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Abstract: As part of a seismic monitoring project in a geothermal field, where the feasibility of
re-injection and storage of produced CO2 is being investigated, a P- and S-wave seismic velocity
characterisation study was carried out. The effect of axial (up to 95 MPa) and radial (up to 60 MPa)
stress on the seismic velocity was studied in the laboratory for a broad range of dry sedimentary
and metamorphic rocks that make up the Kızıldere geothermal system in Turkey. Thin section
texture analyses conducted on the main reservoir formations, i.e., marble and calcschist, confirm
the importance of the presence of fractures in the reservoir: 2D permeability increases roughly
by a factor 10 when fractures are present. Controlled acoustic-assisted unconfined and confined
compressive strength experiments revealed the stress-dependence of seismic velocities related to
the several rock formations. For each test performed, a sharp increase in velocity was observed at
relatively low absolute stress levels, as a result of the closure of microcracks, yielding an increased
mineral-to-mineral contact area, thus velocity. A change in radial stress appeared to have a negligible
impact on the resulting P-wave velocity, as long as it exceeds atmospheric pressure. The bulk of the
rock formations studied showed reducing P-wave velocities as function of increasing temperature
due to thermal expansion of the constituting minerals. This effect was most profound for the marble
and calcschist samples investigated.

Keywords: acoustic measurements; seismic velocity characterisation; geothermal reservoir; CO2

storage; seismic monitoring

1. Introduction

The total worldwide installed geothermal capacity in 2019 was 15,406 MWe. At the
time, the European installed geothermal capacity reached 2960 MWe. The main European
players in this field are Italy, Iceland, Turkey, Germany, France, and Portugal, with known
and excellent capacities in Hungary, Poland, Romania, and Switzerland [1,2]. With the
new plants introduced in 2018, the installed geothermal capacity in Turkey has increased
to about 1500 MWe, mainly in the Denizli and Aydin provinces [2–4]. The bulk of the
aforementioned installed capacity in Turkey is represented by power plants located along
the Büyük Menderes graben.

Although it is widely assumed that geothermal energy is a clean, i.e., zero-emission
and renewable energy [5,6], most geothermal energy plants emit carbon dioxide (CO2)
as a part of the produced steam. In Turkey, the non-condensable gases that are released
from geothermal plants within the country consist of 95 to 98% of CO2. This leads to total
CO2 emissions from geothermal power plants of roughly 900 to 1300 gr/kWh [7]. The
main reason for this is that nearly all geothermal reservoirs in Turkey are producing from
carbonate rocks.
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The study presented here is part of the ACT2 CCS SUCCEED project where the aim is
to investigate, and demonstrate, the feasibility of utilising produced CO2 for re-injection
in a geothermal field. The overall goal of the project is to provide the geothermal energy
sector with the means to address the climate change challenge through CO2 utilisation, to
enhance reservoir pressure for geothermal deployment, as well as permanently storing
the injected CO2. This study focusses on one active geothermal power generation site:
Kızıldere in Turkey. An existing well will be used to inject both produced and captured
CO2, in supercritical state, into the geothermal reservoir. The idea of combining CO2
storage with geothermal energy is not new [8–14], and the approach shows similarities
with the concept of a CO2-plume geothermal (CPG) system, proposed by Randolph and
Saar [15,16]. Key difference is that in a CPG system, CO2 is treated as the working fluid,
providing energy for electricity generation [15–19], whereas in our approach produced
CO2 is utilised for re-injection to maintain and enhance reservoir pressure as the driving
mechanism, and, thus, improving geothermal performance. This provides a cost-effective
and low-environmental impact coupled geothermal-CO2 storage technology.

This study presents an extensive and detailed laboratory investigation for which the
reservoir and CO2 injection conditions that prevail at the Kızıldere site are mimicked. Using
reference samples from the geothermal reservoir, acoustic measurements are carried out at
varying stresses and temperatures to obtain a baseline seismic-response characterisation.
Subsequently, in a later phase of the project, the acquired acoustic data will serve as an
input for simulating seismic wave propagation using a detailed subsurface model that
represents the Kızıldere site. The simulation results will help the design of the active
seismic surveys for the monitoring of CO2 injection performance.

Acoustic wave velocities in different rock types as a function of confining pressure [20–23],
pore-pressure [23–26], and temperature [27–32], were studied by many researchers in the
past. Bulk of these studies were either done on sedimentary rocks [20,21,26], igneous
rocks [23], or on a combination of both [22,24]. Most laboratory studies, aiming at investi-
gating temperature-dependent velocities, were conducted under extremely high pressures
(up to 600 MPa) and temperatures (up to 1000 ◦C). Few researchers have assessed the effect
of temperature on seismic velocity in a more realistic range, for geothermal reservoirs of
up to 250 ◦C, utilising saturated samples [31,32].

This study covers a novel comprehensive laboratory investigation on the effects of
both axial (up to 95 MPa) and radial (up to 60 MPa) stress on the compressional and shear
wave velocities for a wide range of dry sedimentary and metamorphic rocks found at the
Kızıldere geothermal reservoir. Additionally, the effect of temperature (up to 240 ◦C), at
atmospheric pressure conditions, for the complete set of rock types, is assessed as well.
This led to a unique set of experimental data and corresponding analyses.

2. Materials and Methods
2.1. Sample Collection

The Kızıldere geothermal field covers an area between the provinces of Denizli and
Aydin, located in the north-eastern region of the Büyük Menderes Graben, southwest
Turkey [33–35]. A high heat flow within this region, which is a consequence of the exten-
sional tectonic regime, produces reservoir temperatures of up to 240 ◦C at depths below
1200 m [33,36]. The geothermal fluid consists of meteoric water that circulates in fracture
systems within the high heat flow regime. A conceptual model of the Kızıldere field is
shown in Figure 1.
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stone, quartzschist, mudstone, and micaschist. These rock samples represent different li-
thologies present in the geothermal system (Table 1). Rather than being distinctly strati-
fied as illustrated in the large-scale conceptual model shown in Figure 1, the formation 
sequence of different lithologies, comprising marble and calcschist, calc- and quartzschist, 
and quartzite (stratigraphic section in Figure 1), form the second reservoir at Kızıldere. 
Local layers of micaschists do occur within the calc- and quartzschist intervals. 

Table 1. Rock types collected from fresh outcrops in the region around the Kızıldere site. 

Rock Type Formation Type 
Limestone Sazak First reservoir 
Siltstone Kızılburun Regional caprock for second reservoir 

Mudstone Kızılburun Regional caprock for second reservoir 
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Quartzite Menderes Massive Part of second reservoir 
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studied geothermal system (Table 1). After drilling, they were cut and dried for 24 h in an 
oven at 60 °C. Prior to performing the seismic-response characterisation experiments, first 
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Figure 1. Left: Kızıldere geothermal field conceptual model using the most recent reservoir classification (revised after [33]).
Right: Example of a stratigraphic section, revealing the actual formation sequence represented by the three different
lithologies that make up the second reservoir.

Multiple rock samples were collected from various fresh outcrops in the region
around the Kızıldere site. These included limestone, calcschist, marble, quartzite, silt-
stone, quartzschist, mudstone, and micaschist. These rock samples represent different
lithologies present in the geothermal system (Table 1). Rather than being distinctly strat-
ified as illustrated in the large-scale conceptual model shown in Figure 1, the formation
sequence of different lithologies, comprising marble and calcschist, calc- and quartzschist,
and quartzite (stratigraphic section in Figure 1), form the second reservoir at Kızıldere.
Local layers of micaschists do occur within the calc- and quartzschist intervals.

Table 1. Rock types collected from fresh outcrops in the region around the Kızıldere site.

Rock Type Formation Type

Limestone Sazak First reservoir
Siltstone Kızılburun Regional caprock for second reservoir

Mudstone Kızılburun Regional caprock for second reservoir
Marble Menderes Massive Part of second reservoir

Quartzite Menderes Massive Part of second reservoir
Quartzschist Menderes Massive Part of second reservoir
Micaschist Menderes Massive Local seal within second reservoir
Calcschist Menderes Massive Part of second reservoir

2.2. Core Samples

Multiple cores were drilled from the collected reservoir and caprock samples for the
studied geothermal system (Table 1). After drilling, they were cut and dried for 24 h in an
oven at 60 ◦C. Prior to performing the seismic-response characterisation experiments, first
the physical properties (i.e., porosity, matrix, and bulk density) of each of the cores were
determined. Porosities and matrix densities were measured using an Ultra Pycnometer 1000
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(Quantachrome Corporation). All cores have lengths and diameters of 60.8 ± 5.1 mm and
29.7 ± 0.2 mm, respectively. Each core was drilled perpendicular to any potential layering.

Tables 2–5 present an overview of the physical properties of each of the cores used
in this study. Several types of dry acoustic-assisted experiments were conducted, ranging
from unconfined compressive strength (UCS) tests, where an increasing axial stress (σ1)
was applied on the sample without any confining, i.e., radial, stress (σ2 = σ3) applied to
it, to confined compressive strength (CCS) experiments, where both σ1 and σ2 (=σ3) were
applied on the core samples. Note that throughout this manuscript radial stress is shown
as σ2. Experimental series A, B, C, and D refer to UCS tests, CCS tests with σ1 equal to σ2,
CCS tests with differential stress (σdiff = σ1 − σ2) fixed at 45 MPa or 10 MPa, and CCS tests
with a constant σ2 and varying σ1 (both set at field-representative stresses), respectively.
Table S1 (Supplementary Materials) presents the averaged properties per rock type.

