
European Geothermal Congress 2022 
Berlin, Germany | 17-21 October 2022 
www.europeangeothermalcongress.eu 

 
 

 1 

CO2 Storage in Geothermal Reservoir Rocks: A Seismic Velocity 
Characterization Study 

Martijn T.G. Janssen1, Auke Barnhoorn1, Deyan Draganov1 and Karl-Heinz A.A. Wolf1 

1 Delft University of Technology, 2628 CN Delft, The Netherlands. 

M.T.G.Janssen@tudelft.nl 
 

Keywords: CCUS, CO2 Storage, Geothermal Energy, 
Seismic Velocity. 
ABSTRACT 
As part of a seismic monitoring project at the 
Hellisheiði (Iceland) and Kızıldere (Turkey) 
geothermal sites, where the re-injection of CO2 into a 
geothermal reservoir will be monitored, we carry out a 
detailed seismic velocity characterization study on 
various reservoir formations present. Our experiments 
involve well-controlled acoustic-assisted unconfined 
(no radial stress) and confined compressive strength 
tests, where the stress-dependency of seismic velocities 
is assessed. Moreover, we also study the temperature-
dependency by performing the aforementioned 
experiments at varying temperatures. In the aid of 
mineralogy and 2D porosity and permeability analyses, 
we prepare, and analyse, thin sections of Kızıldere 
reservoir samples.  
 
Thin section studies on Kızıldere reservoir formations 
verified a fracture-controlled permeability where the 
2D permeability increased by circa a factor of 10 when 
fractures are present. Each unconfined compressive 
strength experiment conducted on the Kızıldere 
samples revealed a similar trend where at first a sharp 
increase in velocity is observed, up to an axial stress of 
roughly 15 MPa, followed by a more moderate increase 
at higher stress levels. The former is related to the 
closure of microcracks, resulting in an increased 
mineral-to-mineral contact area, and thus velocity. 
Confined compressive strength tests suggest that 
inducing radial stress on a sample results in more 
efficient levels of compaction as higher velocities are 
measured compared to the unconfined conditions. Due 
to thermal expansion of constituting minerals, bulk of 
the Kızıldere rock formations we study revealed 
reducing velocities with increasing temperature levels 
at fixed stresses. The rate of decrease in velocity 
increases as a function of temperature. The 
(un)confined compressive strength experiments at 
varying temperatures (21-100°C) all show similar 
stress-velocity trends per rock formation. It appears that 
the increment in velocity, as a function of increasing 
axial stress, increases as a function of temperature. The 
temperature-dependency of the seismic velocity is 
largest at atmospheric pressure conditions where, for 

Kızıldere marble, the compressional wave velocity 
decreases with approximately 111 m/s per 10°C 
compared to a 75 m/s reduction per 10°C at an axial 
stress of 25±1 MPa. Static elastic parameters (i.e., 
Young’s modulus) appear to reduce slightly with 
increasing temperature. Reason for this is probably 
related to the various thermal expansion coefficients of 
the constituting minerals, leading to differential 
expansion and potentially to loosening grain 
arrangements. The basalt samples from Hellisheiði 
show a porosity-dependent Young’s modulus, where it 
decreases significantly, according to a power-law 
function, with increasing effective porosity.  
1. INTRODUCTION  
The total worldwide installed geothermal capacity in 
2020 reached roughly 15,850 MW, an increment of 
approximately 200 MW compared to a year earlier 
(IEA, 2021). Main contributors to the growth in 
geothermal capacity over the past years are Kenya, 
Indonesia, and Turkey, as these nations have abundant 
unproduced resources available. For instance, Turkey 
experienced a significant increase in its installed 
capacity in recent years, reaching a total of 
approximately 1,700 MW at the end of 2021 (IEA, 
2021).  
 
Although the general consensus is that geothermal 
energy is an extremely clean and renewable form of 
energy (Rybach, 2003; Lund and Toth, 2020), bulk of 
the large-scale geothermal energy power stations do 
emit carbon dioxide (CO2) as part of the produced 
geothermal fluid (Bayer et al. 2013; Ármannsson, 2018; 
O’Sullivan et al. 2021). In Turkey, significant amount 
of geothermal power stations (e.g., Kızıldere) operate 
along the Büyük Menderes Graben (Yamanlar, et al. 
2020; Janssen et al. 2021), where they produce from 
carbonate reservoir rocks, resulting in considerable 
amounts of dissolved CO2 in the produced fluid 
(Bustaffa et al. 2020; Parlaktuna et al. 2021; Ozcelik, 
2022). In Iceland, most high-temperature geothermal 
systems (e.g., Hellisheiði) produce fluids containing 
substantial amounts of CO2, and H2S, which is 
predominantly of magmatic origin (Ármannsson, 2017; 
Ármannsson, 2018; Gunnarsson et al. 2018). 
 
