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ABSTRACT

We analyze hydraulic stimulation data from the St1 Deep Heat Project, which comprised drilling wells to >6 km
depth in crystalline rock in southern Finland with an aim to study the conditions for an Enhanced Geothermal
System. Combining the stimulation and borehole logging data with induced seismicity results allows for a
comprehensive analysis of hydraulic conductivity at rarely tested depths of 5 — 6 km. Hydraulic conductivity was
observed to be pressure-dependent, heterogeneously distributed and affected by pre-existing fractures and
lithological variation. The pre-stimulation formation fracture frequency is in the range of 0 — 8 m™! with an
average of 1.9 m 1. Only a small fraction of the fractures were open and conductive implying a hydraulically
heterogeneous medium. The average natural hydraulic conductivity derived from leak-off tests and well tests
before stimulation and from cross-hole pressure data is of the order of 5 0-1071° - 5 0-107° m/s (permeability 1-
10717 - 1.107!% m?), which is in agreement with permeability models for the brittle crystalline crust at this
depth. Hydraulic stimulation increased conductivity to 1078 — 10~7 m/s, but it gradually decreased back to the
natural level after pressure release. Stimulation generated five micro-earthquake clusters at 4.8 — 6.3 km TVD
depth. Hydraulic connections between clusters were apparently not attained. The project generated extensive
experience and data sets regarding deep drilling, hydrogeological properties, and seismic response to stimulation
of crystalline rock in the upper continental crust. Hydraulic conductivity turned out to be the most challenging
issue for the St1 EGS development and the EGS project is not continued at the moment.

1. Introduction

107 m~'s™! depending on temperature. In crystalline rocks, hydraulic
conductivity is typically a rock mass rather than a rock material prop-

Hydraulic conductivity is a critically important parameter affecting
transport of fluids, heat, and dissolved and particulate matter in
groundwater flow, ore-deposit genesis, hydrocarbon exploration and
exploitation, nuclear waste disposal, and in utilization of geothermal
energy in hot dry rock (HDR) and enhanced geothermal system (EGS)
applications as well as in high-enthalpy hydrothermal geothermal sys-
tems. Hydraulic conductivity comprises the characteristics of the hy-
draulic conduits, represented by hydraulic permeability, and properties
of the flowing fluid; the conversion factor from permeability to con-
ductivity for water flow in the upper continental crust is 1 x 107 - 3 x
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erty. Intact crystalline rock has very small inherent porosity and
permeability, but hydraulic connections and flow pathways in rock
masses are due to fractures and fracture networks, which vary in fre-
quency, geometry and physical properties (Singhal and Gupta, 1999;
Stober and Bucher, 2000a; Schwarz and Zhang, 2003). Fractures likely
play an important role for the heterogeneity and scale-dependence of
hydraulic properties (Brace, 1984; Clauser 1992; Schulze-Makutch and
Malik, 2000; Malin et al., 2020).

Manning and Ingebritsen (1999) and Ingebritsen and Manning
(1999) constrained a permeability-depth model for the continental crust
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using geothermal data and fluid fluxes calculated from metamorphic
data. In their model, permeability decreases rapidly with depth above
the brittle-ductile transition, for example by three orders of magnitude
between 1 km and 6 km. Experimental validation of the model is
hampered by the scarcity of data (Townend and Zoback, 2000). Drill
holes in crystalline rocks are mostly shallower than ~1 km. At such
shallow depths, the variation of conductivity values can be considerable
such that their tendency to decrease with increasing depth may be
overprinted by the general variation of values (McEven and Aikis, 2000;
Mikeld, 2012). McEwen and Aikis (2000) reported a variation of five
orders of magnitude for injection tests in 30 m long packer-sealed sec-
tions at five nuclear waste disposal candidate sites in Finland. The result
reflects mostly the effects of fractures at relatively small lithostatic
loads. Variation of several decades in conductivity in the uppermost 400
m was reported by Makela (2012) in the central Finland Granitoid
Complex from a data set of >1200 water wells. Nuclear waste disposal
site studies in Sweden (in crystalline rock, mostly < 1 km depth) have
shown similar results, i.e., strong variation of values over several orders
of magnitude (10~*-107'2 m/s) in observation scales of 100 — 300 m.
Systematic trends with depth are weak or not present. The deepest
conductivity values at 1 — 2 km are of the order of 10~ m/s (Walker
et al., 1997; Stanfors et al., 1999; Rhén et al., 2009).

Hydraulic conductivity has rarely been measured directly at depths
exceeding 1 km due to the lack of boreholes, particularly true for the
Fennoscandian Shield. Available measurements are typically related to
water wells or surveying bedrock conditions for waste disposal (e.g.,
Stanfors et al., 1999; Rhén et al., 2009; Pitkinen et al., 1992; Palmen
et al., 2004; McEwen and Aikas, 2000; Posiva 2012; Mikel4d, 2012). The
12 km Kola super-deep hole, NE Russia, revealed the presence of
water-bearing open fractures over the complete depth range of the well
(Kozlovsky, 1987; Borevsky et al., 1987), and calibrated thermal models
suggest hydraulic permeabilities in the range from 101> m? in the upper
2 km to 1072 m? at 15 km (Kukkonen and Clauser, 1994; Mottaghy
et al., 2005). Hydraulic testing (Ahonen et al., 2011) and fluid logging
(Sharma et al., 2015) in the 2.5 km deep research borehole in Out-
okumpu, eastern Finland (Kukkonen, 2011) showed that hydraulic
conductivity decreases rapidly with depth with values in the range of 6.7
.107%-7.50.10"° m/s. Leak-off-tests (LOT) and drill stem tests (DST) in
the 7 km deep drilling in the Siljan impact structure, Sweden, resulted in
values in the range of 7-107'2 - 10™° m/s at depths of 1.3 — 6.8 km
(Juhlin et al., 1991). Injection tests in deep holes in Germany indicated
values of 1-1071° = 7.107° m/s (KTB wells, 0.5 — 9 km; Huenges et al.,
1997) and 1071° - 107 m/s (Urach well, ~4 km; Stober and Bucher,
2000b, Stober 2011). Varying globally from formation to formation,
there can be a depth dependence or the data completely lack any trend
with depth (Stober and Bucher, 2007; Ranjram et al., 2014). The vari-
ability may reflect the effect of present stress field orientation and
magnitude on fracture apertures (Banks et al., 1996). Stress is a crucial
parameter for hydraulic properties and the most permeable fractures are
often the critically stressed ones, i.e., close to shear instability (Ito and
Zoback, 2000; Townend and Zoback, 2000). Therefore, the relation
between fracture and stress orientation is expected to contribute to the
wide range of hydraulic conductivity values recorded even in single
wells.

