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We apply a recently developed approach for inferring in situ fluid pressure changes from induced seismicity observations to
datasets from geothermal reservoirs at St. Gallen (Switzerland), Paralana (Australia), and Cooper Basin (Australia), respectively.
The approach, referred to as seismohydraulic pressure mapping (SHPM), is based on mapping the seismic moment of induced
earthquakes. Relative fluid pressure changes are inferred from the stress deficit of fracture patches slipping repeatedly. The
SHPM approach was developed for the specific scenario, where induced earthquakes occur on a single, larger-scale plane with
slip being driven by the regional stress field. We demonstrate that this scenario applies to the three datasets under investigation,
indicating that geothermal systems in crystalline rock could typically be fault-dominated. For all datasets, individual earthquake
source geometry could not be determined from source spectra due to the attenuation of the high signal frequencies. Instead,
SHPM was applied assuming a constant stress drop in a circular crack model. Absolute values of inferred pressure change scale
with the assumed stress drop while the spatiotemporal pattern of pressure changes remains similar even when varying stress
drop by one order of magnitude. We demonstrate how the associated mismapping of seismic moment tends to average out
when hypocentres are densely spaced. Our results indicate that SHPM could provide important information for calibrating
numerical reservoir models.

1. Introduction

Fluid injection into the subsurface, as performed in different
energy technologies, can be accompanied by induced seis-
micity. Already in the 1950s, fluid overpressure has been
identified as a dominating mechanism causing seismicity.

While the conceptual understanding of the underlying
physical processes has existed for decades [1], it turned out
to be difficult to describe the earthquake process quantita-
tively, mostly due to the lack of in situ stress and pressure
measurements.

For example, interpretations of the level of hydraulic
overpressure at which earthquakes are triggered by waste
water disposal in Oklahoma vary between <0.01MPa [2]
and 1MPa [3], depending on model assumptions. Here, fun-
damental characteristics of fluid pressure propagation in the
subsurface are not well understood, which may lead to non-

optimal seismic risk mitigation strategies like reducing the
disposed fluid volume at those wells located within a certain
distance to observed seismicity [4]. For geothermal reser-
voirs, understanding hydraulic processes in the subsurface
quantitatively is paramount since these are directly linked
to the systems’ economics.

In a recent study, Baisch [5] has proposed a new
approach for inferring in situ fluid pressure changes from
induced seismicity observations, which could be an impor-
tant step towards calibrating numerical models. The
approach, hereafter referred to as seismohydraulic pressure
mapping (SHPM), is based on relative stress and pressure
changes occurring between repeated slippage of the same
patch of a fracture. Baisch [5] demonstrates the performance
of the SHPM approach using induced seismicity data from an
EGS reservoir (Enhanced Geothermal System) in the Cooper
Basin, Australia. For this, he has made several assumptions
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which are closely linked to certain characteristics of the
induced seismicity in the Cooper Basin, namely, that all
earthquakes have occurred on the same, large-scale (planar)
fault and share a common source mechanism, and the slip
area of neighbouring events is overlapping. Although these
conditions may seem to be very specific, Baisch [5] speculates
that similar conditions may actually prevail at other
locations, thus allowing application of the same method.

Investigation of this hypothesis is the focus of the cur-
rent study, where we present three datasets meeting the
assumptions formulated above. With these datasets, we
seek to further study the performance and limitations of
the SHPM approach. We infer relative pressure changes
and discuss the plausibility of SHPM pressure changes
based on physical principles. We do, however, not use
SHPM observations for calibrating subsurface models.
Thereby, we limit our scope to demonstrating the general
applicability of the SHPM approach to these datasets.
The aspect of model calibration by comparison with ana-
lytical solutions (e.g., [6]) or numerical models will be
addressed in subsequent studies.

