
1. INTRODUCTION

Geothermal energy is considered a renewable, 
sustainable, and a CO2 friendly form of power 
generation. The earth generates a heat flow of around 
45 to 47 TW per year (Pollack et al., 1993; Davies 
and Davies, 2010), which is almost three times the 
total yearly human energy consumption (Smil, 2017; 
Dudley, 2019). However, the use of geothermal 
energy for power generation at the industrial scale 

has been limited to areas like tectonic boundaries and 
hotspots. In these preferable locations, hot rock (> 
100 °C) is closer to the surface where permeabilities 
are naturally high enough (~ 10-16 m2), making heat 
extraction by means of cold surface water injection 
and hot water extraction economically viable. As 
societies and politics dictate transitions to carbon 
neutral and carbon negative energy sources, many 
countries are expanding efforts to extract geothermal 
energy from deeper naturally occurring heat sources 
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ABSTRACT: Reservoir stimulation and hydraulic fracturing in oil-and-gas reservoirs has become common practice and the 
techniques are continuously improved. However, directly applying the same techniques to extract geothermal energy from low 
permeability crystalline rocks (i.e., Enhanced Geothermal Systems, EGS) continues to present operational challenges. The research 
community and industry have shown great interest in addressing the unresolved problems using down-scaled in-situ hydraulic 
stimulation experiments. Focus has been on the 1-10 m field scale, but in comparison to a realistic EGS operations (1000s m) the 
scale is two orders too small, the depth and associate stress field differ, and the hydraulic conditions are not perfectly representative. 
To study the processes in-situ and to bridge the scale between in-situ labs and actual EGS projects, the Bedretto Underground 
Laboratory for Geosciences and Geoenergies (BULGG) was built in a tunnel in the Swiss Alps so that hydraulic stimulation 
experiments could be performed with dense monitoring systems at the 100 m scale. This effort enables process-oriented research and 
testing of field scale techniques at conditions that are closer to target reservoir depths and scale. This study gives in-sight on the initial 
geologic, hydraulic, and stress characterization of the BULGG related to on-going stimulation and circulation experiments.  



by means of ‘Enhanced Geothermal Systems’ (EGS), 
previously known as ‘petrothermal’ or ‘hot dry rock 
geothermal’ energy.   
As the name suggests, these systems need to be 
‘enhanced’ by means of hydraulic stimulation or 
fracturing to achieve a sufficient permeability that 
enables economic heat extraction. These EGS 
reservoir stimulations are generally expected to 
occur at depths of 3 to 6 km, which adds extra 
difficulties, not only in the in the increased financial 
cost of drilling and completions, but also in 
engineering the heat extraction at such depths. To 
date there are, in comparison to the oil-and-gas 
industry, just a few industrial scale projects that 
provide learning experiences for this 
‘underdeveloped’ technology. Some examples from 
across the globe include: Fenton Hill and FORGE, 
USA (Brown, 1995; Albright and Pearson, 1982; 
Moore et al., 2018), Haute-Sorne, Switzerland (Link 
et al., 2020), and Soultz-sous-Forets, France (Genter 
et al., 2010).  
Past experience has shown it is difficult and nearly 
unpredictable to establish a hydraulically connected 
heat exchanger, while keeping induced seismicity at 
an acceptable level (Ghassemi, 2012; Grigoli et al., 
2018; Lee et al., 2019). To tackle these unresolved 
problems, the research community and industry have 
implemented scaled-down in-situ hydraulic 
stimulation experiments in representative rocks 
(Amann et al., 2017; Zimmerman et al., 2019; 
Oldenburg, et al., 2020). The practical and economic 
benefit of such experiments is the ability to surround 
a smaller target stimulation volume (1 to 10 m3) with 
a dense array of sensors (seismometers, acoustic 
emissions, fiber optics – distributed strain and 
temperature, etc.) and have precise controls on the 
natural conditions, as well as fluid volumes and rates 
injected and produced. The downside is that these 
experiments are often done close to the surface at 
scales of two orders of magnitude smaller than 
industrial EGS (1000s m3), where the depth and 
associated stress field differ, and the hydraulic 
conditions are not perfectly representative. 
To study the processes in-situ and to bridge the scale 
between in-situ labs and actual EGS projects, the 

