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within a weak compacted clayey matrix. Moreover, 
tensile strength parameters portrayed a decrease in 
strength towards the main core zone presenting a 
weakening effect due to the mineralogical composi-
tion. The increase in clay content related to the hydro-
thermal alteration of primary biotite and feldspar into 
clay minerals led to an increase in porosity. These dif-
ferent strength and hydraulic behaviors demonstrate 
the importance of the combined analysis of different 
disciplines to identify fault zone areas which are sus-
tainable for geothermal exploitation.

Abstract  Enhanced geothermal systems including 
fault zones and fracture systems are characterized by 
geological heterogeneities leading to area depend-
ent mechanical behavior. The interplay between fault 
zone porosity architecture and mechanical behavior is 
a key factor to understand the fault zone tectonic sta-
bility. Through the sampling across a clay-rich shear 
zone including host rock, transition zone and next to 
the main core zone, mechanical and mineralogical 
investigations presented a transition from a brittle to 
ductile failure behavior towards the main core zone. 
High compressive strength values were achieved for 
rock samples with high clay content which is an indi-
cator of the reorganization of strong mineral phases 
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Article Highlights 

•	 Mineralogical anisotropy and hydrothermal altera-
tion strongly influence the mechanical behavior of 
fault zone rocks

•	 Host rock and main core samples show high 
strength, though one behaves brittle and the other 
ductile

•	 Transition zone of the fault is the weakest, show-
ing both elastic and plastic characteristics with 
low strength

Keywords  Geothermal · fault zones · Mechanical 
parameters · Clay gouge · Weakening effect

1  Introduction

Crystalline rocks are naturally low in porosity and per-
meability. Brittle fault zones, in which permeability is 
higher than that of the matrix, likely provide fluid path-
ways within the rock mass (Caine et al. 1996; Faulkner 
et  al. 2008; Fossen and Cavalcante 2017). Associated 
fault networks constitute key targets for geothermal 
exploitation (Lee et al. 2011; Hofmann et al. 2014; Gar-
cia et al. 2016; Ledingham et al. 2019; Bischoff et al. 
2024) and are of particular interest for geothermal oper-
ations in the Upper Rhine Graben (Genter et al. 1996; 
Baujard et  al. 2017; Glaas et  al. 2021). Fault damage 
and core zones (Caine et al. 1996), along with associ-
ated open fractures in the crystalline matrix, act as 
fluid flow pathways in reservoirs (Avakian et al. 2025). 
Fault zones can be detected by geophysical exploration, 
investigated by drilling and characterized by sectional 
analysis or borehole logging. They are identified via 
the degree of deformation and hydrothermal alteration, 
which serve as a proxy for porosity and permeability 
(Genter et  al. 2010; Meller and Ledésert 2017; Jones 
et al. 2024).

Fault zone internal properties such as permeability, 
mechanical strength and mineralogy vary over their 
seismic cycle (Callahan et  al. 2020; Avakian et  al. 
2025). This variation is coupled with deformation and 
fluid/rock interaction processes which may alter the 
fault zone from a conduit to a barrier (Faulkner et  al. 
2010; Klee et al. 2021b). Throughout the seismic cycle 

of a single or multi-core fault zone, the highest fluid 
flow rate occurs immediately after its reactivation, trig-
gering hydrothermal alteration processes. On the one 
hand, porosity can be increased by dissolving the pri-
mary mineral phases or by forming interparticle voids 
through crushing (Caine et  al. 1996; Faulkner et  al. 
2010; Bischoff et al. 2024). On the other hand, precipi-
tation of secondary phases and rearrangement of fault 
gouge particles reduce porosity and henceforth the per-
meability (Ledésert et al. 1999; Callahan et al. 2020). 
Minerals arising from hydrothermal alteration influ-
ence the strength of fault zones (Tenthorey and Cox 
2006). Quartz or carbonate precipitation strengthens 
the fault rock while clay weakens the structure (Lu and 
He 2018). Moreover, the interseismic phase can lead to 
grain reorganization and compaction which enhances 
cohesion of the sample (Sibson 1992). The repetition 
of these processes through the fault zone seismic cycle 
leads to highly heterogeneous structures with complex 
mechanical properties.

Fracture networks, deformation, and hydrother-
mal alteration within fault zones must be analyzed 
to characterize their associated fluid pathways and 
mechanical behavior. Heterogeneities such as folia-
tion or clay gouge layers related to hydrothermal 
alteration processes within the rock affect its hydrau-
lic and mechanical properties (Lu and He 2018; 
Acosta and Violay 2020; Bedford et al. 2022). Defor-
mations and discontinuities can be concentrated 
within mineralogical layering (e.g., gneiss) (Bai and 
Young 2020). The mechanical heterogeneity between 
a clay-rich gouge, developed from the alteration of 
k-feldspar, biotite or plagioclase, and a crystalline 
rock could favor the response of a fault zone to shear, 
where sliding rather than opening occurs at friction-
ally weak discontinuities (Morrow et al. 1984; Logan 
and Rauenzahn 1987). Fault zone weakening related 
to clay-rich gouges and hydraulic over pressure might 
affect the fracture distribution and lead to preferen-
tial fluid pathways (Lu and He 2018; Callahan et al. 
2020) along with changes in failure mode from brit-
tle to plastic (Marone 1995). These parameters must 
therefore be taken into account in the treatment of 
heterogeneous fault zones, and detailed investigations 
of such structures is required.

Collecting fault zone material from wells is mostly 
limited to cuttings, which have limited value for pre-
cise sampling and analysis. Cuttings can provide some 
information about the bulk rock type, but they lack 
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visual details such as open fractures or gouges, mak-
ing it difficult to understand the internal structure of 
the fault zone. In order to characterize the fault zones 
in the geothermal reservoirs of the Upper Rhine Graben 
(URG), an analogue fault in a mine in the Black Forest 
is investigated in this study. The analogue is defined as a 
geological exposure that has undergone similar geologi-
cal events as an in-depth structure and may provide evi-
dence about formation processes (Dezayes et al. 2021). 
This approach is already widely accepted for geothermal 
reservoir characterization (Bertrand et  al. 2021; Cha-
bani et al. 2021; Dezayes et al. 2021; Klee et al. 2021a, 
2021b; Bossennec et  al. 2022; Peacock et  al. 2022; 
Schulz et al. 2022).

In this work, the analogue corresponds to a fossil-
ized shear zone in a gallery of the Schauinsland Mine, 
dug into a gneissic host rock in the Black Forest (Ger-
many). The analogue provides a 3D view of a clay-
rich shear zone with a multi-core architecture. The 
shear zone was cut perpendicularly by a dextral trans-
tensive shearing structure and later filled with silver-
bearing ore (Werner et al. 2002; Avakian et al. 2025). 
Mechanical investigations were carried out on rocks 
from the main core zone of the structure, including 
uniaxial and triaxial as well as tensile strength meas-
urements. These are linked to porosity, permeability, 
and mineralogical characterizations of the samples, 
to investigate the opening of the ore vein structure in 
a mineralogically heterogeneous shear zone. In addi-
tion, this study investigates how hydraulic pressure 
and mechanical weakening influence the opening of 
fractures in weak fault planes, which is critical for 
understanding fault zone behavior. For reservoir char-
acterization, it also provides insights into the perme-
ability distribution and the possible reactivation of 
existing structures.

2 � Geological setting

The Upper Rhine Graben (URG), part of the Euro-
pean Cenozoic Rift System (Fig.  1a), is oriented 
NNE, with a length of 300  km and a width of 
30–40  km (Fig.  1b; Ziegler 1992). Bounded by 
NNE-trending normal faults, the URG is bordered 
by the Vosges Massif to the west and the Black For-
est to the east. The Variscan basement of the URG 
is mainly covered by Mesozoic and Cenozoic sedi-
ments, with thicknesses reaching up to 3.5  km. The 

Lalaye-Lubine-Baden-Baden shearing corresponds to 
the limit between the Saxothuringian domain and the 
Moldanubian domain in the URG. The Badenweiler-
Lenzkirch shear zone delimits the intra-Moldanubian 
domain (Krohe and Eisbacher 1988).