Our first dataset stems from a geothermal reservoir at
St. Gallen (Switzerland) where fluid injection activities
have caused a series of a few hundred earthquakes occur-
ring on a single fault zone as indicated by the distribution
of relative hypocentre locations [7]. Compared to the data-
set used by Baisch [5], the number of earthquakes in this
dataset is two orders of magnitude smaller and overlap of
the slip area of neighbouring earthquakes is less pro-
nounced. With this dataset, we aim to explore the perfor-
mance of SHPM for small datasets with only few fracture
patches slipping repeatedly.

Our second dataset stems from geothermal reservoir
stimulation at Paralana (Australia). Different to the situation
in the Cooper Basin, published hypocentre distributions
indicate that seismicity has occurred on a complex (volumet-
ric) fracture network. Through reprocessing of the data, it
could be demonstrated that the apparent fracture complexity
is a processing artefact making the dataset suitable for the
application of the SHPM methodology.

With our third dataset, we aim to investigate the per-
formance of SHPM in a scenario where initial stress con-
ditions are strongly heterogeneous. The dataset stems
from the same geothermal reservoir in the Cooper Basin
that has already been studied by Baisch [5]. Our analysis,
however, is based on data from a restimulation of the
Habanero#1 well in 2005, where the initial stimulation
has resulted in heterogeneous stress conditions prior to
restimulation.

2. Materials and Methods

2.1. Methodology. The SHPM methodology is described
in detail by Baisch [5] and can be summarized as fol-
lows [5].

For an arbitrary patch on a fault with coordinates r0ðx0,
y0, z0Þ, which is repeatedly activated in the course of contin-
uous pore pressure increase, it can be demonstrated that
relative changes of fluid pressure ΔPðr0, ti, t jÞ can be related

to relative changes of shear- and normal-stresses Δτðr0, ti,

t jÞ and Δσðr0, ti, t jÞ by

ΔP r0, ti, t j
� �

= P r0, t j
� �

− P r0, tið Þ

= Δσ r0, ti, t j
� �

−
1

μ
Δτ r0, ti, t j

� �

,
ð1Þ

with ti ði = 1, 2, 3,⋯, nÞ denoting the time of seismic activa-
tion and μ denoting the static coefficient of friction.

Let Σ denote the slip area of event i. The relative stress
changes in Equation (1) can be expressed by a contribu-
tion resulting from slip on Σ initialized at ti and a contri-
bution resulting from slip occurring outside Σ between
time ti and t j as well as from aseismic, poroelastic, and

thermoelastic contributions:

Δτ r, ti, t j
� �

= Δτ r ∈ Σ, ti, t j
� �

+Δτ r ⊈ Σ, ti, t j
� �

+Δτaseis+Δτporo+Δτthermo,

Δσ r, ti, t j
� �

= Δσ r ∈ Σ, ti, t j
� �

+Δσ r ⊈ Σ, ti, t j
� �

+Δσaseis+Δσporo+Δσthermo:

ð2Þ

Following the line of argumentation of Baisch [5], we
assume that aseismic, poroelastic, and thermoelastic con-
tributions are of secondary order in our data examples
and can be ignored, i.e.,

Δτaseis = Δτporo = Δτthermo = Δσaseis = Δσporo = Δσthermo = 0:

ð3Þ

Furthermore, we make the assumptions that fault
cohesion can be neglected and that changes of normal
stresses are of secondary order, in which case fluid pres-
sure changes are solely related to changes of the shear
stress (Equation (1)).

In the specific scenario where induced earthquakes occur
on patches of the same, large-scale fault and share a common
rake direction, stress interaction between different patches of
the fault (the stress contribution at location Σ resulting from
an earthquake located outside Σ) can be modelled analyti-
cally using the slider block concept and Okada’s [8] semiana-
lytical solutions for efficient calculation of relative stress
changes (compare Figure 1 of Baisch [5]).

