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Abstract 

A sophisticated analysis of naturally occurring nuclides has the potential to support geothermal 
energy exploitation during various stages of a project’s life cycle. One possible methodological 
approach is based on the detection of Th-U decay series disequilibria which are caused by a rela-
tively rapid exchange of isotopes between fluid and rock within the reservoir section resulting in a 
fractionation of daughter and parent nuclides. 

In deep geothermal systems, natural radionuclides exist in both the fluid phase and the adjoining 
solids. Since the fluid phase is extremely sensitive to radionuclide exchanges, it displays the extent 
of radioactive disequilibrium very evidently. Modelling of these radioactive disequilibria can pro-
vide site-specific information of the long-term migratory behavior of radionuclides which might 
be useful for the sustainable management of geothermal reservoirs. Furthermore, the understand-
ing of the Th-U series nuclides behavior in geothermal systems enables the plant operators to 
handle radionuclide-bearing mineral precipitations which are known from surface installation parts. 
But even in early stages of geothermal projects, the examination and assessment of radionuclide 
signatures of rocks can have a practical benefit for geothermal reservoir engineering.  

Only a few studies dealing with the tangible benefit of using radionuclide-based methods for deep 
geothermal projects are published. To shorten this gap in knowledge, a radiochemical monitoring 
system was realized at Bruchsal in the framework of the ANEMONA research project. The test 
site is located at the eastern main boundary fault of the Upper Rhine Graben in SW-Germany. A 
comprehensive dataset was generated by frequent, long-term fluid sampling and laboratory anal-
yses. In addition, the Bruchsal reservoir rock was intensively examined based on drill cuttings from 
both the injection and production well. The results and their application are presented in three 
individual studies.  

The first part of this thesis deals with a new approach to identify permeable fractures or at least 
formerly permeable fractures based on specific radionuclide signatures of rocks. Alpha and gamma 
spectrometry surveys of the Bruchsal drill cuttings delivered specific activities of the Th-U series 
nuclides. It is shown that the reservoir section at Bruchsal is defined by a positive 226Ra anomaly in 
deeper borehole sections. A petrographic alteration study is performed on the rock material to 
determine links between the hydrothermal processes in the reservoir and the related accumulation 
of radium. Possible fractured zones are identified by the evaluation of Th/Ra and Ra/K ratios 
which are sensitive to changes in the 226Ra concentration. The results are compared with the con-
ventional well logs performed in the GB2 well.  

The radiochemical analysis of the Bruchsal NaCl brine display radioactive disequilibria within the 
natural decay series caused by the preferred solution of radium isotopes (228Ra, 226Ra, 224Ra, 223Ra) 
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having activities by far exceeding those of their thorium progenitors. Based on the observed radi-
oactive disequilibria, water-rock interactions are examined in depth to evaluate their effects on 
radionuclide transport in the geothermal reservoir. The results are documented in the second part 
of this study. The mathematical treatment is based on Ku et al. (1992) whose water-rock interaction 
model allows a detailed analysis of physico-chemical reactions as well as the study of advective 
transport phenomena. The modelling part of this study is focused on radium isotopes since their 
range in half-lives and their interrelation in the respective decay chain allows the determination of 
water-rock interaction rates across different timescales. It is shown that diffusion along microfrac-
tures is an essential step allowing the recoiled atoms to enter the flow system and causing a signif-
icant fractionation of Ra isotopes. 

In the third part of the thesis, an integrative approach to estimate site-specific fracture dimensions 
is introduced by means of a 222Rn mass balance approach. Here, radon acts as a natural radiotracer 
whose activity in the geothermal fluid is mainly controlled by the diffusional flux from fracture 
surfaces, but also by the fracture geometry. Integral hydraulic parameters of the Bruchsal reservoir 
are obtained from the interpretation of pumping tests. Therefore, the aquifer test analysis tool 
AQTESOLV® is employed. The assessment of the fracture dimensions assumes an equivalent 
fracture. Thus, hydraulic parameters of a multi-fracture system are approximated using a single 
fracture, the so-called equivalent fracture. This approach offers the estimation of fracture parame-
ters such as aperture, surface, etc. by using 222Rn. However, a certain ambiguity of the results cannot 
be ruled out.  
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Kurzfassung 

Eine detaillierte Analyse natürlich vorkommender Radionuklide hat das Potential die Nutzbarma-
chung der Tiefengeothermie in verschiedenen Projektphasen zu unterstützen. Der methodische 
Ansatz basiert dabei auf der Detektion radioaktiver Ungleichgewichte, welche durch einen ver-
gleichsweisen schnellen Isotopenaustausch zwischen Fluid und Gestein im Reservoir verursacht 
werden und zu einer Fraktionierung zwischen Tochter- und Mutternukliden führen. 

In tiefen geothermischen Systemen kommen natürliche Radionuklide sowohl in der fluiden Phase 
als auch im angrenzenden Gestein vor. Radioaktive Ungleichgewichte zeigen sich dabei besonders 
deutlich im Fluid, da dieses sehr leicht auf Austauschprozesse der Radionuklide reagiert. Durch die 
Modellierung dieser radioaktiven Ungleichgewichte können standort-spezifische Informationen 
über das langfristige Migrationsverhalten der Radionuklide gewonnen werden und kann damit für 
die nachhaltige Bewirtschaftung geothermischer Reservoire vorteilhaft sein. Überdies ermöglicht 
es den Anlagenbetreibern die fachgerechte Handhabung radionuklidhaltiger Mineralausfällungen 
wie sie aus obertägigen Anlagenteilen bekannt sind. Darüber hinaus kann bereits parallel zu Bohr-
arbeiten die Untersuchung und Bewertung von Radionuklid-Signaturen der Gesteine einen prakti-
schen Nutzen für die Erschließung geothermischer Reservoire aufweisen.  

Es wurden in der Vergangenheit vergleichsweise wenige Studien publiziert, die sich mit dem kon-
kreten Nutzen der Anwendung radionuklidbasierter Methoden für Tiefengeothermie-Projekten 
befassen. Um diese Informationslücke zu verkürzen, wurde im Rahmen des Forschungsprojekts 
ANEMONA am Geothermiestandort Bruchsal ein radiochemisches Monitoringsystem installiert. 
Der Untersuchungsstandort befindet sich am östlichen Grabenrad des Oberrheingrabens in Süd-
westdeutschland. Durch regelmäßige und langwährende Probenahmen zusammen mit Laborana-
lysen geothermischer Fluide konnte ein um fangreicher Datensatz generiert werden. Zusätzlich 
wurden Bohrkleinproben aus dem Bruchsaler Reservoirgestein der Injektions- und Produktions-
bohrung untersucht. Die Ergebnisse und deren Anwendung werden im Rahmen dieser Arbeit in 
drei eigenständigen Manuskripten vorgestellt. 

Im ersten Teil dieser Arbeit wird eine neue Methode zur Identifikation von Bruchzonen mit heute 
oder zumindest vormals aktiver Fluidzirkulation anhand spezifischer Radionuklid-Signaturen im 
Gestein vorgestellt. Die spezifischen Aktivitäten der natürlichen Radionuklide wurden hierfür mit-
tels Alpha- und Gammaspektrometrie am Bohrklein ermittelt. Es wird gezeigt, dass der Reservoir-
bereich durch eine positive 226Ra-Anomalie in den tieferen Bohrlochabschnitten gekennzeichnet 
ist. Ein möglicher Zusammenhang zwischen den hydrothermalen Vorgängen im Reservoir und der 
Anreicherung von Radium wird durch eine petrographische Alterationsstudie des Bohrkleins un-
tersucht. Potenziell aktive Kluftzonen werden durch die Bewertung von Th/Ra und Ra/K-Ver-
hältnissen des Gesteins identifiziert, die deutlich auf die Schwankungen der 226Ra-Konzentration 
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reagieren. Die Ergebnisse wurden mit konventionellen Bohrlochmessungen der GB2 verglichen.  

Die radiochemischen Untersuchungen der Bruchsaler NaCl-Sole zeigen radioaktive Ungleichge-
wichte innerhalb der natürlichen Zerfallsreihe, welche auf die bevorzugte Lösung der Radiumiso-
topen (228Ra, 226Ra, 224Ra, 223Ra) zurückzuführen sind. Hierbei liegen die Ra-Aktivitäten weit über 
den Aktivitäten ihrer Thorium-Mutternuklide. Darauf aufbauend wurden Wasser-Gesteins-Inter-
aktionsprozesse anhand der beobachteten radioaktiven Ungleichgewichte untersucht und ihre Aus-
wirkungen auf den Radionuklidtransport im geothermischen Reservoir bewertet. Der mathemati-
sche Ansatz beruht auf Ku et al. (1992), dessen Wasser-Gesteins-Interaktionsmodell die detaillierte 
Betrachtung der physikalisch-chemischen Reaktionen sowie advektiver Transportvorgänge erlaubt. 
Das im Rahmen dieser Arbeit entwickelte Modell konzentriert sich auf die Verwendung von Ra-
Isotopen, die aufgrund ihrer unterschiedlichen Halbwertszeiten und ihrer Stellung in den Zerfalls-
reihen die Bestimmung von Interaktionsraten über verschiedene Zeitskalen hinweg gestatten.  

Im dritten Teil der Arbeit wird eine integrative Herangehensweise zur Abschätzung standortspezi-
fischer Kluftgrößen basierend auf einem Massenbilanzierungsansatz von 222Rn vorgestellt. Radon 
tritt dabei als natürlicher Radiotracer auf, dessen Aktivität im geothermischen Fluid maßgeblich 
durch den diffusiven Fluss von Kluftflächen sowie durch die Kluftgeometrie bestimmt sind. Rele-
vante hydraulische Parameter des Bruchsaler Reservoirs wurden durch die Auswertung von Pump-
versuchen ermittelt. Hierfür wurde die Software AQTESOLV® verwendet. Für die Abschätzung 
der Kluftgrößen kommt ein Äquivalentkluft-Modell zum Einsatz. Dabei werden die hydraulischen 
Parameter eines Mehrkluftsystems näherungsweise von einer einzelnen Kluft, der so genannten 
Äquivalentkluft, abgebildet. Dieser Ansatz erlaubt die Bewertung von Kluftgrößen wie Apertur, 
Oberfläche, etc. mittels 222Rn. Hier ist festzuhalten, dass mehrdeutige Ergebnisse nicht auszuschlie-
ßen sind.
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Chapter I 

1 Introduction 
Introduction 

1.1 Motivation 

Geothermal energy is a renewable energy resource offering both, power production as well as direct 
heat supply on a temperature level sufficient for industrial processes and district heating with a 
remarkably high system availability. Its contribution to the world’s energy consumption amounted 
to 630 petajoules in 2018, equally shared by electricity and heat (REN21, 2019). 

Germany uses its low to medium enthalpy geothermal resources for geothermal energy exploita-
tion. Thus, an increasing number of geothermal power and heat plants came into operation during 
the last two decades summing up to 37 installations in recent years. Following the recent trend to 
decarbonize Germany’s energy sector, it is expected that large district heating systems will experi-
ence a fuel switch from fossil combustibles to geothermal heat in future (Weimann, 2019). 

The three most promising geothermal provinces in Germany are the Upper Rhine Graben (URG), 
the Bavarian Molasse Basin and North German Basin. It is remarkable that these provinces cover 
seven of twelve German metropolitan regions where large district heating systems supplied by 
fossil fired plants exist. This coexistence of resource and consumers offers the opportunity to sup-
ply heat from deep geothermal reservoirs in the range of 30 to 50 TWh per year (Weinmann, 2019). 

The Upper Rhine Graben with two large district heating systems in Mannheim and Karlsruhe may 
serve as an example. A total of six geothermal plants is under operation in this region, three of 
them producing electricity while the remaining plants are heat stations or, in the case of Bruchsal 
geothermal installation, providing combined heat and power (Vidal and Genter, 2018) (Fig. 1.1). 

Besides appropriate surface installations and the deep geothermal wells, a sufficient reservoir per-
formance governs the geothermal energy production from deep resources (e.g. Grant and Bixley, 
2011). As the primary permeability of geothermal reservoirs is linked to rock fractures, the reservoir 
performance strongly depends on the nature of the fracture network.  

Thus, major parts of fluid flow and transport processes are limited to a relatively small percentage 
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of the total reservoir volume. The determination of these parameters is part of the reservoir engi-
neering which is one of the governing disciplines for developing a site specific geothermal concep-
tual model (Grant and Bixley, 2011). Conceptual models can be implemented already during the 
exploration phase of a geothermal project. It is based on the joint interpretation of all relevant data 
sets deriving from different sources, e.g. geophysics, geochemistry or hydrogeology, and allows the 
operators to optimize all work packages starting from exploration of the resource up to reservoir 
enhancement and even during plant operation.  

 

 

Fig. 1.1: Geothermal projects in the Upper Rhine Graben.  

With just a few exceptions, geothermal plants in Central Europe consist of just one production and 
injection well (well doublet), while in a global perspective geothermal sites are characterized by a 
certain number of wells. A multi well setup offers several advantages compared to a well doublet 
which are not only restricted to a higher energy output, but also to an increase of plant availability, 
optimized logistics and other quantity effect related improvements (e.g. Kölbel, 2015). Tapping the 
geothermal resource by a certain number of wells needs a sophisticated conceptual model based 
on a proper understanding of the reservoir conditions and parameters. 
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Fig. 1.2: 238U, 232Th and 235U decay series. For radionuclides with more than one decay mode, only the most frequently 

occurring is given. Redrawn after Surbeck, 1995.
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A differentiated analysis of naturally occurring radionuclides of the 238U, 232Th and 235U decay series 
(Fig. 1.2) might provide an additional tool to support reservoir engineering and thus, improve the 
conceptual model during various stages of geothermal project development. The natural decay 
series comprise radioactive elements with different physico-chemical properties. They are linked 
through radioactive decay and growth. Especially fluid phases are quite sensitive to radioactive 
exchange. Their isotopic signatures are strongly governed by physico-chemical interactions with 
the associated solids. Since there is more than one isotope with different half-lives for a given 
element, it allows the determination of water-rock interaction rates across different timescales (Ku 
et al., 1992). The different geochemical behaviors of these radionuclides result in radioactive dise-
quilibria not only in geothermal brines, but also in the adjoining reservoir rocks. 

The detection of pay zones is one of the major challenges in geothermal reservoir engineering. 
Their precise determination already while drilling has a cost-effective impact at least on drilling 
depth, casing design and the well testing scheme. Various scientific disciplines as well as a certain 
range of different techniques, often based on geophysical well logging tools, are involved to sup-
port this issue (Serra 1984; Ellis and Singer, 2007). An appropriate analysis of the radionuclide 
signatures of cutting sampled while drilling is a suitable approach to gather additional information 
from certain depth intervals. Considering a lag time correction, they might provide a precise data 
set from a certain depth without extra runs of logging tools.  

Modelling of radionuclide disequilibria can provide information about the respective water-rock 
interaction processes controlling radionuclide supply into and scavenging from solution, respec-
tively (e.g. Lou et al., 2000; Tricca et al., 2000). This information is very useful to investigate the 
long-term migratory behavior of uranium and thorium series radionuclides which is not only an 
important issue for nuclear waste disposal, but also for geothermal sites in terms of handling radi-
onuclide-bearing mineral precipitations in surface installations. The latter results from variations of 
fluid temperature and pressure along the circulation path of the geothermal brine through the un-
derground access wells and in parts of the surface plant. This information enables plant operators 
to the refinement of the health and safety standards on site and support also a competent waste 
management (Eggeling et al., 2013). 

Furthermore, understanding the migratory behavior of radionuclides in the reservoir might be use-
ful for the sustainable management of the geothermal reservoir. Since fracture zones provide the 
major conduits for hydraulic flow, information about site-specific fracture geometry is of great 
importance. To solve this issue, naturally occurring radionuclides might employ, under certain con-
ditions, as natural radiotracers. One example is 222Rn which has been extensively used as a tracer 
for the study of groundwater (e.g. Tanner, 1964; Lawrence et al., 1991) and geothermal systems 
(e.g. Andrews et al., 1986; Folger et al., 1997) in the past. Estimates of the flow regimes are generally 
based on hydrogeological data such as well test data.  
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Using an integrated approach into the characterization of the fracture network of a geothermal 
reservoir might be an option to reduce interpretative hydraulic parameter ambiguity. After integra-
tion of the resulting data set in the conceptual model, the operators of a geothermal plant may use 
this information for scaling up their power or heat output by additional wells. 

1.2 Methodological background and approaches 

1.2.1 Decay-series disequilibria in geothermal systems 

Naturally occurring radionuclides are widespread in natural systems. Primordial nuclides such as 
238U, 232Th and 235U are notable for their long half-lives (similar to the age of the earth) and are still 
present in measurable quantities today. They form the starting points of the uranium, thorium and 
actinium series and decay through a sequence of short-lived intermediate daughter nuclides to sta-
ble isotopes of lead (Fig. 1.2). 

In the natural decay series, the daughters evolve into a secular radioactive equilibrium with their 238U, 
232Th and 235U parents and the parent/daughter activity (disintegration) ratio becomes unity. This 
type of radioactive equilibrium typically occurs when the half-life of the parent is by far larger 
compared to the daughter’s half-life (t1/2 (A) >> t1/2 (B)). The time necessary to reach radioactive 
equilibrium depends on the daughter’s half-life, but also on the parent/daughter ratio of half-lives. 

In closed geological systems, more than 99 % of the radioactive equilibrium will be reached after 
seven half-lives of the longest-lived daughter nuclides in the series. These are 234U (t1/2 = 2.5 x 105 
y), 228Ra (t1/2 = 5.7 y) and 231Pa (t1/2 = 3.3 x 104 y) in the uranium, thorium, and actinium series, 
respectively (Lieser, 2001). Consequently, an equilibrium is usually found in natural systems that 
are older than 2 x 106 years. Such systems are, for example, old crystalline rocks or old sediments 
with significantly low porosity and low permeability. 

In geothermal energy systems, however, a huge quantity of geothermal fluid is circulated in the 
underground reservoir and interacts with the host rock during exploitation phase. During the op-
eration of a geothermal power plant, hot water and/or steam from the underground is transferred 
to the surface via a production well. After delivering its usable thermal energy to the power plant, 
the cooled fluid will be pumped back into the reservoir zone via injection wells. As a result of 
cooling the geothermal fluids for power and heat production, and the associated pressure drop, 
mineral precipitations within the geothermal surface installations might be observed, some of them 
incorporating radionuclides. 

Thus, geothermal systems are not closed systems because of the physico-chemical reactions be-
tween the hot geothermal fluid and the host rock. In systems where an exchange of radionuclides 
can take place between different phases, a fractionation of parent and daughter nuclides within the 



Introduction 

 6 

same decay chain can be observed due to their differing chemical and physical properties (Hussain 
and Krishnaswami, 1980). This fractionation results in a state of radioactive disequilibrium within 
the phases and is typical in multi-phase-systems such as aquifers, where liquid, solid and gaseous 
phases often coexist. 

1.2.2 Behavior of radium in NaCl brines 

Radioactive disequilibria are frequently observed in NaCl-dominated geothermal brines enriched 
with CO2 (e.g. Zukin et al., 1987, Condomines et al., 2012, Eggeling et al., 2013). Here, radium 
isotopes (228Ra, 226Ra, 224Ra, 223Ra) have activities by far exceeding those of their thorium progeni-
tors. Thus, the supply of radium to the geothermal brine is primarily by the interaction with the 
reservoir rock than by the decay of thorium in solution.  

The low activity of thorium observed in these geothermal fluids is mainly due to its poor solubility. 
Thorium is generally considered as a very insoluble element in aquatic environments. Since thorium 
occurs only in 4+ oxidation state, these tetravalent ions are readily hydrolyzed to form insoluble 
hydroxide complexes. The type and stability range of the individual species is dependent on Eh 
and pH value, temperature, and pressure conditions, but also on the concentration of anions (Os-
mond and Cowart, 1992).  

The behavior of radium in geothermal brines is largely affected by salinity, temperature, and redox 
state. Previous studies have shown that radium concentrations are often high in saline aqueous 
solutions (Kraemer and Reid, 1984; Dickson, 1985) and geothermal brines (Hammond et al., 1988; 
Rihs and Condomines, 2002), but rather low in low-temperature, low-salinity groundwaters (Krish-
naswami et al., 1982; Luo et al., 2000; Porcelli et al., 2014). Zukin et al. (1987) showed that chloride 
complexes increase the radium mobility significantly. An increase of salinity and ionic strength can 
also produce a displacement of radium into solution because of the competition with other cations 
for ion exchange sites (Langmuir and Melchior, 1985). High temperatures also tend to increase 
radium activity in brine. Ames et al. (1983) presented that with increasing temperatures the activity 
of dissolved radium also increases by reducing adsorption coefficients for the divalent Ra+2 ion. A 
reducing environment as it is typically given for deep geothermal reservoirs may encourage the 
release of radium into solution. Kadko (1980) found that the radium activity is high in low Eh 
conditions to the absence of MnO2 on aquifer solids which can strongly adsorb radium.  

Fig. 1.3 displays a scheme of the distribution of 232Th series radionuclides according to their geo-
chemical behaviors as typically found in deep geothermal brines. Isotopes with low solubility are 
rapid adsorbed from solution creating significant radioactive disequilibria; not only in fluid-phase, 
but also, in the associated host rocks. The supply of isotopes to solution is governed by physical 
and chemical processes such as alpha recoil, desorption, or dissolution. 
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 Fig. 1.3: Distribution of the 232Th series radionuclides in geothermal brines. Rapid exchange of isotopes between the 

geothermal brine and rock results in radioactive disequilibria. 

1.2.3 Modelling the disequilibria in water-rock systems 

The change of activity of a particular radioactive element dissolved in geothermal brine with time 
is dependent upon several interaction processes. Tricca et al. (2001) describe these processes as 
physico-chemical reactions taking place between three groups: the aqueous phase, the mineral 
grains and a reactive surface layer with a certain specific area and thickness. The transfer rate of a 
radionuclide from the rock material into the solution depends on: (a) the in-situ radioactive decay 
of its dissolved parent, (b) the desorption from the surface coating, (c) the alpha-recoil across the 
solid-liquid interface within a distance of several tens of nanometers, and (d) the dissolution of the 
host rock. The removal of a radionuclide from the fluid depends on: (a) its radioactive decay in 
solution, (b) the adsorption onto the surface layer, and (c) the incorporation into precipitates (Ku 
et al., 1992).  

Several mathematical solutions of simplified aquifer models have been widely studied in the past. 
Andrews et al. (1982, 1989) considered physico-chemical mechanisms for radionuclide supply and 
removal and calculated the timescale of water-rock interactions. However, the authors did not con-
sider transport by advection. Krishnaswami et al. (1982) computed rate constants of sorption pro-
cesses. Furthermore, they determined residence times of daughter nuclides by means of alpha-
recoil input from 222Rn activities, although without considering the effects of advective transport 
and mineral dissolution/precipitation. Davidson and Dickson (1986) suggested a model of uranium 
and radium isotopes transport including dispersive flow, but without considering precipitation and 
dissolution processes. Ku et al. (1992) proposed a model that accounts for radionuclide transport 
by advection and first-order kinetics, sorption-desorption, and dissolution-precipitation of U-Th 



Introduction 

 8 

series radionuclides processes as well as the supply from alpha recoil. Tricca et al. (2000, 2001) 
suggested a model for the combined groundwater transport of naturally occurring U, Th, Ra, and 
Rn isotopes with regards to advective transport as well as the physico-chemical processes of weath-
ering, decay, alpha-recoil and sorption at the water-rock interface. 

1.2.4 Application field for geothermal exploitation  

Studying the Th-U series disequilibria provides several advantages for geothermal energy exploita-
tion. 

First, the investigation of radionuclide signatures in rocks can have a practical benefit for geother-
mal reservoir engineering. In the early project stage, drill cuttings are of interest since they can 
provide relevant information about reservoir characteristics. The drill cuttings can be analyzed and 
interpreted with some acceptable time delay during drilling operation is still in progress. Radio-
chemical surveys can provide relevant information about the mobilization and distribution of nat-
ural radionuclides. Here, special attention must be paid to fracture zones which represent a sub-
stantial portion of permeability. Since they channel the geothermal fluid in the reservoir section, 
fractured zones might be indicated by a fractionation of parent and daughter nuclides in the solids 
resulting from intensive water-rock interaction.  

Second, Th-U series disequilibria in geothermal fluids can provide site-specific information about 
radionuclide migration in the reservoir section. Since the geothermal brine is overly sensitive to 
radionuclide exchanges, it displays the extent of radioactive disequilibrium very clear. Regular mon-
itoring of the radionuclide signatures in brine allows to learn about the geochemical behavior of 
natural radionuclides within the flow system. A joint evaluation about radionuclide signatures in 
rock and brine provides a way to access the mobilization of Th-U series nuclides due to physico-
chemical reactions.  

Third, understanding the behavior of natural radionuclides in the geothermal system may enable 
the plant operators to assess the consequences to the power plant operation. Th-U series nuclides 
can be transported into the geothermal power plant and incorporate in mineral precipitations. Site-
specific information dealing with the formation of radionuclide-bearing scalings and their growth 
characteristics can be used to determine strategies to avoid such precipitations. In addition, the 
operator meets his obligation concerning the fulfilment of health and safety standards on site com-
bined with an appropriate waste management. 

1.3 Research approach 

The primary objective of the present thesis to provide additional options to enhance conceptual 
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models of geothermal sites. Under this premise the development of a site-specific reservoir char-
acterization by means of Th-U series nuclides is an essential step. Analyzing isotopic signatures of 
the Bruchsal reservoir rock material is conducted aiming at the identification of permeable zones 
of active fluid circulation in close vicinity of boreholes. The detection of productive geothermal 
reservoir sections (pay zones) is one of the major challenges in geothermal exploration and involves 
the application of various scientific disciplines such as geology, geochemistry as well as a range of 
geophysical well logging techniques including among others geoelectrics, gravity, magnetics, and 
seismics (Ellis and Singer, 2007; Grant and Blixley, 2011; Ochieng, 2013). 

These fracture zones provide a substantial contribution to the effective hydraulic conductivity and 
pool the geothermal fluid circulation. In this context, water-rock interaction processes and the 
resulting changes in the isotopic composition of fluid and rock provide information on the type 
and the degree of fluid flow in the area of the fractured material. Consequently, the understanding 
about the interaction between the hot geothermal brine with the adjoining reservoir rock is crucial 
for a successful reservoir engineering.  

In the past, much focus has been placed by several scientists on the uranium-thorium series dise-
quilibrium in geothermal fluids because it provides site-specific information about radionuclide 
migration in the reservoir section (e.g. Zukin et al., 1987; Hammond et al., 1988; Lou et al., 2000, 
Tricca et al. 2000). However, since the modelling of radioactive disequilibria requires both types of 
information, the composition of the fluid and the solid phase, the Bruchsal reservoir rock needs to 
be intensively examined based on cuttings from the existing geothermal boreholes.  

This thesis is intended to illustrate how naturally occurring radionuclides can support geothermal 
energy exploitation in the Upper Rhine Graben during various stages of a project’s life cycle. The 
methodological approach is based on the detection of decay-series disequilibria within the geother-
mal system. These radioactive disequilibria are caused by a relatively rapid exchange of isotopes 
between brine and rock resulting in a fractionation of daughter and parent nuclides. Site-specific 
drill cuttings and water samples are investigated by spectrometric measurement methods. Isotopic 
fractionation processes observed in the rock material may indicate permeable zones within the 
reservoir section characterized by water-rock interactions. Th-U series disequilibria of the geother-
mal brine is used to learn about the behavior of radionuclides within the flow system and the 
timescale of water-rock interactions. These are useful information for the operator since natural 
radionuclides affect the power plant operation. For example, radionuclide-bearing mineral precip-
itations within the surface installation system such as pipelines may occur because of alternating 
temperature and pressure during the passage of the produced fluid through the geothermal plant. 

The mathematically treatment is based on Ku et al. (1992) whose water-rock interaction model 
allows the detailed analysis of physico-chemical reactions as well as advective transport phenom-
ena. The modelling part of this thesis focusses on the behavior of radium isotopes (228Ra, 226Ra, 
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224Ra, 223Ra) since they are highly soluble in the Bruchsal brine and their range in half-lives and their 
interrelation in the respective decay chain allows the determination of water-rock interaction rates 
across different timescales.  

Special emphasis is placed on the model adjustment to a fracture-dominated radionuclide transport 
as determined for the Bruchsal geothermal site from well test analysis since the model assumption 
suggested by Ku et al. (1992) focuses on one-dimensional flow through porous media. Th-U series 
radionuclides dissolved in the Bruchsal geothermal brine, especially the noble gas 222Rn, might be 
a part of the characterization of the site-specific fracture network. Since radon migrates within the 
rock mass by diffusion and/or advection through pores, macro-pores and fractures (e.g. Nazaroff 
and Nero, 1988; Ferry et al., 2002), a joint inversion of a radon diffusion model including pumping 
test is developed to assess site-specific fracture dimensions.  

1.4 Thesis outline  

The thesis has a cumulative structure and is divided into the following chapters: 

Chapter 2 describes the local geological setting as well as the design, setup and implementation of a 
radiochemical monitoring system. Long-term fluid sampling generates a comprehensive data set. 
Analysis of borehole cutting samples complete these data and provide additional information about 
the geothermal reservoir section.  

Chapter 3 presents a new approach for the identification of fractured zones of active, or at least 
previously active, fluid circulation in boreholes based on activity ratios of thorium-uranium series 
radionuclides in rocks. This method has been tested at the Bruchsal geothermal site in Germany. 

Chapter 4 refers to the study of water-rock interaction processes using U-Th decay-series disequi-
libria. The modelling part of this study focuses on radium isotopes acquiring information about the 
rates of water-rock interactions and hydrogeological properties of geothermal systems. 

Chapter 5 addresses an integrated approach on site-specific fracture dimensions. A mass balance 
approach of 222Rn is used to gain information about site-specific fracture geometry such as fracture 
length, width, and surface. 