2.3. Thin Section Analyses

For several of the rock types presented in Table 1, thin sections, with a thickness of
30 µm, were prepared in the aid of mineralogy and 2D porosity and permeability analyses.
For this purpose, a Leitz Laborlux 11 pol S. microscope (Ernst Leitz GmbH) was used.
Mineral occurrence and composition were assessed based on random image point counting
using 10× and 40× objectives. To obtain the 2D permeability, Carman-Kozeny’s equation
was used [37,38]. The image analysis was done within an identified area of interest that
excludes the edges of the thin sections.

2.4. Experimental Procedure: UCS and CCS Tests

In experimental series A, i.e., the UCS experiments combined with acoustic measure-
ments (Table 2), the effect of increasing σ1 on the seismic velocities as well as the mechanical
behaviour (e.g., static elastic properties) of the various rock samples were studied. The
samples were placed inside a uniaxial loading apparatus with a 500 kN loading frame. A
hydraulic ram was used to provide and control σ1. Axial and radial strain were recorded
by two linear variable displacement transformers (LVDTs) and an extensometer chain,
respectively. All rock samples were deformed until they reached their respective ultimate
strengths (i.e., the maximum σ1 that the sample can withstand before it breaks or weakens).
Active-source acoustic measurements were taken during the course of the experiments.
The variable in all UCS tests conducted is the axial stress, which was increased using a
constant axial displacement rate of 0.0005 mm/s until rock failure occurred.

During the course of experimental series B, C, and D, i.e., the CCS tests combined with
active-source acoustic measurements, the effect of both σ1 and σ2 on the seismic velocities
was investigated. Here, the rock samples were positioned in a Hoek cell [39], which allows
one to apply a certain confining pressure (i.e., σ2) on the sample, before being placed on
the abovementioned 500 kN loading frame. The hydraulic ram controlled σ1 whereas an
ISCO pump was used for regulating the confining pressure. Axial strain is again recorded
by the two LVDTs. During the experiments active-source acoustic measurements were
taken, where attention was paid to how the seismic signal varies as a function of σ1 and σ2;
reflecting various locations within the subsurface at the Kızıldere reservoir.
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Table 2. Properties of the core samples used in experimental series A: UCS tests.

UCS Experiment

Type Calcschist Marble Limestone Quartzite Siltstone Quartzschist Mudstone
Code TD12- CS4 TD12- CS5 TD1- M2 TD1- M3 TS2- SZL2 TS2- SZL4 TS2- SZL5 TD20- QZ-1 TD20- QZ-2 TD20- QZ-4 TK- B1-2 TK- B1-3 TD-23-

QMS1 TK-B2-1
Length
(mm) 61.6 ± 0.1 61.5 ± 0.1 62.9 ± 0.1 61.9 ± 0.1 58.9 ± 0.1 60.8 ± 0.1 61.4 ± 0.1 62.8 ± 0.1 62.5 ± 0.1 60.8 ± 0.1 62.7 ± 0.1 60.6 ± 0.1 62.5 ± 0.1 63.7 ± 0.1

Diameter
(mm) 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.1 ± 0.1 29.8 ± 0.1 29.0 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.7 ± 0.1 29.6 ± 0.1 29.7 ± 0.1

Porosity (%) 4.14 ± 0.10 2.42 ± 0.03 3.01 ± 0.13 2.27 ± 0.03 5.33 ± 0.13 10.48 ± 0.24 7.54 ± 0.16 2.77 ± 0.16 2.57 ± 0.03 3.65 ± 0.05 22.55 ± 0.01 25.08 ± 0.08 1.71 ± 0.29 16.60 ± 0.15
Porosity at

failure point
(%) a

5.93 ± 0.10 - - 4.20 ± 0.07 - - - - - 4.21 ± 0.03 - - - -

Gas
permeability

(mD) b
- - - - - - - - - - 97 ± 6 - - -

Pore
Volume
(mm3)

1779 ± 58 1038 ± 22 1321 ± 68 980 ± 21 2088 ± 69 4444 ± 140 3058 ± 92 1213 ± 81 1120 ± 23 1548 ± 34 9861 ± 87 10529 ± 123 735 ± 132 7326 ± 127

Matrix
density
(g/cm3)

2.78 ± 0.01 2.75 ± 0.01 2.76 ± 0.01 2.75 ± 0.01 2.73 ± 0.01 2.75 ± 0.01 2.75 ± 0.01 2.89 ± 0.01 2.90 ± 0.01 2.92 ± 0.01 2.78 ± 0.01 2.79 ± 0.01 2.80 ± 0.01 2.82 ± 0.01

Bulk density
(g/cm3)

2.67 ± 0.02 2.68 ± 0.02 2.68 ± 0.02 2.69 ± 0.03 2.59 ± 0.03 2.47 ± 0.03 2.55 ± 0.03 2.81 ± 0.02 2.82 ± 0.02 2.82 ± 0.03 2.15 ± 0.01 2.09 ± 0.02 2.76 ± 0.03 2.36 ± 0.02

a Porosity at failure point represents the total porosity at rock failure, i.e., at the end of an UCS test. b Gas permeability measured using a Ruska gas permeameter (Ruska Instrument Corporation) could only be
measured for the siltstone sample due to limitations of the apparatus (sample porosity has to be sufficiently high) and core availability.
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Table 3. Properties of the core samples used in experimental series B: CCS tests (σ1 = σ2).

CCS (σ1 = σ2) Experiment

Type Calcschist Marble Limestone Quartzite Siltstone Quartzschist Mudstone Micaschist
Code TD12-CS5 TD1-M1 TS2-SZL4 TD20-QZ-1 TK-B1-2 TD-23-

QMS1 TK-B2-1 TD-25-MS-1
Length (mm) 61.5 ± 0.1 60.5 ± 0.1 60.8 ± 0.1 62.8 ± 0.1 62.7 ± 0.1 62.5 ± 0.1 63.7 ± 0.1 41.0 ± 0.1

Diameter (mm) 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.6 ± 0.1 29.7 ± 0.1 29.7 ± 0.1
Porosity (%) 2.42 ± 0.03 2.67 ± 0.06 10.48 ± 0.24 2.77 ± 0.16 22.55 ± 0.01 1.71 ± 0.29 16.60 ± 0.15 8.52 ± 0.37

Permeability (mD) - - - - 97 ± 6 - - -
Pore Volume (mm3) 1038 ± 22 1127 ± 35 4444 ± 140 1213 ± 81 9861 ± 87 735 ± 132 7326 ± 127 2420 ± 128

Matrix density
(g/cm3)

2.75 ± 0.01 2.74 ± 0.01 2.75 ± 0.01 2.89 ± 0.01 2.78 ± 0.01 2.80 ± 0.01 2.82 ± 0.01 2.92 ± 0.01

Bulk density
(g/cm3)

2.68 ± 0.02 2.67 ± 0.02 2.47 ± 0.03 2.81 ± 0.02 2.15 ± 0.01 2.76 ± 0.03 2.36 ± 0.02 2.67 ± 0.02

σ1= σ2 (MPa) 5–60 5–60 5–60 5–60 5–60 5–60 5–60 5–60

Table 4. Properties of the core samples used in experimental series C: CCS tests (fixed σdiff).

CCS (Fixed σdiff) Experiment

Type Calcschist Marble Limestone Quartzite Siltstone Quartzschist Mudstone
Code TD12-CS5 TD1-M4 TS2-SZL4 TD20-QZ-2 TK-B1-1 TD-23-QMS1 TK-B2-1

Length (mm) 61.5 ± 0.1 62.5 ± 0.1 60.8 ± 0.1 62.5 ± 0.1 65.0 ± 0.1 62.5 ± 0.1 63.7 ± 0.1
Diameter (mm) 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.6 ± 0.1 29.7 ± 0.1

Porosity (%) 2.42 ± 0.03 2.15 ± 0.09 10.48 ± 0.24 2.57 ± 0.03 25.10 ± 0.05 1.71 ± 0.29 16.60 ± 0.15
Permeability (mD) - - - - - - -

Pore Volume (mm3) 1038 ± 22 937 ± 47 4444 ± 140 1120 ± 23 11370 ± 117 735 ± 132 7326 ± 127
Matrix density

(g/cm3)
2.75 ± 0.01 2.75 ± 0.01 2.75 ± 0.01 2.90 ± 0.01 2.77 ± 0.01 2.80 ± 0.01 2.82 ± 0.01

Bulk density (g/cm3) 2.68 ± 0.02 2.69 ± 0.02 2.47 ± 0.03 2.82 ± 0.02 2.07 ± 0.01 2.76 ± 0.03 2.36 ± 0.02
σdiff (MPa) 45 45 45 45 10 45 10

Table 5. Properties of the core samples used in experimental series D: CCS tests (varying σ1).

