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Abstract

Understanding the physical properties of rocks, such as seismic wave velocities,
acoustic impedances, density, porosity, and thermal conductivity, is crucial to the
exploration and production of geothermal energy. Thermal conductivity in a bore
hole can be measured directly, but it takes more time and has less reliability as
compared to laboratory (indirect) methods. This study primarily focuses on seismic
wave velocities and thermal conductivity, while also considering the variation of
other parameters under different rock conditions, namely massive, brecciated,
fractured, and altered types with varying porosity values.

The goal of this study was to find an association between these parameters and to
determine if such associations can be quantified or not. These studies were carried
out in the fault and fracture zones of Finland (with up to 30 % porosity values). The
findings from this thesis can contribute to identifying suitable geothermal reservoirs
that support efficient heat transfer and fluid storage, emphasizing the importance
of optimized porosity values. The physical properties of crystalline fault zone rocks
in Southern Finland were already available from laboratory measurements of
density, porosity, thermal conductivity, and seismic wave velocities. These physical
properties served as input data for statistical analysis tools application including
Spearman’s rank test, Chi-square tests, and Fisher's exact test in this study. To
create predictive equations/models for the parameters being compared, regression
analysis was performed using Microsoft Excel to determine whether the
associations could be quantified or not.

A clear, significant, positive monotonic relationship was found between seismic
wave velocities and thermal conductivity of the rock type possessing higher porosity
values (fractured and altered). Other parameters also depicted either positive or
negative monotonic relationships. Significant associations were observed for all
parameters when considering the full range of porosity values across all rock types
(0-30 %), however, no associations were identified within the individual porosity
intervals (0-3 %, 3-6 %, 6-9%, and above 9 %). For all rock types (0-30 %), the
association between porosity and both acoustic impedance and compressional wave
velocity was successfully quantified, whereas the association between thermal
conductivity and seismic wave velocities could not be quantified.

Keywords: Geothermal energy, seismic wave velocities, thermal conductivity,
statistical analysis
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Symbols and abbreviations

Symbols
Symbol Meaning
E Young’s modulus
v Poisson’s ratio
G Shear modulus
K Bulk modulus
v, Compressional wave velocity
V. Shear wave velocity
M Compressional wave modulus
p Density
A Thermal conductivity
0] Porosity
q Heat flow density
L Specimen length
Ty Spearman’s rank coefficient
n Number of observations
p- Probability value
te Statistical value
t. Critical value
€ Strain
T Shear stress
¢) Deforming angle
P Compressional wave velocity
S Shear wave velocity
Ly, Phonon mean free path
Vin Phonon mean velocity
r Scattering rate
P’ Applied pressure
Cy Lattice specific heat per unit mass
L, Phonon mean path
|/ Phonon mean velocity
vy Pore volume
v, Bulk volume
Vg Grain volume
Abbreviations
Abbreviation Meaning
Al Acoustic Impedance
SI Shear Impedance




1. Introduction

Ambitious initiatives toward renewable energies, such as the United Nations'
Sustainable Energy for All (2024) initiative and the European Green Deal (2021), have
been put into overdrive with the new consciousness on climate change. Scientific
consensus, growing public demand, and escalating climatic impact are driving such a
shift, thus striving for a low-carbon, resource-efficient, climate-resilient, and carbon-
neutral energy system.

Many countries have conventional geothermal resources in their portfolio of energy,
either for the generation of electricity or for direct heat applications (Figure 1). The
growing need for sustainable and decentralized energy solutions has led to a
considerable rise in interest in unconventional geothermal resources in recent years,
particularly in deep crystalline settings impacted by faults and fractures. The vast
majority, over 80 % of the Earth’s internal heat, is contained in the deep subsurface,
at depths greater than 5 km. (Jolie et al., 2021)

Utilisation of .
Geothermal resources

- [ Direct use and
Electricity
Production

B Electricity
Production

[ Direct Use

Created with mapcharl.net

Figure 1: Countries utilizing geothermal resources for direct use, electricity production, or both. Source:
Geothermal Power Database (2015) and created with mapchart.net.

The potential to generate electricity from geothermal heat other than that bound by
the current geological constraints (reservoir quality and advanced drilling
technologies) provides an option to supply carbon-free, renewable baseload power on



a global scale (Cascade Institute, 2024). According to the Annual Financial
Commitments in Renewable Energy (2023), an estimate of thermal energy (heat
generated due to Earth's internal processes like radioactive decay of elements and
residual heat from the Earth’s formation) stored in 3—10 km from the surface could
supply up to 2,000 times the 3.13 TW of electricity equivalent energy demand of the
US. Despite this potential, geothermal energy attracted only 200 million USD out of
499 billion USD global renewable energy investments in 2022. As a result, less
developed technologies like geothermal energy will require more funding to reach
their full potential. This is particularly important given that geothermal energy is a
reliable and continuous source of power, eliminating the need for energy storage
systems or backup power plants (Geothermal Energy, 2022).

Novel drilling and reservoir-enhancing technologies, such as deep directional drilling
techniques and Enhanced Geothermal Systems, are progressing outside typical
volcanic and rifting settings. For example, the United Downs Geosystem project in the
United Kingdom (Farndale et al., 2022) and Project Red in Nevada (Caliber, 2024).
The commencement of such projects indicates that it is economically viable to
generate heat from naturally occurring or artificially created fractured reservoirs, thus
extending geothermal to regions that the energy industry has traditionally overlooked.
(Kauppinen et al., 2020)

The Fennoscandian Shield, also known as the Baltic Shield, comprises Finland,
Norway, Sweden, and a part of northwestern Russia. The bedrock dates from the
Proterozoic (2500—1300 Ma) and Archaean (3100—2500 Ma) ages. Granites, gneisses,
and other metasedimentary or metavolcanic lithologies characterize the crystalline
bedrock. Typically, the geothermal gradient is cited as 8-15 °C/ km, suggesting that
depths of 6-8 km are required to reach 100°C temperatures. However, as discovered
in the St1 deep heat flow project, this estimate is outdated, and the temperature
exceeded 200°C at depths of about 6 kilometres (Kukkonen & Pentti, 2021).

About 27.1 % of Finland's total energy consumption is related to space heating
(Energiateollisuus ry, 2023). Nearly 4,000,000 TWh of thermal energy is thought to
be available in the crystalline bedrock at depths of 4—7 km, which would be sufficient
to cover the country's district heating needs for nearly 100000 years (GTK, 2022).
Annual average air temperatures at ground level vary from 5°C in the southern part to
-2°C in the northern part of Finland. The average temperature of the air varies for
different countries and areas in this region (Kukkonen, 1999).



1.1. Problem Statement

Shear impedance, rock porosity, acoustic impedance, acoustic wave velocities, rock
density, thermal rock conductivity, and seismic velocities are important factors in
most geothermal applications (stimulated geothermal systems and geothermal
reservoirs). (Alameedy et al., 2022; Caspari et al., 2020; Weydt et al., 2022)

Physical characteristics of rocks, such as density, porosity, and thermal conductivity,
have been shown to affect seismic wave velocity in earlier studies. Seismic wave
velocities decrease with increasing porosity; nevertheless, they increase with
increasing rock density and decrease with decreasing porosity. Additionally, it has
been reported that increased thermal conductivities can increase the velocities of
seismic waves. (Mielke et al., 2017; Wyering et al., 2014; Wang et al., 2009; Hartman
et al., 2005; Popov et al., 2003; Starzec, 1999; Kukkonen & Peltoniemi, 1998)

Furthermore, it is uncertain how these physical characteristics behave in crystalline
bed rocks that are penetrated by faults and fractures, particularly concerning the
nature of the correlation and linear relationship between seismic wave velocities and
thermal conductivity. Furthermore, Kokkonen and Peltoniemi's (1998) study of
Finnish crystalline rocks found no correlation or linear relationship between them.

However, the influence of secondary porosity, such as fracture brought on by mineral
dissolution, is ignored in these studies, which concentrate on low porosity and low
permeability rocks. Furthermore, a clear association between thermal conductivity
and compressive wave velocity was observed for rocks with relatively greater porosity
values, including sandstones and volcanoes, but not for plutonic rocks (Mielke et al.,
2017). Additionally, a thorough assessment of the petrophysical properties of
fractured and changed crystalline formations in Finnish crustal fault zones with high
porosity values (up to 30%) was conducted by Bischoff et al. (2024). From the
perspective of geothermal energy resources, these areas are currently unexplored.

This information gap makes it difficult to simulate geological behaviour for energy
extraction and effectively characterize unconventional geothermal reservoirs. If these
relationships are not well understood, geothermal projects will be impractical because
of wastefulness and inefficient resource exploitation. (Mielke et al., 2017)

1.2. Aims and objectives

This thesis aimed to investigate the relationship between seismic wave velocities,
acoustic impedance, and shear impedance with petrophysical properties such as
thermal conductivity, porosity, and density of crystalline rocks of Finland transversed



by faults and fractures. The studied rocks were categorized as massive (host),
brecciated, fractured, and altered. Parameters, i.e., thermal conductivity and seismic
wave velocities, are addressed in greater depth in this study as compared to others.
Literature to date, such as Kukkonen & Peltoniemi (1998), Mielke et al. (2017),
Hartman et al. (2005), Popov et al. (2003), and Starzec. (1999) would suggest a
negligible or zero correlation of seismic wave velocities with thermal conductivity for
low-porosity crystalline rocks. However, a relationship was observed by Mielke et al.
(2017) for porous rocks like volcanites and sandstones. This study was conducted to
investigate whether a correlation existed between thermal conductivity and seismic
wave velocities in crystalline rocks with high porosity resulting from alteration and
fracturing.

