groß Schönebeck in großen Mengen gebildet hat, besteht aus Laurionit, 

aber auch aus anderen Mineralen, die möglicherweise mit der Laurionitbildung in Wechselwirkung 

treten. Mithilfe des thermodynamischen Gleichgewichtsmodells, entwickelt für die Bewertung 

einer potenziellen Scale-Bildung während der Thermalwasserförderung, wurden Laurionit, Baryt 

und Calcit als Hauptbestandteile der Ausfällungen identifiziert. Alle drei Minerale wurden der 

Bohrung mittels Röntgendiffraktometrie (XRD) nachgewiesen. Der Druckabfall während der 

Produktion verursacht die Calcitbildung aufgrund der pH-Wert-Erhöhung durch CO2-Entgasung. 

Der gekoppelte Effekt von Abkühlung und pH-Wert-Zunahme aufgrund der CO2-Freisetzung 

führt zu einer Übersättigung von Laurionit im Bohrloch, sofern eine ausreichend hohe Pb-

Konzentration in der Salzlösung vorhanden ist. Es kommt jedoch erst ab einem pH-Wert von 6,72 
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zur Ausfällung von Laurionit. Das Modell sagt auch Baryt-Aufällung in der Bohrung voraus, die 

durch Temperaturabfall des Fluids auf dem Weg zum Bohrkopf verursacht wird. 

Insgesamt zeigt diese Arbeit, dass die Modellierung chemischer Reaktionen basierend auf 

experimentellen Untersuchungen und Feldbeobachtungen ein wichtiges Instrument für die 

zuverlässige Vorhersage der Mobilität von scale-bildenden Mineralien in geothermischen Anlagen 

ist. 
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1. Introduction 

Numerous high enthalpy geothermal fields in volcanic and other high heat-flow reservoirs 

around the globe have been commercially harnessed to produce electricity. In areas where with 

more average geothermal gradients (e.g. sedimentary basin), the concept of enhanced geothermal 

system (EGS) opened up a possibility to create and utilize the geothermal energy (MIT, 2006; 

Sullivan et al., 2010). In EGS the reservoir performance is enhanced by hydraulic fracturing, where 

fluid is pumped into deep wells at high pressures to create or re-open a fracture network that 

increases the reservoir permeability (Sullivan et al., 2010; MIT, 2006; Goldstein et al., 2011). An 

exemplary EGS demonstration was established at the research platform of GFZ, the in-situ 

geothermal laboratory Groß Schönebeck (GrSk) in Northeast German Basin.  

EGS faces operational challenges related to water–rock interaction. As hot brine proceeds from 

the reservoir formation to the surface, pressure and temperature change and certain dissolved 

minerals can precipitate. Examples of such minerals are barite (BaSO4) and laurionite (PbOHCl) 

that both have been observed at the GrSk site (Regenspurg et al., 2015) and which create a general 

scaling risk during plant operation within a geothermal facility.  

Scaling (=mineral precipitation) frequently occurs in geothermal power plants for example in 

pipes and on other surface facility equipment. The availability of potential scale forming chemical 

components in the fluid is largely determined by its distribution at the interface between fluid and 

rock. Therefore, it is important to assess the processes linked to the migration and distribution of 

potential scale forming chemical in geothermal systems. Pb2+ from the GrSk geothermal fluid has 

already been identified as precipitating in the form of laurionite Pb(OH)Cl.  

The mobility of Pb(II) in the reservoir formation can be largely affected by the competitive effects 

of the formation of mobile aqueous complexes, immobile precipitations, and immobile adsorbed 

species. Adsorption reactions can either inhibit or promote the migration depending on fluid 

chemical and physical conditions, especially pH, temperature, and concentrations of inorganic 

complexing ligands, such as chloride (Dzombak and Morel, 1990; Lee et al., 1998; Matos et al., 

2001; Clark et al., 1995; Waite et al., 1994).  

Over the last decades, a lot of progress has been made in terms of enhancing our understanding 

on metal reactions at solid-water interfaces (Carl and Kate, 2009). A large number of experimental 

data is already available on Pb adsorption to iron hydroxides (Dzombak and Morel, 1990 and 

references therein). In this study, hematite (α-Fe2O3) was selected as model mineral phase because 

it occurs in the sandstone reservoir as coating around the sand grains as well as a potentially fracture 

filling material. However, most of these studies do not consider extreme environmental conditions 

of ionic strength and temperature that often occur in geothermal systems. Previous studies on 

adsorption of Pb2+ on iron oxides in the presence of high concentrations of Cl- concluded with 

contrasting results. 

Barrow et al. (1981) modeled Pb2+ sorption on goethite in absence and presence of 7.5×10-2 M 

and 7.5×10-3 M NaCl respectively, the result suggested that Pb2+ sorption increased in the presence 

of Cl-. This increment results from adsorption of PbCl- complexes in addition to Pb2+. On the other 

hand a study by Balistrieri and Murry (1982) on the behavior of Pb2+ sorption on goethite in 0.5 M 

NaCl and sea water suggested that Cl- had invariant effect on Pb2+ sorption. Other study from Rose 

and Bianchi-Mosquera (1993) Pb2+ adsorption experiments on goethite in 1.0M NaCl observed a 
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decreasing trend on the adsorbed Pb2+. Gunneriusson et al. (1994) studied Pb2+ sorption on 

goethite in 0.1M NaNO3 and 0.1M NaCl using potentiometric titrations and Pb2+ uptake 

measurement at Pbtot = 0.3 - 0.9 mM. The result reveal that at pH 4 to 6.5 the sorption is 

considerably higher in 0.1 NaCl which was accounted for the formation of PbCl+ and Pb(OH)Cl 

ternary complexes which coadsorbed with binary complexes. In the same manner at pH 6, both 

binary and ternary complexes nearly equally adsorbed on goethite, however at pH > 7 binary Pb2+ 

species becomes the predominant sorbed species. In general, the previous studies do not come to 

a mutual conclusive agreement on surface complexation of Pb2+ on iron oxide in the presence of 

chloride. Therefore, it is imperative to consider Cl- ligand to probe surface complexation of Pb2+ 

on hematite in a geothermal system. 

In addition to chloride, temperature has a significant effect on the adsorption behavior of mineral 

surfaces (Hochella and White, 1990; Schoonen, 1994; Machesky et al., 1998; Sahai and Sverjensky, 

1998). Most of the previous studies on Pb2+ adsorption to iron oxide minerals are limited almost 

exclusively to room temperature (Parks, 1990; Sposito, 1984; Davis and Kent, 1990; Scheidegger 

and Sparks, 1996). However, in geologic systems the temperature can range from cold groundwater 

settings to several hundred °C, such as in geothermal hot water. Despite a growing number of 

studies on surface complexation modeling, not much is known about the effect of temperature on 

oxide surface properties and ion adsorption. This is in part due to the lack of experimental 

adsorption data over a broad temperature range. Therefore, adsorption reactions at geothermal 

conditions have hardly been investigated so far. Hence, it is fundamental to generate experimental 

data performed under these conditions in order to extend the validity range of these models and 

their performance.  

Sorption processes can be simulated via a number of surface complex modeling (SCM) 

approaches. In this study, the Pb(II) adsorption data were interpreted with the charge-distribution 

multi-site ion complexation model (CD-MUSIC) of (Hiemstra and Van Riemsdijk, 1996), which 

requires a reliable thermodynamic surface complex parameter input data set. However, the existing 

thermodynamic database is sparse with respect to these surface complex model parameters for a 

wide range of geochemical conditions commonly found in highly saline geothermal systems of 

sedimentary basins. This often fails to represent such systems and proves therefore inadequate for 

simulating sorption reactions in these systems.  

The retardation of metal ions in the subsurface at field scale is often represented by adsorption 

process using the constant distribution coefficients (Kd) approach (Davis and Kent, 1990; 

Dzombak and Ali, 1993). This, however, ignores the potential impact of variable chemical 

conditions on the adsorption that may be encountered along a fluid flow path (Davis and Kent, 

1990). In contrast to models using constant Kd, SCM have the capability of describing changes in 

adsorption as chemical conditions and aqueous speciation varies. Moreover, SCM can be readily 

incorporated within solute transport models (Kent et al., 2000; Kohler et al., 1996; and reference 

therein). 

1.1 Geothermal energy 

Geothermal energy has the potential to provide a significant part of the world’s energy needs in 

the form of low carbon renewable energy as well as an environmentally friendly alternative to fossil 

fuels as a source of power and heat. In high enthalpy geothermal systems the thermal heat is located 
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close to the Earth’s surface; hot steam can be directly used for the production of electricity (Tester 

et al., 2005). The distribution of such systems, however, is subject to tectonic plate boundaries. To 

overcome these restrictions and make geothermal energy production possible over much wider 

areas, the concept of Enhanced Geothermal Systems (EGS) has been developed. In an EGS, fluid 

is injected into the subsurface under cautiously controlled conditions, which stimulate naturally 

existing fractures to create a more connected open fracture network and enhances permeability. 

The scaled-up permeability allows fluid to circulate throughout the now-fractured rock and to 

transport heat to the surface where electricity can be generated. 

In these systems the extraction of geothermal heat is typically achieved by drilling of two 

boreholes (“well doublets”). Hot brine is produced from a high temperature reservoir via the 

production well. After the temperature is extracted (usually transferred to another medium by a 

heat exchanger), the cooled fluid is re-injected to the reservoir via the injection well (Figure 1). 

 
Figure 1: Schematic illustration of a geothermal well doublet (Frick et al., 2011). 

EGS appears to be feasible in areas with an average geothermal gradient (3 °C/100 m and above). 

Sedimentary basins, which are found across the globe are particularly a promising geologic setting 

for the development of EGS, if the formations have sufficient temperature (> 100 °C for electricity 

production), thicknesses of at least 10-15m, an effective porosity of more than 20%, existing at 

depth (usually < 5000 m), a minimum productivity of 50 m³/h and good lateral extent of the target 

reservoir horizon (Wormbs et al., 1989; Huenges, 2004).  

1.2 Groß Schönebeck geothermal research site  

At Groß Schönebeck, located about 50 km North of Berlin in the North German Basin, a 

geothermal research laboratory has been set up to investigate in situ geothermal utilization and 

optimize technologies. It enables hydraulic experiments and well measurements that provide 

information about the geological and hydrogeological conditions in the depth. Here, a well doublet 

Geothermal reservoir  

Injection well Production 
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Downhole 
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Energy supply plant: 
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has been drilled up to 4400 m depth into Permian Rotliegend sandstones and underlying volcanic 

rocks and the reservoir has been hydraulically stimulated. 

Drilling operation at the Groß Schönebeck site started with a gas exploration well (GtSk 3/90), 

drilled in 1990 to a depth of approximately 4,300 m. Due to low gas content, it was abandoned and 

re-opened by GFZ in 2001. Afterward several hydraulic stimulation campaigns have been carried 

out in this well including a massive water frac in the Permo-Carboniferous volcanic rock and a gel 

proppant frac in the Lower Permian sandstones (Rotliegend) (Legarth et al., 2005). A second well 

(GrSk04/05) was drilled by the GFZ in 2005 to establish a well doublet and again various 

stimulation methods have been applied to increase the reservoir permeability. Drilling of the 

second well was deviated so that after drilling to about 4400 m, both wells were at a distance of 

475 m into the reservoir (Figure 1). In 2011, circulation tests (production of fluid and immediate 

re-injection) were performed until 2013. The reservoir fluid encountered at this depth maintains a 

temperature of 150 °C. One well was used for hot water production (GrSk 04/05) and the other 

(GrSk 3/90) for cooled water re-injection back into 80m thick sandstone reservoir found at the 

same depth. Due to relatively low production rates (about 20 to 30 m3/h, in average) however, 

fluid temperature at the surface was usually below 100 °C and variably depending on the 

production period, ranging between a few hours to about one week (Feldbusch et al., 2013). 

1.2.1 Geological Overview 

The GrSk site is located in the Northeast German Basin (NEGB) where there is a NW–SE 

trending sedimentary basin that shares its geologic history with the Norwegian-Danish and Polish 

Basins of the Central European Basin System (Sippel, 2008) containing Cenozoic, Mesozoic, and 

Upper Paleozoic (Permian and Carboniferous) sediments that are up to 12 km thick (Hoth et al., 

1993). As shown in Figure 2, the major lithostratigraphic units at GrSk site are (from top to bottom): 

Cenozoic unconsolidated sands, clay and marly limestones, Cretaceous to Jurassic weak 

consolidated sand- and siltstones, Triassic sand- and limestones, Upper Permian evaporites, fining-

upward Lower Permian sandstones (Rotliegend), Permo-Carboniferous volcanic rocks and 

Carboniferours folded sedimentary rocks (Legarth et al., 2005). The thickness of the Upper 

Permian evaporites varies significantly due to salt mobilization that began during the Upper Triassic. 

In the direct vicinity of the Groß Schönebeck well doublet, a salt ridge structure reaches 1500m 

thickness (Moeck et al., 2008). Salt diapirism is expected to play an important role in the thermal 

regime of the system, and consequently affect the temperature of the geothermal reservoir (Norden 

and Förster, 2006). 

The present geologic structure of the NEGB reflects a roughly 4000–5000m thick sedimentary 

record that is affected by locally intensive salt mobilization and tectonics. The target zone for 

geothermal exploration is the Lower Permian red beds (Rotliegend) that have an average thickness 

of 400m at 4200m depth (Gast et al., 1998). 

The sandstone is medium to fine-grained (Wolfgramm et al., 2008). Permo-Carboniferous 

sandstones are related to lower porosity as results of greater burial depth (3000–5000 m) with less 

than 10% (Norden and Förster, 2006). 

The Permian sediments consist in the upper bed of fine-grained siltstones and in the lower part 

of fine to medium sandstones. These can be interrupted by evaporate, with sandy clays representing 

aeolian and fluvial sediments deposited in arid climate. The color of the red rocks derives from 
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hematite that formed a coating around the grains. The sandstones were deposited in a stable 

tectonic environment, on top of volcanic rocks (McCann, 1998). These rocks are strongly cemented 

with the proportion of the mineral cements varying on whole rock between 8% and 21%. The 

cementation mainly consists of carbonate cement phases (calcite, small dolomite), albite (as 

precipitation of feldspars), anhydrite, hematite, illite, chlorite and pyrite are distinguished 

( Wolfgram and Schmidt Mumm, 2002; Gaupp et al., 1994). 

 
Figure 2: Stratigraphical sequence of geological formation in GrSk site (Moeck et al., 2008). 

1.2.2 Chemical composition of Groß Schönebeck fluid data 

Since the Groß Schönebeck geothermal site is well-studied, numerous scientific data are available 

from field monitoring. The geochemical data of fluid samples from GrSk are known from previous 

publications (Wolfgramm et al., 2003; Regenspurg et al., 2010). These studies describe fluid 

sampling from GrSk wellbores between depth of 4200 to 4250 m, at in situ temperature of 150 °C. 

Fluids of the Rotliegend in the North German Basin are saline; Ca-Na-Cl types dominated solutions. 

These brines have formed by evaporation of water and mixing with dissolution of halite (Lüders 

et al., 2010; Tesmer et al., 2007). 

For purpose of this study the analyses from samples collected in 2001 prior to hydraulic 

simulation and production tests were used. The chemical composition of these deep fluids exhibit 

a total dissolved solids (TDS) of 260 –265 g/l, pH value between (5 and 7) and slightly negative 

Eh values. Apart of Ca-Na-Cl (~98 %) type, considerable amounts of Mg and K with relatively 

high values of Zn, Fe, Pb and Mn were also measured (Wolfgramm et al., 2003). 
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It should be noted that the specified composition has a large uncertainty given by changes of 

temperature during sample collection that already changes the chemical equilibrium. Moreover, 

pressure changes result in degassing that affect fluid composition. The main part of dissolved gases 

(volume ratio of liquid:gas is about 1:1 at reservoir conditions) is nitrogen (N2; 84–90 Vol.%), 

followed by methane (CH4; 10–16 Vol.%) and CO2 (~1.7 Vol.%) are present respectively 

(Regenspurg et al., 2010). However, only CO2 release would affect the solutions composition by 

increase the pH. During upward flow of a reservoir fluid in above ground surface facility, it will be 

subject to thermodynamic disturbance which results in the formation of secondary minerals 

(precipitate).  

1.2.3 Laurionite [Pb(OH)Cl] scaling in the Groß Schönebeck production well 

Scaling occurs when the produced brine is subjected to changes in physical properties (i.e. 

temperature and pressure) that might lead to minerals saturation. Both, decreasing and increasing 

temperature can lead to scaling, respectively normal and retrograde scaling. At the Groß 

Schönebeck site different types of scale forming secondary minerals were identified in different 

components of the surface facility and in the production bore hole (Regenspurg et al., 2015). The 

predominate scale minerals are Sr-rich barite (BaSO4), native copper (Cu), magnetite (Fe3O4), and 

Laurionite (PbOHCl). In Figure 3 sample of scaling collected at the Groß Schönebeck site are 

presented. 

Figure 3a shows a sample collected from a pump cable after production pretest. The material was 

identified by X-ray diffraction (XRD) as laurionite (Pb(OH)Cl) and halite (NaCl) with minor 

amounts of  calcite (CaCO3), malachite (Cu2CO3(OH)2) and Sr-rich barite ((Sr,Ba)SO4 ). Figures 3b 

and 3c show photographs of  scales collected in the filters above ground and from the depth of  

the well base after a clean out operation. In Figure 3d a scanning electron microscope (SEM) picture 

is presented of  a pure laurionite as identified by Energy dispersive x-ray spectroscopy (EDX) 

(Regenspurg et al., 2015) 

 Geothermal fluids transporting metals are accountable for the formation of the main scale 

forming minerals (e.g. Helgeson, 1970; Weissberg et al., 1979; Hedenquist and Lowenstern, 1994). 

These metals may be transported as free ions or hydroxyl complexes or complexed chloride ligands. 

The high concentration of dissolved chloride (Cl-) may have resulted in different complexes of Pb-

chlorides,  

Pb2+ + nCl− → Pb(Cl)n
2-n (1.1) 

These complexes are stable at high temperatures (Turner et al., 19981), but when the pH or 

temperature goes down upon, the complexes react with water and form laurionite (PbOHCl(s)) 

precipitate. 

Pb2+ + Cl− + 2H2 O→ PbOHCl(s) + H3O+  
(1.2) 
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 a b 

 

 c d 

Figure 3: Pictures of scaling materials: a) scale on pump cable b) Filter residues c) mud collected 
from cleaning operation d) SEM picture of laurionite (Regenspurg et al., 2015). 

1.3 Surface Complexation Theory 

Surface complexation models (SCMs) provide a viable alternative to a conventional distribution 

coefficient (𝑘𝑑) in predicting ion adsorption onto mineral surfaces and are capable of overcoming 

the deficiencies associated with empirical approaches. The surface complexation theory was 

developed from the observation that ion adsorption onto mineral surfaces was analogous to the 

formation of solution-phase complexes (Dugger et al., 1964; Schindler et al., 1976; Stumm and 

Morgan, 1981). Just as a hydroxide ion can complex with a metal ion in solution, it was found that 

mineral surfaces could behave in a similar manner with one or more surface site(s) acting as a ligand 

and associating with an aqueous metal ion, thereby binding the metal ion to the mineral surface. In 

SCMs, adsorption of dissolved chemical species to the mineral surface is described 

thermodynamically via formation reactions between solutes and surface sites (Sposito, 1984). The 

free energies associated with these formation reactions have a chemical and electrostatic 

component to them, both of which are influenced by the surface sites involved (Davis and Kent, 

1990) and (Sposito, 1984)stumm divided it into two categories: net proton charge (σH) and net 

adsorbed ion charge (∆q).  
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1.3.1 Surface Complexation Models 

SCMs describe the interaction between aqueous chemical species and the reactive sites present 

on the mineral’s surface (Davis and Kent, 1990). There are three basic principles applied to all 

SCMs (Davis and Kent, 1990). 

Adsorption/surface complexation of aqueous ions occurs at specific sites on the adsorbent’s 

surface. Surface complexation reactions can be described thermodynamically using mass law 

expressions that take into account the electrostatic effects of the EDL. The electrostatic effects 

associated with adsorption (i.e., surface charge and surface potential) are accounted for. 

A number of SCMs have been developed over the years including the Diffuse Layer Model (DLM) 

(Dzombak and Morel, 1990; Stumm et al., 1970), the Constant Capacitance Model (CCM) (Stumm 

and Morgan , 1981; Schindler and Gamsjager , 1972) , the original and modified Triple Layer Model 

(TLM) (Davis and Leckie, 1978; Hayes et al., 1988) , and the Charge Distribution Multi-Site 

Complexation (CD-MUSIC) Model (Hiemstra et al., 1989a; Hiemstra and Van Riemsdijk, 1996). 

These models primarily vary from one another in their description of the mineral-water interface. 

SCMs employing a simpler description of the mineral – water interface require less parameters to 

describe adsorption phenomena but are also less successful in predicting adsorption behavior in 

increasingly complex systems. While the more sophisticated SCMs have demonstrated a greater 

capability to describe ion adsorption over a broad range of experimental factors, they also require 

more input parameters. Thus there is a tradeoff between predictability and practicality that must 

be considered when selecting the appropriate SCM to use in modeling adsorption data. 

1.3.2 Charge Distribution Multi-Site Complexation (CD-MUSIC) Model 

The Charge Distribution Multi-Site Complexation (CD–MUSIC) model describes the solid-water 

interface as being composed of three electrostatic planes (the 0-, 1-, and 2/d-plane) and two stern 

(charge free) layers (Hiemstra et al., 1989a; Hiemstra and Van Riemsdijk, 1996) (Figure 4). As in 

the case of the TLM, the interface is considered to be electrically analogous to two parallel plate 

capacitors in series with the 0- and 1- electrostatic planes making up the first capacitor with 

capacitance C1 and the 1- and 2-planes comprising the second capacitor with capacitance C2. The 

equations governing the surface charge density and electrostatic potential relationships for the TLM 

are also all valid for the CD-MUSIC model. 

The 0-plane is located at the mineral surface where surface oxygen atoms can undergo 

protonation, de-protonation, and inner-sphere complexation reactions. The charge from protons 

adsorbing to or desorbing from the mineral surface is all attributed to the 0-plane while the charge 

from an inner-sphere complex is distributed between the 0- and 1-planes. Positioned where outer-

sphere complexes adsorb, the electrostatic 1-plane is separated from the 0-plane by approximately 

0.35 nm, the radius of a hydrated cation (Hiemstra and Van Riemsdijk, 2006). As mentioned above, 

the charge of inner-sphere complexes is distributed between the 0- and 1-planes, therefore some 

of the charge from inner-sphere complexes along with all the charge from outer-sphere complexes 

are placed on the electrostatic 1-plane. Previously, outer-sphere complexes and ion pairs, formed 

by the interaction between electrolyte ions and the surface (Hiemstra and Van Riemsdijk, 2006), 

were located on the 2/d-plane which designates the head end of the diffuse layer (Hiemstra and 

Van Riemsdijk, 1996). However, a more recent study by Rahnemaie et al.(2006) provides evidence 

that there is charge separation between the minimum distance of approach for ion pairs and the 
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head end of the diffuse layer (Rahnemaie et al., 2006; Hiemstra and Van Riemsdijk, 2006). Given 

this recent finding, current modeling practices for CD-MUSIC place outer-sphere complexes and 

ion pairs on the 1-plane. The 2-plane also called the d- or diffuse plane marks the closest distance 

of approach for ions present in the diffuse double layer and is thought to be between 0.2 – 0.7 nm 

from the 1-plane (Hiemstra and Van Riemsdijk, 2006). 

 

Figure 4:  Illustration of the mineral – water interface as described by the CD- MUSIC model.  

The CD-MUSIC model tries to account for surface heterogeneity by considering the different 

surface site types that are present at the interface. The identity of these different surface site types 

and the quantity of each (i.e., NS) is estimated using available crystallographic information for the 

mineral in question (Venema et al., 1998; Hiemstra and Van Riemsdijk, 2006). 

For metal (hydr)oxide minerals, the surface site types utilized in the CD-MUSIC model generally 

differ based on the number of metal ions they are bound to in the bulk mineral. Using the site types 

reported from crystallographic studies, the acidity of the mineral surface is described in CD-MUSIC 

using a 1-pK approach in which there is only a single protonation step. 

Hiemstra and Van Riemsdijk (1996) contend that when inner-sphere surface complexes form, 

only part of the adsorbate is actually incorporated into the mineral surface while the remainder is 

present in the “charge free” region between the 0- and 1- planes (Figure 4). In order to account for 

the spatial distribution of an inner-sphere surface complex’s charge, the CD-MUSIC model utilizes 

charge distribution (CD) values (Venema et al., 1998; Hiemstra and Van Riemsdijk, 1996) In 

particular, CD values are used to describe the change in charge on the 0- and 1- electrostatic planes 

(∆Z0 and ∆Z1, respectively) that occur as the result of an inner- sphere surface complexation 

reaction. 
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In the case of hematite, a total of 14 parameters are needed to predict ion adsorption in CD-

MUSIC: 

1. The C1 capacitance value 

2. The C2 capacitance value 

3. The surface protonation constant for ≡FeOH0 sites; 

4. The surface protonation constant for ≡Fe3O
-1.5 sites; 

5. The ion pair formation constant for the cation electrolyte for ≡FeOH-0.5 

6. The ion pair formation constant for the anion electrolyte for ≡FeOH0 

7. The ion pair formation constant for the cation electrolyte for ≡Fe3O
-1.5 

8. The ion pair formation constant for the anion electrolyte for ≡Fe3O
-1.5 

9. Surface site density of ≡FeOH-0.5 

10. Surface site density of ≡Fe2OH0 

11. Surface site density of ≡Fe3O
-1.5 

12. The affinity constant for the adsorbate of interest 

13. The ∆Z0 value for the inner-sphere surface complex 

14. The ∆Z1 value for the inner-sphere surface complex 

1.3.3 Comparison of the models 

There are a number of surface complexation models (SCMs) available for modeling adsorption 

processes. Given the small number of modeling parameters needed to employ the DLM and CCM, 

both are attractive in their simplicity; however, the simplicity of these models also limits their 

predictive capability, especially in complex, multi-solute systems. The TLM and CD-MUSIC 

models are better able to capture the complexity of the mineral-water interface by accounting for 

both inner- and outer-sphere surface complexes. These models are better suited than the DLM and 

CCM for predicting adsorption behavior over a broad range of conditions but require additional 

modeling parameters. Given the breadth of experimental conditions considered in this work (i.e., 

pH, competing ligands), one of the more sophisticated SCMs is needed to develop a predictive tool 

capable of accurately simulating ion adsorption behavior under all conditions studied. 

While the CD-MUSIC model requires more parameters than the TLM, it provides a more 

complete picture of the mineral–water interface by accounting for mineral surface heterogeneity. 

By accounting for the different site types physically present on the mineral surface, the CD-MUSIC 

model can employ surface complexes in closer agreement with molecular scale analyses (i.e., 

spectroscopic data and computational molecular modeling simulations) than the TLM. 

Furthermore, in accounting for mineral surface heterogeneity, the CD-MUSIC model appears to 

be better suited for predicting adsorbate complexing ligands. In fact, more recent adaptations of 

the TLM have started to employ multiple surface site types to improve model predictions of 

adsorption behavior (Villalobos and Perez-Gallegos, 2008; Salazar-Camacho and Villalobos, 2010). 
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Although CD-MUSIC requires the largest number of parameters of any of the SCMs considered, 

a number of these parameters can be estimated based on experimental and theoretical findings: 

I. Hiemstra and Van Riemsdijk. (2006) along with (Sverjensky, 2005) have reasoned that 

the outer layer capacitance (C2) is approximately equal to the inner layer capacitance (C1) 

based on theoretical considerations of the electrical double layer. 

II. The site density (NS) values for the different surface site types can be determined using 

crystallographic information in conjunction with microscopic image analysis, surface 

saturation data, or surface charging data (Hiemstra and Van Riemsdijk, 1996; Venema et 

al., 1996; Salazar-Camacho and Villalobos, 2010; Villalobos and Perez-Gallegos, 2008). 

III. The affinity constants for ion pair formation on the different surface site types are 

considered equivalent (Hiemstra and Van Riemsdijk, 1996; Venema et al., 1996a); 

IV. The protonation equilibrium constants for the different surface site types can be 

determined based on the formal charge of the surface oxygen; thus allowing for the acid 

– base properties of the adsorbent to be predicted theoretically (Hiemstra and Van 

Riemsdijk,1996;Venema et al.,1997); 

V. The ∆Z0 and ∆Z1 values can be calculated using bond valence analysis in conjunction 

with bond lengths obtained from spectroscopic analysis or computational molecular 

modeling simulations. 