CCS (Vary σ1) Experiment

Type Calcschist Marble Limestone Quartzite Siltstone Quartzschist Mudstone Micaschist
Code TD12-CS5 TD1-M4 TS2-SZL4 TD20-QZ-1 TK-B1-2 TD-23-

QMS1 TK-B2-1 TD25-MS-1
Length (mm) 61.5 ± 0.1 62.5 ± 0.1 60.8 ± 0.1 62.8 ± 0.1 62.7 ± 0.1 62.5 ± 0.1 63.7 ± 0.1 41.0 ± 0.1

Diameter (mm) 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.6 ± 0.1 29.7 ± 0.1 29.7 ± 0.1
Porosity (%) 2.42 ± 0.03 2.15 ± 0.09 10.48 ± 0.24 2.77 ± 0.16 22.55 ± 0.01 1.71 ± 0.29 16.60 ± 0.15 8.52 ± 0.37

Permeability (mD) - - - - 97 ± 6 - - -
Pore Volume (mm3) 1038 ± 22 937 ± 47 4444 ± 140 1213 ± 81 9861 ± 87 735 ± 132 7326 ± 127 2420 ± 128

Matrix density
(g/cm3)

2.75 ± 0.01 2.75 ± 0.01 2.75 ± 0.01 2.89 ± 0.01 2.78 ± 0.01 2.80 ± 0.01 2.82 ± 0.01 2.92 ± 0.01

Bulk density
(g/cm3)

2.68 ± 0.02 2.69 ± 0.02 2.47 ± 0.03 2.81 ± 0.02 2.15 ± 0.01 2.76 ± 0.03 2.36 ± 0.02 2.67 ± 0.02

σ2 (MPa) 17 17 9 33 12 31 12 31
σ1 (MPa) 17–40 17–40 9–30 33–70 12–20 31–70 12–17 31–68

In experimental series B (Table 3), σ1 was set equal to σ2 at all times. Active-source
acoustic measurements were taken at intervals of 5 MPa, until a maximum of 60 MPa
was reached. In series C (Table 4), σdiff (i.e., σ1- σ2) was kept constant at either 45 or
10 MPa. Due to the relatively weak nature of the silt- and mudstone samples, σdiff was set
equal to 10 MPa, instead of 45 MPa, for these specific experiments. Once again, acoustic
measurements were performed at 5 MPa intervals, until σ1 and σ2 equalled 95 MPa
(or 60 MPa for silt- and mudstone samples) and 50 MPa, respectively. Experimental
series D (Table 5) reflect the seismic response characterisation at field-representative stress
conditions. Here, σ2 was fixed whereas σ1 was varied, the latter reflecting different depths
within the Kızıldere reservoir. Once more, the active-source acoustic measurements were
taken as a function of varying σ1. Appropriate magnitudes for σ1 (ranging from 9–70 MPa)
and σ2 (ranging from 9–33 MPa), that prevail at the Kızıldere geothermal field (Table 5),
were taken from the literature [35]. For all abovementioned CCS experiments, the axial
load was increased at a rate of 0.05 kN/s between two consecutive acoustic measurements.
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Although all laboratory measurements were conducted under dry conditions (i.e.,
dry pore space), one additional test (σ1 = σ2) was performed on a previously fractured,
still intact, calcschist sample (TD12-CS4 in Table 2) that was (partly) saturated with brine
representative of the Kızıldere reservoir. The original reservoir brine composition contains
multiple ions in solution such as bicarbonate, carbonate, calcium, magnesium, and potas-
sium. It was decided to mimic the original brine composition using a simplified sodium
chloride-based solution equal in total ionic strength.

For several rock types, the same core sample was used for experimental series A–D for
comparison purposes, i.e., to eliminate the potential heterogeneity effect amongst different
cores from the same rock. Here, first experiment B (σ1 = σ2) was conducted followed by C
(fixed σdiff), then D (varying σ1), and finally A (UCS).

All abovementioned UCS and CCS experiments were conducted at ambient tempera-
ture (22 ± 1 ◦C). For all series, A to D, a seismic source was placed at the top of the rock
sample whereas a receiver was located at the bottom. For both source and receiver, a
single-element normal-incidence shear wave transducer from OLYMPUS was used. The
source signal is characterised by a sinus wave with a 1 MHz frequency and an amplitude
of 800 mV. A burst period of 5 ms was used and the signal was averaged over a total
of 512 shots. One active-source acoustic measurement was taken every 10 s. Figure 2
presents a schematic of the experimental set-ups used for conducting both the UCS and
CCS experiments.
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2.5. Experimental Procedure: Temperature Effect

Besides studying the effect of both σ1 and σ2 on the seismic velocity behaviour, the
effect of temperature, at σ1 of 0.069 ± 0.002 MPa and atmospheric pressure, was assessed
as well. An overview of the physical properties of the different rock samples used for this
purpose is shown in Table 6.

After determining their physical properties, each of the samples presented in Table 6
was placed in an oven at 40 ◦C for 24 h. Subsequently, the first sample was taken from the
oven and positioned in between two metal blocks, providing a σ1 of 0.069 ± 0.002 MPa.
Between the sample and the two blocks two shear-wave transducers, i.e., a seismic source
and receiver, were placed. A minimum of three active-source acoustic measurements were
taken, using the exact same acoustic settings as was used during the UCS/CCS experiments,
yielding a total measurement time of roughly 30 s per sample. Afterwards, the sample was



Appl. Sci. 2021, 11, 3641 8 of 30

placed back in the oven and the procedure was repeated for the next sample. As soon as
all eight rock samples were tested at 40 ◦C, the temperature of the oven was set to 60 ◦C
and, consequently, 24 h later the abovementioned process was repeated. This procedure
continued until a temperature of 240 ◦C, representing the current maximum reservoir
temperature at Kızıldere, was reached. All acoustic measurements were conducted at σ2
equal to atmospheric pressure. A fixed temperature interval of 20 ◦C was used. Figure 3
shows a schematic of the laboratory set-up used for performing the acoustic measurements
at varying temperatures.

Table 6. Properties of the core samples used for studying the effect of temperature on seismic velocity.

Temp. Effect Experiment

Type Calcschist Marble Limestone Quartzite Siltstone Quartzschist Mudstone Micaschist
Code TD12-CS6 TD1-M7 TS2-SZL3 TD20-QZ-3 TK-B1-1 TD-23-QMS2 TK-B2-2 TD25-MS-2

Length (mm) 60.1 ± 0.1 61.3 ± 0.1 60.4 ± 0.1 61.2 ± 0.1 65.0 ± 0.1 61.8 ± 0.1 42.0 ± 0.1 36.1 ± 0.1
Diameter (mm) 29.5 ± 0.1 29.8 ± 0.1 29.0 ± 0.1 29.8 ± 0.1 29.8 ± 0.1 29.6 ± 0.1 29.1 ± 0.1 29.8 ± 0.1

Porosity (%) 3.10 ± 0.16 2.34 ± 0.19 3.97 ± 0.21 4.46 ± 0.10 25.10 ± 0.05 2.99 ± 0.15 17.89 ± 0.17 7.78 ± 0.08
Matrix density

(g/cm3)
2.76 ± 0.01 2.75 ± 0.01 2.72 ± 0.01 2.89 ± 0.01 2.77 ± 0.01 2.84 ± 0.01 2.85 ± 0.01 2.91 ± 0.01

Bulk density (g/cm3) 2.67 ± 0.02 2.69 ± 0.02 2.61 ± 0.02 2.76 ± 0.03 2.07 ± 0.01 2.75 ± 0.02 2.34 ± 0.03 2.69 ± 0.03
Additional σ1 (MPa) 0.070 ± 0.001 0.068 ± 0.001 0.072 ± 0.001 0.068 ± 0.001 0.068 ± 0.001 0.069 ± 0.001 0.072 ± 0.001 0.068 ± 0.001

Temperature (◦C) 40–240 40–240 40–240 40–240 40–240 40–240 40–240 40–240
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3. Results and Discussion
3.1. Thin Section Analyses

Several rock samples, collected at the Kızıldere site, were shipped for thin section
preparation. Table 7 presents the image analyses results and mineralogy obtained from
the thin section analyses. The 2D area and perimeter, of the connected pores within an
area of interest, were implemented in the 2D Carman-Kozeny equation [37,38] to obtain
the presented 2D permeability. Pixel size equals 10 µm × 10 µm. Note that, due to
preparation damage and a stress-free matrix, all 2D permeability values shown are likely to
be overestimated by at least one order of magnitude. The results indicate that the presence
of a fracture increases the 2D permeability by a factor of roughly 10 on average, compared
to the matrix permeability only. The latter is in line with the fact that geothermal production
in Kızıldere is mainly dependent on fluid flow through fractures [33,36]. The identified
mineral composition might shed light on the acoustic behaviour, as a function of stress and
temperature, of the various rock types studied.
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Table 7. Image analyses results and mineralogy obtained from thin section analyses on several Kızıldere samples. Note that the shown 2D permeability values are overestimated by at least
one order of magnitude due to the stress-free matrix and potential preparation damage.

Type Calcschist Marble Limestone Micaschist Quartzschist

Code TD11-B TD1-B TS1-B5 TD24-B TD23-B

Area porosity
(%)

Incl. fracture: 1.3
Excl. fracture: 0.4

Total d: 1.6
Effective d: 0.4

Effective: 1.5 Total: 8
Effective: 2.3

Incl. fracture: 16.7
Excl. fracture: 10.5

2D Carman-
Kozeny

permeability
(D)

Incl. fracture a

Matrix only b

2.5
0.3

2.2
0.1

12.4
-

2.6
-

24.1
5.7

Mineralogy
(area%) c

-Calcite and
dolomite

(recrystallised)
-Muscovite and

sericite
-Quartz or

feldspar

98
1

<1

-Calcite and
dolomite

(recrystallised)
-Smectite

(haloysite?)

99
1

-Calcite and
dolomite

-Organic matter
and oxides

99
1

-Calcite and
dolomite (with
organic matter)

-Angular quartz
and feldspar

-Smectite
(vermiculite?)

-Biotite remnants

89
8
2

<1

-Calcite, dolomite
and ankerite

-Muscovite and
sericite

-Quartz and
feldspar

30
25
45

a Permeability shown is related to intergranular pore-connected micro-porosity from up to 100 pixels pores including the rock matrix and fractures (if available). b Permeability shown is related to intergranular
pore-connected micro-porosity from up to 100 pixels pores, i.e., matrix permeability. c Mineral composition is based on random point counting of 100 points in the image texture. d Total and effective porosity
represent the area of connected and isolated pores and solely connected pores, respectively.
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Bulk of the porous media studied showed the presence of fractures. In the calcschist
section, a relaxation fracture, filled with muscovite, was identified. The marble sample
showed no primary syn-tectonic fractures, though possible secondary fractures within
its intergranular space may be present. The limestone texture exhibited a vague brec-
ciated structure, most probably due to the syn-sedimentary fractures present. Moreover,
secondary sharp fractures, running mostly through the mud part of its texture, were ob-
served. The micaschist thin section demonstrated the presence of original fractures in
the sample matrix filled with clays and organic matter. Additionally, secondary sharp
fractures, running typically from the edges, were seen. It is believed that these are most
likely preparation induced. The quartzschist sample showed relaxation fractures parallel
and angular to the foliation plane.