Chapter 6 discusses the possibilities and limits of the research findings represented within this thesis 
and provides an outlook for further research.  

Please note that the original published versions are slightly modified to receive a consecutive num-
bering of tables and figures within this work. Furthermore, a separate reference list is attached to 
the end of each chapter.  
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Chapter II 

2 Design and setup of a radiochemical monitoring 
system 

Design and setup of a radiochemical monitoring system  

2.1 Introduction 

A monitoring system is a general term for the systematic recording of a process by means of tech-
nical devices. It includes the data collection and documentation as well as the data evaluation and 
is characterized by regular repetition. The key objective of a monitoring system is to generate all 
relevant data sets for analysis and evaluation, which are indispensable to secure a safe and smooth 
operation.  

The aim of monitoring systems in geothermal business concerns environmental and operational 
subjects on the one hand. On the other hand, scientific issues such as the determination of hydrau-
lic parameters of fractured reservoirs supplement this process. In this thesis, fluid observations are 
an essential subset of the radiochemical monitoring system. The major target is to gain information 
not only about the deep geothermal brine, but also about interaction with the reservoir solids with 
whom it come into contact. 

2.2 Study area and test site  

2.2.1 Upper Rhine Graben 

The Upper Rhine Graben is part of the European Cenozoic Rift System that extends from the 
Mediterranean to the North Sea coast (Ziegler, 1992). It is characterized by a NNE-SSW striking 
extension structure with a length of around 300 km and a width of up to 40 km. Hercynian base-
ment rocks consist of Gneisses and Paleozoic granites which are covered by sediments of Permian 
to Cenozoic age. The sediment base in the center of the Upper Rhine valley is located about 3000 
m deeper than at the graben shoulders (Ziegler, 1992). The Upper Rhine Graben offers favorable 
conditions for the exploitation of geothermal energy because of spatially elevated heat flow and 
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thermal anomalies, which are related to large-scale fluid circulation (Pribnow and Schellschmidt, 
2000).  

The chemistry of fluids in deep aquifers of geothermal provinces in Central Europe varies signifi-
cantly from site to site. While the thermal water from the Molasse Basin contains a relatively low 
salt and gas content, the brines from the Upper Rhine Graben and the Northern German Basin 
are characterized by relatively high salinity and significant gas content (Wolfgramm and Seibt, 
2008). Even in the same province the fluid properties may differ from site to site (Aquilina et al., 
1997; Schneider et al., 2014). 

2.2.2 Bruchsal site 

The Bruchsal geothermal site is located at the eastern main boundary fault of the Upper Rhine 
Graben. The geothermal power plant consists of a borehole doublet: an injection well (GB1) and 
a production well (GB2) located at a distance of 1.5 km from each other (Fig. 2.1). 
 

 Fig. 2.1: Tectonic map of the study area (left) and cross section (right) modified after LGRB (2020). GB1 and GB2 

represent the Bruchsal injection and production well, respectively.
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Because of the complex tectonic structure, the reservoir section at the injection well differs from 
that of the production well in depth and thickness. The geothermal reservoir is located in Permo-
Triassic sedimentary rocks, the structural setting is characterized by large-scale normal faults of 
varying step heights, ranging between 20 and 350 m. The hydrothermal reservoir is developed in a 
horizon comprising Upper Rotliegend to Middle Buntsandstein rocks (depth interval: 2220-2485 
m). The main inflow zones are located in the fractured zones of the Upper Permian at a depth 
interval between 2440 and 2470 m (Joachim et al., 1987). 

Borehole data of GB2 presented an undisturbed bottom hole temperature of 134.7 °C at 2542 m 
depth, corresponding to a geothermal gradient of 55 K km-1, which exceeds the typical average 
value for Central Europe of 30 K km-1. At present, the geothermal brine is produced with a volume 
flow of 28 L/s. Geochemical analysis of the NaCl brine showed high mineralization (TDS ≈ 130 
g/l) including heavy metals and gases at a pH of 5 (Fritz et al., 1989; Rettenmaier et al., 2013). 

2.3 Bruchsal radiochemical monitoring system 

Natural radioactivity may affect the operation of a geothermal power plant in several ways. In 
geothermal energy systems, a huge quantity of geothermal fluid is circulated in the reservoir during 
the exploitation phase and generates interaction between surface geothermal fluid and host rock 
potentially capable of modifying natural radionuclides exchanges. Because of changing temperature 
and pressure during the passage of the produced fluid through the geothermal power plant, pre-
cipitations within the surface installation parts can be observed (e.g. Scheiber et al., 2012; Ret-
tenmaier et al., 2013). The content of radioactivity varies according to the deposit’s mineralogy. 

2.3.1 Setup of the sampling system 

The Bruchsal monitoring system was realized in the framework of the ANEMONA research pro-
ject funded by Federal Ministry for Economic Affairs and Energy (BMWi). The project focused 
on chemical and radiochemical analysis of the geothermal brine, the gas phase and solids within 
the surface installation parts. 

In terms of sampling, the best positioning of the sampling points depends on the types of sample 
(liquid, gas or solid). To meet these demands, the existing on-site sampling system was recon-
structed. In a first step, new positions for the sampling points have been chosen to map all relevant 
processes that might change the fluid composition; beginning with the wellhead of the production 
(Fig. 2.2). In a second step, all sampling points were equipped with three sampling taps located at 
the top and at the bottom as well as in a lateral position of the pipe (Fig. 2.3).  
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Fig. 2.2: Scheme of Bruchsal surface installation with the sampling points (P1-P6) of the monitoring network (accord-

ing to Eggeling et al., 2018).  

  

Fig. 2.3: Sampling point after reconstruction: the pipe is equipped with three sampling taps arranged at angels of 0°, 

120° und 180° (left) and cross-sectional view of the sampling tabs’ positioning within the pipe (right) (according to 

Eggeling et al., 2018). 
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The latter is used for water sampling. Solid particles which were deposited at the cube sheet are 
filtered from the sampling tap at the bottom. Since the upper pipe section is filled with free gases 
at Bruchsal site, gas samples are taken from the tap at the top. 

Within the scope of this thesis, the sampling point close to the wellhead (P1) are of major interest 
since the brine composition is closest to those in the reservoir. However, brine composition may 
already differ in response to variations of pressure, temperature, redox potential, and pH value 
while rising from reservoir to wellhead. 

The sampling period spanned between October 2016 and Mai 2017. In total 32 water samples were 
collected. Major ions and selected trace elements were analyzed in the samples by ICP-OES, ion 
chromatography and photometry. Temperature, pH, and conductivity were measured on-site. 238U, 
232Th and 235U decay series radionuclides were analyzed in thirteen samples to study their temporal 
variations in activities. Radionuclide sampling was conducted using gas-tight 1.2-liter Marinelli 
beakers (type G-130 G) prepared with 2.5 ml 65 % HNO3 (suprapur) to inhibit precipitation of 
solids. Water samples were not filtered. 

2.3.2 Parameter selection 

A number of sampling parameters such as sampling locations and frequency, type and quantity of 
samples as well as the sampling equipment have been specified, gathered and subsequently analyzed 
and evaluated. The parameters selected and the associated test methods used are listed in Table 
2.1. 

Table 2.1: Measuring parameters and the related test methods used for the Bruchsal fluid monitoring. 

Physical parameter   Symbol  Unit Testing method 

Sampling temperature T °C (DIN 38404:1976-12 (C4)) 

In situ conductivity  LF µS cm-1 (DIN EN 27888:1993-11 (C8)) 

Conductivity at 25 °C LF µS cm-1 (DIN EN 27888:1993-11 (C8)) 

In situ pH pH  (DIN EN ISO 10523:2012-04 (C5)) 

pH at 20 °C pH  (DIN EN ISO 10523:2012-04 (C5)) 

Redox potential Eh mV (DIN 38404:1984-05 (C6)) 

Dissolved oxygen O2 mg L-1 (DIN 38408:1984 (G22)) 

Density at 20 °C ρ kg m-3 (DIN 38408:1984 (C9)) 
    
Sensory parameters   Testing method 

Turbidity (visual)   (DIN EN I38404-2:1976-12 (C2)) 

Smell   (DEV-B 1/2:1971) 

Color   (DIN EN ISO 7887:2011) 
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Appearance after 24 h   ( DIN EN ISO 7027-2:2017) 
    
Major ions  Symbol  Unit Testing method 

Lithium Li+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Sodium Na+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Potassium K+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Calcium Ca2+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Magnesium Mg2+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Strontium Sr2+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Barium Ba2+ mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Hydrogen carbonate HCO3
- mg L-1 (DEV D8, 1971) 

Chloride Cl- mg L-1 (DIN EN ISO 10304-1:2009-07) 

Sulfate SO4
2- mg L-1 (DIN EN ISO 10304-1:2009-07) 

Nitrate NO3- mg L-1 (DIN EN ISO 10304-1:2009-07) 

Bromide Br- mg L-1 (DIN EN ISO 10304-1:2009-07) 

Fluoride F- mg L-1 (DIN EN ISO 10304-1:2009-07) 

Sulfide total HS-, S2- mg L-1 (DIN 38405-27:2017-10 (D27)) 
    
Trace elements  Symbol  Unit Testing method 

Aluminum Al mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Antimony Sb mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Arsenic total As mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Lead Pb mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Cadmium Cd mg L-1 (DIN EN ISO 11885:2009-09 (E22))) 

Cesium  Cs mg L-1 (DIN EN ISO 11885:2009-09 (E22))) 

Iron total  Fetot mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 
(DIN 38406-1:1983-5 (E1)) 

Iron-II Fe2+ mg L-1 (DIN 38406-1:1983-5 (E1)) 

Iron-III Fe3+ mg L-1 (DIN 38406-1:1983-5 (E1)) 

Copper Cu mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Manganese total Mntot mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Mercury Hg mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 

Rubidium Rb mg L-1 (DIN EN ISO 17294-2:2017-01) 

Zinc Zn mg L-1 (DIN EN ISO 11885:2009-09 (E22)) 
    
Undissociated parameters  Symbol  Unit Testing method 

Silica total SiO2 mg L-1 (DIN 38405-21:1990-5 (D21)) 
    
Organic matters  Symbol  Unit Testing method 
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Dissolved organic carbon DOC mg L-1 (DIN EN 1486:1997) 
    
Radionuclides   Symbol  Unit Testing method 

Thorium-232 232Th Bq L-1 Cf. chapter 2.5 

Radium-228 228Ra Bq L-1 Cf. chapter 2.5 

Thorium-228 228Th Bq L-1 Cf. chapter 2.5 

Radium-224 224Ra Bq L-1 Cf. chapter 2.5 

Uranium-238 238U Bq L-1l Cf. chapter 2.5 

Uranium-234 234U Bq L-1 Cf. chapter 2.5 

Thorium-230 230Th Bq L-1 Cf. chapter 2.5 

Radium-226 226Ra Bq L-1 Cf. chapter 2.5 

Lead-210 210Pb Bq L-1 Cf. chapter 2.5 

Uranium-235 235U Bq L-1 Cf. chapter 2.5 

Thorium-227 227Th Bq L-1 Cf. chapter 2.5 

Radium-223 223Ra Bq L-1 Cf. chapter 2.5 

Potassium-40 40K Bq L-1 Cf. chapter 2.5 

2.4 Supportive analysis and data acquisition  

In addition to the fluid monitoring system, information about the solid phase of the geothermal 
reservoir can be gained by analyzing drill cuttings and geophysical borehole logs. Both data sources 
are available from the Bruchsal geothermal wells. 

Since the modelling of radioactive disequilibria requires both types of information, the composition 
of the fluid and the solid phase, the radionuclide signature of the reservoir rock becomes vital.  

Furthermore, hydrothermal alteration processes may result from the interaction of the geothermal 
fluid with the associated solids in fluid circulation zones. Since fractured zones provide a substantial 
portion of the total permeability due to the low porosity of the Bruchsal sandstone reservoir rock, 
alteration minerals are linked to reservoir sections with an increased hydraulic permeability. As-
suming that the distribution of Th-U series nuclides is affected by hydrothermal processes, pro-
ductive zones might be therefore indicated by specific radionuclide signatures. 

To analyze these issues in detail, investigations of the Bruchsal reservoir rock based on the drill 
cuttings was executed. First, a petrographic alteration study was performed aiming the identifica-
tion of hydrothermally altered minerals. Thin sections of 30 µm thickness were prepared from the 
GB2 drill cuttings and investigated by optical polarizing microscopy. In addition, selected thin sec-
tions were subsequently coated with carbon and examined by scanning electron microscope (FEI 
QUANTA 650). 
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Alpha- and gamma-ray measurements of the Bruchsal drill cuttings deliver specific activities of the 
Th-U series nuclides. The measuring results provide information about the state of equilibrium of 
the natural decay series inside the rock suites. The measuring method for the quantitative determi-
nation of Th-U series nuclides is described in detail in chapter 2.5.  

The fluid circulation and physico-chemical processes in geothermal systems can also affect the 
physical properties of the subsurface causing measurable anomalies in a number of state variables. 
Therefore, physical parameters such as temperature, electrical conductivity, permeability of the 
rock material and others are key indicators for the detection of geothermal reservoir. The following 
borehole logs are available for the deeper borehole sections of the GB2 production well at Bruchsal 
site: natural gamma ray (NGR), deep and shallow formation resistivity tool (DLL), caliper log 
(CAL) and temperature log (TEMP). Details about the methodological well logging techniques can 
be found in Ellis and Singer (2007). 

2.5 Spetrometry surveys of Th-U series nuclides 

Alpha- and gamma-ray measurements of water and rock samples provide information about pos-
sible radioactive disequilibria not only in the geothermal fluid but also in the adjoining solids. 

The difference between alpha and gamma spectrometry is that the latter allows simultaneous meas-
urements without further sample preparation. This is a huge advantage in terms of on-site, nearly 
real time measurements, for example, the evaluation of rock material during drilling operations. 
The method gives results for the gamma-ray emitting Th-U series radionuclides from decay and 
ingrowth of their progeny, respectively. In geothermal systems, however, isotopes of thorium and 
uranium can have activity below the device-specific limit of quantification of the gamma spectrom-
etry, but also of alpha spectrometry. Table 2.2 summarizes the radionuclides investigated and the 
analytical methods applied.  

2.5.1 Gamma spectrometry 

Gamma spectrometric measurements utilize the method of pulse height analysis allowing the direct 
determination of individual radionuclides in gamma-emitting samples. This non-destructive 
method gives results for the gamma-ray emitting radionuclides 238U, 235U, 226Ra, 210Pb, 228Ra and 
228Th which are usually determined via the decay and ingrowth of short-lived daughters (except 
210Pb and 235U) (Ivanovich and Murray, 1992).  

There are several detector geometries available, all basing on high-purity germanium detectors 
(HPGe). It is distinguished between “n-type” and “p-type” of HPGe detectors depending on the 
concentration of donor or acceptor atoms in the crystal. 
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Table 2.2: Alpha-ray and gamma-ray energies Eα,γ (keV) and emission probability Pα used for the determination of 

specific activities of Th-U series radionuclides. Data about α-particle energy (Eα) and emission probability (Pα) are 

reported by Rytz (1991) while data about gamma-ray energy (Eγ) and emission probability (Pγ) are from Schötzig and 

Schrader (1998).  

Decay  
series 

Radionuclide 
investigated 

Analytical 
methods 

Measured radi-
onuclides 

Energy 
Eα,γ (keV) 

Probability  
Pα,γ (%) 

238U series 

U-238 α U-238 4198.0; 4151.0 77.0; 23.0 

U-234 α U-234 4774.6; 4722.4 72.5; 27.5 

Th-230 α Th-230 4687.0; 4620.5 76.3; 23.4 

Ra-226 α 226-Ra 4784.3; 4601.0 94.5; 5.5 

γ Pb-214 295.2; 242.0;  18.2; 7.1; 

γ Bi-214 609.3; 1120.3; 1764.5 44.6; 14.7; 15.1 

232Th series 

Th-232 α Th-232 4013.0; 3950.0 77.0; 23.0 

Ra-228 γ Ac-228 911.2; 969.0; 338.3 25.8; 15.8; 11.3 

Th-228 α Th-228 5423.2; 5340.4 73.4; 26.6 

Ra-224 γ Pb-212 238.6 43.3 

  γ Tl-208 583.2 30.4 

235U series Ra-223 γ Ra-223 154.3;269.6 5.6; 13.7 

 

The principal detector geometries are planar, coaxial, and well-type whereas coaxial detectors pro-
vide the highest photopeak efficiencies.  

Since this thesis targets the migratory behavior of radium (223Ra, 224Ra, 226Ra, 228Ra) in geothermal 
systems, the following explains how to calculate Ra activities in environmental samples character-
ized by radioactive disequilibria.  

The activity of 226Ra can be directly measured using its gamma ray energy at 186.2 keV. A possible 
interference with 235U (185.7 keV) is negligible due to the low uranium activity in deep geothermal 
brines. Alternatively, the gamma-peaks of 214Pb and 214Bi (daughters of 226Ra and 222Rn, respectively) 
can be used to calculate the 226Ra activity. In this case, the measurement can be performed after 20 
days at the earliest, because this time is required to reach secular radioactive equilibrium (assuming 
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no radon loss). 

154.3 keV gamma ray energy can be used to determine the 223Ra activity. Here the presence of an 
interfering peak from 228Ac must be considered. According to Condomines et al. (2010), 223Ra ac-
tivity based on the 154.3 keV peak must be corrected by:  

( 𝑅𝑎223 ) = 𝐶
𝐶

∙ ( 𝑅𝑎)223
𝑆 + ( 𝐴𝑐)228

𝑆 ∙ 𝜀 𝐼 ,

𝜀 𝐼 ,
− ( 𝐴𝑐228 ) ∙ 𝜀 𝐼 ,

𝜀 𝐼 ,
  (2.1) 

where ( 𝑅𝑎223 ) and ( 𝐴𝑐228 ) are average activities integrated over the counting time. C and CS are the 
counts for the sample and the standard, respectively. 𝜀𝐴𝑐 and 𝜀𝑅𝑎 are the apparent efficiencies for 
228Ac and 223Ra. 𝐼 ,𝐴𝑐 and 𝐼 ,𝑅𝑎 are gamma-ray intensities. 
228Ra and 224Ra are part of the decay scheme of the 232Th decay series. Measurements of both Ra 
isotopes include the count rates of their short-lived daughters 228Ac (t1/2 = 6.13 h) and 212Pb (t1/2 = 
10.64 h) which evolve through time during counting. The time-dependent evolution of the thorium 
decay series radionuclides is illustrated in Fig. 2.4 and can be described by a system of coupled 
differential equations.  

 

 

 

Fig. 2.4: Simulation of the time-depended evolution of standardized activity of 228Ra and its daughters (228Ra o 228Ac 

o 228Th o 224Ra o 212Pb).
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Their general solution was first given by Bateman (1910) who expressed the concentration of nth 
radionuclide after time 𝑡 as: 

𝑁𝑛(𝑡) = 𝑁 (0)
𝜆

∑ 𝜆𝑖𝛼𝑖
𝑛
𝑖=1 𝑒𝑥𝑝[−𝜆𝑖𝑡]   (2.2) 

where the coefficients are calculated by  

𝛼𝑖 = ∏ 𝜆
(𝜆 −𝜆 )

𝑛
𝑗=1    (𝑗 ≠ 𝑖)  (2.3) 

The mathematical solution for the Bruchsal site was computed by employing Mathcad®. 

The activity of 228Ra at sampling time (t = 0) can be determined from the 228Ac activity after a 
waiting period td of minimum 42 hours after sampling: 

𝐴1(0) = 𝐴 (𝑡 ,∆𝑡)
𝜏 (𝑡 ,∆𝑡)

  (2.4) 

224Ra can be measured using its gamma-rays emitted daughter nuclides 212Pb (238.6 keV) and 208Tl 
(583.1 keV). The 212Pb/224Ra ratio reach a steady state value of 1.14 after ca. 100 hours: 

𝐴 (0) =
1

𝜏 (𝑡𝑑, ∆𝑡)
(𝐴 (𝑡𝑑, ∆𝑡) − (𝑐1𝐴1(0) + 𝑐3𝐴3(0)) (2.5) 

𝑐1 = 𝛼 1𝛼31 𝜏1(𝑡𝑑, ∆𝑡) − 𝜏 (𝑡𝑑, ∆𝑡) − 𝛼 3𝛼31(𝜏3(𝑡𝑑, ∆𝑡) − 𝜏 (𝑡𝑑, ∆𝑡)) (2.6) 

𝑐3 = 𝛼 3(𝜏3(𝑡𝑑, ∆𝑡) − 𝜏 (𝑡𝑑, ∆𝑡))  (2.7) 

𝑐 = 𝜏 (𝑡𝑑, ∆𝑡) (2.8) 

where 228Ra = A1; 228Ac = A2, 228Th = A3 and 224Ra = A4. 

2.5.2 Alpha spectrometry 

One characteristic of alpha spectrometry of environmental samples is the generally very low activity 
of a few mBq to some Bq that needs to be detected. The measurement requires therefore devices 
with high counting efficiencies and low background radiation. An entire removal of the sample 
matrix is needed due to the small range of alpha particles in water and solids, respectively. There-
fore, a radiochemical separation of the matrix and the radionuclide needs to be performed.  
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A rather typical measurement principal used for alpha detection is the liquid scintillation counting 
(LSC). Moreover, high-resolution alpha-ray measurements can be performed using gas-filled ion-
izing detectors or semiconductor detectors. Further details dealing with the measurement tech-
nique and the alpha spectrometric determination of uranium and thorium isotopes in environmen-
tal samples can be found in Vajda et al., 2012.  

2.5.3 Uncertainties  

The determination of the characteristic limits (decisions threshold, detection limits and limits of 
the confidence interval) for measurements of ionizing radiation is specified in DIN ISO 11929. A 
distinction is made between type A uncertainty due to repeated measurements and statistical anal-
ysis and type B uncertainty. The latter includes, among other subjects, improper handling during 
sampling, inhomogeneity of the sample itself and geometry errors.  

Type A and B uncertainties are relevant for the validation of the test method in terms of detection 
limits. Furthermore, the uncertainties need to be considered by evaluating the laboratory analysis 
results. In the simplest case, the measurement uncertainty corresponds to the simple standard de-
viation (without considering type B uncertainty.)  

The expanded uncertainty of measurement is obtained by multiplying the standard measurement 
uncertainty by the coverage factor k = 2. For normal distribution, this coverage factor has a cov-
erage probability of 95 %. 

2.6 Selected results 

The radiochemical fluid monitoring displays that the Bruchsal brine is in a state of radioactive 
disequilibria. Radium isotopes (228Ra, 226Ra, 224Ra, 223Ra) have activities far exceeding those of their 
thorium progenitors (average 226Ra = 29.9 Bq kg-1, about 103 times that of its 230Th parent).  

The highest activities range from 27 to 32 Bq kg-1 and are identified for the long-lived 226Ra isotope. 
228Ra, 224Ra and 223Ra activities show lower values that vary between 15 and 17 Bq kg-1, 9 and 12 Bq 
kg-1, and 0.3 and 0.7 Bq kg-1, respectively. Variation in activity levels of the radium isotopes are 
likely a consequence of analytical uncertainties and steady state in activities of the radium isotopes 
can be assumed. 
222Rn is in slight excess relative to its parent 226Ra. Isotopes of Pb (210Pb and 212Pb) have high solu-
bilities resulting in fluid activities > 15 Bq kg-1. 210Pb (A210Pb = 25.8 Bq kg-1) was found to be deficient 
relative to its progenitors 222Rn (A222Rn = 37.8 Bq kg-1) and 226Ra (A226Ra = 29.0 Bq kg-1), but still in 
the same order of magnitude indicating that Ra, Rn and Pb have a comparable mobility in the 
Bruchsal geothermal system. In contrast, activities of Th (230Th, 232Th and 228Th), U (238U, 234U, 235U) 
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and Po (210Po) isotopes in brine were below the limit of analytical determination. (Table 2.3).  

Table 2.3: Specific activities of 238U, 232Th and 235U decay series radionuclides dissolved in the Bruchsal brine. Relative 

uncertainties are quoted in percentage (± 2σ from counting statistics).  

Decay series Radionuclide 
Specific activity  
(Bq kg-1) 

Relative uncertainty  
(%) 

Uranium 
series 

238U 0.012 59 

234U 0.01 66 

230Th < 0.08  

226Ra 29.0 8.3 

222Rn 37.8 7.4 

210Pb 25.8 26 

210Po < 0.1  

Actinium  
series 

235U < 0.004  

227Ac < 0.1  

223Ra 0.47 60 

Thorium 
series 

232Th < 0.01  

228Ra 15.9 5.8 

228Ac 6.1 27 

228Th < 0.02  

224Ra 10.3 7.5 

212Pb 15.7 6.4 

 

The isotopic ratios of radium are reported in Table 2.4. 228Ra/226Ra, 224Ra/228Ra and 223Ra/226Ra 
ratios display mean values of 0.55 ± 0.07, 0.65 ± 0.07 and 0.02 ± 0.01. Therefore, radium activity 
ratios are principally constant within 2σ analytical uncertainties during the period of sampling.  

Since the deep geothermal brine interacts with the adjoining reservoir rock, drill cuttings from the 
production well GB2 were also analyzed for their radium isotope signature. The mean 228Ra/226Ra 
activity ratio of the Lower Buntsandstein and Zechstein is approximately 0.54. This is in good 
agreement with the observed 228Ra/226Ra signature of 0.55 in the Bruchsal geothermal fluid. 
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Table 2.4: Radium activities and activity ratios in brine collected from GB2 well (measurement campaign 2016/2017). 

Measured values are reported in Bq kg-1. The quoted errors are 2σ-deviations derived from counting statistics.  

Sample  
No. 

Sampling  
date 

226Ra  228Ra/226Ra  224Ra/228Ra 223Ra/226Ra  

GB2-p1z1-001 13.10.2016 28.8  
± 2.4 

0.53  
± 0.07 

0.70  
± 0.08 

0.01  
± 0.01 

GB2-p1z1-002 18.10.2016 27.6  
± 2.6 

0.54  
± 0.08 

0.67  
± 0.06 

0.01  
± 0.01 

GB2-p1z1-003 24.10.2016 28.1  
± 2.4 

0.55  
± 0.08 

0.67  
± 0.06 

0.02  
± 0.01 

GB2-p1z1-004 28.10.2016 29.3  
± 2.8 

0.56  
± 0.08 

0.70  
± 0.08 

0.02  
± 0.01 

GB2-p1z1-005 04.11.2016 27.2  
± 2.2 

0.59  
± 0.08 

0.56  
± 0.15 

0.03  
± 0.02 

GB2-p1z1-006 16.11.2016 28.0  
± 2.4 

0.55  
± 0.08 

0.68  
± 0.07 

0.02  
± 0.01 

GB2-p1z1-007 17.01.2017 29.5  
± 2.4 

0.53  
± 0.07 

0.65  
± 0.09 

0.02  
± 0.01 

GB2-p1z1-008 04.04.2017 30.3  
± 2.2 

0.53  
± 0.06 

0.64  
± 0.05 

0.01  
± 0.01 

GB2-p1z1-009 11.04.2017 32.0  
± 2.4 

0.52  
± 0.07 

0.58  
± 0.09 

0.01  
± 0.01 

GB2-p1z1-010 27.04.2017 29.9  
± 2.4 

0.54  
± 0.07 

0.66  
± 0.07 

0.02  
± 0.01 

GB2-p1z1-011 02.05.2017 27.8  
± 2.4 

0.59  
± 0.08 

0.65  
± 0.06 

0.02  
± 0.01 

GB2-p1z1-012 08.05.2017 28.9  
± 2.4 

0.56  
± 0.07 

0.69  
± 0.06 

0.02  
± 0.01 

GB2-p1z1-013 15.05.2017 30.0  
± 2.4 

0.54  
± 0.07 

0.63  
± 0.06 

0.02  
± 0.01 
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Isotope ratios within the 238U decay series reveal a 226Ra anomaly within the Lower Buntsandstein 
and Zechstein section (Fig. 2.5). Since 234U/238U and 230Th/234U activity ratios are equal to unity, 
226Ra/230Th activity ratios are higher than unity indicate general disequilibria with values ranging 
from a minimum of 1.7 to a maximum of 3.3.  

 

 
Fig. 2.5: Radionuclide disequilibrium within the reservoir section of GB2: cuttings of the Lower Buntsandstein and 

the older Permian Zechstein are significantly enriched with respect to 226Ra. Error bars represent uncertainties due to 

counting statistics (r 1V).  

Here, the 226Ra activity exceeds the specific activity of 238U and its decay products 234U and 230Th by 
a factor of 2 to 3. The high 226Ra/230Th activity ratios in the deeper rock samples show that radium 
has been highly concentrated in the solid phase relative to thorium. 

Table 2.5 summarizes the specific activities of 232Th series radionuclides measured in the GB2 cut-
tings. The average 232Th activity in drill cutting of the Middle and Lower Buntsandstein is about 12 
± 2 Bq kg-1. Zechstein samples, however, show substantially higher activities of 232Th, up to 26 ± 
4 Bq kg-1. In contrast to the uranium decay series, there is no radioactive disequilibrium observed 
for the thorium decay series radionuclides. Activity ratios under investigation (228Ra/232Th, 
228Th/228Ra, and the 224Ra/228Th) are close to unity.  
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Table 2.5: Specific activity of 232Th series nuclides measured in the GB2 drill cuttings. The analytical error is ca. r 1V.  