The work presented here is part of the ACT2 CCS 
SUCCEED project where we study the feasibility of 
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monitoring the (re-)injection of produced, and captured 
from the atmosphere, CO2 into the geothermal field for 
permanent storage and, secondly, for promoting 
geothermal production by pressure maintenance 
(Durucan et al. 2021; Janssen et al. 2021). The main 
goal is to come up with a novel, cost-effective, and low-
environmental impact coupled geothermal-CO2 storage 
seismic monitoring technique. We will focus on two 
active geothermal power generation sites: Kızıldere 
(Turkey) and Hellisheiði (Iceland).  
 
This study presents a well-controlled experimental 
investigation where active-source acoustic 
transmission measurements are performed, on various 
rock formations present at both geothermal sites, to 
obtain a detailed seismic-response characterisation. 
Stress- (Kızıldere and Hellisheiði) and temperature-
dependency (Kızıldere) of the seismic velocities are 
studied in order to come up with a comprehensive 
velocity model which will later be used as an input for 
simulating seismic-wave propagation at both sites. 
Finally, the lab-based results and corresponding 
simulation data will aid the interpretation of the active-
source seismic monitoring survey results at both 
geothermal sites.  
 
Here, we present an extensive and detailed laboratory 
study on the effect of axial (σ1), up to 70 MPa, and 
radial (σ2 = σ3), up to 59 MPa, stress on the seismic 
properties of the main rock formations present at 
Kızıldere and Hellisheiði. For the main reservoir 
formations at Kızıldere, i.e., metamorphic marble and 
calcschist, the temperature-dependency (up to 100°C) 
of the seismic velocities and elastic moduli is 
investigated as well. 
2. MATERIAL AND METHODS 
The workflow we use in this experimental study covers 
thin section analyses on Kızıldere reservoir rocks, dry 
unconfined compressive strength (UCS) tests on 
Kızıldere (with varying temperature) and Hellisheiði 
(at ambient temperature) rock formations, and dry 
confined compressive strength (CCS) experiments at 
field-representative stresses on Kızıldere (with varying 
temperature) and Hellisheiði (at ambient temperature) 
lithologies. Active-source acoustic transmission 
measurements are done during the course of the 
UCS/CCS experiments. 
2.1 Sample preparation 
After sourcing several rock samples from a wide range 
of fresh outcrops in the areas around both the 
Hellisheiði (Iceland) and Kızıldere (Turkey) 
geothermal sites, multiple cores were drilled and 
subsequently dried in an oven at 60°C for 24 h. Each 
core was drilled perpendicular to any potential layering. 
Tables 1 and 2 present an overview of the physical 
properties of each of the individual cores used in this 
work. 
2.2 Thin section analyses 
For the main reservoir formations present at the 
Kızıldere geothermal field, i.e., marble and calcschist, 
thin sections (thickness of 30 μm) are constructed for 

the purpose of mineralogy and 2D porosity and 
permeability analyses. In this regard, a Leitz Laborlux 
11 pol S. microscope (Ernst Leitz GmbH) is used. For 
obtaining the 2D permeability, Carman-Kozeny’s 
formulation is utilized (Kozeny, 1927; Carman, 1937). 
The analyses are performed within an area of interest 
that excludes the edges of the thin section. 
2.3 Experimental procedure 
The sourced samples at Hellisheiði include 
hyaloclastites, intrusions, and basalts with varying 
porosities, reflecting different depths within the 
subsurface (Table 1). The rock samples collected at 
Kızıldere (Table 2) represent the different reservoir and 
caprock formations. A more detailed description of the 
Kızıldere geothermal system, and corresponding 
lithologies present, is given in section 2.1 of Janssen et 
al. (2021).  
 