3.2. Acoustic-Assisted UCS Experiments

Experimental series A, i.e., acoustic-assisted UCS experiments, consists of a total of
14 UCS experiments conducted on different rock types present in the Kızıldere geothermal
field (Table 2). Table 8 presents an overview of the static elastic parameters obtained from
the UCS experiments. The axial stress–strain relationships for all UCS tests performed are
shown in Figure 4.

Table 8. Static elastic parameters obtained from the UCS experiments.

UCS Experiment

Type Calcschist Marble Limestone Quartzite Siltstone Quartzschist Mudstone
Code TD12-

CS4
TD12-
CS5

TD1-
M2

TD1-
M3

TS2-
SZL2

TS2-
SZL4

TS2-
SZL5

TD20-
QZ-1 TD20-QZ-2 a TD20-

QZ-4
TK-
B1-2

TK-
B1-3

TD-23-
QMS1 TK-B2-1

Ultimate strength
(MPa) 44.4 45.6 57.0 51.1 145.4 72.5 43.7 82.0 48.3 88.8 15.5 14.5 75.4 22.2

Static Young modulus
(GPa) 22.2 26.5 40.1 29.5 52.9 33.9 27.9 35.0 38.5 38.0 3.8 3.8 43.1 10.5

Static Poisson ratio (-) 0.14 0.14 0.17 0.14 0.39 0.19 0.09 0.11 - 0.17 0.27 0.23 0.18 0.16
Bulk modulus (GPa) 10.3 12.3 20.3 13.7 80.2 18.2 11.3 15.0 - 19.2 2.8 2.3 22.4 5.1
Shear modulus (GPa) 9.7 11.6 17.1 12.9 19.0 14.2 12.8 15.8 - 16.2 1.5 1.5 18.3 4.5

a During this experiment the extensometer chain, used to monitor the radial strain, failed. Hence, the static Poisson ratio, and indirectly the
bulk and shear moduli, could not be obtained.
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stress–strain slope due to heterogeneity as a result of diagenesis.

The laboratory results clearly indicate that limestone sample TS2-SZL2 is the stiffest
material assessed; the steep axial stress–strain slope between 0.2–0.3% strain yields a high
Young modulus (E) of 52.9 GPa. On the other hand, it is apparent that the tested siltstone
cores are the weakest, i.e., softest, samples studied. The very gentle axial stress–strain
slopes (E = 3.8 GPa) suggest that the material underwent a relatively substantial amount of
deformation before rock failure occurred.
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The steep axial stress-strain trend, at strain values of >0.2%, related to limestone
sample TS2-SZL2, suggests that the material experienced relatively little axial deformation
prior to failure at σ1 = 145.4 MPa. This implies a somewhat more brittle-like behaviour of
the particular limestone core compared to the other rock samples. The latter is supported
by the post-failure fracture pattern observed in the sample (Figure S1 in Supplementary
Materials). Figure S1 indicates axial splitting for the limestone and quartzite cores, an
indication of brittleness, whereas the other rock samples (marble, calcschist, quartzschist,
mudstone, and siltstone) show a clear shear failure pattern. The degree of axial splitting
amid the limestone and quartzite cores differs and appears to be related to their porosity:
presence of axial splitting patterns increases with decreasing porosity.

The results shown in Table 8 and Figure 4 reveal large variations among the three
limestone samples assessed. Though all limestone cores were drilled from the same block,
large discrepancies in static elastic parameters are observed. Most probably, a high level of
heterogeneity, due to diagenesis processes and the presence of fossils, within the limestone
yields different axial stress-strain relationships for the three samples investigated.

Besides studying the elastic properties of the different rock types present at the
Kızıldere geothermal site, acoustic measurements were conducted, over the course of
each UCS experiment, in order to study the effect of σ1 on the seismic velocities whilst
σ2 equalled atmospheric pressure. Figure 5 presents the compressional wave (P-wave)
velocity as a function of σ1, i.e., depth below surface. The shear wave (S-wave) velocity as
a function of σ1 is shown in the Supplementary Materials (Figure S2). It is evident from
Figure 5 that the soft siltstones reveal significantly lower seismic velocities compared to
the other rock types investigated. Since the siltstones underwent a relatively high degree
of axial deformation, as previously discussed, compaction within the siltstones occurred,
which led directly to an increased seismic velocity as a function of increasing σ1. For all
types of porous media studied, the largest increase in velocity took place at the lowest
absolute stress values. This is most likely the result of closure of potential microcracks
within the core samples, yielding increased grain-to-grain (or mineral-to-mineral) contact
areas, eventually resulting in an increased velocity. Besides the earlier arrival times of the
source signal, i.e., higher velocities, the increased contact areas also yield higher amplitude
magnitudes (Figure S3 in the Supplementary Materials).

Limestone sample TS2-SZL2 (continuous black line in bottom graph of Figure 5) shows
a somewhat different trend compared to the other samples studied: the P-wave velocity
remained fairly constant as a function of increasing σ1. The reason for this is the stiff
behaviour of this particular sample (Young Modulus of 52.9 GPa, Table 8): the sample
faced relatively little axial deformation with increasing σ1, yielding negligible amounts of
compaction, hence a roughly constant velocity profile.

3.3. Acoustic-Assisted CCS Experiments: σ1 = σ2

In Experimental series B (i.e., acoustic-assisted CCS experiments where σ1 was set
equal to σ2) a total of eight CCS tests were performed on the numerous rock types collected
from the Kızıldere site (Table 3). Figure 6 presents the P-wave velocity as a function of
increasing σ1 = σ2. The S-wave velocity, as a function of increasing σ1 = σ2, is shown in
Figure S4 (see Supplementary Materials).

Similar to the results of the performed UCS experiments (Section 3.2), the acoustic
results shown in Figure 6 also indicate that the largest increase in P-wave velocity occurred
at the lowest absolute stress levels. Most probably, as previously discussed, this is a conse-
quence of potential closures of microcracks within the assessed porous media. Once again,
the weakest material investigated, i.e., siltstone, reveals the lowest P-wave velocity. In fact,
the eight rock types investigated can be classified into the following groups: soft and hard
porous media. The soft materials, i.e., micaschist, silt- and mudstone, are characterised
by a relatively low bulk density (≤2.67 ± 0.02 g/cm3) and high porosity (≥8.52 ± 0.37%).
They reveal relatively low P-wave velocities. The hard materials, with the exception of
the limestone, are defined by a high bulk density (≥2.67 ± 0.02 g/cm3) and low porosity
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(≤2.77 ± 0.16%). They show high seismic velocities of >4630 m/s for all stresses studied.
Furthermore, in line with the observations made in Section 3.2, the limestone sample be-
haves somewhat differently compared to the other formations: it demonstrates a relatively
constant seismic velocity as a function of increasing σ1 = σ2. The data points symbolised by
circles in Figure 6, representing active-source acoustic measurements during the unloading
stage at the end of an experiment, generally follow the loading trend. The latter suggests
that the tests were conducted in the elastic regime and no permanent deformation, that
might significantly affect the seismic velocity, occurred.
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Figure 6. P-wave velocity as a function of axial stress, and thus depth below the surface, for all eight CCS tests conducted
within experimental series B. After the samples were loaded until σ1 = σ2 = 55–60 MPa (dashed lines), unloading took place
during which several acoustic measurements were taken to check for potential hysteresis effects (circular data points). Axial
stress–depth relationship is taken from [35]. The graph in the inset presents the P- (dashed lines) and S-wave (continuous
lines) velocities for the marble (black), limestone (purple), and calcschist (blue) samples used. Vp/Vs ratios at respectively
10 and 60 MPa of 1.65 and 1.69 (limestone), 1.72 and 1.82 (marble), and 1.62 and 1.77 (calcschist) were found.

3.4. Acoustic-Assisted CCS Experiments: σdiff = Fixed

Experimental series C covers a total of seven CCS experiments where σdiff (i.e., σ1 − σ2)
was kept constant at 45 MPa (calcschist, marble, limestone, quartzite, and quartzschist) or
at 10 MPa (silt- and mudstone). Table 4 presents the physical properties of the various core
samples used. Figure 7 shows the P-wave velocity as a function of increasing σ1 where σ2
is 45 MPa less than σ1 (and 10 MPa less for the silt- and mudstone). The S-wave velocity, as
a function of increasing σ1, is shown in Figure S5 (see Supplementary Materials).
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The laboratory results presented in Figure 7 demonstrate less variation in the P-wave
velocity as a function of increasing σ1 compared to experimental series A (Figure 5) and B (Figure
6). The latter is due to the fact that here the initial measurement was taken at σ1 = 46 MPa
and σ2 = 1 MPa (except for the silt- and mudstone, as previously mentioned). Due to
aforementioned initial conditions, any potential closure of microcracks already occurred
prior to reaching σ1 = 46 MPa. The data in Figure 7 appear to extend the trends shown in
Figure 6, except for the quartzite sample. The reason for this might be the fact that another
sample, drilled from the same block, was used here compared to experimental series B
(Tables 3 and 4).

The same division, i.e., soft and hard materials (discussed in Section 3.3), can be made
here as well. The soft silt- and mudstone separate themselves from the other formations
by revealing significantly lower seismic velocities. Considering the measurements done
during the unloading stage (at the end of an experiment), one may conclude again that the
loading process did not permanently alter the internal structure of the rocks that controls
its velocity.