The URG has undergone multiple phases of defor-
mation since the Variscan orogeny. It began with a 
northward compression, forming NW and NE shear 
faults, followed by an NNE extension reactivating 
NW to WNW oriented faults until the Permian. Sub-
sequent NE compression and thrusting during the 
Permian were associated with NW and E trending 
shear faults. Late Permian extension created basins 
along NE to ENE structures (Fig.  1b; Villemin and 
Bergerat 1987; Schumacher 2002; Ziegler et  al. 
2006), while NE to NNE granitoid intrusions affected 
Carboniferous and Permian terranes (Lagarde et  al. 
1992; Altherr et al. 1999, 2000; Edel and Schulmann 
2009).

Bundsandstein (sandstones), Muschelkalk (lime-
stones), and Keuper evaporites filled the URG dur-
ing the Triassic (Sittler 1985), followed by Jurassic 
carbonate deposition in an overall extensional phase. 
Due to the uplift and erosion from the Late Jurassic 
to Early Eocene, no evidence of Cretaceous sediment 
remained (Schumacher 2002).

Formation of the URG was initiated in the Early 
Eocene under the N Alpine compression, reactivat-
ing ENE and NNE faults (Ziegler 1992; Schumacher 
2002). Late Eocene to Early Oligocene E to WNW 
extension was influenced by thermal anomalies and 
resulted in a thinner crust (Illies et al. 1967; Ziegler 
and Dèzes 2005), generating NNE faults (Illies and 
Greiner 1979; Schumacher 2002). Late Oligocene NE 
compression reactivated the URG border faults (Vil-
lemin and Bergerat 1987; Schumacher 2002), while 
Miocene NE and NW compressions transformed the 
URG into a shear zone and reactivated N and NE 
faults under ongoing Alpine push (Illies and Greiner 
1979; Bergerat 1985; Edel et  al. 2006; Rotstein and 
Schaming 2011).

The current maximum horizontal stress within the 
URG is NW-oriented (Heidbach et  al. 2016). How-
ever, the faulting regime varies across the URG: in 
the northern part, active normal faulting dominates 
within an extensional setting, while the southern 
URG is characterized by a predominantly strike-
slip faulting regime (Larroque et  al. 1987; Cuenot 
et  al. 2006; Meixner et  al. 2014). Seismic activities 
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with magnitudes ranging from 1.1 to 4.1, including 
natural and induced events, are recorded within the 
URG (Doubre et  al. 2022). Natural seismic events 
are related to the reactivation of pre-existing struc-
tures within the URG while induced events are linked 
to geothermal activities such as in Vendenheim 
(Schmittbuhl et al. 2022).

The Black Forest forms the eastern shoulder of 
the URG (Fig. 1b). It is partly overlain by Permian 

arkoses and conglomerates, Triassic quarzitic sand-
stones, limestones, shales, evaporites, and clastic 
sediments, as well as Jurassic carbonates and clas-
tic sediments (Geyer et  al. 2011). The crystalline 
basement of the Black Forest comprises magmatic 
and metamorphic rocks. Paragneiss, orthogneiss, 
granodiorites, metabasites, peridotites, pyroxenites, 
granulites, and leucocratic gneisses are outcrop-
ping and dated to the Early Paleozoic (Altherr et al. 

Fig. 1   a Simplified structural map of the European Cenozoic 
rift system modified after Schumacher (2002). Main European 
structural units are represented with dark lines. Cenozoic vol-
canics are represented by the dark spots and alpine Molasse by 
the dotted zone. BG, Bresse Graben; BTZ, Burgundy Trans-
form Zone; HG, Hessian Grabens; LG, Limagne Graben; LRG, 
Lower Rhine Graben; RG, Rhône Graben; URG, Upper Rhine 

Graben. The rectangle indicates the zoom on the Upper Rhine 
Graben. b Upper Rhine Graben structural map modified after 
Schumacher (2002). Shearing is indicated by the dark arrows. 
The star indicates Schauinsland location. BF, Black Forest; 
BL, Badenweiler-Lenzkirch zone; LB, Lalaye-Lubine-Baden-
Baden Fault; SHB, South Hunsrück-Taunus border fault; VM, 
Vosges Massif
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2021). The black star on the structural map repre-
sents the location of the Schauinsland Mine which 
is described in detail in Fig. 2 (Fig. 1b).

Seismic activity continues in the area of the Black 
Forest, with recent events in its central part having 
magnitudes of 3.1 in 1979 and 4.4 in 2002. These 
events revealed a hypocenter alignment at a depth of 
11 km, oriented in a WNW-ESE direction (Häge and 
Joswig 2009; Doubre et al. 2022).

The Schauinsland massif in the Black Forest, his-
torically mined for galena, sphalerite, and silver, is 
predominantly composed of gneiss (Wittenbrink 
1999). Variscan deformation structures are accessi-
ble within the mine galleries and offer a 3D view of 
fault zones resulting from the reactivation of inherited 
structures. These fault zones comprise the E-W Vari-
scan thrust (Fig.  2a) and NNE-SSW granitic intru-
sions formed through dextral shearing (Fig. 2b). The 

Variscan thrust was reactivated from the Lower Juras-
sic to the Lower Cretaceous, and led to the formation 
of a clay-rich shear zone with evidence of cataclasitic 
deformation (Werner et al. 2002; Fig. 2c). This fault 
zone was sheared in dextral direction through the 
Cenozoic with the reactivation of NNE-SSW struc-
tures, leading to ore vein formations (Fig. 2d).

The Ruschel Fault Zone (RFZ) corresponds to a 
WNW-oriented clay-rich shear zone, approximately 
35 m long, which can be observed in a NNE-striking 
mine gallery (Fig. 3). It shows evidence of cataclasite, 
illitization related to tectonic reactivations, hydro-
thermal alteration, and plastic deformation associated 
with N-oriented dextral transtensive faulting from the 
Late Oligocene to the Miocene (Werner et  al. 2002; 
Rotstein and Schaming 2011). The RFZ is described 
as a multi-core shear zone (Choi et  al. 2016; Ava-
kian et  al. 2025) within a gneissic host rock. The 

Fig. 2   Tectonic evolution and structural inheritance of the 
Schauinsland massif since the Variscan orogenesis (location is 
a black star in Fig. 1). a Inherited Variscan thrust in a meta-
morphic basement from the Upper Carboniferous. b Granitic 
intrusion and dextral shearing from the Upper Carboniferous to 
the Permian. c E-W shearing and reactivation of the inherited 

Variscan thrust from the Jurassic to the Cretaceous. Develop-
ment of a clay-rich shear zone with evidence of cataclastic 
deformation and illitization. d Ore vein formation along with 
the shearing of NNE-SSW inherited structures during the 
Cenozoic. Modified after Werner et al. (2002)
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alternation between sub-vertical clayey gouges 
and hydrothermally altered and deformed gneiss 
is observed in the transition zone (TZ) of the RFZ 
(Fig.  3). The largest clayey gouge, approximately 
1 m in width, is found in the center of the RFZ and 
is interpreted as the main core zone of the structure 
(Avakian et al. 2025). A NNE-striking hydraulic brec-
cia rich in quartz, sphalerite, galena, barite, and car-
bonate is visible on the roof of the gallery. It results 
from hydrothermal fluid flow during the N-oriented 
deformation of the RFZ. This breccia corresponds to 
an exploited ore vein and is only visible in the gneiss 
and the TZ of the RFZ (Fig. 3).

The interaction between the RFZ and the inter-
secting ore vein is considered an analogue to the 
fractured crystalline geothermal reservoirs of the 
URG where the Black Forest is a shoulder of the 
graben, providing access to outcropping kilometer-
deep basement rocks (Figs.  2,3). Moreover, the 
NNE and WNW fault orientations in the Schauin-
sland Mine are similar to those encountered within 
the URG geothermal reservoirs (Glaas et al. 2021). 
The ore vein is considered an analogue of a tectonic 
structure in which present-day brine circulation 
would occur when it encounters a clay-rich shear 
zone.