Geology Sample 

No 

Depth period 

(m) 

232Th  

(Bq kg-1) 

228Ra  

(Bq kg-1) 

228Th  

(Bq kg-1) 

224Ra  

(Bq kg-1) 

Bu
nt

sa
nd

st
ei

n 

M
id

dl
e 

1 2,330 – 2,335 13 ± 3 19 ± 2 22 ± 4 15 ± 2 

2 2,335 – 2,340 8 ± 1 10 ± 1 11 ± 2 7 ± 1 

3 2,376 – 2,378 11 ± 3 17 ± 2 15 ± 2 17 ± 2 

Lo
w

er
 

4 2,400 – 2,410 15 ± 3 15 ± 2 16 ± 3 14 ± 2 

5 2,425 - 2,430 12 ± 3 14 ± 2 14 ± 3 14 ± 2 

6 2,438 – 2,440 13 ± 2 17 ± 2 19 ± 3 14 ± 2 

Z
ec

hs
te

in
  7 2,448 – 2,450 15 ± 3 20 ± 2 16 ± 4 20 ± 2 

8 2,452 – 2,454 20 ± 3 23 ± 1 24 ± 3 23 ± 2 

9 2,470 – 2,472 26 ± 4 33 ± 3 34 ± 5 30 ± 3 

 

The maximum activity ratio of 228Ra/232Th is circa 1.5 ± 0.6 and refers to sample no. 3. 228Th/228Ra 
ratios range between 0.8 ± 0.3 and 1.2 ± 0.4. The average 224Ra/228Th ratio is 0.9 ± 0.3. With respect 
to measurement uncertainties, activity ratios are near unity and thus thorium decay series radionu-
clides have a state of secular equilibrium. 

A detailed description about the measurement results presented in this section will be given in the 
following. Chapter 3 deepens the study on the reservoir rock material and the relating approach of 
reservoir identification of recent permeable fractures or, at least, previously permeable zones. Chap-
ter 4 lists the findings of the Bruchsal fluid monitoring in detail and refers to the modelling part of 
Th-U series disequilibria for obtaining information about rates of water-rock interactions. Chapter 
5 combines the results of both to an integrated approach into the characterization of the site- 
specific fracture network. 
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Chapter III  

3 Identification of fractured zones in geothermal 
reservoirs in sedimentary basins: A radionuclide-
based approach 
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Abstract 

A methodology for fracture zone identification in geothermal reservoirs was tested at the Bruchsal 
geothermal site, which is located close to the eastern main boundary fault of the Upper Rhine 
Graben. The site is explored and developed by a well doublet (GB1 and GB2). Fracture zones 
provide a substantial contribution to the effective hydraulic conductivity and pool the geothermal 
fluid circulation. In this context, water-rock interaction processes and the resulting changes in the 
composition of fluid and rock provide information on the type and the degree of fluid flow in the 
area of the fractured material. Thus, drill cuttings of the production well GB2 were analyzed with 
respect to their radionuclide signatures allowing conclusions on mechanisms and time-scale of the 
geochemical processes. The reservoir section at Bruchsal is defined by a radium anomaly (especially 
226Ra) in deeper borehole sections corresponding to the Lower Buntsandstein and Permian Zech-
stein. The Bruchsal fluid, as well as other deep geothermal fluids in the Upper Rhine Valley, are 
characterized by radioactive disequilibria of radium isotopes (226Ra, 228Ra, 224Ra) whose concentra-
tions greatly exceed those of their thorium progenitors. It appears that radium is adsorbed onto 
hydrothermally altered minerals such as clay minerals and Fe-hydroxides or is co-precipitating with 
sulphate minerals such as barite. This leads to an average 228Ra/226Ra signature of 0.54 in the drill 
cuttings, in contrast to an expected value of 1.2 based on the average crustal Th/U ratio of 3.8. For 
the Lower Buntsandstein and the Zechstein group, 234U/238U and 230Th/234U ratios are equal to 
unity, while 226Ra/230Th ratios range between 1.7 and 3.3. Radioactive disequilibrium was not ob-
served for the thorium decay series. Using depth-related Th/Ra and Ra/K ratios, five fractured 
zones were identified within the Buntsandstein / Zechstein rock series, four of which were con-
firmed by conventional geophysical borehole logs. However, some issues remain unresolved such 
as the differentiation between active flow pathways and sealed fractures. 
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3.1 Introduction 

The detection of productive geothermal reservoir horizons and related pay zones is one of the 
major challenges in geothermal exploration and involve the methodology of various scientific dis-
ciplines such as geology, geochemistry as well as a range of geophysical techniques including geo-
electrics, gravity, magnetics, and seismics (Ochieng, 2013; Ellis and Singer, 2007). 

There are several techniques available, most of them are well logging based methods, e.g. resistivity, 
flow, or self-potential measurements (Ellis and Singer, 2007; Serra 1984). In practice, a single log-
ging method is usually not sufficient for pay zone identification. Therefore, it is common to com-
bine data from different logging techniques in an integrated evaluation procedure. These testing 
procedures have been shown to be robust and provide valuable information about the borehole 
itself as well as the related geology (Grant and Bixley, 2011).  

On the other hand, logging tools can only be applied after drilling is completed or temporarily 
suspended. In addition, some logging methods require an open-hole section and potential borehole 
instabilities may limit their application. "Logging while drilling" devices might be an appropriate 
alternative (Bargach et al., 2000), but they have technical and financial limitations when applied 
under some adverse geothermal conditions (Habtemariam, 2012).  

Radionuclide activities and their specific isotopic composition in cuttings provide an additional 
option to characterize geothermal reservoirs because the analysis of uranium and thorium decay 
series radionuclides can be used to study the hydrological regime within the rock. They can be 
analyzed and interpreted – with some acceptable delay – while drilling operations are in progress, 
or at a later stage in case other methods fail to provide the necessary information. 

In the past, much focus has been placed on the uranium-thorium series disequilibrium in geother-
mal fluids because it provides site-specific information about radionuclide migration in the reser-
voir section (Ku et al., 1992, Lou et al., 2000, Zukin et al., 1987). Uranium and thorium decay series 
radionuclides are widespread in natural systems. In closed geological systems, more than 99 % of 
the radioactive equilibrium will be reached after seven half-lives of the most long-lived radionu-
clides of the respective decay series. For instance, 238U and its decay products reach equilibrium 
after ~ 1.7 million years (Porcelli et al., 2014). However, geothermal systems are not closed systems 
because of the geochemical interaction between the hot geothermal fluid with the reservoir rock 
and also with the meteoric system.  

Tricca et al. (2001) describe these interaction processes as physico-chemical reactions taking place 
between three groups: the aqueous phase, the mineral grains and a reactive surface layer with a 
certain specific area and thickness. The transfer rate of a radionuclide from the rock material into 
the solution depends on: (a) the in-situ radioactive decay of its dissolved parent, (b) the desorption 
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from the surface coating, (c) the alpha-recoil across the solid-liquid interface within a distance of 
several tens of nanometers, and (d) the dissolution of the aquifer solid. The removal of a radionu-
clide from the fluid depends on: (a) its radioactive decay in solution, (b) the adsorption onto the 
surface layer, and (c) the incorporation into precipitates (Ku et al., 1992).  

Water-rock interaction involving radionuclides with variable chemical behavior and physical prop-
erties may result in radioactive disequilibria in fluids (Hussain and Krishnaswami, 1980). Therefore, 
deep geothermal fluids in the Upper Rhine Valley are highly concentrated with respect to radium 
isotopes (226Ra, 228Ra, 224Ra) while their thorium progenitors (230Th, 232Th, 228Th) present as ThO2, 
ThO2·xH2O or Th(OH)4 have an expected low solubility under the geochemical conditions (Alt-
maier et al., 2005). 

However, water-rock interaction processes do not only affect the radionuclide signature of the 
geothermal fluid, but also the associated solid. Primary minerals (mostly silicates) of the reservoir 
rock can be transformed into secondary minerals as a result of hydrothermal alteration (Browne, 
1978). Boschmann (1986) postulated that Th/U ratios of newly formed hydrothermal minerals are 
substantially lower than the average crustal Th/U mean ratio of 3.8 published by Taylor and 
McLennan (1997). Moreover, Plyushchev and Ryabova (1974) investigated thorium-uranium con-
centrations in hydrothermal minerals from mineralized zones differing in formation characteristics 
and showed that these minerals have Th/U ratios between 0.08 – 3.6. The Th/U mass ratio of 3.8 
equals the 232Th/238U ratio of 1.2 (232Th; 1 ppm = 4.06 Bq kg-1; 238U; 1 ppm = 12.35 Bq kg-1 accord-
ing to IAEA, 1989) and thus, radionuclide signatures of rocks can be assumed to reflect subsurface 
environmental conditions.  

In this paper, a new approach for the identification of fractured permeable or at least previously 
permeable zones of active fluid circulation in boreholes is proposed based on activity ratios of 
thorium-uranium series radionuclides in rocks. This method has been tested at the Bruchsal geo-
thermal site in Germany on a set of cuttings from the geothermal well GB2 and compared with 
the results of other well logs. The procedure and the results of this study are discussed below. 

3.2 Geological setting 

The Bruchsal site is located close to the eastern main boundary fault of the Upper Rhine Graben 
(Fig. 3.1). It is characterized by an NNE-SSW striking extension structure with a length of ca. 300 
km and a width of approximately 40 km. The deep Hercynian basement, composed of Paleozoic 
granites and gneisses, is overlain by sediments with a thickness of up to 4500 m (Ziegler, 1992). 
The heat flow rate in the graben ranges between 100 - 120 mW/m2 (Pribnow and Schellschmidt, 
2000). Borehole data of GB2 yielded a bottom hole temperature of 134.7 °C at 2542 m depth.  
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 Fig. 3.1: Location of the Bruchsal geothermal site in the Upper Rhine Graben, Baden-Württemberg, Germany. Geol-

ogy after GÜK300 (1989) and GÜK500 (1998).  

This is equal to a geothermal gradient of 55 K km-1, which exceeds the average value for Central  

Europe of 30 K km-1. 

The geothermal plant at Bruchsal comprises two boreholes with the injection well GB1 located 1.5 
km north of the production well GB2 (Mergner et al., 2013). The geothermal reservoir units are 
located in the Middle and Lower Buntsandstein and the Permian Zechstein/Rotliegend formations 
identified by hydraulic tests. Partial mud losses were recorded at 2292 m (cased) and at 2435 m: 
total mud loss started at 2471 m (Joachim et al., 1987).  

The reservoir section in the injection well GB1 differs in depth and thickness from that in GB2 
because of tectonic displacements. Meixner et al. (2016) provided additional site-specific infor-
mation about the local tectonic settings and geology. The Permian units are composed of fluvial 
sandstones (“Tigersandstein”) and playa mudstones (Langenthal or “Bröckelschiefer”) (Hagdorn 
and Nitsch, 2009). Buntsandstein sediments comprise mainly coarse to medium-grained clastic 
sandstones with a relatively low fraction of clay minerals, partly enriched with detritus of the crys-
talline basement (Geyer and Gwinner 2011).  
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They are cut by large-scale listric normal faults dipping westward. A displacement of up to a few 
thousand meters of the rock series inside the graben relative to the same units in the neighboring 
shoulders in the Kraichgau region is documented by Ziegler (1992). 

3.3 Material and method 

Alpha- and gamma-ray measurements of the Bruchsal drill cuttings provide specific activities of 
the following radionuclides:  
 

x Thorium decay series: 232Th, 228Ra, 228Th, 224Ra 

x Uranium decay series: 238U, 234U, 230Th, 226Ra 
 

A total of 98 cutting samples from Bruchsal GB2 representing mixtures of depth intervals from 
two to six meters were available for further laboratory analysis. The samples cover the section from 
the Keuper down to the Upper Zechstein formation in 1972 to 2470 m depth. The sampling depth 
is lag time corrected; the quantity of each individual sample is in the range 30 to 50 g. Cross con-
tamination by drilling mud can be excluded. After drilling all cuttings were stored by the Geological 
Survey of the state of Baden Wuerttemberg.  

These drill cuttings were first characterized by laboratory gamma spectrometry. The gamma-ray 
measurements were performed with a p-type HPGe detector with a relative efficiency of 30 % 
(GC3018-CP-5SL-P). Each sample was measured for 20 hours. All measurements and analyses 
described in the following paragraphs were carried out by EnKK Philippsburg laboratory (Ger-
many). 

In Table 3.1 the investigated radionuclides and the applied analytical methods are listed. 226Ra (t1/2 
= 1600 a) was analyzed based on its short-lived granddaughters 214Pb (t1/2 = 27 min) and 214Bi (t1/2 
= 20 min). Prior to the measurements, the samples were sealed to minimize radon losses. 222Rn is 
the decay product of 226Ra and has a half-life of 3.8 days. After an ingrowth period of 20 days, the 
specific activity of 222Rn grew due to the radioactive decay of its parent and secular equilibrium with 
226Ra was achieved to 97 %. Secular equilibrium is defined by the daughter activity being equal to 
the activity of its parent.  

This type of radioactive equilibrium typically occurs when the half-life of the parent is much larger 
(by several orders of magnitude) than the daughter’s half-life. Compared to the timescale being 
considered, the decay rate of 226Ra (and so the supply rate of its daughter) stays constant. Similarly, 
228Ra activity was determined by the specific activity of its daughter 228Ac (t1/2 = 6.2 h). Here, secular 
equilibrium was achieved after a time delay of 60 hours between sampling and measurement.
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Table 3.1: Overview of the radionuclides investigated and the applied examination methods. Data about α-particle 

energy Eα and emission probability Pα are reported by Rytz (1991) while data about gamma-ray energies Eγ and 

emission probabilities Pγ are from Schötzig and Schrader (1998) *Possible interference from Bi-211 (Eγ = 351.1 keV 

/ Pγ = 12.9 %). 

Decay  

series 

Radionuclide 

investigated 
Half-life 

Analytical 

methods 

Measured ra-

dionuclides 

Energy 

Eα,γ (keV) 

Probability  

Pα,γ (%) 

Uranium 

series 

U-238 4.468 x 109 y α U-238 4,198.0; 4,151.0 77.0; 23.0 

U-234 2.455 x 105 y α U-234 4,774.6; 4,722.4 72.5; 27.5 

Th-230 7,538 x 104 y α Th-230 4,687.0; 4,620.5 76.3; 23.4 

Ra-226 1,600 y α 226-Ra 4,784.3; 4,601.0 94.5; 5.5 

γ 

 

Pb-214 

 

295.2; 242.0; 

(351.9)* 

18.2; 7.1; 

35.1 

γ Bi-214 
609.3; 1,120.3; 

1,764.5 

44.6; 14.7; 

15.1 

Thorium 

series 

Th-232 1,405 x 1010 y α Th-232 4,013.0; 3,950.0 77.0; 23.0 

Ra-228 5.75 y γ Ac-228 
911.2; 969.0; 

338.3 

25.8; 15.8; 

11.3 

Th-228 1.913 y α Th-228 5,423.2; 5,340.4 73.4; 26.6 

Ra-224 3.66 d γ Pb-212 238.6 43.3 

 

224Ra activity was calculated from the measured activity of its daughter 212Pb. The half-live of the 
parent 224Ra (t1/2 = 3.66 d) is also longer than that of its daughter 212Pb (t1/2 = 10.6 h), but of a 
similar magnitude. This condition is defined as transient equilibrium. Here, the daughter activity 
exceeds the activity of its parent which leads to a 212Pb/224Ra ratio of ca. 1.14 following a rest period 
of 100 hours after sampling.  

Since uranium (238U, 234U) and thorium (232Th, 230Th, 228Th) isotopes are alpha emitting radionuclides 
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nine samples were additionally investigated by alpha spectrometry. Therefore, solid samples were 
sequentially leached with HCl, HF and aqua regia. Any solid residue remaining was completely 
digested in HF/aqua regia in a PFA container at 120 °C. Once total dissolution was achieved, 
appropriate spikes were added. Alpha spectrometric measurements of 238U, 234U, 232Th, 230Th, 228Th 
and 226Ra by isotope dilution as outlined in Knight et al. (2004) were performed.  

To compare both spectrometric methods, 226Ra was measured by alpha and gamma spectrometry. 
Fig. 3.2 shows that both methods lead to similar results and confirm our approach of combining 
both techniques. In this way, it is possible to almost completely determine the radionuclide com-
position of the uranium and thorium decay series.  

 

Fig. 3.2: Specific activity of 226Ra (Bq/kg) in the GB2 drill cuttings analyzed by alpha and gamma spectrometry. The 

solid line indicates a 1:1 correlation. Error bars represent uncertainties due to counting statistics (± 1σ).  

Assuming that hydrothermal alteration processes resulting from the interaction between circulating 
geothermal fluid and the host rock characterize geothermal reservoirs, a petrographic alteration 
study was performed. Hydrothermal alteration minerals, such as clay minerals, were analyzed under 
the microscope. Therefore, thin sections of 30 µm thickness were prepared from the GB2 drill 
cuttings and investigated by optical polarizing microscopy. Some of the thin sections were subse-
quently coated with carbon and examined by scanning electron microscope (FEI QUANTA 650). 
The latter was used for morphological studies as well as for determining the elemental composition 
semi-quantitatively by energy dispersive X-ray fluorescence (EDX). 

Radionuclide signatures associated with secondary alteration processes in the rock samples allow 
the identification of possible water inflow zones. In order to validate these results, geophysical 
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borehole logs of GB2 were used.  

The fluid circulation and physico-chemical processes in geothermal systems affect the physical 
properties of the subsurface causing measurable anomalies in a number of state variables. There-
fore, physical parameters such as temperature, electrical conductivity, permeability of the rock ma-
terial and others, are key indicators for the detection of geothermal reservoir sections and related 
reservoir horizons. 

For deeper borehole sections of GB2 the following logs are available: natural gamma ray (NGR), 
deep and shallow formation resistivity tool (DLL), caliper log (CAL) and temperature log (TEMP). 
The gamma-ray log quantifies the natural radioactivity emanating from the rock formations. Nat-
ural gammy-ray logs are often used for the identification of lithological units. In sandstone reser-
voirs, their main purpose is to obtain an indication of the clay content. The dual laterolog tool is 
used in boreholes to determine formation resistivity and it provides two resistivity measurements 
at different depths of investigation at the same time. In fractured rocks, large separations are ob-
served between shallow (LLs) and deep (LLd) laterolog curves. Caliper logs measure the average 
diameter of the borehole by using several spring-loaded arms. Significant borehole breakouts on 
the caliper log may indicate a fractured zone. Temperature logs provide continuous temperature 
profiles in a borehole. They may detect thermal anomalies produced by temperature contrasts be-
tween the drilling fluid and the formation or convective heat/mass flow in the relevant section, 
respectively. Further details regarding the methodological techniques can be found in Ellis and 
Singer (2007). 

3.4 Results 

3.4.1 Alteration petrography  

The study of alteration characteristics is focused on the reservoir section within the Middle and 
Lower Buntsandstein formation as well as Zechstein rocks i.e. depths between 2178 - 2472 m in 
the production well GB2. In this section, the cuttings consist of sandstones, siltstones, and mud-
stones.  

The sandstone fragments are mainly composed of quartz and K-feldspar. Cements vary greatly 
between siliceous, clayey and carbonatic composition depending on the diagenetic history. Mud-
stones are primarily composed of quartz, Fe-hydroxides, feldspars, and monazite detritus. The ma-
trix comprises illitic clay minerals. 

Quartz is present in all samples as sand- and silt-sized grains with a predominantly pink coloring. 
From a depth of 2378 m, a frequent occurrence of polycrystalline quartz is observed. Furthermore, 
some quartz grains are coated by iron hydroxides or calcite.  
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Feldspar grains have been detected in almost all samples. They are present at a concentration less 
than 20 % and are mainly formed by K-feldspars. With only a few exceptions, plagioclase appears 
to be absent. White decomposed feldspars are predominant at depths between 2387 and 2472 m. 

Heavy minerals comprise single grains of rutile, monazite, apatite, and zirconia. Their occurrence is 
often accompanied by relatively high contents of Th and rare earth elements such as Ce, La, and 
Nd.  

The petrographic observations indicate transformation and replacement of primary minerals by 
secondary mineral phases by hydrothermal processes. An alteration zone can be defined for the 
depth interval 2387 - 2472 m indicated by illite that dominates the clay fraction of most samples. 
Illite has most likely been formed by the decomposition of feldspars. It is present as authigenic 
sandstone cement and arranged along grain boundaries. 

An authigenic pyrite framboids are limited to the depth range 2267 - 2342 m, which corresponds 
stratigraphically to the Middle Buntsandstein. Barite has been detected in some samples of the Mid-
dle and Lower Buntsandstein as well as in the Zechstein group. Barite mineralization resulted from 
hydrothermal fluids circulating along grain boundaries and micro-fissures. 
Iron hydroxide was mainly found in sandstone fragments between depths of 2387 and 2458 m. They 
are partly present as limonite coatings around quartz grains.  

Carbonates have been detected in many samples, mostly present as Mg-Fe-Mn-Ca-bearing car-
bonatic cements in sandstone fragments. The corresponding minerals are siderite (FeCO3), ankerite 
(CaFe[CO3]2), and dolomite (CaMg[CO3]2). In addition, a high proportion of fossiliferous calcite 
fragments were found in drill cuttings from 2330 to 2343 m depth. These fragments were probably 
caving material from overlying strata. Shell fragments were also detected in samples from 2360 to 
2387 m depth. Over a depth interval from 2400 to 2472 m the samples are characterized by calcite 
fragments without any organic material that may constitute filling of veins and micro cracks. In the 
drilling logs, carbonaceous fracture filling was frequently reported for this particular depth interval. 

3.4.2 Results from spectrometric measurements 

The 238U activity in the GB2 cuttings of the reservoir section ranges between 10 and 22 Bq/kg 
whereas the specific activity of 232Th ranges between 8 and 25 Bq/kg. These values are relatively 
low, but typical for sandstones (Adams and Weaver, 1958). The 232Th/238U ratios calculated from 
the measured activities of 238U and 232Th vary between 0.8 - 1.3 and they are in good agreement 
with the mean ratio in the continental crust of 1.2 (Porcelli et al., 2014). 

3.4.3 Signature of radium isotopes 

Fig. 3.3 illustrates the specific activity of 226Ra versus 228Ra measured in the GB2 drill cuttings of 
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the Buntsandstein and Zechstein section. The specific activities of 226Ra range between 8 and 44 
Bq/kg and between 9 and 39 Bq/kg for 228Ra, respectively. Individual radium signatures mark the 
single geological units. 

 

Fig. 3.3: Relationship between 228Ra (Bq/kg) and 226Ra (Bq/kg). The dashed line displays a 228Ra/226Ra ratio = 1. 

Cuttings of the deeper borehole sections are characterized by 228Ra/226Ra ratios < 1.  

Assuming radioactive equilibrium within the respective decay series, the activity ratio of 228Ra/226Ra 
should equal the ratio of their 232Th/238U parents that is about 1.2 (plotted as dashed line in Fig. 
3.3). 228Ra/226Ra ratios of the Upper and Middle Buntsandstein samples vary by ± 0.2 from the 
expected value of about 1. All other samples show a 228Ra/226Ra ratio significantly lower than 1 
caused by a rising 226Ra activity with increasing depth. Consequently, the 226Ra activity is highest in 
the Zechstein samples (34 - 46 Bq/kg). The mean 228Ra/226Ra activity ratio of the Lower Buntsand-
stein and Zechstein is approximately 0.54. This is in good agreement with the observed 228Ra/226Ra 
signature of 0.55 in the Bruchsal geothermal fluid (Eggeling et al., 2013). 

3.4.4 Uranium series disequilibrium 

Plots of the 234U/238U, 230Th/234U and 226Ra/230Th specific activity ratios [Bq kg-1 / Bq kg-1] are 
presented in Fig. 3.4. Samples of the Middle Buntsandstein show secular equilibrium within a range 
of one standard deviation (1V) analytical error.  

For the Lower Buntsandstein and Zechstein groups, 234U/238U and 230Th/234U activity ratios are 
also equal to unity while 226Ra/230Th activity ratios higher than unity indicate general disequilibria 
with values ranging from a minimum of 1.7 to a maximum of 3.3. Here, the 226Ra activity exceeds 
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 Fig. 3.4: Radionuclide disequilibrium within the reservoir section of GB2: cuttings of the Lower Buntsandstein and 

the older Permian Zechstein are significantly enriched with respect to 226Ra. Error bars represent uncertainties due to 

counting statistics (r 1V).  

the specific activity of 238U and its decay products 234U and 230Th by a factor of 2 to 3. 
230Th/234U ratios near unity suggest that uranium migration has not taken place relative to thorium 
for the last 105 - 106 years. In contrast, the high 226Ra/230Th activity ratios in the deeper rock samples 
show that radium has been highly concentrated in the solid phase relative to thorium. This result 
is surprising in that radioactive equilibrium was expected for 238U and its decay products due to the 
geological age of the rocks of about 250 million years.  

3.4.5 Thorium decay series radionuclides 

Table 3.2 summarizes the results of 232Th, 228Ra, 228Th, and 224Ra activities measured in the GB2 
cuttings. In contrast to the uranium decay series, there is no radioactive disequilibrium observed 
for the thorium decay series radionuclides. There are some slight variations between the specific 
activities of thorium and radium isotopes, but this can be explained by measurement uncertainties. 

Buntsandstein samples are characterized by uniform activities of the thorium decay series radionu-
clides (Table 3.2). The average 232Th-activity in drill cutting of the Middle and Lower Buntsandstein 
is about 12 ± 2 Bq/kg. In contrast, Zechstein samples show substantially higher activities of 232Th, 
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up to 26 ± 4 Bq/kg.  

Activity ratios are close to unity. This applies to all activity ratios [Bq kg-1 / Bq kg-1], the 228Ra/232Th, 
228Th/228Ra, and the 224Ra/228Th activity ratio. The maximum activity ratio of 228Ra/232Th is circa 
1.5 ± 0.6 and refers to sample no. 3. 228Th/228Ra ratios range between 0.8 ± 0.3 and 1.2 ± 0.4. The 
average 224Ra/228Th ratio is 0.9 ± 0.3. With respect to measurement uncertainties, activity ratios are 
near unity and thus thorium decay series radionuclides have a state of secular equilibrium. 

Table 3.2: Thorium decay series: Specific activity of thorium (232Th, 228Th) and radium isotopes (228Ra, 224Ra) in the 

GB2 drill cuttings. The analytical error is ca. r 1V.  

Geology Sample 

No 

Depth period 

[m] 

232Th 

[Bq/kg] 

228Ra 

[Bq/kg] 

228Th 

[Bq/kg] 

224Ra 

[Bq/kg] 

Bu
nt

sa
nd

st
ei

n 

M
id

dl
e 

1 2,330 – 2,335 13 ± 3 19 ± 2 22 ± 4 15 ± 2 

2 2,335 – 2,340 8 ± 1 10 ± 1 11 ± 2 7 ± 1 

3 2,376 – 2,378 11 ± 3 17 ± 2 15 ± 2 17 ± 2 

Lo
w

er
 

4 2,400 – 2,410 15 ± 3 15 ± 2 16 ± 3 14 ± 2 

5 2,425 - 2,430 12 ± 3 14 ± 2 14 ± 3 14 ± 2 

6 2,438 – 2,440 13 ± 2 17 ± 2 19 ± 3 14 ± 2 

Z
ec

hs
te

in
  7 2,448 – 2,450 15 ± 3 20 ± 2 16 ± 4 20 ± 2 

8 2,452 – 2,454 20 ± 3 23 ± 1 24 ± 3 23 ± 2 

9 2,470 – 2,472 26 ± 4 33 ± 3 34 ± 5 30 ± 3 

3.5 Discussion 

A 226Ra-anomaly within the Lower Buntsandstein and Zechstein section of the production well 
GB2 was identified from alpha- and gamma-ray measurements. Based on the age of the Permo-
Triassic reservoir rock, radioactive equilibrium between radionuclides of the respective natural de-
cay series can be expected. The enrichment of 226Ra in the reservoir rock is probably caused by 
water-rock interaction between the geothermal fluid and fractured rock material. 
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 The saline Bruchsal fluid is highly concentrated in Na+ and Cl-, and other alkali and earth alkali 
ions, with up to 127 g/l of total dissolved solids (Eggeling et al., 2011). Radium isotopes (224Ra, 
228Ra, 226Ra) are several orders of magnitude in excess of their parent nuclides (230Th for 226Ra, 232Th 
for 228Ra, 228Th for 224Ra). For example, the specific activity of 226Ra in the geothermal fluid is up to 
30 Bq/kg (Eggeling et al., 2013).  

It is assumed that the enrichment of 226Ra in the reservoir rock is produced by a removal of 226Ra 
from the geothermal fluid. Generally, radium removal from the aqueous phase may take place by 
cation exchange, sorption processes, and/or co-precipitation. Radium is one of the most strongly 
adsorbed earth alkali ions during ion exchange on clay minerals under certain conditions (Porcelli 
et al., 2014). Furthermore, oxide minerals have a high potential for radium adsorption. There are 
several studies on radium sorption involving manganese oxides and different hydroxides available 
(Ames et al., 1983, Benes et al., 1984; Valentine at al., 1990). However, the results of these studies 
indicate that the adsorption behavior of radium depends on several factors such as temperature, 
Eh-pH-conditions, and the presence of other alkaline earth elements. Due to high temperatures 
and low pH-values however, scavenging of radium by sorption processes might play a minor role 
in a geothermal environment, both decreasing the adsorption capacity with respect to radium (Zu-
kin et al., 1987). Furthermore, Tanner (1964) proposed that during cation exchange Ra-adsorption 
may be reduced because of the competition between radium and other alkaline earth metals for 
sorption sites resulting in an enrichment of radium in saline waters due to Ra-displacement from 
the rock surface by other cations with higher affinity for the exchange sites.  