3.5. Acoustic-Assisted CCS Experiments: Varying σ1

A total of eight CCS experiments, where σ2 was kept constant at its respective field-
representative stress, and σ1 was varied, mimicking the actual depths of the different
layers within the Kızıldere geothermal field (Table 5), were performed within experimental
series D. Proper magnitudes for σ1 and σ2, that occur in the Kızıldere geothermal reservoir
(Table 5), were obtained from literature [35]. Figure 8 presents an overview of the obtained
P-wave velocities as a function of increasing σ1. The S-wave velocity as a function of
increasing σ1 is shown in Figure S6 (see Supplementary Materials).
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constant and is presented in Table 5. Axial stress–depth relationship is taken from [35].

Similar to the observations made for experimental series C (Figure 7), acoustic results
related to calcschist, quartzite, quartzschist, micaschist, and marble (Figure 8) show less
variation in P-wave velocity, as a function of increasing σ1, in comparison to the results
related to experimental series A (Figure 5) and B (Figure 6). Once again, this is fully related
to the initial conditions of the first measurement point at σ1 = σ2 of 17, 33, 31, 31, and 17 MPa
for the calcschist, quartzite, quartzschist, micaschist, and marble, respectively (Table 5).
The latter entails that any potential closure of microcracks, leading to an increased grain-to-
grain (or mineral-to-mineral) contact area and thus seismic velocity, already occurred prior
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to reaching the abovementioned initial conditions. The loading process, i.e., increasing
axial load at a rate of 0.05 kN/s (Section 2.4), seems to take place in the elastic regime as
during the unloading cycle similar velocities, that fall well within the loading-related trend,
were measured.

Bulk of the data presented in Figure 8 appear to match the acoustic results of experi-
mental series B (Figure 6) relatively well, suggesting a minimal, or negligible, effect of σ2
on the P-wave velocity. In order to verify this, experiments within series A–D, for which
exactly the same core sample was used, are presented in a single plot (Figure 9). From
the results, one may conclude that σ2 appears to have a negligible impact on the P-wave
velocity, as long as σ2 is higher than atmospheric pressure. The reasons for the latter
statement are the deviating trends related to the UCS tests, i.e., experimental series A, for
quartzite, quartzschist, limestone, and calcschist (Figure 9). Abovementioned UCS-related
results indicate lower velocities compared to the case with a confining pressure, i.e., with
σ2 (CCS experiments). This is most likely due to the fact that in the CCS experiments
(experimental series B–D) overall compaction was more efficient since it also took place in
the radial direction (promoting an increased mineral-to-mineral contact area), as a result of
the imposed σ2, whereas in the UCS experiments (experimental series A) it only occurred
in the axial direction. Note that all CCS-related data follow more or less the same trend for
each individual rock type investigated.
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3.6. Acoustic-Assisted CCS Experiments: Effect of Brine-Saturated Pore Space

All laboratory results presented so far are related to dry conditions, i.e., pore space
solely filled with air. One additional CCS test, where σ1 = σ2 and thus similar to experi-
mental series B (Section 3.3), was carried out for a brine-saturated post-failure calcschist
sample (TD12-CS4 in Table 2). A simplified NaCl-based brine, that corresponds to a total
ionic strength equal to the total ionic strength of the geothermal water in the Kızıldere
reservoir, was prepared. The brine contains 0.41 weight percent (wt%) NaCl. The fractured
calcschist sample was saturated by placing it in a glass beaker filled with brine, under
vacuum conditions, for more than 15 h. Afterwards, by measuring its wet weight and using
the known dry weight, the water saturation was estimated. Table 9 presents an overview
of the core properties.



Appl. Sci. 2021, 11, 3641 16 of 30

Table 9. Properties of the calcschist sample used to study the effect of a brine-saturated pore space
on the seismic velocity. Note that the core sample used here was previously used in experimental
series A (Table 2).

CCS (σ1 = σ2)
Brine-Saturated vs. Dry Experiment

Type Calcschist Calcschist
Code TD12-CS4 TD12-CS4

Pore fluid Air (dry) Brine
Length (mm) 61.5 ± 0.1 61.5 ± 0.1

Diameter (mm) 30.1 ± 0.1 30.1 ± 0.1
Porosity (%) 5.93 ± 0.10 5.93 ± 0.10

Pore Volume (mm3) 2595 ± 66 2595 ± 66
Matrix density (g/cm3) 2.78 ± 0.01 2.78 ± 0.01
Bulk density (g/cm3) 2.62 ± 0.02 2.63 ± 0.02
Water saturation (%) 0 25 ± 2

σ1 = σ2 (MPa) 10–50 10–50

Prior to discussing the acoustic results, it is instructive to analyse the formed frac-
ture network in the calcschist sample as a result of the performed UCS test (Section 3.2).
Figure 10 presents several cross-sections of the post-failure calcschist sample, obtained
with X-ray micro-tomography (micro-CT). The images clearly indicate the presence of a
relatively dense fracture network in the upper part of the core sample (cross-sections 1 and
2). The dense network consists of multiple fractures with maximum apertures of around
0.1–0.2 mm or smaller. Moving towards the centre part of the calcschist core (cross-sections
3 and 4), the relatively dense network makes place for a localised shear plane in the form
of two connected fractures with a maximum aperture of roughly 0.5 mm (red circle in
cross-section 3). Near the bottom part of the core (cross-section 5), the two previously
connected fractures became disconnected. A network of fractures, as shown in Figure 10,
enhances a reservoir’s porosity and permeability, and is crucial for the productivity of the
Kızıldere geothermal reservoir (Section 2.1).
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Figure 10. Summary of the fracture network in calcschist sample TD12-CS4. Fractures were formed as a result of the UCS
experiment conducted (Section 3.2). Cross-sections 1–5 were obtained with micro-CT scanning using an X-ray tube with
160 kV voltage and a current of 240 µA. Pixel size and slice thickness equals 0.06 × 0.06 and 0.03 mm, respectively. It yields
a resolution of 16.67 pixels per mm. The single scan taken consists of a total of 2054 slices, capturing the entire sample
length. The maximum observed fracture aperture equals approximately 0.5 mm (red circle in cross-section 3).
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Figure 11 presents the seismic velocities, as a function of increasing σ1 (which equals
σ2), related to the dry- and wet-case experiments as shown in Table 9. Moreover, the
acoustic results corresponding to calcschist sample TD12-CS5 in experimental series B
(Table 3) are shown as well. Firstly, the effect of a brine-saturated pore space on the seismic
velocities will be discussed by comparing the wet-case with the dry-case; both for sample
TD12-CS4. Subsequently, an attempt will be made to qualitatively assess the effect of the
fracture network in sample TD12-CS4 (Figure 10) on the seismic velocities by comparing
its acoustic results with the results obtained for the intact calcschist sample TD12-CS5.

For the S-waves, the data related to the dry- and wet-case (TD12-CS4) are almost
identical. This is due to the fact that S-waves cannot propagate in fluids, hence the similar
velocities observed in both scenarios. On the contrary, a distinct difference, between the dry-
and wet-case, is observed for the P-wave velocity. Since P-waves are able to propagate in
fluids, and they travel much faster through water compared to air, it is anticipated that the
wet-case would show higher velocities compared to the dry-case, for the investigated stress
conditions. An attempt was made to reproduce the wet-case results utilising Gassmann’s
theoretical framework for fluid substitution [40]. Unfortunately, it appears that Gassmann’s
methodology is unable to replicate the experimental observations made (Figure 11) as it
significantly underestimates the wet-case velocity. Most likely, this is due to Gassmann’s
assumptions (such as a homogeneous, elastic, and isotropic media and a well-connected
pore space) since all of these are not applicable to the calcschist sample studied here.

By comparing the velocities, related to dry conditions, of TD12-CS4 with the results of
TD12-CS5, one may qualify the effect of a fracture network (Figure 10) on the resulting velocities.
For both the P- and S-wave velocities, the intact sample TD12-CS5 shows significantly higher
velocities compared to the fractured sample TD12-CS4 at σ1 = σ2 ≤ 25 MPa. This is due to
the available pore space, i.e., porosity. While the fractured TD12-CS4 shows a porosity
of 5.93 ± 0.10 (Table 9), TD12-CS5 reveals a porosity of 2.42 ± 0.03 (Table 3), both at
atmospheric conditions. This difference in available pore space yields a lower bulk density
of TD12-CS4 compared to TD12-CS5, resulting in lower velocities at σ1 = σ2 ≤ 25 MPa. For
stresses of ≥ 25 MPa, both samples show roughly identical results in terms of velocities.
It appears that most of the cracks present in TD12-CS4 have closed at these elevated
stress conditions, leading to similar velocities being observed for both calcschist samples.
The comparable velocities are a result of both calcschist samples showing similar elastic
properties (Table 8) and densities (Table 2) when intact.
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3.7. Temperature Effect

Aside from investigating the effect of both σ1 and σ2 on the seismic velocity, the effect
of temperature was studied as well (Table 6 and Figure 3). Experimental conditions include
a σ1 of 0.069 ± 0.002 MPa and a σ2 equal to atmospheric pressure. Figure 12 presents
the P-wave velocity as a function of increasing temperature for the limestone, marble,
and calcschist samples studied. The temperature-P-wave velocity relationships for the
other rock types are shown in Figure S7 (see Supplementary Materials). Figures S8 and
S9, shown in the Supplementary Materials, present the temperature-dependence of the
S-wave velocity.