In planning EGS applications in shield areas, the requirement of great
drilling depths owing to the low geothermal gradient is thus likely at
conflict with the quest for high hydraulic conductivity. A potential
remedy for this conflict lies in hydraulic stimulation (Economides and
Nolte, 2000; Hofmann et al., 2019; Olasolo et al., 2016; Schill et al.,
2017). The company St1 Oy carried out a pilot study of exploring con-
ditions for an Enhanced Geothermal System (EGS) in crystalline bedrock
in Espoo, southern Finland, about 5 km NW of downtown Helsinki. The
St1 Deep Heat project was in operation 2014 — 2022. The original goal of
the project was ambitious: production of 20 — 40 MW of thermal power
for a local district heating network (St1, 2018). The project concept was
to construct a classical EGS doublet, with injection and production holes
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of up to 6 — 7 km deep. Thus, the project was the deepest industrial EGS
development project in the world so far.

Hydraulic stimulation was applied in the project in 2018 and 2020 to
improve hydraulic conductivity. Seismicity induced by stimulation in
the St1 project has been analyzed by Kwiatek et al. (2019), Hillers et al.
(2020), and Leonhardt et al. (2021). The design and implementation of a
traffic light system for stimulation in the St1 project has been described
by Ader et al. (2019). Seismic monitoring during and after stimulation as
well as structures revealed by seismic while drilling (SWD) and vertical
seismic profiling (VSP) have been reported and discussed by Heikkinen
et al. (2021).

The present paper focusses on the hydraulic conductivity of the
crystalline rocks drilled in the St1 Deep Heat Project and implications of
the results for conductivity of crystalline rocks at large and for EGS
projects in particular. We discuss the hydraulic conductivity of crystal-
line crust at the depth of 4.8 — 6.1 km, using hydraulic stimulation data
of the St1 project. We analyze data from two deep boreholes with open-
hole sections at ~400 m distance from each other and estimate near-
wellbore hydraulic conductivity. We demonstrate that the hydraulic
conductivity is strongly and non-linearly pressure dependent. Further-
more, we derive and estimate hydraulic conductivity of the rock volume
between the holes using cross-hole pressure data recorded in one well
during stimulation of the other. To understand the relationships be-
tween hydraulic conductivity and structures of the formation, we
compare the results with micro-earthquake (MEQ) hypocenter distri-
butions produced by the stimulation, and structures revealed by seismic
while drilling (SWD) sounding and vertical seismic profiling (VSP). We
show that the stimulations carried out so far did not improve the hy-
draulic conductivity adequately for using the achieved reservoir as an
EGS heat exchanger. We discuss the challenges met with in EGS projects
in general and provide an outlook for EGS in crystalline rocks.

2. Drill site geology, hydraulic and geothermal characteristics

The drill site is located in Espoo 5 km NW of downtown Helsinki,
Finland (Fig. 1) N60.188395°, E24.827860° The drill site geology is
typical for southern Finland (Wennerstrom et al., 2006; Pajunen, 2008).
A thin layer (0-10 m) of Quaternary sediments overlies the Precambrian
bedrock. The bedrock comprises c. 1.8 — 1.9 Ga old migmatitic rocks, i.e.
mixtures of veined gneiss, mica and hornblende gneisses, amphibolite
and granitic intrusions. The lithological boundaries are mostly steep and
subvertical. Due to extensive deformation and migmatization during the
geological history of the area, the target formation structure is complex.
The intact crystalline rock has very low porosity, less than 0.5 vol-%.
Therefore, the fluid flow is constrained to brittle deformation structures,
i.e., fracture and shear zones. At the surface level, such structures are
revealed by several km long linear structures on topographic,
geophysical and geological maps. The geothermal gradient is about 17
K/km in the 2 km deep OTN-1 well, and corresponding heat flow is
about 52 mWm 2. At 6 km depth, the temperature is about 100 °C.

3. Drilling and drill hole structures

The project comprised drilling three holes (Fig. 1). The collars of all
three wells are less than 15 m apart. The pilot hole OTN-1 is 2015 m
deep (MD, measured driller’s depth) has a diameter of 76 mm, and was
completely cored. It was drilled with an inclination of 83 - 69° from
horizontal and thus the true vertical depth (TVD) is 1956 m. It was
drilled in 2015 to provide baseline information of the rock types, tem-
perature gradient, geophysical properties, and stress field. After drilling,
the hole was utilized for seismic observations with a downhole array
until 2016 (Heikkinen et al., 2021).

Drilling of the first deep well OTN-2 was started in May 2016. Air
hammer drilling was used from 296 m to 3300 m (reached in August
2016). Water hammer drilling was tested, but it did not prove out to be
technically reliable, and the final deepening and deviation of the well
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Fig. 1. a) Simplified geological map of the St1 Drill site area (geological data by the Geological Survey of Finland). Rock types: GR, granite; GRDR, granodiorite;
BTGN, biotite gneiss, QFGN, quartz feldspar gneiss; MV, mafic volcanic rock, b) W-E projection, and c¢) S-N projection of the boreholes OTN-1, OTN-2 and OTN-3.

from vertical was done with rotary drilling from January to May 2020.

The drilling of OTN-3 started in August 2016, with air hammering
between 300 m and 3300 m, thereafter rotary drilling was applied to
6400 m MD, reached in December 2017. Above 4.0 km both OTN-2 and
OTN-3 deviate less than 1° from vertical (Fig. 1). At deeper levels both
wells are deviated to NE with final inclinations from vertical of 57°
(OTN-2) and 45° (OTN-3). Bit and casing sizes are listed in Table 1 for
OTN-2 and OTN-3.

When drilling OTN-3, difficult rock conditions were encountered at
about 4.9 km, the top of a major, 400 m thick zone of low seismic ve-
locity. The low velocity is attributed to weak and fractured rock.
Repeated attempts to penetrate the zone resulted in three sections of the
well: first OTN-3a to 5707 m MD, second OTN-3b, which was successful
to 5555 m MD, and finally the third one OTN-3c managed to penetrate
the zone and achieved the final MD depth of 6400.10 m.

During deepening of OTN-2 in 2020 the existence of the seismic
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Table 1
Bit size and casing data for OTN-2 and OTN-3.

OTN-2 Depth from Depth to

OTN-3 Depth from Depth to

Bit size (inches)

26 0 296 0 300
17.5 296 2690 300 3000
12.25 2690 4925 3000  5385.7
8.5 4925 6212.5 5356 6400.1
Casing size (inches)

Surface 18.625 0 296 0 300
Casing 13.375 0 2690 0 2998.5
Liner 9.625 2690 4921 2876 5356
Open hole 8.5 4921  6212.5 5356  6400.1

reflector was known (Heikkinen et al., 2021), and it was decided to
direct the deviated part of OTN-2 to run along this zone, interpreted to
contain fractures, as it potentially provided higher fracture frequencies
and therefore presumably higher inherent hydraulic conductivity. The
drilling of OTN-2 resulted in two well versions, OTN-2a (MD 5470 m
MD) and OTN-2b (MD 6212.5 m). In the following, the well IDs OTN-2
and OTN-3 refer to the legs OTN-2b and OTN-3c, respectively, unless
otherwise noted.