This study will try to fill the knowledge gap by gaining an adequate understanding of
petrophysical characteristics and seismic wave velocities in this type of zone and
evaluating how they relate to thermal conductivity, which has not been discussed in
the literature for the Fennoscandian Shield.

Establishing a relation between seismic wave velocities and thermal conductivity
would allow better modelling of subsurface properties in geothermal reservoirs,
especially where fractured and altered crystalline rocks are common. It can also
enhance visibility in the subsurface to delineate faults through the application of
seismic reflection techniques, as both properties are sensitive to variations in fluid
content, porosity, and mineral alteration associated with fault zones, thus improving
the detection and mapping of fault zones.

1.3. Research Questions and Hypothesis

Question 1

Do the response variables (P-wave velocity, S-wave velocity, acoustic and shear
impedance) correlate with the explanatory variables (porosity, thermal conductivity
and density), and can the correlation be quantified?

For crystalline rocks, hydrothermal alterations, fractures, and faults play a vital role in
fluid flow and storage instead of primary porosity alone. The porosity and permeability
values are higher than average in this study, which makes it an exceptional case for
crystalline rocks, with increased fluid movement and heat transfer. Understanding the
correlation and relationship of such variables in this scenario could help to define the
reservoir quality of hydrothermally altered and faulted zones.



Hypothesis 1

The response variables and explanatory variables will exhibit a correlation and will
depict either monotonic positive or negative relationships.
seismic wave velocities and thermal conductivity will possess a significant relationship
in this study due to higher porosities.

In contrast to earlier findings, there is no significant correlation across seismic wave
velocities and thermal conductivity in crystalline rocks having low porosity, a strong
relationship will exist between the response and explanatory variables when
examining the crystalline rocks—within a fault zone, as seen in Figure 2 since they
possess porosity and permeability values which is more than the average observed for
crystalline rocks.

Question 2

How do these relationships vary for different categories of crystalline rocks due to
hydrothermal alteration and faulting? i.e., massive, brecciated, fractured, and altered
rocks?

Upon establishing such relationships, it will help in understanding the most suitable
locations for geothermal energy exploration, better exploration strategies (targeting
high temperature zones), and improved reservoir management.

Hypothesis 2
The relationships will get stronger when going from massive to altered rock types.
Massive rocks (host rocks) represent the original crystalline rock, i.e., not affected by

any process and thus having low porosity values. Contrarily, brecciated, fractured, and
altered rocks are affected by hydrothermal alteration and faults.
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Figure 2: Example of a fault zone in Finland and its association with fracturing and mineral alteration,
as observed in an outcrop. Source: Bischoff et al. (2025)

1.4. Scope and Limits

This thesis will primarily focus on determining the correlation across seismic wave
velocities and thermal conductivity in fault and fracture zones, with emphasis on
crystalline rocks. The impacts of density and porosity on seismic wave velocities and
impedances will also be considered as a secondary goal of this thesis. Additionally, the
effect of factors like fluid content, temperature, and stress conditions is not
considered.

The data of seismic wave velocities through water-saturated rock samples was
obtained from the laboratory of Oy Rock Physics Finland, which used ultrasonic
testing methods to conduct the measurements at ambient temperature and pressure
conditions. Complementary data for the same rock samples, including density,
porosity, and thermal conductivity, were obtained from the Deep-HEAT-Flows (2024)
project. This study did not include laboratory measurements; it focused solely on
statistical analysis conducted using available data.

The relationships and associations between these variables for low enthalpy crystalline

rocks comprising granites and gneisses in several key locations of Finland, including
Otaniemi, Koillismaa, Kivetty, Mantsila, Loviisa, Vantaa, and Kopparnas, were
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studied. These locations depicted higher values of porosities due to the presence of
fault and fracture zones. Such analysis can aid in predicting subsurface heat
distribution without the need for direct measurement at every location. Moreover,
such relationships can identify highly productive geothermal zones, which often
correspond to porous formations. This study is also effective in terms of designing
efficient wells by mapping fluid pathways in geothermal wells. Also, such relationships
can help in selecting an optimized drilling site, thus reducing the financial risks.
Section 1 explains the problem, the research questions, and the hypothesis made.
Section 2 consists of basic theory related to fault architecture, petrophysical
properties, elastic wave velocities of rocks, and statistical tools used for analysis, along
with the key concepts and relevant equations.

Section 3 comprises the literature associated with this subject, and Section 4 discusses
the research methodology for this study. It provides an overview of the experimental
techniques as well as the concept of statistical analysis tools applied in this study.
Section 5 represents the results of the statistical analysis. Section 6 correlates the
findings with previous research on seismic wave velocities, thermal conductivity, and
petrophysical properties of rocks. It examines how the observed trends align with
existing studies, highlighting agreements and discrepancies of petrophysical variation
across the original, altered, and fault zones. Section 7 contains the summary of the
results and work carried out in this project.

12



2. Theory

This section of the thesis explains the theoretical concepts regarding the architecture,
formation, and types of faults, as well as various parameters that affect the formation
of faults. This section also explains the concept of response variables, including elastic
wave velocities, acoustic, and shear impedance. The explanatory variables of density,
porosity, and thermal conductivity have been explained as well.

2.1. The architecture of a Fault Zone

Developing predictive solutions to issues surrounding the use of geothermal energy
resources requires an understanding of how brittle zones emerge and impact fluid
flow. Fault and fracture networks are regarded as crucial structural elements in
geothermal systems for fluid circulation, heat transfer, and reservoir permeability.
(Haneberg, 1999)

In the Earth’s crust, a fault is a fracture /zone of fractures where rocks on either side
have shifted relative to one another due to tectonic forces. Faults arise when tension
in the Earth’s crust surpasses the rock's strength, forcing it to fracture and shift.
Faulting is important in many geological processes, including geothermal reservoir
formation (Stawikowski, 2017). It is distinguished by high strain localization, which
means rocks break and slip along the fault because of the concentrated strain in this
narrow area.

Brittle faults have been differentiated based on two key structural domains, which is
the fault core and damaged zone. Figure 3 shows the fault core and damage zones
surrounding the core (Choi et al., 2015). The fault core, which accommodates majority
of the fault displacement, is the central region of a fault where significant rock
deformation results from strong shearing. (Haneberg, 1999)

Relatively low strain and less intense deformation or lower bulk shear strain
differentiate the damage zones from the fault core (Haneberg, 1999). These contain a
variety of subsidiary structures such as subsidiary faults, veins, fractures, and locally
fault-related or drag folds. Damage zones are typically characterized by lowered
permeability compared to fault core, except where fractures dominate (Choi et al.,
2015). Heterogeneously distributed strain typically characterizes the damage zone,
which results in anisotropy and heterogeneity in the permeability framework of the
damage zone (Bruhn et al., 1994).

13
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Figure 3: Visual representation of a brittle fault structure. Source: Choi et al. (2015)

2.2. Deformation controlled by elastic properties

Important mechanical properties such as Shear modulus, bulk modulus, young’s
modulus and P-wave modulus can influence the faults and changes in geological
materials. These properties influence the way rocks react to stress, strain, and
deformation, which in turn affects the formation and spread of faults as well as the

material's ability to adjust to variations in pressure, volume, and shear.

2.2.1. Bulk Modulus

Bulk modulus is the impedance of a material to regular volumetric compression. It can
be described as the fraction of applied pressure (or hydrostatic stress) to the

consequent comparative decrease in volume or volumetric strain.

stress P’

ey

strain  Av
v
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K represents the bulk modulus.
P’ denotes applied pressure.

Av . .
—-represents the volumetric strain.

2.2.2. Shear Modulus

Shear modulus or Lamé's second parameter characterizes the resistance of a material
to shear distortion. It is described as the fraction of shear stress to the shear strain,
tangent of a deforming angle 0:

T
~ tan®

(2)

Here G represents Shear modulus.
T represents Shear stress.

2.2.3. P-Wave modulus

P-wave modulus (M) is the resistance of a material to deformation by a longitudinal
wave. It defines the impedance of the material to the bulk and shear deformation
under compressional waves and is described as a fraction of stress to strain in a
uniaxial strain condition. This can be mathematically presented by Equation 3.

2.3. Elastic wave velocities

Mechanical waves are generated when a portion of a deformable medium is compelled
to move. Movement of this part of a medium generates deformation in the material
and transmits disturbance from one place to another, allowing the wave to travel
through the medium. Waves must overcome material resistance and inertia to
propagate. Mechanical waves are characterized by energy transmission through
particle motion. (OpenStax, 2016)

Since P-waves, also identified as primary waves, are the quickest seismic waves, they
arrive at seismic detectors first. By compressing and expanding the substance they
pass through, compressional or longitudinal waves move particles in the same
direction as the wave. Their "push-pull" motion enables them to travel through both
solids and liquids, making P-waves highly effective for subsurface imaging. S-waves,

15



or secondary waves, always travel slower than P-waves. These are transverse or shear
waves that move particles perpendicular to the direction of wave propagation in a side-
to-side or "shearing" motion. S-waves can only pass through solids because liquids
lack the shear strength necessary to sustain S-wave transmission, in contrast to P-
waves, which can pass through liquids (Shearer, 2019). S-waves cannot pass through
liquids because they have a shear modulus of zero, which is equivalent to an S-wave
velocity of zero. Instead, part of the energy can be converted into P-waves and then
back into S-waves.