Most of the rock samples studied (Table 6) reveal reducing P-wave velocities as a
function of increasing temperature, with the exception of the mud- and siltstone samples.
The latter two porous media disclose a roughly constant velocity with increasing tempera-
ture. The reducing velocities, with increasing temperature, were expected and are related
to the thermal expansion of the constituting minerals, leading to loosening of the rock’s
internal structure [28,29,41,42]. Consequently, the mineral-to-mineral contact area reduces,
lowering the bulk density, and finally resulting in lower P-wave velocities.

Of the investigated samples, the marble and calcschist cores show the largest decrease
in P-wave velocity as a function of increasing temperature (40–240 ◦C): 42% (marble) and
36% (calcschist). In order to explain this observation, one has to think in terms of thermal
expansion coefficients of the comprising minerals. Table 7 shows that the calcschist and
marble contain 98% and 99% fully recrystallized calcite and dolomite minerals, respectively.
From the literature it is known that calcite minerals possess relatively high thermal expan-
sion coefficients, parallel to the crystallographic c-axis, of 24–29 × 10−6 K−1 [42–44]. A
study aiming at calcitic and dolomitic marbles from Andalusia (Spain) reported averaged
linear thermal expansion coefficients, measured between 20–90 ◦C, of 11 × 10−6 K−1 for
both types of marbles [43]. On average, these are somewhat higher than reported mean
expansion coefficients, assessed in a range of 20–100 ◦C, for sandstones and limestones
of 10 and 8 × 10−6 K−1, respectively [45]. It is most likely that the thermal expansion
coefficients, related to calcite and dolomite minerals, resulted in the overall large drop in
velocity, with increasing temperature, observed for the marble and calcschist samples in
this study.
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Figure 12. P-wave velocity as a function of temperature (◦C), and thus depth below the surface, for the limestone (purple),
marble (black), and calcschist (blue) samples assessed. For all three experiments, a linear regression has been applied to the
data. A total of three to five measurements were taken every 20 ◦C. The error bars shown represent the standard deviation,
whereas the actual data points denote the averaged seismic velocity. Non-linear temperature–depth relationship is taken
from [36].
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4. General Discussion

In this section, the results presented in this manuscript will be viewed from the
perspective of previous studies. The findings, and related experimental implications, will
be examined in the broadest framework possible. Additionally, recommendations for
future research will be highlighted.

4.1. Comparison with Observations from the Literature

This study presented a comprehensive experimental investigation into the effects
of both σ1 and σ2 on the P- and S-wave velocities for a wide range of sedimentary and
metamorphic rocks present at the Kızıldere geothermal site. In this subsection, laboratory
results obtained for limestone sample TS2-SZL4, in experimental series A (UCS) and B
(CCS with σ1 = σ2), and acoustic results related to calcschist sample TD12-CS5 (where
σ1 = σ2; experimental series B) are compared with data from the literature.

Figure 13 shows the P-wave velocity as a function of increasing σ1 = σ2 for the calcschist
and limestone samples assessed in this study (Table 3), and for two limestone [46,47] and one
calcschist [29] samples investigated by other researchers. The calcschist sample studied
in [29] is part of the Mandanici Unit from the Peloritani mountain belt in Northern Sicily,
Italy. Its mineralogy is heavily dominated by coarse-grained calcite minerals (~71%) and
to a lesser extent by quartz (~16%). The limestone investigated in [46] is characterised by
a porosity of 13% (mainly consisting of voids or large pores: a vuggy limestone) and by
a mineralogy that is greatly dominated by calcite and dolomite minerals. The limestone
sample assessed in [47] was sourced from the Molasse Basin, located at the northern front
of the Alps, and is part of the Kimmeridgian Reef Complex (Upper Jurassic). It contains a
porosity of 13% and a mineralogy that solely consist of calcite minerals, yielding a matrix
density of 2.72 g/cm3.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 19 of 30 
 

4. General Discussion 
In this section, the results presented in this manuscript will be viewed from the per-

spective of previous studies. The findings, and related experimental implications, will be 
examined in the broadest framework possible. Additionally, recommendations for future 
research will be highlighted. 

4.1. Comparison with Observations from the Literature 
This study presented a comprehensive experimental investigation into the effects of 

both σ1 and σ2 on the P- and S-wave velocities for a wide range of sedimentary and meta-
morphic rocks present at the Kızıldere geothermal site. In this subsection, laboratory re-
sults obtained for limestone sample TS2-SZL4, in experimental series A (UCS) and B (CCS 
with σ1 = σ2), and acoustic results related to calcschist sample TD12-CS5 (where σ1 = σ2; 
experimental series B) are compared with data from the literature. 

Figure 13 shows the P-wave velocity as a function of increasing σ1 = σ2 for the calc-
schist and limestone samples assessed in this study (Table 3), and for two limestone [46,47] 
and one calcschist [29] samples investigated by other researchers. The calcschist sample 
studied in [29] is part of the Mandanici Unit from the Peloritani mountain belt in Northern 
Sicily, Italy. Its mineralogy is heavily dominated by coarse-grained calcite minerals (~71%) 
and to a lesser extent by quartz (~16%). The limestone investigated in [46] is characterised 
by a porosity of 13% (mainly consisting of voids or large pores: a vuggy limestone) and 
by a mineralogy that is greatly dominated by calcite and dolomite minerals. The limestone 
sample assessed in [47] was sourced from the Molasse Basin, located at the northern front 
of the Alps, and is part of the Kimmeridgian Reef Complex (Upper Jurassic). It contains a 
porosity of 13% and a mineralogy that solely consist of calcite minerals, yielding a matrix 
density of 2.72 g/cm3. 

 
Figure 13. P-wave velocity as a function of axial stress for limestone (TS2-SZL4) and calcschist (TD12-CS5) samples studied 
in experimental series B (Figure 6). For comparison purposes, acoustic data related to two limestone samples and one 
calcschist sample were taken from [46,47] and [29], respectively. Experimental conditions involve no differential stress, 
i.e., axial stress equals radial stress at all times. 

The data presented in Figure 13 show that the acoustic-related results for limestone 
and calcschist, obtained in this study as part of experimental series B, correspond fairly 
well with the velocity profiles related to one of the two limestones [46] and the calcschist 
[29] taken from the literature at similar experimental conditions. For the calcschist, the 
velocities obtained in this study are somewhat higher than the ones reported in [29], none-
theless they follow the same trend. The reason for the difference in absolute velocity might 

Figure 13. P-wave velocity as a function of axial stress for limestone (TS2-SZL4) and calcschist (TD12-CS5) samples studied
in experimental series B (Figure 6). For comparison purposes, acoustic data related to two limestone samples and one
calcschist sample were taken from [46,47] and [29], respectively. Experimental conditions involve no differential stress, i.e.,
axial stress equals radial stress at all times.

The data presented in Figure 13 show that the acoustic-related results for limestone
and calcschist, obtained in this study as part of experimental series B, correspond fairly well
with the velocity profiles related to one of the two limestones [46] and the calcschist [29]
taken from the literature at similar experimental conditions. For the calcschist, the velocities
obtained in this study are somewhat higher than the ones reported in [29], nonetheless
they follow the same trend. The reason for the difference in absolute velocity might be
partly related to its mineralogy. The calcschist samples utilised in this study contain
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approximately 98% recrystallized calcite and dolomite minerals (Table 7), whereas the
one described in [29] contains also a fair amount of quartz, as mentioned above. Since
the P-wave velocity in calcite minerals [48–52] is of a higher magnitude compared to
quartz [52–54], this might contribute to the slightly lower calcschist velocities reported
in [29].

The presented P-wave velocities corresponding to limestone sample TS2-SZL4 are
similar to the ones stated in [46] for σ1 = σ2 ≤ 20 MPa. For σ1 = σ2 > 20 MPa, the limestone
sample investigated in this work reveals lower velocities compared to the one studied
in [46]. The latter might be related to the amount of compaction, i.e., closure of open pore
space, as a function of increasing stress. Since the limestone studied in [46] is characterised
by a vuggy porosity, it contains relatively large pores and/or voids. Most probably, these
large voids were still not entirely closed at σ1 = σ2 = 20 MPa and compaction could continue
afterwards, hence its P-wave velocity was able to increase further at σ1 = σ2 > 20 MPa. On
the other hand, thin section analyses of the limestone sample discussed in this manuscript
(Section 3.1) show that its matrix texture contains vugs that are partly filled with secondary
crystallised calcite. Assuming that sample TS2-SZL4 contains less, and smaller, voids
compared to the limestone reported in [46], most of its open pore space, e.g., voids, may
already be closed at σ1 = σ2 = 20 MPa. The latter would subsequently lead to a roughly
constant P-wave velocity at σ1 = σ2 > 20 MPa, as observed in Figure 13.

The limestone sample studied in [47] reveals significantly lower P-wave velocities, as a
function of increasing σ1 = σ2, compared to sample TS2-SZL4 assessed in this study. Reason
for this is most probably the difference in mineral composition. Sample TS2-SZL4 is mainly
dominated by calcite and dolomite minerals (Table 7), whereas the limestone investigated
in [47] contains calcite minerals only. Calcite minerals reveal P-wave velocities of around
6.26–6.64 km/s [48–52], where dolomite shows velocities of 7.05–7.34 km/s [55,56]. The
latter most likely (partly) controls the difference in absolute velocities. The velocity trend
of [47] corresponds rather well with the trend observed in [46]. It is related to the open pore
space present. As the limestone samples studied in [46,47] both show porosity values of
13%, compaction could continue even after σ1 = σ2 = 20 MPa, leading to enhanced mineral-
to-mineral contact areas, hence increased P-wave velocities. As mentioned before, for
sample TS2-SZL4, bulk of its open pore space might already be closed at σ1 = σ2 = 20 MPa,
resulting in rather constant velocities with increasing stress.