Fig. 3   3D conceptual scheme of the Schauinsland Mine, 
illustrating the multi-core architecture of the RFZ, character-
ized by the succession of multiple clayey gouges within the 
transition zone (modified after Avakian et al. 2025). Analyzed 
core samples are indicated by the orange dots. Shearing direc-

tions are represented by the black and red arrows. Below the 
3D scheme, pictures of cored samples are displayed with color 
indicating their origin: blue for the host rock, yellow for the 
transition zone, and yellow/pink for the area next to the main 
core zone
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Geomechanical investigations were carried out 
to better document whether and how the changes in 
lithology within the RFZ may have influenced the 
formation of the ore vein and pre-conditioned sub-
sequent fluid circulation. This is of major impor-
tance for geothermal exploitation as fault zones and 
subsequent damage zones are targeted as main fluid 
pathways, such as in the Rittershoffen geothermal site 
(Glaas et al. 2021).

3 � Materials and methods

In the following sections, the sample material is first 
described, followed by the experimental designs and 
conditions.

3.1 � Material

Samples were collected from the Schauinsland Mine 
in the Black Forest (Germany) by extracting unori-
ented blocks across the RFZ exposed in a mine gal-
lery. Sampling focused on three different zones: the 
host rock, the transition zone, and the area next to the 
main core zone. Host rock samples were obtained fur-
thest from the main core zone to minimize the influ-
ence of hydrothermal alteration and deformation asso-
ciated with the RFZ. The transition zone exhibited 
evidence of hydrothermal alteration, removal of the 
foliation, and a change in fabric compared to the host 
rock, but without clayey gouges. The main core zone 
is composed of meter-scale clayey gouges, under-
lining the multi-core architecture of the RFZ. The 
extracted blocks were prepared and cored in labora-
tory facilities for experimental testing. Notably, sam-
pling from the main core zone was not feasible due 
to the non-cohesive character of the clayey gouges, 
which fragmented upon extraction. As a result, the 
mechanical properties of the main core zone could 
not be evaluated at the intended sample size due to 
the limitations encountered during sampling. The 
samples from the three different zones of the RFZ 
exhibited significant differences in composition and 
texture. The mineral content of the host rock samples 
was determined with Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy (DRIFTS), follow-
ing the procedure described in Avakian et al. (2025). 
Measurements were taken in the infrared range of 375 
to 4000 cm−1 with 90 scans per sample (Herron et al. 

2014). It should be noted that the DRIFTS measure-
ments cannot quantify biotite content reliably due to 
limitations of the method. Biotite has to be detected 
with other methods, such as thin section analysis. The 
same method was applied to samples from the transi-
tion and those next to the main core zone, with data 
modified after Avakian et al. (2025) (Figs. 3, 4). Fur-
thermore, illite was previously identified in Avakian 
et al. (2025).

The host rock, a foliated gneiss, exhibits mac-
roscopically visible foliation, as represented by the 
samples SL1, SL2 and SL3. DRIFTS measurements 
indicate that these samples contain approximately 
50–60% quartz and feldspar, followed by 14–19% 
illite, 5–8% smectite, and approximately 3–5% each 
of calcite and dolomite. The samples also contain 
approximately 4–6% kaolinite, 2–3% chlorite, and 
minor amounts (< 1%) of muscovite (Fig.  2). The 
transition zone, represented by samples SL4 and 
SL5, exhibits a foliation in various directions, though 
it is much less pronounced than in the host rock. 
The mineral composition includes 51–53% quartz 
and feldspar, ~ 9–17% illite, ~ 7–13% each of dolo-
mite and calcite, ~ 6–12% kaolinite, ~ 2–7% smectite 
and ~ 4–5% chlorite. Samples SL6, SL7 and SL7bis, 
collected next to the main core zone, contain clayey 
gouges with varied orientations and frequent break-
outs. Their mineral content consists of 33–41% quartz 
and feldspar, ~ 21–24% illite, ~ 13–17% kaolinite, 
and ~ 5–8% each of calcite, dolomite, chlorite, and 
smectite.

3.2 � Experimental design and conditions

The experimental designs of the different test types 
are described below, starting with the mechanical 
apparatus and followed by the porosity and perme-
ability setups. All mechanical experiments, gas per-
meameter, and mercury porosimeter measurements 
were done at GFZ (Germany). Petrographical obser-
vations were executed at CY Cergy Paris Université 
(France).

3.2.1 � Mechanical tests

The tests were performed in a Mechanical Test-
ing System (MTS) 815 triaxial compression cell 
(Fig.  5). The MTS is a servo-controlled compres-
sive testing machine with a rigid, servo-controlled 
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load frame. Compression forces up to 4600 kN and 
tension forces up to 2300 kN can be exerted. The 
load cell is calibrated to 1000 kN and has an accu-
racy of 0.1 to 1%, resulting in a systematic error 
of ± 1 to 10 kN for each measurement. In addition, a 
servo-controlled hydraulic confining pressure of up 
to 140 MPa can be imposed in an oil-filled pressure 
vessel, coupled to an external pressure intensifier. 
Strain was measured using a circumferential LVDT 
extensometer and two axial LVDT extensometers 
(Pei et al. 2018). All tests were carried out at room 
temperature.

Cylindrical samples for mechanical analysis were 
drilled from collected blocks in the direction of the 
main stress axis (or perpendicularly to pre-existing 
features such as foliation, fractures, or clayey gouges). 
Afterward, the samples were cut and dried at 60 °C 
for 24 h before the experiments began. The sample 
diameter was limited to 30 mm because of size limi-
tations of the sample blocks to be transported out of 
the mine.

Tensile strength experiments were conducted 
according to the Brazilian tensile test with two curved 
jaws (Fig. 5c), in which the sample was placed. The 
sample size is 30 mm in diameter and 15 mm in 
length. The constant displacement rate was set to 
0.001 mm·s−1 with a standard deviation of 3.0 to 
6.0·10–4 mm s−1. Afterward, the samples were placed 
in the apparatus and loaded either perpendicular to 
the foliation or to an approximate angle of 45°. In 
some samples, the foliation exhibited various direc-
tions, which caused variation in the loading direc-
tion relative to the foliation. In total, 49 samples were 
investigated. Three parameters were calculated from 
the Brazilian tensile test: the tensile strength T0 , the 
cohesion S0 , and the fracture toughness mode 1 KIC.

The tensile strength T0 was calculated as followed:

(1)T0 =
2Fmax

�dl

Fig. 4   Mineral content determined through a pre-analysis 
using Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy. Samples SL1, SL2 and SL3 represent the host rock, 
while SL4 and SL5 are from the transition zone. Samples SL6, 
SL7, and SL7bis were taken next to the main core zone. The 

average mineralogical composition of SL7(avg) and SL7bis 
was calculated from multiple sub-samples and is shown in the 
figure. Data for the transition zone and the samples next to the 
main core zone have been modified after Avakian et al. (2025)
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with d = diameter, l = length and Fmax = applied load 
at the local maximum (Fairhurst 1964; Peng and 
Zhang 2007, Chap. 4; Li and Wong 2013).

The cohesion is estimated based on the Griffith 
criterion (Griffith 1924; Peacock et  al. 2021) by 
considering σ’

n = 0. It is given by:

where τ is the shear stress, σ’
n = the normal stress, 

T0 = tensile strength, and S0 = cohesion.
The fracture toughness mode 1, KIC, is based on 

the measured stress and strain (Guo et al. 1993).

in which ф(c/r) = 0.112 is the dimensionless stress 
intensity factor, θ = 3° contact angle, r = radius, l = disc 
thickness, Fmin = applied load at the local minimum 
after failure, and D = diameter of the sample (Guo et al. 
1993).

(2)� = S0 = 2T0

(3)
KIC =

2Fmin

�
2

3

(

D

2

)0.5

l�

Φ

(

c

r

)

The uniaxial compressive strength (UCS) and tri-
axial compressive strength (Triax) tests were conducted 
using the following setup. The samples were sur-
rounded by shrink tube and placed between two sam-
ple holders. The samples were 30 mm in diameter and 
60 mm in length. The constant displacement rate was 
set to 0.001 mm·s−1. During a uniaxial compressive 
strength test, Young’s Modulus E, uniaxial compressive 
strength UCS and Poisson ratio υ were determined. The 
Young’s Modulus and Poisson ratio were calculated 
for the interval from 40 to 60% of the maximum axial 
stress (ASTM International, 2014) (Supplementary 
Material Fig. 1, 2). In total, three samples were tested.