For all formations shown in Tables 1 and 2, two types 
of dry acoustic-assisted experiments are performed: 
UCS tests, where a continuously increasing σ1 is 
applied on the sample whilst σ2 is kept constant at 
atmospheric pressure, and CCS experiments, where σ2 
is fixed at its field-representative value and σ1 is varied, 
reflecting the different depths of a specific formation 
within the subsurface. The goal of the performed UCS 
experiments is to study the effect of σ1 on the seismic 
velocities, and to obtain the static elastic properties of 
the various lithologies. The CCS experiments are 
conducted in order to construct a detailed, field-
representative, velocity model which is used for 
simulating seismic-wave propagation at both sites. For 
all rock formations, except Kızıldere marble and 
calcschist, the experiments are done at an ambient 
temperature of 21±1°C. The UCS and CCS tests on 
Kızıldere marble and calcschist are performed using a 
slightly different experimental set-up, where the 
pressure cell could be placed inside an oven, allowing 
for studying the effect of temperature (21-100°C) on 
the seismic velocities (UCS and CCS) and elastic 
properties (UCS). A comprehensive description of the 
experimental set-up used in this work is given in section 
2.4 of Janssen et al. (2021).  
 
During the course of every experiment presented in this 
work, active-source acoustic transmission 
measurements are performed for obtaining the 
corresponding seismic velocities. Seismic sources are 
placed, within a metal holder, at the top of the core 
sample whereas the receivers are located at the bottom. 
Table 3 presents the acoustic settings for all 
experiments.  
3. RESULTS AND DISCUSSION 

3.1 Thin section analyses 
For the Kızıldere calcschist and marble reservoir 
formations, thin sections are prepared and subsequently 
investigated focussing on mineralogy and 2D porosity 
and permeability. Results on mineral occurrence, based 
on random image point counting with 10× and 40× 
objectives, show that both the calcschist and marble 
mainly consist of recrystallised calcite and dolomite
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Table 1: Properties of the Hellisheiði core samples used in this work. Porosities and matrix densities are measured using an 
Ultra Pycnometer 1000 (Quantachrome Corporation). For both experimental series, i.e., UCS and CCS, the applied stress 
levels are shown. Field-representative stress values (CCS) are taken from Batir et al. (2012).  

 Hellisheiði geothermal system 

Type Less-porous basalt Medium-porous basalt Porous basalt Hyaloclastite Intrusion 

Experiment UCSa CCS UCSa CCS UCS CCS UCS CCS UCS CCS 

Length 
(mm) 

60.7±0.11 
60.2±0.12 59.8±0.1 59.1±0.11 

60.0±0.12 61.2±0.1 60.1±0.1 60.4±0.1 59.9±0.1 60.3±0.1 59.9±0.1 59.7±0.1 

Diameter 
(mm) 

29.9±0.11 

29.6±0.12 29.9±0.1 29.7±0.11 
29.7±0.12 29.7±0.1 29.8±0.1 29.7±0.1 28.8±0.1 27.5±0.1 29.9±0.1 29.8±0.1 

Porosity 
(%) 

22.4±0.31 

24.9±0.22 21.8±0.6 38.2±0.21 
36.5±0.62 37.9±0.5 51.4±0.3 46.9±0.2 47.0±0.4 41.0±0.5 8.8±0.1 7.9±0.2 

Matrix 
density 
(g/cm3) 

3.1±0.11 

3.2±0.12 3.1±0.1 3.1±0.11 
3.1±0.12 3.2±0.1 3.2±0.1 3.1±0.1 2.8±0.1 2.8±0.1 3.0±0.1 3.0±0.1 

Bulk 
density 
(g/cm3) 

2.4±0.11 

2.4±0.12 2.5±0.1 1.9±0.11 
2.0±0.12 2.0±0.1 1.5±0.1 1.7±0.1 1.5±0.1 1.7±0.1 2.8±0.1 2.8±0.1 

σ1 (MPa) 
0-301 

0-772 53-70 0-251    
0-302 18-22 0-13 1-4 or   

5-10b 0-4 7-16 or 
32-46b 0-200 53-70 

σ2 (MPa) - 53 - 18 - 1 or 5b - 7 or 32b - 53 

aFor these two categories of basalts, i.e., less-porous and medium-porous, two different core samples were utilized for 
conducting the UCS experiments, denoted with the superscripts 1 and 2. 
bFor these core samples, two separate CCS experiments were performed, at different appropriate stress levels, as these 
lithologies (porous basalt, and hyaloclastite) are represented by two separate (disconnected) layers within the subsurface 
at Hellisheiði. 
 