Figure 14 presents the P-wave velocity-σ1 relationship for a limestone sample (TS2-SZL4)
that was used in this work as part of experimental series A, i.e., the UCS tests (Figure 5).
Furthermore, P-wave velocity data for an Indiana limestone, obtained during an UCS ex-
periment, taken from [57] are shown as well (Figure 14). The Indiana limestone reported
in [57] is characterised by its homogeneous nature and low strength. Figure 14 shows that the
velocities of both limestones are of the same order of magnitude (4500–4900 m/s) and have a
very similar trend. The trend consists firstly of a rather rapidly increasing velocity with stress
due to compaction. After that, the velocities increase at a slower rate as a function of stress
since bulk of the open pore space is already closed, and hence the mineral-to-mineral contact
area can only increase slightly. Just before rock failure occurred (at 44.2 MPa for the Indiana
limestone and at 72.5 MPa for TS2-SZL4), the P-wave velocity displays a small decrease. This
decrease is a result of rock damage, i.e., microcracking [58–61]. The absolute differences
in velocity between TS2-SZL4 and the Indiana limestone are related to heterogeneity in
terms of rock texture and mineralogy. Where the Indiana limestone is well-known for its
relatively homogeneous nature, the limestone samples collected at the Kızıldere site have
shown a high level of heterogeneity due to diagenesis processes and the potential presence
of fossils (Section 3.2).
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Although absolute velocity values differ between specimens from different regions
(Figures 13 and 14), most probably due to variations in mineralogy and microstructure
(e.g., pore type and size), the trends in velocities related to the Kızıldere samples seem to
broadly correspond to velocity trends observed at other sites. This might imply that there
is a potential to use limestone and calcschist velocities, recorded at low stress levels, and
extrapolate them to larger stress levels using the observed trends of this study. One crucial
parameter to consider in this process is the porosity, i.e., open pore space, as it seems to
control the slope of the velocity trend (e.g., limestone samples in Figure 13).

4.2. Experimental Implications and Limitations

As mentioned in Section 2.4, for several rock formations, exactly the same core sample
was used for experimental series A–D (Figure 9). This was solely done for comparison
purposes, in order to avoid the heterogeneity effect amongst different cores from the same
formation. In these cases, first experiment B (σ1 = σ2) was conducted followed by C
(fixed σdiff), D (varying σ1), and finally A (UCS). Acoustic-assisted UCS experiments were
executed last as these tests resulted in rock failure, making the core sample useless for
further testing. One may wonder whether the CCS experiments (series B–D), conducted
prior to the UCS test, have altered the internal pore structure of a specific core sample. If
the latter is true, the UCS experiments (series A) that followed may not be representative
of the initial core sample anymore, thus yielding comparison implications. However, the
data points symbolised by circles in Figures 6–8 (i.e., active-source acoustic measurements
during the unloading stages) follow quite accurately the observed velocity profiles during
loading. This may suggest that the tests were executed in the elastic regime, implying that
any deformation, imposed by the elevated stresses, was temporarily and would disappear
during the unloading stage. Even if the internal pore structure of the sample slightly
changed during the first experiments, comparison among tests conducted on that specific
sample might still be preferable over comparing different cores with one another.

Another implication, e.g., source of error, is related to the arrival time picking of the
P- and S-waves. Figure 15 presents the active-source acoustic signal obtained during the
siltstone TK-B1-3 UCS experiment (series A) at σ1 = 5.08 MPa. In order to accurately pick
the P-wave arrival time, a horizontal line (black dashed line in Figure 15), representing the
maximum noise level in the signal prior to the P-wave arrival, was drawn. The P-wave
arrival time was defined as the time at which the signal exceeds this level of maximum
noise. In this case this equals 3.433 × 10−5 s, yielding a P-wave velocity of 2333 m/s. Using
this methodology, it becomes challenging to quantify the error related to picking P-wave
arrival times. In a qualitative way, one can state that the error in picking the P-wave arrival
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times is directly proportional to the noise level of the signal. For determining the S-wave
arrival times, a somewhat different approach was adopted. Firstly, looking at the complete
amplitude spectrum in the time domain, a time frame was identified that corresponds to a
significant increase of the signal’s amplitude. In the case of Figure 15, this corresponds to
6–8 × 10−5 s. Subsequently, one has to identify the first peak (1 in Figure 15) or trough (2 in
Figure 15) that initiates the aforementioned high amplitude time period. Finally, the S-wave
arrival time is defined as the time where the signal crosses the background line (i.e., zero
amplitude line) just before the significant increase, or decrease, in amplitude. For the case
in Figure 15, this resulted in two potential S-wave arrival times of 6.214 and 6.380 × 10−5 s,
yielding velocities of 1337 and 1290 m/s, respectively. Thus, the maximum error in picking
the S-wave arrival times equalled approximately half a wave period. Throughout this
entire study the abovementioned picking procedure was applied in a consistent way, to all
rock formations assessed, allowing for mutual comparison.
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Figure 15. Acoustic signal obtained during the Siltstone TK-B1-3 UCS experiment at σ1 = 5.08 MPa
(Figure 5). Note that the error, related to S-wave arrival time picking, can be interpreted as being
equal to 1⁄2 wave period.

It is important to note that fracture analyses and characterisation, based on thin section
analyses (Section 3.1 and Table 7) and micro-CT scanning (Section 3.6 and Figure 10), was
done under atmospheric conditions. Hence, it does not represent properties (e.g., fracture
aperture) at subsurface conditions. Stress release, during the unloading phase at the
end of the UCS test conducted on calcschist TD12-CS4, presumably affected the detected
apertures in Figure 10 [62]. Most probably, at reservoir conditions, the apertures observed
in Figure 10 will become smaller due to elevated stress levels.

Finally, in Section 3.7, the effect of increasing temperature on the seismic velocity was
investigated. The experimental procedure, as described in Section 2.5, involves placing
the samples in the oven for at least 24 h and, subsequently, conducting the active-source
acoustic measurement at a room temperature of 22 ± 1 ◦C. Though the measurement
process for a single sample only took 30 s, within that time frame the rock sample, and
especially its surface, cooled down according to Newton’s law of cooling [63,64]. When
assuming a cooling constant of 7 × 10−3 s−1 (based on a heat transfer coefficient of
100 W/m2/K [65] and a heat capacity of 0.85 J/g/K [66]), in combination with an oven (i.e.,
initial) temperature of 240 ± 1 ◦C, the rock’s surface would cool down to approximately
225 and 200 ◦C after 10 and 30 s, respectively. However, the temperature within the rock
itself would most likely still be close to the initial temperature set.

4.3. Velocity Profile of Rocks at the Kızıldere Geothermal Field

The experimental study presented in this manuscript covers an investigation on the
stress- and temperature-dependency of seismic velocities for multiple rock types found at
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the Kızıldere geothermal field. Considering the results shown in Figure 8 (i.e., velocities at
field-representative stress conditions), one may apply linear regression to each individual
dataset/rock type. The latter will result in velocity–depth relationships, one per rock type,
that are solely stress-dependent and reflect dry conditions. Aforementioned velocity–depth
trends can subsequently be applied to any given stratigraphic section, in or around the
Kızıldere geothermal site, in order to construct a velocity profile. This was done for a
specific stratigraphic section of interest. Corresponding results are presented in Figure 16.

The stratigraphic section shown in Figure 16 represents the planned CO2 injection
location at the Kızıldere geothermal site. The red intervals characterise ‘schists’ formations.
Since it remains questionable to what extend these intervals contain quartz-, calc-, and/or
micaschists, a 50% quartzschist and 50% calcschist distribution was assumed, because
they yield similar velocities (Figure 8). As it is known that layers of micaschists do occur
within the red intervals in Figure 16, potentially serving as local seals within the second
reservoir (Table 1), the effect of the addition of micaschists on the resulting velocities was
investigated for one single interval. Resulting velocities for the addition of 25, 50, 75, and
100% micaschists (remaining percentage is equally divided between calc- and quartzschist),
are shown in blue, green, purple, and red, respectively. Due to its relatively low velocities
(Figure 8 and Figure S6), the presence of micaschists will lower the velocity substantially.
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Figure 16. Seismic velocity profiles (A), P-wave/S-wave velocity ratio, i.e., Vp/Vs (B), Poisson ratio (C), and the stratigraphic
section of interest (D). The stratigraphic section represents the planned CO2 injection site at the Kızıldere geothermal
reservoir. For the intervals that contain multiple rock types (mud- and siltstone, marble and calcschist, and calc- and
quartzschist), a 50/50 distribution was assumed. Velocity–depth relationships, i.e., linear regressions, from Figure 8 (P-wave)
and Figure S6 (S-wave) were used to construct the profile shown in (A). Since the claystone could not be assessed in this
study, a literature value for its P-wave velocity, and for its Vp/Vs ratio, was assumed [67]. In one calc- and quartzschist layer,
micaschists were added in varying degrees (25, 50, 75, and 100%) to show its effect on the resulting velocities. Note that the
velocity profiles presented (black and red profiles in (A)) reflect only the stress-dependency of the seismic velocities for dry
conditions. In order to give an impression of the effect of temperature, on related velocities, the maximum temperature
effect (dashed red and black profiles in (A)) was added for the limestone interval. This represents the reduction in velocity
with increasing temperature at atmospheric pressure (as presented in Figure 12 and Figure S8). It is expected that the real
dry velocity of the limestone interval in (A) lies somewhere in between the dashed and continuous lines, as it is assumed
that the temperature-dependency is highest at atmospheric conditions, hence the ‘maximum temperature effect’.