Bedretto Underground Laboratory for Geosciences 
and Geoenergies (BULGG) was built in an existing 
abandoned tunnel in the Swiss Alps so that hydraulic 
stimulation experiments could be performed with 
dense monitoring systems at the 100 m scale. The 
BULGG enables process-oriented research and 
testing of field scale techniques with industry 
partners at conditions that are closer to target 
reservoir depths and scale.  
Since 2017, several field mapping and drilling 
campaigns have focused on characterizing the 
geology, structures, and stresses along the tunnel and 
in short boreholes (< 30 m) along the tunnel (Gischig 
et al., 2020). Over the course of the last year, a series 
of boreholes 100 to 400 m long were drilled in the 
‘laboratory’ section of the BULGG that intersect 
several fault zones that are being used to emulate an 
EGS reservoir. Four of these boreholes were drilled 
to establish a monitoring network around two 
stimulation boreholes.  
This contribution presents the results to date of the 
on-going reservoir characterization, stimulation, and 
circulation experiments. We report the geologic 
system, stress state, and hydraulic properties prior to 
stimulation. We also present preliminary results of 
the on-going stimulation of the reservoir.  
2. GEOLOGIC SETTING
The Bedretto Laboratory or BULGG is located in an 
access tunnel to the Furka base railway tunnel in the 
Gotthard Massif in south central Switzerland (Fig. 
1). The Gotthard Massif trends NE-SW and was 
thrust northwards during the Alpine orogenesis 
(Labhart, 2005; Berger et al., 2017; Herwegh et al., 
2017; Rast, 2020). The tunnel trends NW-SE and 
penetrates three consecutive geologic units: 1) the 
Tremola series from ca. 0 to 434 TM (tunnel meter, 
measured from the southern portal), 2) the Prato 
series from 434 to 1138 TM, and 3) the Rotondo 
granite from 1138 TM to the end of the tunnel at 
5218 TM (Schneider, 1985; Rast, 2020). The tunnel 
is unlined throughout most of the tunnel, with the 
exception of several groundwater inflow zones that 
are localized in fault zones along the tunnel.  



Fig. 1. (a) Geological overview of the study area (Bedretto tunnel), compiled after: Hafner et al., 1975; Berger et al., 2016; Federal 
Office of Topography swisstopo, 2016; Rast, 2020. (b) Cross section: geology along the tunnel axis compiled after: Keller and 
Schneider, 1982; Rast, 2020. (c) Boreholes drilled for stimulation (ST) and monitoring (MB) from within the BULGG. 

The majority of drilling activities in the BULGG 
have been concentrated around an enlarged niche in 
the tunnel from 2000 to 2100 TM, which is entirely 
inside the Rotondo granite, where the overburden is 
ca. 1040 to 1080 m. The intrusion age of the Rotondo 
granite is 294 ± 1.1 Ma, making it slightly younger 
than the Fibbia granite that intruded into the Gotthard 
massif a few kilometers to the NE 299 ± 1.2 Ma 
(Sergeev et al., 1995).  
The Rotondo granite is primarily massive, 
equigranular and fine-grained (aplitic) with a mineral 
content of quartz (25 to 35%), K-feldspar (20 to 
40%), plagioclase (10 to 25%), biotite (3 to 8%) and 
trace amounts of garnet, phengite, chlorite and other 
accessory minerals (Hafner, 1958; Labhart, 2005). 
The Bedretto granite generally develops weak 
foliation in some parts of the tunnel (Lutzenkirchen 
and Loew, 2011) and ductile deformation is 
concentrated around distributed shear zones along 
the tunnel (Schneider, 1985). The ductile shear zones 
are typically granitic (G-DSZ) with similar 
composition to the host granite or quartz-biotite-rich 
(QB-DSZ) and both types are similarly oriented 
(Rast, 2020).  In contrast to the Fibbia granite, the 
foliation is less pervasive and more localized in the 