(4)E =
d�

d�a

(5)UCS =
F

A
=

Fmax

�r2
0

Fig. 5   Sample setups for the MTS experiments presenting, a the uniaxial and triaxial compressive strength test, b implementation in 
the triaxial cell and c Brazilian tensile test (modified after Kluge et al. 2021)
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with σ representing the stress, �l for elastic strain, �a 
for axial strain, D for diameter of the sample, F for 
applied force, Fmax for applied force at the maximum 
before failure, A for the sample area, r0 for the initial 
radius, and L for length of the sample (Jaeger et  al. 
2007, Chap. 4).

It should be noted that the sample material col-
lected next to the main core zone was broken before 
the experiment began. Therefore, UCS results for 
theses samples are excluded from the study.

The individual Triax tests were performed at 
confining pressures of 20 MPa, 40 MPa, and 60 
MPa. The confining pressure was applied with a 
constant stress rate of 0.5 MPa·min−1. Subsequently, 
the axial displacement was gradually increased with 
a rate of 0.001 mm·s−1 until failure of the sample. 
In total, eight samples were investigated. Addition-
ally, two multiple failures were induced by a step-
wise increase in confining pressure. The first confin-
ing pressure ramp level was set to 20 MPa. Then, 
axial loading was applied until the onset of yield-
ing. After stopping the axial loading, the confining 
pressure was increased to 40 MPa, and axial load-
ing was resumed again until the onset of yielding. 
At 60 MPa confining pressure, axial loading was 
continued until failure. This procedure required 
only one sample to achieve three different triaxial 
compressive strength values. The triaxial compres-
sive strength test determines the Elastic Modulus 
Etriax and the peak stress �peak (Eq. 8–11). The Etriax 
describes the nearly linear curve of the stress–strain 
behavior of the rock sample while loading and was 
calculated using a differential stress interval of 40 
to 60% of the sample’s peak strength (Eq. 11). The 
�peak is determined by the differential stress �diff , at 
the point of failure, describing the peak strength of 
the sample. During testing at the MTS, the confin-
ing pressure Pc and axial displacement rate were 
applied, and the axial force Fa was measured. The 
confining pressure is compensated with this read 
out. Confining pressure Pc was applied with hydrau-
lic oil ( �2 = �3) . Therefore, we can calculate the dif-
ferential stress directly from the data as follows:

(6)−�l= −
dD

D
, �a=

dL

L

(7)� = -
Δ�l

Δ�a

With σdiff = differential stress, r0 = initial radius of 
the sample, and Fa = axial force.

According to Terzaghi (1925) the axial stress 
(maximum principal stress) can be calculated as 
follows:

The peak stress was determined at the point of fail-
ure of maximum differential stress:

To allow for comparison with other studies, the 
initial radius r0 of the sample of the intact samples 
was used for calculation of the peak stress.

The Elastic Modulus was calculated from the 
change in differential stress to the change in axial 
strain εa, triax.

in which σdiff = differential stress and εa, triax = axial 
strain of the triaxial experiment.

As confining pressure increases, the rock can 
undergo large strain while holding the load (further 
increase in axial stress). The yield point is passed 
when the strain rate increases significantly with load-
ing (Jaeger et al. 2007). Then, the rock failure shifts 
from brittle to brittle-ductile transitional failure. Duc-
tile failure in triaxial experiments is defined as the 
ability of the rock sample to deform under load, in 
contrast to brittle failure, which is characterized by 
decreasing strain when the rock cannot sustain the 
applied load (Jaeger et al. 2007, Chap. 4).

3.2.2 � Permeability and porosity tests

The permeability was measured in a gas permeameter 
with argon. The setup consisted of a cylindrical sample 
with a diameter of 25 mm and a length of 50 mm. The 
sample was sealed with a neoprene tube on a plug made 
of hardened steel. The other side of the sample was 
positioned on a piston that closed the pressure vessel. 
A confining pressure of 25 bar was applied to ensure 
proper sealing of the setup. A pressure pulse of 20 bar 

(8)�diff =
Fa

�r2
0

(9)�1 = PC+�diff

(10)�peak = �diff ,max

(11)Etriax=
d�diff

d�a, triax
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was applied to the inlet side of the sample. Meanwhile, 
the time was recorded until the gas reached the outlet 
side and equilibrium was established. The permeability 
was calculated according to Brace et al. (1968), where 
the pressure gradient decays exponentially over time. 
This is displayed in the sample decay curve. The calcu-
lations are as followed:

in which α = slope of decay curve, µ = viscosity of 
fluid, β = 1.0‧10–9 cm2‧dyne for the fluid compress-
ibility from the experience of Brace et  al. (1968), 
Δp = pressure decay, βeff = effective compressibil-
ity of the rock (measured in a jacketed sample) and 
βs = compressibility of the minerals based on litera-
ture data from Brace et al. (1968).
(

1

V1

+
1

V2

)

 = 1.12‧105 1‧m−3 represents the total argon 
reservoir, and µargon = 0.000022733 Pa‧s is the viscosity 
of argon at 20 °C. The sample decay curve was plotted 
against the time and pressure decay on a semi log scale. 
(Brace et al.  1968).

Porosity was measured via a mercury porosimeter 
(Hg-Poro) using a few grams of sample material. In 
this method, mercury is forced into the pores by applied 
pressure. The pressure is continuously increased, and 
the resulting decrease in the volume of mercury in the 
sample holder represents the pore volume. Conversely, 
the penetration pressure is inversely proportional to 
the pore size. The method relies on the depressuriza-
tion phenomenon, where surface tension forces resist 
the penetration of the mercury due to a contact angle 
greater than 90°. To overcome this oppositional operat-
ing force, the pressure applied to the mercury penetra-
tion must exceed the surface tension force. Therefore, 
the Washburn equation is applied. (Thermo Scientific, 
2019):

(12)� =

(

kA

��L

)(

1

V1

+
1

V2

)

(13)
[

�eff − �s

�
+�

(

1 −
�s

�

)]

(

�P

�t

)

(14)Δp = P1 − Pf

(15)rpore =
2�cos(�)

pcorr

in which � = surface tension of pure mercury (typi-
cally 0.48 N‧m−1), � = contact angle of mercury with 
the sample (typically 140°), rpore = pore radius (m), 
and pcorr = the corrected pressure (Thermo Scientific, 
2019).

The experimental setup of the mercury porosim-
eter consists of two instruments, operated under 
vacuum conditions. The first instrument, in which 
the sample is placed, operates at low pressure, with 
a maximum pressure of 400 kPa. It allows mercury 
to penetrate the mesopores. The second instrument, a 
high-pressure setup, has a maximum pressure of 400 
MPa and is required to infiltrate the micropores. The 
output of the Hg-Poro consists of two data files, one 
file for each instrument. Both files were merged into 
the program SolidEvo, which calculates the required 
parameters, including porosity (Thermo Scientific, 
2019). Porosity measurements using the triple weigh-
ing procedure presented in Avakian et al. (2025) were 
also applied on the host rock samples (SL1, SL2, and 
SL3).

4 � Results

The results chapter is subdivided into the different 
research fields: petrography, geomechanics, porosity 
and permeability.

4.1 � Petrographic observations

The gneiss (host rock) is composed of quartz, biotite, 
plagioclase, and K-feldspar, with a well-developed 
and deformed foliation (Fig. 6a). Evidence of hydro-
thermal alteration is observed through illite formation 
and quartz recrystallization. The filled fracture shown 
in Fig.  6b, which crosscuts the sample, contains 
quartz and carbonate.