Table 2: Properties of the Kızıldere core samples used in this work. Porosities and matrix densities are measured using an 
Ultra Pycnometer 1000 (Quantachrome Corporation). For both experimental series, i.e., UCS and CCS, the applied stress 
levels are shown. Field-representative stress values (CCS) are taken from Çiftçi (2013). 

 Kızıldere geothermal system 

Type Calcschista Marblea Limestone Quartzite Quartzschist 

Experiment UCS CCS UCS CCS UCS CCS UCS CCS UCS CCS 

Length 
(mm) 

48.8±0.1 48.8±0.1 49.0±0.1 49.0±0.1 61.4±0.1 60.8±0.1 62.8±0.1 62.8±0.1 62.5±0.1 62.5±0.1 

Diameter 
(mm) 25.3±0.1 25.3±0.1 25.2±0.1 25.2±0.1 29.8±0.1 29.8±0.1 29.8±0.1 29.8±0.1 29.6±0.1 29.6±0.1 

Porosity 
(%) 1.8±0.2 1.8±0.2 0.6±0.1 0.6±0.1 7.5±0.2 10.5±0.2 2.8±0.2 2.8±0.2 1.7±0.1 1.7±0.1 

Matrix 
density 
(g/cm3) 

2.7±0.1 2.7±0.1 2.7±0.1 2.7±0.1 2.8±0.1 2.8±0.1 2.9±0.1 2.9±0.1 2.8±0.1 2.8±0.1 

Bulk 
density 
(g/cm3) 

2.7±0.1 2.7±0.1 2.7±0.1 2.7±0.1 2.6±0.1 2.5±0.1 2.8±0.1 2.8±0.1 2.8±0.1 2.8±0.1 

σ1 (MPa) 0-29 17-42 0-33 17-42 0-44 9-30 0-82 33-70 0-75 31-70 

σ2 (MPa) - 17 - 17 - 9 - 33 - 31 

aThe experiments on the calcschist and marble samples were performed utilizing another experimental set-up, hence the 
different dimensions, where the temperature could be varied between 21-100°C. 
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minerals (~98-99 area%). The calcschist shows also 
evidence of muscovite and sericite (~1 area%), and 
some quartz or feldspar (<1 area%). Furthermore, the 
marble thin section indicates also traces of smectite (~1 
area%). 
Table 3: Acoustic settings used for the active-source 
acoustic transmission measurements in each experiment. 
The differences are due to the fact that for two lithologies 
the set-up was placed inside an oven, for which we had to 
use different transducers (due to elevated temperatures). 

 
The 2D porosity and permeability calculations, based 
on the 2D area and perimeter of connected pores within 
an area of interest, indicate the importance of the 
presence of fractures. For the calcschist sample, we 
estimate 2D permeabilities of 0.3 and 2.5 Darcy, for 
matrix only (no fracture) and matrix including fracture 
permeability, respectively. Similar 2D permeability 
values are found for the marble sample: 0.1 (matrix 
only) and 2.2 Darcy (matrix including fracture). On 
average, the presence of a fracture increases the 2D 
permeability with a factor 10, indicating that fluid flow 
in the Kızıldere geothermal system is mainly fracture-
dominated, which is in line with literature (Halaçoglu 
et al. 2018).  
3.2 Hellisheiði: UCS and CCS 
This section presents the UCS and CCS results related 
to the Hellisheiði geothermal site (Table 1). First, the 
elastic static properties, such as the Young’s modulus 
(E) and Poisson ratio (v), that could be retrieved from 
the UCS experiments, will be discussed. Afterwards, 
the seismic velocities, measured during the performed 
CCS tests, will be presented. 
 
Table 4 shows the E and v obtained during the UCS 
experiments on Hellisheiði lithologies. It is apparent 
that the two deepest formations (less-porous basalt and 
intrusion; both reaching a depth of ~3 km in the field) 
are the stiffest materials assessed, showing an E of more  
Table 4: Static elastic parameters obtained from the UCS 
experiments on Hellisheiði rock samples. Values for E and 
v are averaged over three independent calculations within 
the sample’s linear elastic region. Superscripts 1 and 2 
reflect the two different core samples used for less- and 
medium-porous basalts (Table 1). 

than 34 GPa. On the contrary, the poorly-consolidated 
hyaloclastite appears to be the weakest, i.e., softest, 
sample investigated (E = 2.5 GPa).  
 