Three important elastic parameters describe seismic properties, namely, the Shear
modulus (G), bulk modulus (K), and P-wave modulus (M). Both P-waves and S-waves
will travel at velocities depending on the density, p, of the material as well as on its
shear and compressibility moduli. Moreover, P-wave velocity increases with
increasing shear and compressibility moduli but decreases with an increase in the
material’s density. It is represented mathematically with the help of equation (3).

I

S-wave velocity increases with increasing shear modulus and decreases with density.
It is not affected by compressibility and may be calculated using only two parameters
as represented by equation (4).

i= |~ (4)

Here V, represents Shear wave velocity.

The shear modulus affects the S-wave velocity but also affects the P-wave velocity;
materials with lower stiffness have slower P-wave speeds.

2.4. Acoustic and Shear Impedance

Seismic impedances are the product of seismic wave velocities and densities. The

resistance a substance provides to seismic waves is referred to by this generic phrase.
kg
2

Several variables, including fluid content, lithology, cementation (an important
process in rock formation in which dissolved minerals precipitate and bind sediment
grains together), and porosity, affect seismic impedances. Porosity generally reduces

16



resistance; however, the effect varies depending on fluid saturation and pore
geometry. As porosity increases, seismic impedances decrease.

Acoustic impedance is applicable to compression waves that oscillate parallel to the
material's particles. Additional factors such as porosity, grain contacts, and stiffness
may affect the propagation of the wave. It can be expressed mathematically with
equation (5).

Al =Vyp (5)

Here, Al represents the acoustic impedance, V, stands for P-wave velocity and p is
the density.

On the other hand, shear impedance is related to transverse or shear waves and can
be expressed mathematically with equation (6).

SI="Vsp (6)

Here, SI represents the shear impedance, V; stands for shear velocity and p
represents the density.

2.5. Thermal Properties in Geothermal Energy

Understanding subsurface thermal behaviour governing the generation, storage, and
transport of geothermal energy is central to geothermal energy research and
development. An intimate knowledge of such parameters is necessary for the potential
of possible geothermal reservoirs, optimization of energy recovery, and system design.
High-resolution thermal property characterization overcomes the complexity added
by heterogeneous rock geometry by incorporating field measurements, numerical
modelling, and laboratory testing. (Kukkonen & Peltoniemi, 1998; Mielke et al., 2017)
There are three thermal parameters in geothermal research such as thermal
diffusivity, specific heat capacity (C,) at constant pressure, and thermal conductivity.
Wherever there are regions of a body at different temperatures, heat flows from the
hot to the cold region. Heat flow can be carried out by three modes: convection,
conduction, and radiation. In solid rocks, the heat transport mechanism is by
conduction, and above 1200°C it is by radiation.

By Fourier's law, conduction dominates in dense, impermeable, low-porosity rock
types, i.e., metamorphic and most plutonic rocks, which are the brecciated or massive
rocks in this investigation. Convection dominates permeable materials, e.g., fractured
rocks with open or unfilled fractures (Mielke et al., 2017). Heat transfer through lattice
vibration or Phonon conductivity is the primary mechanism of heat conduction in

17



crystalline rocks (Hadley, 2011). The subject of phonon conduction is described in
more detail in Section 2.6.

There are two ways to test thermal conductivity: direct and indirect. Direct or
laboratory-based techniques include transient techniques like the hot wire and
transient plane source (TPS) methods, which are frequently employed in rock and soil
studies, as well as steady-state techniques like the guarded hot plate and heat flow
meter (Clauser & Huenges, 1995). Additionally, indirect methods are used to measure
thermal conductivity. For example, empirical models use characteristics like density,
porosity, and mineral composition to predict thermal conductivity in geothermal and
geological contexts (Vosteen & Schellschmidt, 2003). Well logging techniques and
seismically based estimates can also benefit indirectly from the relationship between
heat conductivity and sonic wave velocities and formation factors in underground
environments.

Thermal conductivity is a very important property in geothermal modelling, basin and
sedimentary studies, and geotechnical applications, because it governs how efficiently
heat is transferred through subsurface materials, thus impacting temperature
distribution models and energy flow predictions.

The heat flux (q) due to a thermal gradient determines thermal conductivity. As a
result, it can be written as:

T ,
q_ aZ ()

Here q represents the heat flux.
A represents the thermal conductivity.

Z—Z thermal gradient.

The unit of thermal conductivity is Wm™1K 1.

2.6. Phonon Conduction Theory

The connection between heat conductivity and compressional wave velocity is
explained by phonon conduction theory. It assumes that sonic wave packets, or
phonons, propagate along a temperature gradient to carry thermal energy.
Cementation, porosity, microfractures, and heat/acoustic wave conduction may
interfere with phonon flow, which in turn affects wave velocity and thermal
conductivity. (Mielke et al., 2017)
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This theory plays a significant role in understanding heat transfer within geothermal
reservoirs, particularly for solid rocks that can store and transport fluid. If conduction
alone is considered, then phonon transport becomes the dominant mechanism in solid
crystalline rocks. Fractures and faults can affect the transport of these phonons. A
fracture-free zone, which is less porous and thus has less scattering of phonons, will
result in increasing thermal conductivity as compared to a damaged one.

The phonon conductivity theory offers a valid theoretical basis for empirical models
that produce precise thermal conductivities for low porosity rocks. A crystalline solid's
thermal conductivity is determined by using equation (8).

Cy Vi L
A:pV3mp (8)

Here p represents density, C;, shows the lattice-specific heat per unit mass, L, is the
phonon mean free path and V,, is the mean phonon velocity. (Williams & Anderson,
1990)

Phonon is considered a unit of energy resulting from vibrating particles in a crystal.
Any crystalline solid that consists of atoms bonded together in a fixed three-
dimensional space arrangement is termed as a lattice. As the atoms are behaving as if
they were connected by small springs, the thermal energy within the atoms or the
external forces causes the lattice to vibrate. As a result, mechanical waves are
generated within the material that conducts heat and sound. A collection of such waves
can propagate through the crystal with given momentum and energy, and therefore
such waves can be considered as a component, known as a phonon. (Perkowitz &
Sidney, 2025)

Thermal energy in non-metallic solids in the light of geothermal energy reservoirs is
primarily carried/transported by phonons. Various scattering mechanisms and
material properties can thus affect the efficiency of this heat transport. Ballistic
transport mechanisms occur in highly ordered crystals at low temperatures, where the
phonons without scattering travel long distances. This process of heat transfer is very
rare in natural geothermal reservoirs, as most rocks have microstructural defects.
However, for moderate (300-1000 K) to high temperatures (1000-2000 K), in
crystalline rocks, the heat is transferred with diffusive transport where the phonons
scatter due to defects in the crystal structures and interactions with other phonons.
This mechanism is governed by Fourier’s law of heat conduction. (Ziman, 1960,
Clauser & Huenges, 1995, Chen, 2014)

The average distance a phonon can travel before a scattering event is called Phonon

mean free path. A longer mean free path means that the phonon can transport the
associated energy for longer distances. This concept is important in understanding the
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thermal conductivity and heat transfer for geothermal reservoir rocks. The disruption
in the motion of phonons as they pass through rocks is referred to as phonon
scattering. Some common scattering processes include phonon-phonon scattering,
Phonon-Defect Scattering, and Phonon-Boundary scattering. (Kittel, 2004)

To determine the thermal conductivity, mineral composition plays a vital role as it
directly influences the way heat is transferred through the material. The bond
strength, density, and atomic structure of minerals contribute to thermal properties.
Quartz and Feldspar are examples of minerals that can affect the thermal properties
due to their distinct structural characteristics. Quartz is a silicate mineral that has
higher thermal conductivity compared to other silicates and is found in abundant
quantities in the Earth’s crust. The phonons travel more freely through quartz, leading
to higher thermal conductivities due to a highly ordered atomic structure with strong
covalent bonds between oxygen and silicon atoms (Si0,). Feldspars, on the other
hand, possess a different structure and composition as compared to quartz. Minerals
like orthoclase and plagioclase that contain aluminium, sodium, or potassium ions
constitute the feldspar group. Moreover, mafic minerals also have higher density than
quartz or feldspar, resulting in thermal conductivity values that deviate from minerals
like quartz or feldspar. (Clauser & Huenges, 2011)

To assess the geothermal potential of any location, it is important to understand how
heat is transferred through the rocks. Phonon conduction theory can be used to
explain how heat is transferred through minerals and rocks in geothermal reservoirs.
It also explains the temperature and thermal conductivity relationships in detail,
which is important to understand heat flow and reservoir behaviour. (Finsterle et al.,
2013)

2.7. Porosity

The capability of a reservoir to retain and transfer fluids, which are necessary for heat
extraction, is directly impacted by porosity, making it an important rock feature in
geothermal energy exploration. By decreasing the shear and bulk moduli of the rock,
porosity influences elastic wave velocities, resulting in reduced P-wave and S-wave
velocities. Because pores are usually filled with air or fluids, which are less dense than
the rock matrix, it also reduces density. (Starzec, 1999)

Porosity is described as the fraction of the pore volume to the bulk volume of the rock.