The transition zone of the RFZ consists of a cat-
aclasite resulting from shearing and hydrothermal 
alteration of the gneiss. The cataclasite contains 
fractured quartz, hydrothermally-altered plagioclase, 
biotite and K-feldspar (Fig.  6c, d). Fractures cutting 
through different minerals are filled with carbonates 
throughout the cataclasite. Locally, biotite has been 

(15.1)r
pore

=
0.735403

p
corr
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Fig. 6   Representative thin sections of the host rock, the transi-
tion zone and the cataclasite next to the main core zone. Sam-
ple names are indicated in yellow on each picture. a Gneiss in 
the host rock with a rotating foliation underlined in orange. 
Hydrothermally altered plagioclase, illite is observed along 
with quartz recrystallisation. b Gneiss in the host rock crosscut 
by a vein (bordered by the dashed lines) filled with quartz and 
carbonate. c Cataclasite from the transition zone containing 
fractures filled with calcite. d Deformed and hydrothermally-
altered biotite in the cataclasite. The biotite lens is partially 

transformed into illite and shows S-C planes (white dotted S 
and C lines). Brownish carbonate surrounds the biotite lens. e 
Cataclasite enriched in clay minerals, with brownish carbonate 
veins and quartz. f Cataclasite composed of clayey gouges. The 
matrix consists of clay containing rounded quartz. Brownish 
carbonate and clay underline S-C planes. Thin section min-
eral abbreviations: Bt = biotite, Cal = calcite, Cb = carbonate, 
Ilt = illite, Pl = plagioclase, Qz = quartz, after Whitney and 
Evans (2010)
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transformed into illite, resulting from its hydrother-
mal alteration (Fig.  6d). Biotite also exhibits a lens 
shape, highlighting the S-C planes formed by the RFZ 
shearing. Brownish carbonate veins following the S-C 
planes (Fig. 6f) display a dendritic pattern similar to 
those observed in granite by Duwiquet et al. (2021).

Cataclasites sampled next to the main core zone 
contain millimeter-sized clayey gouges (Fig.  6e), 
which themselves include crushed quartz grains and 
carbonate veins. Millimeter-sized quartz grains are 
mixed with micrometer-sized quartz grains, indicat-
ing grain size reduction compared to the host rock. 
Moreover, rounded quartz grains suggest shearing 
and associated cataclastic flow. The distribution of 
the different carbonate veins leads to anisotropy in the 
clayey gouges. Mineral lenses outlining S-C planes 
create structures that align preferentially in response 
to the RFZ shearing.

4.2 � Mechanical behavior of fault zone rocks

Figure 7 summarizes the results of 49 samples from 
Brazilian tensile tests. Under loading perpendicular 

to the foliation, the host rock zone exhibits the high-
est tensile strength values, with a mean of 11.60 
MPa. In contrast, samples next to the main core 
zone show the lowest tensile strength, with a mean 
of 4.95 MPa (Fig. 7, Table 1). This indicates a clear 
trend of decreasing tensile strength from the host 
rock to the main core zone.

Moreover, the results show a nearly linear rela-
tionship for the loading perpendicular and in vari-
ous directions to the foliation, with an increase in 
tensile strength and fracture toughness mode 1 
towards the host rock. However, loading oriented at 
45° to the foliation exhibits a discontinuous trend. 
The results of the host rock tensile strength show 
from perpendicular to 45° oriented loading to the 
foliation, the greatest decrease in strength compared 
to the other zones. Moreover, for loading oriented 
at 45°, the fracture toughness mode 1 displays the 
highest value in the transition zone, intermediate 
value in the host rock, and the lowest value next to 
the main core zone. This establishes the transition 
zone as an outlier from the trend observed in the 
host rock towards the core zone.

Fig. 7   Mechanical data of the tensile strength and fracture toughness mode I are presented in correlation to the anisotropy. The error 
bars correspond to the minimum and maximum values of each point
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Table 2 summarizes the results of the UCS experi-
ments on the samples collected across the RFZ. Three 
samples were evaluated: two from the host rock 
(SL1C and SL1B) and one from the transition zone 
(SL5C). The elastic modulus (E) and the uniaxial 
compressive strength (UCS) present higher values for 
the host rock than the transition zone, similar to the 
Poisson ratio.

The triaxial test results show that the Etriax exhib-
its the highest values, at 40 MPa confining pressure, 
across all zones. Preparation of the sample next to the 
main core zone, which was intended for the 60 MPa 
confining pressure experiment, was unsuccessful. The 
results show that the elasticity values are the lowest 
at 20 MPa, exhibiting a trend similar to that observed 
in the test conducted at 40 MPa confining pressure 
(decrease of elasticity from the host rock to next to 
the main core zone).

For σpeak, the sample next to the main core zone 
exhibits the highest strength values at 20 MPa confin-
ing pressure, reaching 169.2 MPa, while the host rock 
shows a lower value of 160.8 MPa. At 20 MPa confin-
ing pressure, the transition zone has the lowest σpeak 

of all zones. At 40 MPa confining pressure, the host 
rock indicates the highest σpeak (252.1 MPa), followed 
by the sample next to the main core zone (218.3 
MPa). At 60 MPa, the host rock has the highest σpeak 
with an average of 301.75 MPa, while the transition 
zone reached only 229.9 MPa (Table 3). The results 
indicate a linear trend of increasing σpeak within each 
zone as confining pressure rises. Additionally, the 
Etriax decreases linearly from the host rock to the core 
zone across all confining pressure states.

Here, the results of the axial strain measurements 
from the triaxial compressive strength tests are evalu-
ated. At a confining pressure of 20 MPa, the host rock 
displays brittle failure behavior (Fig. 8a). For the sub-
sequent confining pressures of 40 MPa and 60 MPa, 
there is a slower decrease in stress after the failure, 
resulting in an axial strain of more than 0.01 before 
reaching 100 MPa differential stress. An exception is 
the multiple failure test, which shows axial strain val-
ues lower than 0.005. With the exception of the Triax 
test for 20 MPa confining pressure, all other tests fol-
low the same linear trend in the load curve.

The transition zone portrays two sharp brittle fail-
ures (SL4B_20MPa and SL4C1_40MPa) and one 
(SL4C2_60MPa) that tends more toward ductile 
behavior. Hereby, the SL4C2_60, representing the 60 
MPa confining pressure conditions, portrays a post-
failure behavior with an increase in axial strain of 
more than 0.02 around 100 MPa differential stress. It 
has to be noted, that the SL4C2_60 indicates a poten-
tial yield point about 160 MPa differential stress. 
In contrast, the transition sample at 20 MPa confin-
ing pressure, SL4B_20, shows brittle failure with 

Table 1   Mechanical data of the tensile strength and fracture toughness mode I with N = number of samples

Zone Loading direc-
tion to anisot-
ropy

Tensile Strength 
(mean)  
(MPa)

Tensile Strength 
(Std.dev.)  
(MPa)

Cohesion 
(mean) 
(MPa)

KIC  
(mean) 
(MPa‧m0.5)

KIC  
(Std.dev.) 
(MPa‧m0.5)

N

Host-rock Perpendicular 11.60 2.68 23.20 1.12 0.40 5
Transition Perpendicular 7.14 1.22 14.28 0.84 0.30 9
Next to the main core zone Perpendicular 4.95 1.32 9.90 0.74 0.16 5
Host-rock 45° 7.09 2.37 14.18 0.99 0.34 3
Transition 45° 6.75 1.59 13.50 1.01 0.36 6
Next to the main core zone 45° 4.49 1.58 8.98 0.56 0.21 5
Host-rock Various 8.87 3.30 17.74 1.08 0.72 4
Transition Various 7.26 1.44 14.52 0.97 0.28 7
Next to the main core zone Various 5.35 1.81 10.71 0.80 0.27 5

Table 2   Mechanical data of the Young’s Modulus and uniax-
ial compressive strength

Zones Sample
ID

E
(GPa)

UCS
(MPa)

υ
(-)

Host-rock SL1C 42.9 112.1 0.17
Host-rock SL1B 41.0 96.4 0.20
Transition SL5C 30.9 87.5 0.13
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minimal axial strain accumulation. The multiple 
failure sample presents a slow decrease in stress in 
the post failure curve, resulting in strain accumula-
tion similar to the SL4C2_60MPa confining pressure 
experiment and a yield point of approximately 110 
MPa differential stress.