At Bruchsal the reservoir section consists of quartz-dominated sandstones (SiO2 concentration up 
to 80 vol.-%). According to Carroll (1959), the cation exchange capacity (CEC) of quartz is about 
0.6 meq/100 g and therefore, has to be judged rather poor. This is also the case for feldspar (CEC 
= 1.0 - 2.0 meq/100 g) which is strongly decomposed in the reservoir section and is mainly repre-
sented by K-feldspar with a maximum proportion of 20 vol.-%. In contrast, CEC of clay minerals 
can be 100 times higher (Carroll, 1959), and therefore, clays seem to have the greatest effect on the 
cation exchange capacity of the bulk rock. Based on the petrographic studies, clay minerals belong 
to the illite group which corresponds to a cation exchange capacity of 10 - 40 meq/100 g (Carroll, 
1959). Cation exchange capacity of the entire rock is estimated at 1.50 – 2.60 meq/100 g depending 
on the proportion of clay minerals, which reaches up to 8 vol.-%.  

The quantity of radium isotopes adsorbed on the rock surface was determined by means of MIN3P, 
a multicomponent reactive transport model (Mayer at al., 2002). For calculations, an average CEC 
value of 2.00 meq/100 g was chosen. Thermodynamic data for cation exchange were taken from 
the PHREEQC2-database (Appelo and Postma, 1993) With respect to the chemical composition 
of the Bruchsal fluid (Eggeling et al., 2013); radium competes with Na, K, Mg, Sr, Ba and Cs for 
cation exchange sites. The results show that the sorbed radium species vary between 10-17 and 10-
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12 meq/100 g. As can be seen from Table 3.3, the proportion of radium adsorbed to the rock 
surface depends on the concentration of the particular radium isotope in the fluid. Raising the fluid 
concentration of radium by a factor of three (226Ra ≈ 30 Bq/L; 224Ra ≈ 10 Bq/L) increases the 
amount of adsorbed radium by six orders of magnitude. Although adsorption processes take place, 
it becomes obvious from the low values that ion exchange only constitutes a small part.  

The partition between the dissolved and adsorbed components through chemical exchanges, such 
as cation exchange and surface complexation, can be described by the distribution coefficient, Kd, 
defined as Cd/C (Krishnaswami et al., 1982), where Cd is the concentration of the adsorbed radio-
nuclides in aquifer solids in atoms per mass and C is concentration of dissolved radionuclides in 
atoms per fluid-volume. The distribution coefficients for radium, expressed in units of volume per 
mass, are displayed in Table 3.3. 

Table 3.3: Comparison of radium dissolved and adsorbed in the geothermal system in Bruchsal as well as the resulting 

distribution coefficient Kd.  

Isotopes of  
radium 

Activity of dissolved Ra  
(Bq/L) 

Adsorbed Ra proportion  
(meq/100 g) 

Ra distribution coefficient 
Kd (mL/g) 

226Ra 29.9 1.2 x 10-11 0.016 

228Ra 16.2 1.9 x 10-14 0.014 

224Ra 10.6 3.9 x 10-17 0.014 

 

Retardation factor due to sorption of radium isotopes can be determined by the following equation 
(Ku et al., 1992):  

𝑅 = 1 + 𝐾 = 1 +
𝐶𝑎

𝐶
 (3.1) 

where 

K dimensionless distribution coefficient;  

Ca concentration of an adsorbed radionuclide, atoms per equivalent fluid-volume; 

C concentration of a dissolved radionuclide, atoms fluid-volume-1. 

According to Krishnaswami et al. (1982), the relation between K and Kd can be expressed as 

𝐾 = 𝐾𝑑
𝜌𝑠(1 − 𝜙)

𝜙
 (3.2) 
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where 

𝜌𝑠 density of aquifer solids, mass solid volume-1;  

𝜙 porosity of the aquifer, dimensionless.  

 

Since the porosity of the reservoir is about 5 % and rock density is about 2.7 g/cm3, the dimen-
sionless distribution coefficient K ranges between 0.7 for the short-lived 224Ra and 228Ra and 0.8 for 
the long-lived 226Ra. From equation (3.1), the maximum retardation factor is 1.8, which suggests a 
minor retardation due to sorption. This underlines the statement above that radium sorption due 
to cation exchange is not the decisive reason for the accumulation of 226Ra observed in the reservoir 
section.  

Therefore, the accumulation of 226Ra observed in the Bruchsal drill cuttings might be caused pri-
marily by co-precipitation, a process which affects mainly long-lived radionuclides such as 226Ra. 
Radium isotopes differ strongly in their half-lives from a few days (224Ra = 3.66 d) to several hun-
dred years (226Ra = 1600 a). 228Ra is also one of the short-lived radionuclides with a half-life of 5.8 
years. Short-lived radionuclides are characterized by relatively large decay constants. In general, the 
shorter the half-life (t1/2), the larger the decay constant (λ). Thus, for the short-lived 224Ra and 228Ra, 
decay constants are larger than 3.82 x 10-9 s-1. In this case, the precipitation rate constant kp has to 
be unrealistically large to be significant as proposed by Porcelli (2008). However, the situation is 
different with 226Ra with a decay constant of ca. 1.373 x 10-11 s-1 and therefore, enough time is 
available for precipitation processes. Thus, the restriction to long-lived radionuclides could be a 
possible explanation for only 226Ra enrichment in the cuttings while the short-lived radium isotopes 
(224Ra, 228Ra) are in a secular equilibrium.  

Langmuir and Melchior (1985) found that the concentrations of dissolved radium in some deep 
brines in north Texas were likely to be controlled by co-precipitation in sulphate minerals due to 
the high concentrations of sulphate and earth alkali ions. This observation is confirmed by current 
studies dealing with the formation of Ra-bearing barite in German geothermal sites (Heberling at 
al., 2017; Haas-Nüesch at al., 2018).  

Barite is a typical sulphate mineral incorporating radium in solid solution as [Ba,Ra]SO4. Both alka-
line earth ions possess equal ionic charge and have similar length ionic radii (radium = 1.52 Å, 
barium = 1.35 Å according to Shannon, 1976). Earth alkali ions can also be incorporated in car-
bonate minerals. However, radium levels observed in calcite are much lower than those observed 
in barite because of the larger difference in ionic radii between radium and calcium ions compared 
to that of radium and barium (Bove and Felmlee, 1982).  

The findings of our petrographic study defined an alteration zone between 2387 and 2472 m depth 
characterized by the frequent occurrence of barite, carbonates, and iron hydroxide as well as illite 
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formed by feldspar decomposition. Thus, from a mineralogical point of view, both co-precipitation 
in sulphate minerals/carbonates as well as adsorption on clay minerals/metal hydroxides are po-
tentially responsible for radium scavenging from the geothermal fluid.  

Nevertheless, it might be reasonable to assume that the 226Ra-anomaly is mainly caused by barite 
precipitation because of the preferred enrichment of the long-lived 226Ra. Relating to the geother-
mal system at Bruchsal, it appears that the formation of barite is linked to a local replacement of 
the carbonatic cements indicating hydrothermal activity. 

Hydrothermal alteration processes result from the interaction of the geothermal fluid with the as-
sociated solid in fluid circulation zones. Therefore, alteration minerals are linked to reservoir sec-
tions with an increased hydraulic permeability. Fractured zones provide a substantial portion of the 
permeability due to the low porosity of the Bruchsal sandstone reservoir rock.  

Assuming that the formation of barite is controlled by hydrothermal activities occurring mainly in 
water circulation horizons, productive zones might therefore be identified by elevated levels of 
226Ra co-precipitating primarily in sulphate minerals such as barite. 

Fracture zones with increased 226Ra activity can be displayed by depth-related Th/Ra und Ra/K 
ratio. Therefore, the measured activities of 226Ra, 232Th, and 40K (all in Bq/kg) were converted to 
radium and thorium concentrations in ppm and potassium in percent, respectively. According to 
the International Atomic Energy Agency, 1 ppm 226Ra equals 11.1 Bq/kg, 1 ppm 232Th equals 4.06 
Bq/kg, and 1 % of 40K equals 313 Bq/kg (IAEA, 1989).  

The Th/Ra and Ra/K curves are inversely proportional to each other and consequently changes 
in radium content result in their inclines in opposite directions. Significant changes in radium con-
centration indicated by changes in these ratios are marked in blue in Fig. 3.5. To confirm the pres-
ence of the fracture zones identified, the results were compared to conventional logging data from 
the production well GB2. 

Fig. 3.5 presents ratios Th/Ra and Ra/K as well as natural gamma ray, caliper, resistivity, and 
temperature logs for the GB2 well. The evaluation of the logging data is focused on the depth 
interval between 2285 and 2540 m, which corresponds to the slotted liner section of GB2. Five 
possible water inflow zones have been identified by the comparison of the Th/Ra and Ra/K ratios.  

Zone 1. The first radium anomaly in the slotted liner interval is detected between depths 2330 m 
and 2340 m (start of the 7” liner section). However, geophysical borehole logs do not show any 
indication of fractured rock in this interval.  

Zone 2. The second interval (2360 - 2364 m) is characterized by a strong increase in the gamma-ray 
activity. Fossil bearing limestone fragments indicate a fault zone. The caliper log shows significant 
borehole breakouts, while no anomaly is observed in the temperature log. In our interpretation, 
this observation may indicate a fractured zone with a very low hydraulic conductivity. 
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Fig. 3.5: Stratigraphical sequence of Buntsandstein and Zechstein in the open-hole section of GB2. Radium anomalies 

indicate five fractured zones (blue boxes) which were compared to results obtained by conventional logging tools. 

Temperature logs cover the time between the completion of drilling and flow tests (oldest left side, youngest right 

side).  

Zone 3. The third interval, between 2378 and 2385 m, is still a part of the above fault zone charac-
terized by a large amount of carbonates. The caliper log exhibits a low anomaly at a constant bore-
hole diameter. However, the most prominent feature is observed in the resistivity log. A sharp 
decrease in resistivity of at least one order of magnitude and a negative separation of LLs and LLd 
might indicate a fractured zone. The gamma-ray log presents a slight decrease in activity probably 
caused by the increasing quartz proportion visible in the cuttings.  

Zone 4. The fourth zone is detected at the depth interval 2430 - 2435 m. No anomaly is apparent 
in the gamma-ray log. However, there is a general increase in the gamma-ray signal for the complete 
depth profile because of an increase in clay mineral content as indicated by the microscope cutting 
analysis. This depth interval stratigraphically corresponds to the Lower Buntsandstein section and 
is defined as an alteration zone evidenced by the petrographic study.  

Again, a significant reduction in the specific resistivity signal is found in Fig. 3.5. The separation of 
the results of the deep and shallow resistivity measurements exceeds the section indicated by the 
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Th/Ra and Ra/K curves by a factor of 2. Borehole breakouts with an intensity comparable to that 
of zone 3 are observed in the caliper log.  

Zone 5. The last zone is the most prominent and covers the depth interval 2442 - 2472 m. This 
section corresponds stratigraphically to the Permian Zechstein. The cuttings contain sandstone and 
large amounts of mudstone fragments believed to be responsible for the positive peaks in the 
gamma-ray log. Furthermore, decomposed feldspars, calcite and iron hydroxide were observed 
under the microscope indicating an active alteration horizon.  

A significant anomaly is reflected by the changes in temperature and the temperature gradient, 
respectively. Five temperature logs were performed within one month. The logging campaign 
started two days after drilling was completed. Thus, the data correspond to the initially disrupted 
temperature profile when cool drilling mud penetrated the formation. Usually, this effect ceases 
with time. Hydraulically active fissures are also indicated by significant borehole breakouts ob-
served in the caliper log. As shown in the resistivity log, there are several peaks in the low resistivity 
section. 

Table 3.4 summarizes the integrated geophysical log interpretation with respect to the five zones 
detected by 226Ra-anomalies. With the exception of zone 1, every other zone can be identified by 
one or more conventional logs as a possibly productive horizon. However, there is no individual 
log that can identify productive zones on its own. It is also interesting to note that the high-reso-
lution temperature log only shows an anomaly in the highly conductive fractured zone 5 of the 
Permian Zechstein (2442 - 2472 m). Furthermore, it appears that the discrimination between hy-
draulically active and non-active fractures cannot be achieved by the radionuclide signatures in the 
host rock alone because fractures can also be sealed by precipitates of hydrothermal minerals. 

Table 3.4: Synopsis of geophysical borehole logs of the five possible fracture zones defined by radionuclide signatures. 

A cross indicates anomalies recognized in the particular borehole log. Abbreviations: GR = gamma ray log; CAL = 

caliper log; tempGRAD = temperature gradient; DLL_= dual laterolog for formation resistivity; TEMP = temperature 

log.  

 GR  
[API] 

CAL [inch] tempGRAD 
[K/km] 

DLL [ohm.m] TEMP [°C] Mud losses 

Zone 1       

Zone 2 x x     

Zone 3  x  x   

Zone 4  x  x  x (partly) 

Zone 5 x x x x x x (total) 
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This is obvious in zone 2 where 226Ra activities and the caliper log indicate a fractured zone, which 
is, however, not confirmed in the temperature log. Therefore, data evaluation will be best when 
several well logging methods are combined in a joint evaluation. 

3.6 Conclusions 

In this study, an alternative method for the characterization of geothermal reservoirs is presented. 
Special attention is paid to the interpretation of radionuclide signatures in fractured zones which 
channel the geothermal fluid in the reservoir. In the Bruchsal reservoir fractured and hydrother-
mally altered horizons are associated with a preferential accumulation of 226Ra in the solid phase. It 
was found that the 228Ra/226Ra activity ratio is significantly lower in samples from deeper borehole 
sections than the expected 228Ra/226Ra ratio of 1.2. Thus, it seems that the geothermal reservoir is 
limited to the depth interval 2330 - 2472 m, which corresponds to the Lower Buntsandstein and 
Zechstein units. 

The enrichment of 226Ra causes a disruption of the secular equilibrium of the uranium decay series. 
Within this decay series, the specific activity of 226Ra exceeds the 230Th activity by a factor of two 
to three, while the 230Th/234U and 234U/238U ratios are equal to unity, within an analytical error of 
one standard deviation, indicating that uranium has not been transported relative to thorium for 
the last 105 - 106 years. 

Therefore, the accumulation of 226Ra in the rock material is presumably the result of water-rock 
interaction between the hot geothermal fluid and the associated solid. Co-precipitation of 226Ra in 
sulphate minerals such as barite is considered to be the most likely reason for the observed 226Ra-
anomaly because co-precipitation is favored by long-lived radionuclides. Adsorption onto clay min-
erals and metal hydroxides may play a secondary role. However, it needs further site-specific inves-
tigations concerning the chemical behavior of radium under different environmental conditions 
(redox, temperature, salinity) to gain a detailed process understanding.  

Within the open-hole section of the production well GB2, five possible fractured zones were iden-
tified by the evaluation of Th/Ra and Ra/K ratios which are sensitive to changes in the 226Ra 
concentration. Four of the zones were detected by different logging tools such as natural gamma-
ray, resistivity, temperature, and caliper logs. However, there are indications that some zones are 
sealed by the precipitation of secondary minerals. In fact, this is a limitation for our method because 
it is not possible to distinguish between recent and paleo-fractures solely by radionuclide signatures. 
Nevertheless, the investigation of radionuclide distributions in natural reservoirs could be regarded 
as a supplementary method to define productive geothermal horizons. 
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Abstract 

Uranium and thorium decay series disequilibria in deep geothermal brines are a result of water-
rock interaction processes. The migratory behavior of radionuclides provides valuable site-specific 
information and can therefore be an important tool for reservoir characterization and sustainable 
management of geothermal sites. 

In this study, we present data from long-term monitoring of naturally occurring 238U, 232Th and 235U 
series radionuclides analyzed in brine samples collected from the Permo-Triassic sedimentary res-
ervoir rock at the Bruchsal geothermal site (SW Germany). The results show that radionuclides of 
the elements radium (226Ra, 228Ra, 224Ra, 223Ra), radon (222Rn), and lead (210Pb, 212Pb) are rather solu-
ble in brine, while isotopes of uranium (238U, 234U, 235U), thorium (232Th, 228Th, 230Th), polonium 
(210Po), and actinium (227Ac, 228Ac) have low solubilities and are mostly immobile. Activities of ra-
dium isotopes in the geothermal brine exceed those of their thorium progenitors (average 226Ra = 
29.9 Bq kg-1, about 103 times that of its 230Th parent).  

Modelling the observed disequilibria allows the following conclusion on water-rock interaction 
processes: (1) Supply from alpha recoil depends on isotope half-life because it is limited by the rate 
of diffusion through microfractures causing isotopic fractionation. (2) Radium retardation due to 
adsorption is low (226Ra/222Rn = 1.3) resulting in adsorption-desorption rate constants in the order 
of 10-10 s-1 for k1 and 10-9 for k2. (3) Scavenging of 226Ra from brine can best be explained by co-
precipitation with barite resulting in an observed 226Ra anomaly in the solids of the reservoir section. 
The precipitation rate constant amounts to ca. 3.4 x 10-8 s-1 corresponding to a mean removal time 
of radium from brine by mineral precipitation to approximately one year.  
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4.1 Introduction 

In geothermal brines activities of naturally occurring radionuclides are controlled by a number of 
processes including radioactive decay and production, recoil supply, adsorption-desorption, and 
precipitation-dissolution.  

The natural decay chains of 238U, 232Th and 235U comprise elements with different hydrogeochemical 
properties and with more than one isotope (Fig. 4.1). While in closed systems all daughter nuclides 
will achieve secular radioactive equilibrium with respect to their parent nuclides (daughter/parent 
activity ratio becomes unity), deep geothermal brines interact with solid phases with whom they 
come into contact. In consequence of these water-rock interactions, an elemental fractionation 
occurs resulting in a state of disequilibria (Osmond and Cowart, 1992). Such radioactive disequi-
libria were found in deep geothermal brines in the Upper Rhine Graben (URG). Here, radium 
isotopes (228Ra, 226Ra, 224Ra, 223Ra) have activities far exceeding those of their thorium progenitors 
(Eggeling et al., 2013). Radioactive disequilibria caused by the preferred solution of radium were 
also documented for deep geothermal brines in the Salton Sea Geothermal field (Zukin et al., 1987). 
Previous studies have shown that radium concentrations are often high in saline waters (Kraemer 
and Reid, 1984; Dickson, 1985) and geothermal brines (Hammond et al., 1988; Rihs and Con-
domines, 2002; Condomines et al., 2012), but rather low in low-temperature, low-salinity ground-
waters (Krishnaswami et al., 1982; Luo et al., 2000; Porcelli, 2014).  

 

 
Fig. 4.1: Uranium-radium, thorium and actinium decay series. Vertical arrows indicate alpha decay; diagonal arrows 

indicate beta decay. For radionuclides with more than one decay mode, only the most frequently occurring is given. 
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Modelling of these disequilibria provides information about the respective water-rock interaction 
processes controlling radionuclide supply into and scavenging from solution, respectively. This 
information is very useful to investigate the long-term migratory behavior of uranium and thorium 
series radionuclides which is not only an important issue for nuclear waste disposal, but also for 
geothermal sites in terms of handling radionuclide-bearing precipitated minerals (scales) in surface 
installations. Furthermore, understanding the migratory behavior of radionuclides in the reservoir 
may be useful for the characterization and sustainable management of the geothermal reservoir. 

Tricca et al. (2001) describe the water-rock interactions as physico-chemical reactions between 
three phases: the aqueous phase, the solid minerals and a reactive surface layer with specific prop-
erties, area and thickness. The transfer rate of a radionuclide from the rock material into solution 
depends on: (a) the in-situ radioactive decay of its dissolved parent, (b) the desorption from the 
surface coating, (c) the alpha-recoil across the solid-liquid interface within a distance of several tens 
of nanometers, and (d) the dissolution of the aquifer solid. The removal of a radionuclide from the 
brine depends on: (a) its radioactive decay in solution, (b) the adsorption onto the surface layer, 
and (c) the incorporation into precipitates.  

In the past, several mathematical solutions of simplified aquifer models dealing with naturally oc-
curring radionuclides have been developed. Andrews et al. (1982, 1989) considered physico-chem-
ical mechanisms for radionuclide supply and removal and calculated the timescale of water-rock 
interactions. However, the authors did not consider transport by advection. Krishnaswami et al. 
(1982) computed rate constants of sorption processes. Furthermore, they determined residence 
times of daughter nuclides by means of alpha-recoil input from 222Rn activities, although without 
considering the effects of advective transport and mineral dissolution/precipitation. Davidson and 
Dickson (1986) suggested a model of uranium and radium isotopes transport including dispersive 
flow, but without considering precipitation and dissolution processes. Ku et al. (1992) proposed a 
model that accounts for radionuclide transport by advection and first-order kinetics, sorption-de-
sorption, dissolution-precipitation of U-Th series radionuclides processes as well as the supply 
from alpha recoil. Tricca et al. (2000, 2001) suggested a model for the combined groundwater 
transport of naturally occurring U, Th, Ra, and Rn isotopes with regards to advective transport as 
well as the physico-chemical processes of weathering, decay, alpha-recoil and sorption at the water-
rock interface. 

The present study is aimed at better understanding of the behavior of uranium and thorium series 
radionuclides in the Bruchsal geothermal brine. A comprehensive dataset was generated by fre-
quent, long-term fluid sampling. Results of the geochemical surveys of major/minor elements as 
well as isotopic measurements of U, Th, Ac, Ra, Rn, Po, Bi and Pb are presented below. From the 
observed isotope disequilibria, water-rock interactions were investigated and their effects on radi-
onuclide transport in the geothermal reservoir assessed. 
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Since the modelling of radioactive disequilibria requires both types of information, the composition 
of the fluid and the solid phase, the authors refer to their previous work (Kölbel et al., 2020) where 
the Bruchsal reservoir rock was intensively examined based on cuttings from the geothermal bore-
holes. The modelling part of this study focuses on radium isotopes since their range in half-lives 
and their interrelation in the respective decay chain (cf. Fig. 4.1) allows the determination of water-
rock interaction rates across different timescales. 

4.2 Geothermal context 

4.2.1 Upper Rhine Graben (URG) 

The Upper Rhine Graben is part of the European Cenozoic Rift System that extends from the 
Mediterranean to the North Sea coast (Ziegler, 1992). It is characterized by an NNE-SSW striking 
extension structure with a length of approximately 300 km and a width of up to ca. 40 km. The 
deep Hercynian basement consisting of Paleozoic granites is overlain by clastic sediments (sand-
stones) from Permian to Lower Triassic and by Middle Mesozoic to Cenozoic sediments. The base 
of the sediments in the center of the valley is ca. 3000 m deeper than at the valley shoulders (Ziegler, 
1992). 

The Upper Rhine Graben offers favorable conditions for the exploitation of geothermal energy. 
This is supported by spatially varying local heat flow anomalies and temperature anomalies at large 
depths. Most of the thermal anomalies are related to large-scale fluid circulation (Pribnow and 
Schellschmidt, 2000). 

4.2.2 Bruchsal site 

The Bruchsal geothermal site is located at the eastern main boundary fault of the Upper Rhine 
Graben. The geothermal power plant consists of a borehole doublet: an injection well (GB1) and 
a production well (GB2) located at a distance of 1.5 km from each other. Because of the complex 
tectonic structure, the reservoir section at the injection well differs from that of the production 
well with respect to depth and thickness. The geothermal reservoir is located in Permo-Triassic 
sedimentary rocks, characterized by large-scale normal faults of varying step heights, ranging be-
tween 20 and 350 m (Fig. 4.2). The hydrothermal reservoir is developed in a horizon comprising 
Middle Buntsandstein to Upper Rotliegend rocks (depth interval: 2220 - 2485 m). The main inflow 
zones are located in the fractured zones of the Upper Permian at the depth interval between 2440 
and 2470 m (Joachim et al., 1987). Hydrothermal alteration processes resulted in an almost com-
plete transformation of the original feldspars into clay minerals, and in large quantities of Fe-hy-
droxides as limonite coatings around quartz grains (Kölbel et al., 2020). 
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Fig. 4.2: Geological WNW - ESE cross section of the Bruchsal GB2 production well (Upper Rheine Valley, Baden-

Württemberg, Germany). The figure represents a compilation of the work of Joachim et al. (1987) and Kölbel et al. 

(2020).  

Borehole data of GB2 showed a bottom hole temperature of 134.7 °C at 2542 m depth, corre-
sponding to a geothermal gradient of 55 K km-1, and exceeding the typical average value for Central 
Europe of 30 K km-1. At present, the thermal water is produced with a flow rate of 24 L/s. Geo-
chemical analysis of the NaCl brine showed high mineralization (TDS ≈ 130 g/l) including heavy 
metals and gases at a pH of 5 (Eggeling et al., 2013). 

Activities of the primordial radionuclides 238U, 232Th and 235U in the Upper Rotliegend amount to 
18 Bq kg-1, 17 Bq kg-1 and 0.8 Bq kg-1, respectively. These are relatively low, but rather typical values 
for sandstones (Gascoyne, 1992). 
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4.3 Methodology  

4.3.1 Sampling and analytical methods 

Brine samples were collected at a sampling point close to the GB2 well head at the Bruchsal geo-
thermal site. Hydrogeochemical investigations were conducted on thermal water abstracted from 
the production well GB2 during fluid circulation. The sampling period spanned between October 
2016 and Mai 2017. In total 32 water samples were collected. Major ions and selected trace elements 
were analyzed in the samples by ICP-OES, ion chromatography and photometry. Temperature, 
pH and conductivity were measured on-site. 238U, 232Th and 235U decay series radionuclides (Fig. 
4.1) were analyzed in thirteen samples well GB2 to study their temporal variations in activities. The 
main research focus was on activity variations of radium isotopes (224Ra, 223Ra, 228Ra, 226Ra). Radium-
sampling was conducted using gas-tight 1.2-liter Marinelli beakers (type G-130 G) prepared with 
2.5 ml 65 % HNO3 (suprapur) to inhibit precipitation of solids. Water samples were not filtered.  

Gamma spectrometry surveys were carried out using a p-type HPGe coaxial detector of 30 % 
efficiency (with respect to 3” x 3” NaI(Tl) detector). The germanium crystal had a diameter of 76 
mm. The detector was embedded in a 10 cm lead shield to protect against background radiation. 
Specific activities of radium isotopes were determined by gamma spectrometry allowing simulta-
neous measurements without further sample preparation. The list of the gamma rays used for the 
determination of activities of radium isotopes is reported in Table 4.1. Measurements (Mt1) were 
performed immediately after sample collection to determine activities of the short-lived radium 
daughters (228Ac, 212Pb, 214Pb). The measurement duration (∆𝑡) was ca. 80,000 seconds (= 22.2 
hours). A second measurement (Mt2) was carried out after storing the sample for more than 42 
hours, but less than 350 hours. 

In addition, radionuclides of the 238U, 232Th and 235U decay series were analyzed in an external cer-
tified laboratory. The activities of 238U, 234U, 230Th, 226Ra, 210Po, 235U, 227Ac, 223Ra, 232Th, 228Th and 
224Ra in the Bruchsal brine were measured by alpha spectrometry. 228Ra was measured by beta 
counting. The accuracy of the gamma spectrometric method was checked by alpha spectrometry. 
Moreover, activities of uranium and thorium isotopes were determined which is not possible by 
gamma spectrometric measurements alone due to low U-Th-activities in the brine samples.  

Reflecting the sample point at well head, the radionuclide activities measured in the lab were cor-
rected by considering the travel time of produced fluids from reservoir to surface (lag time correc-
tion) as well as the elapsed time since fluid sampling.  

Brine density was calculated according to Mao and Duan (2008), considering reservoir temperature 
and pressure as well as the molality of the NaCl brine (T = 135 °C, p= 250bar, M(NaCl) = 2.1 
mol/kg). The resulting brine density is 1023.24 kg/m³. The activities of dissolved radionuclides are 
reported as disintegration rate per fluid-mass (atoms s-1 kg-1).  
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Table 4.1: Overview of the nuclides used for determining Ra activities in the Bruchsal brine. Data about gamma ray 

energies (EJ) and intensities (IJ) originate from Condomines et al. (2010).  

Nuclide of 
interest 

Half-life Measured 
nuclide 

EJ (keV) IJ (%) Interfering 
nuclide 

EJ  
(keV) 

IJ (%) 

226Ra 1,600 y 226Ra 186.21 3.59    
  214Pb 242.00 7.12    
   295.22 18.15    
   351.93 3.51 211Bi 351.06 12.91 
  214Bi 609.31 44.60    
   1,120.29 14.70    
   1,764.49 15.10    
228Ra 5.75 y 228Ac 338.32 11.27 223Ra 338.28 2.79 
   911.07 25.80    
   968.90 15.80    
224Ra 3.66 d 212Pb 238.63 43.30    
  208Tl 583.19 30.37    
223Ra 11.0 d 223Ra 154.30 5.62 228Ac 153.98 0.72 
   269.60 13.73 228Ac 270.25 3.46 
     219Rn 271.23 10.8 

4.3.2 Calculation of Ra activities from gamma spectrometry 

4.3.2.1 226Ra 

The 226Ra activity was directly determined using its gamma ray energy at 186.2 keV. A possible 
interference with 235U (185.7 keV) is negligible due to the low uranium activity shown by high 
resolution ICP-MS. Alternatively, the gamma-peaks of 214Pb and 214Bi (daughters of 226Ra and 222Rn, 
respectively) can be used to calculate the 226Ra activity. In this case, the measurement can be per-
formed after 20 days at the earliest, because this time is required to reach secular radioactive equi-
librium (assuming no radon loss).  

 

4.3.2.2 223Ra 

154.3 keV gamma ray energy was used to determine the 223Ra activity. Here the presence of an 
interfering peak from 228Ac has to be considered (cf. Table 4.1). According to Condomines et al. 
(2010), 223Ra activity based on the 154.3 keV peak can be corrected by:  
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( 𝑅𝑎223 ) = 𝐶
𝐶

∙ ( 𝑅𝑎)223
𝑆 + ( 𝐴𝑐)228

𝑆 ∙ 𝜀 𝐼 ,

𝜀 𝐼 ,
− ( 𝐴𝑐228 ) ∙ 𝜀 𝐼 ,

𝜀 𝐼 ,
  (4.1) 

where ( 𝑅𝑎223 ) and ( 𝐴𝑐228 ) are average activities integrated over the counting time. 𝐶 and 𝐶𝑆 are the 
counts for the sample and the standard, respectively. 𝜀𝐴𝑐 and 𝜀𝑅𝑎 are the apparent efficiencies for 
228Ac and 223Ra. 𝐼 ,𝐴𝑐 and 𝐼 ,𝑅𝑎 are gamma-ray intensities (cf. Table 4.1). 