When all these parameter estimation techniques are employed, the number of fitting parameters 

that are needed to model ion adsorption using CD-MUSIC drops from 14 down to 4, making the 

CD-MUSIC model much more manageable to use. Therefore, given the low number of fitting 

parameters needed to run the model, its sophisticated description of the electrical double layer and 

the mineral surface, and its ability to predict ion adsorption behavior in simple and complex systems, 

the CD-MUSIC model appears to hold the most promise for modeling adsorption in increasingly 

complex systems. 

1.4 Theory of reactive transport model 

This section of briefly describes theory and numerical methods implemented in PhreeqC code 

for solving 1-D reactive transport problems in porous medium. A number of physical mechanisms 

govern the reactive transport of solutes are considered in the model. These mechanisms include 

advection and dispersion.  

Advection and dispersion are the most important physical reactive transport mechanisms that 

are considered in most mechanistic models of solute transport. Most important are advection 

(transport with the moving fluid), molecular diffusion (Brownian molecular motion due to 

concentration gradient), and mechanical dispersion (spreading of solute due to the heterogeneity 

of the microscopic velocities in the motion of the fluid (Mangold and Tsang, 1991). Furthermore, 

adsorption onto a porous medium and degradation may occur. 

The simulation of solute transport processes requires further characterization, such as boundary 

conditions for the solute, initial distribution of solute, chemical sources or sinks, effective porosity 

and fluid and matrix bulk density, and longitudinal and transverse dispersivity (MDEQ, 2004). 
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1.4.1 Equations of ground water flow 

Flow in porous medium is described by fluid mass balance equation with fluxes given by Darcy's 

law. To obtain a macroscopic description of the flow in terms of measurable attributes of the fluid 

and the rock matrix, the microscopic movement through the subsurface may be averaged over a 

sufficiently large volume of the medium. Darcy's law is a macroscopic equation of motion for the 

flux of a unit mass of fluid, v (L/T), flowing relative to the rock under the fluid potential 

(mechanical energy per unit fluid mass) (Bear, 1988). 

𝑣 =  −
�̅�

𝜇
(∇𝑝 + 𝜌𝑤𝑔∇𝑧) =  −𝐾∇ℎ (1.3) 

Where k is the permeability tensor (L2), 𝜇 is the dynamic viscosity of the fluid (M/LT); ∇ is the 

gradient operator; 𝑝  is the fluid pressure (M/LT), 𝜌𝑤  is the fluid density (M/L3), 𝑔  is the 

acceleration due to gravity (L/T), z is vertical distance (L) above a datum level (positive upward), 

𝐾 is the hydraulic conductivity tensor (L/T), and ℎ is the total head (L). Darcy's law describes a 

linear relationship between groundwater flow and the hydraulic gradient, which holds under a 

broad range of conditions common in hydrogeological environments. 

1.4.2 Solute transport equations 

The transport of several reacting species in a single phase flow through a porous medium is 

considered. The species can react both between themselves and with the porous matrix. Various 

processes govern transport of solutes in the liquid phase.  

The governing equation of solute transport is described by (Parkhurst and Appelo, 2013; Bear, 

1988): 

𝜕𝐶 

𝜕𝑡
=  −𝑣

𝜕𝐶

𝜕𝑥
+ 𝐷𝐿

𝜕2𝐶

𝜕𝑥2
− 
𝜕𝑞

𝜕𝑡
 (1.4) 

Where C is concentration in water (mol/kgw), t is time (s), v is pore water flow velocity (m/s), x is distance 

(m), 𝐷𝐿 is the hydrodynamic dispersion coefficient [m2/s, 𝐷𝐿 = De + αLv, with De the effective diffusion 

coefficient, and the dispersivity (m)], and 𝑞 is concentration in the solid phase (expressed as mol/kgw in 

the pores). The term represents advective transport, 𝐷𝐿
𝜕2𝐶

𝜕𝑥2
 represents dispersive transport, and 

𝜕𝑞

𝜕𝑡
 

is the change in concentration in the solid phase due to reactions (q in the same units as C). The 

usual assumption is that v and DL are equal for all solute species, so that C can be the total dissolved 

concentration for an element, including all redox species. 

According to Parkhurst and Apello. (2013), the transport part of equation (1.4 is solved with an 

explicit finite difference scheme that is forward in time, central in space for dispersion, and upwind 

for advective transport. The chemical interaction term 
𝜕𝑞

𝜕𝑡
 for each element is calculated separately 

from the transport part for each time step and is the sum of all equilibrium and non-equilibrium 

reaction rates. 

Furthermore, for each time step within the scheme, first advective transport is calculated, and 

then all equilibrium and kinetically controlled chemical reactions, thereafter dispersive transport 

will be calculated at last. A main merit of using such a scheme is that numerical stability can be 

obtained by tuning time step to grid size in the equation.  
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Numerical dispersion is minimized by always having the following relationship between time and 

distance discretization:  

(∆𝑡) =  
∆𝑥

𝑣
 (1.5) 

Where ∆t is the time step for advective transport, and is the cell length. Numerical instabilities 

(oscillations) in the calculation of diffusion/dispersion are eliminated with the constraint:  

∆𝑡𝐷 = 
(∆𝑥)2

3𝐷𝐿
 (1.6) 

Where ∆𝑡𝐷 is the time step (s) for dispersive/diffusive transport calculations, the two conditions 

of equation 5.3 and 5.4 are the Courant condition for advective transport and the Von Neumann 

criterion for dispersive transport calculations, respectively. 

1.4.3 Heat transport equations 

Heat transport in porous medium involves the transfer of heat through thermal conduction, 

thermo-mechanical dispersion and advection processes. Thermal conduction involves the transfer 

of heat when materials with different temperatures come in physical contact, where heat flows 

from material with high temperature to material with low temperature. Thermo-mechanical 

dispersion involves the transfer of heat as a result of mixing due to flow of water in porous media. 

Advection involves the transfer of heat due to the movement of water of different temperature 

(Bear, 1988). 

The transport equation for heat, or rather, for the change of temperature is identical to the 

advection-reaction-dispersion equation for a chemical substance. The governing equation of 

advection dispersion heat transport in porous medium is given in equation 5.5 (Parkhurst and 

Appelo, 2013):  

(𝜃𝜌𝑤𝑘𝑤)
𝜕𝑇

𝜕𝑡
+ (1 − 𝜃)𝜌𝑠𝑘𝑠

𝜕𝑇

𝜕𝑡
=  −(𝜃𝜌𝑤𝑘𝑤)𝑣

𝜕𝑇

𝜕𝑡
+ 𝑘

𝜕2𝑇

𝜕𝑥2
 (1.7) 

where 𝑇 is the temperature (°C), 𝜃 is the porosity (a fraction of total volume, unitless), 𝜌 is the 

density (kg/m3), k is the specific heat (kJ°C-1 kg-1), K is a term which entails both the dispersion by 

advective flow and the heat conductivity of the aquifer (kJ°C-1 m-1 s-1), and subscripts 𝑤 and 𝑠 

indicate water and solid, respectively. The temperature 𝑇 is assumed to be uniform over the volume 

of water and solid. 

1.5 Objectives  

To estimate the sustainability of geothermal reservoirs for long term use of hot fluids, reliable 

predictions about the chemical reactions resulting in mobilization or demobilization of chemical 

components are necessary. Specifically, there is high need in determining the migration and 

distribution of scale forming components within a geothermal reservoir system.  

This thesis aims at extending the applicability of surface complexation modeling for systems of 

high temperature and salinity due to their relevance for geothermal application. Since the constant 

distribution coefficient (Kd) approach, so far used for describing surface reactions, cannot account 
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for competitive ion effects on sorption at high temperatures, ion-surface (adsorption control) 

transport processes have not yet been adequately described for geothermal systems.  

Therefore, to derive the required surface complex parameters (SCP) valid for these conditions, 

the study aimed, in a first step at generating experimentally datasets on sorption of one selected, 

representative adsorbate (Pb2+) on one model compound (mineral) surface type (hematite) at 

various temperatures, pH values, and salinities. In a second step these data were incorporated into 

the charge distribution-multisite complexation (CD-MUSIC) modeling approach using the 

geochemical speciation code PHREEQC (Parkhurst and Apello, 2013) coupled with UCODE 

(Poeter et al., 2005) through an iterative procedure of matching the experimental data-set with 

simulation results on single mineral phases 

A further goal was to upscale the generated surface complex model and its parameters to the 

scale of a geothermal reservoir to eventually determine if surface complexation plays a role for 

metal mobility around the injection well site within a geothermal reservoir. For that purpose, a one 

dimensional (1-D) reactive transport model (RTM) was developed to simulate coupled thermal-

hydraulic-chemical processes (THC) within the Groß Schönebeck reservoir system. By using the 

geothermal site of Groß Schönebeck as a case study, field data from the site could be used as matrix 

parameter and coupled to the surface complexation model and to a reactive transport model to 

determine spatial and/or temporal changes in dependence of chemical and physical reservoir 

conditions. Again, as an example Pb (II) was used as model compound to determine its fate during 

transport along the fluid’s pathway within the reservoir formation.  

In addition, to predict the extent of scaling that may occur within a production well, again the 

Groß Schönebeck geothermal system and its existing data were used for the transport model. 

Simulations were performed based on the fluid compositions generated at the end of each time 

step. 

Although sorption is only a part of the overall RTM, the aim here was to capture the potential 

impact of other coupled chemical and physical processes on the mobility of Pb(II) in the reservoir 

formation and to enhance the confidence and scientific credibility of transport modeling by 

reducing the uncertainty in quantifying retardation processes. Although the Groß Schönebeck site 

was used as an example here, many results of this study can be transferred to other sites, because 

it is representative for many low enthalpy geothermal systems with fluids of high salinity and 

complex chemical composition.  

The relevance of this study for the Groß Schönebeck geothermal system would be that the 

dissolved Pb of the fluid on the reinjection side could react with the hematite that covers the quartz 

grains of the Rotliegend sandstone. Depending on the above mentioned parameters, the Pb2+ could 

be adsorbed on hematite or, could be desorbed due to dilution effects and later re-adsorbed. This 

study investigates the basic surface reactions, to understand which are relevant for geothermal 

systems. 
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2 Methods 

2.1 Experimental methods 

2.1.1 Determination of pH value in concentrated salt solutions 

Due to the effect of salinity on pH measurements in highly saline solutions (>0.1 M; Baumann, 

1973), pH correction factors have been determined for each electrolyte according to Brandariz et 

al. (2004): the applied pH electrode was calibrated before measurements in 0.5 M, 1 M, or 5 M 

NaCl solution with various amounts of HCl or NaOH added. For each ionic strength subsequently 

a pH-correction factor A was determined (pHCal = pHobs + A)that was later used to correct the 

measured pH values (Brandariz et al., 2004). The constant A was obtained by a modified Gran 

titration in which the moles of added free acid per liter are plotted against H+ observed (i.e., the 

logarithm of the slope of this curve is the correction factor A). The correction factors as determined 

in this study have been applied to convert the observed pH reading to pHcal (= real pH value). 

Hence throughout this study all data interpretation and data simulation were done on the basis of 

the calculated pH value. 

2.1.2 Adsorption experiments 

Experiments were performed with hematite (α-Fe2O3) powder of highest grade purity (99.96 %). 

A two point N2 BET (NOVA® e serious Surface Area Analyzer) was used to determine the specific 

surface area. X-ray diffraction (XRD) was done using STOE Stadi P diffractometer to determine 

the crystallinity and purity of this material. Analytical grade Pb(NO3)2 salt was used for the 

preparation of the stock solution of Pb2+. Equilibrium adsorption experiments of Pb2+ on hematite 

were conducted in a 50ml Teflon reaction vessel holding 1.0g air-dried hematite sample and 20 ml 

of electrolyte (0.5 M and 5 M NaCl, respectively). The pH values were adjusted between 3 and 9 

by adding HCl and NaOH, respectively. Experiments were conducted at five different 

temperatures (25 °C, 50 °C, 75 °C, 100 °C and 150 °C). 

Suspensions containing 50g/L hematite and 1mM Pb(NO3)2 were adjusted to different pH units 

and subsequently allowed to equilibrate for 24h in the oven at desired temperatures. Following to 

the 24h equilibration period, samples were centrifuged at 3500 rpm in order to separate the 

supernatant from the remaining sample precipitate. After filtration of supernatants (0.45 µm) the 

solutions were analyzed for dissolved Pb content using inductively coupled plasma optical emission 

spectrometry (ICP-OES) with a detection limit of 0.005 ppm. The concentration of Pb2+ adsorbed 

onto the hematite was determined by the difference between the known initial Pb2+ concentration 

and the final measured concentration of Pb remaining in solution. All experiments were performed 

in duplicates. 

2.1.3 Titration experiments to determine surface charge  

Surface charge determination of  hematite was carried out by a set of  titration experiments 

conducted at various concentrations of  NaCl (0.5 – 5 M) as background electrolyte solution. All 

measurements were carried out at three different temperatures (25, 50 and 75 °C respectively), 

under a N2 atmosphere in a pyrex glass cell of  150 ml capacity. The cell was maintained at constant 

temperature using a thermostatic water bath attached with water circulating pump. To cover the 

glass cell, a lid with holes for pH meter electrode, and micro burette capillary was used. 100 ml of  
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NaCl solution of  a required ionic strength having 1 g sample of  hematite was taken in the cell and 

was equilibrated for 2 hours with continuous stirring on a magnetic stirrer. Following equilibration 

at desired temperature, 0.1M HCl acid was then added to the suspension to bring down the starting 

low pH and left agitated for 30 minutes. The suspension was titrated against standard solution of 

NaOH (0.01 M) added from automatic titrant of fine capillary. The pH of the suspension was 

recorded after every addition and stabilization till the pH of the solution reached 9. Additional 

blank titrations were also performed. It has to be noted that Hematite has a tendency to dissolve 

when pH is either <3 or >9.Therefore, the experiments were performed with in the pH range of 

3 – 9. 

Surface charge density σH (mol/m2) was determined mathematically as the difference between 

total amount of H+ or (OH−) added to the suspension to bring a blank solution of the same NaCl 

concentration to the same pH at a given temperature, according to Johannes et al., (2012). 

𝜎H =
[(𝐶NaOH(𝑉𝑏 − 𝑉𝑑))𝐹]

𝑆𝛾𝑉
 (2.1) 

Where CNaOH is the concentrations of titrant, Vb is volume of the titrant added in a blank titration 

and that would correspond to the volume Vd of titrant added in the titration of the dispersion to 

reach exactly the same pH. S is the specific surface area of solid; γ is the mass concentration of 

solid (mass of solid divided by the volume of the total liquid medium V). 

2.2 Surface complex modeling approach and parameter derivation 

2.2.1 Charge distribution multi-site ionic composition (CD-MUSIC)  

The different SCMs describe the mineral-water interface at different levels of detail. In each 

model metal ions bind differently to the mineral surface. The reason for selecting the CD-MUSIC 

(Charge Distribution-Multi-SIte Complexation) model for interpretation of sorption experimental 

data in comparison to other surface complexation models is that a different treatment of species , 

other types of SCMs species are treated as point charges and structural details are not considered. 

This difficulty has been subdued with the CD-MUSIC model. This model emphasizes the 

importance of the surface structure and the structure of adsorbed species. Surface complexes are 

considered to have a spatial distribution of charge in the interfacial region. In most cases, its 

predictions are consistent with physically realistic surface complexes detected by spectroscopy. 

 Hiemstra et al. (1989a) originally proposed the muliti-site ionic composition (MUSIC) model to 

describe differences in proton affinity for various oxy and hydroxo surface functional groups 

(singly, doubly, and triply). The model was later refined by Hiemstra and Van Riemsdijk (1996) to 

include a charge distribution function for the adsorption of specifically adsorbing ions, and the 

model was renamed the charge distribution multi-site ionic composition (CD-MUSIC) model. The 

CD-MUSIC model utilizes crystallographic parameters to constrain the type, number, reactivity, 

and site density of surface functional groups used in the adsorption model. Additionally, the CD-

MUSIC model uses Pauling’s bond valence principal (Pauling, 1929) to describe the local charging 

environment (Hiemstra et al., 1989b; Hiemstra et al., 1989a; Hiemstra and Van Riemsdijk, 1996). 

The EDL model most often used in the CD-MUSIC model is the Extended Stern Layer model, 

which uses three planes to distribute charge across the interface (Figure 4) (Felmy and Rustad, 1998; 
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Geelhoed et al., 1997; Geelhoed et al., 1998; Hiemstra and Van Riemsdijk, 1996; Reitra et al., 1999; 

Tadanier and Eick, 2002). 

In the other types of SCM, the acidity models (1pKa and 2pKa models) rely on an ambiguous 

description of surface protonation in regards to the type of functional group present. Additionally, 

no attempt was made to provide any information about the actual distribution of charge between 

neighboring functional groups (Westall, 1986). The adsorption model developed by (Hiemstra et 

al., 1989a) and refined by (Hiemstra and Van Riemsdijk, 1996) is able to overcome these 

weaknesses through the application of Pauling’s valence principal and now formally known as 

Brown’s valence principal (Brown, 1978; Brown, 1981). 

The oxygen ligand may be coordinated to one, two, or three Fe atoms in the hematite structure 

(i.e. singly, doubly, or triply coordinated surface groups) (Figure 5). According to the Paul valence 

principle, in a stable coordination structure, the total strength of the valency bonds (ν) that reach 

an anion from all neighboring cations is equal to the charge of the cation divided by the number 

of the anions coordinated to it: 

V =
Z

CN
 (2.2) 

Where V = valency unit- the contribution of charge from the cation to the anion Z = charge of 

the ion CN = the coordination number of the cation. 

The hexagonal (rhombohedral) hematite crystal structure is constructed of iron atoms, each 

octahedrally surrounded by six oxygen atoms (Barron and Torrent, 1996). Based on the description 

of crystallographic faces of hematite, three main hydroxyl reactive sites were identified. Hence, the 

oxygen atoms are coordinated to one, two or three Fe+3 atoms in the crystal structure and form 

singly, doubly and triply coordinated groups, correspondingly (Fe–O−3/2, Fe2–O−, and Fe3–O−1/2 ; 

Figure 5). On the basis of this concept, the MUSIC model permits three protonation constants for 

the respective coordination group. However, considering proton affinity of oxo species here, Fe–

OH−1/2 and Fe3–O−1/2 are highly undersaturated compared to Fe2–OH0. Therefore, only two types 

produce charged sites, which imply that Fe2–OH0, in the present case, is considered as inert in the 

pH range of our interest. Generally FeOH-1/2 and FeOH2
+1/2 function as singly coordinated 

hydroxyl species imparted to surface acidity of hematite. In addition, for triply coordinated surface 

oxygen, only one step protonation is allowed which gives additional surface acidity for hematite as 

shown below.  

αFeO1.5− + H+  
pKa1
↔  αFeOH0.5− + H+

pKa2
↔  αFeOH2

0.5+  

αFe2O
1− + H+

pKa1
↔  αFe2OH

0 +H+  
pKa2
↔   αFe2OH2

1+ 

αFe3O
0.5− + H+  

pKa1
↔   αFe3OH

0.5+ 

 

According to the crystallographic analysis as a row of singly and triply site density dominate on 

the {012} face in the direction of the a-axis (Figure 6; Barron and Torrent, 1996). Thus, the surface 

charge of hematite can be designated within the CD concept by assuming that the charging of the 

{012} face of hematite pertains to a row of singly and triply coordinated surface groups per unit 

cell length. 
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Figure 5:  Schematic of the hematite-water interface, Charge on singly, doubly and triply 
coordinated surface oxygen functional groups are obtained by using Pauling’s rules. 
All Fe atoms are octahedrally coordinated and a symmetrical distribution of charge is 
assumed (Source: Tadanier and Eick, 2002). 

 

 

Figure 6:  Schematic picture of surface hydroxyl coordination of hematite perpendicular to the 
{012} face. The numbers on the right give distances of each row of O or Fe ions to 
the surface (i.e., projection) plane. The ions projected are those situated below the 
projection plane (i.e., away from the viewer). Rows of singly and triply coordinated O 
ions are indicated as S and T, respectively. Solid-line rectangles show the two-
dimensional (surface) unit cell. Dash-line rectangles show contiguous singly 
coordinated hydroxyls. White and black circles represent the radii of O and Fe ions. 

By formatting the surface acidity reactions in this manner, the CD-MUSIC model is able to 

provide detailed information about the distribution of charge between neighboring functional 
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groups (Hiemstra et al., 1989a). In addition to providing information about the local charging 

environment, the CD-MUSIC model is also able to account for relative affinity of the surface 

functional groups to undergo protonation or ion coordination reactions due to the influence of the 

relative charge contribution from the mineral cation (Hiemstra et al., 1989a; Hiemstra and Van 

Riemsdijk, 1996). This leads to a better estimation of which oxygen and hydroxyl groups are able 

to participate in coordination reactions at varying environmental conditions (Hiemstra et al., 1989a; 

Hiemstra and Van Riemsdijk, 1996; Hiemstra and Van Riemsdijk, 1999). 

The CD-MUSIC model further assumes a distribution of central cation charge to more than one 

electrostatic plane. By reference to Pauling bond valence principle to charge neutralization of 

specifically adsorbed metal ion hydroxide complexes, a partial fraction (f) of the central cation 

charge of the adsorbed species is attributed to mutual bridging ligands that are located in the o-

plane. The remaining portion (1-f) is attributed to ligands situated in the 1-plane (Hiemstra and Van 

Riemsdijk, 1996). CD-MUSIC model also able to consider the spatial distribution of specifically 

adsorbing ions which allows incorporation of spectroscopic data, related to bond distances and 

complex orientation into the model (Geelhoed et al., 1997; Geelhoed et al.,1998; Hiemstra and Van 

Riemsdijk, 1999; Rietra et al., 1999; Tadanier and Eick, 2002). 

Based on the lead – oxygen bond lengths observed for lead iron oxide surface complexes, two 

possible first shell configurations exist, a trigonal pyramidal structure consisting of three nearest 

neighbor oxygens or a square arrangement made up of four oxygen atoms (Bargar et al.,1997; 

Manceau et al.,1992; Weesner and Bleam,1998). In determining which of the two first shell 

geometries was more probable, Ostergren et al. (2000a) recognized that the coordination numbers 

associated with lead binding and derived from EXAFS fitting could differ between 3 and 4 

depending on the scale factor used in fitting the data. Furthermore, In comparing these Pb – O 

bond lengths to those found in Pb(II)- hydrates, hydroxides, oxides, and oxysalts, (Bargar et al., 

1997) found that Pb-O bond lengths ≤ 2.35 Ǻ are indicative of Pb(II) having a trigonal pyramidal 

coordination with oxygen atoms. While water molecules are present near the adsorbed Pb(II) ion 

and are even thought to act as ligands with the adsorbate, none of the three first shell oxygens of 

adsorbed Pb(II) are thought to be from water due to the fact that Pb–O water bond distances are > 

2.75 Ǻ (Bargar et al., 1997). For these reasons, lead surface complexes in this study are considered 

to have trigonal pyramidal first shell coordination, with a coordination number of three, consisting 

of some combination of surface oxygen atoms. 

Additionally, as suggested by Tadanier and Eick, (2002) if the cation charge is assumed to be 

symmetrically neutralized by the surrounding ligands, the charge distribution (CD) factor (ƒ) is 

equal to the fraction of charge neutralized by the surrounding ligands located in the 0-plane, or the 

number of covalent bonds extended to the mineral surface . On the basis of the above analysis, 

therefore, ƒ equals the number of surface oriented ligands divided by the total number of ligands 

coordinated to the central cation. In the case of lead, mono- and bidentate surface complexes yields 

CD factors of 0.67 and 1.33, respectively. Thus for sorption of Pb on hematite, a value of about 

0.6 is assigned to f. This value can be considered as a trade-off between the two opposing ligands. 

Therefore, f is treated as an adjustable parameter in the CD model. 

Once knowing the initial CD value is used to describe the change in charge on the 0- and 1- 

electrostatic planes (∆Z0 and ∆Z1, respectively) that occur as the result of an inner sphere surface 

complexation reaction. As discussed in the previous section of this thesis, the interfacial charge 



Dissertation Dejene Legesse Driba GFZ/TUB Methods 

20/114 
 

distribution of a surface complex between the 0-plane and 1-plane can be calculated using the 

Brown bond valence concept combined with spectroscopy information of the surface complex 

structure. Recently, (Hiemstra and van Riemsdijk, 1996) presented that the interfacial charge 

distribution coefficients, ∆Z0 and ∆Z1, may differ slightly from the values calculated with this 

approach due to the water dipole interactions. The introduction of ionic charge into the mineral/ 

water interface will cause the rise of electrostatic response due to a change in the orientation of the 

dipole of the water molecules present near the mineral surface. This effect can be corrected with 

using Equation 2.3 and 2.4: developed by (Hiemstra and Van Riemsdijk, 1996). 

∆Z0 = n0 + nH0 – ϕ(n0 + nH0 + Σnrefzref) (2.3) 

∆Z1 = n1 + nH1 + ϕ(n0 + nH0 + Σnrefzref) (2.4) 

Where n0 and n1 denote the amount of adsorbate charge placed on the 0- and 1-planes, 

respectively, nH0 and nH1 are the charge from additional protons and/or other ligands involved in 

the reaction and located on the 0- and 1-planes, respectively, the symbol ϕ is a constant (ϕ ≈ 0.17), 

nref is the number of surface sites of a given type that are involved in the reaction, and zref is the 

reference state charge of those surface sites. 
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Table 1:  CD-MUSIC model mineral surface parameters for the single ion adsorption modeling. 

Model parameters Values 

Specific Surface Area (m2 g-1) 20.08 

Site Density (sites nm-2)  

≡FeOH 
14.6 

≡Fe3OH 14.6 

Capacitance factors (F m-2)  

C1 0.97 0.97 

C2 
4.1 4.1 

CD Factor  

Monodentate Complex 
0.67 

bidentate Complex 
1.33 

Chemical reactions 
∆Z0 ∆Z1 log_k 

Surface Acidity Reactions  

≡FeOH-0.5 + H+ ↔ ≡FeOH2+0.5 
8.2 

≡Fe3O-0.5 + H+ ↔ ≡Fe3H+0.5 
8.2 

Electrolyte-Surface Ion Pair Formation(4,5) 
 

≡FeOH-0.5 + Na+ ↔ ≡FeOH-Na+0.5 
1 0 -0.6 

≡FeOH-0.5 + H+ + Cl- ↔ ≡FeOH2-Cl-0.5 
1 -1 7.75 

≡Fe3O-0.5 + Na+ ↔ ≡Fe3O-Na+0.5 
1 0 -0.6 

≡Fe3O-0.5 + H+ + Cl- ↔ ≡Fe3OH-Cl-0.5 
1 -1 7.75 

Isocoulombic reaction  

2≡FeOH-0.5 + H+ + H2O = 2≡FeOH2
+0.5 + OH- 

2.44 

Bidentate  

2≡FeOH-0.5 + Pb+2 + H2O ↔ (≡FeO)2Pb(OH) + 

3H+ 

0.22 1.78 -8.85 

2≡FeOH-0.5 + Pb+2 + Cl- ↔ (≡FeO)2PbCl-1.5 + 2H+ 
1.06 -0.06 -0.35 

2≡FeOH-0.5 + Pb+2 ↔ (≡FeO)2Pb- + 2H+ 
1.18 0.82 9.45 

 

The Charge Distribution Multi-Site Complexation (CD-MUSIC) model describes the solid-water 

interface as being composed of three electrostatic planes (the 0-, 1-, and 2/d-plane) and two stern 

(charge free) layers. The interface is considered to be electrically analogous to two parallel plate 

capacitors in series with the 0- and 1- electrostatic planes making up the first capacitor with 

capacitance C1 and the 1- and 2-planes comprising the second capacitor with capacitance C2 

(Hiemstra et al.,1989a; Hiemstra and van Riemsdijk, 1996, 2002). 
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Electrical Stern layer capacitance values are dependent on the solution properties and the 

thickness of the interfacial region. 

𝐶 =
ɛ𝑜ɛ

𝑑
 (2.5) 

Where ε0 is the permittivity of free space, ε is the solution dielectric constant, and d is the 

thickness of the molecular capacitor. The Helmholtz inner- (C1) and outer-layer (C2) capacitance 

of the electrostatic three plane model can be determined for molecular capacitor at the mineral-

water interface. In this study, 0.97 and 4.1 F/m2 for C1and C2 was used respectively (overall stern 

layer capacitance 0.78 F/m2) corresponding to dielectric constants of approximately 30 and 80 and 

layer thickness of 2.8 and 1.7 Å (Tadanier and Eick, 2002; Villalobos et al., 2003). The overall stern 

layer capacitance can be calculated from and set as an initial model parameter. 

1

𝐶
=  
1

𝐶1
+ 
1

𝐶2
 

 

(2.6) 

However, under experimental conditions the inner and outer layer capacitance cannot be 

measured directly and thus are handled as a fitting parameter as well. 