The samples close to the main core zone show 
a tendency toward ductile behavior during the tri-
axial compressive strength test. At 40 MPa confin-
ing pressure (SL7bis2_40), the failure curve shows 
a prolonged hold time at high stress, resulting in a 
high axial strain value of 0.020 before the sample 
actually fails. The failure is sharp, and the differen-
tial stress decreases to 113 MPa. The second sample, 
SL7bis1_20, presents lower axial strain values than 
the previous sample, especially before reaching the 
yield point of 148 MPa differential stress. The failure 
is sharp but stops around 65 MPa differential stress, 
with axial strain increasing up to 0.014.

The failure behavior across different confining 
pressure states shows a shift from brittle to duc-
tile failure, from the host rock towards close to the 
main core zone. Moreover, as confining pressure 
increases, the tendency toward ductile failure also 
increases. Comparing the peak strength values with 
the stress–strain curves reveals a positive linear trend 
with increasing confining pressure, suggesting a 
potential correlation between the ability to accumu-
late strain and the resistance to applied stress.

To assess the potential effects of anisotropy on 
the calculated parameters, a post-failure analysis 
was conducted on three samples used in the triax-
ial experiments. For this purpose, one sample from 

each zone was analyzed in detail (Fig. 9). Figure 9a 
shows the host rock, where the sample contains a 
preexisting filled vein and foliation, highlighted 
both by biotite minerals that are diagonal to the end 
face, at an approximate angle of 20° to the longi-
tudinal axis. The developed fracture partly follows 
the foliation, then deviates and cuts approximately 
two-thirds of the total sample length. Notably, the 
newly developed fractures do not follow the preex-
isting filled vein, suggesting a higher strength of the 
filling material.

The transition sample in Fig. 9b shows a foliation 
angle of approximately 40° to the longitudinal axis. 
Additionally, the foliation vanishes due to hydro-
thermal alteration and deformation phenomena. In 
this zone, the fracture follows the foliation along the 
sample. For the core sample (Fig.  9c), the foliation 
disappeared, and existing planes are now thin clayey 
gouges observable as grey layers. The clayey gouges 
show various directions, and preexisting filled frac-
tures were also observed. The fractures either cross-
cut the clayey gouges or follow them briefly, depend-
ing on the orientation of the clayey gouges. In the less 
hydrothermally-altered areas of the core sample, the 
preexisting fractures remained unaffected, possibly 
due to the fracture-filling minerals, which may be 
similar to those in the vein of the host rock sample. 
Furthermore, the host-rock and samples close to the 
main core zone exhibit small foliation angles, lead-
ing to more vertical fractures than the transition zone. 
The end caps of the experimental setup may influence 
fracture development due to the small dimension of 
the sample (30 mm in diameter and 60 mm in length).

Table 3   Triaxial 
compressive strength test 
with confining pressure of 
20 MPa, 40 MPa and 60 
MPa presenting Etriax and 
σpeak = σ(1, max)-PC

Zones Sample
ID

Etriax
(GPa)

σpeak = σ(1, max)-PC
(MPa)

Confining Pressure (MPa) 20 40 60 20 40 60

Host rock SL2B 37.6 159.3
SL1C1 50.1 254.9
SL1C2 47.7 262.7
SL2_Multi 47.3 - - 160.8 290.9 340.8

Transition SL4B 33.7 148.3
SL4C1 41.6 197.5
SL4C2 36.5 230.3
SL4_Multi 31.7 - - 148.9 187.2 229.5

Next to the main core zone SL7bis1 18.1 169.2
SL7bis2 22.0 218.3
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Fig. 8   Triaxial compres-
sive strength test with con-
fining pressure of 20 MPa, 
40 MPa and 60 MPa. a Tri-
axial test of the host rock, b 
triaxial test of the transition 
zone and c triaxial test of 
the samples collected next 
to the main core zone



Geomech. Geophys. Geo-energ. Geo-resour.           (2026) 12:65 	 Page 17 of 27     65 

Vol.: (0123456789)

The mechanical behavior of the RFZ samples dis-
play a decreasing trend in strength from the host rock 
to the transition zone. This trend is similar for both 
the K

IC
 and the Etriax but extends until next to the main 

core zone. The results for σpeak and subsequent strain 
behavior indicate that close to the main core zone 
samples exhibit greater strain accumulation through-
out the test duration, along with higher σpeak values 
compared to those from the transition zone. Further-
more, the post-failure analysis provides insights into 
the influence of foliation on fracture development and 
specimen stress resistance. After demonstrating the 
effects of rock composition on the mechanical behav-
ior in fault zones, the question arises as to whether 
geothermal utilization would be sustainable due to the 
partially ductile behavior. Therefore, the permeability 
and porosity of the different zones must be examined 
to assess the potential liquid flow pathways.

4.3 � Porosity–Permeability evolution

Figure  10 portrays the results of the porosity and 
permeability measurements of the different zones. 
Hereby, the porosity measurements from the Hg-
porosimeter, along with data from Avakian et  al. 
(2025), as well as the permeability measurements by 
a gas permeameter, are evaluated (Table 4).

The permeability measurements show a small 
range of permeability variation across the different 
zones. Porosity reveals for the transition zone values 
ranging from 1.51 to 3.57%. The average porosity 
of 2.34% is higher than that of the host rock, which 
has a mean of 1.67%. The core zone shows higher 

values, with a mean of 4.37%. Values from Avakian 
et al. (2025), using the triple weighing method, give 
much higher porosity values for the samples next 
to the main core zone (Table  4). A general trend of 
higher porosity values towards the main core zone is 
observed for both methods. However, the samples are 
highly heterogeneous, with some containing millim-
eter-sized veins in both the host rock and transition 
zone. These heterogenous characteristics were also 
noted in Avakian et al. (2025). Additionally, the sam-
ples enriched in clay have a finer grain size compared 
to those in the gneiss of the host rock (Avakian et al. 
2025). Thus, the porosity and permeability measure-
ments should be interpreted carefully, as these fea-
tures may substantially impact the presented results.

Correlations between the clay content of the sam-
ples grouped by zone, porosity, and permeability are 
shown in Fig. 10. The host rock and transition zone 
present similar clay content and porosity values, 
based on Hg-intrusion measurements. The poros-
ity data from Avakian et  al. (2025) are included 
separately. Significant variations are observed in the 
samples next to the main core zone (Fig. 10), where 
the clay content increases by ~ 20% and the porosity 
increases by ~ 5%. The clay content and the poros-
ity appear to be positively correlated. Both porosity 
measurement methods show a consistent trend of 
increasing porosity from the host rock towards the 
main core zone. Furthermore, clay content and poros-
ity increase while permeability decreases (Fig.  10). 
However, the permeability range is narrow, varying 

Fig. 9   Triaxial compressive strength test samples for the post 
failure analysis of a SL1C1_2 (20 MPa confining pressure), b 
SL4C_5 (40 MPa confining pressure), and c SL7bis1B_2 (20 

MPa confining pressure). Green lines present preexisting filled 
veins, the brown dotted line is the fracture and blue lines high-
light the foliation or clayey gouges
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only between ~ 1.2 and 2.4‧10–19 m2. The permeabil-
ity data, accounting for its associated measurement 

uncertainty, suggests a possible tendency in the 
observed behavior (assessment values).

Fig. 10   Evolution of the clay content (%) and the porosity (%) 
with the measured permeability (m2) per zone (host rock, tran-
sition zone and next to the main core zone). The permeability 
varying with the clay content (%) is represented in black. The 
permeability changing with the Hg-porosity (%) is shown by 

the red line. The dashed red line corresponds to porosity meas-
urements obtained using the triple weighing method and modi-
fied data from Avakian et al. (2025). The background gradient 
shows the shift from the host rock (blue) towards the main core 
zone (pink)

Table 4   Porosity and Permeability dataset measured at GFZ and porosity data from Avakian et al. (2025)

Zone ID Porosity by Hg-intrusion Ethanol porosity
(Avakian et al. 2025)

Permeability

Mean
(%)

Std. dev.  
(%)

Count Mean  
(%)

Std. dev.  
(%)

Count Mean
(m2)

Std. dev.
(m2)

Count

Host-rock SL1 1.37 0.13 2 1.62 0.74 3 1.05E-19 - 1
SL2 1.28 - 1 1.84 0.73 3 3.35E-19 2.94E-19 2
SL3 1.05 - 1 2.87 0.18 3 1.89E-19 2.05E-20 2

Transition SL4 1.51 - 1 2.28 0.18 3 1.36E-19 8.52E-20 2
SL5 2.01 - 1 3.57 0.88 3 - - -

Next to the 
main core 
zone

SL6 0.08 0.03 4 6.51 2.03 3 - - -
SL7bis 2.29 - 1 6.81 1.41 6 1.26E-19 - 1
SL7 3.82 - 1 6.72 1.79 8 - - -
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5 � Discussion

The discussion chapter is subdivided into the discus-
sion of the results on the sample-scale, their applica-
tions on the multi-core architecture of the RFZ, the 
RFZ as a geothermal analogue and the limitations of 
the study.