 

4.3.2.3 228Ra and 224Ra  
228Ra and 224Ra are part of the decay scheme of the 232Th decay series (cf. Fig. 4.1). Measurements 
of both Ra isotopes include the count rates of their short-lived daughters 228Ac (t1/2 = 6.13 h) and 
212Pb (t1/2 = 10.64 h) which evolve through time during counting. The time-dependent evolution 
of the thorium decay series radionuclides is illustrated in Fig. 4.3 and can be described by a system 
of coupled differential equations. 

 

Fig. 4.3: Several successive transformations within the 232Th decay series for the Bruchsal brine: The dotted lines 

represent the simulated time-depended evolution over activities of 228Ra and its daughters (228Ra o 228Ac o 228Th o 
224Ra). Time after sampling (t) is found on the x-axis. Measured activities at the times of measuring t1 and t2 are plotted 

as dots. Calculations were performed by means of a CAS software (PTC Mathcad). 

Their general solution was first given by Bateman (1910). A radioactive decay chain (N1 o N2 o 
… o Ni) with the decay constant Oi can be described by the following differential equations: 
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𝑑𝑁1

𝑑𝑡
= −𝜆1𝑁1 (4.2a) 

𝑑𝑁𝑖

𝑑𝑡
= 𝜆𝑖−1𝑁𝑖−1 − 𝜆𝑖𝑁𝑖           (𝑖 = 2, 𝑛) (4.2b) 

Assuming zero concentrations of all daughters at time zero 

𝑁1(0) ≠ 0 and 𝑁𝑖(0) = 0 when 𝑖 > 1 (4.3) 

Bateman (1910) expressed the concentration of nth radionuclide after time 𝑡 as: 

𝑁𝑛(𝑡) = 𝑁 (0)
𝜆

∑ 𝜆𝑖𝛼𝑖
𝑛
𝑖=1 𝑒𝑥𝑝[−𝜆𝑖𝑡]   (4.4) 

where the coefficients are calculated by  

𝛼𝑖 = ∏ 𝜆
(𝜆 −𝜆 )

𝑛
𝑗=1    (𝑗 ≠ 𝑖)  (4.5) 

Degering and Köhler (2011) adjusted Eqn. (4.4) to the time averaged activity expressed as  

𝐴𝑖(𝑡𝑑, Δ𝑡) =
1

Δ𝑡
𝐴𝑖(𝑡)𝑑𝑡 = 𝛼𝑖𝑗𝜏 (𝑡𝑑, Δ𝑡)

𝑖

𝑗=1

𝑡 +Δ𝑡

𝑡
 (4.6) 

where 

𝜏 (𝑡𝑑, Δ𝑡) =
1

Δ𝑡𝜆𝑗
𝜏𝑗(𝑡𝑑)(1 − 𝜏𝑗(Δ𝑡) (4.7) 

𝜏𝑗(𝑡) = 𝑒−𝜆 𝑡 (4.8) 

The mathematical solution for the Bruchsal site was computed by employing Mathcad®. For better 
understanding, index notation of 228Ra = A1; 228Ac = A2, 228Th = A3 and 224Ra = A4 are used from 
here on.  

The activity of 228Ra at sampling time (t = 0) was determined from the 228Ac activity after a waiting 
period td of minimum 42 hours after sampling: 

𝐴1(0) = 𝐴 (𝑡 ,∆𝑡)
𝜏 (𝑡 ,∆𝑡)

  (4.9) 
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224Ra was determined gamma-rays emitted by the daughter nuclides 212Pb (238.6 keV) and 208Tl 
(583.1 keV) with the 212Pb/224Ra ratio reaching a steady state value of 1.14 after ca. 100 hours: 

𝐴 (0) =
1

𝜏 (𝑡𝑑, ∆𝑡)
(𝐴 (𝑡𝑑, ∆𝑡) − (𝑐1𝐴1(0) + 𝑐3𝐴3(0)) (4.10) 

𝑐1 = 𝛼 1𝛼31 𝜏1(𝑡𝑑, ∆𝑡) − 𝜏 (𝑡𝑑, ∆𝑡) − 𝛼 3𝛼31(𝜏3(𝑡𝑑, ∆𝑡) − 𝜏 (𝑡𝑑, ∆𝑡)) (4.11) 

𝑐3 = 𝛼 3(𝜏3(𝑡𝑑, ∆𝑡) − 𝜏 (𝑡𝑑, ∆𝑡))  (4.12) 

𝑐 = 𝜏 (𝑡𝑑, ∆𝑡) (4.13) 

4.4 Results 

4.4.1 Major and trace elements  

Field parameter and major and minor element data are reported in 

Table 4.2. The Bruchsal brine is highly concentrated in chloride, sodium and other alkali metals 
and alkaline earth metals, containing up to 131 g/l of total dissolved solids (TDS). Furthermore, 
the brine is enriched in sulfate and hydrogen carbonate as well as heavy metals such as lead, arsenic, 
and cadmium. In contrast, the concentration of organic compounds is low. Eh-pH conditions are 
difficult to determine because of the change in pressure and temperature between reservoir and 
the sampling location at ground level. At the sampling point, pH values range between 5.0 and 5.9 
[], while Eh values are relatively constant at ca. 81 mV (on average). 

Table 4.2: Physical parameters and chemical composition of the Bruchsal geothermal fluid. Mean values are based on 

the analysis of 32 samples.  

 Flow rate  
[l/s] 

Tsampling  

[°C] 
Conductivity 

at 25 °C 
[mS/cm] 

pH  
[] 

Eh  
[mV] 

TDS  
[g/l] 

mean 25.5 21.5 155.6 5.3 81 131 

min 23.3 18.7 152.5 5.0 91 127 

max 29.5 26.0 158.1 5.9 72 135 
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4.4.2 U-Th decay series radionuclides 

Results of the investigated radionuclides are listed in Table 4.3. Relative uncertainties are quoted in 
percentage as two-standard deviations based on counting statistics. Generally, Ra (226Ra, 228Ra, 224Ra, 
223Ra), Rn (222Rn) and Pb (210Pb, 212Pb) are rather mobile in geothermal brine, while U (238U, 234U, 
235U), Th (232Th, 228Th, 230Th), Po (210Po) and Ac (227Ac, 228Ac) are less mobile e.g. due to their ad-
sorptive behavior or co-precipitation (Hammond et al, 1988). Consequently, significant radioactive 
disequilibria form within the natural decay series (Fig. 4.4)  

Activities of Th (230Th, 232Th and 228Th) and U (238U, 234U, 235U) isotopes in brine were below the 
limit of analytical determination. This suggests that in the reservoir uranium preferentially exists in 
the tetravalent state, forming insoluble phases such as UO2 and USiO4. Thorium is only stable in 
the tetravalent state, irrespective of the redox conditions, uranium requires a reducing environment 
to become tetravalent as in deep geothermal reservoirs (Attendorn and Bowen, 1997).  

 

 K  
[mg/l] 

Na  
[mg/l] 

Ca  
[mg/l] 

Mg  
[mg/l] 

Cl  
[mg/l] 

SO4  
[mg/l] 

mean 3,523 40,543 9,478 397 74,910 339 

min 3,309 38,134 9,052 361 73,250 299 

max 3,642 42,765 9,956 437 76,166 492 
 

 Sr  
[mg/l] 

Ba  
[mg/l] 

Br  
[mg/l] 

HCO3  
[mg/l] 

Fe  
[mg/l] 

Fe2+  
[mg/l] 

mean 387 9.2 312 341 50.1 32.7 

Min 362 6.7 284 255 49.2 26.3 

max 400 9.6 341 374 51.5 44.4 
 

 Fe3+  
[mg/l] 

Mn  
[mg/l] 

Pb  
[mg/l] 

As  
[mg/l] 

Al  
[mg/l] 

Cd  
[mg/l] 

mean 19.4 25.7 3.0 9.7 1.8 0.2 

min 12.2 23.6 1.5 6.0 1.1 0.1 

max 24.0 27.5 5.5 12.0 2.6 0.4 
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Table 4.3: 238U, 232Th and 235U decay series radionuclides in the Bruchsal brine samples. Relative uncertainties are 

quoted in percentage (± 2σ from counting statistics).  

Decay series Radionuclide 
Specific activity  
(Bq kg-1) 

Relative uncer-
tainty (%) 

Number of 
samples 

Method 

Uranium 
series 

238U 0.012 59 1 D-spectrometry 

234U 0.01 66 1 D-spectrometry 

230Th < 0.08  1 D-spectrometry 

226Ra 29.0 8.3 13 J- spectrometry 

222Rn 37.8 7.4 1 J- spectrometry 

210Pb 25.8 26 12 J- spectrometry 

210Po < 0.1  1 D-spectrometry 

Actinium  
series 

235U < 0.004  1 D-spectrometry 

227Ac < 0.1  1 D-spectrometry 

223Ra 0.47 60 13 J- spectrometry 

Thorium 
series 

232Th < 0.01  1 D-spectrometry 

228Ra 15.9 5.8 13 J- spectrometry 

228Ac 6.1 27 2 J- spectrometry 

228Th < 0.02  1 D-spectrometry 

224Ra 10.3 7.5 13 J- spectrometry 

212Pb 15.7 6.4 2 J- spectrometry 

In contrast, high levels of activity were observed for Ra isotopes (226Ra, 228Ra, 224Ra, 223Ra), 222Rn 
and Pb isotopes (210Pb, 212Pb). Their activities are several orders of magnitude higher than those of 
their thorium progenitors. 222Rn, is in slight excess relative to its parent 226Ra.  

Isotopes of Pb (210Pb and 212Pb) have high solubilities resulting in fluid activities > 15 Bq kg-1. 210Pb 
(A210Pb = 25.8 Bq kg-1) was found to be deficient relative to its progenitors 222Rn (A222Rn = 37.8 Bq 
kg-1) and 226Ra (A226Ra = 29.0 Bq kg-1), but still in the same order of magnitude indicating that Ra, 
Rn and Pb have a comparable mobility in the Bruchsal geothermal system.  

The activity of 210Po is below the limit of determination. The low 210Po activity in comparison to 
its parent 210Pb suggests removal of 210Po from the brine. The same applies to isotopes of actinium: 
The short-lived 228Ac (A228Ac = 6.1 Bq kg-1) of the thorium decay series is deficient relative to its  
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Fig. 4.4: Uranium and thorium series disequilibria: specific activity of 238U and 232Th and their decay products meas-

ured in the Bruchsal brine. Error bars represent uncertainties due to counting statistics (r 2𝜎). 230Th, 210Po, 233Th and 
228Th activities are upper limits. Radionuclide movement down the decay chain is from left to right.  

parent 228Ra (A228Ra = 15.9 Bq kg-1). 227Ac, an isotope of the 235U decay series, was found to have a 
lower activity than its daughter 223Ra indicating the rapid depletion of 227Ac from brine. 

The rock/brine activity ratio (Rc) is a measure of the relative mobility of the isotopes (Zukin et al., 
1987). Values for Rc were determined based on analyses of brine (Table 4.3) and rock samples from 
borehole cuttings (Kölbel et al. 2020). The results are summarized in Table 4.4. High Rc values in 
the order of magnitude of 102 for isotopes of U (238U, 234U, 235U) and Th (232Th, 228Th, 230Th) reflect 
the affinity of the nuclides to the surface of the solids for both elements. In turn, isotopes of Ra 
(226Ra, 228Ra, 224Ra, 223Ra) and Pb (210Pb and 212Pb) have lower Rc values and therefore, a relatively 
high mobility in the investigated geothermal system is implied.  
228Th (a decay product of 232Th) has a rather low Rc value compared to 232Th. This reflects a better 
accessibility of 228Th to the geothermal brine because of the good solubility of its 228Ra progenitor. 
Following the decay of 228Ra, 228Th is adsorbed onto grain surfaces producing a comparatively high 
activity compared to the activity of the 232Th isotope. 

In summary, isotopes of thorium, polonium and actinium generally display low levels of activity in 
the brine as a result of their poor solubility. The processes of removal of the above isotopes from 
solution are most likely adsorption and/or co-precipitation. 
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Table 4.4: Rc values of Th-U decay series radionuclides. Rc is defined as the ratio of rock activity relative to average 

fluid activity (cf. Table 4.3).  

Isotope Rock activity  
(Bq kg-1) 

Rc values Half-life 

238U 18.0 1.5 x 103 4.47 x 109 y 
235U 0.8 > 2.1 x 102 7.04 x 108 y 
234U 19.0 1.9 x 103 2.46 x 105 y 
232Th 17.0 > 1.7 x 103 1.41 x 1010 y 
230Th 19.0 > 2.4 x 102 7.54 x 104 y 
228Th 19.0 > 9.5 x 102 1.91 y 
226Ra 43.0 1.5  1600 y 
228Ra 17.0 1.1 5.75 y 
223Ra 0.8 1.8  11.43 d 
224Ra 19.0 1.7 3.66 d 
210Pb 37.0 1.4 22.30 y 
212Pb 19.0 1.2 10.64 h 

4.4.3 Radium isotopes  

Radium isotopes (226Ra, 228Ra, 224Ra, 223Ra) were measured several times during power plant opera-
tion. Radium activities as well as activity ratios of Ra isotopes (228Ra/226Ra, 224Ra/228Ra, 223Ra/226Ra) are 
listed in Table 4.5. 

The highest activities range from 27 to 32 Bq kg-1 and are identified for the long-lived 226Ra isotope. 
228Ra, 224Ra and 223Ra activities show lower values that vary between 15 and 17 Bq kg-1, 9 and 12 Bq 
kg-1, and 0.3 and 0.7 Bq kg-1, respectively. Variation in activity levels of the radium isotopes are 
likely a consequence of analytical uncertainties and steady state in activities of the radium isotopes 
can be assumed.  

This observation is also made with the activity ratios of radium that are principally constant within 
2σ analytical uncertainties during the period of sampling: 228Ra/226Ra, 224Ra/228Ra and 223Ra/226Ra 
ratios display mean values of 0.55 ± 0.07, 0.65 ± 0.07 and 0.02 ± 0.01.  

Gamma spectrometry results from earlier analysis (cf. Table 4.6), however, indicate that Ra activity 
in brine has increased over the past years. This particularly applies to 226Ra and 228Ra whose activities 
both increased by 25 % resulting in a constant 228Ra/226Ra ratio (0.53 ± 0.09 in 1986 and 0.55 ± 
0.07 in 2016/17). However, the short-lived 224Ra activity has been more or less stable since 1986 
resulting in a decrease in the 224Ra/228Ra activity ratio over the past 30 years from 0.75 in 1986 to 
0.65 in 2016. 
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Table 4.5: Radium activities and activity ratios in brine collected from GB2 well (measurement campaign 2016/2017). 

Measured values are reported in Bq kg-1. The quoted errors are 2σ-deviations derived from counting statistics.  

Sample  
No. 

Sampling  
date 

226Ra 228Ra 224Ra 223Ra 228Ra/226Ra 224Ra/228Ra 223Ra/226Ra 

GB2-p1z1-
001 

13.10.2016 28.8  
± 2.4 

15.2  
± 0.8 

10.6  
± 0.6 

0.41  
± 0.25 

0.53  
± 0.07 

0.70  
± 0.08 

0.01  
± 0.01 

GB2-p1z1-
002 

18.10.2016 27.6  
± 2.6 

14.9  
± 0.8 

10.0  
± 0.4 

0.37  
± 0.22 

0.54  
± 0.08 

0.67  
± 0.06 

0.01  
± 0.01 

GB2-p1z1-
003 

24.10.2016 28.1  
± 2.4 

15.5  
± 0.8 

10.4  
± 0.4 

0.48  
± 0.29 

0.55  
± 0.08 

0.67  
± 0.06 

0.02  
± 0.01 

GB2-p1z1-
004 

28.10.2016 29.3  
± 2.8 

16.4  
± 0.9 

11.5  
± 0.6 

0.53  
± 0.32 

0.56  
± 0.08 

0.70  
± 0.08 

0.02  
± 0.01 

GB2-p1z1-
005 

04.11.2016 27.2  
± 2.2 

16.1  
± 0.8 

9.0  
± 2.0 

0.74  
± 0.44 

0.59  
± 0.08 

0.56  
± 0.15 

0.03  
± 0.02 

GB2-p1z1-
006 

16.11.2016 28.0  
± 2.4 

15.3  
± 0.8 

10.4  
± 0.6 

0.51  
± 0.31 

0.55  
± 0.08 

0.68  
± 0.07 

0.02  
± 0.01 

GB2-p1z1-
007 

17.01.2017 29.5  
± 2.4 

15.5  
± 0.8 

10.1  
± 0.8 

0.61  
± 0.37 

0.53  
± 0.07 

0.65  
± 0.09 

0.02  
± 0.01 

GB2-p1z1-
008 

04.04.2017 30.3  
± 2.2 

16.0  
± 0.7 

10.3  
± 0.4 

0.32  
± 0.19 

0.53  
± 0.06 

0.64  
± 0.05 

0.01  
± 0.01 

GB2-p1z1-
009 

11.04.2017 32.0  
± 2.4 

16.7  
± 0.9 

9.7  
± 1.0 

0.36  
± 0.22 

0.52  
± 0.07 

0.58  
± 0.09 

0.01  
± 0.01 

GB2-p1z1-
010 

27.04.2017 29.9  
± 2.4 

16.0  
± 0.8 

10.6  
± 0.6 

0.44  
± 0.26 

0.54  
± 0.07 

0.66  
± 0.07 

0.02  
± 0.01 

GB2-p1z1-
011 

02.05.2017 27.8  
± 2.4 

16.4  
± 0.8 

10.7  
± 0.4 

0.50  
± 0.30 

0.59  
± 0.08 

0.65  
± 0.06 

0.02  
± 0.01 

GB2-p1z1-
012 

08.05.2017 28.9  
± 2.4 

16.2  
± 0.8 

11.1  
± 0.4 

0.43  
± 0.26 

0.56  
± 0.07 

0.69  
± 0.06 

0.02  
± 0.01 

GB2-p1z1-
013 

15.05.2017 30.0  
± 2.4 

16.1  
± 0.8 

10.1  
± 0.4 

0.45  
± 0.27 

0.54  
± 0.07 

0.63  
± 0.06 

0.02  
± 0.01 
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Table 4.6: Radium activities (Bq kg-1) and their ratios measured in August 1986 from a brine sample collected from 

GB2 production well. Reported errors are 2σ uncertainties. Data are provided by EnBW and corrected to the site-

specific fluid density of ρb = 1023.24 kg/m3.  

 Radium Activity in brine 

Ra isotopes 224Ra 9.1 ± 1.6 

 228Ra 12.1 ± 1.1 

 226Ra 22.9 ± 1.8 

Isotopic ratio 224Ra/228Ra 0.75 ± 0.20 

 228Ra/226Ra 0.53 ± 0.09 

4.5 Modelling the disequilibria in water-rock systems 

Water-rock interaction processes in the Bruchsal geothermal reservoir were mathematically mod-
elled based on Ku et al. (1992). This model allows for physico-chemical reactions as well as advec-
tive transport. The model is robust in terms of input parameters and focuses on the simulation of 
the behavior of radium in the rock-brine environment. Employment of the various radium isotopes 
provides a way of quantifying relevant parameters of the water-rock system due to their wide range 
of half-lives.  

Theoretically, the model can be applied to all elements with numerous instable isotopes such as U 
(238U, 235U, 234U) and Th (234Th, 232Th, 231Th, 230Th, 228Th, 227Th). However, Th-U isotopes are not 
used in this study due to their poor solubility in the Bruchsal brine and the resulting lack of data.  

4.5.1 Model assumptions suggested by Ku et al. (1992) 

The processes of sorption-desorption and dissolution-precipitation of radionuclides are deter-
mined by reaction kinetics. Ku et al. (1992) subdivided three “pools” in which radionuclides can 
reside: the dissolved, adsorbed, and solid pool.  

Fig. 4.5 depicts a schematic representation of the conceptual model including water-rock interac-
tion processes and the three different “pools”. Model parameters are listed in Table 4.7.  
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Fig. 4.5: Schematic representation of the water-rock interaction model suggested by Ku et al. (1992). Reversible and 

irreversible processes are indicated by arrows with solid and dashed lines. The figure is reworked in accordance to Ku 

et al. (1998).  

Table 4.7: Parameters used in the water-rock interaction model.  

Symbol Parameter SI units 

𝐴 Specific activity of a dissolved radionuclide  Bq kg-1 

𝐴∗ 
Specific activity of a dissolved radionuclide originated from diffusional 
flux  

Bq kg-1 

𝐴𝑎 Specific activity of an adsorbed radionuclide  Bq kg-1 

�̅� Specific activity of a radionuclide in solids Bq kg-1 

𝐶 Concentration of a dissolved radionuclide atoms kg-1 

𝐶𝑖 Initial concentration of a dissolved radionuclide atoms kg-1 

𝐷  Diffusion coefficient of a radionuclide  m2 s-1 

𝐹 Diffusional flux of a nuclide into larger fractures Bq m-2 

𝑒𝑅𝑎 Radium recoil efficiency relative to 222Rn - 

𝜀𝑖 Recoil efficiency for nuclide i - 

𝜙 Porosity of the aquifer - 

𝑘1 First-order adsorption rate constant s-1 

𝑘2 First-order desorption rate constant s-1 

𝑘𝑝 First-order precipitation rate constant s-1 

𝑘𝑤 First-order dissolution rate constant s-1 

𝐾 Dimensionless distribution coefficient - 
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Symbol Parameter SI units 

𝐾𝑑 Distribution coefficient L kg-1 

𝜆 Radioactive decay constant of radionuclide s-1 

𝑀  Mass of brine  kg m-3 

𝑀𝑟 Mass of rock  kg m-3 

𝑃 Supply rate of radionuclide to brine Bq kg-1 

𝑃𝑑 Supply rate of radionuclide to brine by desorption Bq kg-1 

𝑃𝑟  Supply rate of radionuclide to brine by alpha recoil Bq kg-1 

𝑃𝑟
∗ 

Supply rate of radionuclide to brine by alpha recoil in consideration of 
diffusional flux 

Bq kg-1 

𝑃𝑤 Supply rate of radionuclide to brine by dissolution process Bq kg-1 

𝑄 Supply rate of radionuclide by water flow Bq kg-1 

𝑟 Recoil distance m 

𝑅  Retardation factor due to adsorption and desorption - 

𝑅∗ 
Retardation factor due to precipitation as well as adsorption and desorp-
tion 

- 

𝜌  Fluid density kg m-3 

𝜌𝑠 Density of aquifer solid kg m-3 

𝑆 
Surface area of solids, expressed as area of solid per volume of fluid con-
tacting the solids 

m2 m-3 

𝑆𝑎 Scavenging rate of radionuclide from brine by adsorption to rock surfaces Bq kg-1 

𝑆𝑝 
Scavenging rate of radionuclide from brine by co-precipitation with min-
erals 

Bq kg-1 

𝜏  Transit time of brine in the aquifer s 

𝜏𝑝,𝑖 Mean time for nuclide i in solution to precipitate in minerals s 

𝜏𝑤,𝑖 Mean time for leach nuclide i from solid phases s 

𝑤  Fracture width  m 

𝑣  Advection velocity of fracture fluid  m s-1 

𝑥 Distance m 

′ Superscript referring to radioactive parent - 

 

Ku et al. (1992) defined the following model assumptions:  

(1) In the dissolved “pool”, radionuclides are exchangeable with those in the adsorbed 
pool, but not with those in the solid “pool”. 

(2) Transfer of radionuclides between the dissolved and solid “pools” is achieved in par-
ticular by dissolution, co-precipitation and alpha recoil. 
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(3) Dissolution and precipitation are considered irreversible because dissolved nuclides 
have limited and very slow communication with the solid “pool” which is located fur-
ther inside the rock matrix. 

(4) Alpha-recoil input from the adsorbed and dissolved “pools” to the solid “pool” is neg-
ligible. 

(5) Distributions of radionuclides in solid, adsorbed, and dissolved “pools” remain station-
ary. 

4.5.2 Governing equations  

Based on mass balance, the activity of a given radionuclide dissolved in a volume of brine with a 
constant density can be expressed as (Lou et al., 2000): 

𝑄 + 𝑃𝑟 + 𝑃𝑤 + 𝑅 𝐴 = 𝑘𝑝𝐶 + 𝑅 𝐴  (4.14) 

where 

 

𝑄  Supply rate by water flow, atoms kg-1 s-1  

𝑃𝑤  Supply rate of radionuclide to fluid by dissolution, atoms kg-1 s-1 

𝑃𝑟  Supply rate of radionuclide to fluid by alpha recoil, atoms kg-1 s-1 

𝑅   Retardation factor due to adsorption and desorption; dimensionless  

𝐴  Radionuclide activity in brine, atoms kg-1 s-1 (= 𝜆𝐶) 

𝑘𝑝  First-order precipitation rate constant; s-1 

𝐶  Radionuclide concentration in brine, atoms kg-1 

′  Superscript referring to the radioactive parent 

 

The retardation factor 𝑅  is formulated as follows (Krishnaswami et al., 1982) 

𝑅 = 1 + 𝐾 = 1 +
𝑘1

𝑘2 + 𝜆
 (4.15) 

where 

 𝜆  radioactive decay constant of radionuclide, s-1 
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𝐾  dimensionless distribution coefficient  

𝑘1  first-order adsorption rate constant, s-1 

𝑘2  first-order desorption rate constant, s-1 

For all radium isotopes whose thorium parents are quite insoluble in the geothermal fluid, 𝑅 𝐴  is 
negligible 

𝑄 + 𝑃𝑟 + 𝑃𝑤 = 𝑘𝑝𝐶 + 𝑅 𝐴 (4.16) 

Furthermore, processes of dissolution and precipitation will not influence the activity of short-
lived radionuclides and thus, by setting PW = 0 and kpC = 0, Eqn. (4.16) may be simplified to 

𝑄 + 𝑃𝑟 = 𝑅 𝐴 (4.17) 

where 

𝑄 =
(𝐶𝑖 − 𝐶)

𝜏
 (4.18) 

Ci and C are initial and measured concentrations, respectively, and 𝜏  is the transit time of brine in 
the aquifer. Positive or negative values of Q denote net gain or loss due to fluid flow, i.e. advective 
transport (Luo et al., 2000). 

 

4.5.2.1 Alpha recoil  

Alpha recoil describes a process in which a radioactive daughter is mobilized from its initial position 
by the energy of an alpha decay (Sun and Semkow, 1998). During the decay, an atomic nucleus 
emits an alpha particle. The released ionizing radiation has an energy content of 4–6 MeV. Because 
of the law of conservation of momentum, the emitted alpha particle and recoiling nucleus will each 
have a well-defined energy after the decay. Because of its smaller mass, most of the kinetic energy 
is transferred to the alpha particle. The recoiling nucleus will have a kinetic energy in the order of 
100 keV (Sun and Semkow, 1998). Nevertheless, the energy transfer to the decay product is high 
enough to shift atoms that are close to the mineral surface out of the mineral grain into the pore 
space (Fig. 4.6). The probability of recoiling out of mineral grains depends on the isotope recoil 
distance and the number of previous alpha decays. While 228Ra is directly formed by the decay of 
228Th, 226Ra is formed by three alpha decays of 238U. Thus, the probability of 226Ra to end up in the 
fluid by alpha recoil is significantly greater than the probability for 228Ra due to the greater amount 
of the three alpha energies.  
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Fig. 4.6: Schematic diagram of alpha recoil mechanism. Mobilization of a radioactive daughter from its initial position 

by the energy of an alpha decay. Arrow size reflects energy content.  

Alpha recoil supply rates (𝑃𝑟) for radium isotopes can be estimated from the activities of the decay 
series progenitors (238U, 235U and 232Th) in the adjoining rock expressed as (e.g. Kigoshi, 1971): 

𝑃𝑟 = 𝐴 𝜀𝑖 𝑟 𝑆 𝜌𝑠 (4.19) 

where 𝐴  is the parent activity in solids (atoms kg-1 s-1), r is the recoil distance (Å), εi is the recoil 
efficiency for nuclide i (), S is the surface area of solids, expressed as area of solid per volume of 
fluid contacting the solids (m2 m-3) also called flow wetted surface and 𝜌𝑠 is the density of solid (kg 
m-3).  

For the geothermal site in Bruchsal, the average progenitor activities (𝐴 ) in the reservoir section 
are 238U = 18.0 Bq kg-1, 232Th = 17.0 Bq kg-1 and 235U = 0.8 Bq kg-1 (Kölbel et al., 2020). Surface 
area per mass is about 2000 m2 kg-1 for the Permo-Triassic sandstones (Heap et al., 2019). This 
corresponds to a flow wetted surface of 1.0 x 108 m2 m-3 based on a porosity of 0.05. Sun and 
Semkow (1998) published data of Ra recoil distances of 800 Å in the surface zone of quartz ob-
tained from Monte Carlo simulations (Table 4.8). Since recoil efficiencies for radium isotopes are 
not that easy to determine, εi is part of the discussion. 

 

4.5.2.2 Retardation factor and distribution coefficient 

The retardation factor Rf describes the flow rate of the fluid relative to the rate of migration of a 
radionuclide in the flow (Ku et al., 1992). The separation between the adsorbed and dissolved 
nuclides through chemical exchanges might be stated by the dimensionless distribution coefficient 
K (Krishnaswami et al., 1987):  
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Table 4.8: Average and maximum recoil distances of radium isotopes in quartz which is chosen as the host due to the 

mineralogical composition of the aquifer. Data originate from Sun and Semkow (1998).  