2.2.2 Crystal structure and morphology 

In solid–solution systems, ion adsorption behavior is greatly influenced by the crystal 

morphology of  the mineral surface (Hiemstra and Van Riemsdijk, 1996,1999).The dominant 

crystal face of  hematite (012) surface was selected for this study, because it is one of  the natural 

growth faces of  hematite, and energetically one of  the most stable surface of  hematite (Cornell 

and Schwertmann, 2003; Mackrodt et al., 1987; Hartman, 1989). Moreover it consists of  multiple 

coordination states of  oxygen functional groups (Tanwar et al., 2007). In general, this crystal face 

can be selected as a baseline for probing Pb(II) adsorption on hematite, ultimately allowing for 

extraction of  essential information on the mechanisms of  adsorption reactions and the 

configuration(s) of  an adsorbate with respected to the sorbent crystal structure. This understanding 

will assist to confine and check the assumption of  surface complex models and exhibit the types 

of surface complexes expected to occur on more complex mineral sorbents. In general, for many 

iron and aluminum (oxyhydr)oxides surface, the selected mineral surface considered to be the most 

reactive sites for adsorption since it has adjacent (2.89 �̊� separation) singly coordinated oxygen 

functional groups and it is also sterically fully accessible (i.e. sterically unhindered) (e.g., Hiemstra 

and Van Riemsdijk, 1996, 1999; Venema et al., 1997; Catalano et al., 2006a,b). As a result, the 

hematite (012) surface is deemed as a very good model system for studying adsorption reaction of 

Pb(II) on hematite. 

2.2.3 Charging behaviour of hematite 

According to Shawn et al. (2013) differences in the charging behavior between hematite faces 

arise first from its hexagonal corundum structure, which has a basal plane (001) iron–oxygen 

bonding topology distinctly altered than that for the higher index (012) and (113) faces. Based on 

charge-neutral stoichiometric of the bulk structure, the (001) face is technically terminated with 

oxygen atoms that are doubly coordinated with subsurface iron atoms. In contrast, the (012) face 

is a corrugated surface with half singly coordinated oxygen atoms and half triply coordinated 
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oxygen atoms. The (113) exhibits a 1: 1: 2 ratio of singly, doubly, and triply coordinated oxygen 

atoms. 

The termination of the hematite (012) surface has been recently studied by (Tanwar et al., 2007). 

In that study, it is observed that the half layer termination was the dominant termination of the 

surface. Meaning that if the singly coordinated oxygen groups on the half-layer termination remain 

in their bulk positions along bs, the uppermost FeO6 octahedra would be distorted (Figure 7). A 

relaxation along bs to above the Fe site would reduce this distortion, and likely be the stable 

structure in aqueous solution. Together with coordination environments, surface site density plays 

a role in surface charging. Pristine hematite faces have site densities of 13.7 sites per nm², 14.6 sites 

per nm², and 16.5 sites per nm² for the (001), (012), and (113) faces, respectively (Shawn et al.,2013). 

 

Figure 7: Structural model of the unrelaxed half-layer termination of the hematite (012) surface 
viewed along as with the expected locations of the singly coordinated oxygen groups 
upon relaxation overlain (dashed circles) (Tanwar et al., 2007). 

In general, therefore, knowing the charging behavior of the hematite is the prerequisite for 

modeling of the adsorption data. By modeling surface titration data, important parameters of the 

double layer properties can be determined. The charging mechanism of hematite is described by 

the protonation reactions of singly, FeOH-1/2, and triply, Fe3O
-1/2, coordinated groups (Table 1). 

As already mentioned, doubly coordinated surface groups Fe2OH0 are inert in the normal pH range 

and therefore are not expected to impact the titration curves. The local and formal charge excess 

designated for each group stems from the concept of charge balance applied to the surface, as 

described by (Hiemstra and  van Riemsdijk, 1996). On the basis of this concept, the CD-MUSIC 

model allows the calculation of the different and successive protonation constants referred to as 

Kij, i for the coordination number of the oxygen atom with the metal and j for the protonation 

number. 

Fe–OH−0.5 + H+↔ Fe–OH2
+0.5                     (K12) 

(2.7) 

Fe3–O−0.5 + H+ ↔ Fe3–OH+0.5                     (K31)                                   
(2.8) 
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For reasons of simplicity, the proton affinity constants (log_kH) of the above protonation 

reactions were adjust equal to the value of the point of zero charge (pHPZC). The salt dependence 

effect can only be depicted if ion pair formation is considered. Charged surface groups can form 

ion pairs with oppositely charged electrolyte ions as it was broadly reported in the literature 

(Hiemstra and van Riemsdijk, 1996). The adsorption of Na+ and Cl− ions was assumed to be 

essentially electrostatic in nature, i.e., there is no chemical contribution to the binding energy. In 

the present study, we use asymmetrical ion pair formation. For the calculation of the surface charge, 

a value for the site density (Ns) is also required. However, it is noted that the active site density 

varies in the literature in a broad range of 8 to 15 sites nm−2 (Sahai and Sverjensky, 1997; Barron 

and Torrent, 1996; Venema et al., 1998; Hiemstra et al., 1989a). But in the present case the value 

given for pristine hematite crystal (012) face is used since it is in agreement with crystallographic 

data used in the previous section of this paper and the total active site density (14.6 sites per nm2) 

was split equally between singly- and triply-coordinated groups. 

2.2.4 Bond Valence Parameter 

As described in section 2.2.1 of this thesis, oxygen atoms octahedrally coordinate Fe atoms in 

the bulk crystal structure of hematite with the Fe–O bond distances being 2.11 and 1.95�̊� for longer 

and shorter bonds, respectively (Brese and O'Keefe, 1991). Appropriate bond valence values for 

these Fe–O bonds can be calculated using (Brown, 1981). 

𝑆𝑀𝑒−𝑂 = exp (
(𝑅𝑜 − 𝑅)

0.37
) (2.9) 

Where R is the length of the Fe–O bond (in �̊� angstroms), and Ro is the length of a bond with 

unit valence. Averaged Ro values for many cation–oxygen bonds are available in the literature (Brese 

and O'Keefe, 1991), and the value given for Fe(III)–O bonds is 1.759 �̊� . However, using this value 

does not result in local charge neutralization in the hematite structure, as pointed out by Hiemstra 

and Van Riemsdijk (1996). Subsequently, a new Ro value for hematite was calculated using the 

equation below. 

𝑅0 = ln(
𝑧

(exp (
−𝑅1
0.37

) ∗ 𝑛𝑅1) + (exp (
−𝑅2
0.37

) ∗ 𝑛𝑅2)
) ∗ 0.37 

(2.10) 

Where z is the valence of Fe (III), R1 and R2 is the Fe–O bond lengths in hematite, and nR1 and 

nR2 are the number of bonds of length R1 and R2, respectively. The resulting new Ro value 

(1.764 �̊�, when used in Eq. 10 above, gives bond valence values of 0.387 and 0.613 for Fe–O bond 

lengths of 2.11 and 1.95�̊�, respectively, as well as local charge neutralization in the bulk hematite 

structure. 

In this study the utilized approach involved adjusting both bond lengths and site distributions 

from those expected based on the ideal crystal structure of hematite in order to obtain a calculated 

pHpzc value that agreed with the experimentally determined pHpzc of 8.12 at 25 °C. Bond lengths 

were assumed to be 1.95 �̊� for both, the singly and triply coordinated surface groups. Under these 

premises pertinent MUSIC model protonation constants at 25 °C can be estimated through 

substitutions in Equation 2.11. 
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log_kH = -A (V + ∑SMe-O + m(SH)+n(1-SH) 
(2.11) 

Where A is a constant (the slope) obtained by Hiemstra and Van Riemsdijk (1996) from a 

regression of various log_k values for homogeneous aqueous protonation reactions (valid at 25 °C) 

versus the undersaturation of charge on the respective oxygen ligands. In Equation 2.11, V is the 

valence of oxygen (-2), ∑SMe-O is the sum (over 1, 2, or 3 for single, double or triple coordination, 

respectively) of the bond valence values for the metal–oxygen bonds of interest (SMe-O), m is the 

number of donating H bonds with adsorbed water (requires the presence of an H atom), SH is the 

bond valence of an adsorbed proton (0.8), and n is the number of accepting H bonds with adsorbed 

water. For singly coordinated surface oxygens (m + n) = 2, for doubly coordinated surface oxygens 

(m + n) = 1 or 2, and for triply coordinated surface oxygens (m + n) = 1. 

The corresponding hematite protonation constants obtained from the above equations give a 

log_kH value of 8.393 and 8.107 for singly and triply coordinated surface hydroxyl group on 012 

faces respectively. These values were calculated using a long Fe–O bond distance of 2.11 A °, and 

a constant A values of 21.7.the pHpzc resulting from the protonation constants derived based on 

the crystallographic information of the hematite structure given in Equation 2.11 above is 8.250, 

which is very close to our experimentally determined pHpzc 8.12. However, the observed subtle 

discrepancy between our experimentally determined pHpzc and theoretically derived pHpzc values 

could be due to uncharacterized surface properties of the hematite used. In any case, the 

theoretically calculated protonation values are set as the initial value during the optimization of the 

protonation constant in CD-MUSIC model. 

2.2.5 Spectroscopic analysis review 

The selection of potential surface species of Pb was done based on analysis of previous literature 

Spectroscopic data. Spectroscopic studies of Pb can be used to place constraints on the 

stoichiometry of sorbed complexes considered in SCM formulations. Using X-ray absorption 

spectroscopy (XAS), Bargar et al.(1997) found that Pb adsorbed mainly as a mononuclear bidentate 

inner-sphere sorption complexes to edges of FeO6 octahedra on both goethite and hematite over 

a wide range of conditions, Trivedi et al.(2003) also suggested the same mode of Pb sorption based 

on EXAFS analysis. Thus, the modeling implemented in this work used mononuclear bidentate 

inner sphere Pb(II) surface complex and one-site hematite surface (i.e. no distinction was made 

between strong and weak sites). Pb is also reported to undergo co-adsorption with a high-affinity 

anions including chloride (Bargar et al., 1997) and hence in the presence of chloride, the possible 

formation of ternary surface species ≡(FeO)2PbCl–1.5 was also proposed at high ligand 

concentration in a bidentate fashion (Bargar et al., 1997). The formation of Pb-chloro ternary 

complexes coordinated to hematite also was consistent with the microscopic analysis for the 

interatomic distances and coordination numbers. Thus, inclusion of a surface complex such as 

≡(FeO)2PbCl–1.5 may be reasonable to account for strong Pb(II)-Cl- aqueous interactions. 

It should be stated here that, as has been suggested by Waite et al.(1994) and Torrent et al. (1990) 

only the singly coordinated surface groups are reactive for inner sphere complex formation of the 

cations. Considering an inner sphere lead complex binding to a singly, doubly, or triply coordinated 

group, we can calculate the sum of the bond valences on surface oxygen (Fe-O-Pb, Fe2-O-Pb, Fe3-

O-Pb). 
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Assuming a Pauling bond valence for a Pb-O bond of 1.5 vu (valence unit) and for a Fe-O bond 

of 1/3, this sum is equal to 0.17, 0.83, and 1.5 vu, respectively. According to literature (Bargar et 

al., 1997), only a neutral or almost neutral sum of bond valences is possible, implying that only the 

singly coordinated surface oxygens are reactive for an inner sphere lead complexation. 

In addition, from the bond valence approach (Pauling, 1929) that functions as an accompaniment 

to Extended X-ray Absorption Fine Structure (EXAFS) analysis, the bidentate edge-sharing 

complex requires either ≡(FeO)2Pb–, ≡(FeO)2PbCl–1.5 or ≡(FeO)2PbOH–1.5 species in consideration 

of both the coordinative saturation state of the surface oxygen site and Fe―O bond length and 

additionally, these species were also reported to be stable based on bond valence constraints. 

Therefore, surface complexes for bidentate ≡(FeO)2Pb–, ≡(FeO)2PbCl–1.5 and ≡(FeO)2PbOH–1.5 

were included in the initial set of reactions to describe Pb retention on hematite phases 

2.3 Estimation of surface complex model parameters 

Surface complexation was simulated with the CD-MUSIC approach developed in PHREEQC 

v.3.0.6 (Parkhurst and Appelo, 2013) using the “GeoDat.dat” thermodynamic database (Moog and 

Cannepin, 2014) coupled with universal parameter optimization program UCODE_2005 (Poeter 

et al., 2005). UCODE_2005 was applied to fit the CD-MUSIC model to the adsorption edge data. 

 
Figure 8:  Data Flow Between PHREEQC and UCODE_2005 for SCP optimization. 

The optimizations were performed based on the percent of Pb adsorbed, thus escaping problems 

with weighting for data sets with different concentrations. A relative standard deviation was also 

computed, based on analytical uncertainty of 3% for all observed data. Therefore, all observed Pb 

concentrations are in the same way significant to the parameter estimation process. Equilibrium 

constants for Pb2+ sorption on hematite sites were adjusted during the optimization process. The 

final SCP was iteratively determined starting with an initial data set obtained from literature (Table 

1) and matching measured data. Parameter optimization procedure starts with a set of initial 

guessed parameters of stability constants for possible adsorption reaction. PHREEQC first 
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simulates adsorption under a given experimental condition. Simulated values are then compared 

with experimentally obtained data. The program UCODE_2005 solves the non-linear regression 

problem by minimizing a weighted least-squares objective function with regard to the adjusted 

parameters using a modified Newton Raphson method. At each iteration a new set of parameters 

is generated and is used to run the PHREEQC adsorption simulation again. This procedure is 

repeated until a satisfactory match between simulated and experimental results is achieved. The 

model was iteratively optimized to all of the experimental data concurrently with the purpose of 

encapsulating the maximum experimental variance. Sorption reactions whose adjusted parameters 

did not statistically contribute to the overall variance reduction during the optimization process 

were progressively eliminated from the final model. 

Saturation indices for possible Pb-bearing solid phases were also calculated and used to detect 

which precipitation might have occurred based on the initial Pb concentration and experimental 

condition. 

2.4 Reactive transport modeling setup 

In this study a one dimensional (1-D) reactive transport model is developed which comprises a 

hydraulic, thermal and chemical modeling part. A hydraulic model part calculates different 

transport processes, such as dispersive-advection. Due to its 1-D nature, a reactive transport model 

is not able of simulating transversal dispersion. The geochemical part calculates the chemical 

reactions among mineral phases, pour filling water and gas phase. Thus, a 1-D RTM model 

simplifies a flow field and couples fluid flow to thermal and geochemical processes. Several 

assumptions and simplification of the flow field of GrSk geothermal reservoir must be made. A 1-

D RTM model considers this simplified flow field (Figure 10) and aims to semi-generically 

reproduce the simultaneously occurring and coupled hydraulic (fluid flow), thermal and 

geochemical processes (water-rock interactions). 

2.4.1 Geometric configuration and fluid flow parameters 

For reactive transport simulation a simplified geothermal system assumed containing two wells 

located at the same depth (Figure 9), where one well is production and the other one used for 

injection. The surrounding rock is assumed to consist of a porous medium saturated with fluid that 

initially is fully saturated with relevant fluid components. The model domain is schematically 

represented by a one-dimensional (1-D) reactive transport model with a uniform thickness of the 

horizontal layer of 500 m, which should be considered as a small sub-volume of a much more 

extensive 3-D reservoir. At the injection well fluid is injected at a constant rate, of known 

temperature and ion concentrations. The production well produces dynamic pressure and 

temperature assuming it affects the fluid composition in the well. 
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Figure 9:  Schematic diagram depicted the configuration of injection and production wells in the 
GrSk reservoir system. 

Thermophysical and hydrological parameters used in the present simulations are summarized in 

Table 2 that could represent general geothermal reservoir. Initial reservoir temperature and 

pressure were 150 °C and 450 bar, respectively. An over-pressure of 100 bar was applied to the 

injection (left) side. Injected water temperature was taken as 70 °C. Production rate is 50 m3/h for 

a production well and mass conservation leads to a re-injection rate of 50 m3/h.  

Table 2:  Reservoir rock and fluid properties parameters (Blöcher et al., 2010). 
Parameters Unit Matrix rock Fluid 

Permeability [m2] 1.0E-14  

Thermal conductivity [W/m K] 3.18 0.65 

Density [kg/m3] 2650 1.178 

Heat capacity [J/kgK] 920 4193.5 

Temperature [° C]  150 

Pressure [bar]  450 

Porosity [%] 10  

2.4.2 Geometric model configuration  

The basic model setup for most of the simulations representing the GrSk site is presented in 

Figure 10. The hydrogeological configuration considered is relatively simple, in simulation domain 

fluid flows from injection well to production well. 

A one dimensional (1-D) reactive transport model considers advective flow coupled with 

longitudinal dispersion. The 500m long 1-D model domain comprises 50 cells (each 10 m in length 

and with a homogenous distribution of hydraulic properties). One modeling time step accounts for 

365 days according to the average flow velocity (10m year−1) and a flow distance of 10 m. In total, 

the cold brine injection is set up to 30 years which is equivalent to expected life span of GrSk 

geothermal system and is divided into 30 modeling time steps; however, later the simulation time 

extends additional 30 years to evaluate the hydrogeochemical process in a long run. 

Due to its simplicity, the hydrogeological situation assumed in this study does not account for 

geological and hydrological parameters that may affect the system behavior at reservoir scale. These 

𝑝 = 450 + 𝑝𝑑 

𝑇 = 70°C 

Q = 50 m3/h Q= -50 m3/h 

Reservoir matrix representing 

GrSk system 

 

 

 

 

500 m 

𝑝 = 450 - 𝑝𝑑 

𝑻= 150 °C    𝒑 = 450 bar 
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include, for example, the impact of internal heterogeneity, which could lead to fast preferential 

transport in the reservoir. Instead, an idealized hydrogeological situation was chosen in this 

simulation study to bring out more clearly the geochemical changes in response to injected cold 

brine and to more readily interpret associated sensitivities. Thus, the flow is more on a multifaceted 

geochemical system rather than on an intricate reservoir hydraulic system. It is understood that this 

simulations are idealized representations that can only serve as a guide to actual reservoir behavior, 

which can vary strongly from place to place.  

Prior to cold fluid injection at onset conditions, 90.5 liter (see section 2.7.2) of the original 

reservoir water fills up pore space of each cell. At each modeling time step, equal amounts of cold 

water injected into the first cell, and subsequently, cause the original water filling the pore space of 

the first cell advancing forward by advective flow to the second cell. This displaced pore filling 

water flows 10 m into the second cell. Concurrently, in this manner the fluid propagates along the 

whole model domain until the last (the 50th) cell of the model domain.  

In addition to the model domain representing the reservoir system, one additional cell is set up 

and conceptually, functions as production well positioned behind the last cell in the model domain. 

Therefore, water leaving the last cell (i.e. cell 50) of a model domain is representing as a boundary 

condition for scale formation prediction in the production well (i.e. cell 51) (Figure 10). Thus, only 

the fluid composition in the last cell is important for simulating the potential of scale formation 

within the production well. However, it is noticeable that the produced fluid is composed solely of 

the original reservoir fluid, before the front arrives at the production well.  

Dispersion brings about reservoir water-injected water mixtures at different levels. Their mixing 

level relies upon longitudinal dispersivity (transversal dispersion is disregarded in this study). The 

model considers a pre-assigned dispersivity of 1 m adjusted based on the result of the tracer test. 

Diffusion is also included in the transport calculation due to the slow velocity (10 m year−1).  

 

Figure 10:  A simplified geometric model configuration of GrSk reservoir system. 

Besides dispersion, geochemical reactions between mineral assemblages and formation fluid 

modify the composition of the injected fluid, as it migrates via the reservoir formation. Accordingly, 

the composition of the injected fluid reaches the production well with different fluid composition 

and depending on the temperature and pressure condition within the well it potentially brings about 

scale formation there which varies from its original composition. 
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2.4.3 Hydraulic model configuration 

A model hydraulic setup is configured to appraise the Darcy average flow velocity by 

implementing data for the average fluid flow path length and average travel time of a non-reactive 

tracer. The distance between the production well and injection well in the Groß Schönebeck 

geothermal site is conceived as the average flow distance. For the case of the average travel time 

bromide has been chosen as non-reactive tracer because of its inert chemical properties and its 

relatively low concentration in GrSk formation fluid. Injection concentrations of the tracers were 

set to 1 mol/kgw. 

The temporal development of bromide concentrations in the pre-calculated value in the 

produced fluid permits the conclusion that the injected cold brine reached at the production well 

after 30 years. As a result, the calculated average flow velocity of reservoir fluid and injected fluid 

mixtures is 10 m year−1 within our 1-D reactive transport model. These steady state flow conditions 

are assumed to prevail for 60 years. 

The migration of injected cold brine front through the reservoir is characterized by the temporal 

and spatial progress of the bromide concentration of reservoir fluid. The Injected cold brine front 

flows through the reservoir aquifer in the direction of the production well and stepwise replaces 

the reservoir fluid at equilibrium with formation minerals along the flow path. Therefore, at a given 

time, the reservoir can be separated into three different sections with respect to the fluid filling the 

pore space in the reservoir stem from longitudinal dispersion: (1) formation fluid with a lowest 

bromide concentration, (2) injected fluid with highest bromide concentration, and (3) injected –

formation fluid mixtures along the flow path from the injection well to the production well. 

Therefore, the variation of bromide concentration represents the mixing factors of the both fluid 

types in the model domain that represent different length of the flow paths, different arrival times 

of injected fluid.  

2.5 Modeling approach of scaling in the production well  

To model scaling in the borehole, first the initial boundary condition representing the brine enters 

the wellbore from reservoir at bottomhole will be defined. For this purpose the fluid composition 

leaving the last cell of the model domain is used as a boundary condition for scaling simulation in 

the production well. First, the boundary reservoir fluid set to equilibrate with calcite, Sr-rich barite 

as a solid solution and laurionite, selected potential scale forming minerals in GrSk production well 

see section 1.4.1. Upon supersaturation, the excess minerals were allowed to precipitate.  

A mole of dissolved CO2 per kg of a hot water at reservoir condition was calculated by using gas-

liquid volume ratio. According to Huenges and Seibt, (2004) and Wiersberg et al. (2004), GrSk fluid 

contains different concentration of dissolved gases which predominantly composed of N2 (≈ 80 %), 

CH4 (≈ 15 %) and CO2 (≈ 1.7 %) with a 1:1 ratio of gas-liquid volume at 1 atm, 0 °C. This is 

assumed pretty much close to its saturation states thus the impact of dissolved CO2 cannot be 

disregarded in this case. It can be assumed that a strong pressure drop potentially occurring in the 

GrSk site would obviously inducing stronger carbonate scaling in the production well. Thus, 

performed modeling scenario to test how a dissolved CO2(g) drop affects the chemical composition 

of the produced fluid and the amount of scale minerals is unavoidable. It is generally known that 
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precipitation of calcite is enhanced by depressurization boiling and controlled by the following 

reaction (Sanchez et al., 2005; Satman et al., 1999; Siega et al., 2005). 

Ca2+ + 2HCO3
− = CaCO3(s) + H2O + CO2(aq)  

0r  

Ca2+ + 2HCO3
−  =  CaCO3(s) + H2CO3 

Eventually, however, the potential for precipitation and scaling are dependent on saturation of 

the initial reservoir fluid and the processes it will undergo like boiling, phase segregation, mixing, 

and others (Arnórsson et al., 2007). 

In the simulation scenario, however, the influences of the other gases on scaling are quite weak 

compared to CO2 thus they are no longer considered in the simulation. Consequently, fluid 

composition and fugacity of dissolved CO2 at reservoir condition (production inlet) was 

determined as initial condition. It is noted here that the fugacity of the dissolved CO2(g) and 

saturation index in the solution is calculated by applying the reference Duan-Sun solubility model 

(Duan and Sun, 2003), in consideration of a non-ideal condition of GrSk reservoir conditions as a 

function of temperature , pressure and the actual concentration (or ionic strength). 

To determine the depth of scaling formation and to better constrains the effects of mass 

movement of potential scale forming components upon cooling successive model simulations were 

done. A code called RPHREE, an interface that connects the geochemical simulator PHREEQC 

with the open source language R (De Lucia and Kühn, 2013) was used. The code is capable of 

transforming big P-T data to PHREEQC v.3.0.6 (Parkhurst and Appelo, 2013) input file and 

applying a referenced GeoDat thermodynamic database. Moreover, for this simulation, total 

effective well depth is used, rather than actual length, in order to preserve a linear pressure gradient 

with depth. Further, it is assumed that reservoir pressures, temperature, gas content and salinity are 

constant during computation to provide continuous steady flow. 

The resulting initial fluid composition was incrementally equilibrated with calcite, (Srx-Ba1-x)SO4 

as a solid solution and laurionite, partial pressure of both water and CO2 at each measured dynamic 

pressure and temperature state throughout the well using nearly195 data points representing a 

whole depth of 4258 m taken at interval of 21.83 m during 7 days continuous production test. 

Therefore, upon cooling towards the surface, supersaturation these excess minerals were allowed 

to precipitate simultaneously and the resulting fluid composition calculated. The elemental ratios 

between the boiled and cooled waters with mass precipitation on one hand and without 

precipitation on the other were then calculated. The difference is taken to designate mass loss of 

Pb, Ca and Sr and Ba, from solution upon boiling and cooling. 

In this modeling scenario the effect of redox is deliberately overlooked since the GrSk reservoir 

system is assumed to be a closed loop, therefore, O2(g) contamination of brine is considered to be 

virtually minimal. 

2.6 Thermodynamic database 

The quality and accuracy of geochemical modeling is improved through the application of 

censoriously evaluated thermodynamic data derived from a comprehensive review of the published 
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literature and experimental data. In this regard, the purpose of this section of the thesis is intended 

to assess the influence of various activity models embedded in the databases on the simulation 

results based on the same initial data sets retrieved from GrSk reservoir and underline the generic 

difference between databases and selecting of suitable database for concomitant modeling activity. 

One of the fundamental requirements of geochemical modeling is the calculation of the species 

in the aqueous phase. The basic assumption is that local thermodynamic equilibrium achieved as 

the aqueous phase is dominated by fast reactions. To study a reaction it is necessary to write the 

mass action equation that relates the activities of the species to the reaction’s equilibrium constant. 

At equilibrium the ion activity product is equal to the equilibrium constant. 

Because speciation and mineral precipitation and dissolution calculations are based on mass 

action equations, activity models are crucial for the accuracy of these calculations. Usually, a major 

discrepancy is observed in the simulation output of most geochemical model stem from the 

underlying activity model in the thermodynamic databases. Activity models are also important for 

mineral precipitation or dissolution reactions. Because precipitation occurs when a solution 

becomes oversaturated with respect to a solid phase, activity models are essential when the degree 

of saturation with respect to a solid is calculated. 

PHREEQC v3.1.4 (Parkhurst and Appelo, 2013) allows high salinity solutions to be considered，

such as sedimentary basin brines, using the Pitzer formalism as activity model. The discrepancy 

between activity and concentration of solute species explain the non-ideal behavior of concentrated 

solutions. Activity is the effective concentration of a species in a chemical reaction. Activity of an 

ion is lower than its concentration and it depends on the pressure, temperature and the solution 

composition. When concentrated solutions are considered, the solutions ideality assumption is no 

longer valid and an activity coefficient is used to account for deviations from ideal behavior. Debye-

Hückel (Debye and Hückel, 1923), extended Debye-Hückel (Helgeson, 1968), or Davies activity 

models (Davies, 1962) are most often applied to calculate the activity coefficients. These models 

provide an excellent description of the interactions occurring between solutes in solutions with an 

ionic strength lower than 0.5 up to 0.7 M.  

Considering the limitation of the Debye-Hückel and Davies equation for calculating geochemical 

reactions for high ionic strengths higher than 1M. Application of geochemical models that include 

the Pitzer equations (Pitzer, 1973; Pitzer, 1991) allows a more adequate formalism to consider the 

solution ideality deviation at high salinities. The Pitzer model considers both the electrostatic 

interactions between ions and the specific interactions between ion-pairs and triplets. These 

interactions amongst ions and solvent are introduced in Pitzer equations through linear 

combinations of parameters of a virial expansion of the excess Gibbs free energy (Pitzer, 1973; 

Pitzer, 1991).  

The experimental determination of the Pitzer parameters is difficult, which bounds the domain 

of application given the currently available thermodynamic databases “pitzer.dat” which is 

provided with the code PHREEQC. Likewise, this database does not include all the minerals and 

aqueous species considered in this study. Therefore, Pitzer activity model based thermodynamic 

database called “GeoDat.dat” compiled by Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) 

(Moog and Cannepin, 2014) extended “pitzer.dat” thermodynamic database by including solution 
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master species for Si, Pb and Al along with other elements and made available for PHREEQC 

code.  

This database also includes data for the system Al-Ba-C-Ca-Cl-Fe-H-K-Mg-Na-Pb-Ra-S-Si-Sr in 

general. Furthermore, most of the solubility equilibrium data included in the data base verified for 

their validity using the range of experimental data set for highly saline solutions at high pressure 

and temperature conditions. 