5.1 � Sample‑scale mechanical properties of the fault 
zones

This study of the mechanical properties of a shear 
zone with three different zones revealed unique fea-
tures for each zone (Fig.  11). The transition zone 
marks the interface between the host rock and the 
main core zone, characterized by cataclasites filled 
with altered phyllosilicates and intermediate poros-
ity (Fig.  11). Moreover, the transition zone exhib-
its a transitional type of failure, also referred to as 

“softening” (Jaeger et al. 2007). The results indicated 
brittle failure in the transition zone, along with the 
first trends of inelastic strain. Additionally, the frac-
ture patterns observed after the triaxial compressive 
strength tests revealed that cracks propagate either 
along or through the weak foliation bands. Conse-
quently, failure likely initiates in the fractured min-
erals within the cataclasite, possibly propagating 
within the foliation, influenced by the hydrother-
mally-altered biotite, resulting in lower strength com-
pared to the surrounding feldspar and quartz (Bai and 
Young 2020).

Unlike the transition zone, the host rock exhibits 
higher strength due to its lower phyllosilicate con-
tent, degree of hydrothermal alteration, and poros-
ity. This results in brittle failure of the host rock, 
driven by the inherent brittleness of quartz (Agliardi 
et al. 2014; He et al. 2023). The triaxial compressive 
strength tests revealed that failure followed the illite 

Fig. 11   Evolution of the rock characteristics from the host rock towards next to the main core zone. The color gradient underlines 
the transition between the different zones
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and hydrothermally-altered plagioclase. This could be 
due to the lower stress resilience of illite and altered 
plagioclase compared to the surrounding quartz. 
Sajid et  al. (2016) showed that recrystallization of 
fine-grained quartz or carbonate minerals, along with 
changes in textural characteristics due to alteration, 
leads to strengthening. This causes micro-cracks to 
propagate along the weaker planes rather than the 
recrystallized quartz or carbonate. Hence, the micro-
structure plays a critical role on the micromechanics 
of failure behavior, as mentioned by Agliardi et  al. 
(2014).

For the samples next to the main core zone, pet-
rographic observations revealed that mineralogical 
planes can consist of hydrothermally-altered biotite, 
clayey gouges containing illite and other clay miner-
als, or brownish carbonates. The degree of hydrother-
mal alteration, the number of S-C planes and porosity 
increased toward the main core zone (Avakian et al. 
2025). The hydrothermal alteration indicates the dis-
solution of primary minerals, potentially increas-
ing porosity. Therefore, fractured zones with high 
clay content indicate increased fluid flow, suggest-
ing an indirect relationship between clay content and 
porosity. Fractures did not follow veins containing 
quartz and carbonate. Instead, the high quartz con-
tent increases stress resistance, causing fractures to 
develop along the clayey gouges. Clayey gouges act 
as planes of weakness due to their lower mechanical 
strength, but compaction and rearrangement of grains 
leads to high σpeak values (Fig. 11).

5.2 � Mechanical strength and cohesion variation with 
micro‑structures and mineralogy

The fracture development is dependent on the angle 
of the foliation and clayey gouges. Towards the main 
core zone, the foliation angle increases and clayey 
gouges align more closely with the applied stress 
direction, especially in the transition zone (Fig.  9). 
Bai and Young (2020) found that when the foliation 
bands and the applied stress direction are not parallel, 
the sample strength can increase, which is consistent 
with the host rock samples (Table 3). In the samples 
next to the main core zone, fractures follow the S-C 
planes, highlighted by the mineral lenses, supporting 
high axial deformation rates. The high clay content, 
hydrothermally altered material and rounded quartz 
likely contribute to compaction, consolidation, grain 

rearrangement and interlocking of altered minerals 
which enhances higher stress resistance through plas-
tic movement (Tenthorey and Cox 2006). Moreover, 
the reduction in grain size from the host rock toward 
the main core zone promotes steady-state sliding and 
results in high axial deformation rates next to the 
main core zone (Logan and Rauenzahn 1987). In con-
trast, the transition zone foliation angle and applied 
stress direction are closer, leading to minor sample 
strength.

The impact of heterogeneity of brittle rocks on the 
mechanical behavior exhibits grain-scale heterogenei-
ties influencing the distribution of tensile stress and 
extensional crack development (Lan et al. 2010). Lan 
et  al. (2010) suggest that heterogeneity is a primary 
factor controlling the stress–strain response, and an 
interpretation focusing solely on the peak strength 
is therefore insufficient. This aligns with the current 
study, which demonstrates a heterogenous composi-
tion of the sample material (clay, fractures, and folia-
tion), leading to important mechanical and mineralog-
ical contrasts within the RFZ. Next to the main core 
zone, samples might be more homogenous due to 
grain size reduction and the presence of gouge mate-
rial. However, the lower tensile strength and therefore 
also lower cohesion values (Table 1) imply lower sta-
bility. Previous research has shown that the healing of 
microcracks increases fault zone cohesion (Tenthorey 
and Cox 2006), a phenomenon observed uniformly 
across all zones. However, the calculated cohesion 
values decrease from the host rock towards the main 
core zone which contrasts with the strength behavior. 
Potentially, the absence of clay gouges provided high 
cohesion values for the host rock while the opposite 
results in low cohesion values for the samples next to 
the main core zone. This is supported by the change 
in tensile strength in the host rock from perpendicular 
to 45° orientation. The strong reduction in strength 
could be related to the absence of clay gouges with 
their grain compaction and rearrangement poten-
tial. In addition to cohesion and tensile strength, the 
fracture toughness Mode 1 suggests that the samples 
next to the main core zone exhibit brittle character-
istics, although they primarily display ductile failure 
behavior with minor residual brittle features. This 
interpretation is further supported by the post-failure 
analysis, which reveals a rapid decrease in differen-
tial stress after strain accumulation. Thus, cohesion, 
tensile strength and toughness show the importance 
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of the investigation of multiple parameters to prevent 
unrealistically optimistic interpretations of altered 
rock samples where mechanical parameters differ.

Based on the discussed parameters, two different 
mechanisms can contribute to high strength values 
(Fig. 11). First in the host rock, high quartz content, 
minimal hydrothermal alteration, foliation, and a 
heterogenous grain size distribution provide strong 
resistance against applied stress (Hofmann et  al. 
2015; He et al. 2023). Second, next to the main core 
zone, a high percentage of weathered biotite and feld-
spar, mixed clayey gouges, and increased porosity 
promotes plastic deformation and compaction. This 
results in grain rearrangement, which helps to restrain 
the applied stress (Wang et al. 1978; Logan and Rau-
enzahn 1987; Lu and He 2018; He et al. 2023).

5.3 � Effects of mechanical properties on the 
multi‑core architecture of the RFZ

Mechanical resistance differs across zones due to 
mineralogical variations and could be linked to the 
perpendicular ore vein formation (Figs. 2, 3; Werner 
et  al. 2002; Pfaff et  al. 2009; Avakian et  al. 2025). 
The transition zone has the weakest resistance, tran-
sitioning from a brittle to ductile behavior. The host 
rock has the highest resistance, displaying purely brit-
tle behavior. The main core zone undergoes station-
ary sliding with a ductile response. This contrast in 
mechanical behavior likely contributed to the open-
ing of the ore vein structure in the host rock, where 
stresses could have accumulated.