Rotondo granite (Schneider, 1985; Lutzenkirchen 
and Loew, 2011), and are interpreted to form as a 
result of progressive Alpine deformation (Marquer, 
1990).  However, other studies suggest that the more 
pervasive foliation in the Fibbia and other granites 
within the Gotthard Massif formed during a late 
Variscan deformation phase before the intrusion of 
the younger Rotondo granite (Guerrot and Steiger, 
1991).  

Regardless of the timing, the ductile shear zones 
within the Rotondo granite localized brittle 
deformation during the later stages of the Alpine 
orogeny (Lutzenkirchen and Loew, 2011), which can 
have a loss of cohesion within the damage zone 
(Schneider, 1985). The brittle deformation in the 
Rotondo granite is estimated to occur between 18 and 
14 Ma at temperatures of 200 to 300 °C 
(Lützenkirchen and Loew, 2011). 



Table 1. List of monitoring and stimulation boreholes. All depths are total drilled depth. MB3 has the deepest installation depth due 
to borehole stability blockage in (*).  

Borehole Depth [m] Usage and measurement system 
MB1 300 Cemented: Geophone, AE sensors (trans./rec.), Temp/Strain FO, FBG 
MB2 219 Pseudo-permanent: Six interval multi-packer fluid pressure monitoring system 
MB3 192 (160*) Cemented: Geophone, AE sensors (trans./rec.), Temp/Strain FO 
MB4 250 Cemented: Geophone, AE sensors (trans./rec.), Temp/Strain FO 
ST1 399 Open hole: packers and/or geophone string 
ST2 349 Open hole: packers and/or geophone string (evtl. perforated casing) 

3. BULGG RESERVOIR BOREHOLE 
GEOMETRY AND USAGE 
Within the enlarged niche in the tunnel from 2000 to 
2100 TM, a series of four monitoring (MB) and two 
stimulation (ST) boreholes were drilled that intersect 
several fault zones. The boreholes were drilled along 
the southwestern tunnel wall dipping ca. 45 degrees 
and have lengths ranging from 192 to 399 m (Fig. 1 
and Table 1).  
Three monitoring boreholes (MB1, 3 and 4) have a 
diameter of 6.5 inch (16.5 cm) and are equipped with 
a geophone at the base, a string of acoustic emission 
(AE) sensors, an acoustic transmitter source, and 
temperature and strain fiber optic (FO) spanning the 
length of the borehole. MB1 has additional local 
Fiber Bragg Gratings (FBG) strain sensors. All 
sensors are cemented in place. MB2 is equipped with 
a multi-packer system that enables pseudo-
permanent monitoring of the fluid pressure in six 
intervals along the borehole.  The stimulation 
boreholes (ST1 and ST2) have a diameter of 8.5 inch 
(21.6 cm) and are open without casing. The 
stimulation boreholes are left open so that either can 
be used as the stimulation borehole with a double or 
multi-packer system or to monitor using a geophone 
string.   

4. RESERVOIR CHARACTERIZATION
4.1. Geology and Structures 
The geologic characterization of the rock volume 
utilizes a combination of core mapping and acoustic 
and optical televiewer logs (ATV/OTV) from the 
MB and ST boreholes. Seismic tomography and 
ground penetrating radar tomography (e.g., Shakas et 
al., 2020) aids in tracing these structures across the 
volume. The predominant geology within the 
reservoir volume is weakly deformed Rotondo 
granite protolith, where foliation is generally not 

recognizable at the hand specimen scale, and 
distributed ductile shear zones and brittle fault zones. 
Other structures include: non-filled and filled 
fractures, dikes and veins, and compositional 
foliation within the granite, which usually occurs in 
the vicinity of the ductile shear zones.  