Zooming in on the wide range of basaltic samples 
studied (with varying porosities), it seems that E is 
porosity-dependent whereas for v no distinct porosity-
related trend could be identified. Figure 1 shows the 
obtained E for all five basalt samples investigated. It 
indicates that E decreases significantly with increasing 
effective porosity according to a power-law function, as 
shown in the figure. 

 
Figure 1: Young’s modulus as a function of porosity for 
the wide range of Hellisheiði basaltic cores studied in this 
work. 

Figure 2 presents the compressional (P-) wave 
velocity, and the resulting Vp/Vs ratios, as a function of 
σ1, and thus depth below surface, for all CCS 
experiments done (Table 1). Furthermore, for one 
acoustic-assisted UCS test (medium-porous basalt1 in 
Table 1) the P-wave velocity is shown as well. Results 
clearly indicate that, generally, the P-wave velocity 
increases as a function of depth (i.e., increasing σ1). 
This effect seems to be more prominent at shallower 
depths (e.g., porous basalt) compared to the deeper 
subsurface (e.g., less-porous basalt). It can be explained 
by closure of the open pore space within one core 
sample, directly leading to an increased grain-to-grain 
contact area, and thus P-wave velocity. Where the P-
wave velocity increases with roughly 1349 m/s per km 
for porous basalt, this reduces to 217 m/s per km for 

Figure 2: P-wave velocity (left) and Vp/Vs ratio (right) as 
function of σ1, and thus depth below surface, for all 
Hellisheiði samples studied in the CCS experiments. For 
all CCS-related results, σ2 was kept constant (Table 1). 
Note that for the hyaloclastite and porous basalt, two 
separate CCS experiments were done (Table 1). For one 
test, the UCS-related velocities are shown as well. Stress-
depth relationship was taken from Batir et al. (2012).  

 Kızıldere calcschist 
and marble The rest 

Signal type Sinus  Sinus  
Frequency 200 kHz 1 MHz 
Amplitude 10 V 800 mV 

Averaged over 
# shots 100 512 

Measurement 
interval 60 s 10 s 

 Young’s modulus – 
E – (GPa) 

Poisson ratio  
– v – (-) 

Less-porous 
basalt 

34.4±5.41 

18.8±0.72 
0.17±0.011 

0.25±0.052 

Medium-porous 
basalt 

8.3±0.21 
7.5±0.22 

0.22±0.031 

0.18±0.022 

Porous basalt 8.4±0.2 0.30±0.05 
Hyaloclastite 2.5±0.1 0.06±0.01 

Intrusion 34.9±0.4 0.19±0.01 
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the less porous basalt at a depth of 2.5-3 km. The trend 
related to the hyaloclastite studied suggests more-or-
less constant P-wave velocities with increasing depths. 
Most probably, the poorly-consolidated and porous 
core sample already reached its maximum compaction 
at low levels of σ1, resulting in roughly constant 
velocities at greater depths as bulk of the available pore 
space was already closed. The P-wave velocities related 
to the UCS test on the medium-porous basalt sample1 
(Table 1) reveal slightly lower values compared to the 
CCS experiment on medium-porous basalt. This was 
observed before (Janssen et al. 2021), and is most likely 
related to a more efficient level of overall compaction 
during the CCS test, as a result of the imposed σ2 (Table 
1). The shown Vp/Vs data remain fairly constant as a 
function of depth, except for the (medium-)porous 
basaltic cores, where compaction leads to substantial 
increments in Vp whilst Vs is affected to a lesser extent. 
3.3 Kızıldere: UCS and CCS 
This section presents the UCS and CCS results related 
to the Kızıldere geothermal site (Table 2). First, the 
elastic static properties, such as E and v, that could be 
retrieved from the UCS experiments at ambient 
temperature (21°C), will be discussed. Subsequently, 
we show the temperature-dependency, up to 100°C, of 
these elastic properties (for marble and calcschist only). 
Afterwards, the seismic velocities, measured during the 
performed UCS and CCS tests, will be presented. 
Similar to the elastic properties, we will also highlight 
the temperature-dependency of the P-wave velocities 
for the Kızıldere marble and calcschist. 
 