Despite the presence of some clayey gouges, the 
transition zone opened due to its mechanical weak-
ness. However, the main core zone remained closed, 
likely due to its high clay content, which acted as a 
stress-decoupling horizon. In this zone, clay miner-
als smeared rather than opening (Bedford et al. 2022). 
There may be a relationship between the width of the 
clayey gouges and their tendency to open through 
shearing or hydraulic brecciation (Faulkner and Rut-
ter 2001). Only the main core zone contains a meter-
wide clay gouge, whereas the smaller ones in the 
transition zone were crosscut.

In the gallery, we observed the ore vein cross-
cutting the vertical gouges and the foliation in the 
transition zone while in the post-triaxial image, we 
observed the fracture partly following and cross-
cutting the thin clayey gouges (Fig.  9c). Moreover, 

in large scale, we observed the clayey gouges going 
along the foliation and in small scale we observed 
fractures developing along the foliation. If the 
two-phenomena observed in the gallery and in the 
mechanical research are correlated, further investi-
gations will be necessary to upscale the mechanical 
study from the sample to the structural scale.

5.4 � RFZ mechanics as a geothermal analogue

Using the ore vein setting as an analogue for brine 
circulation within a crystalline geothermal reser-
voir implies that potential fluid flow may be possi-
ble in the transition zone of a clay-rich shear zone. 
The host rock has the lowest porosity values and 
clay content, resulting in less deformable space and 
material, whereas the samples next to the main core 
zone exhibits the opposite trend (Fig. 11). In contrast, 
permeability measurements indicate a low perme-
ability across the investigated locations, with only a 
slight decrease next to the main core zone. Hydraulic 
stimulation could generate fractures that cut through 
the different zones of the RFZ, enhancing the frac-
ture connectivity. However, only thin clayey gouges 
are likely to be opened for fluid flow, whereas meter-
wide clay zones should be avoided to ensure reservoir 
connectivity. Hence, potential fractures induced by 
hydraulic stimulation may propagate along the folia-
tion and partially along thin clay-rich gouge struc-
tures, rather than following the ore vein (Fig.  9a). 
Such stimulation could improve fluid flow rates for 
reservoir exploitation in crystalline rocks. However, 
the presence of mechanically weak, fine-grained 
minerals along the foliation may pose a risk of clog-
ging. This also raises concerns about the potential for 
induced seismicity in response to hydraulic stimula-
tion, particularly in relation to mineralogical and pet-
rographic properties.

The study of the RFZ provides both mechanical 
and petrographic evidence for the influence of min-
eralogical heterogeneities on fault zone mechanical 
behavior. This coupling of deformation and hydro-
thermal alteration aligns with work by Dezayes et al. 
(2021), who similarly demonstrated these processes 
in geothermal fault zone formation and flow path-
way evolution using surface analogue of the URG. 
Callahan et  al. (2020) also coupled deformation and 
fluid/rock interactions to explain localized deforma-
tion or fault zone widening, applicable to geothermal 



	 Geomech. Geophys. Geo-energ. Geo-resour.           (2026) 12:65    65   Page 22 of 27

Vol:. (1234567890)

reservoir fault zones. Therefore, the mechanical and 
mineralogical properties of the RFZ likely induce 
complex fluid pathways that vary through time and 
space, as suggested by Klee et  al. (2021b) in their 
study of the Noble Hills Range as a geothermal ana-
logue. This is further supported by an underground 
research laboratory study (STIMTEC) in the Reiche 
Zeche mine in Freiberg, Germany, which indicated 
that the structural anisotropy and heterogeneity of the 
reservoir rock (strongly foliated metamorphic gneiss) 
had significant influence on the seismic activity from 
hydraulic stimulation tests (Boese et al. 2022).

Recognizing the geological complexity of the 
URG (Bauer et al. 2017), analogue sites provide valu-
able input for understanding key processes at depth 
within specific geological structures, particularly 
fluid-rock interactions and their evolution, depend-
ing on deformation amounts in transcurrent structures 
affecting the crystalline basement. To further investi-
gate these processes in the crystalline basement of the 
URG, the GeoLaB underground research infrastruc-
ture, located on the granitic shoulder of the URG in 
SW Germany, will facilitate investigation of struc-
tural heterogeneities and their interplay with complex 
thermal–hydraulic-mechanical-chemical processes in 
fractured rocks (Bremer et al. 2025). Complementing 
this work, research at the Utah FORGE field labora-
tory (USA) focuses on addressing EGS-related chal-
lenges in crystalline rocks (Jones et al. 2024).

5.5 � Limitations

Due to the small number of samples, the statistical 
power of our assumptions is limited, requiring addi-
tional experiments for verification. Another constraint 
is the sample size, as the mechanical behavior of 
rocks differs with scale. All mechanical experiments 
have been performed under dry conditions exclud-
ing saturation, fluid flow, and concomitant alteration 
of the host rock. Therefore, further testing at larger 
laboratory and field scales is necessary to investigate 
the interaction between mineralogy and mechanical 
parameters. Previous studies have shown contradic-
tory results regarding the influence of the grain size 
(Tuğrul and Zarif 1999; Hofmann et  al. 2015; Sajid 
et  al. 2016; Saadat and Taheri 2019) and the effect 
of specific minerals on mechanical parameters (Sajid 
et  al. 2016; Wong et  al. 2018). These discrepancies 
highlight the strong dependence of the results on the 

investigated samples and rock types, making generali-
zation difficult.

Nevertheless, the shear zone of the Schauinsland 
Mine can be divided into three sections with distinct 
mineralogical properties, each influencing mechani-
cal behavior differently. Therefore, fault zone inves-
tigations are important to determine which areas 
have potential for EGS applications and long-term 
sustainability.

6 � Conclusion

The extensive experimental investigation of Schauin-
sland Mine fault zone revealed that mineralogical 
and petrographic characteristics, such as quartz con-
tent, hydrothermal alteration degree, and grain size, 
strongly influence the mechanical properties of the 
RFZ. These justify the differentiation of the fault zone 
into host rock, transition zone, and main core zone.

As expected, the gneiss of the host rock showed 
high strength values, high elastic properties, and low 
porosity and permeability values. These observations 
align with previous studies on intact and minimally-
altered gneiss.

Samples next to the main core zone exhibited high 
compressive strength values, along with a tendency 
towards ductile behavior and high strain accumula-
tion before and after reaching the maximum compres-
sive strength. Unlike the host rock, these samples dis-
played plastic behavior and high porosity values. This 
can be attributed to the high content of hydrother-
mally-altered biotite and plagioclase, forming mixed 
clayey gouges. This leads to compaction and grain 
rearrangement to resist the applied stress. There-
fore, despite their contrasting mineralogical and pet-
rographic characteristics, both the host rock and the 
samples next to the main core zone achieve similar 
compressive strength through different mechanisms.

The transition zone is self-describing based on its 
name. It shows a transition between elastic and plastic 
behavior, characterized by less distinct brittle failure 
and higher strain rates. In terms of strength, the tran-
sition zone is weaker than the previously mentioned 
zones, which could potentially lead to reactivation at 
lower stresses, resulting in higher instability. Previous 
researches have shown that fault reactivation is sup-
ported by the amount of clay and altered material. 
While the clay content in our study is lower than in 
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previous research, the heterogeneity of the foliation 
and clayey gouges may contribute to reduce fault sta-
bility, especially in the transition zone and possibly 
close to the main core zone.

The interaction between the transtension of the ore 
vein and the mechanical properties of the surrounding 
rock led potentially to distinct deformation behaviors 
in different zones. Close to the main core zone, low 
tensile strength values resulted in smearing and duc-
tile behavior, whereas the transition zone exhibited 
a mix of ductile and brittle behavior. In contrast, the 
host rock displayed high tensile strength values and 
underwent brittle deformation, ultimately leading to 
fracture development.

The data demonstrate that the mineralogical and 
petrographic characteristics strongly influence the 
mechanical properties of rocks, particularly in fault 
zones. Different areas exhibit significant variation in 
their behavior and stress resistance. This study can 
serve as an indicator for assessing the potential of dif-
ferent areas within a fault zone for EGS exploitation. 
Furthermore, the data highlights the importance of a 
detailed analysis of a wide range of rock characteris-
tics, and integrating various research fields to under-
stand the complex mechanisms governing fault zones.
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