__ volume of pores v, v —vs

)

bulk volume v, Vi

Here v, represents the pore volume.
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v, represents the bulk volume.
v, represents the grain volume.

Porosity is a dimensionless property that can be expressed in percentage or as a
fraction. The above definition is related to total porosity, also called absolute porosity.
Effective porosity is the fraction of the connected pore volume to the total volume of
rock. Connected pore volume, however, depends upon the saturating fluid. (Tiab &
Donaldson, 2012)

The term primary porosity defines the volume of void sediment when it is first
deposited. The secondary porosity is the extra volume of void derived later. Porosity
can be calculated or determined by both direct and indirect methods. The direct or
laboratory methods include solid and bulk volume calculations and gas expansion
procedures (Heap et al.,2014). Seismic and logging methods are examples of indirect
measurements of porosity, since they are based on the relation of porosity to other
parameters such as density, neutron response, and seismic wave velocities (PetroWiki,
2024b). Nuclear magnetic resonance techniques can also be applied to evaluate
porosity (PetroWiki, 2024).
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3. Literature Review

This section represents some of the previous studies conducted on the relationships
between the response (Seismic wave velocities and impedances) and explanatory
variables (density, thermal conductivity, and porosity). It particularly focuses on the
correlation between thermal conductivity and P-wave velocity, previously investigated
for low-porosity crystalline rocks and high-porosity volcanites or sandstones. This
section also explains studies conducted in terms of hydrothermal alterations and
fractures' effects on petrophysical properties like porosity and permeability. It also
explains how fractures affect conductivity, and the fluid movement associated with
geothermal energy.

3.1. Relationship between seismic wave velocities, porosity,
density, and thermal conductivity

A positive correlation was observed between seismic wave velocities and density for
300 crystalline rock samples representing igneous and metamorphic rocks from the
southwestern part of Sweden. The study focused on the five rock groups that include
gneissic granite, gneissic granodiorite, amphibolite, quartzite, and diabase (Starzec,

1999).

The relationships among thermal conductivity and multiple physical properties of
rocks, such as density, porosity, and mineral composition, were investigated
experimentally by Popov et al. (2003). The findings showed higher thermal
conductivity for denser and less porous rocks, even though the study does not
specifically examine the connection between thermal conductivity and seismic wave
velocities. This finding is in line with a more common understanding that materials
that are denser and less porous tend to exhibit better thermal conductivity and seismic
wave velocities.

According to Hartmann et al. (2005), thermal conductivity and seismic wave velocities
are related, and thermal conductivity in subsurface formations can be estimated using
seismic data. According to their research, since density, mineral composition, and
porosity all affect thermal conductivity, higher seismic wave velocities generally
correspond to higher thermal conductivity. In the absence of direct measuring
techniques, this result gives credibility to the idea that seismic wave velocities can be
a useful indirect indicator of thermal conductivity.

Gegenhuber and Schon (2012) investigated the relationship between thermal
conductivity and compressional wave velocity, putting forward a novel model that
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connects these two characteristics in geological materials. Given that these variables
are impacted by physical properties such as density, porosity, and mineral
composition, their research indicates that P-wave velocity may serve as a reliable
signal for determining thermal conductivity. P-wave velocity is a useful tool for
geothermal exploration and subsurface characterization, especially in settings where
direct measurements of thermal conductivity are difficult. This relationship is
especially helpful in geophysical applications where P-wave velocity is simpler to
measure than thermal conductivity.

Kukkonen & Peltoniemi (1998) did not find any evident correlation between thermal
conductivity and seismic wave velocities for the 700 water-saturated samples of
crystalline rocks at normal room temperature and pressure, however, an inverse
relationship between thermal conductivity and density was observed, even though
thermal conductivity is theoretically proportional to density. The higher content of
quartz in these rock samples is an explanation of this deviation from theoretical
predictions, while higher quartz content increases thermal conductivity, it also
decreases rock density

A total of 1430 dry rock samples (oven dry) from plutonic (gabbrodiorite, diorite,
gabbro, diorite, granodiorite, granite), carbonatic (marl, marble, limestone, dolomite,
coquina), clastic sedimentary (arkose, greywacke, sandstone), and volcanic (andesite,
basalt, rhyolite) rock types were included in the study conducted by Mielke (2017).
The bulk thermal conductivity in this study was measured using an optical scanning
method under ambient conditions. A weak or no correlation between thermal
conductivity and seismic wave velocities in low-porosity crystalline rocks such as
carbonates, volcanites, and plutonic rocks was obtained by Mielke (2017). However,
porous rocks such as fine, medium, and coarse sandstones showed a moderate to
strong correlation. Mielke (2017) observed a direct relationship between thermal
conductivity and compressional wave velocity. Additionally, thermal conductivity and
compressional wave velocity in porous rocks showed an inverse relationship with
porosity, as both properties tend to decrease with an increase in porosity, and vice
versa.

In saturated samples, both thermal conductivity and compressional wave velocity
were higher compared to dry samples; this gain was again mainly controlled by
porosity. In dry porous rocks, thermal conductivity can be well predicted from
compressional wave velocity. However, when the nonporous carbonates and plutonic
rocks, except diorite and granodiorite, are considered, no correlation was obtained
from which thermal conductivity cannot be feasibly predicted based on acoustic wave
velocity. For diorite and granodiorite, a weak correlation was obtained. (Mielke et al.,
2017)

Kim et al. (2012) examined three Korean rocks—Asan gneiss, Boryeong shale, and
Yeoncheon schist for anisotropic characteristics in thermal conductivities and seismic
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wave velocities. The best correlation was observed between P-wave velocity and
thermal conductivity, which showed a positive relationship.

3.2. Effects of hydrothermal alteration on petrophysical properties
and geothermal energy resources

Hydrothermal alteration is one of the most important processes that can change the
properties of reservoirs, especially crystalline rocks. Propylitic and vein alterations in
granite reservoirs enhance porosity and permeability. These are very important for
enhancing fluid retention and circulation, an important aspect in the utilization of
geothermal energy. (Ledésert et al., 2009, Inskip et al., 2023)

According to Bischoff et al. (2024), altered granites can develop up to 20 % porosity
and 50 md permeability, which is significantly higher than in unaltered granites.
Moreover, Weydt et al. (2022) and Inskip et al. (2023) reported that hydrothermal
alterations reduced thermal conductivity and sonic velocities in the Carnmenellis
granite and the Los Humeros Volcanic Complex, respectively.

A study of a large shear zone in crystalline rocks in the central Swiss Alps found that
hydrothermal alteration caused significant changes in petrophysical properties. These
changes included reduced elastic wave velocities and increased porosities, which were
notably different from values observed in intact granite. (Caspari et al., 2020)

Alterations can fill the fractures, thus reducing the porosity (silicification). However,
some alterations, for example argillic alterations, can increase the permeability
because of clay formation that breaks down the structure of rock. Also, the chemistry
of geothermal fluids changes due to hydrothermal alteration, and it affects the way
they interact with geothermal wells, rocks, and power plant equipment. Thus,
understanding this helps geothermal engineers to improve power plant performance
by preventing corrosion and scaling in it. Moreover, understanding this concept,
especially near fault and fracture zones of the crystalline rocks, can help in identifying
high-enthalpy geothermal systems, which are associated with hydrothermal
alterations in these zones. Epidote and actinolite alterations (high temperature
alterations) mean long-lived and deep heat sources, whereas smectite and kaolinite
alterations (low temperature alterations) mean cooler and shallower conditions.
(Weydt et al., 2022)
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Table 1: Relationship of hydrothermal alteration with response variables (P- and S-wave velocities) and
explanatory variables in the literature.

Rock property Relationship Author and year
Hydrothermal Ledésert et al.,2009, Inskip et al.,
Alteration and Direct relation 2023, Bischoff et al., 2024, Caspari
Porosity et al., 2020
Hydrothermal
alteration and Inverse relation Weydt et al., 2022, Inskip et al.,
thermal 2023
conductivity
Hydrothermal
alteration and Inverse relation Weydt et al., 2022, Inskip et al.,
Sonic wave 2023, Caspairi et al., 2020
velocities

3.3. Fractures and conductivity for geothermal fluid movement

Fractures and fault zones play a critical role in geothermal reservoir performance.
They can influence fluid circulation, control permeability, and impact the efficiency of
geothermal energy extraction. The rock permeability and porosity are increased by the
presence of faults and fractures, which allows geothermal fluid to circulate. The matrix
permeability of rocks in many geothermal systems is low, which makes faults and
fractures the primary conduits for fluid movement (Flow et al., 1996). For example,
the geothermal fields of Iceland and the East African rift depend on fault-related
permeability (Letelier et al., 2020; Omwenga, 2019). Such underground formation
traps hot fluid and form geothermal reservoirs. Some faults act as a seal (cap rock) to
prevent fluid loss, while others allow continuous fluid circulation. These formations
also enhance the efficiency of heat extraction by facilitating convective heat transfer
where the cooler fluids sink, and hot fluid rises (Flow et al., 1996). A good example in
this case would be the Larderello geothermal field in Italy (Bertini et al, 2018).