Table 5 presents the E and v obtained during the UCS 
experiments on Kızıldere lithologies. In general, the 
shown magnitudes for E are somewhat higher 
compared to the ones derived for the Hellisheiði 
formations, suggesting rather stiffer materials. The 
highest E is found for the metamorphic quartschist 
sample, i.e., one of the deepest lithologies studied at 
this site.  
Table 5: Static elastic parameters obtained from the UCS 
experiments on Kızıldere rock samples (Table 2). Values 
for E and v are averaged over three independent 
calculations within the sample’s linear elastic region.  

 
Figure 3 shows the E and v, for the marble and 
calcschist, as a function of temperature. The largest 
values for E are found at 21±1°C: 43.8±2.3 and 
27.2±0.7 GPa for the marble and calcschist, 
respectively. They gradually reduce to 35.0±0.9 GPa 
(marble) and 23.7±1.1 GPa (calcschist) at 100±1°C. In 
terms of v, similar observations can be made, for the 
marble, as it slightly reduces from 0.29±0.06 (21±1°C) 
to 0.24±0.02 (100±1°C). 

Figure 4 shows the P-wave velocity and the Vp/Vs 
ratios, both as a function of σ1, for all CCS experiments 
conducted at ambient temperature (Table 2). For the 
quartzite formation, the UCS-related velocity is 
presented as well. Similar to the Hellisheiði data 
(Figure 2), we again observe increasing P-wave 
velocities as a function of increasing σ1, with the 
steepest increment occurring at lower stress levels (e.g., 
for the marble, between 17-25 MPa, the P-wave 
velocity increases with roughly 211 m/s per km, which 
reduces to approximately 14 m/s per km at higher stress 
magnitudes). Just like the Hellisheiði results (Figure 
2), we again observe slightly lower UCS-related 
velocities compared to the CCS experiment done (see 
the quartzite sample in Figure 4). For all Kızıldere 
lithologies investigated, fairly constant, as a function of 
increasing σ1, Vp/Vs ratios are found.  

Figures 5 and 6 present the temperature-dependency of 
the P-wave velocity for Kızıldere marble and calcschist 
during an UCS and a CCS experiment, respectively. 
Regarding the UCS data for both formations (Figure 
5), significant jumps in velocity occur at σ1<15 MPa, 
reflecting the elastic closure of open pore space. At 
higher stress levels, a more gradually increasing 
velocity is observed as bulk of the elastic compaction 
already took place. For both formations, an increase in 

 
Young’s 

modulus – E – 
(GPa) 

Poisson ratio  
– v – (-) 

Calcschist 27.2±0.7 0.24±0.01 

Marble 43.8±2.3 0.29±0.06 

Limestone 27.1±2.0 0.09±0.01 
Quartzite 34.8±1.2 0.39±0.11 

Quartzschist 45.7±6.7 0.31±0.11 

Figure 3: Overview of temperature-dependency of E and v for 
Kızıldere marble and calcschist (retrieved from corresponding 
UCS experiments). Due to failure of the extensometer, radial 
deformation, and thus v, could not be measured properly for 
elevated temperatures for the calcschist UCS test.  

Figure 4: P-wave velocity (left) and Vp/Vs ratio (right) as function of 
σ1, and thus depth below surface, for all Kızıldere samples studied 
in the CCS experiments. For all CCS-related results, σ2 was kept 
constant (Table 2). For one test, the UCS-related velocities are 
shown as well. Stress-depth relationship was taken from Çiftçi 
(2013). 

Temperature (°C)  
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temperature yields a decreasing velocity. This behavior 
is related to the thermal expansion of constituting 
minerals (i.e., calcite and dolomite – section 3.1), 
resulting in less mineral-to-mineral contact surface 
area, hence reducing P-wave velocity (Punturo et al. 
2005; Janssen et al. 2021). The effect of temperature on 
the P-wave velocity seems to be more pronounced at 
lower stress values (e.g., marble seismic velocity 
between 21-80°C reduces with 13.1% at σ1=5 MPa, and 
with 9.8% at σ1=25 MPa). Moreover, the data also 
imply that the stress-dependency of the P-wave velocity 
increases as a function of increasing temperature (e.g., 
marble seismic velocity between 5-20 MPa increases 
with 5.8% at T=80°C, and with 2.6% at T=21°C). 