4. Constraints on stress field before stimulations

Understanding stress magnitude and orientation is important for
preventing wellbore failure and designing stimulations. It is assumed
that stimulation first opens fractures oriented perpendicular to the
minimum principal stress. Along with stress field data, fracture orien-
tations and frequency are important for well design. Minimum principal
stresses were measured in the OTN-1 pilot hole at eight depth levels
between 700 - 1720 m MD using hydraulic mini-fracturing (Becker,
2015; Backers and Meier, 2016). We assumed principal stresses are
oriented according to the vertical and horizontal directions. Azimuth of
the minimum stress component was determined from wellbore break-
outs in OTN-1 (Kukkonen, 2016). The maximum principal stress is
horizontal (SH) at azimuth 108°, the intermediate stress is vertical (SV),
and the minor horizontal stress (Sh) constitutes the least principal stress
indicating the tectonic faulting regime to be dominantly strike-slip, but
thrusting occurs in cases (Backers and Meier, 2016). By extrapolating of
the stresses and their vertical gradients, determined for 700 to 1720 m
depth (Table 2), the tectonic regime is expected to be thrusting at
shallower levels and strike-slip at depths >1 — 2 km. Thus, the stress field
data suggest that vertical fractures and faults oriented WNW - ESE are
optimally oriented for hydrofracturing at target depth of about 5 to 7
km. Consequently, the deviated parts of OTN-2 and OTN-3 were directed
to NNE (azimuth 32 - 39°). Assuming hydrostatic fluid pressure, well-
head fluid pressure required to open fractures at target depth was esti-
mated to about ~50 MPa.

Natural EQs in the area before stimulation were shallow (~1 km)
thrusting events (M. Uski, Institute of Seismology, University of Hel-
sinki, written communication, 2020), in accord with the stress data
extrapolation. Stress polygon analysis (Zoback, 2007) implies that
increasing fluid pressure during stimulation (50 - 90 MPa above hy-
drostatic) favors thrusting over strike-slip events at deeper levels, a
prediction in agreement with focal mechanism analysis of
stimulation-induced seismic events showing dominantly thrusting
(Leonhardt et al., 2021).

Table 2
Gradients of principal stresses at 700 — 1720 m depth for the OTN drill site
(Backers and Meier, 2016).

Grad SV Grad Sh Grad SH

MPa/km MPa/km MPa/km
27.4 16.4 37.7
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5. Hydraulic stimulations

Well OTN-3 was stimulated in 2018, and well OTN-2 in 2020. The
stimulation of OTN-3 commenced on June 4th, 2018 and lasted 49 days
up to July 23rd, 2018. The stimulation was carried out in five stages
(depth intervals) starting at the bottom of the open hole section
(Table 3) using the Packers Plus® system (Seale et al., 2006). The
packer-sealed intervals were 100 — 200 m long (Table 4). The variation
in the lengths of the sections was due to considerable wellbore failure.
Caliper logging prior to stimulation showed few depth intervals tech-
nically suitable for the applied packers (maximum manageable hole
diameter <9.5").

During the OTN-3 stimulation, a total volume of 18,160 m? of fresh
water was injected over 49 days. Applied constant flow rates were 400 —
800 1/min. The injected fluid was fresh water without chemical addi-
tives and proppants. Proppants were not considered useful due to high
stresses. Pressure response to injection was measured at the wellhead at
10 - 60 s intervals. The peak pressures recorded at the wellhead were 70
- 90 MPa (Fig. 2).

In OTN-3 stimulation stage 1, five injection tests (leak-off-tests, LOT)
were first carried out to estimate the opening pressure of fractures (leak-
off pressure, LOP) (Abbott, 2018). Durations of LOTs were 4 — 7 min at
average rates of 0.45 m>/min. The resulting data provided additional
information on hydraulic conductivity.

A traffic light (TLS) system required by regulating authorities was
applied to control the stimulation procedure in response to observed
magnitudes of induced seismic events (Ader et al., 2019). The TLS red
light limit was set at magnitude M;2.1, implying that occurrence of
events exceeding this would mean stopping the stimulation. The induced
seismicity comprised more than 80,000 micro earthquakes with mag-
nitudes below M;1.9, most below M;0.0 (Kwiatek et al., 2019; Leon-
hardt et al., 2020; Heikkinen et al., 2021). Seismic monitoring was
carried out with 12 satellite stations in shallow (300 m) boreholes
located within 8 km from the drill site, and a 12 level borehole array in
OTN-2 (Kwiatek et al., 2019; Heikkinen et al., 2021). Ground shaking
was monitored in eastern Espoo and western Helsinki with up to 17 peak
ground velocity (PGV) instruments installed in the terrain and some in
the basements of buildings. The highest recorded PGV value was 0.7
m/s. The OTN-3 stimulation produced three earthquake hypocenter
clusters located along the open hole section of the well from top to
bottom (Fig. 3). Induced seismicity was kept successfully below the limit
of magnitude M;2.1 set by the TLS system by real-time monitoring of
seismicity, controlling the injection rates accordingly, and keeping the
wellhead pressures <90 MPa (Kwiatek et al., 2019; Heikkinen et al.,
2021).

Stimulation of OTN-2 in 2020 was analogous to that of OTN-3 but
only one stimulation interval was applied, i.e. the complete open hole
section at MD 4.9 — 6.2 km. Before the actual stimulation, hydraulic
conductivity tests were carried out with injection durations of 0.5 -2 h
and flow rates of 100 - 600 1/min. In the stimulation of OTN-2, the total
volume of fluid (fresh water) injected was much smaller than in OTN-3,

Table 3
Stimulation stages and schedule of stimulation in OTN-3.

Stimulation Start Time Finland End date  Time Finland

stage date (UT+3 h) (UT+3 h)

1 6/4/ 9:27:20 6/15/ 21:33:46
2018 2018

2 6/16/ 20:50:56 6/24/ 0:02:45
2018 2018

3 6/24/ 8:33:12 7/1/ 7:46:24
2018 2018

4 7/1/ 9:55:24 7/12/ 17:43:24
2018 2018

5 7/12/ 17:43:24 7/23/ 19:42:07
2018 2018
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Table 4
Depths (MD) of ports and packers in stimulation of the OTN-3 well.
Stimulation Ports Depth Packers Upper Lower
stage (m) packer (m) packer (m)
1 Port 1 6339.25 Packer 6293.42 6400.00
1
2 Port 2 6247.90 Packer 6147.02 6293.42
2
3 Port 3 6087.02 Packer 6042.00 6147.02
3
4 Port 4 5901.47 Packer 5843.89 6042.00
4
5 D/Cfrac  5759.30 Packer 5646.75 5843.89
port 5

~7000 m>. Again, fresh water was pumped without chemical additives
and proppants. Applied flow rates were 200 — 400 l/min. Pressure
response to injection was measured at the wellhead, and the attained
peak pressures were 70 MPa, which was also the maximum allowed
pumping pressure (Fig. 4). The stimulation was divided into 11 stages
(time-wise) and each stage contained up to ten injection (pump) periods
lasting about one hour, followed by about 2 h long recovery periods.
Stimulation of OTN-3 well was finished on July 24th, 2018, and the
well was shut-in on August 10th. Thereafter the shut-in pressure and
pressure decline was recorded at the wellhead during Aug 10 - Oct 13,
2018, until the hole was re-opened for a VSP experiment and tempera-
ture logging in October 2018. Data were recorded partly digitally and
partly manually. The long-term recordings allowed estimation of the
hydraulic conductivity after several months of shut-in time in 2018.
After the VSP experiment, the well was shut again and pressure readings
were taken semi-regularly. The OTN-3 well was shortly opened for
pulling out a seismic borehole array in April 2021. Pressure data were
recorded in well OTN-3 during drilling and stimulation of well OTN-2 in
February — July 2020, and it provided evidence for a pressure connec-
tion between the wells (see Sections 7.2 and Section 7.3). In OTN-2,
there has been no pressure monitoring after the end of stimulation.