Decay Average distance (Å) Maximum distance (Å) 

230Th → 226Ra 370.3 663.2 

232Th → 228Ra 331.3 609.8 

228Th → 224Ra 406.6 763.3 

𝐾 = 𝐴
𝐴

  (4.20) 

Where Aa is the activity of an adsorbed radionuclide (atoms per equivalent fluid-volume) and A is 
the radionuclide activity dissolved in solution (atoms per fluid-volume).  

Since distribution coefficients are usually determined by adsorption-desorption experiments in the 
laboratory and therefore, expressed in units of volume per mass, K can be derived from  

𝐾 = 𝐾𝑑
𝜌𝑠(1 − 𝜙)

𝜙
 (4.21) 

where 

𝐾𝑑 distribution coefficient, volume mass-1;  

𝜌𝑠 density of aquifer solids, mass solid volume-1;  

𝜙  porosity of the aquifer, dimensionless.  

 

Krishnaswami et al. (1992) expressed Rf and K in terms of adsorption and desorption rate constants, 
k1 and k2: 

𝑅 = 1 + 𝐾 =
𝑘1 + 𝑘2 + 𝜆

𝑘2 + 𝜆
=

1
Ω

 (4.22) 

𝑘1 =
𝜆𝑖 − 𝜆𝑗 (1 − Ω𝑖) 1 − Ω𝑗

Ω𝑖 − Ω𝑗
 (4.23a) 

𝑘2 =
Ω𝑖Ω𝑗 𝜆𝑗 − 𝜆𝑖 + 𝜆𝑖Ω𝑗 − 𝜆𝑗Ω𝑖

Ω𝑖 − Ω𝑗
 (4.23b) 

where i and j refer to two isotopes of the same element and Ω is the ratio of the activity of a nuclide 
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in solution, λC, to its rate of production P: 

Ω =   (4.24) 

Since these authors did not consider dissolution processes, the supply rate P only includes recoil 
(Pr) and in-situ production (λ‘C’) and thus, this model is only valid for radionuclides with half-lives 
less than 10 years (Appendix 1, Krishnaswami et al., 1982). 

 

4.5.2.3 Precipitation and dissolution  

The role of precipitation and dissolution processes becomes more apparent for longer-lived radi-
onuclides. Rate constants for precipitation and dissolution may be calculated by the mass balances 
of radium isotopes.  

Hammond et al. (1988) defined radium input to brine by dissolution processes, Pw (atoms s-1 kg-1), 
by the following equation:  

𝑃𝑤 =
𝑘𝑤�̅�

𝜆
 (4.25) 

where �̅� is the radium activity in rocks (atoms kg-1 s-1), kw is the first-order rate constant for disso-
lution (s-1), and λ is the decay constant of the respective radium isotope (s-1). 

The converse process, radium co-precipitation with minerals, Sp (atoms s-1 kg-1), can be expressed 
by 

𝑆𝑝 = 𝑘𝑝𝐶 (4.26) 

where kp is the first-order rate constant for precipitation (s-1) and C the concentration in brine 
(atoms kg-1).  

4.6 Model performance  

The introduced mass balance approach was modeled using Mathcad®, a numerical software with 
computer algebra system (CAS) capabilities. In order to check the CAS approach, MIN3P, a mul-
ticomponent reactive transport code, was employed (Mayer at al., 2002). 

MIN3P is a general-purpose flow and reactive transport code for variably saturated media provid-
ing a high degree of flexibility with respect to the definition of the reaction network. Advective-
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diffusive transport in the water phase and diffusive transport in the gas phase are included. Equi-
librium reactions considered are aqueous complexation, gas partitioning between phases, oxida-
tion-reduction, ion exchange, and surface complexation. The reaction network is designed to han-
dle kinetically controlled intra-aqueous and dissolution-precipitation reactions.  

All reactions can be defined through databases of MINTEQA2 (Allison at al., 1991) and 
PHREEQC2 (Parkhurst and Appelo, 1999). 

Table 4.9 lists the set of data that were used for the comparison. Input parameters correspond to 
the physical parameters of the Bruchsal site which are required for reactive transport modelling 
(Joachim et al., 1987). 

Table 4.9: Site specific input parameter used for the model comparison between Mathcad® and MIN3P. Data from 

Joachim et al. (1987).  

Parameter Symbol Unit Value 

Porosity 𝜙 - 0.05 

Hydraulic conductivity 𝑘  m s-1 4.3 x 10-6 

Darcy velocity 𝑣  m s-1 3.2 x 10-8 

Longitudinal dispersion α𝐿 m 0.1 

4.6.1 Recoil mechanism 

Since MIN3P treats the recoil mechanism as an intra-aqueous reaction, recoil supply rates were 
specified in the respective database file. Assuming that short-lived nuclides are mainly controlled 
by alpha recoil, 224Ra was used as an example to test the accuracy of the recoil term. Fig. 4.7 illus-
trates the results of the comparison between MIN3P and Mathcad®.  

4.6.2 Kinetic approach for solid solutions 

Co-precipitation of radium with barite is an important process affecting radionuclide reactive 
transport in rock formations. It is generally described using a solid solution model (Parkhurst and 
Appelo, 2013). Commonly, geochemical equilibria are quantified by the law of mass action. A suit-
able example is given by the reaction of two components A and B with their stoichiometric con-
stants a and b. Considering A and B as the aqueous components and AB as the solid phase com-
ponents (aA + bB  ⇌ AB) leads to the equilibrium constant 
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𝐾𝑒 = {𝐴} {𝐵}
{𝐴𝐵}   (4.27) 

where brackets {} represent the activity of the components. For the condition of a homogeneous 
solid, its activity is assumed unity, hence Eqn. (4.27) is simplified to Keq = {A}a {B}b, generally 
known as the solubility product of AB.  

 

Fig. 4.7: Comparison of MIN3P and CAS model for one dimensional transport of 224Ra along a flow line, calculated 

at different half-lives (t1 = 0.5 t1/2; t2 = 2 t1/2; t3 = 45 t1/2).  

For a solid solution, i.e. a mixture of several constituents, this simplification does not hold. The 
specific solid phase activity becomes dependent on its mole fraction Xi, yielding a set of concurrent 
equations. For simplicity, we neglect a potential non-ideality within the solid mixture, which would 
require the introduction of non-unity activity coefficients. It might as well be noted that often Keq 
is defined in a reciprocal way. In the given background the two reactions are: 

𝐵𝑎2+𝑆𝑂2− ⇌ 𝐵𝑎𝑆𝑂  (4.28a) 

𝑅𝑎2+𝑆𝑂2− ⇌ 𝑅𝑎𝑆𝑂   (4.28b) 

with the associated solubility products 

𝐾𝐵𝑎 =
{𝐵𝑎2+}{𝑆𝑂2−}

𝑋𝐵𝑎𝑆𝑂
 (4.29a) 
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𝐾𝑅𝑎 =
{𝑅𝑎2+}{𝑆𝑂2−}

𝑋𝑅𝑎𝑆𝑂
 (4.29b) 

The equilibrated solution to this set of equations is a bit more cumbersome to achieve and the 
reader may be referred to e.g. Rodriguez-Galan and Prieto (2018). However, if the equilibrium can 
be approached in a kinetic simulation, the forward and backward reactions can be separated and 
make use of Lasaga’s principle of detailed balancing (Lasaga, 1998) to obtain a considerably more 
straightforward procedure: 

𝐵𝑎2+𝑆𝑂2− → 𝐵𝑎𝑆𝑂   (4.30a) 

𝐵𝑎𝑆𝑂 → 𝐵𝑎2+𝑆𝑂2− (4.30b) 

and 

𝑅𝑎2+𝑆𝑂2− → 𝑅𝑎𝑆𝑂  (4.31a) 

𝑅𝑎𝑆𝑂 → 𝑅𝑎2+𝑆𝑂2− (4.31b) 

with the kinetic rate expressions 

𝑅+ = 𝑘+{𝐵𝑎2+}{𝑆𝑂2−} (4.32a) 

𝑅− = 𝑘−𝑋𝐵𝑎𝑆𝑂  (4.32b) 

in terms of the total reaction 

𝑅𝑡 = 𝑘+{𝐵𝑎2+}{𝑆𝑂2−} − 𝑘−𝑋𝐵𝑎𝑆𝑂 = 𝑘+{𝐵𝑎2+}{𝑆𝑂2−} 1 −
𝐼𝐴𝑃
𝐾𝑒

 (4.33) 

Resulting in the forward activity product time an affinity term (1-IAP/Keq), of which IAP is the 
complete ion activity product at current condition XBaSO4/({Ba2+}{SO4

2-}), and Keq is its counterpart 
for equilibrium conditions. 

Assuming that radium is always present in concentrations orders of magnitude lower compared to 
barium, so that the solid fraction only remains relevant for Ra2+, it follows 

𝑋𝐵𝑎𝑆𝑂 = {𝐵𝑎𝑆𝑂 }
{𝑅𝑎𝑆𝑂 }+{𝐵𝑎𝑆𝑂 } ≅ 1    𝑎𝑠 {𝐵𝑎} ≫ {𝑅𝑎} (4.34a) 

𝑋𝑅𝑎𝑆𝑂 = {𝑅𝑎𝑆𝑂 }
{𝑅𝑎𝑆𝑂 }+{𝐵𝑎𝑆𝑂 } ≅ {𝑅𝑎𝑆𝑂 }

{𝐵𝑎𝑆𝑂 }  (4.34b) 
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That allows treating barite dissolution/precipitation as a kinetic reversible process as given in the 
database, independent of the radium co-precipitation process, leaving the two kinetic rate expres-
sions (k1+ and k1-) for radium left to solve for separately, with lumped rate constants k+/k-: 

𝑅+ =
𝑘+

𝑘−
{𝐵𝑎2+}{𝑆𝑂2−} (4.35a) 

𝑅− = 𝑋𝑅𝑎𝑆𝑂   (4.35b) 

MIN3P’s solid solution term was checked based on literature data (Grandia et al., 2008) resulting 
in (Ra,Ba)SO4 equilibrium lines which have a similar slope for varying natural Ra-Ba trends (Fig. 
4.8). The equilibrium line for the Bruchsal site shows the same trend as model derived equilibrium 
lines from Grandia et al. (2008). Start and end point of the solid line is defined by the fluid-specific 
barium concentration and 226Ra activity in brine.  

 

 
Fig. 4.8: Re-calculation of radium co-precipitation with barite from literature data (Grandia et al., 2008). Calculations 

result in (Ra,Ba)SO4 equilibrium lines having a similar slope for varying natural Ra-Ba trends.  

4.7 Discussion 

Modelling the physico-chemical mechanisms for radionuclide supply and removal at the geother-
mal site in Bruchsal are based on the following assumptions: An isotropic system is assumed in 
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which a large conductive fracture of width wf and height hf are intersected by microfractures. These 
microfractures are part of the rock matrix with a very low hydraulic conductivity and thus, water 
flow is assumed to take place only in the fracture. 

The flow rate is parallel to the fracture orientation with a fracture length Lf that coincides with the 
principal direction of groundwater flow. The fracture dimensions are assumed to be large relative 
to their aperture. Water-rock interactions take place in both regions, in the matrix blocks and in 
the fracture. However, the latter has a relatively low water-rock interaction rate due to their differ-
ences in surface area to fluid ratio. A schematic overview about the Bruchsal reservoir is shown in 
Fig. 4.9. 

 Fig. 4.9: Conceptual model for the Bruchsal geothermal site: Fracture-dominated radionuclide transport within the 

reservoir section in consideration of the physico-chemical water-rock interactions (adsorption-desorption, dissolution-

precipitation, alpha recoil) which take place to varying extent in both, the fracture and matrix element (Figure extended 

after Tricca et al., 2000).  

Since water-rock interaction rates occur at different timescales, their impact on U-Th series radio-
nuclides varies depending on their half-lives. While mineral dissolution (leaching) mainly affects 
long-lived radionuclides, the physical process of alpha recoil is mainly associated with short-lived 
nuclides (cf. Eqn. (4.17)). 

Assuming that large fractures channel the geothermal brine and alpha recoil directly into fractures 



Water-rock interactions in the Bruchsal geothermal system by U-Th series radionuclides 

 86 

is the only process adding radium into solution, the observed 224Ra/228Ra ratios should be greater 
than or equal to those in the rock material. However, ratios observed in the Bruchsal brine are 
lower (mean 224Ra/228Ra = 0.65), indicating that alpha recoil depends on half-lives of the respective 
radionuclides.  

4.7.1 Alpha recoil supply rates and recoil efficiencies 

Modeling the radium supply from recoil (Pr), Eqn. (4.19) is applied to the site-specific input param-
eter. Since the recoil efficiency is hard to determine, it might be estimated from 222Rn activity in 
brine. Since 222Rn is an inert gas, it is entirely dissolved and can therefore be measured directly. Its 
production is from alpha recoil of 226Ra that is within a recoil distance of ~40 nm of mineral sur-
faces as well as from the decay of the dissolved parent 226Ra in brine. Therefore, mass balance for 
222Rn can be expressed as follows: 

𝐴222𝑅𝑛 = 𝑃𝑟,222𝑅𝑛 + 𝑅 ,22 𝑅𝑎𝐴22 𝑅𝑎 (4.36) 

The fraction of 222Rn atoms that is produced by alpha recoil to its total fluid activity describes its 
recoil efficiency. Lou et al. (2000) proposed the following equation for calculating the 222Rn recoil 
efficiency 

𝜀222 =
𝑃𝑟,222𝑅𝑛

𝐴222𝑅𝑛
=

1

1 + 𝐴238
𝐴232 ℎ

∙ 𝐴22 𝑅𝑎
𝐴228𝑅𝑎

− 1 ∙ 𝐴228𝑅𝑎
𝐴22 𝑅𝑎

−1 
(4.37) 

assuming that ratio of alpha recoil supply for 222Rn and 224Ra equals the 238U/232Th activity ratio in 
rocks. According to that 222Rn recoil efficiency (ε222) is ca. 23 % at the Bruchsal geothermal site, 
suggesting that the primary source of dissolved 222Rn is 226Ra decay dissolved in brine (rather than 
the 226Ra decay in the solid phase).  

Krishnaswami et al. (1982) used 222Rn to normalize recoil efficiency. They defined the recoil effi-
ciency of nuclide i relative to the 222Rn efficiency as a function of (a) its position in the decay chain 
and (b) on the adsorption behavior of its progenitor. An example is given for the daughter-parent 
couple of 224Ra - 228Ra. Since both isotopes are members of the 232Th decay chain, 224Ra is closely 
related to 228Ra.  

However, while 228Ra is generated by a single alpha decay, 224Ra is generated by two alpha decays 
(cf. Fig. 4.1). Thus, for 224Ra the probability of recoiling into water is significantly larger than that 
for 228Ra, resulting in a higher recoil efficiency for 224Ra relative to 228Ra. Table 4.10 lists values of 
recoil efficiencies for radium as well as the recoil supply rates calculated from Eqn. (4.19).  
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Table 4.10: Recoil efficiency for radium (eRa) relative to 222Rn (data originate from Krishnaswami et al., 1982) as well 

as model derived rates of alpha recoil supply (Pr) for the geothermal system in Bruchsal.  

Decay eRa () Pr  (atoms kg-1 s-1) 

230Th → 226Ra 0.961 40 

232Th → 228Ra 0.769 25 

227Th → 223Ra 0.961 1.7 

228Th → 224Ra 0.897 41 

4.7.2 Diffusional flux  

Since alpha recoil supply is largest from surface areas with the highest contact areas, the recoil 
mechanism is most pronounced in the hydraulically inactive rock matrix. Rama and Moore (1984) 
suggested that diffusion along pore spaces and microfractures is believed to supply the recoiled 
atoms to the larger fractures where the sampled brine resides.  

Here, microfractures serve as diffusion pathways. The flux of radium into the large fracture fluid 
can be estimated from Eqn. (4.38) as follows (Ku et al., 1992): 

𝐹𝑅𝑎 = 𝜙∗ 𝐷
𝜆

 (𝑃𝑟 + 𝑅 𝐴 − 𝑅 𝐴)  (4.38) 

where Φ* is the microfracture porosity, Dm is the molecular diffusivity of radium, λ is the decay 
constant, Pr is the supply rate from recoil (atoms kg-1 s-1). Rf is the retardation factor and A is the 
activity of dissolved nuclide (atoms kg-1 s-1) with superscript (‘) referring to its radioactive parent. 

Porosity is expected to be 0.05. The molecular diffusivity for radium at 135 °C is ca. 2.6 x 10-5 cm2 
s-1 calculated from the Stokes-Einstein relation (dynamic viscosity η = 0.285 x 10-3 Pa s; hydrody-
namic Stokes radius for radium RRa = 3.98 Å). The term 𝑅 𝐴  is negligible since thorium progenitors 
are very insoluble in the geothermal system. The retardation factor of radium is assumed to be 1.3 
estimated from the 222Rn/226Ra brine activity ratio (cf. Table 4.3). 

Radium supply from recoil entering the fracture fluid does not only depend on diffusional flux, but 
also on the fracture width wf, expressed as follows 

𝑃𝑟
∗ =

2𝐹𝑅𝑎

𝑤
 (4.39) 

Applying Eqn. (4.39) to radium with an estimated fracture width wf of 10 mm (as stated in the GB2 
drilling report) results in a significant fractionation of the Ra isotopes (Table 4.12). The diffusional 
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flux of radium considering an effective diffusion length (𝜙∗ 𝐷 𝜆⁄ ) is listed in Table 4.11. Since 
the effective diffusion length depends on the decay constant λ, it varies between 0.2 cm for the 
shortest-lived 224Ra and several tens of centimeter for the longest-lived 226Ra in the geothermal 
brine. In consequence, the discharge flux density (atoms cm-2 s-1) decreases with increasing decay 
constants limiting the 223Ra and 224Ra fluid activity (Table 4.11).  

Table 4.11: Model derived rates of diffusional flux FRa as a function of the effective diffusion length (𝜙∗ 𝐷 𝜆⁄ ) for 

radium isotopes.  

Decay 𝜙∗ 𝐷 𝜆⁄  (cm) FRa (atoms cm-2 s-1) 

230Th → 226Ra 69 1.3 x 10-1 

232Th → 228Ra 4.2 2.9 x 10-2 

227Th → 223Ra 0.3 3.5 x 10-4 

228Th → 224Ra 0.2 5.3 x 10-3 

Table 4.12: Model derived rate constants of adsorption (k1) and desorption (k2); dissolution (kw) and precipitation (kp) 

of radium and the related in-situ retardation factors (Rr) due to sorption processes and (Rf
*) due to sorption processes 

as well as co-precipitation.  

Isotopes 
of radium 

k1,Ra 

(s-1) 

k2,Ra  

(s-1) 

Rf,Ra 

() 
kw,Ra 

(s-1) 
kp,Ra  

(s-1) 

Rf,Ra
* 

() 

226Ra 

6.0 x 10-10 2.2 x 10-9 

1.3 

2.3 x 10-8 3.4 x 10-8 

2485 

228Ra 1.1 10 

223Ra 1.0 1.0 

224Ra 1.0 1.0 

These results are in line with the statement of Rama and Moore (1984) who pointed out that mi-
gration through microfractures may restrict the input of short-lived radionuclides because the rate 
of diffusion through microfractures is so slow that it reduces the effect of alpha recoil supply. 
However, their study focused on the very short-lived 220Rn, and thus, one may have some doubts 
if it is applicable to isotopes with longer half-lives. 

Hammond et al. (1988), for example, suggest that radium reaches the large fractures within a few 
hours and thus, diffusional flux does not limit the activity of the short-lived Ra isotopes. Their 
study focused on the uranium and thorium series radionuclides in brines and reservoir rocks from 
two deep geothermal boreholes in the Salton Sea Geothermal Field (SSGF), California. From their 



Chapter IV 

 89 

modeling results, they postulated that the observed fluid activity of 223Ra and 224Ra can be explained 
by alpha recoil, while only half of the 228Ra and even less than 1% of the 226Ra activity can be 
explained by alpha recoil mechanisms. In consequence, the residual proportions of the 228Ra and 
226Ra activities are contributed by weathering and leaching processes of radium from solid phases 
occurring on timescales comparable to the half-lives of 228Ra and 226Ra. Their approach is supported 
by an observed deficiency of 226Ra in the SSFG reservoir section (Zukin at al., 1987).  

However, in this study the situation is exactly opposite since the previous work of the authors 
figured out that 226Ra is accumulated in the solids of the Bruchsal reservoir section suggesting that 
226Ra is rather removed from brine than leached from solids (Kölbel et al., 2020). 

4.7.3 Ra removal by adsorption and precipitation  
226Ra can be removed from brine either by adsorption or by solid solution formation or both (Lang-
muir and Melchior, 1985). Equal activities of 226Ra and of its (unreactive) daughter 222Rn indicates 
that 226Ra is rarely adsorbed. Referring to Eqn. (4.15) retardation factor is not only a function of k1 
and k2, but is also dependent on the decay constant of the respective nuclide. Should the desorption 
rate constant k2 be much greater than the decay constant of 224Ra (O224Ra = 2.209 x 10-6 s-1) then 
Rf,224Ra = Rf,223Ra = Rf,228Ra = Rf,226Ra (Luo et al., 2000) applies. Otherwise short-lived radium isotopes 
will undergo less retardation than the long-lived 226Ra due to their widely ranging half-lives. 

Retardation factors for the short-lived radium isotopes might be calculated from the approach 
suggested by Krishnaswami (Eqn. (4.22ff)). However, deviations in the P/λC ratio from unity might 
rather result from 224Ra depletion in large fractures than from adsorption. 

Therefore, only some general consideration about the retardation of radium could be made. As-
suming that radium behaves mostly conservative (226Ra/222Rn = 1.3) and that the desorption rate 
constant is small compared to the 224Ra decay constant which is likely because of the high radium 
solubility in the geothermal brine, short-lived 224Ra should experience less retardation than 226Ra 
(Rf,224Ra  ≠ Rf,226Ra). Hence, considering a min/max approach (Rf,min  = Rf,224Ra  = 1.0; Rf,max = Rf,226Ra  = 
1.3) with respect to the isotope half-lives, adsorption-desorption rates constants are in order of 10-

10 s-1 for k1 and 10-9 s-1  for k2
 (Table 4.12). 

Previous studies of the adsorption behavior of radium in high-temperature and high-saline natural 
waters indicate that scavenging of radium by sorption processes might be of minor importance. 
Tanner (1964) proposed that during cation exchange Ra adsorption may be reduced because of the 
competition between radium and other alkaline earth metals for sorption sites resulting in an en-
richment of radium in saline waters due to Ra-displacement from the rock surface by other cations 
with higher affinity to the exchange sites. 
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A rough estimate of the quantity of radium adsorbed on the rock surface may be calculated em-
ploying MIN3P. For calculations, an average cation exchange capacity (CEC) value of 2.00 meq / 
100 g was chosen since the reservoir material in Bruchsal mainly consists of quartz-dominated 
sandstones (CECquartz = 0.6 meq / 100 g according to Carroll, 1959).  

Thermodynamic data for cation exchange were taken from PHREEQC2-database (Parkhurst and 
Appelo, 1999). With respect to the chemical composition of the Bruchsal brine (Table 4.1), radium 
competes with Na, K, Mg, Sr, Ba and Cs for cation exchange sites. The results show that the 
adsorbed radium species vary between 10-17 and 10-12 meq / 100 g corresponding to radium distri-
bution coefficients Kd of 0.014 to 0.016 mL g-1.  

However, these model derived Kd values may differ from the in-situ distribution coefficients. Thus, 
the control of radium activities by adsorption cannot yet be proven without further site-specific 
investigations regarding the chemical behavior of radium for different environmental conditions. 

Should adsorption play a minor role, 226Ra activity should be controlled by co-precipitation. Ham-
mond et al. (1988) pointed out that the determination of first-order precipitation rate kp (s-1) and 
dissolution rate constants kw (s-1), respectively, may be obtained from solving simultaneously mass 
balance equations for radium isotopes. Combining Eqn. (4.16) with Eqn. (4.18), (4.19), (4.25) and 
(4.26) and assuming Ci = 0, the mass balance equation for radium at steady state can be expressed 
as: 

𝐴 𝑒𝑖𝜀222 𝑟 𝑆 𝜌𝑠 +
𝑘𝑤�̅�

𝜆
− 1 +

𝑘𝑝

𝜆
+

1
𝜆 𝜏

𝐴 = 0 (4.40) 

Simultaneous solution of Eqn. (4.40) was performed for 226Ra and 228Ra, the two radium isotopes 
with half-lives in the order of years. The resulting rate constants are in the range of 10-8 s-1 for both, 
dissolution and precipitation, whereas kp slightly exceeds kw (Table 4.12).  

From the calculated rate constants further information can be obtained about radium kinetics. 
Hammond et al. (1988) argued that the mean time for radium in solution equals the mass of radium 
in the solid phase divided by the flux into solution expressed as follows 

τ𝑤,𝑅𝑎 =
𝑀𝑟

𝑀
�̅�

𝜆𝐶
1

𝑘𝑤
 (4.41) 

where Mb is the mass of brine and Mr is the mass of rock. Assuming a fracture porosity of 1 % 
(since the 226Ra accumulation in the reservoir rock was limited to fractured zones), the mean time 
for radium dissolution is predicted to be approximately 500 years. The mean time of radium in 
solution to precipitate in minerals (τ𝑝,𝑅𝑎 = 1/𝑘𝑝) is estimated at circa one year. 
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The model derived rates for dissolution (Pw) and precipitation (Sp) are listed in Table 4.12 demon-
strating that radium will be preferred co-precipitate with minerals than leached from the solid 
phases.  

Langmuir and Melchior (1985) found that the concentrations of dissolved radium in some deep 
brines in north Texas were likely to be controlled by co-precipitation in sulphate minerals due to 
the high concentrations of sulphate and earth alkali ions. Barite is a typical sulphate mineral incor-
porating radium in solid solution as [Ba,Ra]SO4. Both earth-alkali ions consist of an equal ionic 
charge and show similar ionic radii (radium = 1.52 A ̊, barium = 1.35 A ̊ according to Shannon, 
1976). The observation by Langmuir and Melchior (1985) is confirmed by current studies dealing 
with the formation of Ra-bearing barite in German geothermal sites (Heberling at al., 2017; Haas-
Nüesch at al., 2018). From petrographic studies of the Bruchsal reservoir rock it is known that 
barite often occurs in the reservoir section as a result of hydrothermal activities (Kölbel et al., 2020).  

Zhen-Wu et al. (2016) studied barite dissolution and precipitation rates as a function of temperature 
and aqueous fluid composition. Their results demonstrate that barite readily achieves equilibrium 
with its adjacent fluid phase over a range of ionic strengths (aqueous NaCl concentrations = 0 to 
1.5 molal) and in the presence of divalent metal cations (Ca, Mg and Sr) at temperatures ranging 
from 25 to 90 °C. They concluded that aqueous solution-barite equilibrium is broadly achieved in 
nature.  

Although reservoir temperature and molality of the NaCl geothermal brine are slightly increased 
compared to the experimental conditions (T = 134.7 °C; M(NaCl) = 2.1 mol kg-1), rate constants 
for kp and kw presented by Zhen-Wu et al. (2016) are in the same order of magnitude as those 
derived by the mass balance approach. Consequently, Ra removal from brine by co-precipitation 
with barite might be a possible explanation for the 226Ra anomaly observed in the Bruchsal geo-
thermal reservoir.  

4.7.4 Ra supply by groundwater flow 

Assuming a water recharge in the Black Forest at the Eastern main border of the URG as suggested 
by several numerical models of coupled heat- and fluid-flow (e.g. Clauser and Villinger, 1990), 
meteoric water infiltrates into the Permo-Triassic aquifer of the Rhine Graben. Since this infiltrat-
ing water is low in natural occurring radionuclides, the initial concentration of radium can be as-
sumed to be negligible (Ci = 0 atoms kg-1).  

The water transit time τb is estimated at 5000 years (assuming a flow distance of x = 5 km and a 
fluid velocity vf = 1 m yr-1). Calculation of Q by applying Eqn. (4.18) results in negative values which 
indicate radium loss rather than radium supply due to mass transport in groundwater. However, Q 
is only notable for 226Ra (cf. Table 4.13), since the rate of radium loss for 228Ra, 223Ra and 224Ra is ≤ 
2.6 x 10-2 atoms kg-1 s-1.  
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4.7.5 Steady state Ra fluid activities  

At steady state, the removal rates (activity of dissolved and adsorbed radium and precipitation) are 
equal to inputs (radium recoil rate and production from dissolved and absorbed Th progenitors), 
so that (Porcelli et al., 2008):  

𝐴𝑅𝑎,𝑠𝑡𝑒𝑎𝑑𝑦 = 𝑃 +𝑃

𝑅 +
= 𝑃 +𝑃

𝑅∗   (4.42) 

Table 4.13: Model derived rates production and scavenging rates (atoms kg-1 s-1) for radium in the Bruchsal geothermal 

system.  

Water-rock interaction processes 226Ra 228Ra 223Ra 224Ra 

Supply from alpha recoil in consideration of the 
diffusional flux 

Pr* 244 56 0.7 10 

Production from desorption Pd 1,268 1 0.0 0.0 

Production from dissolution Pw 72,391 102 0.0 0.0 

Scavenging from adsorption Sa 1,276 2 0.0 0.0 

Scavenging from precipitation  Sp 72,585 141 0.0 0.0 

Supply by water flow Q -13 0.0 0.0 0.0 

Steady state activity ARa 29 16 0.7 10 

Eqn. (4.42) might be used as a control for the discussed water-rock interactions since it merges the 
single interaction processes which should lead to the radium fluid activities measured in the Bruch-
sal brine. The denominator of the fraction reflects the retardation factor Rf

* due to precipitation as 
well as adsorption and desorption. Since Rf

* does not differ from Rf for short-lived radionuclides, 
Rf

* will be increase with decreasing decay constants (Table 4.12).  