In addition, the equilibrium constants reported for 25 °C in the databases can extrapolated to the 

reservoir temperatures. PHREEQC uses the following equation to derive equilibrium constants at 

T in °C: 

log kT =  a + bT + cT + dlogT +  eT
2 

(2.12) 

Where logKT is the equilibrium constant at temperature T, and a, b, c, d, e are analytical 

expressions for temperature correction. The pressure dependence, which is important at greater 

reservoir depth was calculated for reaction constants for species, and the pressure-dependent 

solubility of minerals are calculated from the volume change of the reaction. The molar volume of 

solids and parameters for calculating the molal volume of aqueous species are defined in the 

databases. 

Before applying the databases for further analysis of water-rock interaction during the reactive 

transport modeling the efficiency of different thermodynamic databases to reproduce the base case 

scenario was evaluated. For this purpose the following three databases were selected: i) LLNL ii) 

Quintessa database refitted for 450 bar iii) GeoDat databases. The LLNL database produced by 

the Lawrence Livermore National Laboratory provided with the PHREEQC code to calculate 

activity coefficients with the B-dot model. The Quintessa database corresponds to the Pitzer 

database and is compiled for the EQ3/6 database (Wolery, 1992), produced in the Yucca Mountain 

Project by the Sandia National Laboratory and reformatted to the PHREEQC format by Quintessa 

(Benbow et al., 2008) and finally GeoDat Pitzer database (Moog and Cannepin, 2014). 

The two Pitzer databases, i.e. the Quintessa and GeoDat database, contain most species of 

interest for performing calculations in deep saline of GrSk reservoir including relevant Al and Si 

compounds, thus enabling geochemical simulations involving alumosilicates minerals. 

However, the establishment of Pitzer databases is still on-going and there are no Pitzer 

interaction coefficients available for all species (e.g. for Sr in the Quintessa database). Some are 

valid only for a limited range of temperatures (e.g. many species have only interaction coefficients 

at 25 °C in the Quintessa database), or incoherencies can be observed between the data. In 

particular for the Geodat database, redox issues cannot be addressed using Pitzer databases since 

no interaction parameters describing the electron behavior in saline solutions are available at the 

present time. As a consequence, redox reaction species such as Fe (II)/Fe (III) and Mn(II)/ Mn(IV) 

occurring in the GrSk reservoir system were not adequately addressed during geochemical 

modeling of fluid-rock reactions. 
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2.7 Definition of baseline geochemical conditions 

The initial geochemical condition of the reservoir prior to cold brine injection was defined by an 

appraisal of the mineralogy and fluid composition of the reservoir. The data from drill cutting of 

the Rotliegend sandstone and fluid samples from the Groß Schönebeck reservoir were used. 

2.7.1 Initial mineralogy 

To define a representative geochemical model, the mineralogical mean composition of the model 

rock sample was selected. The initial mineral composition was obtained from analyses of drill 

cutting material from the reservoir section of Rotliegend sandstone at depths between 4100 and 

4300m in Groß Schönebeck. 

X-ray diffraction and microscopic analysis revealed that the Rotliegend sandstone consists mainly 

of quartz (36-65%), alkali feldspar, plagioclase (together 18-22%), and rock fragments (10-18%) 

together with other pore-filling cementing materials and grain coatings in (1-4%) that consists in 

decreasing order of hematite (up to 1% of total share), carbonate, albite, anhydrite, barite and illite 

(Trautwein and Huenges, 2005). The volumetric balance of these minerals covers only a very small 

proportion out of the whole mineral composition of the reservoir host rock. However, despite 

their abundance of contact with the geothermal fluid in the reservoir matrix, the contribution of 

silicates to the volumetric balance of dissolved and precipitated minerals remains very small. This 

is due to difference in reactivity between silicates and carbonates (White et al., 1999). 

In the process of mineral phase selection for the model calculation, a simplified approach was 

applicable using an assorted assemblage, which represents the reservoir as a whole. The selection 

of the final mineral assemblage used in the model was obtained through re-evaluation of the 

analyzed hydrochemical pristine composition of the brine with thermodynamic equilibration of the 

mineral phases identified from XRD analysis through a step wise addition and omission of a 

mineral during the batch modeling which will be discussed later in detail in section 3.6. 

All mineral fractions ≥ 1wt% were included in the modeling. The mineral concentrations (wt.%) 

were converted to specific volumes (m3/mol) and re-calculated to normalized 90 vol.%. The 

balance of 10 vol. % being assigned to porosity and a bulk density of 2650 Kg/m3 for the reservoir 

rock were assumed. 
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Figure 11: Average modal mineralogical composition (% Vol) of the drill cuttings of reservoir 

samples analyzed by XRD. 

2.7.2 Representative Elementary Volume (REV) 

For modeling of reactive transport, it is not possible to catch whole microscopic structure of the 

porous media. Instead, the representative elementary volume (REV) is introduced. Parameters are 

averaged over such volume that is sufficiently large to describe the porous medium at macroscopic 

scale (Bear, 1988; Bachmat and Bear, 1986; Hassanizadeh and Gray, 1979). Within the REV the 

detailed structure is lost and becomes a continuous field. Parameter like porosity and permeability 

or dispersivity is considered constant over the averaging volume. In order to introduce the amount 

of each mineral in moles into PHREEQC v.3.0.6 (Parkhurst and Appelo, 2013) the amount of 

mineral calculated based on 1 m3 rock volume; the porosity, and the water saturation have to be 

defined in order to determine the matrix-to-water ratio. To compute the initial moles of a mineral 

ni based on a prior defined REV, Equation (2.13) applies: 

ni = Vrock(∅ − 1) ∗
1

∑ (wi ∗
Vmi
Mi
)
∗
Wi
Mi

 (2.13) 

Where Vrock is REV, ∅ is the porosity, wi is the amount in weight per cent of a mineral i, Vmi and 

Mi are mole volume and mole weight of a mineral i respectively. The mass of water in the defined 

REV is thereby calculated by: 

mw = Vrock ∗  ∅ ∗ Sw ∗ (ρfluid − TDS) (2.14) 

Where 𝑆𝑤  is the water saturation, 𝜌fluid the fluid density and TDS the total dissolved solids.
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2.7.3 Secondary minerals 

Secondary minerals form after dissolution and re-precipitation of primary (original) minerals. The 

inclusion of these phases is based on subjective observation from batch calculation using 

PHREEQC. The minerals that are supersaturated and likely precipitate under reservoir conditions 

were selected as secondary minerals. One exception to this is iron mineral, which could not be 

modeled because the redox state of the systems cannot be considered due to the lack of redox 

parameter in the referenced database. The secondary minerals are denoted with zero initial volume 

fractions. 

2.7.4 Initial brine composition 

In this study the pristine fluid composition from a fluid sample from the GrSk3/90 well collected 

in 2001 at reservoir depth (4300 m). The total amount of dissolved solids (TDS) is approximately 

265 g/l. 

To confirm that the sample composition collected from the deep well did not change during 

uplift of the sample to the surface, the composition of the fluid was re-evaluated via the 

thermodynamic equilibrium of the formation water with the mineralogy of the reservoir using 

PHREEQC with the reference GeoDat database (Moog and Cannepin, 2014). The formation water 

was equilibrated with the minerals of the reservoir rock defined above. Further details about 

modeling and the used database will be elaborated in batch modeling in section 3.6. 

The resulting modeling fluid composition shows the largest similarities with the analytical data 

Table 3. The chemical composition of the formation water is mainly dominated by Cl-, Na+ and 

Ca2+ and as well as dissolved subordinate Al3+, K+, Mg2+, Ba2+, K+, Sr2+, SO4
2-, Fe2+, HCO3+, Pb2+, 

and SiO2 .The brine pH is slightly acidic, and anoxic redox conditions are assumed. 

Table 3: Representative analysis of formation fluid; re-evaluation using PHREEQC and the 
GeoDat database (Moog and Cannepin, 2014). 

Water type initial water initial water Injected water 

Chemical 

components 

Formation water 

(measured) 

mol/kgw 

Equilibrium with the 

minerals (150 °C) 

mol/kgw 

Equilibrium with the minerals 

(70 °C) 

mol/kgw 

Ba 2.10E-04 1.99E-04 3.29E-04 

C 2.11E-03 1.93E-03 1.77E-03 

Cl 4.03E+00 4.03E+00 4.03E+00 

Ca 1.15E+00 1.15E+00 1.14E+00 

Fe 1.73E-03 1.73E-03 1.79E-03 

K 6.34E-02 6.34E-02 6.34E-02 

Mg 1.51E-02 1.51E-02 2.96E-02 

Na 1.43E+00 1.43E+00 1.42E+00 

S 1.24E-03 1.24E-03 1.36E-03 

Pb 1.E-03 9.8E-04 4.6E-04 

pH 6.8 6.7 6.37 
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As can be seen from Table 3, equilibration of the brine with the mineralogy of the drilling cut 

caused changes in the pH and fluid composition. This is because minerals dissolved or precipitated 

in order to reach equilibrium. This simulated brine composition was used as the initial brine in the 

subsequent modeling activity in this study. 

It is to be expected that the reservoir water composition and the primary minerals are close to 

equilibrium, because these data are taken from reservoir sample analysis. If there is degassing, it 

would have taken place before the brine samples were analyzed. The thermodynamic equilibrium 

of the formation water with the mineralogy of the reservoir is assumed as the initial reference state 

for the fluid composition. 

2.8 Geochemical batch modeling approach 

In geochemical modeling, the quality of the calculations is determined by the constraint of some 

key parameters and reaction processes: the thermo-physical properties of fluid, the selection of the 

reacting mineral phases, and their solubility properties. Constraining these parameters is an essential 

task to accurately simulate the geochemical evolution of injected fluid in the reservoir. This section 

of the thesis is focused on the selection of the minerals to be considered in the transport model 

and providing a guideline for the interpretation of the interaction of processes within the reservoir 

system. 

As a first step in the process of reactive transport modeling, an equilibrium batch simulation was 

performed with the minerals obtained from XRD analysis of drill cuttings of the reservoir 

equilibrated at 150 °C and a pressure of 450 bar (reservoir conditions). The goal of this batch 

geochemical modeling is to assess the geochemical fluid rock interactions occurring within the 

formation when cold brine is injected to the reservoir. During batch modeling no flow is taken into 

account with (zero) dimension. 

The solubility properties of mineral phases which exist at high temperatures in the GrSk reservoir 

system is defined by the fluid-mineral equilibria at reservoir condition. The potential for mineral 

precipitation /dissolution in the reservoir in dependence of different temperatures in response to 

the effect of cold brine propagating between injection and production well can also be determined 

using batch calculations. Batch calculation was conducted here using PHREEQC v.3.0.6 (Parkhurst 

and Appelo, 2013) with the reference GeoDat database. Finally, a small partial pressure of gaseous 

CO2 is applied (around 7.65 bar) corresponding to the actual CO2 content in the reservoir gas, 

fixing the pH value and the solubility of carbonate minerals. 

Batch simulations are able to capture at least qualitatively the possible reaction path triggered by 

the injection of heat depleted brine in the reservoir. Simulations are conducted under the 

hypothesis of instantaneous equilibrium for fast reaction minerals such as carbonate. 

2.8.1 Kinetic data 

Kinetic modeling contemplates the rates of reactions based on appropriate rate constants. It 

allows reckoning of the time the system requires to start precipitated mineral phases, as well as the 

time it takes the system to reach thermodynamic equilibrium. For this reason a kinetic law was used 

for the dissolution and precipitation of minerals particularly for those minerals whose reactivity 
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was assumed to be slow. The reaction rate depends on the amount of mineral available, how fast 

the reaction is and how far it is deviated from the equilibrium. 

For kinetically-controlled mineral dissolution and precipitation, a general form of rate law was 

applied (Lasaga, 1984; Steefel and Lasaga, 1994) and implemented in PHREEQC for this study:  

rm = ±kmAma
nH+ [(

Qm
Km
)
μ

− 1]

V

 (2.15) 

where m is mineral index, rm is the dissolution/precipitation rate (positive values indicate 

dissolution, and negative values precipitation), Am is the specific reactive surface area per kg H2O, 

km is the rate constant (moles per unit mineral surface area and unit time) which is temperature 

dependent, a H+ is the activity of H+ and n is empirical reaction order accounting for catalysis by 

H+ in solution. Km is the equilibrium constant for the mineral-water reaction written for the 

destruction of one mole of mineral m, Qm is the reaction quotient, the parameters μ and ν are two 

positive numbers normally determined by experiment, and are usually taken equal to unity. 

The temperature dependence of the reaction rate constant can be expressed fairly well via an 

Arrhenius equation (Lasaga, 1984; Steefel and Lasaga, 1994). Since many rate constants are reported 

at 25°C (298.15 K), it is suitable to approximate rate constant dependency as a function of 

temperature, thus 

kn = k25
nuexp [

−Ea
nu

R
(
1

T
− 

1

298.15
)] + k25

H exp [
−Ea

H

R
(
1

T
− 

1

298.15
)] aH

nH

+ k25
OHexp [

−Ea
OH

R
(
1

T
− 

1

298.15
)] aH

nOH  

(2.16) 

 

Where Ea is the activation energy, k25 is the rate constant at 25 °C, R the gas constant, and T is 

absolute temperature. Mineral dissolution and precipitation rates are a product of the kinetic rate 

constant and reactive surface area (Equation 2.14). 

The parameters used for the kinetic rate expression are given in Table 4 Though calcite is 

constrained to react at equilibrium because its reaction rate is typically quite rapid. In Table 4, the 

separate rate constant (k25), the activation energy (Ea), and the reaction order (n) for each 

mechanism (in this case base mechanism not deemed for some minerals). At any pH the total rate 

is the sum of the rates via each mechanism. The temperature-dependent kinetic rate constants are 

calculated from equation (2.15). Kinetic parameters were taken straight from (Palandri and Kharaka, 

2004). 
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Table 4:  Kinetic rate parameters ( Palandri and Kharaka, 2004).  

 

A (Specific 
 sur. area) Neutral mechanism 

Acid 
mechanism 

Base 
mechanism 

Mineral (cm2/g) Log K25 Ea(KJ/mol) Log K25 Ea(KJ/mol) n(H+) Log K25 Ea(KJ/mol) n(H+) 

Albite 9.1 -12.41 38 -10.06 51.7 0.5 -21.2 94.1 -0.823 

Barite  -7.9 30.8 -6.9 30.8 0.22 - - - 

Calcite 9.1 -5.81 23.5 -0.3 14.4 1 -3.48 35.4 1 

Celestite  -14.6 66.2 -9.39 66.2 1 - - - 

Dolomite 9.1 -7.53 52.2 -3.19 36.1 0.5 -5.11 34.8 0.5 

Microcline 9.1 -11.9 33 -10.0 50.1 0.5 - - - 

Mineral reactive surface areas Ar for dissolution were calculated from geometric surface (AG) 

assuming spherical mineral grains through Equation (2.16) and (2.17): 

  
Ar = 0.001 ∗ AG ∗ m ∗ n 

 

(2.17) 

𝐴𝐺 =
6

𝜌𝐺 ∗ 𝑑
  

 

(2.18) 

Where Ar is the reactive surface area in m2 and AG the geometric surface area in m2/g, m is the 

molecular weight, n the number of moles, 𝜌𝐺 is the rock density and d the average grain diameter. 

The compiled rate parameters data are collected from various publications. Thus, there exist 

inconsistencies on information of the value of the power (n) for individual minerals. Therefore, a 

uniform average value for n of 0.5 was selected for all minerals. The reactive surface area is a 

parameter which is extremely difficult to measure or calculate for in situ field conditions. This 

results in an increased uncertainty of the modeled results of up to several orders of magnitude. 

Since no direct measurements of BET-surfaces are available for minerals in the rock, the geometric 

surface area is used for the calculation of the specific reactive surface area. 

Interaction with the minerals is generally expected to occur only at selective sites at the surface 

and the difference between total surface area and reactive surface area can range between 1 and 3 

orders of magnitude (White and Peterson, 1990; White and Brantley, 2003). To estimate reactive 

surface area based on the geometric surface area there are factors need to be taken into account, 

resulting in an additional factor. A surface roughness factor of 10 was defined, increasing the 

geometric-based surface area (Xu et al., 2010; Zerai et al., 2006 and Zhang et al., 2009). To account 

for the difference between geometric surface area and the specific reactive surface area a scaling 

factor of 0.001 was introduced for all minerals in this study. 

The geometric surface area is calculated assuming that mineral grains are spherical. For all the 

minerals, apart from the clays, an average grain diameter of 2 × 10−5 m is assumed for non-clay 

minerals, similar as described by Cantucci et al. (2009) and Gaus et al. (2005). Since the surface area 

for precipitating minerals is very difficult to determine a simplified approach is applied by a rough 

estimation of the available reactive surface area which was assumed for each mineral during 
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precipitation to be 10000 times larger than the one for dissolution. The resulting contact area for 

the REV is defined by multiplication with the actual mass of water mw in the REV (Equation 2.14). 
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3 Results and Discussion 

3.1 pH probe correction factor 

The results of acid and base titrations for each electrolyte solution showed a change in slope and 

potential in the acidic and alkaline regions for all of these electrolytes (0.5, 1, 5 M). The variation 

of the regression slopes as summarized in Table 6, demonstrates a non-Nernstian behavior of the 

electrode which is especially significant at high ionic strength solutions. The calculated correction 

factors A are also shown in Table 6 and were applied for all pH measurements within this study 

for the respective ionic strength. 

Table 5: Slope and correction factor for pH calibration of a glass electrode as determined by 
titration in NaCl according to (Brandariz et al., 2004). 

NaCl 

(Molarity) 
Titrant Slope 

Correction factor A 

(log slope) 

0.5 HCl 1.5394 0.19 

1.0 HCl 1.8244 0.26 

5.0 HCl 8.8448 0.95 

3.2 Capacitance correction for temperature 

The electrical stern layer capacitance is known to increase with temperature (Angove et al., 1998). 

This correlation most likely stems from decreased ion association in the double layer with 

increasing temperature (Ward and Brady, 1998). Further, the capacitance of the interface increases 

with temperature because the bulk dielectric constant of the aqueous phase decreases with 

increasing temperature (Ward and Brady, 1998). As suggested by Kulik (2000), the interdependence 

of C1 with temperature can be modeled using the following equation: 

C1(T) =  C1(To) + 0.003(T − To) 

 
(3.1) 

Where T is a given temperature in centigrade, T0 = 25 °C, and C1 (T0) inner layer capacitance at 

room temperature and C1(T) inner layer capacitance at a given temperature. The calculated 

temperature compensation values of capacitance are presented in Table 6. 

Table 6: Variation of inner-layer capacitance C1 determined according to Equation 3.1 as a 
function of temperature.  

Temperature ( °C) Inner-layer capacitance (C1) F m-2 

25 0.75 

50 0.83 

75 0.98 

100 0.90 

150 1.13 

3.3 Surface charge density and pHpzc of hematite 

The surface charge density (𝜎𝐻) of hematite as a function of pH and ionic strength was 

determined by a series of titrations, and in a range of temperatures. The results are shown in Figure 

12 (a-c). 
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In accordance with the definition given by Sposito (1984), the common intersection point for 

different ionic strengths can be treated as the (pHpzc) that corresponds to the pH at which 𝜎𝐻 =

0. At room temperature the pHpzc of hematite reported to be between pH of 7.2 and 8.8 (Plaza 

et al., 2001 and Carrick et al., 2006). Referring to Kosmulski, (2001) such variation on the reported 

pHpzc might come through dependence on crystallinity, nature of synthesis, particle morphology, 

and system impurities. When compared to these data, the measured pHpzc of 8.22 value at room 

temperature falls within the reported range. Taking into account the mineral face selected in this 

study, according to Chatman et al.(2013) the measured pHpzc for the (012) face is 8.65 which is in 

general agreement with molecular modeling results for the (012) face pHpzc = 8.5. 

Since hematite solubility is pH, Cl and temperature dependent, the solubility of hematite has been 

modeled for various pH values, Cl- concentration and temperature under experimental conditions 

beforehand which is not depicted here. The model result suggested that a release of Fe3+ by 

hematite dissolution can occur in weakly acidic medium (pH < 3) and at low temperature. For 

progressive temperature increment to a maximum of the temperature design in this experiment, it 

had very little or no influence. Thus to preempt the dissolution of hematite and enhance the 

accuracy of the titration data during the titration experiments, the experiment was constrained 

between 3-9 pH unit and temperature of 25-75 °C. Thus, it is possible to understate the variation 

of surface charge pertaining to hematite dissolution and its effect on pHpzc was neglected. 

However, there is still an undetermined discrepancy associated with the generation of completely 

comparable measured pHpzc as reported in Chatman et al. (2013) which is probably due to some 

impurity of the commercial hematite used for this experiment. The presence of such impurity can 

disturb the mass and charge balance in the system thereby affecting the background corrected 

titration data and intersection points (particularly at low temperature and pH).  
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(a)  

(b)  

(c)  
 Figure 12: (a-c) Titration curve as a function of temperature and ionic strength, solid line: 

modeled, symbol: experimental data. 

Surface charge density calculations were made using 1-pK CD-MUSIC approach using 

PHREEQC v.3.0.6 (Parkhurst and Appelo, 2013) by employing parameter values cited in Table 1. 

-100

-50

0

50

100

150

200

3 4 5 6 7 8 9 10 11

S
u
rf

ac
e 

ch
ar

ge
 d

en
si

ty
 [

 µ
C

/
m

2
 ]

pH

5.0 M NaCl
1.0 M NaCl      Measured
0.5 M NaCl
5.0 M NaCl
1.0 M NaCl      Simulated
0.5 M NaCl

25 °C

-100

-50

0

50

100

150

200

2 3 4 5 6 7 8 9 10

S
u
rf

ac
e 

ch
ar

ge
 d

en
si

ty
 [

 µ
C

/
m

2
 ]

pH

5.0 M NaCl
1.0 M NaCl      Measured
0.5 M NaCl
5.0 M NaCl
1.0 M NaCl      Simulated
0.5 M NaCl

-100

-50

0

50

100

150

200

2 3 4 5 6 7 8 9 10

S
u
rf

ac
e 

ch
ar

ge
 d

en
si

ty
 [

 µ
C

/
m

2
 ]

pH

5.0 M NaCl
1.0 M NaCl      Measured
0.5 M NaCl
5.0 M NaCl
1.0 M NaCl      Simulated
0.5 M NaCl

50 °C 

75 °C 



Dissertation Dejene Legesse Driba GFZ/TUB Results and Discussion 

44/114 
 

Based upon measured values from the titration data sets and initial parameters, the optimal values 

of the selected parameters were determined from the optimized model simulations of the titration 

data using a coupled PHREEQC v.3.0.6 and UCODE_2005 applying the optimization procedure 

stated in section 2.3. The best-fit parameter sets resulting from the model simulations are 

summarized in Table 7. Comparisons of the experimental data with the CD-MUSIC calculations 

are displayed in Figure 12, a–c for the surface charge density. All graphs show that the optimized 

formation constants and other parameters fit the experimental data rationally well. 

A progressive shift of the pHpzc toward lower pH is noticed with increase in temperature between 

25 and 75 °C as shown in Figure 12, a–c. As suggested by Machesky et al. (1998), and Wesolowski 

et al. (2000), this behavior has been explained as hydrolysis that typically increases with increasing 

temperature due to the decreasing bulk dielectric constant and increasing acidity of the solvent. 

This same phenomenon is responsible for the greatly-increased proton release, at a given pH, with 

increasing temperature from an oxide surface in contact with an electrolyte containing a strongly-

sorbing cation, resulting in greater negative surface charge development as temperature increases. 

3.4 Adsorption of Pb on hematite 

The effect of solution pH on Pb removal from solution was studied under experimental 

conditions for a pH range of 3 to 9. Pb sorption on hematite surface both in our experiments and 

simulation result followed the expected trend of increasing Pb retention with increasing pH as 

shown in Figure 13, a ,b. A similar adsorption behavior has been reported in literature (Dzombak 

and Morel, 1990; Reich et al., 2010). This effect can be explained by surface charges characteristics 

of hematite (Appel and Lena, 2002). When the pH of the adsorbing medium is increased from 3 

to 9, there was a corresponding increase in deprotonation of the hematite surface contributing a 

decrease in H+ ions on the hematite surface. This creates more negative charges(OH-) on the 

hematite surface, which prefer adsorption of positively charged Pb species on adsorbing medium 

as a result of less repulsion between the positively charge Pb species and the negatively adsorbing 

sites on the hematite surface. The point of zero charge, pHpzc, of hematite was reported to be 

ranging between 7.2 and 8.5 depending on its purity level (Plaza et al., 2001; Carrick et al., 2006). 

At pH below the pHpzc, the hematite surface is supposed to have a net positive charge. In this case 

the adsorption of Pb will be electrostatically unfavorable. When adsorption takes place below the 

pHpzc, the adsorption may be attributed to either Pb adsorption onto partially negatively charged 

surface sites and/or an adsorption of anionic species preceding cationic Pb species, which increases 

the net negative on the hematite surface. 

3.4.1 Surface complexation modeling of Pb on hematite 

Lead adsorption to hematite particles was modeled assuming that nonprotonated mononuclear 

bidentate inner-sphere complexes could in principle be formed at the hematite–water interface 

based on published EXAFS spectrometric information. The surface reactions for these complexes 

are in Table 1. 

The selection of lead surface complexes was done according to the spectroscopic and molecular 

information available for hematite, which was discussed in the previous section of this thesis (2.2.5). 

The only parameters allowed to vary in the fitting procedure were the complexation constants of 

the lead surface species. Parameter values reported in literature for lead adsorption on hematite 
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were used as initial estimates. The charge distribution values, ∆Z0 and ∆Z1, considered for the 

different lead surface complexes were calculated based on the crystallographic and stoichiometric 

information available for hematite. On the basis of spectrometry data in literature, a distinction was 

made between singly coordinated surface groups present at the edges and at the corners of the 

FeO6, allowing the formation of edge-sharing surface complexes as proposed by Bargar et al. (1997). 

However, with this distinction it was not possible to predict the maximum lead adsorption at higher 

pH values. As a simplification, it was considered that all singly coordinated groups present on the 

hematite surface have the same reactivity against lead ions and no distinction was made between 

edge-sharing and corner-sharing complexes for modeling purpose. 

Since the aim was to achieve a good fit of the experimental data with the lowest amount of inner-

sphere complexes, initially the fit started by assuming that only one of the three surface complexes 

proposed was formed on the hematite. If the fit of adsorption data was not good, combinations of 

two or one complexes were tried in the calculations as stated in the parameter estimation section. 

In the present study, lead adsorption fitted reasonably well using two different surface complexes 

of non-protonated bidentate complexes. The calculated lead surface complexation parameters are 

shown in Table 7 and model predictions for lead adsorption onto hematite are shown in Figure 13. 

These results are also in good agreement with the spectroscopic evidences discussed previously, 

since bidentate complexes were the main surface species identified and with this combination of 

surface species, the experimental results can be reproduced. 

Finally, the macroscopic Pb2+ adsorption experiments on hematite were simulated as a function 

of pH using the 1-pK CD-MUSIC model. The model was employed to describe the adsorption 

behavior on hematite and Pb aqueous speciation in systems that included Cl over a range of 

experimental conditions. The modeling includes spectroscopically supported lead-chloride ternary 

surface complexes directly at the surface as a ternary lead-chloride complex. Consequently, the 

sorption constant was determined by an iterative optimization approach. The modeling studies 

suggested that in the presence of Cl, ternary surface complexes became significant, and competition 

with aqueous Pb-Cl species inhibited adsorption due to formation of non-sorbing aqueous species 

of PbCl2 and PbCl3
- in the presence of Cl. This is particularly significant as the temperature 

progressively increased as discussed in section 3.4.4 of this thesis. 

The modeling studies revealed that Pb2+ and PbCl+ surface species are the dominant surface 

complexes in the presence of Cl- at pH values between 3 and 7 (Figure 13). At higher pH values, 

these species are displaced by formation of Pb(OH)Cl(aq) and precipitation of Pb(OH)Cl(s) as 

indicated (Figure 17) by the increase of the saturation index. Virtually in all cases the increment of 

temperature reveals a decrease in the amount of Pb adsorbed. In general, with increasing chloride 

concentration and decreasing pH value, Pb adsorption decreased (Figure 13, a - b). 
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(a)  

(b)  
Figure 13: Pb uptake by hematite in 0.5M NaCl (a) and (b) 5M NaCl electrolyte solution as a 

function of pH and temperature, Pbtot=1mM. Open symbols represent experimentally 
measured data; dashed lines represent adsorbed Pb based on optimized CD-MUSIC 
fit to experimental data. 