6. Derivation of hydraulic properties from the stimulation data

The pressure transients recorded during the stimulations of OTN-3
and OTN-2 differ from those reported for hydraulic stimulation of
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short (< 30 m) intervals (e.g., Zoback et al., 2003; Guljarani and Nolte,
2000). The pressure transients do not show a distinct break-down
pressure, indicating fracture initiation, nor is a plateau observed, typi-
cally attributed to fracture propagation. Instead, the pressure responses
are similar to hydraulic well testing experiments, exhibiting monoto-
nously increasing pressure with pseudo-linear sections at long times and
corresponding decay curves recorded during pressure relaxation after
end of injection (e.g., Bear, 1979; Fig. 5). We attribute this to the long
pressurized depth intervals of 100 m — 1300 m. The fractured rock
medium is heterogeneous, and natural fractures favorably oriented for
opening and widening exist for every pressure level and new fractures
are likely not formed. Nevertheless, the induced seismicity indicates that
mechanical slip does occur on fractures due to increased pore pressure.
Yet, from the hydraulic viewpoint, the fractured medium responds to
fluid injection as a continuum. The absence of pressure fluctuations due
to opening of individual fractures may be enhanced by the long distance
between the injection interval at 5 — 6 km depth and the pressure gage
position at wellhead, which further dampens the response due to the
large wellbore storage capacity and viscous losses along the borehole
wall. In the present data set, we cannot correlate single seismic events
and pressure changes.

In the OTN-3 and OTN-2 data, most of the useful information comes
from the late-time parts of the pressure responses. We determined the
hydraulic conductivity from plots of pressure (head) vs. log time relying
on the Theis model of well drawdown and recovery (see, e.g., Bear,
1979) that assumes a confined, homogeneous and isotropic reservoir. In
an injection record, the pressure vs. log time relation becomes linear at
times t>>r§VS /T, addressed as late times, for radial flow (Fig. 5), where T
denotes transmissivity (m2 s’l), S storage of the test section (-), and ry
the borehole radius (m). Then, transmissivity of a test section is calcu-
lated from the slope of the line (Bear, 1979; Airaksinen, 1978; Dome-
nico and Schwarz, 1998):

300 2300, 2.25T

2.
As = 4nT Alogt + AT log 7S (€8]
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magnitudes. Casing and stimulation stages 1 — 5 are shown. In panel a, the dashed line indicates the location of the cross section in Fig. 9.
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vs. time. Data by St1.
where b is the length of the test section. Hydraulic permeability k (m?) is
obtained from conductivity according to

K=tk
pg

3

where yu is the dynamic viscosity of water (Pa s), p the density of water
(kg/m>), and g the acceleration of gravity (9.81 m/s). Viscosity of water

is temperature dependent, and we applied the approximation for fresh
water (Smith and Chapman, 1983)

= 244.10*?10( 4

where 6 is temperature ( °C). The reported conductivities represent the
temperature 100 °C, which is the approximate formation temperature at
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Fig. 5. a) Example of a pressure head (solid line) and flow rate record (dashed line) during injection (7.4 h) and recovery (12.7 h) in OTN-3 stimulation stage 3,
pump period 1b. Sections highlighted in red correspond to data in panels c and d; b) plot of head change and log derivative during injection; c) pressure head vs. log
time during injection at 2.3 — 7.4 h after start of pumping; d) pressure head vs. non-dimensional time (Horner plot) during recovery at 6.0 — 12.7 h after end of
pumping (Horner time 2.25 - 1.57). In panel ¢ and d, the solid lines represent data and the dotted lines regression lines, the slopes of which are used in calculating
hydraulic conductivity. Transmissivity correlates with the inverse of the slope (see [11); the conductivities for injection (c) and recovery (d) are 1.11-10% m/s and

5.66-10~° m/s, respectively.

the depth of the stimulation intervals, i.e., at the vertical depth of 6.1
km. The corresponding permeabilities (m?) can be obtained by multi-
plying the conductivity by 2.86:10% m s.

The succession of injection and recovery periods necessitates
analyzing recovery using the Horner approach (Ehlig-Economides,
1988). Conductivity is estimated from the recovery phase by plotting the
pressure head vs. logarithm of non-dimensional time ty = (tp, At) /At,
where tp (s) is time used for pumping, and At (s) is time after end of
pumping. The plot is known as the Horner plot (e.g., Ehlig-Economides,
1988). The slope of the Horner plot at late times provides the trans-
missivity of the test section using ty in eq. (1).

Instead of using the approximate solution [1] valid at late times,
theoretical modeling with the Theis-well function can also be applied to
find transmissivity. Yet, early-time behavior might be affected by de-
viations of the actual pumping from the step function underlying the
theoretical solution. Furthermore, the early-time behavior does not
exhibit a diagnostic potential for the flow regime comparable to that of
the late-time behavior. It is actually standard practice, to base the
identification of the flow regime and the selection of time periods rep-
resenting linear behavior for conductivity estimation on studying the
logarithm of change of the derivative of head vs. log time of the
experimental data (log-log plots; Ehlig-Economides, 2000). Radial flow
requires a constant log-derivative, a condition that is reached for the
performed tests at about 0.5 h (Fig. 5b), indicating a hydraulic diffu-
sivity D =1~ 1076 — 107> m?/s.

7. Results

Injection tests in OTN-3 (Stimulation stage 1, MD 6293 — 6400 m)
implied that fractures opened at a wellhead pressure of 52 MPa, i.e., the
LOP is about 111 MPa at a true vertical depth of 6.1 km (Table 6). For
OTN-2, injection tests yielded an opening pressure of 88 MPa corre-
sponding to 34 MPa at wellhead, a result that is not easy to associate
with a depth. The long section of the open hole in OTN-2 covered a

vertical depth range of 4.83 — 5.77 km. If present, favorably oriented
fractures in the uppermost part of the open hole section would open first,
and the LOP of 88 MPa then corresponded to a true vertical depth of
about 4.8 km. However, the seismic hypocenters from OTN-2 stimula-
tion are located in the lower part of the hole at TVD 5.5 — 5.8 km (Fig. 3),
possibly indicating preferential fracture opening there. While the LOP
estimates are comparable to the extrapolated smallest stress component
(Sh, Table 2) of 92 MPa (corresponding to 38 MPa at wellhead) at 5.6 km
and of 100 MPa (corresponding to 46 MPa at wellhead) at 6.1 km, they
may indicate a stronger increase in stress gradient with depth at the
target depth than that gained from the stress measurements above 2 km.