A high permeability normally characterizes the major fault zones; this is deduced from
the investigations of the Upper Rhine Graben and the St1 Deep Heat project. Fluid
flow occurs along faulted or fractured rocks. Hydraulic conductivity, however, is hard
to maintain, and substantial reductions in permeability are induced shortly after the
stimulation job (a set of different techniques used to improve the permeability for
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better heat transfer and fluid flow) (Kukkonen et al. 2023, Frey et al. 2022).
Specifically, seismic and ultrasonic studies have shown that fracture porosity is related

to wave velocity. In turn, zones with more fractures tend to be more permeable
(Starzec, 1999; Caspari et al., 2020).
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4. Research Material and Methods

Laboratory measurements of compressional and shear wave velocities were conducted
on crystalline rock specimens collected from different fault and fractured zones in
southern Finland by Oy Rock Physics Ltd. The seismic wave velocities, along with the
supplementary data, i.e., density, porosity, and thermal conductivity for the same
samples, were obtained from the Deep Heat Flows (2024) project and were used to
conduct statistical analysis in this study. The seismic impedances were calculated
using the seismic wave velocities and densities.

The process involved in conducting this study can be seen from Figure 4. It starts with
using seismic wave velocity data from the laboratory measurements as an input or
starting point. Statistical analysis is then conducted between variables under
investigation to determine a monotonic relationship and a linear numerical
association. Afterwards, only those variables that depicted numerical association were
considered for regression analysis to quantify the associations. The purpose of
regression analysis is to come up with a quantified relationship in the form of an
equation that can then be used to predict an unknown variable when the other is
known.

4.1. Sample Selection and Preparation

Of the 127 specimens obtained from the Deep Heat Flows (2024) research project, 115
samples yielded usable data. These specimens represented different locations of
southern Finland, including Skanssi (Turku), Kopparnias (Inkoo), Porkkala
(Kirkkonummi), Ruskeasuo (Helsinki), Laajalahti and Otaniemi (Espoo), Kasavuori
(Kauniainen), and Kivetty (Adnekoski). The complete details about the location, rock
facies, and fault architecture of all the specimens studied here are presented in
Appendix A, but some of these specimens are given in Table 2 for a rough idea.
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Figure 4: Steps or processes involved in this study. Source: Produced with Python codes.
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Table 2: Selected samples based on location, rock facies, and fault architecture.

Sample Location Rock facies Fault
architecture
FZ2-C2-S001-A1 | Skanssi Altered Migmatite | Fault core
FZ2-C2-S001-C1 | Skanssi Altered Migmatite | Fault core
KOP-D-020-A1 Kopparnas Altered gneiss Fault core
KR1-003 Kivetty Altered granite Damage zone
FZ1-C1-S004-A1 | Skanssi Fractured Fault core
migmatite
KOI-002-C Koilisma Brecciated granite | Fault core
MHA3-002 Mantsala Brecciated granite | Damage zone
KR4-005 Kivetty Brecciated granite | Damage zone
KOI-003-C Koillismaa Fractured granite Damage zone
HB5-S001-A1 Skanssi Massive migmatite | Host block
KUS-001-A1 Vehma Massive migmatite | Intrusive contact
OTN1-008-A1 Otaniemi Altered granite Damage zone
MHA3-001 Mantsala Massive granite Host block

Specimens were saturated in tap water for 12 days at normal temperature and pressure
conditions before the measurements, as seen in Figure 5. This is a bit shorter than the
usual 14 days, but with the sample size and porosity higher than usual resulted in early
saturation. The core size is irregular; its length in the polished samples is

approximately 40 mm.
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Figure 5: Selected saturated crystalline rock specimens used for ultrasonic testing. Source: Oy Rock
Physics Ltd.

4.2. Laboratory techniques for rock property measurements

Data in the form of seismic wave velocities, density, thermal conductivity porosity
were analysed statistically. Seismic wave velocities were measured at Oy Rock Physics
(Finland) laboratory, whereas density, porosity, and thermal conductivity
measurements were conducted at GTK (Finland) and the University of Strasbourg
(France) laboratories. The testing methods thus involved are explained below.

4.2.1.Seismic Wave Velocities

Ultrasonic testing systems are one of the prominent standard non-destructive
methods used in the characterization of rock materials. It works through the
excitation, propagation, and detection of minor waves at ultrasonic frequencies with
adjustable pulse lengths. The method of testing does not alter or destroy the sample.
The propagation of waves through the material will give important information about
properties such as elasticity, density, and structural integrity. This system is used for
determining P- and S-wave velocities. A usual configuration of an ultrasonic testing
system is schematically shown in Figure 6. (Aydin, 2013)
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Figure 6: Configuration of a basic ultrasonic testing apparatus. Source: Aydin (2013).

In the present study, a frequency of 1 MHz is used to achieve higher signal resolution
with good penetration depth. Seismic wave velocities for this study were measured
using an Olympus EPOCH 650 with different transducers, such as Olympus V153-RB
and V103-RB. Laboratory tests, as seen in Figure 7, were performed according to ISRM

2014 and ASTM D2845-08.
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Figure 7: Testing apparatus for measuring seismic wave velocities. Source: Oy Rock Physics Ltd.

4.2.2.Density

A digital scale with an accuracy of 0.001 g was used to measure the sample's bulk
density at the University of Strasbourg in France using the dry mass. Standard
techniques, such as calliper measurements with 0.01 mm accuracy, were used to
measure the volume of each regular-shaped sample and fluid displacement for the
irregular ones. The bulk density was calculated by dividing dry mass by sample
volume.

At GTK’s laboratory in Finland, the bulk density of samples was determined by
measuring the samples' mass in water and air. A precision scale having 0.01 g accuracy
was used to conduct the measurements at 20 °C.

4.2.3. Thermal conductivity

In the laboratory, an approach used to calculate thermal conductivity is the divided
bar method. A sample is positioned between copper and quartz discs alternating in a
vertical column. Heat flows through the discs due to the temperature difference
between the sample and the discs. Once temperature changes in the discs are recorded,
thermal conductivity can be calculated using Fourier's law. Another method known as
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Transient Plan Source (TPS) can also be used to determine thermal conductivity. Both
these methods involve applying a known heat source to the sample and calculating
thermal conductivity by measuring its temperature response. (Heap et al., 2020)

At the University of Strasbourg in France, thermal conductivity was calculated with
the TPS method that used a Hot Disk 500 Thermal Constants Analyzer. For GTK’s
laboratory in Finland, a divided bar method was used to calculate the thermal
conductivity of the samples in wet conditions.

4.2.4.Porosity

At the University of Strasbourg, a gas pycnometer was used to measure the porosity.
This method involves measuring the volume of rock samples by observing pressure
changes of helium gas displaced by the sample in a sealed chamber. By combining
these volume measurements with the sample's dry mass, the bulk density and porosity
are calculated.

For the GTK laboratory, the Archimedean principle was used to measure the samples'
connected porosity.

4.3. Statistical Analysis

A non-parametric test was employed for the analysis since the relationship between
the variables in this study is expected to be complex and nonlinear, since it is impacted
by several parameters such as fluid content, pore structure, and mineral composition.

Non-parametric methods are useful when data fails to fulfil assumptions of normality,
independence, or uniformity required for a parametric test (Data Tab, 2024). These
statistical tests will help in answering the research questions and hypotheses. Given
the non-normal distributions of data, meaning it has been taken from different
locations of Finland (non-symmetrical distribution or the data is not clustered around
the mean value), these tests are appropriate for answering the research questions with
strong statistical inferences. This will determine the relationship between the variables
studied, whether correlated, and to what extent.

Figure 8 represents different variables, including seismic wave velocities, seismic
impedances, thermal conductivity, density, and porosity, which are investigated in
terms of having a monotonic relationship and numerical association with each other.
Moreover, Figure 8 predicts the type of relationships between variables in this study.
For example, a direct relationship between thermal conductivity and seismic wave
velocities, and an inverse relationship between seismic wave velocities and porosity.
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Figure 8: Predicted relationships between the explanatory and response variables based on literature
studies. Source: Produced using Python codes.

4.3.1.Spearman’s Rank Test

Spearman’s rank correlation is a statistical test used for testing the association
between two variables in a non-linear fashion. It is represented by r; and gives the
strength and direction of the associations between variables when data is ranked or
ordered. The important aim of this test is to identify the power and nature of the
monotonic relationship between the two variables being compared. The assumptions
that precede the use of this test are as follows: Spearman’s rank correlation applies in
measuring the relationship between ordinal or numeric variables that can be ranked,
while not assuming linearity. It is also a non-parametric test, so there is no
requirement for a normally distributed data set. (Data Tab, 2024)
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Given the complexity introduced by variables like fluid content, pore shape, and
mineral composition, a monotonic yet nonlinear connection between the variables is
anticipated in this investigation. (Zhao et al., 2021)

Mathematically, it can be written as.
6 Xi, df

=1—
s n(n?z-1)

(10)

Here d;= difference in ranks for each pair of values.
n= number of paired observations.
r,= Spearman’s correlation coefficient.

The following interpretations apply to the calculation (Data Tab, 2024).
» If the rg =1, this means a perfect/strong positive monotonic relationship.
» If rg =-1, this means a perfect/strong negative monotonic relationship.

» If rg=0, this means a weak or no monotonic relationship whatsoever.