Simulated Pb2+ adsorption onto deprotonated forms of (≡FeO)2
– surface sites yielded good fits 

to the experimental data (Figure 13). During simulation, different possible combinations of surface 

complexation reactions were tested. Results of the different simulations based on the possible 

combination of the surface complex reaction as shown in Table.1. The fitting of simulated with 

measured data revealed a significant improvement by including the species (≡FeO)2PbCl–1.5 to the 

model containing (≡FeO)2Pb–. Efforts to include other species like, (≡FeO)2Pb(OH), FeOHPb+1.5, 
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FeOPbOH–0.5 , and FeOPb+0.5 in the final model showed little improvement of the fit to the 

measured data. As a selected resultant complexation reaction model among the possible surface 

complexes, only (≡FeO)2PbCl–1.5 and (≡FeO)2Pb– lead to convergence in the model. Therefore, it 

is deduced that the final representative Pb adsorption reactions in the CD-MUSIC model is 

expressed as a set of mass action equations presented with corresponding log_k values. 

Table 7:  Summary of surface complexation equilibrium reactions and equilibrium adsorption 
constants iteratively determined by coupled CD-MUSIC with UCODE.  

  log_k values   

Surface complexation reaction 25°C 50°C 75°C 100°C 150°C 

1) 2≡FeOH–0.5 + Pb+2 + Cl– ↔ (≡FeO)2PbCl–1.5 + 2H+ -0.51 -0.42 -0.36 -0.28 -0.17 

2) 2≡FeOH–0.5 + Pb+2 ↔ (≡FeO)2Pb- + 2H+ 10.49 10.43 10.38 10.33 10.27 

Values for the intrinsic adsorption constant returned by the modeling comprising the reactions 

(1-2) are given in Table 7; the intrinsic adsorption constant of the above two reactions change 

linearly with inverse temperature. 

3.4.2 Thermodynamic consideration of the sorption process 

The dependence of log_k with inverse temperature is well known for isocolumbic reactions as 

the ΔCp of such reactions is constant and normally close to zero over a very wide temperature 

range. In aqueous systems thermodynamic parameters are preeminently characterized via 

isocolumbic reactions (Anderson and Crerar, 1993; Schoonen, 1994), for example, reactions with 

indistinguishable charged species on both sides(i.e. reactant and product side). Since the effect of 

temperature on the heat capacity of like-charged species is identical, variation in heat capacity Cp 

of isocolumbic reactions is constant and often close to zero over a wide temperature range 

(Anderson and Crerar, 1993). 
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(a)  

(b)  

Figure 14: Changes in intrinsic adsorption equilibrium constant as function of inverse 
temperature for reaction (1-2) in Table 7. 

In the case of surface complexation reactions, the change in heat capacity stays the same if 

aqueous species have equal charge on both sides; it is not compulsory that surface species follow 

the same rule since their heat capacity behaves the same regardless of the charge (Halter, 1999). 

The variation on the charge of surface species is then balanced with H+ (Cp=0).Therefore, as 

expected, the intrinsic adsorption constant of the above shown two reactions change linearly with 

inverse temperature (Figure 14), suggesting that the change in heat capacity of these reactions 
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remains the same over the temperature range considered. Thus, intrinsic adsorption constant was 

regarded as more reliable over the temperature range. 

Thermodynamic analysis of the temperature dependence of protonation/deprotonation 

reactions has been carried out. By aggregate log_k values of both protonation reactions in Table 1, 

the pHpzc can be derived since it is a common recitation in 1-pK model. 

pH
PZC
= 0.5(log _k

1
+ log _k

2
) 

(3.2) 

To extrapolate pHpzc to 50 and 75 °C, here the concept of an isocoulombic reaction is introduced. 

The linear dependence of log_k with inverse temperature using a well-known isocolumbic reactions 

as the ΔCp of protonation reactions is constant and normally close to zero over a very wide 

temperature range (Anderson and Crerar, 1993; Schoonen 1994). This was obtained by combining 

the dissociation constant of water with the given ionization reaction (Machesky, 1990; Schoonen, 

1994) and thereby a new intrinsic acidity constant log_kOH = 2log_k1- log_kW was generated. This 

extrapolation is simplified because the significant changes in partial molar heat capacities and 

volumes are canceled. An isocoulombic reaction can be written as 

2FeOH−0.5 + H+ + H2O =  2FeOH2
+0.5 + OH−              log _k

OH
= 2.44 

 

(3.3) 

Therefore to evaluate the temperature dependence of pHpzc and thus pK(1) a commonly used 

Van’s Hoff equation was applied . 

log k =  
−ΔH

2.3RT
 + 

ΔS

2.3R
 (3.4) 

ΔH and ΔS are the enthalpy and entropy of reaction, respectively, R is the gas constant, and T is 

the absolute temperature. Provided enthalpy and entropy are constant in the temperature range 

studied, a plot of log_k versus 1/T results in a straight line with slope -ΔH/2.3RT and intercept 

ΔS/2.3R. 

 
Figure 15: Van’s Hoff log k vs. 1/T plot black dots are the point of zero charges of hematite as 
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a function of inverse temperature with experimental values nearly threaded by a linear 
trend lines. 

The negative values of ΔH suggested that the protonation reactions are strongly exothermic and 

that substantial proton adsorption occurs at relatively low temperature. A small positive value of 

standard entropy change, ΔS, illustrate that the potential determining ions are less hydrated at the 

solid liquid interface and in general this value suggested that this process is less important compared 

to enthalpy which predominates the proton adsorption process on hematite. From the general 

relationship ΔG =ΔH – TΔS the standard energy of hematite surface protonation was calculated. 

The negative values ΔG, thus showing that the transferring reactions of H+ from the bulk solution 

to the interfacial region were spontaneous. However, with a rise in temperature the deprotonation 

process is relatively favorable. 

Table 8:  Estimated standard partial molal isobaric thermodynamic constants (25 °C, 1 bar) 
determined for protonation and lead complexation reactions of the hematite surface from 
the final optimized values. 

Reaction equation   ΔrG0298 (kJ mol−1)   ΔrH0298 (kJ mol−1)   ΔrS0 (J mol−1 K−1) 

Protonation                      −51.29±0.6                  −49.74±3                      5.08 

Surface reaction 1             −31.1±0.6                    −40.7±6                        8.00 

Surface reaction 2             −37.4±0.6                    −22.7±3                        46.2 

 

The implication of calculating thermodynamic parameters for protonation and adsorption 

reactions not only depicted the thermodynamic behaviors of chemical reactions but can also 

provide information on the coordination environment of adsorbed complexes, e.g. inner sphere 

versus outer sphere complexation. Choppin (1997) suggested that inner sphere complexes have 

positive entropies of complexation because the complexation event dislodges solvating water 

molecules from the coordination sites of the adsorbing metal and surface ligands. The dislocation 

of water molecules from the coordination site enhances the disorder of the system thus increasing 

positive entropies of complexation. Negative complexation entropy values, on the contrary, 

describe outer sphere complexes because the formation of outer sphere complexes does not 

dislodge or dehydrate any water molecules as it coordinates with the functional group. In addition 

to the lack of dehydration during outer sphere complexation, the association of the adsorbing metal 

and surface ligand decreases the number of particles in the solutions, further increasing the order 

in the system and resulting in more negative entropies of complexation. 

The entropies of Pb complexation onto hematite surface reaction 1 and 2 (Table 8) derived from 

our experiments are both positive (8 and 46.2 J/mol K, respectively), which indicates inner sphere 

coordination. Furthermore, the results in this study are consistent with spectroscopic studies 

(section 2.2.6) which explain that mononuclear bidentate inner sphere Pb(II) surface complexes at 

hematite surfaces were the more likely mode of coordination at the interface. On the other hand, 

estimations of the temperature dependence of protonation reaction based on enthalpies suggests 

that modest change in the acidity constants are possibily increasing temperature between 25 and 

75°C. The calculated acidity constants for the hematite functional groups decrease approximately 
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for about 0.5 log units between 25 and 75 ° C during protonation reaction (Figure 15). Additionally, 

the Pb adsorption reactions yield a predicted decrease in the log K value of Pb adsorbing onto 

reaction 1 of approximately 0.1 log units and 0.5 log units for reaction 2 between 25 and 150 ° C 

(Table 7). This suggests that Pb adsorption onto hematite at elevated temperatures can be 

determined reasonably accurately by using the stability constant for Pb adsorption reactions from 

25 ° C experiments.  

The calculated thermodynamic parameters (Table 8) values of hematite surface protonation 

reactions indicate that hematite surface functional groups are partially protonated under the pH (3 

- 9) conditions studied. Interpretation using a surface complexation model of the hematite surface 

to determine the relative contributions to the system heat from each functional groups, gives site-

specific enthalpies and entropies of protonation and Pb adsorption onto hematite. These data 

provide mechanistic details of protonation reaction and Pb adsorption. Such molecular-scale 

information significantly enhances the understanding of hematite reactivity, and allows to 

incorporate Pb adsorption reactions into geochemical models of mass transport in geologic systems. 

3.4.3 Effect of temperature and salinity 

Results from Figures 13a and 13b indicate a different temperature effect of Pb adsorption onto 

hematite in the presence of Cl-. Both, increased ionic strength and temperature decreases the 

sorption amount. The effects of temperature on Pb sorption become increasingly apparent at 

higher ionic strengths. The good reproducibility of adsorption experimental data with the modeled 

results (Figure 13) demonstrated that the effects of ionic strength and temperature on Pb sorption 

to hematite are now well understood. Over a range of ionic strengths from 0.5 to 5.0 M NaCl and 

temperature (25°C to 150°C), the influence of ionic strength on sorption becomes apparent with 

increasing chloride concentration and temperature. 

In chloride solutions, the effect of increasing Cl−concentration on metal–mineral interaction 

appears to vary depending on the system under observation. Balistrieri and Murry (1982) found no 

influence of chloride concentration on Pb adsorption on goethite in seawater systems. However, a 

number of studies have demonstrated enhanced metal sorption in the presence of chloride anions. 

Gunneriusson et al. (1994) found that Pb sorption on goethite was enhanced in 0.1 M NaCl 

solution compared to NaNO3 solution of the same concentration, and attributed this to lowering 

of the surface potential due to the sorption of chloride containing complexes. Barrow et al. (1981) 

also modeled enhanced metal sorption phenomena via surface interaction of both free and chloro-

complexed Pb. 

In addition to inferences from surface complexation modeling adopted in the above mentioned 

studies, the formation of metal–chloro-surface ternary complexes has been confirmed for Pb 

sorption on goethite surfaces at pH 6 via the use of X-ray absorption spectroscopy (Bargar et al., 

1998). 

In this study a decrease in Pb adsorption with increasing chloride concentration was observed. 

Similarly, Kosmulski (1996) found that sorption consistently decreased with increasing chloride 

concentrations for Cd2+ on alumina and silica, This was attributed to metal–chloride complexation 

in solution (Criscenti and Sverjensky, 1999). This study propose a similar effect in solutions, 
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increasing chloride concentration generates a significant increase in the formation of non- 

adsorbate aqueous Pb-Chloro complexes, leading to a decrease in available Pb for adsorption.  

Most sorption studies have been conducted at room temperature and only few studies address 

the temperature dependence of sorption reactions (Parks, 1990; Sposito, 1984; Davis and Kent, 

1990; Scheidegger and Sparks, 1996). Several factors can explain the temperature-dependence of 

sorption reactions. Fokkink et al. (1989) pointed out a correlation between temperature effect and 

surface binding of metal ions. As these authors suggested the pHpzc is mainly varying as a function 

of temperature due to the dissociation constant of water which in turn exerts a significant effect 

on the adsorption behavior of mineral surfaces. Most studies on the effects of temperature on 

adsorption have focused on protonation of mineral surface sites. For example Machesky (1990) 

and Machesky et al. (1998) observed during proton adsorption onto rutile surfaces from 25 °C to 

250 °C a change in the pHpzc of rutile from 5.4 to 4.3. This offers more negatively charged surface-

binding sites at a given pH; Machesky et al. (1998) applied an improved MUSIC model to establish 

new protonation constants and to explain the change in the pHpzc for rutile as a function of 

temperature. Sahai and Sverjensky (1998) employed another approach based on crystal-chemical 

and Born solvation theories to model the variation in proton adsorption enthalpies to metal oxides 

and to predict the proton adsorption enthalpies for silicate minerals. Johnson (1990) assessed a 

substantial change in the amount of Cd adsorption onto goethite between 10 °C and 70 °C, 

observing a shift in the pH adsorption edge from 9.0 to 7.8 over this temperature range. Johnson 

(1990) attributed the increased adsorption at higher temperatures to a decrease in the effective size 

of the adsorbing cations due to progressively lower degrees of solvation with increasing 

temperature. In all these studies it has been noted that sorption increased with increase in 

temperature. 

In this study, the hematite surface exhibits significant difference in its Pb-binding capacity over 

the temperature range (25 ° to 150 °C). The observed temperature effects reflect the opposite 

behavior to the effect of temperature for metal sorption onto metal-oxide surface described so far 

(Fokkink et al., 1989; Johnson, 1990; Schoonen, 1994; Machesky et al., 1998). The enhancement of 

the formation of Pb-chloro complexes in solution with temperature (Figure 13a and 13b) may 

explain the observed decrease in Pb sorption.  

However, a more plausible explanation for the greater effect of temperature is the combined 

influence of a number of factors acting concurrently on Pb partitioning: On the one hand, Cl- is 

present in the solution at much higher concentration than Pb and, on the other hand it has the 

ability to form soluble chlorometal complexes (Turner et al., 1981).Therefore, the temperature 

dependent Pb-Chloro complexation becomes more important in explaining the variation in Pb 

adsorption. The distribution of aqueous species provides a better understanding of the adsorptive 

behavior of Pb which is highly dependent on Cl- and pH. 

3.4.4 Aqueous Pb(II) speciation 

The distribution of aqueous species provides a better understanding of model simulations for 

hematite, since the adsorptive behavior of Pb(II) is highly dependent on pH and the presence of 

adsorbable species. A total Pb(II) concentration of 1 mM corresponding to experimental and GrSk 

value was used to calculate aqueous Pb(II) speciation in the absence and presence of chloride with 

a range of temperature from 25 to 150 °C. For each model condition, a range from 0.5 to 5 M Cl- 
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concentrations were used to determine distribution of aqueous lead-chloride species and solid 

formation of lead. 

In this study, the distribution of lead chloride species in the suspension as a function of 

temperature and ionic strength calculated using the stability constants for the formation of lead 

chloride complexes taken from (Luo and Millero, 2007) and are already embedded in the 

Geodat.dat thermodynamic database. This allows calculating activity coefficients and stability 

constants for the formation of lead chloride complexes up to temperature of 300 °C and ionic 

strengths from 0 to 6 M. 

Table 9: Formation constants of Pb complexes used in speciation modeling (Geodat database, 
Moog and Cannepin, 2014). 

Reaction                                                  log_k 

Pb2+ + Cl- = PbCl+                                            1.48 

Pb2+ + 2 Cl- = PbCl20                          2.23 

Pb2+ + 3 Cl- = PbCl3-                                 1.82 

Pb+2 + 4 Cl- = PbCl42-                                0.05 

Pb(OH)Cl + H+ = Pb2+ + H2O + Cl-                    - 0.62 

H2O + Pb2+ = Pb(OH)+ + H+                          -6.25 

H2O + Pb2+ = PbO + 2H+                            -16.95 

H2O + Pb2+ = PbO(OH)- + 3H+                         -27.96 

At the highest ionic strength employed in this study (i.e.,∼5 M), soluble chloride complexes 

dominate compared to the free Pb2+(aq) ion species in the systems. Free Pb2+
(aq) ions comprise only 

a small proportion of total soluble Pb. In contrast, a larger fraction of total soluble Pb is predicted 

to be present as the free Pb2+(aq)ion in the system when the background electrolyte changes from 

5 M NaCl to 0.5 M NaCl. 
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Figure 16: Predominance diagram of calculated aqueous Pb speciation (chloro-lead(II) - PbCln

2-n, 
n=1-4) complexes as function of temperature and total Cl- concentration in a 1 mM 
Pb solution as determined by the PHREEQC v.3.0.6 (Parkhurst and Appelo, 2013) 
with GeoDat database. 

In 0.5 M NaCl solution, Pb2+ and PbCl+ are the dominant Pb species (Figure 16) whereas in 5 M 

NaCl solution and temperature ranging up to 150 °C, PbCl3
- is the predominant dissolved Pb 

species. In concentrated Cl- solutions, as the temperature rises, a decrease in PbCl4
2- in favor of 

PbCl3
- and PbCl2

0 greatly extends the field of stability for this species, whereas in a relatively diluted 

Cl- solution an increase in temperature also shifts the maximum formation of PbCl+ ions. These 

Pb-Chloro speciation calculations clearly  show that Cl- affects Pb sorption by formation of non-

adsorbable Pb-Cl ternary complexes. The study further indicates that, although ternary complex 

formation is observed at all pH values investigated, part of the Pb sorbed at the hematite surface 

without being coordinated by Cl- is transmuted into Pb-Cl ternary complexes as the temperature 

increases, and this effect is most pronounced at low pH. This fosters the relative significance of 

Pb-Cl complex formation in the overall Pb uptake by hematite at high levels of co-adsorbing Pb. 

It should be also noted that lower adsorption in the presence of Cl- was not entirely due to 

formation of non-adsorbable Pb-Cl ternary complexes but, most likely also involved Pb 

precipitation in association with decrease of OH- concentration in the solution. In both cases, 

positive saturation index (SI) with respect to the Pb-bearing mineral laurionite [Pb(OH)Cl)]was 

calculated by PHREEQC. In 5 M NaCl, the model predicted even higher precipitation of 

Pb(OH)Cl than in 0.5 M NaCl (Figure 17). This also explains the decrease in dissolved free Pb2+ 

ion species in the presence of Cl- at higher pH value. 



Dissertation Dejene Legesse Driba GFZ/TUB Results and Discussion 

55/114 
 

 

Figure 17:  Calculated saturation index (SI) of laurionite as a function of pH, concentration of 
NaCl and temperature as determined by PHREEQC v.3.0.6 (Parkhurst and Appelo, 
2013).  

As mentioned above the removal of Pb from the solution can be explained by complexation 

reaction on mineral surface together with laurionite precipitation. The adsorbed and precipitated 

fractions show the same tendencies as a function of pH as it was calculated in the model. However, 

the total amount of adsorbed Pb is much higher than that of precipitated Pb. Pb presumably 

precipitated as a form of Pb(OH)Cl(s) between pH 7 and 9. The precipitated amount of Pb 

difference depends on pH and Cl- concentration. The amount of solid-phase of Pb increased 

progressively in the range of pH from 7 to 9 more particularly at higher concentration of Cl- but 

relatively decreased as the temperature increased from 25 to 150 °C. In the case of 0.5 M NaCl 

solution, the precipitated amount of Pb was less than 1.2 % of initial amount of Pb at pH 7. This 

precipitated amount of Pb maintained below 1 % at pH 9. However, with increasing temperature, 

the precipitated amount decreased with just 1 % discrepancy on percentage of Pb precipitated 

between 25 °C to 150 °C. However, in the case of 5 M NaCl the amount of precipitated solid is 

comparatively larger than in the above pH range considered. At pH 7 the amount of precipitated 

Pb is approximately 7%, and reaches 12.2 % at pH 9. In the same manner the precipitated amount 

of Pb is decreased by about 5.6% and 10.2 % respectively for each pH value when the temperature 

is lifted from 25 °C to 150 °C. In all cases the precipitated fraction of Pb agrees with the line of 

solid-phase of Pb(OH)Cl(s) and the fractions of Pb precipitated are relatively small at low pH and 

higher temperature. 

3.5 Comparison of thermodynamic databases  

The re-evaluation of the measured hydrochemical composition of the brine at equilibrium with 

a mineral assemblage representing the rock in the reservoir was compared using different 

thermodynamic databases. Among the mineral phases analyzed from the GrSk reservoir drill 

cutting sample, an averaged assemblage consisting of microcline, albite (low) and matrix 
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cementation constituted by calcite, Sr-rich barite and dolomite was found to match the hypothesis 

of equilibrium with the formation fluid. Therefore it was considered as initial state for a base case 

geochemical modeling scenario. 

As shown in Figure 18, comparison between the results obtained by the three considered 

databases reveals the relative error on the activity model in the underlying chemical and 

thermodynamic databases which again spread to the results of simulations. 

Major discrepancies between both Pitzer-based and LLNL database appear to illustrate databases 

which includes Pitzer interaction parameters and using the LLNL database (without Pitzer 

interaction parameters). However, strong discrepancies still persist in the case of Pitzer-based 

databases for instance in the case of Al (Figure 18). 

The result of the calculation reveals that except for the GeoDat database Al, Ba, C as HCO3 and 

Si generally less satisfactorily match the measured value while Na, Ca, Mg, K and Cl show good 

matches with only minor differences between databases. The GeoDat database is the only database 

with Pitzer interaction coefficients for Sr. The measured Mg and Pb brine concentrations were well 

reproduced by GeoDat and LLNL. Ca, Na, Cl and S show relatively good matches between 

measured and modeled brine concentrations for all three databases. Modeled S concentrations are 

generally in agreement with the measured data in all cases. However, important divergences appear 

with Al, principally between simulations making use of the Quintessa and LLNL. In the case of 

Quintessa database the simulated Al concentrations do not only mismatch the measured values, 

but the model predicts a strong decrease. 

Such a big discrepancy in the simulated value of activity of species can be explained by the 

difference in a particular dominant species in the respective thermodynamic database used. For 

example, the dominant species in the simulation are AlO2
- and Al(OH)4

- when using Quintessa and 

GeoDat database respectively, for which computed activities differ significantly between models 

thus affecting simulation results. However in any case, Al calculated using GeoDat database is in 

much better agreement with the analyzed data. 

In the context of geothermal system in saline reservoirs, the ionic strengths is often above the 

1.0 M limit and the use of Pitzer equations is thus required. Therefore considering Pitzer formalism 

is necessary to adequately predict the fluid rock interactions that take place when cold brine is 

injected into a reservoir rock such as GrSk. 
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Figure 18:  Comparison of measured and calculated concentration of GrSk brine with three 

different databases: GeoDat, Quintessa and LLNL.  
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In summary, calculations using the Quintessa database can provide satisfactory data reproduction, 

but strong discrepancies are also observed in some cases as discussed above. The LLNL database 

contains a lot of elements but results can be inconsistent, as observed for some ionic species and 

for temperatures different from 25 °C. The GeoDat database provides the most coherent results 

including all elements at a reservoir temperature despite its lack of pitzer interaction coefficients 

for redox elements. Therefore, GeoDat was applied in the subsequent modeling activity in this 

thesis. 

3.6 Geochemical batch modeling 

The measured hydrochemical composition of GrSk brine set to equilibrate with the mineral 

assemblages determined from drilling cuttings of a reservoir rock. This re-evaluation was done 

using multiple (>3500) parameter combinatory simulation run on RPHREE package (i.e. R 

interface for PHREEQC v.3.0.6). The result of the Inverse lookup model (Figure 19) suggested 

that an averaged mineral assemblage of albite, barite, calcite, dolomite, and microcline was found 

to match the hypothesis of equilibrium with the formation fluid at 150 °C. This was, therefore, 

taken as the initial state for further geochemical modeling. 

 

Figure 19: Solubility changes during cooling calculated for selected minerals being at equilibrium 
with the formation fluid (at 150 °C). Calculations were done using PHREEQC and the 
GeoDat database (Moog and Cannepin, 2014).  

As shown in Figure 19, with decreasing temperature to 70 °C, the brine becomes increasingly 

undersaturated with respect to microcline, barite and calcite, whereas it becomes supersaturated 

with respect to albite (low) and dolomite. As a result the latter two minerals are the most likely to 

be precipitated in the reservoir when the cold brine is injected. This is because albite (low) and 

dolomite belong to minerals with prograde solubility which means that their solubility increases 

with increasing temperature. The others, i.e. calcite, barite and microcline have retrograde solubility. 

As depicted in Figure19, the temperature plays an important role in determining the solubility of 

assumed minerals phases in the model. However, for carbonate minerals the solubility is 

predominantly controlled by the pH value as compared to temperature.  
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The pH-value is one of the main variables controlling aqueous species distribution, mineral 

solubility and the transport of elements in reservoir system. Therefore, the pH value evolution in 

the course of cooling and its reproducibility in the model is essential. 

 
Figure 20:  Calculated pH-values as a function of temperature at static equilibrium condition.  

Starting at pH 6.8 at 150 °C, the model predicts an initial pH increase as the temperature 

decreases below 150 °C upto to 8.23 at 70 °C (Figure 20). In the sample collected from the 

geothermal well in 2001 in GrSk, a pH of 5.7 was measured after sample collection at room 

temperature. However at this time pH values were not corrected for salinity effect on the electrode 

as discussed in previous section of this thesis.  

These solubility and pH calculations will serve later for the interpretation of the reactive transport 

modeling which hypothesized that much of the change will be expected from the change in the 

temperature and pH of the reservoir fluid owing to injection of cold brine. 

3.7 Baseline case for 1-D reactive transport simulations 

The geochemical system that is included in this base line definition includes (1) the mixing of 

injection fluid with reservoir formation fluid, (2) all minerals that are selected in the batch 

calculation are allowed to dissolve and precipitate during the simulations, and (3) surface site 

speciation counting protonation, deprotonation, and the adsorption of Pb onto two different types 

of mineral surface sites. This system is adequately perplexed to permit subsequent discussion on 

the effects of some parameters on the mobility of Pb in the reservoir.  

The first point to note is that prior to injection of cold brine into the reservoir system, baseline 

simulation assumed the adsorption at mineral surface in each cells representing the whole model 

domain already saturated with surplus amount of Pb and the model exposes this pre-saturated 

system to injection fluid. From deep borehole data, it was measured that 1mM Pb represents the 

upper limit of Pb concentrations at the GrSk site (Regenspurg et al., 2010). 

Using the log_ks obtained from this study (see Table 7), both the observed and simulated result 

reveal that in the initial equilibrated system, about 0.7 mM Pb must be adsorbed to hematite surface 

before injection for 1 mM Pb to be present in the reservoir fluid. Therefore, further adsorption or 
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desorption makes a significant contribution to Pb concentrations in the reservoir fluid over 

simulation time.  

3.7.1 Temperature evolution in the reservoir  

Before fluid circulation in the model domain, all the system (i.e. fluid-rock) is both chemically 

and thermally set to equilibrium. The temperature at equilibrium set similar to the natural 

geothermal temperature of 150 °C at about 4000 m. However, when the cold brine is injected with 

70 °C at the injection point in the reservoir, it results in an abrupt thermal inhomogeneity. The 

fluid temperature evolution along the flow path is illustrated in (Figure 21).  

During the simulation period, a constant injection temperature of 70 °C for a total period of 30 

years was assumed. The model result predicts the transient variation of temperature within the 

reservoir. The decrease in temperature changes was more pronounced close to the injection well. 

The development of the cold thermal front due to the thermal diffusion from rock to fluid affects 

a region of 20 to 300 meters around the injection well (Figure 21). After 30 years of fluid circulation, 

the temperature in the vicinity of production well is again close to 150 °C at 350 m distance.  

 
Figure 21:  Calculated temperature evolution along the flow path at different time steps in the 

baseline model, the dotted red and blue line indicate the initial reservoir and injected 
fluid temperature respectively.  

The interpretation of the observed evolution of temperature is linked to the circulation between 

the injection and the production well. The heat transfer mechanism can be classified into two sub-

processes: advection in the brine and transient one-dimensional heat conduction toward the rock 

matrix. Since the injected fluid mass is much smaller than the rock, the slow transient heat transfer 

is quickly followed by the fluid. This results in a smooth interface on the temperature profile which 

possibly impart from a relative large diffusivity as result of a temperature spread out through the 

domain during a simulation period. Secondly, the re-injected cold fluid is reheated by the 

surrounding rock matrix up to a maximum of T = 150 °C at the production point overtime on its 

way through the medium towards the production point.  

Thus, toward the rock matrix, transient heat conduction is generated within the adjacent rock 

matrix. As a result, the hot rock heats the injected cold brine and the fluid temperature rises, as it 
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flows toward the production well, while the rock temperature decreases. As a consequence of this 

heat transfer, the temperature front in the reservoir decreases and progressively the cold brine front 

temperature is shifted towards the production well with increasing simulation time.  

This temperature decrease of the reservoir fluid is also dependent on the geometric model. As all 

domain boundaries are no flow boundaries, the fluid flow is directed towards the production well 

As a consequence, the cooling effect simulated here is probably more pronounced than in a real 

reservoir. However, within simulation period there is no evident of temperature breakthrough 

during the modeled life span. Even after 30 years, the temperature decrease is small and the 

reservoir is still above the technically exploitable temperature minimum. The progressive shift of 

the cold thermal front towards the production well, however, might affect the mineral equilibria. 

3.7.2 Tracer test  

The reactive transport model developed for the GrSk site will provide a useful tool for 

interpreting tracer test response during different time steps of the life span of the reservoir system. 