Figure 6 shows the dry marble and calcschist P-wave 
velocity as a function of increasing σ1 at a fixed σ2 (=σ3) 
of 17 MPa (Table 2). Once again, increasing velocities 
as a function of increasing σ1 are observed. The main 
difference between the UCS- and CCS-related 
velocities is that, again, the UCS-related velocities 
(Figure 5) are significantly lower compared to their 
CCS counterparts (Figure 6). Furthermore, the data in 
Figure 6 show less variation in velocity, within each 
individual experiment, as a function of increasing 
stress, in comparison to the UCS results (Figure 5). 
This is because the initial conditions for the CCS 
experiments involve a σ1=σ2 (=σ3) of 17 MPa, 
suggesting that bulk of the potential closure of open 
pore space (which directly results in an increased 
velocity) happened prior to conducting the first active-
source acoustic measurement. The loading process for  

all UCS and CCS experiments shown in Figures 5 and 
6 appears to take place within the elastic regime (i.e., 
no permanent rock deformation), because the velocity 
measurements during unloading (the triangular data 
points) roughly overlap the loading trend.  
4. CONCLUSIONS 
We carried out a detailed laboratory seismic velocity 
characterization study on various reservoir formations 
present at the Hellisheiði (Iceland) and Kızıldere 
(Turkey) geothermal systems. Our well-controlled 
experiments included active-source acoustic-assisted 
unconfined and confined compressive strength tests, 
reflecting the stress-dependency of the seismic 
velocities. Furthermore, for the two main reservoir 
lithologies in Kızıldere (Turkey) we studied the 
temperature-dependency as well by conducting the 
aforementioned experiments at varying temperatures. 
We made the following observations: 

• Thin section analyses showed that the flow in 
the main reservoir formations at Kızıldere, 
i.e., marble and calcschist, is fracture-
dominated, as the presence of a fracture 
increases the 2D permeability with a factor 10.  

• All UCS tests revealed similar velocity trends 
including a significant increase at low stress 
levels, due to elastic closure of open pore 
space, followed by a more modest increase of 
velocity at higher stress levels.  

• The investigated basalt samples from 
Hellisheiði showed a porosity-dependent 
Young’s modulus, which decreases 
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Figure 5: P-wave velocity (UCS) as function of σ1, and thus 
depth below surface, for Kızıldere calcschist (top) and 
marble (bottom). Each colour represents a different 
temperature (21-100°C). The depth-σ1 trend of 23.4 
MPa/km was taken from Çiftçi (2013). Due to failure of 
acoustic instruments, no velocity data is shown at σ1<25 
MPa for T=100°C for the marble sample. Triangular data 
points represent measurements during the unloading 
stage. 

Figure 6: P-wave velocity (CCS) as function of σ1, and thus 
depth below surface, for Kızıldere calcschist (top) and 
marble (bottom). Each colour represents a different 
temperature (21-100°C). The depth-σ1 trend of 23.4 
MPa/km was taken from Çiftçi (2013). Triangular data 
points represent measurements during the unloading stage.  
Values for σ2 (=σ3) were kept constant at 17 MPa for both 
formations. 
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significantly, according to a power-law 
function, with increasing effective porosity.  

• All performed CCS experiments suggested 
that imposing radial stress on a sample results 
in more efficient compaction, thus increasing 
the mineral-to-mineral contact area, compared 
to unconfined conditions, as higher 
magnitudes of the seismic velocities were 
measured.    

• The Kızıldere marble and calcschist Young’s 
moduli decreased with 20% and 13%, 
respectively, when increasing the temperature 
from 21±1 to 100±1°C.  

• For marble and calcschist (Kızıldere) an 
increasing temperature resulted in decreasing 
seismic velocities due to thermal expansion of 
the constituting minerals. The temperature 
effect seems to be more prominent at lower 
stress levels: for marble between 21-80°C a 
13.1% velocity reduction at an axial stress of 
5 MPa was observed, whereas a reduction of 
9.8% was seen at an axial stress of 25 MPa. 
Furthermore, the stress-dependency of the 
seismic velocities seems to increase as a 
function of increasing temperature. 
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