The Spearman’s r value is not that useful in terms of predicting the association
between two variables under consideration. It only tells the extent of the monotonic
relationship between them. To determine the association, the r, The value is converted
into its statistical value and then compared with its critical value, which is calculated
separately. (Data Tab, 2024)

The statistical value for Spearman’s rank correlation is calculated from the equation

(11).

rvn—2
tgy =———— (11D
1—1r2

Here t. represents the test statistic for Spearman’s rank correlation, r = Spearman’s
rank coefficient, and n denotes the number of observations. For the given degrees of
freedom (dof=n-2) and significance level (a=0.05), the critical value for Spearman’s
rank correlation is calculated using the t-distribution. The variables are said to have a
significant association if the test statistic or statistical value is greater than the critical
value ( t,).
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If ty > t., Thereis asignificant association.

If t, <t.,Thereisnosignificant association.

Sample size is an important factor in the outcome of Spearman’s rank correlation tests,
this can affect the results in our study when categorizing the samples in terms of
porosity. A large sample size has a few advantages, as shown by Figure 9.

Increase in Improved

tatistical Powe ignificance

Figure 9: Advantages of a larger sample size on the results of statistical tests. Source: Produced using Python
codes.

4.3.2.Chi-square Test

This test helps in ascertaining whether the variables are independent of each other. If
the p-value is less than the significance level, which is often chosen as 0.05, then the
variables are said to be dependent, and the null hypothesis is rejected. If the p-value is
greater than 0.05, then the variables are independent. The variables involved must be
either categorical or numeric. Chi-square tests work best when the range of
observations is limited and expected frequencies are sufficient. For small sample sizes,
one expects a weaker reliability in the Chi-square test, because some expected values
may drop below the critical value usually accepted as 5. (Field, 2013; Data Tab, 2024)

Since the Chi-square test will only consider data on categories, this study will convert

its numerical data into categorical data. It must be done so by a process known as
binning, which is carried out with the help of Python codes.
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In statistical analysis, binning is the process of dividing continuous data into distinct
groups or intervals, frequently to make analysis easier or to better illustrate
distributions. (Data Tab, 2024)

4.3.3.Fisher's Exact Test

Fisher's exact test is used to determine whether two binary categorical variables are

independent of each other in a contingency table, particularly when the sample sizes

are very small. It assumes that the data follow no distribution; hence, it is a non-

parametric test. (Data Tab, 2024)

The following are the assumptions of this test:

» The two variables under investigation should be binary; in other words, they will
have only one of the two values.

» There should be no relationships between the groups, and the data should be
randomly selected.

» There should be one or more cell value counts less than five in the contingency
table. If all the values are above five, then the Chi-square test should be performed
instead of this.

This test is considered best for small sample sizes and low expected frequencies, and
less practical or reliable for large sample sizes. Without using large-sample
approximations, it calculates the precise probability of detecting the data under the
null hypothesis. Because of this, it is favoured in situations when the expected
frequency assumption is not satisfied, or the sample size is limited (Agresti & Finlay,
2018).

In summary, Spearman’s rank test is used in this study to measure the strength and
direction of the monotonic relationship. This test is also used to determine the
numerical association between two variables by comparing their statistical value to its
critical value. Chi-square test is used to determine if the variables are dependent or
independent from each other, and Fisher's exact test is used for the same purpose, but
in case of small sample sizes. The statistical analysis is conducted using Python codes
developed for this work, all studied tests were applied in this thesis with the same
number of observations (Individual or combined porosity range). The complete code
for this analysis can be accessed using the link provided in the Appendix A section of
this thesis.
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4.4. Regression Analysis

Moreover, regression analysis is undertaken on Microsoft Excel to predict the strength
of associations between variables that have been compared and to check whether these
associations can be quantified or not. For this process, only those variables are
considered that are statistically significant. In this study, for the combined porosity
range (0-30 %), all the variables possessed a significant association when compared.
A linear regression model has been used for this study. The regression analysis is
performed for the response (Seismic wave velocities and seismic impedances) and
explanatory variables (density, porosity, and thermal conductivity) investigated in this
study across the combined porosity interval (0-30 %).

The R? value and the type of fitting for each parameter are also calculated. A statistical
metric known as the coefficient of determination, or R?, shows how well the data fits a
regression model. Excel's linear regression analysis is frequently used to evaluate how
strongly variables are related to one another. A value near zero denotes a poor fit,
whereas a value near one shows the model explains most of the data variability. The
R? value is the extent to which changes in the independent variable predict a change
in the dependent variable. A greater R? value suggests that the model explains most of
the variability in the dependent variable and fits the data well. Whereas a lower R?
value suggests that the dependent variable may be influenced by other factors because
the model does not account for most of the variability.
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5. Experimental Results

This section of the thesis presents the results of statistical analysis conducted on the
samples of crystalline rock transected by faults. It also shows the relationships and
numerical association between the response (Seismic wave velocities and seismic
impedances) and explanatory variables (Density, porosity, and thermal conductivity).
Results of different statistical analysis tools are presented in various porosity intervals,
including 0-3 %, 3-6 %, 6-9 %, and greater than 9 %. Results of the general relationship
and association between the variables for the combined porosity range (0-30 %) are
also given in this section.

5.1. Scatter Plots

Figure 10 (A) represents a scatter plot between compressional wave velocity and
thermal conductivity. A positive trend is observed here, i.e., thermal conductivity
increases with an increase in compressional wave velocity. It can be observed that for
low-porosity rocks in Figure 10 (A), no proper trend between thermal conductivity and
compressional wave velocity is observed, whereas a proper trend is observed for higher
porosity ranges. i.e., the blue and red points. The shear wave velocity behaves similarly
to thermal conductivity, as observed for the compressional wave velocity, a direct
positive relationship can be seen from Figure 10 (B). It can also be observed from the
scatter plot in Figure 10 (B) that higher porosity values exhibit a good relationship
between these two parameters as compared to the lower porosity values.
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Figure 10: Scatter plot of seismic wave velocities versus thermal conductivity. Source: Produced with
Python codes.
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A positive monotonic relationship is observed between seismic wave velocities and
thermal conductivity upon applying Spearman’s rank test. With an increase in porosity
values, the strength of the relationship increases, as seen in increasing positive
Spearman’s r values in Tables 3 and 4.

Table 3 represents the statistical and critical values for the Spearman’s rank test
conducted to determine whether compressional wave velocity and thermal
conductivity are statistically significant or not. For individual porosity intervals, no
obvious significant association was observed, whereas a significant association can be
seen for the combined porosity value (0-30 %). The reason for this association is that
Spearman’s rank statistical value is greater than its critical value for the combined
porosity range, whereas for individual porosity intervals, it is not. A similar
observation was found for shear wave velocity and thermal conductivity, as shown in
Table 4. For the combined porosity range, statistical and critical values for Spearman’s
rank tests are thus highlighted yellow in Tables 3 and 4.

The Chi-square statistics and Chi-square critical values are given in Tables 3 and 4,
indicating seismic wave velocities are not statistically significant for individual
porosity intervals, however, the combined porosity range had statistical values greater
than their critical values, thus showing a significant association. For the combined
porosity range, Chi-square statistical and critical values are coloured Green in Tables
3 and 4.

Table 3: Statistical test values for compressional wave velocity versus thermal conductivity.

Porosity (%) 0-3 % 3-6 % 6-9 % Above 9 Combined
%
Spearman’s r value -0.06 0.03 0.1 0.8 0.3
Statistical value -0.6 0.1 0.3 1.9 3.6
(Spearman)
Critical value 2.0 2.2 2.3 4.3 1.9
(Spearman)
Chi-square 0.8 0.8 0.1 1 0.01
p-value
Statistical value (Chi 1.4 1.5 1.5 0 13.3
square)
Critical Value (Chi 9.5 9.5 6 3.9 9.5
square)
Fisher exact value 0.6 1 1 0.3 0.1
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Table 4: Statistical test values for shear wave velocity versus thermal conductivity.

Porosity (%) 0-3 % 36 % 6-9 % Above 9 Combined
%
Spearman’s r -0.1 0.4 0.04 0.8 0.4
value
Statistical value -0.7 1.8 0.120 1.9 4.2
(Spearman)
Critical value 2.0 2.2 2.3 4.3 2.0
(Spearman)
Chi-square 0.5 0.01 0.15 1 0.01
p value
Statistical value 3.0 14 3.7 0 14
(Chi square)
Critical Value 9.5 9.5 6 3.8 9.5
(Chi square)
Fisher exact 1 1 1 1 1
value

Figure 11 (A) and Figure 11 (B) represent the scatter plot between seismic wave
velocities and thermal conductivity, depicting an inverse relationship. It can be
inferred that lower seismic wave velocities can be associated with highly porous
locations. Lower porosity intervals show a good relationship, whereas high porosity
intervals depict a weak relationship, as the points are more scattered.
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Figure 11: Scatter plot of seismic wave velocities versus porosity. Source: Produced by Python codes.

The result of Spearman’s r test, as seen in Tables 1 and 2 of Appendix B, indicates a
negative monotonic relationship between seismic wave velocities and porosity. In
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terms of significant association between the two parameters, both Spearman’s rank
and the Chi-square test indicated an association for combined porosity ranges (0-30
%) and nothing for individual porosity intervals. For Spearman’s tests, these values
are highlighted in yellow colour, and for Chi-square, it is green as shown in Tables 1
and 2 of Appendix B.