The purpose of this section of the study is to describe the time that a conservative tracer needs to 

be distributed in the reservoir.  

In order to analyze tracer test results, it was assumed the system to consist of conservative tracer 

turn out to be relatively insensitive with respect to decay and adsorption on surface of rock matrix 

encountered along the traverse so that it provides the basis for differential interpretation. This 

information will provide practical guidance that can be reliably applied to diagnose specific fluid 

flow and temperature distribution problems by examining traces. Injection concentrations of the 

tracers were set to 1. Figure 22 shows the simulated tracer concentration the flow path from the 

injection well at selected time steps. 

 

Figure 22:  Calculated tracer distribution at different time steps of simulation after cold water re- 
injection. 

The Figure 22 shows the tracer distribution at various time steps in reservoir when the injected 

fluid propagates towards the production well. It is apparent that the tracer front initially marked by 

the 1.0 mol/kgw propagates much faster than the thermal front Figure 22. Due to the thermal 
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capacity of the solid rock, the thermal front advances slower than the transported tracer. After 15 

years, the tracer front is at a distance of 400 m whereas the thermal front is around 200 m away 

from the injection well. After 20 years, it can be seen that the tracer front has just reached the 

production wells, which means that the first molecule of water initially produced has reached the 

production well (Figure 22). The thermal front, however, is still 250 m away from the production 

well (Figure 22). From comparison of the front positions (Figure 21 and 22), along the model 

domain, thermal fronts experience much less retardation than conservative-solute tracer front. The 

physical reason can be explained readily from Equation 3.5, derived analytically by Hoopes and 

Harleman (1967) for the breakthrough time, tb, along the flow line between the injection and 

production wells, assuming stationary flow 

tb = 
πHd2

3Q
 (3.5) 

𝑅 =  
(𝜌𝑐)formation
(𝜌𝑐)fluid

 

 In Equation (3.5) H denotes reservoir thickness, d well distance, Q flow rate and (ρc) the 

volumetric heat capacity of the formation rock or fluid. R is a factor depending on the transport 

process deemed. Due to the fact that the re-injected cold fluid cools the rock material, R has to be 

greater for heat transport than for tracer transport. In this term the thermal front velocity depends 

on the volumetric specific heat capacity of the formation and the rate of injected brine. In 

general ,owing to the large subsurface distance between the production and re-injection well such 

that the breakthrough time of cold brine in the production well is greater than 30 years of 

exploitation thus the thermal breakthrough will take place long time after 30 years in well.  

In this respect it has to be taken into account that the 1-dimensional simulation conducted here 

results in a stronger production temperature decrease than in a simulation that permits additional 

temperature exchange with bottom and top rocks.  

3.7.3 Prediction of pH evolution in the reservoir  

 Figures 23 a and b shows profiles of pH and calcite at four different time steps after the start of 

cold brine injection, i.e., at 10, 20, 30, and 60 years. Initially the pH rises from 6.8 to 7.2 and 

decreases down to a minimum of 6.1 (Figure 23a). Along the flow direction from injection well to 

production well the pH plume profile migrates with the reservoir fluid flow in the course of time, 

spreading till a steady state is reached within the model domain. The control in pH decrease is 

caused mainly by the dissolution of calcite. Figure 23b shows the volumetric change in calcite 

caused by dissolution\precipitation. 
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Figure 23: Calculated spatial and temporal development of pH and calcite in the one-dimensional 

model. 

As seen on the Figure 23 a and b the development of pH and the calcite concentration show 

similar trends. Close to the injection well over time after 30 years, the pH shifts from 7.2 to 6.4 

accompanied by a decrease in calcite almost instantaneously after injection. The injection well 

calcite decreases from its initial concentration 230 mol/m3 to 220 mol/m3 (Figure 23). Further 

downstream from the injection well in the intermediate region, calcite dissolves and then starts to 

re-precipitate to its initial concentration of 230 mol/m3 and remains constant with the original 

initial concentration of 230 mol/m3. However, with increase simulation time steps the observed 

patterns progressively shifted towards the production well. 

Apparently the cooler temperature results in calcite dissolution. According to equation 3.6 Ca2+ 

and HCO3
- go into the solution which precipitates again upon heating as CaCO3 thereby releases 

H+ (decrease the pH) 

Ca2+ + 2HCO3
− = CaCO3(s) + H2O + CO2(aq) or Ca

2+ + 2HCO3
−  =  CaCO3(s) + H2CO3 

(3.6) 
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The lower temperature (70 °C) injection cold brine is just saturated in terms of calcite. Along the 

flow path, temperature increases and pH decreases (Figure23), causing competing effects on calcite 

solubility. The injected fluid is over saturated with respect to calcite owing to relatively high pH 

and thus has a tendency to precipitate calcite when it enters the reservoir from the injection well. 

As injection proceeds, “fresh” cold brine fluid is continuously fed to the reservoir and calcite 

continues to be dissolved in the near wellbore region following the decrease of pH. As seen from 

the reaction in equation 3.6 the dissolution of calcite leads to the formation of Ca+2 and HCO3
-2 

ions. They are transported into the formation. As temperature increases, the concentration of the 

calcium and carbonate are sufficiently high that the fluid becomes supersaturated with respect to 

calcite. As a result, calcite starts to precipitate and yields the portion of the curve reach to the initial 

concentration. However, the amount of calcite precipitated in the intermediate region is very small. 

3.7.4 Prediction of Pb concentrations 

Figure 24 shows the aqueous Pb concentration profile along the flow direction for different time 

steps over 60 years. Aqueous Pb initially is 9.66x10-4 mol/kgw in the vicinity of boundary zone at 

the injection location after 10 years, which then decreases to 9.40 x10-4 mol/kgw after 60 years. As 

time progresses, the peak move incrementally in intermediate region along the flow path, and after 

60 years rises to 1.05x10-3 mol/kgw. The aqueous Pb concentration close to the production well 

approaches a stable value around 1 mM. This value represents the initial concentration, below 30 

years, but after 30 years the aqueous Pb concentration remains fairly higher than the initial 

concentration.  

The observed Pb concentration profiles reflect a combination geochemical processes that may 

controls the change in aqueous Pb concentration in response to injected cold brine include 

desorption/adsorption from the surface of minerals, dissolution/precipitation of relevant minerals 

(laurionite), and complexation of aqueous specious with different level of contribution.  

The simulation results for the base-case model suggest that adsorption and desorption of Pb2+ 

ions from mineral surfaces are more important to the evolution of aqueous Pb concentrations than 

the precipitation and dissolution of laurionite[Pb(OH)Cl]. Figure 24 exemplifies the complexity of 

these processes by illustrating the change in the surface complex concentrations for hematite. The 

surface complex concentration is expressed in mol/kgw solution. In the simulation, hematite is 

assumed to be the sole adsorbent of Pb, (≡ FeO)2PbCl
−1.5 and(≡ FeO)2Pb

− represents surface 

complex of Pb concentration on hematite respectively. The increase of (≡ FeO)2PbCl
−1.5

and 

(≡ FeO)2Pb
− compared to the initial levels indicates that aqueous Pb is adsorbed on hematite 

surface, whereas the decrease of (≡ FeO)2PbCl
−1.5

and (≡ FeO)2Pb
− indicates that aqueous Pb is 

released from hematite surface.  
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Figure 24:  Calculated total aqueous Pb concentration profile along the flow path. 

Figure 25 shows the total sorbed Pb concentration on adsorption sites (which is the sum of all 

Pb surface complexes). The figure indicates that significant adsorption of Pb occurs at the cold 

water and reservoir water mixing boundary zone (enhancing the initially sorbed Pb by about 5% 

after 60 years), thereby decreasing the aqueous Pb concentration. Less adsorption occurs further 

in the intermediate region, although the change in pH (7.2 to 6.3) there is similarly small. The 

overall effect of adsorption is smaller because the aqueous Pb mobilized in the boundary zone 

migrates downstream, inhibiting further desorption. The amount of Pb sorbed is determined by 

the general pattern of pH (Figure 23).  

 

  
Figure 25: Calculated amount of Pb sorbed on hematite along the flow path. 

The cold water injection also results in spatial and temporal variations in reservoir fluid 

composition that lead to an increase in the bicarbonate content and pH in the vicinity of injection 

well (Figure 23). A corresponding increase in the concentration of adsorbed species 

(≡ FeO)2PbCl
−1.5

and (≡ FeO)2Pb
− was observed. The overall effect of pH increase was 
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responsible for subsequent adsorption enhancement in the mixing zone which was consistent with 

the effect of pH on a laboratory parameterized, adsorption-desorption model of the Pb(II) on 

hematite suggests that such similarity between adsorption amount observed in the RTM and the 

experimental adsorption values maybe a plausible explanation for the retardation of Pb(II) 

transport in the reservoir system. 

However, since hematite was assumed to be the sole absorbent in the model domain, the 

complexity of reservoir systems makes it challenging to apply the detailed molecular scale limited 

knowledge of surface speciation directly to the reservoir system. A particular problem with the 

more complex SCM is that the predicted adsorption can be quite sensitive to the electrical charge 

and potential calculated for the mineral/water interface. Our knowledge of the electrical charge 

behaviour at hematite surfaces in the reservoir is poor due to the occurrence of additional 

secondary mineral phases. Another problem is that the surface composition is usually not well 

known in terms of mineralogical composition or surface functional groups.  

Figure 26 illustrates how the solubility of laurionite decreases with pH of a solution and presented 

the expected equilibrium concentrations of Pb at various temperature levels. It is important to 

point out, however, that these calculations represent an equilibrium state, which does not take into 

account the kinetics of adsorption/desorption and precipitation/dissolution. The injection of cold 

brine immediately disturbs both adsorption and solubility equilibrium of laurionite. While 

adsorption reactions are assumed to re-equilibrate instantaneously, the dissolution/precipitation of 

laurionite mineral, however, is more kinetically controlled and typically much slower. As it was 

observed from the calculations conducted here, the relatively sudden increase of Pb on adsorption 

sites decreases the aqueous Pb concentration so that the solution become undersaturated with 

respect to laurionite in the mixing boundary zone. 

 
Figure 26:  Calculated laurionite concentration profiles along the flow path at different time steps. 

Note that laurionite continues to dissolve in the boundary zone during the simulation period, at 

later stages, however, laurionite may start precipitating, because the Pb on adsorption sites will have 

eventually depleted due to desorption. For the time greater than 30 years, however, it is completely 

dissolved because of a relative decreased pH in the system.  
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3.8 Sensitivity analysis  

This section presents the results of a series of sensitivity analyses with respect to geochemical 

processes, model setup, and initial and boundary conditions. The base model is described in Section 

3.7.4, and the modeling results concerning this case are also given there. These results suggest that 

adsorption/desorption and mineral dissolution/precipitation are the most important processes 

that control the evolution of aqueous Pb. A sensitivity analysis described below, evaluating the 

geochemical effects of cold brine intrusion with or without consideration of adsorption/desorption. 

Further sensitivity analyses were performed on other key parameters, including surface 

complexation constants and specific site density (SSD). Finally, sensitivity analyses were performed 

on the hydrodynamic assumptions of the base model and reservoir fluid flow velocity. 

3.8.1 Sensitivity test with and  without adsorption 

In the base model, adsorption and desorption processes are included in the simulation through 

integration of a surface complexation model. In this section, the results for a simulation without 

adsorption/desorption, are compared with the base model. A simulation run without adsorption 

allows quantitative evaluation of the role of adsorption/desorption on the evolution of the aqueous 

concentration of Pb. Because of this difference, the initial distribution of Pb in the reservoir is 

different. Specifically, no initial surplused Pb is sorbed onto mineral surfaces, which is otherwise 

adsorbed with the injection of cold brine. The simulated Pb concentrations in the sensitivity run 

became relatively stable. As a result, the initially relatively high aqueous Pb concentrations in the 

boundary continue to build up with travel distance without change; however, during the 60-year 

period shown here, the resulting Pb concentration is higher in the sensitivity run compared to the 

base case (Figure 27 right), indicating that adsorption/desorption controls Pb mobility more 

strongly than dissolution of laurionite. 



Dissertation Dejene Legesse Driba GFZ/TUB Results and Discussion 

68/114 
 

 

 
Figure 27:  Calculated total aqueous Pb concentration with sorption (a) and without sorption (b) 

along the flow path. 

The omission of sorption processes has a significant effect on Pb. Without sorption, the Pb 

concentrations increase significantly along the flow path (Figure 27 b). The trend seen in the 

profiles suggests that in contrast to the base model, the aqueous Pb stabilizes to a relatively uniform 

level that is higher than the base model. Result in the base model show lower concentrations of Pb 

in the fluid, which is caused by the significant sorption of initially available Pb in the solution.  

Overall, this sensitivity run suggested that adsorption/desorption processes are extremely 

important when predicting changes in aqueous concentrations of Pb. Incorporation of these 

processes has two main effects: (1) initially sorbed Pb will be released as pH changes, leading to 

increased concentration of Pb downstream, and (2) re-adsorption of dissolved or desorbed Pb 

tends to stabilize its downstream concentration. Compared to the relatively slow dissolution rate 

of laurionite, desorption acts much more rapidly, leading to increased local Pb concentrations. 
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3.8.2 Sensitivity test  with specific site density (SSD) 

As stated in the work of Daval et al. (2010), the precipitation of secondary phases represents a 

constant driving force for inhibiting a direct contact between the bulk fluid and the surface of the 

adsorbing minerals. Thereby this limits their adsorption potential (Velbel, 1993; Daval et al., 2010, 

Daval et al., 2013). So far, experimental studies on determining the adsorption potential of minerals 

(fresh mineral powder) in absence of the protecting effect of secondary minerals and its effect on 

the reduction of the reactive surface has not been addressed much. However, it is worth to noting 

that at the field scale, especially in a geothermal context, fluid circulation occurs along the 

preferential flow path which is usually covered with secondary mineral coatings. This raises the 

question on the impact of reactive surfaces. 

The role adsorption/desorption plays in the mobilization of Pb depends strongly on the total 

number of adsorption sites, which is the product of adsorption-site density and the specific surface 

area of minerals. In the base run, hematite is the most important mineral that adsorbs or desorbs 

Pb. In the base model, the specific surface area (20.08m2/g) and site density (3.45 sites/nm-2 assign 

for singly coordinated oxygen ligand sites and 2.7 sites/nm-2 for triply coordinated oxygen ligand 

sites) of hematite is taken from optimization result of SCM in the previous section (chapter 2).  
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(a)  

(b)  

(c)  
Figure 28:  Calculated aqueous Pb concentration along flow direction at different times in a 

sensitivity run with lower site density on hematite.  
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The decrease in site density leads to effective desorption and thus higher Pb concentrations 

(Figures 28a). In contrast, increment of the site density enhanced adsorption results in lower Pb 

concentrations in the fluid (Figures 28b) compared to a base model (Figures 28c). The sensitivity 

run with lower site density reveals the extent of adsorption affects the evolution of Pb in relation 

to the total number of sites on a mineral surface. Overall, decreasing site density increases aqueous 

Pb concentrations. However, the transient chemical evolution of Pb is affected by a dynamic 

balance between mineral dissolution, adsorption, and dissociation of aqueous complexes.  

3.8.3 Sensitivity to surface complexation constant 

To investigate the effects of uncertainty on the two equilibrium adsorption constants used for 

the surface complexation model applied in the 1-D reactive transport model sensitivity analysis 

were conducted. This investigation focused on examining the influence of the adsorption constants 

on calculated Pb breakthrough curves and migration. For the uncertainty analysis presented here, 

the results suggest that these parameters can lead to widely differing predictions of Pb migration 

in the reservoir system that could pose a problem when addressing the risk associated with Pb-

bearing mineral scaling in the production well. 

In the simulation, hematite is already considered the most important adsorbent of Pb in this 

study, and the following surface complexation reactions are most relevant as identified from SCM. 

2 ≡ FeOH−0.5 + Pb+2 + Cl−  ↔ (≡ FeO)2PbCl
−1.5 + 2H+ 

(3.7) 

2 ≡ FeOH−0.5 + Pb+2  ↔ (≡ FeO)2Pb
− + 2H+ 

 
(3.8) 

In the base case simulation, the value of the surface complexation constant (log_k) in reaction 

(3.7 and 3.8) is taken from section 3.4.1 of this thesis which is obtained from optimization of SCM 

simulation result with experimental data. 

Figure 29 indicates that the evolution of aqueous Pb is quite sensitive to the change in the surface 

complexation constant. It should be noted that adsorption/desorption is determined as the net 

effect of surface complexation on mineral surfaces for different surface complexes. Thus, variation 

of the constant for one surface complexation reaction changes the concentration of its own surface 

complex. 
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(a)  

(b)  

 (c)   

Figure 29:  Calculated aqueous Pb concentration along flow direction at different times in a 
sensitivity to variation of sorption constant. 
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The total Pb concentration in the system is about 1.7mM using the base case log_k values for 

both surface species, the equilibrium concentration of Pb in solution is 1mM, which is basically 

within the range observed at GrSk site. For the pairs of log_k values used in the sensitive 

simulations, the initial Pb in solution varies from 1.056x10-3 mol/kgw to 9.3 x10-4 mol/kgw, 

respectively for 10% decrement and increment of baseline log_k values of surface complex 

constants. 

While the calculated concentration profiles versus distance give the amount of Pb in the solution, 

in 10% increment of log_k values over the base line emphasize that the majority of the Pb in the 

system remains adsorbed onto hematite throughout the simulation. For 10% decrement of a log_k 

values, the reverse is true and most of the Pb remains in solution. However, the concentration 

profiles exhibited by both cases are similar in shape to concentration profiles calculated using 

surface complex constants in the base case scenarios.  

As shown in Figure 29, increasing the log_k for the formation of the respective surface species 

(≡ FeO)2PbCl
−1.5 and (≡ FeO)2Pb

−favors Pb adsorption on hematite surface thereby decreases 

the calculated concentration of Pb in solution whereas a decreased complexation constant 

corresponds to less effective adsorption of Pb and thus a higher aqueous Pb concentration 

observed.  

From examining sensitivity simulation results, it becomes evident that the variation in values for 

adsorption constants for (≡ FeO)2PbCl
−1.5 and (≡ FeO)2Pb

−  examined in this study greatly 

influences the distribution of Pb between aqueous and surface sites. As a consequence, calculations 

of Pb migration are strongly affected by these perturbations and will lead to significant variations 

in the calculated concentration profiles.Sensitivity to fluid flow velocity in reservoir 

In baseline simulation case shown so far, a reservoir fluid flow velocity of 10 m/year (transport 

velocity) was assumed. A sensitivity run with lower flow velocity of 4 and 5 m/year was performed 

to study the effect of the reservoir fluid flow conditions on Pb concentrations. As shown in Figure 

30, when the flow velocity decreases, a lower spike on breakthrough curve at mixing boundary 

zone was observed as compared to the base model. Breakthrough curves in both cases (low and 

high flow velocity) shown the same general asymmetric shape, with a relatively steep rising limb 

and a long tail. In the simulation, Pb(II) breakthrough (half height of the rising limb) occurred at 

low flow velocity (4 m/year), compare to high flow velocity (10 m/year). This demonstrates that 

the time scales of the sorption/desorption processes (reaction kinetics) and/or intraparticle 

diffusion (diffusion into micropore spaces of the adsorbent) exceed more likely the residence time 

in the batch sorption experiments. 

As suggested by Trivedi and Axe (1999, 2000, and 2001) and Manju et al. (2002) sorption of 

heavy metals to microporous hydrous oxides mineral involve a two-step process: first a rapid 

adsorption of metal ions to the external surface is followed by slow intraparticle diffusion along 

the oxide micropore walls. In the first step, adsorption kinetics quite fast and reach near completion 

after approximately few minutes to few hours with adequate mixing between the fluid and 

adsorbent surface. In the second step, the adsorbed metal at the surface slowly diffuses along 

sorption sites in the micropores of the oxide particle. Hence, when the flow velocity decreases to 

4 m/year, reservoir fluid flow is much slower and the reaction front has not advanced sufficiently 

intraparticle diffusion becomes an important and rate-limiting process in the sorption reaction due 
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to high residence time than the batch sorption experiments therefore, a corresponding lower 

aqueous Pb concentrations observed close to the mixing zone. Conversely, a relative high aqueous 

Pb concentration observed for high flow velocity. 
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(a)  

(b)  

(c)  

Figure 30: Sensitivity on calculated aqueous Pb concentration profile along flow direction at 
different times for different flow velocity.  
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In general the effect of fluid flow velocity variation reflected through dispersion of Pb in the 

reservoir is caused by: molecular diffusion (important only at very low velocities) and 

hydrodynamic mixing (occurring at higher velocities), which results in decrease in Pb concentration 

with increasing length of flow and vice versa. 

3.9 Simulation of scaling potential of the GrSk reservoir fluid in the production 

well 

The simulation of scaling in the borehole involves not only laurionite but also other scale forming 

minerals because of their relevance and effect on laurionite formation. These were already 

identified in the production well and on the surface facility in the GrSk site (Regenspurg et al., 

2015). The modeling scenario for scaling potential of the reservoir fluid in the production well 

conceptually, the production well acts as one additional spatial compartment located behind the 

end of the 1-D RTM. Within this compartment (a cell), the original reservoir fluid is mixed to 

injected water (in the temporal order of appearance: reservoir fluid, reservoir fluid-injected fluid 

mixtures resulting from longitudinal dispersion, after breakthrough) leaving the last cell of the 1-

D-RTM model domain. Before the front arrives at the production well, the produced fluid assumed 

to be solely contain original reservoir fluid. 

According to the simulation results the following values were calculated in the reservoir fluid: 

initial pH (6.56), initial calcium (4.69×10–6 mol/kgw), strontium rich barite (2.2×10–3 mol/kgw), 

laurionite (8.1×10–4 mol/kgw) and concentration dissolved CO2 (1.59×10–5 mol/kgw) at reservoir 

condition is calculated respectively. These represent the boundary condition for subsequent 

modeling of precipitation that would form scaling in the well during production.  
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Figure 31: Variation of pH, fugacity of CO2(g)temperature ,pressure and precipitation of Sr rich 
barite , calcite , laurionite vs depth. 

3.9.1 Calcite scaling 

According to the simulation results, calcium concentration decreases from 1.15 to 1.06 mol/kgw 

as a consequence of calcite scaling in well. pH increases from 6.5 to 6.98 as a result of degassing of 

𝐶𝑂2.  
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The model further calculates degassing, in this case 𝐶𝑂2, which is also relevant for the variation 

of pH in the boreholes. Results reveal that the first 𝐶𝑂2 gas bubble is formed at about 3300 meter 

below the surface and pH starts to increase simultaneously (Figure 31). On the other hand, calcite 

is saturated as soon as gas bubble arises and starts to precipitate at the same depth (Figure 31). 

Calculation of degassing depth was done based on measured dynamic pressure for a given period 

assuming steady production flow rate in the well. Calibration of dynamic PT (i.e. pressure and 

temperature) model at various flow rates were not carried out. However, fluid production flow rate 

in the well could vary in a long run thereby the dynamic PT as well as gas bubble depth will vary. 

The predicted calcite precipitation in the well occurs in response to a computational effect of its 

cooling and degassing. The combined effects of both processes, together with the rate of the 

precipitation reaction determine calcite precipitation from the solution (Arnórsson et al., 2007). 

Degassing tends to produce an over-saturated fluid with respect to calcite its solubility decreases 

with increasing pH. The cooling has the opposite effect due to the retrograde solubility of calcite 

with respect to temperature. In this case, the extent of degassing is more effective than cooling to 

achieve over-saturation of calcite and subsequent precipitation. 

The overall pattern in the variation of calcite concentration with depth can be explained by the 

carbonate balance that consists of a well-known sequence of reaction stoichiometry (Equation 1- 

4). At a depth where total partial pressure of both dissolved 𝐶𝑂2 and 𝐻2𝑂 exceed dynamic pressure, 

carbon dioxide and water vapour generate first free gas to compensate for the pressure difference 

at the depth. The gas exsolution shifts equation 3 to left by combining 𝐻𝐶𝑂3
− with 𝐻+. As a result, 

pH increases and some consecutive reactions that involve carbonate species occur. Decreases of 

𝐻𝐶𝑂3
− and 𝐻+ lead to rearrangement of ion activities based on equations 2 and 4 (Figure 31). 

Consequently, pH and 𝐶𝑂3
−  increase, 𝐻𝐶𝑂3

−  and dissolved 𝐶𝑂2  decrease and finally, calcite 

becomes supersaturated. 

CaCO3(s) ↔ Ca(aq)
2+ + CO3(aq)

−
 

 
(1) 

CaCO3(s) + H(aq)
+ ↔ Ca(aq)

2+ + HCO3(aq)
−  

 
(2) 

CO2(g)  +  H2O(l) ↔ H(aq)
+ + HCO3(aq)

−
  

 
(3) 

HCO3(aq)
− ↔ CO3(aq)

2− + H(aq)
+  

 
(4) 

3.9.2 Laurionite scaling 

Within the given temperature and pressure constraints used in the simulation (i.e. 90 ̊C - 150 ̊ C; 

0.1– 45 MPa), the concentration of laurionite ranges from ~ 0.00081- 0.000994 mol/kgw, with the 

minimum of 45 MPa and ~150 ̊ C at feeding point in the bottom of the borehole which then 

extends up to a depth of 1300 m and reaches a maximum concentration at 90 ̊ C and 0.1 MPa. The 

effect of temperature and pressure on laurionite solubility is not clear since there is not much work 

published in this regard particularly at geothermal conditions. However, a laurionite precipitation 

experiment conducted at different pH (5 -10) and temperatures (25°C -133°C) relevant to 

geothermal conditions indicate that the amount of laurionite precipitated increased with a rise of 

all observed pH value (Zorn , 2013). The temperature, however, had little effect on the amount of 

precipitated laurionite. 
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The pH effects on laurionite precipitation, however, have shown not to be linear with 

temperature. According to the experimental results, the amount of laurionite formed in general 

increases until pH 8 at temperature between 25-133 ̊ C before decreasing again from pH ~8.5.  

Precipitating laurionite in the GrSk production well does not occur until a depth of about 1300m 

upon fluid cooling. However, the pH starts to rise above a pH of 6.72 that coincided with the 

precipitation starting point. A further increase in pH until the final pH value (Figure 31) enhances 

further laurionite precipitation. 

Additionally, the following reactions (5–7) are also expected to occur. In this case, PbCl2 and 

PbOH+ can form through chlorid complexation and hydrolysis, reaction in the fluid, they are 

expected to be subsequently transformed to Pb(OH)Cl when the pH is rise and the temperature is 

decreased.  

Pb2+ + OH−↔ PbOH+ 
(5) 

  PbOH+ + Cl−↔ Pb(OH)Cl(s) 
(6) 

  PbCl2(s)+OH−→ Pb(OH)Cl(s) 
(7) 

3.9.3 Barite scaling  

Strontium incorporation in barite scaling can be estimated on the basis of solid solution 

formation. First, it is assumed that barite is the mineral that hosts Sr and the co-precipitation of Sr 

in barite (solid-solution) depends on its activity and ratio, in this case Sr-to-Ba ratio (4:1) is assumed 

for the formation fluid in the reservoir.  

Barite scaling profile in the well in Figure 31, shows that strontium rich barite (Ba0.2Sr0.8SO4) 

precipitates as the brine ascends from reservoir to surface facility, and some Sr are removed from 

the fluid and included in the barite scale because the solubility of barite decreases with temperature 

(Blount, 1977). 

Barite solubility is only slightly dependent on pressure (Templeton, 1960; Blount, 1977; Schulien, 

1987). However, pressure effects may be important to our calculations because of reservoir depths 

of 4.2 km and associated higher pressure. Therefore, we calculated the saturation concentrations 

of Ba and SO4 at pressures equal to the vapor pressure of water at 100°C and at a total pressure of 

45MPa bar.  

In the batch calculation, the reservoir fluid is near saturation with barite. Since calculated barite 

solubility according to model results decreases with decreasing temperature below 125° C, barite 

scale will form. Moreover, the amount of barite precipitate depends both on the temperature 

difference between reservoir and surface plus on the proportions of Sr, Ba and SO4 in the fluid. 

Barite precipitation removes Ba, Sr and SO4 in equal mole ratio amounts.  

Comparatively, pressure is found to have little effect on the system’s equilibrium. However, 

decreasing the temperature from 150° C to 90° C enhance the field of barite stability. Celestite is 

only stable at high temperatures and low barium concentrations. However, multiple model run (not 

shown here) with varying SO4 concentrations have pretty much less effect on barite saturation 

especially when SO4 concentrations fall below 0.6 mM.  
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According to literature data (Blount, 1977; Monnin and Galinier, 1988) barite solubility at almost 

reservoir conditions (150 °C, 450 bar and 5 molal NaCl solution) is 0.8 mmol kgw. At surface 

conditions (90 °C, 10 bar), only 0.17 mmol kgw of barite. Thus a modeling result of precipitation 

potential of barite in this study is fairly close to these value over the range of temperatures within 

a well, and therefore expected to precipitate. 
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4 Conclusions  

An increased understanding of adsorption processes and the factors affecting them within the 

geothermal reservoir system like GrSk can improve the transferability of adsorption measurements 

and the reliability of models used in interpreting and determining migration and distribution of 

potential scale forming chemical components within a geothermal reservoir system.  