Table 4.13 summarizes radium production and removal rates of the water-rock interaction pro-
cesses discussed. From the results it becomes obvious that for 224Ra and 223Ra, precipitation and 
dissolution processes can be neglected and so removal by decay is equal to inputs from recoil for 
228Th and 227Th, respectively, within the solids for steady state conditions. On the other hand, it is 
interesting to note that not only 226Ra, but also 228Ra is affected by dissolution-precipitation pro-
cesses. This is in line with the statement of Hammond et al. (1988) who postulated that these 
processes occur on timescales comparable to the half-lives of 228Ra and 226Ra. 

Model derived Ra steady state activities are in good agreement with the observed Ra fluid activities 
(cf. Table 4.5) which support the applicability of the diffusional flux model. The diffusion of radium 
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through microfractures do not only restrict the short-lived radionuclides as it is postulated by Rama 
and Moore (1984), but it has also a reinforcing effect on the 226Ra activity due to its relatively high 
diffusional flux.  

4.8 Conclusions 

In this study we investigated the behavior of U-Th series radionuclides in the brine of the Bruchsal 
geothermal site, located at the eastern main boundary of the Upper Rhine Graben (Germany). 
Permo-Triassic sedimentary rocks, affected by large-scale normal faults, host the geothermal res-
ervoir. 

Isotopes of Ra (226Ra, 228Ra, 224Ra, 223Ra), Rn (222Rn) and Pb (210Pb, 212Pb), U (238U, 234U, 235U), Th 
(232Th, 228Th, 230Th), Po (210Po) and Ac (227Ac, 228Ac) were analyzed over a sampling period from 
October 2016 to May 2017.The results show discrepancies between the fluid activities of the Th-
U series nuclides measured in the Bruchsal brine: while isotopes of U, Th, Ac and Po are below 
the limit of analytical determination (< 10-2 Bq kg-1), isotopes of Rn (222Rn = 38 Bq kg-1), Ra (226Ra 
= 29 Bq kg-1; 228Ra = 16 Bq kg-1; 224Ra = 11 Bq kg-1; 223Ra = 0.5 Bq kg-1) and Pb (210Pb = 26 Bq kg-1; 
212Pb = 16 Bq kg-1) are rather soluble.  

Differences in chemical and physical properties result in radioactive disequilibria. Modeling the 
disequilibria based on radium (226Ra, 228Ra, 224Ra, 223Ra) enabled us to estimate rate constants of 
water-rock interactions. Since the daughter-parent ratio of 222Rn/226Ra is ca. 1.3, Ra retardation due 
to sorption processes is small resulting in adsorption-desorption rate constants in the range of 10-

10 s-1 for k1 and 10-9 s-1 for k2. Model derived Ra distribution coefficients Kd vary between 0.014 – 
0.016 mL g-1. First-order precipitation rate constant (kp = 3.4 x 10-8 s-1) slightly exceeds those of 
dissolution (kw = 1.2 x 10-8 s-1). Precipitation occurs on timescales comparable to 226Ra and 228Ra, 
while the short-lived 224Ra and 223Ra (t1/2 = 3.66 and 11.43 days, respectively) are not affected. 
Indeed, the short-lived Ra isotopes are mostly supplied from alpha recoil.  

Assuming a fracture porosity of 1 %, the average time to leach all 226Ra (= Mr Ar λ-1) from solid 
phases is predicted at ca. 500 years, while the average time of dissolved radium to co-precipitate in 
minerals is estimated at circa one year. 

Since fractured zones provide a substantial portion of the permeability due to the low porosity of 
the Bruchsal sandstone reservoir rock, the observed decay-series disequilibria in brine can best be 
explained by the following conclusions on water-rock interaction processes:  

(1) The hydraulically inactive pore spaces and microfractures, respectively, are the main 
source for alpha recoil, while recoil supply from large fractures may be negligible due 
to their relative low brine-rock interaction rates.  



Water-rock interactions in the Bruchsal geothermal system by U-Th series radionuclides 

 94 

(2) Diffusional flux through pore spaces and microfractures is believed to supply radio-
nuclides to the large conductive fractures causing a significant fractionation of Ra iso-
topes. 

(3) Migration through microfractures may limit input of short-lived Ra isotopes into solu-
tion, depending on isotope half-lives and fracture geometry.  

(4) Radium removal is rather by co-precipitation with solid solutions than by sorption 
processes which is indicated by the isotopic ratio of 222Rn/226Ra = 1.3 in brine. 

(5) Co-precipitation of radium is most likely for barite and restricted to the fractured res-
ervoir section. 
 

From (1) and (2) it can be concluded that the recoil input is strongly diffusion-controlled which 
might be used to gain information about the fracture surface area (Andrews et al., 1989). For the 
short-lived 223Ra and 224Ra, alpha recoil is the most important process to enter the fluid system. 
Thus, the activity of 223Ra (224Ra) dissolved within the large fracture fluid depends on the diffusional 
flux from rock surfaces and the size of the fracture. Estimates about the specific surface area (m2 
m-3) may be deduced from the known flux (FRa) and the fluid activity (ARa) of the radium isotopes. 
In this case, the specific surface area is defined as the surface area of solids per volume of fracture 
fluid contacting the solids (which corresponds to the flow wetted surface area). Since the specific 
surface area of the fracture is inversely proportional to the fracture width, further information 
about the site-specific fracture geometry can be obtained. However, it should be noted that this 
fracture width represents an averaged equivalent aperture since the fluid samples analyzed are 
mostly collected from the larger aperture, hydraulically conductive fractures. Thus, the fracture 
surface area depends on (1) whether the estimated fracture width represents one large or several 
smaller fractures and (2) the extent of the variance from the averaged equivalent fracture width. 
With regard to reservoir engineering, it might be interesting to solve this question more detailed. 
Based on the determination of the averaged equivalent aperture, additional numerical modelling of 
heat transfer is a promising option to solve these questions. 
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Abstract 

As an inert gas 222Rn can be employed as a natural radiotracer for the characterization of hydroge-
ological properties of geothermal systems. In fractured reservoirs, diffusion through non-conduc-
tive rock matrices allows recoiled 222Rn to enter larger, hydraulically conductive fractures. In this 
study, we examine the possibility of assessing fracture dimensions from 222Rn activity in geothermal 
brines. 222Rn activity in the geothermal fluid is mainly controlled by the 222Rn flux from fracture 
surfaces and the fracture geometry (aperture, length, degree of connectivity, etc.).  

Estimates of site-specific fracture length and width were derived by a 222Rn mass balance approach 
for the geothermal reservoir at Bruchsal (Germany). Integral hydraulic parameters of the Bruchsal 
reservoir were obtained from classical hydraulic tests. The results show a 222Rn diffusion flux of 4.2 
x 10-3 atoms s-1 cm-2 resulting in an equivalent fracture width of 10 mm. The equivalent fracture 
length varies between a few hundred meters as a function of the flow velocity where about 250 m 
correspond to a mean flow velocity of 2.0 x 10-6 m s-1.  

Since the specific surface area of the fracture is inversely proportional to the fracture width, the 
fracture surface area depends on (1) the type of fracture system, i.e. whether the estimated equiva-
lent fracture width represents a single large fracture or a fracture network of a large number of 
small aperture fractures and (2) the extent of the variance from the averaged equivalent fracture 
width. The joint inversion of the radon diffusion model with the pumping test results and a heat 
transport model is expected to considerably reduce interpretative hydraulic parameter ambiguity
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5.1 Introduction 

Geothermal reservoirs are largely composed of fractured rocks and the reservoir performance sig-
nificantly depends on the presence and permeability of fractures (e.g. Grant and Bixley, 2011). The 
precise evaluation of the effects of fractures on fluid flow is crucial for a successful reservoir man-
agement. However, this task is not without difficulties, because fracture geometry is at least in initial 
project stage unknown and quite complex to assess. Several authors (e.g. Gringarten and With-
erspoon, 1972; Raghavan, 1977) suggested a model of a single vertical ‘equivalent’ fracture that may 
approximate the hydraulic behavior of the naturally fractured system.  

Estimates of the flow regimes are generally based on hydrogeological data such as well test data. 
We propose that the natural 222Rn flux provides a complementary tool to estimate site-specific 
fracture dimensions such as fracture width, length, and surface area. In the past, 222Rn has been 
used extensively as a radiotracer for the study of geological und thermodynamic properties of 
groundwaters and geothermal systems since it is commonly found in these fluids (e.g. Hammond 
et al, 1988a, Ku et al., 1992). 
222Rn is an intermediate short-lived daughter nuclide (t1/2 = 3.84 days) of the 238U decay series. It is 
produced by alpha decay of the 226Ra parent nuclide (Fig. 5.1). Since 222Rn is a noble gas, it is 
considered to be inert and not reacting with aquifer solids. It is also not affected by time-consuming 
processes such as precipitation due to its short half-life. Thus, 222Rn is only removed from solution 
by decay. Radon migrates within the rock mass by diffusion and/or advection through pores, 
macro-pores, and fractures (e.g. Nazaroff and Nero, 1988; Ferry et al., 2002). 

 

 

Fig. 5.1: 238U decay series. Vertical arrows indicate alpha decay, diagonal arrows indicate beta decay. For radionuclides 

with more than one decay mode, only the most frequently occurring is given. 
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In low-temperature and low-salinity groundwaters where radium is strongly adsorbed on surfaces, 
the main supply of 222Rn is from the decay of 226Ra which is within a recoil distance of ~40 nm of 
mineral surfaces (Carvalho et al., 2014). However, in high-temperature saline waters such as geo-
thermal brines, radium behaves exactly opposite, resulting in high concentrations of dissolved Ra 
isotopes (Hammond et al., 1988; Condomines et al., 2012; Eggeling et al., 2013). Consequently, 
222Rn supply is not only from recoil mechanism, but also from the radioactive decay of 226Ra dis-
solved in brine.  

Rama and Moore (1984) suggested that most of the 222Rn is initially introduced via alpha recoil into 
a network of nanopores and then diffuses along crystal defects, grain boundaries, and hydraulically 
inactive microfractures into large conductive fractures. Therefore, the 222Rn activity of fluids within 
large fractures depends on flux from rock surfaces and the size of the fracture. Andrews et al. 
(1986, 1989) investigated 222Rn release in fracture fluids of the Rosemanowes HDR experimental 
site by direct alpha-recoil, lattice, and grain boundary/microcrack diffusion. They determined the 
222Rn flux from plane crystalline rock surfaces into the conductive fracture between two idealized 
parallel plates to compute fracture apertures, fracture surface areas, and contained volumes.  

The present study introduces a mass balance approach of 222Rn applied to the Bruchsal geothermal 
system to gain information about site-specific fracture geometry. This study is complementary to 
our previous work where the behavior of 222Rn and other Th-U series radionuclides in Bruchsal 
brine and the adjacent reservoir rock were extensively studied (Kölbel et al., 2020a, Kölbel et al., 
2020b).  

5.2 Geothermal context 

5.2.1 Upper Rhine Graben  

The Upper Rhine Graben is part of the European Cenozoic Rift System that extends from the 
Mediterranean to the North Sea coast (Ziegler, 1992). It is characterized by an NNE-SSW striking 
extension structure with a length of around 300 km and a width of up to 40 km. Hercynian base-
ment rocks consist of Gneisses and Paleozoic granites which are covered by sediments of Permian 
to Cenozoic age. The sediment base in the center of the Upper Rhine valley is located about 3000 
m deeper than at the graben shoulders (Ziegler, 1992). 

The Upper Rhine Graben offers favorable conditions for the exploitation of geothermal energy 
because of spatially elevated heat flow and thermal anomalies, which are related to large-scale fluid 
circulation (Pribnow and Schellschmidt, 2000). 
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5.2.2 Bruchsal site  

The Bruchsal geothermal site is located at the eastern main boundary fault of the Upper Rhine 
Graben in SW Germany. The geothermal power plant comprises two boreholes: the injection well 
(GB1) and the production well (GB2) which are located in a distance of 1.5 km to each other. 
Caused by the complex tectonic structure, the reservoir section at injection well differs in depth 
and thickness from the production well.  

Permo-Triassic sedimentary rocks, affected by large-scale normal faults with varying step heights 
between 20 and 350 m, host the geothermal reservoir that is composed of Middle/Lower 
Buntsandstein (Triassic) to Upper Rotliegend (Permian) rocks in depths of 2220 to 2485 m. The 
reservoir rock consists of alternating sequences of sandstones, siltstones, and mudstones. Replace-
ment of primary minerals by secondary mineral phases such as the intense transformation of feld-
spars into clay minerals indicates hydrothermal activities in the reservoir section (Kölbel et al., 
2020a). 

Fig. 5.2 shows the lithographical profile and the casing/liner scheme of the GB2 production well. 
The 257 m long filter section consists of a slotted liner ranging from 2285 to 2542 m depth. Several 
geophysical borehole logs were recorded in the 1980’s before the liner was installed. Negative tem-
perature gradients, caused by the “cold” drilling fluid along fissure structures, reveal two hydrau-
lically active inflow zones in 2442 m and 2463 m depth, both located in the Permian Rotliegend 
formation (Fig. 5.2). Borehole data of GB2 yielded a bottom hole temperature of 134.7 °C at 2542 
m depth. This is equal to a geothermal gradient of 55 K km-1, which exceeds the average value for 
Central Europe of 30 K km-1. 

At present, the hot water is produced with a flow rate of 28 l/s. The Bruchsal brine is highly 
concentrated in Cl, Na and other alkali and alkaline earth elements, containing up to 130 g/l total 
dissolved solids (Joachim et al, 1987). 222Rn and its parent nuclide 226Ra are quite soluble in the 
geothermal brine with activities up to 38 and 30 atoms s-1 L-1, respectively (Table 5.1).  

Table 5.1: 238U decay series radionuclides in the Bruchsal brine samples. Relative uncertainties are quoted in percentage 

(± 2σ from counting statistics).  

Radionuclide Specific activity (Bq L-1) Relative uncertainty (%) 
238U 0.012 59 
234U 0.01 66 
230Th < 0.08  
226Ra 29.9 8.3 
222Rn 38.1 7.4 
210Pb 26.2 26 
210Po < 0.1  



Chapter V 

 105 

 Fig. 5.2: Drilling profile and extension drawing of the GB2 well. The temperature gradient log of the reservoir section 

indicates two major water inflow zones.
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5.2.3 Well testing and reservoir parameter  

Since the completion of the GB2 production well in 1985, a number of circulation tests were car-
ried out. Based on the data from a well test in 2013, the average productivity index PI was deter-
mined to 10.7 L s-1 bar-1 at a flow rate of 25 L s-1 and to 9.5 L s-1 bar-1 at a flow rate of 29 L s-1. 
Further information about well tests including major reservoir parameters is documented in Table 
5.2 (Bertleff et al., 1988; Fischer, 2010; Bartels, 2014). 

Table 5.2: Analysis results of previous pumping tests perfomend in Bruchsal with resulting tranmissivity (T) and 

storage coefficient (S).  

Date Duration (h) Rates (L s-1) T (10-4 m² s-1) S (10-4 ) 

March 1985 52 11.3 7.5  15,5 

April 2009 384 19 – 23 2.1 – 4.2 -- 

February/ March 2013 864 22 – 29 
<9,1  
(for laminar flow) 

9 

 

In the recent study, the aquifer test analysis tool AQTESOLV® of HydroSOLVE, Inc., version 
4.50.002 professional, was employed. This software offers the option to determine the fracture 
length by applying the mathematical solution of Gringarten and Witherspoon (1972). For this pur-
pose, the pressure data at pump depth was converted to reservoir pressure in order to eliminate 
the temperature effect on the water column. The resulting data set was density corrected by apply-
ing the approach described in Mao and Duan (2008). 

In a second step, a data set from 2009 was used for a simultaneous plot of drawdown and logarith-
mic derivative (diagnostic plot, Fig. 5.3) in order to receive further information about the reservoir 
behaviour (Bourdet, 1983). The analysis of slope of the derivative can be used to develop a site-
specific conceptual model (Renard et al., 2009). 

In early test phase, the slope of the derivative is 0.5 () indicating a linear flow regime. In a second 
phase from 104 to 2 x 105 s the averaged slope of the derivative tends to be 0.25 (). Additional 
analysis of this phase using specialised plots provided by AQTESOLV® point to a bilinear flow 
regime at this stage. The final time period analysed presents zero slope, consequently reflecting a 
pseudo-radial or infinite acting radial flow (IARF).  

The best curve fit of the data set was achieved by applying Gringarten-Witherspoon’s approach 
for the analysis of a vertical fracture (Gringarten and Witherspoon, 1972).  
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Fig. 5.3: Diagnostic plot of the Bruchsal drawdown data. The vertical axis represents both the drawdown and the 

logarithmic derivative.  

The resulting hydraulic conductivity (Kx) and specific storage coefficient (Ss) are documented in 
Fig. 5.3 and are in agreement with previous studies mentioned above (cf. Table 5.2, aquifer thick-
ness m = 75 m). The fracture length Lf is determined to 215 m. 

5.3 Conceptual model 

The model considers an idealized conductive fracture of width wf, length, Lf and height hf which is 
embedded in a porous media (Fig. 5.4). The fracture surface is presumed to be planar. Due to the 
very low hydraulic conductivity of the rock matrix, water flow is assumed to take place only in the 
fracture. The fracture is intersected by hydraulically inactive microfractures that are part of the rock 
matrix, forming pathways for 222Rn to diffuse into the larger fractures. The following assumptions 
relating to the geometry and hydraulic properties of the system are made (Chen and Li, 1997): 

 

(1) The length of the fracture is large relative to its opening width; 

(2) Radionuclide concentration in the fracture is uniform perpendicular to the flow direction;  

(3) Water flow in the fracture is laminar; 
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Fig. 5.4: Fluid flow model for the Bruchsal geothermal site: Fracture-dominated radionuclide transport within the 

reservoir section in consideration of the physico-chemical water-rock interactions (adsorption-desorption, dissolution-

precipitation, alpha recoil) which take place to varying extent in both the fracture (left cube) and matrix element (right 

cube).  

(4) Radionuclide transport along the fracture is much faster than transport within the rock 
matrix  

(5) Radionuclide transport within the porous matrix is only by molecular diffusion, perpen-
dicular to the fracture axis.  

From the first two assumptions, radionuclide transport takes place by one-dimensional flow along 
the fracture. The third assumption allows the use of Darcy's law. The last two assumptions lead to 
a mass flux within the rock matrix perpendicular to the fracture plane. 

Apart from transport, 238U series radionuclides are controlled by a number of physico-chemical 
processes including radioactive decay and growth, recoil supply, adsorption-desorption and pre-
cipitation-dissolution. Applying the water-rock interaction model for porous media suggested by 
Ku et al. (1992), radionuclides are considered to reside in three pools: the dissolved pool, adsorbed 
on rock surfaces, and the solid pool. The interrelationship between water-rock interaction pro-
cesses and the three pools are summarized as follows (Ku et al., 1992): 

(1) In the dissolved pool, radionuclides are exchangeable with those in the adsorbed pool, 
but not with those in the solid pool; 
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(2) Transfer of radionuclides between dissolved and solid pools is achieved in particular by 
dissolution, co-precipitation and alpha recoil; 

(3) Dissolution and precipitation are considered irreversible because timescales are not fast 
enough to maintain local equilibrium between the dissolved and solid pools;  

(4) Alpha-recoil input from the adsorbed and dissolved pools to the solid pool is negligible; 

(5) Distributions of radionuclides in solid, adsorbed, and dissolved pools remain stationary. 

 

Since nuclide transport in the Bruchsal reservoir is considered to be fracture-dominated, supple-
mentary assumptions were made: 

(6) The hydraulically inactive pore spaces and microfractures, respectively, are the main source 
for alpha recoil, while recoil supply from large fractures may be negligible due to their 
relative low brine-rock interaction rates; 

(7) Diffusion along microfractures is a necessary step in allowing the recoiled atoms to enter 
the flow system.  

The model parameters are listed in Table 5.3.  

Table 5.3: Parameters used in the water-rock interaction model.  

Symbol Parameter SI units 

𝐴 Specific activity of a dissolved radionuclide  Bq L-1 

𝐴∗ 
Specific activity of a dissolved radionuclide originated from diffusional 
flux  

Bq L-1 

�̅� Specific activity of a radionuclide in solids Bq kg-1 

𝐶 Concentration of a dissolved radionuclide atoms L-1 

𝐶𝑎 Concentration of an adsorbed radionuclide atoms L-1 

𝐷𝐿  Hydrodynamic dispersion coefficient  m2 s-1 

𝐷  Molecular diffusion coefficient of a radionuclide  m2 s-1 

𝐹𝑖 Diffusional flux of a nuclide into larger fractures Bq m-2 

𝜀𝑖 Recoil efficiency for nuclide i - 

𝜙 Fracture porosity - 

𝜙∗ Porosity of the rock matrix - 

ℎ  Fracture height m 

𝑘𝑝 First-order precipitation rate constant s-1 

 𝐾 Dimensionless distribution coefficient - 

𝐿 Diffusion length  m 
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Symbol Parameter SI units 

𝐿𝑒  Effective diffusion length  m 

𝐿  Fracture length  m 

 𝜆 Radioactive decay constant of radionuclide s-1 

𝑃 Supply rate of radionuclide to brine Bq L-1 

𝑃𝑑 Supply rate of radionuclide to brine by desorption Bq L-1 

𝑃𝑟  Supply rate of radionuclide to brine by alpha recoil Bq L-1 

𝑃𝑟
∗ 

Supply rate of radionuclide to brine by alpha recoil in consideration of 
diffusional flux 

Bq L-1 

𝑃𝑤 Supply rate of radionuclide to brine by dissolution process Bq L-1 

𝑄 Supply rate of radionuclide by water flow Bq L-1 

𝑟𝑖 Recoil distance of nuclide i m 

𝑅  Retardation factor due to adsorption and desorption - 

𝑅∗ 
Retardation factor due to precipitation as well as adsorption and desorp-
tion 

- 

𝜌𝑠 Density of aquifer solid kg m-3 

𝑆 Storage coefficient  - 

𝑆𝑎 Scavenging rate of radionuclide from brine by adsorption to rock surfaces Bq kg-1 

𝑆𝑝 
Scavenging rate of radionuclide from brine by co-precipitation with min-
erals 

Bq kg-1 

𝑆 𝑣  
Specific surface area of a fracture, expressed as area of solid per volume 
of fluid contacting the solids 

m2 m-3 

𝑆𝑒  Effective surface area of equivalent fracture m2 

𝑆𝑡𝑜𝑡𝑎  Specific surface area of equivalent fracture m2 m-3 

𝑡 Time s 

𝑤  Fracture width  m 

𝑣  Advection velocity of fracture fluid  m s-1 

𝑥 Distance m 

𝜁 Variance from fracture width  - 

′ Superscript referring to radioactive parent - 

5.4 Governing equation 

Constant radionuclide activities along the flow line are reached when supply is at the same rate 
from both the dissolved radionuclide fraction in geothermal brine and the adsorbed fraction on 
surfaces. For very short-lived radionuclides (with large decay constant λ), constant activities are 
reached over short distances. For the long-lived radionuclides the distance is controlled by the 
precipitation rate constant (kp). 
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Assuming a one-dimensional fracture with constant aperture and constant water velocity, the mass 
balance for a nuclide can be described by the advection-dispersion equation extended by supply 
and scavenging terms:  

𝑑
𝑑𝑡

(𝐶 + 𝐶𝑎) = 𝐷𝐿
𝑑 𝐶
𝑑𝑥

− 𝑣 𝑑𝐶
𝑑𝑥

+ 𝑃 − 𝑘𝑝𝐶 − 𝜆(𝐶 + 𝐶𝑎)  (5.1) 

where P is the supply rate of the nuclide (atoms s-1 L-1), vf is the advection velocity in the fracture 
(m s-1) and DL is the hydrodynamic dispersion coefficient (m2 s-1). Eq. (5.1) is found by Ku et al. 
(1992) in a slightly modified form since these workers have defined one dimensional flow of Th-
U series radionuclides in porous rather than fractured media.  

Assuming a parallel-plate fracture, Taylor dispersion is the primary mechanism causing dispersion 
(Taylor, 1953; Aris, 1956). The Taylor dispersion coefficient of a parallel-plate fracture is (e.g. 
Fischer et al., 1979):  

𝐷𝐿, 𝑎𝑦 𝑜𝑟 = 𝑣 𝑤
210𝐷

  (5.2) 

where wf is the fracture width (m) and Dm the molecular diffusion coefficient (m2 s-1).  

The production rate P of the radionuclide to the fluid comprises the following mechanisms: 

𝑃 = 𝑃𝑟 + 𝑃𝑤 + 𝜆 (𝐶 + 𝐶𝑎)  (5.3) 

where Pr, Pw and λ(C’+C’a) are the supply rates of the radionuclide (atoms s-1 L-1) by alpha recoil, 
mineral dissolution and in-situ decay of its parent. The separation between the adsorbed (Ca) and 
dissolved (C) nuclides through chemical exchanges may be described by the dimensionless distri-
bution coefficient K (= Ca/C) indicating the extent of retardation that a radionuclide might undergo 
during its transport in the fluid. Here, the retardation factor Rf describes the flow rate of the fluid 
relative to the rate of migration of the radionuclide in the flow commonly defined as (Krishnaswami 
et al., 1982): 

𝑅 = 𝐶+𝐶
𝐶

= 1 + 𝐶
𝐶

= 1 + 𝐾  (5.4) 

Combing Eq. (5.1), (5.2), (5.3) and (5.4), Eq. (5.1) can be rewritten as follows (Ku et al., 1992):  

𝑅
𝑅∗

𝑑𝐶
𝑑𝑡

= 𝐷
𝑅∗

𝑑 𝐶
𝑑𝑥

− 𝑣
𝑅∗

𝑑𝐶
𝑑𝑥

+ 𝑃
𝑅∗ − 𝜆𝐶  (5.5) 

with 
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𝑅∗ = 𝑅 + 𝑘
𝜆

  (5.6) 

where Rf
* is the retardation factor due to precipitation as well as adsorption and desorption. Since 

Rf
* will increase with decreasing decay constants, Rf

* does not differ from Rf for short-lived radio-
nuclides.  

5.4.1 222Rn flux from a plane rock surface 

Since alpha recoil mechanism is most pronounced in the hydraulically inactive rock matrix, diffu-
sion along pore spaces and microfractures is believed to supply recoiled 222Rn atoms from the rock 
matrix into large conductive fractures where the sampled brine resides (Rama and Moore, 1984; 
Andrews et al., 1986). Here, microfractures serve as diffusion pathways. 

If radon supply is only by alpha recoil, then 222Rn content of fracture fluids might be calculated 
from the radon flux (FRn2) from the fracture surfaces and the fracture dimensions introduced in 
Fig. 5.4 (Andrews at el., 1986): 

𝐴𝑅𝑛2 = 2ℎ 𝐿 𝐹
𝑤 ℎ 𝐿

1 − 𝑒−𝜆𝑡   (5.7) 

where t is the fluid residence time in the fracture and wf, hf and Lf are the width (m), height (m) and 
length (m) of the fracture. Since the half-life period of 222Rn is about 3.83 days, 222Rn reaches steady 
state activities within a short time (| 30 days) and Eq. (5.7) is then rewritten as follows: 

𝐴𝑅𝑛2 = 2𝐹
𝑤

  (5.8) 

However, since Ra isotopes are largely dissolved in the Bruchsal brine, Eq. (5.8) has to be extended 
to 222Rn supply due to the radioactive decay of 226Ra dissolved in brine. Furthermore, 222Rn may be 
also be produced by direct recoil from the large fracture surfaces, even though it has to be assumed 
that 222Rn accumulation by this process is quite low due to the relative low water-rock interaction 
rates. Dissolution-precipitation can be negligible due to the short half-life of 222Rn (t1/2 = 3.83 d). 
Thus, 222Rn steady state activity in a large, conductive fracture be described by the following mass 
balance equation (Ku et al., 1992): 

𝐴𝑅𝑛2 = 𝑅 2𝐴𝑅𝑎 + 2𝐹
𝑤

+ 2�̅� 𝜀  𝑟  𝜌
𝑤

  (5.9) 

Eq. (5.9) can be rearranged to obtain the fracture width:  
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𝑤 = 2𝐹 +2�̅� 𝜀  𝑟  𝜌
𝐴 −𝐴 𝑅

  (5.10) 

where the 222Rn flux, FRn2, from planar rock surfaces (atoms s-1 cm-2) into the fracture fluid by 
diffusion can be expressed as (Ku et al., 1992):  

𝐹𝑅𝑛2 = −𝜙∗𝐷
𝑑𝐶
𝑑𝑥 𝑥=0

= 𝜙∗ 
𝐷

𝜆𝑅𝑛2
 (𝑃𝑟 + 𝑅 1𝐴𝑅𝑎 − 𝐴𝑅𝑛2) (5.11) 

where Φ* is the microfracture porosity (), Dm is the molecular diffusivity of radon (m2 s-1), λ is the 
decay constant (s-1), Pr is the supply rate from recoil (atoms s-1 L-1). Rf is the retardation factor () 
and A is the activity of the dissolved radionuclide (atoms s-1 L-1) with superscript (‘) referring to its 
radioactive parent. 

Alpha recoil supply rates (Pr) for 222Rn can be estimated from the activities of the 238U series pro-
genitors in the adjacent rocks (e.g. Lou et al. 2000): 

𝑃𝑟 = �̅�𝑅𝑎 𝜀𝑅𝑛2 𝑟 𝑆 𝑣 𝜌𝑠   (5.12) 

where 𝐴  is the parent activity in solids (atoms s-1 L-1), r is the recoil distance (Å), εi is the recoil 
efficiency for the nuclide (), Sfv is the flow-wetted surface area of solids (m2 m-3) and 𝜌𝑠 is the density 
of solid (kg m-3). 