Figure 12 (A) and Figure 12 (B) represent the scatter plot between seismic wave
velocities and density, depicting a direct relationship of increasing seismic wave
velocities with increasing density values, associating higher seismic wave velocities
with higher density values.
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Figure 12: Scatter plot of seismic wave velocities versus densities. Source: Produced with Python
codes.

The result of Spearman’s r test, as seen in Tables 3 and 4 of Appendix B, indicates a
positive monotonic relationship between seismic wave velocities and porosity. Tables
3 and 4 of Appendix B also represent the statistical and critical values associated with
Spearman’s and Chi-square tests. These tests resulted in similar observations to those
for the previous parameters. i.e., an association for the combined porosity range and
nothing for individual intervals.

Figure 13 (A) and Figure 13 (B) depict a direct relationship between seismic
impedances and thermal conductivity, meaning that increasing seismic impedances
means increasing thermal conductivity. It is also observed that lower porosity depicts
higher values for thermal conductivity and seismic impedances.
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Figure 13: Scatter plot of seismic wave velocities versus thermal conductivity. Source: Produced by
Python codes.

A positive monotonic relationship is observed between seismic wave velocities and
thermal conductivity, as seen in Tables 5 and 6, respectively, which shows a positive
value for the combined porosity range. Tables 5 and 6 also represent the statistical and
critical values of Spearman’s rank and Chi-square tests. These values predict no
significant association for individual porosity intervals. However, for combined
porosity values (0-30 %), a significant association is observed. The statistical value for
these tests is greater than its critical values, thus showing an association between
seismic impedances and thermal conductivity. These values are highlighted in colours,
yellow for spearmen and green for Chi-square tests, as shown in Tables 5 and 6,
respectively.

Table 5: Results of statistical tests for acoustic impedance versus thermal conductivity.

Porosity (%) 0-3 3-6 % 6-9 % Above 9 Combined
% %
Spearman’s r -0.1 -0.02 0.3 0.8 0.3
value
Statistical value -1.3 -0.03 1.1 1.9 3.3
(Spearman)
Critical value 2.0 2.2 2.3 4.3 2.0
(Spearman)
Chi-square 0.8 0.7 0.02 1 0.001
p value
Statistical value 1.7 1.9 8 0 18.1
(Chi square)
Critical Value 9.5 9.5 6.0 3.8 9.5
(Chi square)
Fisher exact 0.2 1 1 0.3 0.3
value
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Table 6: Results of statistical analyses for shear impedance versus thermal conductivity.

Porosity (%) 0-3 % | 3-6 % | 6-9 % | Above9 Combined
%
Spearman’s r -0.1 0.4 0.1 0.8 0.4
value
Statistical value -0.9 1.7 0.2 1.9 4.2
(Spearman)
Critical value 2.0 2.2 2.3 4.3 2.0
(Spearman)
Chi-square 0.5 0.01 0.1 1 0.003
p value
Statistical value 3.0 14 4.4 0 16.41
(Chi square)
Critical Value 9.5 9.5 6.0 3.8 9.48
(Chi square)
Fisher exact 0.18 0.6 1.0 0.3 0.03
value

Figure 14 (A) and Figure 14 (B) relate the acoustic and shear impedance inversely with
porosity. It can be seen from the same figures that an increase in porosity values
decreases the acoustic and shear impedances and thus has an inverse relationship.
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Figure 14: Scatter plot of seismic impedances versus porosity. Source: Produced by Python codes.

Moreover, a negative monotonic relationship between seismic impedances and
porosity, whose strength increases with increasing porosity values, was confirmed by
Spearman’s r value as seen in Tables 5 and 6 of Appendix B. These tables also represent
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the statistical and critical values of Spearman’s and Chi-square tests. By comparing
these values, it was observed that no significant association between seismic
impedances and porosity exists for individual porosity ranges, whereas, for combined
ones (0-30 %), a significant association is observed. The statistical and critical values
are highlighted like previous parameters.

The relationship type and whether a significant association exists between the
response variables (seismic wave velocities and impedances) and explanatory
variables (thermal conductivity, density, and porosity) for the combined porosity
values (0-30 %) tested by different statistical tools are represented in Table 7. This
table gives a summary of the results obtained in this study. It can be seen from the
table that all variables in this study, particularly seismic wave velocities and thermal
conductivity, depict a good monotonic relationship (Positive/Negative) and have a
significant association with each other. The significant association is only observed for
the porosity intervals ranging from o to 30 %, i.e., the combined porosity values.

Table 7: Summary of results for the parameters compared in this study. Thermal conductivity is denoted
by A, porosity by ¢, and density by p.

Parameter 1 Parameter 2 Monotonic Significant
Relationship Association
P-wave A Positive Yes
S-wave A Positive Yes
Al A Positive Yes
SI A Positive Yes
P-wave 0] Negative Yes
S-wave 0] Negative Yes
Al 0] Negative Yes
Sl 0] Negative Yes
P-wave p Positive Yes
S-wave p Positive Yes

5.2. Regression Analysis Results

A linear regression analysis was conducted using Microsoft Excel to examine the
relationship between seismic wave velocities (Independent variable) and thermal
conductivity (Dependent variable) as shown by Figure 15 (A) and Figure 15 (B). The
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R? value obtained from the analysis was 0.25 and 0.22 meaning that the
equation/model derived from this analysis as shown in Table 8 to calculate the target
value of thermal conductivity from the values of seismic wave velocities, does not
account for most of variability and the variability in the dependent variables is mostly
accounted by other factors rather than seismic wave velocities alone. As a result, this
equation cannot be used to predict thermal conductivities from the values of seismic
wave velocities. This also means that the strength of the association is weak.
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Figure 15: Regression analysis between seismic wave velocities and thermal conductivity. Source:
Produced with Microsoft Excel.

On the other hand, R? obtained from the regression analysis of compressional wave
velocity and acoustic impedance with porosity gives values of 0.71 and 0.84 as shown
in Figure 16 (A) and Figure 16 (B), meaning that the equations/models highlighted in
Table 8 are reliable. The equations can be used to calculate the target value of porosity
from the values of compressional wave velocity and acoustic impedance. This means,
variability in the dependent variable (porosity) is mostly accounted for by the
variability in independent variables (compressional wave velocity and acoustic
impedance), thus depicting strong correlations.
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Figure 16: Regression analysis of P-wave velocity and acoustic impedance versus porosity. Source:
Produced with Microsoft Excel.

Table 8: Results of regression analysis between thermal conductivity (A), seismic wave velocities (P
and S), acoustic impedance (Al), and porosity (P).

Parameter | Parameter Equations Fitting
1 2 type R?
A P A= P —3702 Linear 0.25
~ 537
A S A= S — 2049 Linear 0.22
~ 303

The regression analysis conducted on other parameters studied in this thesis can be
seen in Figure 1 of Appendix B. The R? for the parameters being compared in Table 7
of Appendix B is lower, meaning these models/equations are not reliable to predict the
unknown variables from the known ones, and such parameters depict weak numerical
association.
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6. Discussions

This study suggests a monotonic positive relationship between seismic wave velocities
and thermal conductivity for crystalline rock samples taken from the fault and fracture
zones of Finland. However, according to I.T. Kukkonen et al. (1997) and Mielke et al.
(2017), for low porous crystalline rocks, seismic wave velocities and thermal
conductivity were not statistically significant and did not depict a relationship.
Additionally, Mielke et al. (2017) observed in their study that for porous rocks
(volcanites or sandstones), a relationship and association exist between seismic wave
velocities and thermal conductivity. The study conducted in this thesis aligns with the
observations of Mielke et al. (2017) in the sense that for high porous crystalline rocks
in the fault and fracture zones of Finland, a relationship and significant association do
exist. These observations can be seen from Figure 10 (A) and Figure 10 (B) which
depicts that for high-porosity intervals, the plot is not much scattered, meaning there
is a significant relation, whereas, in case of low-porosity intervals, the plot scatters
more (may be due to different mineralogy) and reflects insignificant relation. For the
porous rocks, thermal conductivity and seismic wave velocities are largely controlled
by the porosity, which in turn depends on the alteration in the rocks. Porosity increases
with increasing alteration as the rock changes from a massive state to an altered state
(Bischoff et al., 2024). The alteration of rocks in this study results from the faults and
fracture zones. This means that if crystalline rocks are more porous, as is in this study
(nearly 30 %), a relationship and association should exist between the parameters
studied in this thesis, which were not observed for low porous crystalline rocks.

The relationship of seismic wave velocities with porosity and density aligns with the
study conducted in the literature. Seismic wave velocities increase with an increase in
density and decrease with lower porosity values. Higher values of seismic wave
velocities mean higher thermal conductivity and lower porosity values. Higher thermal
conductivity can result in more efficient heat transfer, but lower porosity can limit the
fluid flow. Thus, it is important to have conditions for a geothermal reservoir that has
enough thermal conductivity for heat transfer and enough porosity to transmit that
fluid to the surface. The relationship between seismic wave velocities and thermal
conductivity, if understood properly, can support various processes involved with
geothermal energy systems. For example, in predicting the subsurface heat
distribution, identifying highly productive geothermal zones, designing efficient
geothermal wells, and optimizing the drilling techniques.