This study combined experimental results on Pb adsorption on hematite with surface 

complexation modeling under geothermal similar conditions. In the next step, the surface 

complexation model was integrated in the reactive transport model that allows simulating the effect 

of adsorption on Pb mobility in the overall system a geochemical modeling for potential risk 

assessment of mineral scaling in the GrSk geothermal production well was seveloped. 

The optimization of equilibrium constants for the surface complexation reactions by fitting a 

broad dataset of experimental sorption measurements with the CD-MUSIC modeling approach 

provides a consistent description of lead sorption on hematite over the wide range of pH (3-9), 

ionic strngth (1 and 5 M), and temperature (25-150°C) considered in this study. These new 

simulation results holds a significant improvement over conventionally applied Kd value 

determination for predictive modeling of Pb transport and retardation in many environmental 

systems with special significance for geothermal brines due to applicability at increased 

temperatures and salinities.  

All of the results from this study confirm that the developed surface complex parameters (SCP) 

based of a rational fit of experimental sorption data for validating the mechanistic surface 

complexation model improve the confidence of a newly derived SCP to be more applicable for 

modeling of sorption reaction of Pb(II) on hematite near GrSk geothermal reservoir conditions. 

For field-scale modeling of Pb(II) mobility in the GrSk geothermal reservoir system a 1- D 

reactive transport simulations was developed on the basis of laboratory-characterized Pb(II) 

surface complexation reactions and field-measured hydrogeochemical conditions known from the 

GrSk reservoir system. The model was used to assess the importance of surface complex reaction 

on Pb(II) reactive transport and to evaluate the effect of variable geochemical conditions caused 

by injection of cold brine in the reservoir for Pb(II) migration and its relevance for observed Pb-

bearing mineral i.e. laurionite [PbOHCl] deposition in the GrSk geothermal production well. The 

following conclusions were drawn from the simulations: 

In general, cold brine injection enhances Pb adsorption and lowers aqueous Pb concentration 

because calcite dissolves at decreasing temperature which rises the pH of the brine, leading to 

overall enhanced Pb(II) surface complexation in the vicinity of injection well, where the pH 

increase is strongest. Further downstream, the relative maximum concentration was predicted to 

occur in the intermediate zone. Afterward there was no further adsorption or desorption in the 

reservoir at least for 30 years therefore the Pb concentration in the fluid remained constant. 

Moreover, reactive transport simulations result reveal that moderate to strong sensitivities in the 

resulting Pb concentrations are associated with some geochemical parameters such as specific site 

density, sorption constants, presence/absence of sorption reaction and fluid velocity. The Pb 

concentration in the reservoir fluid revealed an inverse relation with specific site density and 
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sorption constants. The omission of sorption processes results in higher concentrations of Pb in 

the fluid along the flow path. 

Surface complexation is arguably the most important process controlling the fate of Pb in 

geothermal reservoirs similar to the Groß Schönebeck system. In a case without sorption processes, 

the relative effect of dissolution/precipitation of laurionite to the total amount of Pb is predicted 

to be quite low. Thus, the integrating SCM model in the RTM appears to be a crucial consideration 

for simulations of Pb(II) and cations of similar properties such as Zn2+, Hg2+, Cd2+at the GrSk site 

and elsewhere under similar hydrogeochemical conditions. 

Although laurionite precipitation was shown to play only a minor role within the reservoir rock, 

field observation have identified it as one of the major scale forming minerals in the production 

well. During production operations at GrSk site, the production well experience drop in pressure 

and temperature, this scenario was used to develop a geochemical modeling for potential of 

laurionite mineral scaling along with barite and calcite mineral deposition as observed in the 

production well. Pressure drop accompanying production causes a release of CO2 gas and 

consequently an increase in the pH value that results in calcite formation. Simulation result further 

showed that a coupled effect of cooling and pH increment caused by pCO2(g) drop together with 

availability of high concentrations of Pb in the brine result in over saturation of laurionite in the 

well. The model also indicated a state of super saturation with respect to barite mainly due to 

cooling effect. In general, the physical evidences for observed mineral scaling in the GrSk 

production well agrees well to the calculated mineral scaling potential of GrSk brine in response to 

physiochemical change in the well. Caution, however, should be taken when using the model as a 

true predictive tool since the effect of flow rate, kinetics of minerals deposition, and redox reaction 

was not considered. 
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5 Limitation and outlook 

Various factors have been identified that may individually or collectively contribute to 

complexation, surface complex reactions, and precipitation. These factors can be grouped into two 

categories: 1) solid phase properties, such as surface area and roughness that restrain the surface 

reactivity and 2) fluid properties including distribution of flow, transport, and chemical 

components in subsurface environments. 

Within this study, not all of these factors were considered. To simplify the system, the selected 

properties for experimental investigations of fluid and solid phase interaction were clean model 

substances. The model is limited to reactions on hematite and thus can be used only for some 

geothermal application such as in sandstone reservoirs like the Rotliegend and Buntsandstein, 

where hematite is a coating mineral of the quartz grains and thus represents one of the most reactive 

minerals.  

In addition, SCMs have been developed primarily using experimental systems involving one solid 

(hematite), one electrolyte (NaCl), and one heavy metal species (Pb). No effort has been done to 

evaluate the applicability of these SCM databases with multi-mineral systems or multicomponent 

natural waters since it would increase the complexity of the system which was beyond the scope of 

this study. The simulations conducted in this study considered only reactions for a few chemical 

and a mineral parameters. Additional experiments and simulations would be required to determine 

the effects (on Pb mobility) by varying (1) the background mineral assemblage, (2) the injected fluid 

temperature, (3) the injected fluid chemistry, (4) the Pb concentrations, and (5) minerals of different 

specific surface area.  

Moreover, varying reaction kinetics, physical heterogeneity and 3D effects have not been taken 

into consideration during the simulations. Therefore, to enhance the reliability and complexity of 

the model, future work would be required to validate the model with more experimental data on a 

broader range. 
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Appendixes  

Appendix 1: Comparison surface charge density (SCD) between the reproduced fitted dataset by 

titration model and measured experimental data of the titration experiment by applying hematite 

in 0.5M, 1M and 5M NaCl background electrolyte solution, respectively at 75°C for the 

determination of point of zero charge . 

pH 
SCD 

Measured 
SSD 

Simulated 
pH 

SCD 
Measured 

SSD 
Simulated 

pH 
SCD 

Measured 
SSD 

Simulated 

3.1 107.5 106.5 2.9 97.5 98.1 3.0 79.7 81.9 

3.2 100.2 100.5 3.1 92.3 91.8 3.3 71.3 72.3 

3.6 92.3 88.7 3.2 86.0 85.1 3.6 63.5 61.6 

3.7 84.9 83.6 3.4 81.3 78.8 3.8 56.6 54.6 

3.9 79.2 76.9 3.6 72.4 70.7 3.9 51.9 50.2 

4.1 71.8 71.4 3.8 66.6 64.2 4.2 44.0 43.7 

4.3 65.0 65.8 4.0 61.3 59.0 4.5 37.2 36.7 

4.5 59.7 59.7 4.2 53.5 53.7 4.7 32.5 32.1 

4.7 54.5 53.8 4.4 49.3 48.5 4.8 26.7 28.5 

4.9 47.7 46.9 4.6 43.5 42.4 5.2 23.5 22.7 

5.1 41.9 41.3 4.8 39.8 38.5 5.4 18.3 18.9 

5.2 37.2 37.5 5.0 35.6 33.4 5.6 14.6 16.2 

5.5 32.4 31.5 5.2 28.3 28.3 5.8 10.4 12.8 

5.7 27.7 26.0 5.4 24.1 25.0 6.0 8.3 10.1 

5.9 21.4 20.5 5.6 20.9 21.5 6.2 6.2 7.3 

6.1 17.2 14.8 5.8 18.3 17.0 6.6 3.6 2.8 

6.3 13.0 9.4 6.0 12.5 12.4 6.9 1.5 -1.5 

6.5 8.3 4.2 6.3 9.3 7.3 7.1 -4.3 -5.3 

6.7 0.4 -0.4 6.6 3.0 2.1 7.4 -7.0 -8.5 

6.9 -8.0 -7.1 7.0 -4.3 -5.9 7.6 -11.2 -12.2 

7.1 -13.8 -12.3 7.4 -11.7 -13.7 7.8 -15.4 -15.5 

7.4 -18.0 -18.1 7.7 -20.1 -21.3 8.0 -20.6 -20.1 

7.6 -23.7 -24.0 7.9 -24.8 -25.6 8.3 -26.9 -25.1 

7.8 -29.5 -30.0 8.2 -29.0 -31.2 8.5 -32.2 -31.1 

8.0 -34.2 -36.2 8.4 -35.3 -36.1 8.8 -36.4 -37.3 

8.2 -41.6 -42.5 8.5 -40.0 -39.1    

8.5 -46.8 -49.0 8.7 -44.8 -45.9    

8.7 -55.2 -55.7       

8.9 -61.5 -62.7             
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Appendix 2: Comparison surface charge density (SCD)between the reproduced fitted dataset by 

titration model and measured experimental data of the titration experiment by applying hematite 

in 0.5M, 1M and 5M NaCl background electrolyte solution at 50°C for the determination of point 

of zero charge . 

pH 
SCD 

Measured 
SSD 

Simulated 
pH 

SCD 
Measured 

SSD 
Simulated 

pH 
SCD 

Measured 
SSD 

Simulated 

2.52 125.37 127.7 2.58 135.32 138.3 2.77 144.75 145.9 

2.75 116.45 115.9 2.77 128.5 129.1 2.94 136.35 138.0 

2.92 108.05 107.7 2.99 117.48 119.0 3.16 130.58 128.2 

3.15 95.46 97.4 3.18 113.81 110.8 3.31 122.71 121.8 

3.4 88.64 87.0 3.35 105.94 103.8 3.48 115.36 114.8 

3.61 79.72 79.0 3.52 97.54 97.1 3.66 107.5 107.7 

3.85 71.32 70.5 3.67 92.3 91.4 3.82 100.15 101.6 

4.15 63.45 60.9 3.84 86 85.3 4.15 92.27 89.7 

4.37 56.62 54.5 4.01 81.27 79.4 4.3 84.93 84.5 

4.52 51.9 50.4 4.24 72.35 71.8 4.5 79.16 77.9 

4.76 44.03 44.3 4.44 66.58 65.7 4.67 71.81 72.5 

5.05 37.2 37.6 4.61 61.33 60.6 4.85 64.99 66.9 

5.26 32.48 33.1 4.79 53.46 55.5 5.05 59.74 60.9 

5.44 26.7 29.5 4.98 49.26 50.4 5.25 54.49 55.0 

5.76 23.54 23.6 5.22 43.48 44.3 5.49 47.66 48.2 

5.99 18.29 19.7 5.38 39.81 40.3 5.69 41.89 42.7 

6.17 14.62 16.8 5.6 35.6 35.2 5.83 37.17 38.8 

6.4 10.41 13.3 5.83 28.26 30.0 6.05 32.44 32.9 

6.6 8.31 10.3 5.99 24.06 26.5 6.26 27.71 27.3 

6.81 6.2 7.3 6.16 20.9 22.9 6.47 21.41 21.7 

7.15 3.56 2.5 6.39 18.27 18.1 6.69 17.21 15.9 

7.47 1.45 -2.1 6.63 12.5 13.3 6.9 13.01 10.3 

7.74 -4.32 -6.0 6.9 9.34 7.9 7.1 8.28 5.0 

7.95 -6.95 -9.2 7.18 3.04 2.4 7.28 0.41 0.1 

8.18 -11.16 -12.9 7.6 -4.32 -5.9 7.54 -7.98 -7.1 

8.37 -15.36 -16.1 7.99 -11.67 -13.7 7.75 -13.76 -13.1 

8.62 -20.61 -20.5 8.34 -20.07 -21.1 7.92 -17.96 -18.1 

8.86 -26.91 -25.1 8.53 -24.8 -25.3 8.06 -23.73 -22.2 

9.12 -32.16 -30.5 8.76 -29 -30.5 8.23 -29.5 -27.4 

9.36 -36.37 -35.9 8.95 -35.3 -35.0 8.45 -34.23 -34.4 

   9.06 -40.02 -37.7 8.66 -41.58 -41.3 

   9.3 -44.75 -43.8 8.84 -46.83 -47.4 

      9.05 -55.22 -54.9 

            9.25 -61.52 -62.3 
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Appendix 3: Comparison surface charge density (SCD)between the reproduced fitted dataset by 

titration model and measured experimental data of the titration experiment by applying hematite 

in 0.5M, 1M and 5M NaCl background electrolyte solution at 25°C for the determination of point 

of zero charge . 

pH 
SCD 

Measured 
SSD 

Simulated 
pH 

SCD 
Measured 

SSD 
Simulated 

pH 
SCD 

Measured 
SSD 

Simulated 

3.6 169.4 172.5 3.7 147.9 148.1 3.4 128.5 133.7 

4.0 151.7 151.3 4.0 131.5 126.6 3.7 116.4 118.1 

4.3 135.8 134.5 4.2 121.6 116.7 4.0 109.1 106.9 

4.7 121.1 116.7 4.4 113.4 109.5 4.1 101.3 99.0 

5.1 98.3 98.0 4.5 103.9 103.7 4.3 93.1 90.6 

5.4 90.5 89.3 4.7 96.6 94.4 4.6 82.4 80.9 

5.5 84.5 83.6 5.1 81.9 77.8 4.9 73.3 70.1 

5.7 77.6 77.3 5.3 75.4 69.3 5.1 64.7 63.1 

5.9 66.4 69.1 4.6 70.0 98.0 5.4 57.8 55.2 

6.2 58.6 60.5 5.5 65.1 63.7 5.6 48.7 49.1 

6.4 52.1 52.9 5.7 57.8 56.4 5.8 42.7 42.0 

6.6 46.5 46.2 5.9 51.3 50.4 6.0 35.8 36.6 

6.8 40.1 41.1 6.1 45.7 45.4 6.3 28.9 30.7 

7.0 34.5 35.2 6.3 39.7 38.6 6.5 23.7 25.5 

7.1 28.0 29.7 6.5 35.3 34.7 6.7 18.1 20.6 

7.3 22.0 23.6 6.7 29.3 29.7 7.0 12.5 16.0 

7.5 16.8 17.8 6.9 25.0 25.0 7.2 8.2 12.0 

7.8 10.7 10.3 7.1 19.0 21.2 7.4 4.3 7.8 

7.9 6.0 5.1 7.4 12.1 14.9 7.8 0.8 1.9 

8.1 -1.3 -1.1 7.8 7.7 8.2 8.1 -3.0 -4.2 

8.3 -5.2 -7.4 8.0 3.4 4.0 8.3 -5.1 -7.1 

8.5 -11.7 -12.5 8.2 1.7 -0.4 8.3 -6.1 -6.9 

8.7 -17.3 -18.7 8.4 -3.9 -4.9 8.5 -8.7 -11.0 

8.8 -22.0 -23.3 8.6 -8.2 -8.6 8.7 -10.8 -13.9 

9.0 -28.9 -30.2 8.8 -13.4 -13.2 8.9 -14.7 -17.7 

9.2 -35.0 -35.1 9.0 -17.3 -18.4 9.2 -19.0 -21.7 

9.4 -41.9 -42.3 9.2 -24.6 -22.6 9.4 -22.9 -25.3 

9.6 -51.3 -49.8 9.4 -29.4 -28.4 9.6 -27.2 -28.9 

9.8 -59.5 -57.7 9.6 -33.3 -33.1 9.7 -31.5 -31.2 

10.0 -66.0 -65.8 9.8 -39.3 -39.4 10.0 -36.7 -35.5 

      10.0 -45.3 -46.2 10.2 -44.9 -40.7 
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Appendix 4: Measured and simulated data for lead Pb(II)(1 mM) sorption to hematite at different 

concentrations and temperature of background electrolyte solution . 

pH 
%_Pb_sorb 
0.5 M NaCl 
Simulated 

%_Pb_sorb 
0.5 M NaCl 
Observed 

%_Pb_sorb 
5 M NaCl 
Simulated 

%_Pb_sorb 
5 M NaCl 
Observed 

Temperature 
[°C] 

3 40.39 38.57 31.93 33.44  

5 70.35 70.01 54.59 54.73 25 

7 92.08 93.24 70.19 69.84  

9 99.77 99.58 85.42 85.27  

3 30.10 28.70 26.04 28.37  

5 66.10 64.07 52.80 52.86  

7 90.25 92.03 69.57 68.91 50 

9 99.76 99.28 85.73 86.39  

3 21.39 18.49 21.57 23.59  

5 61.48 58.90 51.25 50.52  

7 88.33 87.09 69.30 68.36 75 

9 99.74 98.55 86.13 87.89  

3 14.15 12.11 17.95 18.10  

5 56.41 55.79 49.92 48.67  

7 86.37 85.26 69.30 68.13 100 

9 99.63 98.31 86.63 88.31  

3 5.71 4.99 13.60 12.89  

5 46.22 45.85 48.41 45.87 150 

7 82.51 81.40 69.92 68.79  

9 97.88 97.48 87.85 88.92  

 

 

Appendix 5: Derived log_k values and pH point of zero charge (pHPZC) at different temperature 

for estimation of standard thermodynamic constants for protonation reactions of the hematite 

surface. 

Temperature 
[°C ] 

PZC logKpzc,T 

3.36 8.12 8.12 

3.10 7.40 7.47 

2.87 6.87 6.93 
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Appendix 6: Saturation index of laurionite [ PbOHCl ] at different pH, temperature and NaCl 

concentration. 

  0.5 M NaCl  

Temperature [°C ] pH 3 pH 5 pH 7 pH 9 

25 -2.80 -1.10 0.34 0.31 

50 -2.92 -1.23 0.25 0.23 

75 -3.05 -1.36 0.15 0.16 

100 -3.18 -1.47 0.06 0.08 

150 -3.44 -1.67 -0.13 -0.12 

     

  5.0 M NaCl  

Temperature [°C ] pH 3 pH 5 pH 7 pH 9 

25 -3.08 -1.25 0.60 2.30 

50 -3.11 -1.30 0.48 2.16 

75 -3.13 -1.32 0.41 2.05 

100 -3.13 -1.32 0.37 1.91 

150 -3.09 -1.28 0.33 1.75 

 

Appendix 7: Pb speciation (chloro-lead(II) – PbCln2-n, n=1-4) complexes as function of 

temperature and total Cl- concentration in a 1 mM Pb solution as determined by the PHREEQC 

v.3.0.6 (Parkhurst and Appelo, 2013) with GeoDat database. 

Temperature [°C] m_Cl- m_PbCl4-2 m_PbCl3- m_PbCl2 m_PbCl+ m_Pb+2 

25 -0.30 2.64 2.84 4.35 87.00 11.42 

25 0.00 9.98 8.02 6.66 74.25 3.52 

25 0.18 15.26 13.77 8.35 62.22 1.20 

25 0.30 16.57 19.93 9.96 53.39 0.45 

25 0.40 15.03 26.46 11.65 46.80 0.18 

25 0.48 12.10 33.10 13.40 41.40 0.08 

25 0.54 8.91 39.50 15.10 36.50 0.03 

25 0.60 6.11 45.10 16.70 32.00 0.02 

25 0.65 3.96 49.90 18.20 27.90 0.01 

25 0.70 2.45 53.80 19.60 24.20 0.00 

Temperature [°C] m_Cl- m_PbCl4-2 m_PbCl3- m_PbCl2 m_PbCl+ m_Pb+2 

150 -0.30 2.96 7.57 19.32 57.86 3.11 

150 0.00 10.92 18.83 24.83 41.57 1.07 

150 0.18 16.45 27.76 25.28 29.15 0.39 

150 0.30 18.16 35.03 24.84 21.44 0.15 

150 0.40 17.27 41.48 24.46 16.56 0.06 

150 0.48 15.00 47.40 24.20 13.20 0.02 

150 0.54 12.20 52.80 24.10 10.80 0.01 

150 0.60 9.51 57.60 23.90 8.99 0.00 

150 0.65 7.11 61.60 23.70 7.54 0.00 
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150 0.70 5.15 65.00 23.50 6.36 0.00 

Appendix 8: Measured dynamic pressure and temperature state throughout the well using 

nearly195 data points representing a whole depth of 4258 m taken at interval of 21.83 m during 7 

days continuous production test in the borehole. 

z p T d p_CO2 p_N2 p_CH4 p_H2O x GVF 

m (TVD) MPa K kg/m3 MPa MPa MPa MPa kg/kg m3/m3 

0.12 0.92 371.84 1006.78 0.05 0.68 0.10 0.08 0.001 0.115 

-21.44 1.14 372.22 1032.89 0.05 0.87 0.13 0.09 0.001 0.092 

-43.00 1.36 372.60 1050.87 0.06 1.06 0.16 0.09 0.001 0.076 

-43.00 1.36 372.60 1050.87 0.06 1.06 0.16 0.09 0.001 0.076 

-68.40 1.63 373.06 1065.88 0.07 1.29 0.19 0.09 0.001 0.063 

-93.80 1.89 373.52 1076.74 0.07 1.52 0.22 0.09 0.001 0.053 

-119.20 2.17 373.97 1084.90 0.07 1.75 0.25 0.09 0.001 0.046 

-144.60 2.44 374.42 1091.23 0.08 1.99 0.28 0.09 0.001 0.040 

-170.00 2.71 374.86 1096.28 0.08 2.23 0.31 0.09 0.001 0.035 

-170.00 2.71 374.86 1096.28 0.08 2.23 0.31 0.09 0.001 0.035 

-195.06 2.98 375.31 1100.32 0.08 2.47 0.34 0.10 0.001 0.032 

-220.12 3.25 375.75 1103.67 0.09 2.71 0.36 0.10 0.001 0.029 

-245.18 3.53 376.18 1106.48 0.09 2.95 0.39 0.10 0.001 0.026 

-270.24 3.80 376.62 1108.86 0.09 3.19 0.42 0.10 0.001 0.024 

-295.30 4.07 377.06 1110.90 0.09 3.43 0.45 0.10 0.001 0.022 

-320.36 4.35 377.50 1112.66 0.10 3.67 0.47 0.10 0.001 0.020 

-345.42 4.62 377.93 1114.19 0.10 3.92 0.50 0.10 0.001 0.019 

-370.48 4.90 378.36 1115.54 0.10 4.16 0.53 0.11 0.001 0.017 

-395.54 5.17 378.79 1116.72 0.10 4.41 0.55 0.11 0.001 0.016 

-420.59 5.45 379.21 1117.77 0.11 4.66 0.58 0.11 0.001 0.015 

-445.65 5.72 379.64 1118.70 0.11 4.90 0.60 0.11 0.001 0.014 

-470.71 6.00 380.06 1119.53 0.11 5.15 0.62 0.11 0.001 0.013 

-495.77 6.27 380.48 1120.27 0.11 5.40 0.65 0.11 0.001 0.012 

-520.83 6.55 380.90 1120.94 0.11 5.65 0.67 0.12 0.001 0.012 

-545.89 6.83 381.32 1121.54 0.12 5.90 0.70 0.12 0.001 0.011 

-570.95 7.10 381.73 1122.08 0.12 6.15 0.72 0.12 0.001 0.010 

-596.01 7.38 382.15 1122.57 0.12 6.40 0.74 0.12 0.001 0.010 

-621.07 7.66 382.56 1123.02 0.12 6.65 0.76 0.12 0.001 0.009 

-646.13 7.93 382.97 1123.42 0.12 6.90 0.78 0.12 0.001 0.009 

-671.19 8.21 383.38 1123.78 0.12 7.15 0.81 0.13 0.001 0.008 

-696.25 8.49 383.79 1124.11 0.13 7.40 0.83 0.13 0.001 0.008 

-721.31 8.76 384.20 1124.41 0.13 7.66 0.85 0.13 0.001 0.008 

-721.31 8.76 384.20 1124.41 0.13 7.66 0.85 0.13 0.001 0.008 

-739.31 8.96 384.45 1124.63 0.13 7.84 0.86 0.13 0.000 0.007 

-739.31 8.96 384.44 1124.64 0.13 7.84 0.86 0.13 0.000 0.007 

-764.89 9.24 384.73 1124.97 0.13 8.10 0.88 0.13 0.000 0.007 

-790.47 9.53 385.04 1125.27 0.13 8.35 0.91 0.13 0.000 0.007 

-816.06 9.81 385.41 1125.51 0.13 8.61 0.93 0.14 0.000 0.006 
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-841.64 10.09 385.78 1125.72 0.14 8.87 0.95 0.14 0.000 0.006 

-867.22 10.38 386.13 1125.93 0.14 9.13 0.97 0.14 0.000 0.006 

-892.81 10.66 386.42 1126.16 0.14 9.39 0.99 0.14 0.000 0.005 

-918.39 10.94 386.74 1126.35 0.14 9.65 1.01 0.14 0.000 0.005 

-943.98 11.23 387.08 1126.52 0.14 9.91 1.03 0.14 0.000 0.005 

-969.56 11.51 387.42 1126.67 0.15 10.17 1.05 0.14 0.000 0.005 

-995.14 11.79 387.74 1126.82 0.15 10.43 1.06 0.15 0.000 0.005 

-1020.73 12.08 388.05 1126.97 0.15 10.69 1.08 0.15 0.000 0.004 

-1046.31 12.36 388.50 1127.01 0.15 10.96 1.10 0.15 0.000 0.004 

-1071.89 12.64 388.99 1127.02 0.15 11.22 1.12 0.15 0.000 0.004 

-1097.48 12.93 389.50 1127.01 0.15 11.48 1.14 0.15 0.000 0.004 

-1123.06 13.21 389.97 1127.01 0.16 11.74 1.15 0.16 0.000 0.004 

-1148.64 13.49 390.44 1127.01 0.16 12.00 1.17 0.16 0.000 0.003 

-1174.23 13.78 390.84 1127.04 0.16 12.27 1.19 0.16 0.000 0.003 

-1174.23 2.21 386.69 1076.00 0.08 1.75 0.24 0.14 0.001 0.047 

-1199.39 2.48 387.07 1082.41 0.08 1.98 0.27 0.14 0.001 0.041 

-1224.55 2.75 387.47 1087.53 0.08 2.21 0.30 0.14 0.001 0.037 

-1249.72 3.01 387.91 1091.68 0.09 2.45 0.33 0.15 0.001 0.033 

-1274.88 3.28 388.34 1095.11 0.09 2.69 0.36 0.15 0.001 0.030 

-1300.04 3.56 388.79 1097.99 0.09 2.93 0.38 0.15 0.001 0.027 

-1325.21 3.83 389.25 1100.41 0.10 3.17 0.41 0.15 0.001 0.025 

-1350.37 4.10 389.71 1102.49 0.10 3.41 0.43 0.16 0.001 0.023 

-1375.53 4.37 390.17 1104.29 0.10 3.65 0.46 0.16 0.001 0.021 

-1400.70 4.64 390.62 1105.85 0.10 3.90 0.48 0.16 0.001 0.019 

-1425.86 4.92 391.06 1107.22 0.11 4.14 0.51 0.16 0.001 0.018 

-1451.02 5.19 391.52 1108.42 0.11 4.39 0.53 0.16 0.001 0.017 

-1476.19 5.47 391.97 1109.48 0.11 4.63 0.56 0.17 0.001 0.016 

-1501.35 5.74 392.41 1110.42 0.11 4.88 0.58 0.17 0.001 0.015 

-1526.52 6.01 392.85 1111.26 0.11 5.13 0.60 0.17 0.001 0.014 

-1551.68 6.29 393.28 1112.02 0.12 5.37 0.62 0.17 0.001 0.013 

-1576.84 6.56 393.71 1112.70 0.12 5.62 0.65 0.18 0.001 0.012 

-1602.01 6.84 394.13 1113.31 0.12 5.87 0.67 0.18 0.001 0.012 

-1627.17 7.11 394.54 1113.87 0.12 6.12 0.69 0.18 0.001 0.011 

-1652.33 7.39 394.94 1114.38 0.12 6.37 0.71 0.18 0.001 0.010 

-1677.50 7.66 395.35 1114.84 0.12 6.62 0.73 0.19 0.001 0.010 

-1677.50 7.66 395.35 1114.84 0.12 6.62 0.73 0.19 0.001 0.010 

-1702.06 7.93 395.74 1115.24 0.13 6.87 0.75 0.19 0.001 0.009 

-1726.62 8.20 396.11 1115.63 0.13 7.11 0.77 0.19 0.001 0.009 

-1751.17 8.47 396.44 1116.01 0.13 7.36 0.79 0.19 0.001 0.008 

-1775.73 8.74 396.82 1116.32 0.13 7.61 0.81 0.19 0.001 0.008 

-1800.29 9.01 397.19 1116.61 0.13 7.85 0.82 0.20 0.001 0.008 

-1800.29 9.01 397.19 1116.61 0.13 7.85 0.82 0.20 0.001 0.008 

-1824.01 9.27 397.54 1116.87 0.14 8.09 0.84 0.20 0.000 0.007 

-1847.72 9.53 397.88 1117.12 0.14 8.33 0.86 0.20 0.000 0.007 

-1871.43 9.79 398.22 1117.35 0.14 8.57 0.88 0.20 0.000 0.007 
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-1895.15 10.05 398.56 1117.55 0.14 8.81 0.89 0.21 0.000 0.006 