The reservoir volume can be broken up into four 
units based on the distribution and orientation of 
structures (Castilla et al., 2020). In the shallow 
section (down to ca. 60 to 120 m measured depth, 
MD, depending on borehole), there are few isolated 
fractures, shear zones, and dykes, but in general the 
granite is intact.  

The beginning of the second and third unit is marked 
by the first prominent shear zone is encountered at 
60 to 120 m MD (Fig. 2), whose trajectory can be 
traced back to a predominant shear zone along the 
tunnel at ca. 1980 TM. The differences between these 
units is based on the predominant fault orientation. 
The top of this more fractured and foliated middle 
unit is clearly identified on OTV and ATV logs as a 
ca. 1 to 2 m thick fracture zone where the borehole 
wall is washed out over the entire interval (Fig. 2). 
Right above this opening, the core confirms the 
foliation with increased quartz and biotite 
composition, similar to the QB-DSZ observed along 
the tunnel (cf. Rast, 2020). Core recovery from the 
fault zone is about ca. 50 %. After this fault zone, we 
encounter several highly foliated ductile shear zones 
and brittle fault zones. There is also an increase in 
isolated fractures.  The brittle fault zones occur in 
swarms and often the area around these features is 
washed out as seen in ATV and borehole camera 
images (Fig. 2). The brittle fault zones appear to 
occur primarily along precursory ductile shear zones 
since their orientations are similar (Fig. 2e-f). The 
brittle fault zones, which often overprint the inherited 
ductile structure, have less cohesive fault gouge and 
cataclastic fault cores. The ductile shear zones are 



Fig. 2. (a) Example acoustic and optical televiewer logs in ST1 depicting the fracture zone that signifies the start of the highly 
fractured zones. (b-d) Borehole camera images of the fracture and washout zones shown in the logs in ‘a’. (e) Stereonet projection 
of the ductile shear zone orientations along the borehole. (f) Stereonet projection of the non-filled fractures along the borehole.

characterized as mylonites to ultramylonites that 
have sub-millimeter foliations which can form as a 
strain gradient with increasing foliation spacing and 
grain size spanning a couple of meters in thickness 
or can occur as an abrupt strain localization feature 
of a couple to tens of cm in thickness. Both the 
ductile shear zones and the brittle faults zones are 
composed of multiple branches of anastomosing 
individual fault cores.  

After about 100 m of this highly fractured and 
deformed unit, deformation again becomes less 
pronounced and occurs again as discrete features, 
marking the beginning of the fourth unit. The granite 
is again more intact over distances of several 10s of 
meters.  

4.2. In-situ stresses 
We conducted small scale hydraulic fracturing tests, 
so-called mini-frac tests (Haimson and Cornet, 
2003), to estimate the local stress field and its spatial 
variability. The tests were performed in over 40 
intact rock intervals in the six short SB boreholes (30 
m to 40 m long) and borehole MB1 (300 m long, 
deviated). The observed hydraulic fracture traces are 
steeply-dipping on acoustic and optical televiewer 