7.1. Hydraulic properties from stimulation data

Hydraulic conductivities derived from the various test phases range
from 10" m/s to 1077 m/s (Figs. 6& 7, Table 5). Conductivities from
OTN-2 stimulation injection and recovery are about one order of
magnitude lower than those from corresponding tests in OTN-3 (Fig. 7).
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=
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Fig. 6. Conductivities estimated from stimulation of OTN-3, stimulation stage
1, at MD 6293 — 6400 m. Results are shown in chronological order of pumping
stages. Blue columns represent data estimated from injection and orange col-
umns data from recovery periods, respectively.
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Despite this quantitative difference, the changes in conductivity over the
course of the testing are qualitatively similar for the two wells (Fig. 7).
The conductivities estimated from injection are up to an order of
magnitude higher than values estimated from recovery data. A distinct
development in conductivity values over the course of the stimulations
is not obvious, i.e., stimulation did not produce a permanent improve-
ment in conductivity but hydraulic conductivity depends systematically
and reversibly on well pressure for both wells (Figs. 6— 7, Tables 5 — 6).
Stimulation injection tests correspond to higher mean well pressures
than recovery tests, but the two data sets exhibit overlap in covered
pressures at least for OTN-3. Conductivity increased with applied in-
jection flow rate and associated pressure increase, but when pressure
was relaxed, conductivity returned more or less to its original level
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(Fig. 6).

The observation of significantly pressure-dependent hydraulic con-
ductivity is not surprising in the light of the pressure range covered by
the hydraulic tests in comparison to the estimates for opening pressures
(Fig. 6). Above opening pressure, fracture aperture and thus conduc-
tivity may significantly increase with an increase in net pressure. The
observed pressure dependence might be the cause for the systematic
difference between conductivity estimates from injection and recovery,
observed even for the pressure range covered by both types of tests
(Fig. 6a). Using the conventional late-time solution [1] for media
exhibiting a transmissivity increasing with pressure tends to over-
estimate transmissivity (Wu and Pruess, 2000). For example, during
injection the pressure increases less for the pressure-dependent material
behavior than for one with a constant transmissivity (e.g., Ortiz et al.,
2011), and thus the late-time slopes are lower. The variation in pressure
during the linear part of the pressure transient is about twice as high for
injection tests as for recovery (Fig. 6), and therefore recovery behavior is
less affected by pressure-dependent transmissivity than injection
behavior whose analysis leads to relatively overestimated conductivity
values. One may well question the validity of applying [1] in an analysis
of a medium that exhibits pressure-dependent hydraulic properties. Yet,
we take the general consistency of constraints from injection and re-
covery in magnitude and in their variation with pressure as a-posteriori
support. Specialized analyses taking account of the full
hydro-mechanical coupling (e.g., Schmidt et al., 2021) will have to be
performed, but are beyond the realm of the holistic overview investi-
gation intended here.

7.2. Hydraulic connection between wells

A cross-hole pressure signal was recorded in OTN-3 during stimula-
tion of OTN-2 in 2020 that allows estimation of the average hydraulic
properties between the two wells (Fig. 8). The pressure in OTN-3 began
to rise about five days after the stimulation was started in OTN-2, and
the pressure reached its maximum in five weeks (Fig. 8a). Average hy-
draulic properties of the rock between the wells were estimated with the
Theis model (Bear, 1979) approximating the injection of water in OTN-2
with an 18 days long injection with constant flow rate of 85 1/min using
an inter-well distance of 400 m (Fig. 8b). The result represents the
average properties along the fastest route for pressure diffusion between
the two wells. The estimated hydraulic conductivity of 5-10 7% m/s is of
the same order of magnitude as the natural conductivities estimated
from leak-off tests and shut-in pressure data in OTN-3 (Fig. 7a, Tables 5
and 6). The lowest conductivities obtained from the well tests in OTN-2
are about an order of magnitude lower (~5.1071 m/s, Fig. 7b).

Table 5
Average hydraulic conductivities gained from injection tests, well tests and stimulation stages in OTN-3 and OTN-2.
Operation Injection Recovery
Depth MD Average conductivity’ (m/ N Average conductivity” (m/ N Average conductivity’ (m/ N Average conductivity’ (m/ N
(m) s) s) s) s)
OTN-3
Injection tests 6293 - 6400 6.63E-09 4 n.a. 3.26E-09 5 1.78E-09 2
Stimulation 1 6293 - 6400 3.73E-08 18 3.96E-08 15 2.61E-08 20 1.06E-08 1
Stimulation 2 6147 - 6293 2.35E-08 11 1.96E-08 9 8.19E-09 7 n.a.
Stimulation 3 6042 - 6147 1.79E-08 5 1.76E-08 4 3.94E-09 5 2.13E-09 2
Stimulation 4 5844 - 6042 1.68E-08 13 1.84E-08 11 6.32E-09 11 8.32E-10 1
Stimulation 5 5647 - 5844 2.33E-08 33 2.32E-08 31 7.54E-09 33 2.70E-09 6
OTN-2
Well tests 4921 - 6213 3.25E-10 6 4.13E-11 1 1.87E-10 6 9.62E-11 6
Injection tests 4921 - 6213 1.45E-09 4 1.29E-09 3 4.12E-10 4 6.37E-10 1
Stimulations 4921 - 6213 1.66E-09 11 1.86E-09 10  5.60E-10 12 2.10E-10 1

! All data values included.
2 Injection data with pump time >0.5 h.
8 Recovery data with Horner time <1.5.
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Fig. 8. a) OTN-3 shut-in pressures in 2020-2021. Readings before July 27,
2020 were digitally recorded, and thereafter the pressure readings were taken
manually. Vertical arrows indicate begin (May 1, 2020) and end dates (May 20,
2020) of OTN-2 well testing and stimulation. Horizontal arrows indicate the
period April 6 - 20, 2021, when OTN-3 was opened for pull out of seismic
downhole instruments, and the hole was bleeding off. b) Modeling results of
average hydraulic properties of rock mass between the wells derived from the
pressure signal data. The black curves represent measured data and the thick
orange curve the result calculated with the Theis model of an infinite
confined aquifer.

7.3. The achieved reservoir: earthquake clusters and seismically reflecting
zone

The spatio-temporal distribution of induced seismic events observed
during the OTN-2 and OTN-3 stimulations was analyzed by Kwiatek
et al. (2019) and Leonhardt et al. (2021) (Fig. 3). The stimulation yiel-
ded five different MEQ clusters, which show little spatial overlap
(Fig. 3). Vertically the clusters are distributed over a depth range of 4.8 -
6.3 km TVD (Fig. 3). Further information on the reservoir structure was
obtained from a VSP survey carried out in well OTN-3 in 2018 (Heik-
kinen et al., 2021). The VSP results revealed an ENE dipping (44°)
reflecting zone, a structure (Fig. 9), which coincides with the weak rock
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zone encountered in deepening of OTN-3.