-1918.86 10.31 398.89 1117.75 0.14 9.05 0.91 0.21 0.000 0.006 

-1942.57 10.57 399.21 1117.94 0.14 9.29 0.92 0.21 0.000 0.006 

-1966.29 10.83 399.53 1118.11 0.14 9.53 0.94 0.21 0.000 0.006 

-1990.00 11.09 399.84 1118.27 0.15 9.77 0.96 0.21 0.000 0.005 

-1990.00 11.09 399.84 1118.27 0.15 9.77 0.96 0.21 0.000 0.005 

-2015.98 11.37 400.36 1118.32 0.15 10.03 0.97 0.22 0.000 0.005 

-2041.96 11.66 400.84 1118.38 0.15 10.30 0.99 0.22 0.000 0.005 

-2067.93 11.94 401.29 1118.45 0.15 10.56 1.01 0.22 0.000 0.005 

-2093.91 12.22 401.74 1118.50 0.15 10.82 1.02 0.23 0.000 0.004 

-2119.89 12.51 402.19 1118.55 0.15 11.09 1.04 0.23 0.000 0.004 

-2145.87 12.79 402.62 1118.59 0.16 11.35 1.05 0.23 0.000 0.004 

-2171.85 13.08 403.04 1118.64 0.16 11.62 1.07 0.24 0.000 0.004 

-2197.82 13.36 403.48 1118.66 0.16 11.88 1.08 0.24 0.000 0.004 

-2223.80 13.65 403.91 1118.67 0.16 12.15 1.10 0.24 0.000 0.004 

-2249.78 13.93 404.34 1118.68 0.16 12.42 1.11 0.24 0.000 0.003 

-2275.76 14.22 404.75 1118.69 0.16 12.68 1.13 0.25 0.000 0.003 

-2301.74 14.50 405.16 1118.70 0.17 12.95 1.14 0.25 0.000 0.003 

-2301.74 14.50 405.16 1118.70 0.17 12.95 1.14 0.25 0.000 0.003 

-2329.19 14.81 405.47 1118.78 0.17 13.23 1.16 0.25 0.000 0.003 

-2329.19 14.81 405.47 1118.78 0.17 13.23 1.16 0.25 0.000 0.003 

-2353.39 15.07 405.70 1118.87 0.17 13.48 1.17 0.25 0.000 0.003 

-2377.59 15.34 405.91 1118.97 0.17 13.73 1.18 0.26 0.000 0.003 

-2377.59 15.34 405.92 1118.97 0.17 13.73 1.18 0.26 0.000 0.003 

-2402.07 15.61 406.20 1119.02 0.17 13.98 1.20 0.26 0.000 0.003 

-2426.55 15.87 406.49 1119.06 0.17 14.23 1.21 0.26 0.000 0.002 

-2451.04 16.14 406.78 1119.09 0.17 14.48 1.22 0.26 0.000 0.002 

-2475.52 16.41 407.06 1119.13 0.18 14.74 1.24 0.27 0.000 0.002 

-2500.00 16.68 407.34 1119.16 0.18 14.99 1.25 0.27 0.000 0.002 

-2500.00 16.68 407.35 1119.16 0.18 14.99 1.25 0.27 0.000 0.002 

-2525.11 16.96 407.63 1119.19 0.18 15.25 1.26 0.27 0.000 0.002 

-2550.23 17.23 407.92 1119.22 0.18 15.51 1.27 0.27 0.000 0.002 

-2575.34 17.51 408.20 1119.24 0.18 15.76 1.29 0.27 0.000 0.002 

-2600.45 17.78 408.48 1119.27 0.18 16.02 1.30 0.28 0.000 0.002 

-2625.56 18.06 408.75 1119.29 0.18 16.28 1.31 0.28 0.000 0.002 

-2650.68 18.34 409.02 1119.32 0.19 16.54 1.32 0.28 0.000 0.002 

-2675.79 18.61 409.29 1119.34 0.19 16.80 1.34 0.28 0.000 0.002 

-2700.90 18.89 409.54 1119.36 0.19 17.06 1.35 0.29 0.000 0.001 

-2726.01 19.16 409.79 1119.39 0.19 17.32 1.36 0.29 0.000 0.001 

-2751.13 19.44 410.02 1119.43 0.19 17.58 1.37 0.29 0.000 0.001 

-2776.24 19.71 410.24 1119.47 0.19 17.84 1.39 0.29 0.000 0.001 

-2801.35 19.99 410.46 1119.51 0.20 18.10 1.40 0.29 0.000 0.001 

-2826.47 20.27 410.67 1119.55 0.20 18.36 1.41 0.29 0.000 0.001 

-2851.58 20.54 410.88 1119.59 0.20 18.62 1.42 0.30 0.000 0.001 

-2876.69 20.82 411.09 1119.63 0.20 18.88 1.43 0.30 0.000 0.001 
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-2901.80 21.09 411.30 1119.66 0.20 19.14 1.45 0.30 0.000 0.001 

-2901.80 21.09 411.30 1119.66 0.20 19.14 1.45 0.30 0.000 0.001 

-2927.46 21.37 411.53 1119.69 0.20 19.41 1.46 0.30 0.000 0.001 

-2953.12 21.66 411.75 1119.71 0.21 19.68 1.47 0.30 0.000 0.001 

-2978.78 21.94 411.97 1119.74 0.21 19.94 1.48 0.31 0.000 0.001 

-3004.44 22.22 412.19 1119.76 0.21 20.21 1.49 0.31 0.000 0.001 

-3030.10 22.50 412.41 1119.79 0.21 20.48 1.51 0.31 0.000 0.001 

-3055.76 22.78 412.63 1119.81 0.21 20.75 1.52 0.31 0.000 0.001 

-3081.41 23.07 412.84 1119.83 0.21 21.01 1.53 0.31 0.000 0.001 

-3107.07 23.35 413.05 1119.85 0.21 21.28 1.54 0.32 0.000 0.000 

-3132.73 23.63 413.26 1119.88 0.22 21.55 1.55 0.32 0.000 0.000 

-3158.39 23.91 413.47 1119.90 0.22 21.81 1.56 0.32 0.000 0.000 

-3158.39 23.91 413.47 1119.90 0.22 21.81 1.56 0.32 0.000 0.000 

-3183.57 24.19 413.67 1119.93 0.22 22.08 1.57 0.32 0.000 0.000 

-3208.74 24.46 413.86 1119.95 0.22 22.34 1.58 0.32 0.000 0.000 

-3233.92 24.74 414.05 1119.97 0.22 22.60 1.60 0.32 0.000 0.000 

-3259.09 25.02 414.24 1120.00 0.22 22.86 1.61 0.33 0.000 0.000 

-3284.27 25.29 414.43 1120.03 0.22 23.12 1.62 0.33 0.000 0.000 

-3309.45 25.57 414.61 1120.05 0.23 23.38 1.63 0.33 0.000 0.000 

-3334.62 25.85 414.79 1120.08 0.23 23.64 1.65 0.33 0.000 0.000 

-3359.80 26.12 414.97 1120.11 0.23 23.89 1.67 0.33 0.000 0.000 

-3384.97 26.40 415.14 1120.14 0.00 0.00 0.00 0.00 0.000 0.000 

-3410.15 26.68 415.31 1120.13 0.00 0.00 0.00 0.00 0.000 0.000 

-3435.32 26.95 415.47 1120.13 0.00 0.00 0.00 0.00 0.000 0.000 

-3460.50 27.23 415.62 1120.13 0.00 0.00 0.00 0.00 0.000 0.000 

-3485.68 27.51 415.78 1120.13 0.00 0.00 0.00 0.00 0.000 0.000 

-3510.85 27.78 415.93 1120.13 0.00 0.00 0.00 0.00 0.000 0.000 

-3536.03 28.06 416.07 1120.14 0.00 0.00 0.00 0.00 0.000 0.000 

-3561.20 28.34 416.21 1120.15 0.00 0.00 0.00 0.00 0.000 0.000 

-3586.38 28.61 416.35 1120.16 0.00 0.00 0.00 0.00 0.000 0.000 

-3611.55 28.89 416.48 1120.18 0.00 0.00 0.00 0.00 0.000 0.000 

-3636.73 29.17 416.61 1120.20 0.00 0.00 0.00 0.00 0.000 0.000 

-3661.91 29.44 416.73 1120.22 0.00 0.00 0.00 0.00 0.000 0.000 

-3687.08 29.72 416.84 1120.24 0.00 0.00 0.00 0.00 0.000 0.000 

-3712.26 30.00 416.95 1120.27 0.00 0.00 0.00 0.00 0.000 0.000 

-3737.43 30.27 417.06 1120.30 0.00 0.00 0.00 0.00 0.000 0.000 

-3737.43 30.27 417.06 1120.30 0.00 0.00 0.00 0.00 0.000 0.000 

-3760.00 30.52 417.14 1120.33 0.00 0.00 0.00 0.00 0.000 0.000 

-3782.57 30.77 417.23 1120.37 0.00 0.00 0.00 0.00 0.000 0.000 

-3805.15 31.02 417.32 1120.40 0.00 0.00 0.00 0.00 0.000 0.000 

-3827.72 31.27 417.40 1120.44 0.00 0.00 0.00 0.00 0.000 0.000 

-3850.29 31.52 417.49 1120.47 0.00 0.00 0.00 0.00 0.000 0.000 

-3850.29 31.52 417.49 1120.47 0.00 0.00 0.00 0.00 0.000 0.000 

-3875.00 31.79 417.58 1120.50 0.00 0.00 0.00 0.00 0.000 0.000 

-3875.00 31.79 417.59 1120.50 0.00 0.00 0.00 0.00 0.000 0.000 
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-3892.50 31.98 417.62 1120.55 0.00 0.00 0.00 0.00 0.000 0.000 

-3910.00 32.17 417.66 1120.59 0.00 0.00 0.00 0.00 0.000 0.000 

-3927.50 32.37 417.70 1120.64 0.00 0.00 0.00 0.00 0.000 0.000 

-3945.00 32.56 417.73 1120.68 0.00 0.00 0.00 0.00 0.000 0.000 

-3945.00 32.56 417.73 1120.68 0.00 0.00 0.00 0.00 0.000 0.000 

-3969.58 32.83 417.79 1120.74 0.00 0.00 0.00 0.00 0.000 0.000 

-3994.17 33.10 417.84 1120.80 0.00 0.00 0.00 0.00 0.000 0.000 

-4018.75 33.37 417.89 1120.87 0.00 0.00 0.00 0.00 0.000 0.000 

-4043.33 33.64 417.94 1120.94 0.00 0.00 0.00 0.00 0.000 0.000 

-4067.92 33.91 417.98 1121.01 0.00 0.00 0.00 0.00 0.000 0.000 

-4092.50 34.18 418.01 1121.08 0.00 0.00 0.00 0.00 0.000 0.000 

-4092.50 34.18 418.01 1121.08 0.00 0.00 0.00 0.00 0.000 0.000 

-4113.33 34.41 418.04 1121.14 0.00 0.00 0.00 0.00 0.000 0.000 

-4134.17 34.64 418.07 1121.20 0.00 0.00 0.00 0.00 0.000 0.000 

-4155.00 34.87 418.10 1121.27 0.00 0.00 0.00 0.00 0.000 0.000 

-4155.00 34.87 418.09 1121.27 0.00 0.00 0.00 0.00 0.000 0.000 

-4177.50 35.12 418.12 1121.34 0.00 0.00 0.00 0.00 0.000 0.000 

-4200.00 35.37 418.13 1121.42 0.00 0.00 0.00 0.00 0.000 0.000 

-4200.00 35.37 418.14 1121.42 0.00 0.00 0.00 0.00 0.000 0.000 

-4234.61 35.75 418.15 1121.55 0.00 0.00 0.00 0.00 0.000 0.000 

-4234.61 35.75 418.14 1121.55 0.00 0.00 0.00 0.00 0.000 0.000 

-4257.05 35.99 418.15 1121.63 0.00 0.00 0.00 0.00 0.000 0.000 
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Supplementary material 1: Phreeqc input-file for scenario batch calculation. 

TITLE 1  

DATABASE c:\phreeqc\database\geodat_0-15.dat 

PITZER 

-MacInnes   false 

-use_etheta true 

-redox      false                

SOLUTION 1  

units      mol/kgw 

temp       150 # temp  

density    1.176 

pressure   450 

pH         6.8                

pe         0.0               

Al     4.654e-09 

Ba         1.886e-04 

C          3.530e-05 

Ca     1.299e+00 

Cl     4.369e+00  charge 

K          5.794e-02 

Mg         4.842e-02 

Na         1.613e+00 

Pb         0.001 

S      1.574e-02 

Si         3.716e-03 

Sr     1.555e-02 

-water     90.5 

EQUILIBRIUM_PHASES 1 #primary and secondary phases in cells 1 to 100 

#preassigned carbon dioxide partial pressure (bar; log) 

CO2(g)             0.88 
Calcite          0.0  795.703 

Dolomite         0.0  304.44 

SiO2(cr)_Quartz  0.0  27258.34 

#Laurionite      0.0  0.0  

SOLID_SOLUTIONS 1 

Sr_Barite 
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-comp Barite  0.0 

-comp Celestite  0.0 

RATES 

Albite 

-start 

10 moles=0 

20 IF ((m<=0) and (SI("Albite")<0)) then goto 200 

30 R = 8.314462 # in J*K-1*mol-1 

40 deltaT = 1/TK-1/298.15  # TK is temp in Kelvin 

50 e = 2.718282 # Eulersche Zahl 

## mechanism 1 (acid) 

60 Ea = 65000 # Aktivierungsenergie in J/mol => 65.0 in KJ/mol 

70 logK25 = -10.16 # Kinetic constant at 25°C, pH=0, in mol/m2*s1 

80 ny = 0.457 # Reaktionsordnung 

90 mech_a = (10^logK25)*(e^(-Ea/R*deltaT))*ACT("H+")^ny 

## base term (neutral mechanism) 

100 Ea = 69800 

110 logK25 = -12.56 

120 mech_c = (10^logK25)*(e^(-Ea/R*deltaT)) 

130 rate = mech_a+mech_c 

## Dissolution: 

140 IF SI("Albite")<0 then moles=parm(1)*M*rate*(1-SR("Albite")) 

## Precipitation: (in this case is commented out!!) 

150 IF SI("Albite")>0 then moles=parm(2)*rate*(1-SR("Albite")) 

200 save moles*time 

-end  

Microcline 

  -start 

rem kmech = k25*exp(-Eact/R*(1/T-1/298.15))*Product([Ci]^nyi); 

10  R = 8.314472 

11  deltaT = 1/TK - 1/298.15 

12  e = 2.7183 

rem acidic mechanism 

13  Ea = 51700 

14  logK25 = -10.06 

15  ny = 0.5 

rem 16  mech_a = (10^logK25) * (e^(-Ea/R*deltaT)) * ACT("H+")^ny 

16  mech_a = (10^logK25) * (e^(-Ea/R*deltaT)) * ACT("H+")^ny 
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rem neutral term (neutral mechanism) 

23  Ea = 38000 

24  logK25 = -12.41 

rem 26  mech_b = (10^logK25) * (e^(-Ea/R*deltaT)) 

26  mech_b = (10^logK25)* (e^(-Ea/R*deltaT)) 

30  rate = mech_a + mech_b 

40  teta = 1 

41  eta = 1 

42  Area = 1 

70  rate = Area * rate * (1 - SR("Microcline")^teta)^eta 

80  moles = rate * time 

100 save moles 

  -end 

KINETICS 1 # kinetic reactants for batch-reaction calculations 

-steps 21900 in 60 steps # 21900 days = 60 years  

-step_divide 10 

-bad_step_max 1000 

Albite 

-m0        795.703       # initial moles of reactant 

 -parms  0.11   10000  # specific surface area A0 in (m2), total reactive surface 
in REV available for precipitation [m2] 

Microcline 

 -m0      762.564 

 -parms 1 10000 

INCREMENTAL_REACTIONS true 

END 

SAVE SOLUTION 1 

END 

USE SOLUTION 1 

REACTION_TEMPERATURE 1 

 150 70 in 100 steps 

USE EQUILIBRIUM_PHASES 1 

SELECTED_OUTPUT; -reset false; -file SOL_EQUI_KIN.txt  

USER_GRAPH 1 

-headings  Calcite Celestite Microcline  Albite(low) Barite Dolomite Laurionite 

-axis_titles "Temperature" "Change in minerals solubility (mol/m3)" 

-chart_title "Solubilities of the Groß-Schönebeck minerals" 

-start 
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30 PLOT_XY TC, 812.703-EQUI("Calcite"), color = Blue, symbol=None 

40 PLOT_XY TC, S_S("Celestite"), color = Yellow, symbol=None 

60 PLOT_XY TC, 762.564-KIN("Microcline"), color = Cyan, symbol=None 

70 PLOT_XY TC, 795.703-KIN("Albite(low)"), color = Green, symbol=None 

80 PLOT_XY TC, S_S("Barite"), color = Red, symbol=None 

90 PLOT_XY TC, 410-EQUI("Dolomite"), color = Magenta, symbol=None 

#95 PLOT_XY TC, EQUI("Laurionite"), color = brown, symbol=None 

-end 

USER_GRAPH 2 

-headings  pH 

-axis_titles "Temperature" "pH" 

-chart_title "Solubilities of the Groß-Schönebeck minerals" 

-start 

30 PLOT_XY TC, -LA("H+"), color = red, symbol=None 

-end 

END 

Supplementary material 2: Phreeqc input-file for scenario reactive transport simulation. 

TITLE 2  

DATABASE c:\phreeqc\database\geodat_0-15.dat 

PITZER 

-MacInnes   false 

-use_etheta true 

-redox      false 

SURFACE_MASTER_SPECIES 

Hem_uni      Hem_uniOH-0.5    

Hem_tri      Hem_triO-0.5      

SURFACE_SPECIES 

Hem_triO-0.5 = Hem_triO-0.5 

 -cd_music  0 0 0 0 0  

     log_k 0 

Hem_triO-0.5 + H+ = Hem_triOH+0.5 

  -cd_music  1 0 0 0 0  

     log_k    8.20 

Hem_uniOH-0.5 = Hem_uniOH-0.5 

  -cd_music  0 0 0 0 0  

     log_k 0 

Hem_uniOH-0.5 + H+ = Hem_uniOH2+0.5 
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  -cd_music  1 0 0 0 0  

     log_k    8.20 

Hem_triO-0.5 + Na+ = Hem_triONa+0.5 

  -cd_music  0 1 0 0 0  

     log_k    -0.60 

Hem_uniOH-0.5 + Na+ = Hem_uniOHNa+0.5 

  -cd_music  0 1 0 0 0  

     log_k    -0.60 

Hem_uniOH-0.5 + H+ + Cl- = Hem_uniOH2Cl-0.5 

   -cd_music  1 -1 0 0 0  

     log_k    8.76 

Hem_triO-0.5 + H+ + Cl- = Hem_triOHCl-0.5 

   -cd_music  1 -1 0 0 0 

     log_k 8.76 

# Adsorption Reactions on the surface     

 2Hem_uniOH-0.5 + Pb+2 + Cl- = (Hem_uniOH)2PbCl 

     log_k     10.49      #baseline 

    -cd_music  1.28 -0.28 0 0 0 

2Hem_uniOH-0.5 + Pb+2 = (Hem_uniOH)2Pb+ 

     log_k      -0.51     #baseline 

    -cd_music  0.46  1.54  0 0 0       

SOLUTION 1-50 # formation water sample at equilibrium with primary phases 
representing the original formation water in the GrSk reservoir. 

units     mol/kgw 

temp      150 # temp  

pressure  450 

density   1.17 

pH        6.8                

pe        0.0               

Al        4.654e-09 

Ba        1.886e-04 

C         3.530e-05 

Ca        1.299e+00 

Cl        4.369e+00  charge 

K         5.794e-02 

Mg        4.842e-02 

Na        1.613e+00 

Pb        0.001751 
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S         1.574e-02 

Si        3.716e-03 

Sr         1.555e-02 

-water 90 

EQUILIBRIUM_PHASES 1-500 #primary and secondary phases in cells 1 to 100 

#preassigned carbon dioxide partial pressure (bar; log) 

CO2(g)           0.88 

Calcite          0.0  795.703 

Dolomite         0.0  304.44 

SiO2(cr)_Quartz  0.0  27258.34 

#Laurionite      0.0  0.0  

SOLID_SOLUTIONS 1 

Sr_Barite 

-comp Barite  0.0 

-comp Celestite  0.0 

RATES 

Albite 

-start 

10 moles=0 

20 IF ((m<=0) and (SI("Albite")<0)) then goto 200 

30 R = 8.314462 # in J*K-1*mol-1 

40 deltaT = 1/TK-1/298.15  # TK is temp in Kelvin 

50 e = 2.718282 # Eulersche Zahl 

## mechanism 1 (acid) 

60 Ea = 65000 # Aktivierungsenergie in J/mol => 65.0 in KJ/mol 

70 logK25 = -10.16 # Kinetic constant at 25°C, pH=0, in mol/m2*s1 

80 ny = 0.457 # Reaktionsordnung 

90 mech_a = (10^logK25)*(e^(-Ea/R*deltaT))*ACT("H+")^ny 

## base term (neutral mechanism) 

100 Ea = 69800 

110 logK25 = -12.56 

120 mech_c = (10^logK25)*(e^(-Ea/R*deltaT)) 

130 rate = mech_a+mech_c 

## Dissolution: 

140 IF SI("Albite")<0 then moles=parm(1)*M*rate*(1-SR("Albite")) 

## Precipitation: (in this case is commented out!!) 

150 IF SI("Albite")>0 then moles=parm(2)*rate*(1-SR("Albite")) 
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200 save moles*time 

-end  

Microcline 

  -start 

rem kmech = k25*exp(-Eact/R*(1/T-1/298.15))*Product([Ci]^nyi); 

10  R = 8.314472 

11  deltaT = 1/TK - 1/298.15 

12  e = 2.7183 

rem acidic mechanism 

13  Ea = 51700 

14  logK25 = -10.06 

15  ny = 0.5 

rem 16  mech_a = (10^logK25) * (e^(-Ea/R*deltaT)) * ACT("H+")^ny 

16  mech_a = (10^logK25) * (e^(-Ea/R*deltaT)) * ACT("H+")^ny 

rem neutral term (neutral mechanism) 

23  Ea = 38000 

24  logK25 = -12.41 

rem 26  mech_b = (10^logK25) * (e^(-Ea/R*deltaT)) 

26  mech_b = (10^logK25)* (e^(-Ea/R*deltaT)) 

30  rate = mech_a + mech_b 

40  teta = 1 

41  eta = 1 

42  Area = 1 

70  rate = Area * rate * (1 - SR("Microcline")^teta)^eta 

80  moles = rate * time 

100 save moles 

  -end 

KINETICS 1 # kinetic reactants for batch-reaction calculations 

-steps 21900 in 60 steps # 21900 days = 60 years  

-step_divide 10 

-bad_step_max 1000 

Albite 

-m0        795.703       # initial moles of reactant 

 -parms  0.11   10000  # specific surface area A0 in (m2), total reactive surface 
in REV available for precipitation [m2] 

Microcline 

 -m0      762.564 

 -parms 1 10000 
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INCREMENTAL_REACTIONS       true 

End 

SURFACE 1-50 

Hem_uniOH-0.5    3.45    28    4500     # SSD SSA Mass adsorbent mineral 

-capacitance      0.75      0.70         

-cd_music  

Hem_triO-0.5     2.7     28    4500     # SSD SSA Mass adsorbent mineral 

-capacitance      0.75      0.70         

-cd_music 

-sites_units DENSITY 

-equilibrate  1 with solution 1-50 

END                     

TRANSPORT  

-cells 50 

-shifts 60 

-time_step  3.15e7   

-lengths 50*10         

-dispersivities   50*1 

-flow_direction forward 

-boundary_conditions flux flux 

-correct_disp true 

-thermal_diffusion 2.12 1e-6 

-warnings             false 

#-punch_cells    50   

-punch_frequency 10  20  30   60 

-punch 1-50 

SOLUTION 0  # Injected water composition  

units       mol/kgw 

temp        70  

pressure    100 

density     1.17 

pH          6.8             

pe          0.0               

Al(3)   4.65E-09 

Ba      0.0002 

C(4)    2.64E-05 

Ca(2)       1.3 

Cl(-1)  4.3660  charge 
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K(1)    0.0579 

Mg(2)   0.0484 

Na(1)       1.6130 

Pb      0.0004 

S(6)    0.0157 

Si(4)   0.0037 

Sr          0.0156 

Br          1  

-water       90 

SELECTED_OUTPUT 

-file SOR_RTM.txt 

-reset false 

END 

Supplementary material 3: Phreeqc input-file for CD-MUSIC surface complex model. 

DATABASE c:\phreeqc\database\geodat_0-15.dat 

SURFACE_MASTER_SPECIES 

Hem_uni      Hem_uniOH-0.5    

Hem_tri      Hem_triO-0.5      

SURFACE_MASTER_SPECIES  

    Hem_uni Hem_uniOH-0.5  

    Hem_tri Hem_triO-0.5    

SURFACE_SPECIES  

    Hem_uniOH-0.5 = Hem_uniOH-0.5; log_k 0 ;-cd_music 0  0  0      

    Hem_triO-0.5 = Hem_triO-0.5; log_k 0; -cd_music 0 0 0  

    Hem_uniOH-0.5 + H+ = Hem_uniOH2+0.5; log_k 8.20 ;-cd_music 1 0 0        

    Hem_triO-0.5 + H+ = Hem_triOH+0.5; log_k 8.20; -cd_music 1 0 0  

    Hem_triO-0.5 + Na+ = Hem_triONa+0.5 ; -cd_music 0 1 0;log_k     -0.5         

    Hem_triO-0.5 + H+ + Cl- = Hem_triOHCl-0.5 ;-cd_music 1 -1 0 ;log_k     7.65      

    Hem_uniOH-0.5 + Na+ = Hem_uniOHNa+0.5 ;-cd_music 0 1 0 ;log_k -0.5          

    Hem_uniOH-0.5 + H+ + Cl- = Hem_uniOH2Cl-0.5 ;-cd_music 1 -1 0 ;log_k     7.65        

# Adsorption Reactions on the surface     

 2Hem_uniOH-0.5 + Pb+2 + Cl- = (Hem_uniOH)2PbCl 

     log_k     10.49      #baseline 

    -cd_music  1.28 -0.28 0 0 0 

2Hem_uniOH-0.5 + Pb+2 = (Hem_uniOH)2Pb+ 

     log_k      -0.51     #baseline 

    -cd_music  0.46  1.54  0 0 0      
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SURFACE 1 

-sites_units DENSITY 

Hem_uniOH-0.5    3.45     28     50  

-capacitance      0.75      0.70         

-cd_music  

Hem_triO-0.5      2.7      28     50 

-capacitance      0.75      0.70         

-cd_music  

PHASES                         

Fix_H+ 

H+ = H+ 

log_k  0.0 

SOLUTION 1 

temp      25 

pH        6.295     

units     mol/Kgw 

Na        0.5 

Cl        0.5  charge 

Pb        0.001 

SOLUTION 1 

temp      25 

pH        6.295     

units     mol/Kgw 

Na        5 

Cl        5  charge 

Pb        0.001 

EQUILIBRIUM_PHASES 1 

hematite 0.0    0.32   

CO2(g)       -3.5  

Laurionite   0.0    0.00      

SELECTED_OUTPUT 

-file               CD-MUSIC_NEW.txt  

-reset               false 

END 

USE solution 1; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -3 NaOH 10.0; End 

USE solution 1; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -5 NaOH 10.0; End 
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USE solution 1; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -7 NaOH 10.0; End 

USE solution 1; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -9 NaOH 10.0; End 

USE solution 2; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -3 NaOH 10.0; End 

USE solution 2; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -5 NaOH 10.0; End 

USE solution 2; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -7 NaOH 10.0; End 

USE solution 2; USE surface 1; EQUILIBRIUM_PHASES 1;
 Fix_H+ -9 NaOH 10.0; End 

END 
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