Other relationships in the light of acoustic and shear impedances with thermal
conductivity and porosity showed trends as seen in the literature. i.e., with an increase
in porosity, seismic impedances and thermal conductivity decreased. Such parameters
were not studied for crystalline rocks in fault and fractured zones before.
Understanding the relationships between seismic impedances with thermal
conductivity and porosity can aid in assessing the efficiency of heat transfer and the
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fluid storage capacity of the reservoir. Higher values of seismic impedances suggest
dense hot rocks with high heat transfer capacity, whereas low values of seismic
impedances mean high porous rocks that can withstand reservoir fluids for
hydrothermal circulation.

For a significant association between the parameters compared in this thesis, it was
seen that only the combined porosity intervals ranging from 0-30 % showed a
significant association, whereas for individual porosity intervals, no significant
association existed. The number of observations or the size of the samples is higher in
the combined intervals, making it more reliable, and lower in the individual intervals,
making it less reliable. This means the number of observations for statistical analysis
is higher as compared to the individual porosity intervals. To test the strength of such
associations, regression analysis was conducted. This analysis gave lower R? values
for thermal conductivity and seismic wave velocities, meaning that the strength of the
association between these two parameters is not strong, and the equations suggested
to calculate thermal conductivity from seismic wave velocities in not reliable.
However, the equations derived from the regression analysis to calculate porosity from
the compressional wave velocity and acoustic impedance were reliable due to the
strong association observed for these parameters in this study.
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7. Conclusions

This study investigated the type and strength of the relationship, along with the
statistical association and its strength for comparing seismic wave velocities and
seismic impedances with thermal conductivity, density, and porosity. A total of 115
samples taken from the Finnish crystalline rocks transected by faults and fractures
were investigated, resulting in high values of porosity (nearly 30 %). These specimens
represented different locations of southern Finland, including Turku, Inkoo,
Kirkkonummi, Helsinki, Espoo, and Kauniainen, and were categorized into five
distinct types named massive, brecciated, fractured, altered, and fractured-altered.
Seismic wave velocities, density, thermal conductivity, and porosity data were
obtained from the laboratory measurements conducted by GTK and Oy Rock Physics
Ltd under the umbrella of the Deep Heat Flows (2024) project. Statistical analysis
tools, i.e., Spearman’s rank, Chi-square, and Fisher's exact tests, were used to conduct
this study. These tests on the data were carried out with Python (link to the codes is
available in Appendix A) and were used to determine the type and strength of the
relationships and their association. Moreover, regression analysis was conducted on
these variables to test whether these associations can be quantified or not.

The following were the main findings from this study.

1. A monotonic (positive or negative) relationship was found between the
parameters studied in this thesis. The strength of these monotonic
relationships increased with increasing porosity values. A positive monotonic
relationship was observed between seismic wave velocities and thermal
conductivity for crystalline rocks transected by faults. A clear relationship was
seen for these two parameters in high-porosity samples as compared to low-
porosity ones. Also, the seismic impedances behaved similarly with porosity
and thermal conductivity as expected. i.e., high acoustic impedance correlates
with higher thermal conductivity and lower porosity.

2. All parameters, including seismic wave velocities and thermal conductivity,
compared in this study were statistically significant for the combined porosity
interval (0-30 %), and for individual porosity intervals, no significant
associations were observed.

3. Equations/Models derived from regression analysis were not reliable for
predicting thermal conductivity from seismic wave velocities. Conversely, the
equations derived to calculate porosity from compressional wave velocity and
acoustic impedance were reliable.

This research has improved our understanding of petrophysical and thermal
characteristics in crystalline rocks crucial to geothermal exploration. It examines
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monotonic correlations, the intensity and relevance of associations, and their
consequences within fault and fracture zones to demonstrate the impact of increased
porosity on key petrophysical parameters such as rock density, elastic wave velocity,
and thermal conductivity. The petrophysical and thermal variations of these fault
zones, which were previously disregarded in the literature, are now recognized as
major areas for investigation due to their potential to improve subsurface permeability
and heat flow resources. By focusing on these previously unknown interactions
between faults and their host rocks, this study helps to identify attractive exploration
areas and encourages the development of more efficient geothermal exploration
tactics. Furthermore, it delivers reliable, data-driven inputs that are necessary for
improving the reliability and precision of geothermal reservoir modelling—critical
information for evaluating geothermal resources in crystalline settings.
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APPENDIX A

Codes used for Statistical Analysis- Example Thermal conductivity vs P-
wave velocity can be reached out by using this link

https://github.com/Wasim2112/Python-codes-for-analysis.

Data used for this study
Deep-HEAT-Flows Petrophysics delivery 20241126.xlsx
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APPENDIX B

Table 1: Results of statistical tests examining the association between P-wave velocity and porosity.

Porosity (%) | 0-3 % 3-6 % | 6-9 Above 9 | Combined
% %
Spearman’sr | -0.662 -0.011 -0.05 -0.400 -0.813
value
Statistical -7.74 -0.04 -0.15 -0.617 -14.35
value (t;)
(Spearman)
Critical value | 1.99 2.16 2.31 4.30 1.98
(t)
Chi-square |0 0.13 0.715 | 1.00 0
p value
Chi-square | 30.25 7.1 2.11 0 52.67
statistics
Critical Value | 9.48 9.48 9.48 3.84 9.48
Fisher exact | 0 0.619 1 1 0
value

Table 2: Results of statistical tests for S-wave velocity versus porosity.

Porosity (%) (0-3 % |3-6 % | 6-9 % | Above 9 | Combined
%
Spearman’sr | -0.313 -0.19 -0.34 -0.4 -0.61
value
Statistical -2.89 -0.7 -1.04 -0.62 -8.0
value
(Spearman)
Critical value | 1.99 2.2 2.3 4.3 1.98
(Spearman)
Chi-square 0.14 0.062 0.8 1 0
p value
Statistical 6.9 8.98 1.7 0 41.1
value (Chi
square)
Critical Value | 9.48 9.48 9.48 9.48
(Chi square)
Fisher exact | 0.37 1 1 1 0.00
value
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Table 3: Results of statistical tests for compressional wave velocity versus density.

Porosity (%) 0-3 % | 3-6 % | 6-9 % | Above9 | Combined
%
Spearman’sr 0.294 0.172 0.212 0.8 0.565
value
Statistical value 2.69 0.63 0.613 1.88 7.04
(Spearman)
Critical value 1.99 2.16 2.30 4.3 1.98
(Spearman)
Chi-square 0.184 0.011 0.108 1 0
p value
Statistical value 6.211 13 4.44 0 39.4
(Chi square)
Critical Value 9.48 9.48 5.99 3.84 9.48
(Chi square)
Fisher exact 0.82 0.31 1 0.33 0.00009
value

Table 4: Results of statistical analysis for S-wave velocity versus density.

Porosity (%) 0-3 3-6 6-9 | Above | Combined
% % % 9 %

Spearman’s r value 0.3 0.01 0.2 0.8 0.51
Statistical value (Spearman) | 2.78 0.04 0.6 1.88 6.11
Critical value (Spearman) 1.99 2.16 2.3 4.3 1.98

Chi-square p value 0.016 | 0.084 | 0.794 1 0
Statistical value (Chi square) | 12.1 8.20 | 1.680 0 26.6
Critical Value 9.48 9.48 9.48 3.84 9.48

(Chi square)

Fisher exact value 0.11 0.619 1.0 0.33 0.08

Table 5: Results of statistical analysis for acoustic impedance versus porosity.

Porosity (%) 0-3 % 3-6 % 6-9 % | Above 9 | Combined
%
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Spearman’sr | -0.67 -0.15 -0.08 -0.4 -0.83
value
Statistical value | -7.83 -0.53 -0.22 -0.62 -15.1
(Spearman)
Critical value 1.99 2.16 2.31 4.3 1.98
(Spearman)
Chi-square 0.001 0.498 0.28 1 0
p value
Statistical value | 18.48 3.37 51 0 63
(Chi square)
Critical Value | 9.48 9.48 9.48 3.84 9.48
(Chi square)
Fisher exact 0 1 1 1 0
value

Table 6: Results of statistical analysis for shear impedance versus porosity.

Porosity (%) | 0-3 % 3-6 % 6-9 % Above 9 | Combined
%
Spearman’sr | -0.38 -0.25 -0.33 -0.4 -0.67
value
Statistical value | -3.58 -0.93 -0.99 -0.617 -9.1
(Spearman)
Critical value | 1.99 2.16 2.3 4.3 1.98
(Spearman)
Chi-square 0.005 0.32 0.58 1.00 0
p value
Statistical value | 15 4.66 2.89 0.00 49.5
(Chi square)
Critical Value | 9.48 9.48 9.48 9.48
(Chi square)
Fisher exact 0.37 1 1 1 0
value

Table 7: Equations, type of fitting, and R? values for the response and explanatory variables.

Parameter 1 | Parameter | Equation/Relationship | Fitting
2 type | R?
P P P = (4.9019) p - 7351 Linear | 0.61
S P S = (2.7658) p — 4214.3 Linear | 0.4
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S © S =-(113.71) @ + 3244.5 Linear 0.5
Al A Al = (2.0183) A + 7.5455 Linear | 0.22
SI A SI = (1.5915) A + 2.3123 Linear | 0.19
SI © SI = (-0.4267) @ + 8,3736 | Linear | 0.5
P-wave vs Density S-wave vs Density
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Figure 1: Regression analysis of seismic wave velocities, seismic impedances, density, and thermal
conductivity. Source: Produced with Microsoft Excel.
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