Logging data in OTN-3 and OTN-2 (Figs. 9-11) reveal the hetero-
geneous structure of the reflective zone. Lithological variation between
granitic and metasedimentary/metavolcanic rocks (gneiss, amphibolite)
occurs with layer thicknesses ranging from meters to hundreds of me-
ters. Fractures are unevenly distributed, implying a reservoir which is
hydraulically heterogeneous and consists of complicated fracture net-
works. This interpretation was supported by the hypocenter distribution
of seismic events induced during the 2018 and 2020 stimulations, which
indicated clustering of events spreading most often from the stimulation
stages 1-3 in OTN-3 (Kwiatek et al., 2019). Taking into account the
accuracy and resolution of hypocenter locations, it is conceivable that
the main cluster of events may have spread from stimulation stage no. 2,
which shows a distinct resistivity minimum (Fig. 10).

According to formation micro imager (FMI) logs in the OTN-3 open
hole interval, fracture frequency is generally in the range of 0 - 4 m
with an average of 1.9 m™! and maxima reaching 8 m~. The sections
with high fracture frequencies are typically a few meters thick. Hy-
draulically conductive and partially conductive fractures as identified
from minima in the FMI resistivity images (Fig. 10) represent only about
6% of the fractures. In OTN-2, FMI logs are not available, but downhole
resistivity and sonic data suggest equally heterogeneous distribution of
fractures, although the well was deviated to run along the seismic
reflective structure (Figs. 10 and 11).

8. Discussion
8.1. Implications for hydraulic conductivity of crystalline rocks

Manning and Ingebritsen (1999) and Ingebritsen and Manning
(1999) presented a model for the vertical variation of hydraulic
permeability in the continental crust based on geothermal data and es-
timates of metamorphic fluid flow. In their model, permeability (k)
decreases by about four orders of magnitude in the uppermost 10 km
according to log k = —14 — 3.2 log 2z, where z is depth in km. At the
brittle-ductile (B/D) transition and below in the crust (10-30 km depth),
permeability converges towards a lower bound of about 5.0-10~*° m2. In
the present Fennoscandian shield with low heat flow and geothermal
gradient, the B/D transition is much deeper as indicated by the sys-
tematic cut-off depth of earthquakes at 28 + 4 km (Veikkolainen et al.,
2017). We note that the value predicted with the Ingebritsen and
Manning (1999) model for 6.1 km is 3.1-107Y7 m2 The values based on
injection tests and shut-in data of OTN-3 (9.8-10’18 ~1.9-1076 mz;
Fig. 7a), and the cross-hole pressure data (conductivity 5-1071° m/s,
permeability 1.4 0-107'7 m?; Fig. 8) are in a good agreement with the
model. On the other hand, the well test results in OTN-2 (Fig. 7b) are
lower and in the range of 5-107*° — 310! m?. The reason for this is not
clear, but it may be due to the pressure dependence of conductivity, a
pre-existing pressure field in the rock mass after the OTN-3 stimulation,
or the geological structure deviating from the assumed homogeneous
model assumed in Theis modeling. In general, we suggest that values of
10718 _ 107! m? are representative of the permeability at 5 — 6 km
depth. Further, the average permeability at 6 — 28 km is most probably

Table 6
Wellhead pressures, closure pressures, net pressures and rock stress data in the OTN-3 well.
Operation Wellhead Hydrostatic pressure at Closure pressure at Net Stress Sy at 6.1 Stress Sy at 6.1 Stress Sy, at 6.1 Azimuth of
pressure 6.1 km 6.1 km' pressure km?* km * km * Sy °
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) ©)
Stimulation 70.6 - 89.3 59.8 111.1 + 3.4 (1 std) 18.5-37.2 230 167 100 109 +£13
injection
Stimulation 61.8-89.3 59.8 111.1 + 3.4 (1 std) 9.7 - 39.0 230 167 100 109 +£13
recovery

! Closure pressures are from injection tets (Abbott, 2018).

2 Stress data are estimated by extrapolation of the results of OTN-1 measurements at the depth range of 700 - 1720 m.

3 Based on borehole break-outs in OTN-1 (Kukkonen, 2016).
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Fig. 9. a) P-wave velocity log compiled from sonic data in OTN-3a (from 3000 to 5250 m) and OTN-3c (beneath 5250 m). Depth is true vertical depth (TVD), b)
Enlarged part of the P-wave velocity log corresponding to the depth range of the right panel, ¢) boundaries of the reflecting zone partially overlap with MEQ hy-
pocenters of the 2018 and 2020 stimulations (from Leonhardt et al., 2021). Dashed lines show the boundaries of the low velocity zone, and the solid lines the heavily
fractured zone, respectively. The location of the projection of panel c is indicated in Fig. 3.

in the range of 107!° - 107® m?, thus bracketed between our measured
values and the ductile crust estimate by Manning and Ingebritsen
(1999). Such permeabilities imply low values of thermal Peclet number
in the Finnish shield conditions with low topographic variation and thus,
low driving forces of flow (Kukkonen, 1995). Therefore, low natural
flow rates and conductive heat transfer are expected to be dominant.

Bedrock temperature data, groundwater chemistry and characteris-
tics of microbial life forms in fracture networks provide indirect evi-
dence of hydraulic conductivity. Deep borehole thermal data,
groundwater and dissolved gas chemistry and isotopes typically suggest
very slow flow velocities and long residence times of fluids in the Finnish
part of the Fennoscandian Shield (Nurmi et al., 1988; Kukkonen et al.,
2011; Kietavainen et al., 2013, 2014, 2017) and imply low levels of
hydraulic conductivity. The hydraulic properties affect also the evolu-
tion and adaptation of the microbial life forms in fractured bedrock by
controlling the fluid pathways and availability of energy and nutrients
(Lin et al., 2006; Itavaara et al., 2011; Purkamo et al., 2016; Nuppu-
nen-Puputti et al., 2020). These studies extending to about 2.5 km depth
indicate stagnant waters with no significant exchange of fluids between
different neighboring fracture systems or with surface waters
(Kietavainen et al., 2014). Noble gas residence times are in the range of
10 - 50 Ma. The stagnancy is enhanced by the density stratification of
deep saline groundwater, which shows increasing salinity with depth. It
is common in Fennoscandia (Nurmi et al., 1988; Smalley et al., 1988)
and in other continental crystalline areas (Fritz and Frape, 1982; Bucher
and Stober, 2000; Kloppmann et al., 2002; Frape et al., 2003). Free
thermal convection is therefore unlikely in stable continental crust
(Kukkonen, 1995). The situation may be different in tectonically active
areas, orogenies and rift systems (Bataille et al., 2006; Ingebritsen and
Manning, 2010).