logs, which generally validates the assumption of the 
overburden or vertical stress (Sv) being a principal 
stress direction. The inferred direction of the 
maximum horizontal stress (SHmax) is approximately 
WNW-ESE (Ma et al., 2020). We compared different 
techniques to estimate the minimum horizontal stress 
magnitude (Shmin) and its uncertainty for the initial 
stress measurement campaign in the short SB 
boreholes (Bröker, 2019; Bröker and Ma, 2021). The 
inferred stress magnitudes are: Shmin = 11.2 to 16.4 
MPa, SHmax = 19.8 to 27.6 MPa, Sv ≈ 26.5 MPa (Fig. 
3). Our results confirm that the stress state in the 
vicinity of the Bedretto Lab is transitional between 
normal and strike-slip faulting (Sv ≥ SHmax > Shmin). 
This agrees well with the regional stress field 
(Kastrup et al., 2004; Heidbach et al., 2016) and 
stress-induced failures (e.g., spalling and kinking) 
observed along sections of the Bedretto Tunnel 
(Gischig et al., 2020; Ma et al., 2020). Extended shut-
in times up to 15 hours were used to obtain the local 
pore pressure (Pp). It ranges from 2.0 to 5.6 MPa, 
reflecting strong tunnel drainage and pressure 
drawdown. 
Deeper mini-frac intervals in the long MB1 borehole 
yield breakdown pressures comparable to the ones 



Fig. 3. (left) Histogram of the mapped fractures observed in MB1. (middle) Results of the mini-frac stress measurements in MB1: 
The Psi (instantaneous shut-in pressure) gives an upper bound of the minimum horizontal stress magnitude. Pb denotes the breakdown 
pressure and Pp the measured pore pressures. The vertical stress magnitude is calculated from the overburden and the lower limit of 
the minimum horizontal stress from frictional equilibrium theory (assuming Pp = 5 MPa and a frictional coefficient of 0.6 or 0.85). 
(right) Close-up to the zone where breakouts occur in MB1. Single breakouts and breakout pairs are indicated with respect to the top 
of the borehole (high side). 

measured close to the Bedretto Lab, but the derived 
minimum horizontal stress magnitude follows a 
higher gradient (Fig. 3). We attribute such 
discrepancies to stress perturbations in the vicinity of 
the tunnel and compartmentalized hydro-structures 
connected to major fault zones. 
Another feature in the long boreholes is the 
appearance of breakouts, which were mapped and 
analyzed to have a second estimate of the in-situ 
stress field (van Limborgh, 2020). The breakout 
azimuths show a rotation of 40° with a wavelength 
of about 40 m (Fig. 3). This rotation indicates that the 
stress field is perturbed by the presence of fractures 
in this zone. Preliminary modelling shows that the 
breakout azimuth corresponds to a SHmax azimuth 
between E and SE, which is consistent with the mini-
frac results. 
4.3. Hydraulic properties 
A series of hydraulic tests was carried out prior to 
cementing the monitoring system in the MB1 to 3 to 
characterize the transmissivity in several locations 
along the borehole. A similar set of measurements 
was performed in ST1 and ST2. Both sets of 
experiments utilized a double or multi-packer 
assembly to isolate the different zones for drawdown 
or injection testing.   

All tests were carried as a ‘single hole’ measurement 
from a starting pore pressure of ca. 4.0 MPa. The 
drawdown and injection curves were analyzed using 
both the methods for hydraulic tests by Theis, 1935 
and Barker, 1988. In general, both methods give 
similar estimates with the Theis, 1935 method being 
up to a half of an order of magnitude higher than 
Barker, 1988. The hydraulic testing in the MB 
boreholes shows a very heterogeneous system, with 
transmissivity ranging from 10-11 to 10-6 [m2/s], with 
the highest values occurring in the intervals with a 
high density of fractures. Hydraulic testing in the ST 
boreholes falls within this range. Cross hole 
monitoring of pressure changes in the other 
boreholes also shows a heterogenous response, and a 
systematic pattern has yet to be unraveled.  