As mentioned earlier, the velocity profiles presented only reflect the stress-dependency
of the seismic velocities for dry conditions. One might wonder to what extend dry con-
ditions are representative of the reservoir. As previously mentioned in Section 2.1., the
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geothermal fluid is produced from, and circulates within, the fracture systems. The latter
may imply that dry conditions can be found outside of the fracture network, making the
velocity profiles presented typical for those areas. Nevertheless, due to the pore fluid effect,
the applicability of Figure 16 for the hydrothermal system of the Kızıldere geothermal site
is questionable.

The velocity of the P- and S-waves are not solely dependent on stress, but also on
temperature, mineral composition, potential presence of cracks and/or voids, etc. Tem-
perature and stress are constantly competing with one another regarding their influence
on the velocities. In general, seismic velocities of subsurface rocks reduce with increasing
temperature, but tend to show opposite effects due to the substantial increase in stress with
increasing depth [68]. However, when approaching the Earth’s mantle (10’s of km depth),
partial melting might occur which may lead to the opposite effect: reducing velocities with
depth [68].

For the limestone interval (blue), the maximum temperature effect on the P- and
S-wave velocities was added. This reflects the temperature-dependency of the seismic
velocities at atmospheric pressure (Figure 12 and Figure S8). Since it is expected that
the elevated stress levels in the subsurface will (partly) counteract the thermal expansion
(Section 3.7), the effect of temperature on resulting velocities is assumed to be the highest
at atmospheric pressure.

4.4. Recommendations and Plans for Future Research

In Section 3.6, the effect of a partly brine-saturated pore space (saturation equalled
25 ± 2%) on the seismic velocity was investigated for post-failure calcschist sample TD12-
CS4 (Figure 11). As mentioned previously, an effort was made to replicate the velocities,
corresponding to the 25 ± 2% saturation case, using Gassmann’s fluid substitution frame-
work [40]. Related results are shown in Figure 17.

It is evident from Figure 17 that Gassmann’s concept of fluid substitution [40] sig-
nificantly underestimates the P-wave velocity for the specific saturated calcschist case.
Even with an assumed brine saturation of 100%, the measured velocities could not be
approached by the theoretical framework. The reasons for this are most probably the
assumptions related to Gassmann’s theory. As the concept is derived for, and frequently
applied for, fluid estimation, and velocity calculation, from velocities of sandstones (gas
versus water bearing), it assumes a fully connected pore space as well as a constant shear
modulus. Several researchers observed significant underestimation of the velocity, for
carbonate rocks, according to Gassmann’s theory [69,70]. For future studies, it is advised
to investigate alternative theoretical frameworks for modelling seismic velocities, as a
function of pore fluid, for rock formations that do not obey Gassmann’s assumptions. An
example of an adapted version of Gassmann’s theory, derived for carbonates, is presented
in [71].
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All experimental data presented in this manuscript, with the exception of one experi-
ment discussed in Section 3.6, are related to dry pore space conditions. Though it reflects
the baseline seismic-response characterisation (Figure 8), one might speculate whether it is
representative of real field conditions, as in reality the fractured reservoir rocks in Kızıldere
will be (partly) saturated with brine and/or CO2 due to (re-)injection. Future plans involve
large-scale (sample dimensions of 40 × 60 cm; 10 times larger than samples discussed
here) acoustic-assisted CCS experiments where the seismic response of altered reservoir
rocks, with CO2/water-saturated flow, will be studied. These large-scale experiments will
shed light on the effect of the pore fluid on the resulting velocities; can one, based on the
obtained seismic signal, quantify and/or qualify the behaviour of the injected CO2 in the
subsurface?

Besides studying the stress-dependence of the seismic velocity on dry samples, the
temperature-dependence, of P- and S-wave velocities, was investigated on dry core samples
as well (Section 3.7 and Figure 12), in order to get an initial idea about the temperature
effect. In line with previous paragraphs, dry reservoir rocks are not representative of
the hydrothermal subsurface conditions at Kızıldere. For future research, it is planned
to include a pore fluid for studying the temperature-velocity dependency, at varying
stress levels.

5. Conclusions

A laboratory study on the effect of axial (up to 95 MPa) and radial (up to 60 MPa)
stress on the seismic velocity was conducted for a broad range of dry sedimentary and
metamorphic rocks that are part of the Kızıldere geothermal system. Well-controlled
acoustic-assisted unconfined and confined compressive strength experiments yielded the
baseline seismic-response characterisation; reflecting the stress-dependence of the seismic
velocities. Furthermore, the effect of temperature (up to maximum reservoir temperature
of 240 ◦C), on seismic velocity, at atmospheric pressure conditions, was investigated as
well. This study resulted in the following main conclusions:

• Thin section analyses showed that the presence of a fracture increases the 2D per-
meability by roughly a factor 10 for the main reservoir formations, i.e., marble and
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calcschist. This underlines the importance of the presence of fractures in the Kızıldere
geothermal reservoir.

• Most of the UCS-related acoustic results showed a similar P-wave velocity–stress
trend. It includes a sharp increase in velocity due to initial compaction, followed
by a moderate increase in velocity since bulk of the pore space was already closed
and, finally, just before rock failure, a slight decrease in velocity due to rock damage
(i.e., microcracking).

• Several limestone and quartzite rock samples revealed the presence of axial splitting
patterns after failure occurred. The degree of axial splitting appears to be related to
their porosity, where the presence of axial splitting fractures increases with decreas-
ing porosity. All marble, calcschist, quartzschist, mudstone, and siltstone samples
investigated showed clear shear failure characteristics after rock failure.

• Large variations in static elastic parameters were found among the three limestone
samples used for conducting the UCS experiments. Most likely, a high level of
heterogeneity, due to diagenesis processes and the presence of fossils, within the
limestone yielded different axial stress–strain relationships for the three studied cores.

• Radial stress appeared to have a negligible impact on the P-wave velocity, as long as
it was higher than atmospheric pressure. Experiments without any additional radial
stress applied on the rock, i.e., UCS experiments, showed lower velocities compared to
the experiments where a radial stress was imposed on the sample (CCS experiments).
This is due to the fact that in the CCS tests (experimental series B–D), overall com-
paction was more efficient since it also took place in the radial direction. The latter
promoted an increased mineral-to-mineral contact area, hence higher velocities.

• Most of the studied rock formations showed a reducing P-wave velocity as a function
of increasing temperature due to thermal expansion of the constituting minerals,
leading to loosening of the rock’s internal structure. The marble and calcschist samples
showed the largest reduction in P-wave velocity as function of increasing temperature
(40–240 ◦C): 42% and 36% for the marble and calcschist samples, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11083641/s1, Table S1: List of averaged properties per rock type utilised in this study.
Figure S1: Pictures of all 14 rock samples after failure occurred. Note the presence of axial splitting
patterns within the limestone (especially TS2-SZL2) and quartzite (mainly TD20-QZ1 and 2) samples.
All marble, calcschist, quartzschist, mudstone, and siltstone samples studied reveal clear shear failure
characteristics. Figure S2: S-wave velocity as a function of axial stress, and thus depth below surface,
for all UCS experiments performed. Axial stress–depth relationship is taken from [35]. Figure S3:
Acoustic signal obtained during the Siltstone-TK-B1-3 UCS experiment at σ1 = 5.08 MPa (left) and
14.02 MPa (right). Besides an earlier arrival time, indicated by the red arrows, at higher stress levels,
amplitude magnitudes increased as well (note the different scale of the y-axes). Figure S4: S-wave
velocity as a function of axial stress, and thus depth below the surface, for all 8 CCS tests conducted
within experimental series B. After the samples were loaded until σ1 = σ2 = 55–60 MPa (dashed
lines), unloading took place during which several acoustic measurements were taken to check for
potential hysteresis effects (circular data points). Axial stress–depth relationship is taken from [35].
Figure S5: S-wave velocity as a function of axial stress, and thus depth below the surface, for all
7 CCS tests conducted within experimental series C. After the samples were loaded to σ1 = 65 or
95 MPa (dashed lines), unloading took place during which several acoustic measurements were
taken to check for potential hysteresis effects (circular data points). Axial stress–depth relationship is
taken from [35]. Figure S6: S-wave velocity as a function of axial stress, and thus depth below the
surface, for all 8 CCS tests conducted within experimental series D. After the samples were loaded
to their maximum σ1 (Table 5), unloading took place during which several acoustic measurements
were taken to check for potential hysteresis effects (circular data points). σ2 was kept constant and is
presented in Table 5. Axial stress–depth relationship is taken from [35]. Figure S7: P-wave velocity
as a function of temperature (◦C), and thus depth below the surface, for the quartzite (yellow),
siltstone (green), quartzschist (dark red), mudstone (grey), and micaschist (red) samples assessed.
A total of 3–5 measurements were taken every 20 ◦C. The error bars shown represent the standard
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deviation, whereas the actual data points denote the averaged seismic velocity. Temperature–depth
relationship is taken from [36]. Figure S8: S-wave velocity as a function of temperature (◦C), and thus
depth below the surface, for the limestone (purple), marble (black), and calcschist (blue) samples
assessed. For all three experiments, a linear regression has been applied to the data. A total of
3–5 measurements were taken every 20 ◦C. The error bars shown represent the standard deviation,
whereas the actual data points denote the averaged seismic velocity. Temperature–depth relationship
is taken from [36]. Figure S9: S-wave velocity as a function of temperature (◦C), and thus depth
below the surface, for the siltstone (green), mudstone (grey), and micaschist (red) samples assessed.
A total of 3–5 measurements were taken every 20 ◦C. The error bars shown represent the standard
deviation, whereas the actual data points denote the averaged seismic velocity. Results related to
the quartzite and quartzschist samples are not shown as S-wave arrival was extremely challenging
to pick. Temperature–depth relationship is taken from [36]. Table S2: Stress-dependent parameters
used in Gassmann’s theoretical framework for fluid substitution: bulk moduli and densities for air
and brine/water.
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