Thermal logging data in the Siljan super-deep wells, central Sweden
(Balling, 2013), exhibited spatially rapid local temperature gradient
variations of +20 mK/m at 1.5 - 3 km and 4.7 — 5 km on top of a stable
gradient of 15 mK/m. Such variations are uncommon for shield condi-
tions and most probably indicate flow in fractured rock. The Siljan
bedrock can be exceptional as it was affected by a meteorite impact at
362 Ma (Bottomly et al., 1978), which may have opened fractures, and

improved conductivity (Drake et al., 2019). On the other hand, the Kola
superdeep hole revealed a vertical variation in geothermal gradient and
heat flow in the uppermost 2 km (Arhavskaya et al., 1987; Popov et al.,
1999), which cannot be attributed to steady-state conductive heat
transfer. Thermal models of the Kola superdeep hole and the area
(Kukkonen and Clauser 1994; Mottaghy et al., 2005), suggest the ver-
tical variation in heat flow could be attributed to advective heat transfer
due to the considerable topographic variation of the area (~400 m).
Calibrated thermal models suggest hydraulic permeabilities in the range
from 107 ° m? in the upper 2 km to 102! m? at 15 km (Kukkonen and
Clauser, 1994; Mottaghy et al., 2005). However, paleoclimatic distur-
bances can also produce the observed vertical variation in heat flow in
Fennoscandia and the East European platform (Kukkonen et al., 1998;
Kukkonen and Joeleht, 2003), and the ground surface temperatures
during the Weichselian glaciation may have been much lower than
anticipated in previous modellings (Kukkonen et al., 1998; Glaznev
et al., 2004; Demezhko et al., 2020). At the moment, there are no
equilibrium temperature logs available of the OTN deep wells allowing
permeability estimation via thermal models.

8.2. Efficiency of stimulation in OTN-3 and OTN-2

Interestingly, the stimulations of the two wells were accompanied by
a transient enhancement of hydraulic conductivity; after shut-in, hy-
draulic conductivity returned to the initial values. The lack of significant
permanent changes suggests that stimulation-induced irreversible
deformation in the reservoir, as documented by the induced ~80,000
MEQs (Heikkinen et al., 2021), resulted only locally in self-propping of
fractures and faults accompanied by permanent improvement of con-
ductivity, if at all. The pre-existing fractures intersecting the boreholes
and establishing the hydraulic connection to the bulk reservoir appear to
have opened and closed almost elastically. Their ubiquity hindered the
formation of new fractures at the borehole walls. The formation’s
structural and hydraulic heterogeneity might have limited the efficiency
of the stimulations, as evidenced by the distribution of MEQ clusters
related to OTN-3 and OTN-2 stimulations. Several spatially poorly
overlapping clusters were generated instead of one that would connect
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Fig. 10. Selection of OTN-3c pre-stimulation logging data at 5.3-6.4 km MD depth. From left: Gamma, cutting sample depths (black dots), lithology (red, granitic;
blue, metasediments), stimulation stages 1 — 5, rock resistivity, Vp logs with 2 m and 20 m moving averages, fracturing from FMI log, average hydraulic conductivities
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Fig. 11. Selection of OTN-2 pre-stimula-
tion logging data. From left: Gamma, li-
thology, rate of penetration in drilling
(ROP), temperature, fracturing intervals
estimated from sonic and resistivity, rock
resistivity, fracture porosity estimated
from sonic, Vp (measured data and 20 m
moving average) and Vp/Vg ratio. The
complete open hole section 4.9 — 6.2 km
MD was stimulated as one interval. Frac-
turing estimated from resistivity and sonic
logs implies heterogeneous distribution of
fractures in the reservoir. Temperature log
shows an isothermal section at 5.5 - 6.0
km MD which is attributed to flow be-
tween the well and formation.



L.T. Kukkonen et al.

the two wells (Fig. 3).

Stimulation of well OTN-2 resulted in a seismic event distribution
spreading to the NE of the well (Fig. 3) in contrast to the MEQ clusters
stimulated in OTN-3 that was mostly centered around the well. This
disparity in cloud spreading may, in addition to natural directional
variations in hydraulic conductivity, be partly related to the pressure
field generated by the stimulation in OTN-3 two years earlier, which had
not attenuated by the time of the OTN-2 stimulation. According to Theis
modeling, there may have been an overpressure of about 2 — 4 MPa at
the location of OTN-2 (distance ca. 400 m from OTN-3). Although small
in comparison to stimulation pressures, it may have influenced the
build-up of pressures from OTN-2. As a result, the new pressure field was
not built symmetrically around OTN-2 but it was forced to NE.

Significant formation of break-outs and washouts occurred at the end
of drilling of OTN-3, when the heavy drilling mud was replaced with
fresh water. Logging data indicate the caliper of the well increased from
the nominal of 8.5” (216 mm) to values locally as high as 17” (432 mm).
The placing of the packers was therefore strongly constrained by the few
available sections where packers could be assumed to work properly. We
cannot be sure that the rock was intact at sections where packers were
installed, and leakage via bedrock is possible. Leakage from nominally
isolated intervals may have contributed to the spatial characteristics of
event clusters. This observation underlines how difficult stimulation
operations can be in crystalline rock under high stress.

The St1 stimulations were controlled with two parameters, a pre-set
wellhead pressure (70 — 90 MPa) and the TLS with an earthquake
magnitude limit (red M2.1) (Kwiatek et al., 2019; Ader et al., 2019),
which were not to be exceeded. With the available pumps, the flow rates
could be controlled only at steps of 0.2 m/min. Therefore, pumping was
carried out cyclically in OTN-2 with pump periods of about 1 hour fol-
lowed by recovery periods of 2 h to stay below the pressure limit. The
applied periodicity resulted in a gradual increase of the starting levels of
pressure from one pumping period to the next (Fig. 12). We interpret this
as an indication of gradual pressurization of the near-wellbore volume.
Fluid injected at later cycles encountered a high-pressure annulus,
which hampered the flow of the fluid further out from the well. An
alternative to counter this successive pressure increase could be stimu-
lation with a much lower flow rate, but longer injection times.

8.3. Outlook for EGS in crystalline rocks

Achieving the required high temperature is not a critical risk in an
EGS. Temperatures are rather accurately estimated for 5 — 6 km depths
with standard thermal models. Drilling to such depths is not an insur-
mountable technological challenge either, although difficult rock con-
ditions may increase drilling time and cost, but hydraulic conductivity
and achieving economically viable flow rates are much more
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Fig. 12. OTN-2 stimulation stage 10 flow rates (orange line) and pressures
(blue line) with 1 h pumping periods followed by 2 h recovery periods.
Maximum allowed wellhead pressure was 70 MPa. Pressure did not relax below
55 MPa after pumping, and the starting level of pressure increased about 3
MPa/cycle (red dashed line), leaving a gradually narrowing marginal for
pumping operations.
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challenging, as shown in many EGS projects (Olasolo et al., 2016; Lu,
2018). Natural conductivity is usually insufficient for EGS thermal
power production, and engineering of conductivity is necessary. Hy-
draulic conductivity should be high (~10~® - 1077 m/s) and homoge-
neous over a sufficiently large rock volume (~ 0.3 -1 km?) to allow
economic extraction of heat from the reservoir for decades. However, in
fractured crystalline rock, flow may be directed through
high-conductivity pathways resulting in thermal breakthrough and early
cooling of the production fluid (e.g., Parker, 1999).

Stimulation of a heterogeneous fractured medium produces flow into
structures of lowest resistance, i.e., existing fractures, and new fractures
are not necessarily formed. Pressure diffusion from a stimulation inter-
val attenuates rapidly with distance, and it is practically impossible to
create new fractures at distances of few hundred meters. However, only
small overpressures are required to activate critically stressed pre-
existing fractures (Ito and Zoback, 2000), which is evidenced by the
generated seismicity in the present study as well as elsewhere (Holl and
Barton, 2015; Hogarth and Holl, 2017). Stimulation influences espe-
cially the near-drillhole space. With long borehole distances, it becomes
difficult to predict the result of a stimulation. Typically, stimulation can
increase the productivity of a well by 1-2 orders of magnitude at best
(Smith and Shlyapobersky, 2000; Schill et al., 2017; Hofmann et al.,
2019, 2021).