5. STIMULATION
The deepest sections of ST1 and ST2 were stimulated 
from November to December 2020 using a double 
packer system. Several intervals of interest were 
chosen based on observed natural fractures and zones 
that had been notched a priori. The stimulation 
followed a strict ‘Traffic Light System’ that utilized 
seismic magnitude, ground motion, and pressure 
monitoring to limit and mitigate the seismic risk of 



Fig. 4. (a) Boreholes ST1 (red) and ST2 (blue) and their associated seismic event distribution during stimulation of two intervals. 
(b) Moment magnitude of events during the injection time period. (c) Flow rate during the stimulation.  (d) Fluid pressure in the
injection intervals (as measured from the wellhead).

the stimulation. These are beyond the scope of this 
conference paper, where we focus on the results from 
the stimulation of an interval in ST1 and in ST2. The 
following results come from the data that was 
acquired real-time during the stimulation. Therefore, 
the seismic events have not been re-evaluated or re-
processed to improve the uncertainty of the 
localization, and potential by-pass in the pressure 
and flow rate data has not been evaluated.  
Fig. 4 shows the ST1 (red) and ST2 (blue) boreholes 
with the induced seismicity cloud for each respective 
borehole in space, the distribution of magnitude of 
the events through time, and the associated pressure 
and flow rate data. The stimulation in ST2 (Nov. 19, 
2020: borehole depth 319 to 325 m) and the 
stimulation in ST1 (Dec. 19, 2020: borehole depth 
336 to 344 m) targeted preexisting natural fractures 
within the stimulated intervals. There were about 700 
to 900 total seismic events recorded during the 
stimulation in each interval, of which 197 and 208 
seismic events could be localized and given a 
magnitude in ST1 and ST2, respectively.  
The stimulation in ST2 was limited by the pumps to 
have a maximum of ca. 47 L/min injection rate, 
which generated a fluid pressure of 22 to 23 MPa 

(measured at the wellhead). The moment magnitude 
of all events was between -3.5 and -1.9 Mw. A new 
set of pumps were installed that enabled higher flow 
rates during the stimulation of ST1. Despite nearly 
quadrupling the flow rate (sustained injection of ca. 
175 L/min) the measured fluid pressure during 
injection was only ca. 10 to 12 MPa and the moment 
magnitude of all events ranged between -3.1 and -2.5 
Mw.  The seismic cloud distribution shows overlap 
in the event distribution between the two boreholes.  

6. DISCUSSION AND SUMMARY
The experiments to date in the BULGG builds upon 
the foundation of smaller scale in-situ experiments 
(e.g., Amann et al., 2017; Zimmerman et al., 2019), 
which lead to a better understand how the natural 
conditions and engineering technology effect 
reservoir stimulation in EGS reservoirs. Over the 
course of the next several years several experiments 
will focus on 1) how to stimulate and create large 
reservoir volumes while keeping induced seismicity 
under control, 2) earthquake source processes and 
variability of aseismic and seismic deformation, 3) 
how to create an economic heat exchanger, and 4) the 



development of drilling, completion, and production 
technologies for economic multi-stage simulations in 
EGS projects.  
The vast monitoring network and characterization 
will enable us to study the hydromechanical response 
of the reservoir to stimulation, circulation, and 
production of fluids to create a sufficient heat 
exchanger. This is done by utilizing the dense 
network of complementary monitoring sensors and 
extensive characterization of the natural and induced 
structures in the reservoir. With this monitoring 
network we will be able to have an accurate detection 
of seismic events, and how they are related to the 
interaction of geologic structures and in-situ stresses 
within the ‘reservoir’. Fig. 3 shows that the brittle 
fractures occur together with the ductile shear zones, 
which also correlates with the zone of increase 
borehole breakouts. As these zones are stimulated we 
will be able to understand how these pre-existing 
natural structures interact with hydraulic fractures 
and the in-situ stresses with strain and temperature 
fiber optic sensing. We will be able to monitor the 
spatial, temporal, and magnitude variability of 
induced seismicity with the acoustic emission, 
distributed acoustic fiber optic sensors, and 
geophones. We will monitor the pore pressure 
changes across the reservoir. All of these 
characterization and monitoring will ultimately lead 
to a more complete understanding of the 
hydromechanical response of the rock mass and 
encompassing fractures under EGS deformation 
conditions.  
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