5.5 Results and discussion 

5.5.1 Estimating in situ fracture width from 222Rn flux (wf) 

The 222Rn flux from a plane fracture surface is largely due to diffusion through non-conductive 
microfractures. Since the diffusion length (𝐿 = 𝐷 𝜆⁄ ) depends on the 222Rn decay constant λRn2 
(s-1) and the diffusion coefficient Dm (cm2 s-1), 222Rn diffusion length is about 2.18 cm in water (with 
Dm = 1.0 x 10-5 cm2 s-1 according to Tanner, 1964).  

Therefore, the 222Rn activity in brine originating from diffusion processes is reduced by a factor of 
0.37 over a distance equal to one diffusion length. Less than 5 % reaches a distance equal to five 
diffusion lengths (Fig. 5.5). 

Considering the site-specific rock matrix porosity of 0.05 (Joachim et al. 1987), the effective diffusion length of 222Rn 

(𝐿𝑒 = 𝜙∗ 𝐷 𝜆⁄ ) within the Bruchsal system is reduced to 0.02 cm ( 

Table 5.4). 
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Fig. 5.5: 222Rn diffusion length (L) normalized to radon fluid activity.  

Table 5.4: 222Rn diffusional flux (FRn2) as a function of the effective diffusion length (𝜙∗ 𝐷 𝜆⁄ ), radon production 

(PRn2) and scavenging rate (SRn2).  

Decay 
PRn2 

(atoms L-1 s-1) 
SRn2 

(atoms L-1 s-1) 
𝜙∗ 𝐷 𝜆⁄  

(cm) 
FRn2  

(atoms cm-2 s-1) 
226Ra → 222Rn 46 38 0.02 4.2 x 10-3 

 
Applying Eq. (5.11), the 222Rn flux is about 4.2 x 10-3 atoms s-1 cm-2 whereas 222Rn supply from 
alpha recoil (Pr) is about 46 atoms s-1 L-1 calculated from the following parameters: Progenitor 
activity (𝐴 ) in the site-specific reservoir rock is about 238U = 18.0 Bq kg-1 (Kölbel et al., 2020a). 
Recoil efficiency 𝜀𝑅𝑛2 is 0.25 based on geometrical considerations (Kigoshi, 1971). Sun and Sem-
kow (1998) suggested an average 222Rn recoil distances in 800 Å surface zone of quartz about 380.7 
Å obtained from Monte Carlo simulations. Surface area is estimated to be 2000 m2 kg-1 for the 
Permo-Triassic sandstones (Heap et al., 2019). This corresponds to a flow wetted surface of 1.0 x 
108 m2 m-3 based on a porosity of 0.05. 

Fig. 5.6 shows the relation between the radon activity, diffusion flux and fracture width. Referring 
to Eq. (5.11), the 222Rn flux (FRn2) varies depending on 222Rn activity measured in brine whereas FRn2 
decreases with increasing radon activity. A reduction in the 222Rn flux would proportionately reduce 
the fracture width. If the diffusional flux of radon remains constant, however, decreasing 222Rn 
activities in the fluid would result in larger fracture width. Applying Eq. (5.10), the site-specific 
fracture width for the Bruchsal system is about 10 mm based on the average 222Rn activity of 38 
atoms L-1 s-1 (cf. Table 5.1). 
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Fig. 5.6: Interaction between site-specific 222Rn activity in the large fracture fluid (atoms s-1 L-1), diffusion flux FRn2 

(atoms s-1 m-2) and fracture width (mm).  

5.5.2 Estimating site-specific fracture length (Lf) 

Since most of the sampled brine resides in the larger fractures, fracture length can be derived by a 
mass balance approach for 222Rn. The 222Rn activity of the fracture fluid may be expressed as fol-
lows:  

𝑑𝐴𝑅𝑛2

𝑑𝑡
= 𝐷𝐿

𝑑2𝐴𝑅𝑛2

𝑑𝑥2 − 𝑣
𝑑𝐴𝑅𝑛2

𝑑𝑥
− 𝜆𝑅𝑛2𝐴𝑅𝑛2 + 𝜆𝑅𝑛2𝐴𝑅𝑎 +

2𝐹𝑅𝑛2

𝑤
= 0 (5.13) 

where the first two terms describe the transport by dispersion and advection, respectively. The 
radioactive decay of 222Rn (λRn2 ARn2) in the fracture fluid is balanced by radioactive decay of 226Ra 
dissolved in brine (λRn2 ARa6) and by the diffusional flux of recoiled 222Rn atoms from the rock 
matrix (2 FRn2/wf). Retardation can be neglected since 222Rn behaves like a conservative tracer. 

While 226Ra (t1/2 = 1600 y) has a much longer half-life than 222Rn (t1/2 = 3.83 d), the distance x̄Rn2 
required for 222Rn to reach steady-state activity is primarily controlled by the distance x̄Ra6 required 
for 226Ra to reach a constant activity. Thus, the parameter x̄Ra6 is the length scale for transport and 
determines the distance required so that GC/Gx | 0. Appling Eq. (5.1) to the long-lived 226Ra, the 
time-dependent evolution of its activity may be expressed as: 

𝑑𝐴
𝑑𝑡

= 𝐷
𝑅

𝑑 𝐴
𝑑𝑥

− 𝑣
𝑅

𝑑𝐴
𝑑𝑥

+ 𝜆 𝑃
𝑅

− 𝑘 𝐴
𝑅

− 𝜆𝑅𝑎 𝐴𝑅𝑎 = 0  (5.14a) 

 



Integrated approach into the characterization of the fracture network 

 116 

with the production rate  

𝑃𝑅𝑎 = 𝑃𝑟 + 𝑃𝑤 + 𝜆 (𝐶 + 𝐶𝑎)  (5.14b) 

The 226Ra generation is mainly from recoil (Pr) and mineral dissolution (Pw), while production from 
the dissolved parent 𝜆 (𝐶 + 𝐶𝑎) can be neglected since 230Th is quite insoluble in deep, reducing 
brines (e.g. Osmond and Cowart, 1982; Zukin et al., 1987). Since 226Ra has a half-life of 1600 years, 
it is susceptible for time-consuming water-rock interaction processes such as mineral dissolution 
and co-precipitation. Therefore, the model equation for 226Ra is much more complex than for 222Rn. 
The behavior of 226Ra in the Bruchsal reservoir was investigated previously by Kölbel et al. (2020a) 
and Kölbel et al. (2020b). The relevant water-rock interaction rates for 226Ra are listed in Table 5.5. 

Table 5.5: Model derived production and scavenging rates (atoms L-1 s-1) for 226Ra in the Bruchsal geothermal system. 

Data published in Kölbel et al. (in preparation).  

Water-rock interaction processes 226Ra 

Supply from alpha recoil in consideration of the  
diffusional flux 

Pr* 244 

Production from desorption Pd 1,268 

Production from dissolution Pw 72,391 

Scavenging from adsorption Sa 1,276 

Scavenging from precipitation  Sp 72,585 

Supply by water flow Q -13 

Steady state activity ARa 29 

The retardation factor Rf of 226Ra is assumed to be 1.3 estimated from the 222Rn/226Ra fluid activity 
ratio. Eq. (5.13) and (5.14) are numerically approximated by finite difference techniques performed 
in Mathcad®. Site-specific model parameters are listed in Table 5.6.  

Table 5.6: Site-specific input parameters for the Bruchsal system.  

Parameter Symbol Unit Value 

Fracture width 𝑤  m 0.01 

Fracture porosity 𝜙 () 0.01 

Mean velocity  𝑣  m s-1 2.0 x 10-6 

 222Rn dispersion coefficient 𝐷𝐿  m2 s-1 1.9 x 10-9 
222Rn diffusion coefficient 𝐷  m2 s-1 1.0 x 10-9 

Note that fracture length is sensitive to the advection velocity, vf. The evolution of the 222Rn activity 
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for the averaged advection velocity ± 25 % is displayed in Fig. 5.7. The distance x̄Rn2 which is 
required to reach steady-state conditions for 222Rn increases with increasing flow velocity. Thus, 
greater fracture lengths result from higher flow velocities. Fracture length Lf ranges between 190 
and 320 m. Site-specific fracture length is about 250 m for a mean velocity of 2.0 x 10-6 m s-1.  

 

Fig. 5.7: 222Rn fracture fluid activity as a function of distance x (m) for a mean flow velocity of 2.0 x 10-6 m s-1 ± 25 

%.  

This fracture length is in agreement with the fracture length determined by means of AQTE-
SOLV® using the mathematical solution of Gringarten and Witherspoon (1972) (cf. Fig. 5.3). In 
Fig. 5.8 various storage coefficients S () are compared with the related fracture length Lf (m) calcu-
lated following the Gringarten-Witherspoon approach. The relation between both parameters can 
be described by the function (Lf

2 x S ≈ const.). This points to a certain ambiguity of the results of 
the analysis. Since 𝐿 = 𝑐𝑜𝑛𝑠𝑡. 𝑆⁄ , it appears that the determination of the fracture length strongly 
depends on exact values of the storage coefficient. In addition, it becomes visible that already 
within one order of magnitude of the storage coefficient the resulting fracture length may differ by 
several hundred meters. This underlines the importance of high-quality data as well as a thorough 
data analysis.  

The well testing data from Bruchsal originate from 1985, 2009 and 2013. It might appear that due 
to technical improvements of the data recording systems the younger data allow more accurate 
analysis. This assumption, however, is not supported by this study, because the lowest and highest 
determined storage coefficients result from the more recent data sets, while the mean values are 
calculated from the 1985 data.  
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 Fig. 5.8: Calculated fracture length Lf (m) vs. storage coefficients S () in the range from 9 x 10-5 to 7.5 x 10-3.  

The storage coefficients calculated previously based on GB2 pumping test data vary between 9.0 x 
10-4 to 15.5 x 10-4 () (Bertleff et al., 1988; Fischer, 2010; Bartels, 2014) (cf. Table 5.2) and result in 
fracture lengths between 225 and 300 m. The value calculated in this study (S = 18.0 x 10-4) is in 
line with the previous results and provides a fracture length of approximately 215 m. 

5.5.3 Estimating fracture surface area (Sfv) 

The specific surface area Sfv (m2 m-3), also called flow wetted surface area, is defined as the surface 
area of solids per volume of fracture fluid contacting the solids. Using this definition of Sfv and 
applying it to a fracture results in the following equation  

𝑆 𝑣 = 𝐴

 
= 𝑛 𝐴 2(𝑤 +ℎ )𝐿

𝑛 𝐴 𝑤 ℎ 𝐿
= 2 1

ℎ
+ 1

𝑤
  (5.15) 

where (nf A) is the number of fractures per block. Since the fracture width is much smaller than 
fracture height, then 1/wf >> 1/hf, and Eq. (5.15) simplifies to: 

𝑆 𝑣 = 2
𝑤

  (5.16) 

Thus, the specific surface area of the fracture Sfv is inversely proportional to the fracture width, wf 
(Fig. 5.9). 



Chapter V 

 119 

 

Fig. 5.9: Surface area of the equivalent fracture (Sfv) for varying fracture widths (wf).  

Since the fluid samples are mostly collected from the larger conductive fractures, the fracture width 
of the Bruchsal system, wf, represents an averaged equivalent fracture width. This allows the use of 
an equivalent fracture approximating the behavior of the naturally fractured system. 

Assuming that the Bruchsal system consists of two main fractures dominating the fluid flow in the 
near field of the production well as is indicated by the temperature gradient log (cf. Fig. 5.2), then 
the ratio of the single surface area Sfv,1 (Sfv,2) to the surface area of the equivalent fracture, Stotal, can 
be expressed as  

𝑆 ,

𝑆
= ,

,
+

,

  (5.17a) 

𝑆 ,

𝑆
= ,

,
+

,

  (5.17b) 

Since Sfv is inversely proportional to wf, smaller fracture widths correspond to larger specific surface 
areas and vice versa.  

If it is assumed that both main fractures of the Bruchsal system vary in their fracture widths and 
both differ from the equivalent fracture width by the same factor (1 ± 𝜁), the following applies 
(Renner, 1996):  

𝑤 1 = (1 + 𝜁) 𝑤  (5.18a) 
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𝑤 2 = (1 − 𝜁) 𝑤  (5.18b) 

with 𝜁 = 0 for two identical fractures. The larger the values for 𝜁, the more the variance from the 
averaged equivalent fracture width and the greater the specific surface area of the equivalent frac-
ture, Stotal (Fig. 5.10). Assuming two identical fractures with a mean fracture width of 10 mm, the 
specific surface area of the fracture is approximately 400 m2 m-3. If 𝜁 = 0.5, Stotal will be doubled. 

 

Fig. 5.10: Specific surface area of the equivalent fracture as a function of 𝜁, the variance from the averaged equivalent 

fracture width.  

The effective surface area of the equivalent fracture may be derived by fracture length Lf (m) and 
fracture height hf (m): 

𝑆𝑒 = 2ℎ 𝐿    (5.19) 

Since the fracture length is known from the one-dimensional transport modeling of 222Rn as well 
as from Gringarten-Witherspoon analysis and fracture height hf may be derived from the tempera-
ture gradient log (cf. Fig. 5.2). Half of the peak widths correspond to a fracture height of 2.0 ± 0.5 
m whereas the uncertainties refer to the inaccuracy of the measurements (e.g. tool speed, cable 
strain). Applying Eq. (5.19), the effective surface area is about 1000 ± 250 m2 based on a mean 
fracture length of 250 m. Note that Seff might be a lower limit since the fracture height (hf) is an 
apparent fracture height because of the dip of the Permo-Triassic formations.  
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The corresponding fracture volume is about 5 m3 for the averaged equivalent fracture width of 10 
mm. Rearranging Eq. (5.8), the 222Rn flux is the quotient of 222Rn fluid activity (A*

Rn2) and the flow 
wetted surface area Sfv: 

𝐹𝑅𝑛2 = 𝐴∗

𝑆
  (5.20) 

Note that A*
Rn2 is only the partition of 222Rn that is produced by diffusional flux and not the average 

222Rn fluid activity since most of the 222Rn activity is supplied by the radioactive decay of its dis-
solved 226Ra parent. From Eq. (5.9) it becomes obvious that most of the 222Rn activity is supplied 
by the radioactive decay of its dissolved 226Ra parent rather than by diffusion from recoiled atoms 
along grain boundaries in rock matrices and through microfractures. 222Rn production from the 
latter is about A*

Rn2 = 8.2 Bq L-1. Since the larger conductive fracture has relative low water-rock 
interaction rates, the effect of direct alpha recoil from the fracture surfaces is negligible. 

Since one unit volume of fracture fluid contains 8200 atoms s-1 of 222Rn, large fracture lengths 
enforce small values for fracture height at a constant fracture width. For Lf = 250 m and wf = 10 
mm, hf has to be 0.4 m to obtain a unit volume of fracture fluid. Five times the unit volume corre-
sponds to the determined fracture height of 2 m and the associated fracture volume of 5 m3. 

5.6 Conclusions 

In this study we introduced an integrative approach for the estimation of site-specific fracture di-
mensions applied on the Bruchsal geothermal system which is located at the eastern main boundary 
of the Upper Rhine Graben.  

Hydraulic reservoir parameters were obtained from well testing data. Evaluation of the flow regime 
indicates a fracture dominated fluid flow without further matrix support allowing us to use the 
concept of an equivalent fracture for estimating site-specific fracture dimensions by means of the 
inert gas 222Rn.  

The 222Rn activity in the Bruchsal fluid is on average 38 atoms s-1 L-1. Its supply is mainly from 
radioactive decay of dissolved 226Ra (80 %). The remaining part is introduced via recoil in a network 
of nanopores of nearly non-conductive rock matrices. Direct recoil input from the surface of the 
larger fractures can be neglected due to its relative low water-rock interaction rates.  

Diffusional flux through pore spaces and microfractures acting as diffusion pathways is believed 
to supply 222Rn in larger conductive fractures in which the sampled brine resides. The 222Rn flux 
from the fracture surfaces is about 4.2 x 10-3 atoms s-1 cm-2. Estimates of the mean fracture width 
is about 10 mm.  



Integrated approach into the characterization of the fracture network 

 122 

Fracture length, Lf, is estimated by means of a mass balance approach for 222Rn and 226Ra, respec-
tively. The resulting fracture lengths depend on the advection velocity used for the calculation. Site-
specific fracture length is about 250 m for a mean velocity of 2.0 x 10-6 m s-1. This fracture length 
is in acceptable agreement with the fracture length of 215 m determined by means of AQTE-
SOLV® using the mathematical solution of Gringarten-Witherspoon for infinite flow in vertical 
fractures. Note that the fracture length is related to the specific storage coefficient where the rela-
tion between both parameters can be described by the function (Lf

2 x S ≈ const.). 

The specific surface area Sfv of the fracture is inversely proportional to the fracture width, wf. Since 
the fluid samples are mostly collected from the larger conductive fractures, wf represents an aver-
aged equivalent fracture width. Therefore, in terms of Sfv, it makes a difference whether the geo-
thermal brine is channeled by one large fracture or by several smaller fractures. Moreover, Sfv will 
increase with increasing variance from the averaged equivalent fracture width. 

With regard to reservoir engineering, it might be interesting to solve this question more detailed. 
Based on the determination of the averaged equivalent aperture calculation as presented in this 
paper, additional numerical modelling of heat transfer might a promising option to solve these 
issues. 
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Chapter VI 

6 Conclusions 
Conclusi ons  

6.1 Integration and evaluation of methods of investigation 
and results 

A proper analysis of Th-U series nuclides may serve as an additional tool to tap geothermal energy 
resources starting from the exploration phase to reservoir enhancement and even during plant 
operation. Of particular interest are their contribution to (1) the reservoir engineering, (2) the plant 
operation and (3) the up-scaling of geothermal power plants. To assess these issues, different meth-
ods are reviewed in this thesis and applied on the geothermal test site in Bruchsal (Germany). The 
key outcomes of this examination are subsequently discussed. 

6.1.1 Detecting productive geothermal horizons while reservoir engi-
neering 

A methodology for fracture zone identification in geothermal reservoirs based on Th-U isotope 
rock signatures was assessed in chapter 3. Performing alpha and gamma spectrometry surveys of 
drill cuttings from the Bruchsal wells revealed an accumulation of the long-lived 226Ra in fractured 
zones. This is a key finding since radioactive equilibrium is to be expected for 238U and its decay 
products due to the geological age of the rocks of about 250 million years. However, the enrich-
ment of 226Ra caused a disruption of the secular equilibrium of the uranium decay series. Within 
this decay series, the specific activity of 226Ra exceeds the 230Th activity by a factor of two to three, 
while the 230Th/234U and 234U/238U ratios are equal to unity, within an analytical error of one stand-
ard deviation, indicating that uranium has not been transported relative to thorium for the last 105 
– 106 years.  

Furthermore, it was found that the 228Ra/226Ra activity ratio is significantly lower in samples from 
deeper borehole sections than the expected 228Ra/226Ra ratio of 1.2. From these results, the geo-
thermal reservoir section could be limited to the depth interval 2330 – 2472 m corresponding to 
the Lower Buntsandstein and Zechstein units.  
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Assuming that hydrothermal alteration processes resulting from the interaction between circulating 
geothermal fluid and the host rock characterize geothermal reservoirs, a petrographic alteration 
study was additionally performed. Radionuclide signatures associated with secondary alteration 
processes in the rock samples allowed the identification of possible water inflow zones. To validate 
these results, geophysical well logs of GB2 were used.  

Within the open-hole section of the production well GB2, five possible fractured zones were iden-
tified by the evaluation of Th/Ra and Ra/K ratios which are sensitive to changes in the 226Ra con-
centration. Four of the zones were detected by different logging tools such as natural gamma-ray, 
resistivity, temperature, and caliper logs. There are indications that some zones are sealed by the 
precipitation of secondary minerals. This is a limitation for this method because it is not possible 
to distinguish between recent and paleo-fractures solely by radionuclide signatures. Nevertheless, 
the investigation of radionuclide distributions in natural reservoirs could be regarded as a supple-
mentary method to define productive geothermal horizons. They can be analyzed and interpreted 
with some acceptable delay while drilling operations are in progress, or at a later stage in case other 
methods fail to provide the necessary information.  

6.1.2 Assessing Th-U migration behavior during power plant operation 

The migratory behavior of Th-U series radionuclides is examined in chapter 4. A comprehensive 
dataset was generated by regular, long-term fluid sampling at Bruchsal. Chemical and radiochemical 
investigations were conducted on thermal water abstracted from the production well GB2 during 
fluid circulation. In detail, isotopes of Ra (226Ra, 228Ra, 224Ra, 223Ra), Rn (222Rn) and Pb (210Pb, 212Pb), 
U (238U, 234U, 235U), Th (232Th, 228Th, 230Th), Po (210Po) and Ac (227Ac, 228Ac) were analyzed. 

A model based on the interaction model suggested by Ku et al. (1992) was established using 
Mathcad®, a numerical software with computer algebra system (CAS) capabilities. In order to 
check the CAS approach, MIN3P, a multicomponent reactive transport code, was applied (Mayer 
at al., 2002). 

The results indicate that radionuclides of the elements radium, radon, and lead are rather soluble 
in brine, while isotopes of uranium, thorium, polonium, and actinium have low solubilities and are 
rather immobile. Activities of radium isotopes in the geothermal brine exceed those of their tho-
rium progenitors resulting in radioactive disequilibria.  

Modeling the disequilibria based on radium (226Ra, 228Ra, 224Ra, 223Ra) allowed the estimation of rate 
constants of water-rock interactions. Since the daughter-parent ratio of 222Rn/226Ra is ca. 1.3, Ra 
retardation due to sorption processes is small. Precipitation occurs on timescales comparable to 
226Ra and 228Ra, while the short-lived 224Ra and 223Ra (t1/2 = 3.66 and 11.43 days, respectively) are 
not affected. Indeed, the short-lived Ra isotopes are mostly supplied from alpha recoil. 
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The observed decay-series disequilibria in the Bruchsal brine can be best explained by the follow-

ing conclusions on water-rock interaction processes: 

 

(1) The hydraulically inactive pore spaces and microfractures, respectively, are the main 

source for alpha recoil, while recoil supply from large fractures may be negligible due to 

their relatively low brine-rock interaction rates.  

(2) Diffusional flux through pore spaces and microfractures is believed to supply radionu-

clides to the large conductive fractures causing a significant fractionation of Ra isotopes. 

(3) Migration through microfractures may limit input of short-lived Ra isotopes into solution, 

depending on isotope half-lives and fracture geometry.  

(4) Radium removal is rather by co-precipitation with solid solutions than by sorption pro-

cesses which is indicated by the isotopic ratio of 222Rn/226Ra =1.3 in brine. 

(5) Co-precipitation of radium is most likely for barite and restricted to the fractured reser-

voir section. 

Consequently, the model approach suggested by Ku et al. (1992) has been successfully adapted to 
the site-specific conditions in Bruchsal. Using naturally occurring U and Th decay-series disequi-
libria as a tool to evaluate the in-situ radionuclide migration in the natural systems offers a high 
benefit for the sustainable management of geothermal reservoirs.  

6.1.3 Up-scaling of geothermal power plants 

An integrated approach to estimate site-specific fracture dimensions (such as fracture width, length, 
etc.) based on a 222Rn mass balance approach is considered in chapter 6. The model approach is 
based on the research results presented in chapter 3 and chapter 4. In addition, hydraulic reservoir 
parameters were obtained from well testing data performed in the past.  

The evaluation of the flow regime indicated a fracture dominated fluid flow without further matrix 
support at Bruchsal site. Diffusional flux through microfractures acting as diffusion pathways is 
believed to supply 222Rn in larger conductive fractures in which the sampled brine resides. Thus, 
the activity of 222Rn dissolved within the large fracture fluid depends on the diffusional flux from 
rock surfaces and the size of the fracture whereas the diffusion length (𝐿 = 𝐷 𝜆⁄ ) depends on 
the 222Rn decay constant λRn2 (s-1) and the diffusion coefficient Dm (cm2 s-1). The 222Rn flux (FRn2) 
from planar rock surfaces (atoms s-1 cm-2) into the fracture fluid by diffusion was determined using 
the model approach of Ku et al. (1992). Site-specific fracture width was derived from the ratio of 
222Rn input terms (FRn2 + Pr) to the dissolved radon activity produced by diffusional flux.  
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The fracture length connected to the Bruchsal production well was estimated by means of both, 
the one-dimensional transport modeling of 222Rn and hydraulic simulations applying the mathe-
matical solution of Gringarten and Witherspoon (1972) for infinite flow in vertical fractures. The 
fracture length is related to the specific storage coefficient where the relation between both param-
eters can be described by the function (Lf

2 x S ≈ const.). 

Estimates about the specific surface area (m2 m-3) was deduced from the known flux (FRn2) and the 
fluid activity (ARn) of radon. In this case, the specific surface area is defined as the surface area of 
solids per volume of fracture fluid contacting the solids (which corresponds to the flow wetted 
surface area). Since the specific surface area of the fracture is inversely proportional to the fracture 
width, further information about the site-specific fracture geometry was obtained.  

However, it should be noted that the fracture width estimated for the Bruchsal geothermal system 
represents an averaged equivalent aperture since the fluid samples analyzed are mostly collected 
from the larger aperture, hydraulically conductive fractures. Thus, the fracture surface area depends 
on (a) whether the estimated fracture width represents one large or several smaller fractures and 
(b) the extent of the variance from the averaged equivalent fracture width. 

6.2 Limits of application 

The methodological approach of this work uses Th-U series disequilibria for the characterization 
of deep geothermal reservoirs. As discussed in the previous chapters, certain prerequisites have to 
be met for the application. A summary of the key points is listed below.  

The radionuclide-based approach used for the identification of fractured zones in geothermal res-
ervoir section is based on the premise that radioactive disequilibria not only occurs in the fluids, 
but also in the interacting solids. This requirement is not in agreement with each natural system 
because radionuclides usually have much longer residence times in solid phases than in solution 
and thus, more time to achieve a state of radioactive equilibrium.  

Fractured and hydrothermally altered horizons of the Bruchsal geothermal reservoir are associated 
with a preferential accumulation of 226Ra in the solid phase causing a measurable disruption of the 
secular equilibrium of the uranium decay series. However, the method is limited in such a way that 
it is not possible to distinguish between recent and paleo-fractures solely by radionuclide signatures.  

The water-rock interaction model presented is applicable to fluid systems being a) in a state of 
radioactive disequilibria and b) in excess of dissolved radium. These systems are not closed (fluid 
phases are interacting with the adjoining solids) and have physico-chemical conditions (salinity, 
temperature, and redox state, etc.) encouraging the transport of radium isotopes in solution. Such 
conditions are usually found in deep saline formation waters with relatively high temperatures. A 
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limited applicability is given to low salinity environments where radium is strongly adsorbed on 
solids surface. Even though the model presents a quite comprehensive approach of water-rock 
interaction, there remain a number of assumptions and simplifications concerning, inter alia, the 
inhomogeneities in solid phase distribution, the nature of alpha recoil input and the geometry of 
fractures.  

Fractured reservoirs are extremely heterogeneous considering their hydraulic characteristics. For 
that reason, using Th-U series nuclides for the estimation of site-specific fracture dimensions re-
quires a model of an equivalent fracture as implemented in the model of Gringarten and With-
erspoon (1972) that approximates the hydraulic behavior of a naturally fractured system. This ap-
proach restricts the range of application to natural systems with fracture-dominated fluid flow 
without further matrix support. Furthermore, the application of the joint inversion of the radon 
diffusion model combined with pumping test results is not without interpretative hydraulic param-
eter ambiguity. For example, fracture length is related to the storage coefficient whereby the frac-
ture length may differ several hundred meters by changing the specific storage coefficient within 
one order of magnitude. 

6.3 Perspectives 

The results presented in this thesis indicate that a differentiated analysis of thorium and uranium 
decay series radionuclides are suitable to provide useful information about fracture parameters. 
Although the understanding of the site-specific behavior of Th-U series disequilibria has been 
highly improved by this study, a certain number of details remain to be examined. 

(1) The discrimination between hydraulically active and non-active fractures cannot be achieved by 
the radionuclide signatures alone as these fractures can also be sealed by precipitates of hydrother-
mal minerals. Therefore, the behavior of previously dissolved radium needs to be addressed in 
additional studies. From a mineralogical point of view, both co-precipitation in sulphate miner-
als/carbonates as well as adsorption on clay minerals/metal hydroxides are potentially responsible 
for radium scavenging from the geothermal fluid. However, these processes have not been fully 
examined yet. Laboratory studies of the solids and their associated fluids (e.g. leaching experiments) 
may offer an opportunity to improve the understanding of this specific water-rock interaction. In 
addition, it is an advantage of radionuclide signature analysis based on drill cuttings that the sample 
transfer to a laboratory as well as preparation and analysis is not time expensive. It seems to be 
promising to combine this method with result from logging while drilling technique (LWD) in a 
joint evaluation and interpretation. 

(2) The interaction model developed within the framework of this thesis is only tested at the 
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geothermal system in Bruchsal. Since boundary conditions and assumptions of the water-rock in-
teraction used in this model reflecting the chemistry and physical state of the Bruchsal site, further 
effort needs to be spent on the question to what extent the presented diffusion flux model can be 
applied at other geothermal sites. Such investigations at existing geothermal sites in the Upper 
Rhine Graben might be an appropriate next step because of the comparable fluid chemistry (Aq-
uilina et al., 1997) and reservoir conditions (Vidal and Genter, 2018). 

(3) Since the fluid samples are mostly collected from the larger conductive fractures, estimates of 
the fracture width represents an averaged equivalent fracture width. Whether or not the fracture 
aperture depends on one large or several smaller fractures is of interest for the design of well clean-
ing operations, e.g. chemical stimulation. This challenging question could be addressed by further 
improvement of the 222Rn mass balance approach as suggested by Andrews et al., (1986) and others. 
A combination of the method presented here with other techniques can provide significant support 
to resolve the ambiguity. A promising approach may be the application of tracer tests, particularly 
push-and-pull tests as extensively discussed in Ghergut at al. (2013). 
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