Rock conductivity is proportional to the third power of fracture
width. Thus, increasing the fracture width is a major aim in stimulation.
Further, the fracture width is proportional to pump rate and fluid vis-
cosity (Smith and Shlyapobersky, 2000). There is a limit for increasing
the aperture by overpressure, as stimulation pressures (at wellhead) are
limited due to technical and economic reasons and their implications for
induced seismicity. A solution for this problem could be applying short
stimulation depth intervals allowing focusing of the pressure effect in
the formation. An alternative could be either slow injection of fluid over
longer injection periods or the so-called soft stimulation with short in-
jection periods but gradually increasing flow rates (Zang et al., 2013;
Huenges et al., 2018, 2013, 2019; Hofmann et al., 2021). Cyclically
varying pump rate is expected to produce fatigue in the rock resulting in
more gradual fracture propagation and a smaller damage volume. Ac-
cording to a field scale 2D discrete element modeling of conventional (i.
e., constant flow rate) and soft stimulation (Zang et al., 2013), the
induced seismicity event numbers and magnitudes decrease in soft
stimulation, and the final achieved permeability enhancement is about
12% better than in conventional stimulation. However, such results
have not been demonstrated in practice. In the present study, the flow
rates were also varied in a cyclic manner, but it is not possible to esti-
mate any benefit of the cyclic stimulation to permeability as no con-
ventional stimulation was carried out.

By manipulation of the viscosity of the stimulation fluid, it is possible
to decrease hydraulic impedance (Smith and Shlyapobersky, 2000).
Using supercritical CO; as the EGS working fluid instead of water would
allow higher flow and heat extraction rates due to lower viscosity of CO5
(Brown, 2000). Modeling suggests supercritical COy would provide
better heat extraction rates by a factor of about two, and the effect is
higher in low-temperature reservoirs (Pruess, 2006).

The concept of an Enhanced Geothermal System evolved from the
original HDR concept (Brown et al., 2000) based on generating an
artificially fractured confined reservoir in intact crystalline rock. Diffi-
culties in stimulating new fractures in naturally fractured media led to
concepts using existing fractures and permeable alteration zones
favorably oriented with the prevailing stress field (Ledesert et al., 2010;
Olasolo et al., 2016; Schill et al., 2017; Hogarth and Holl, 2017; Lu,
2018). More recently, crustal fault zones have been targets in EGS
exploration (Duwiquet et al., 2021; Schmittbuhl et al., 2021). These
targets imply that the stimulated reservoir will not be confined and the
system will largely, if not completely, depend on natural conductivity
and its enhancement, as well as becoming prone to uncontrolled induced
seismicity (Haring et al., 2008; Grigoli et al., 2018; Kim et al., 2018;
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Schmittbuhl et al., 2021). The concept of an EGS heat exchanger con-
sisting of two boreholes with injection and production intervals at a
distance of a few hundred meters is not site-independent and applicable
anywhere. Instead, it heavily depends on the local geological conditions
and requires extensive subsurface surveys and operations to achieve
economically viable and sustainable energy production.

Many problems of EGS are related to the great depths of wells
required to reach sufficient temperatures. In a shield setting, as in the
present St case, the boreholes had to be deep. The great depth brings
along the problems of high stresses, which makes the technical borehole
conditions difficult. Particular attention should be paid to the borehole
completion and its influence for successful stimulation. A major reser-
voir challenge is the elastic response of the fractured rock to stimulation,
which resets the achieved enhancement in conductivity. High stresses
complicate the use of proppants for keeping the fractures open (Borto-
lan Neto et al., 2015; Man and Wong, 2017; Chen et al., 2021). In the St1
project, it was estimated that typical ceramic proppants would be either
crushed or embedded into rock, which could worsen the hydraulic sit-
uation. However, to overcome the problem of elastic closure of fractures,
proppants seem to be the best option.

It is obvious that stimulation in a hydraulically heterogeneous frac-
tured medium is not predictable in detail, in particular if the stimulation
stages are long. Flow will undoubtedly become channeled through high-
conductivity fractures, resulting in less efficient overall stimulation.
Currently, the only means to overcome these problems would be
application of shorter stimulation intervals, and shorter borehole dis-
tances and developing proppant technologies applicable at high rock
stress. Redesign of the EGS borehole configuration geometry is required.
Leary et al. (2014) suggested drilling several parallel production wells at
short distances around a central lateral injection well. Stimulation of the
injection well produces a high permeability wellbore-centric annulus
that can act as a permeable volume. Such models can provide a roadmap
for site-independent engineering of EGS.

9. Conclusions

The St1 Deep Heat Project successfully drilled two deep wells to 6 km
depth level in crystalline rock. The hydraulic stimulation results pro-
vided direct observations of hydraulic conductivity at depths rarely
tested with in situ measurements. Hydraulic conductivity was observed
to be pressure-dependent, heterogeneous and affected by fracturing and
lithological variation. Only a small fraction of the natural fractures were
open and conductive, resulting in a hydraulically heterogeneous me-
dium. The average natural hydraulic conductivity derived from leak-off
tests and well tests (in OTN-3) before stimulation and from cross-hole
pressure data is of the order of 5:107!° - 5.107° m/s (permeability
1.4-10717 - 1.4-107'6 m?), which is in agreement with previous gener-
alizations of brittle crystalline crust permeability models for 6 km depth.
At levels deeper than 6 km, down to the brittle-ductile transition, hy-
draulic permeability is most probably in the range 107 - 1071 m?2,
Hydraulic stimulation increased conductivity to 1078 - 1077 m/s level,
but due to the elastic response of the fractured medium, conductivity
values gradually decreased back to levels close to natural after relaxa-
tion of pressure. Proppants were not be used due to high stresses.
Stimulation generated five micro-earthquake clusters at 4.8 — 6.3 km
TVD depth. Hydraulic connections between clusters were not effectively
attained due to heterogeneous conductivity.

Generally, the project demonstrated that rock temperatures suffi-
cient for district heating purposes can be attained at the depth of 6 km in
southern Finland. Further, the project carried out two stimulation
campaigns at depth with considerable volumes (7000 — 18,000 m®) of
injection fluid. Stimulation did not result in seismic events exceeding the
earthquake magnitude limit (My2.1) set by regulating authorities, an
encouraging signal for developing EGS methods and technologies for
sustainable thermal power production in other shield areas. The Stl
project generated extensive experience and data sets of the continental
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crust, deep drilling, hydrogeological properties and seismic response of
the crystalline rock to stimulation. Hydraulic conductivity was found to
be the most challenging issue for EGS development and the St1 EGS
project is not continued at present. Proceeding towards economically
and technically more viable and universally applicable EGS in fractured
high-stress crystalline rock environments calls for further development
of stimulation techniques and re-design of heat exchanger borehole
geometries.
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