2.2. Geothermal Project St. Gallen (Switzerland)

2.2.1. Project Overview. The St. Gallen deep geothermal
project is located in the Swiss Molasse Basin between Lake
Constance and the Alps. A 3D seismic survey provides a
detailed image of the geothermal target fault zone, a system
of major NNE-SSW striking normal faults constituting the
St. Gallen Fault Zone (SFZ) [9].

The first geothermal well (St. Gallen GT-1) was drilled in
2013 into fractured Mesozoic limestones to a total depth of
4,253 mBGL ([10], see also Figure 1(b)). Following a chemi-
cal stimulation in July 2013, a gas kick was detected that had
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to be controlled through injection of heavy mud leading to a
series of induced earthquakes with magnitudes up to ML =
3:5 [7]. Well cleaning activities in mid-September 2013
before production tests were accompanied by a new increase
in seismicity resulting in a project-wide, total amount of 347
locatable induced earthquakes [7].

Geothermal activities were monitored with a local seis-
mic station network consisting of 9 surface seismometers
(SGT01-05: broadband, SGT06-09: short-period), two accel-
erometers, and a single borehole geophone deployed at 205m

depth. After the ML 3.5 seismic event occurred in the morn-
ing of the 20th of July 2013, the monitoring network was
extended by 3 additional short-period seismometers
(SGT10-12; see Figure 2). In the following months until
May 2014, several stations were removed and some stations
were upgraded, relocated, and renamed (SGT13-17) [11].

Given the comparatively small volume of only 649m3

fluid injected during well control operations [10], the seis-
micity response was larger than could be expected by, e.g.,
the McGarr [12] model. It could be speculated that an
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Figure 1: (a) Time-encoded relative hypocentre locations in perspective view with best-fitting plane determined by linear regression.
Trajectory of St. Gallen GT-1 is indicated by a black line. Red shaded area denotes presumably falsely located event cluster (see Induced
Seismicity above). Coordinates are given with respect to the top of GT-1 (47.415200°N 9.328801°E). (b) The structural model of St. Gallen
displaying the well path of the geothermal well (black line), top Palaeozoic (violet) and faults (as interpreted from the 3D seismic survey
[9]) as well as hypocentres of the induced seismicity (from the Swiss Seismological Service (SED), red dots). View from northeast. (c)
Earthquake source-centred, stereographic projection (lower hemisphere) of P-wave polarity data for all 347 events. The beachball indicates
the compound fault plane solution and is approximately similar to the largest event (ML 3.5) determined by Diehl et al. [16] with
strike/dip/rake-values of 124°/72°/174°, respectively.
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additional fluid/gas volume from an (artesian) gas pocket
could have contributed to the mass balance. This hypothesis,
however, could not be tested so far due to the absence of res-
ervoir pressure readings. SHPM provides the opportunity to
further test this hypothesis.

2.2.2. Induced Seismicity. Relative hypocentre locations
determined by Diehl et al. [7] indicate that the induced seis-
micity aligns along a subvertical fault, steeply dipping
towards northwest [7].

It has to be noted that the small cluster of seismicity at the
lower edge of the seismicity (red shaded area in Figure 1(a))
is interpreted to be an artefact presumably caused by a vp/vs
anomaly and is most likely part of the main cluster [7].

Although event-specific fault plane solutions are not
well constrained, a compound fault plane solution deter-
mined following Baisch et al. [15] (Figure 1(c)) is reason-
ably consistent with the mechanism determined by Diehl
et al. [7] for the ML 3.5 seismic event and also with the gen-
eral strike of the faults mapped in this region. This single-
fault interpretation meets the requirements for applying
the SHPM methodology.

We attempted to determine source parameters by fitting S
-wave spectra with a ω2 model but found that corner frequen-
cies are strongly depending on the assumed attenuation model.

2.3. Geothermal Project Paralana (Australia)

2.3.1. Project Overview. The Paralana geothermal project,
located in the Poontana Basin in south-eastern Australia,
was launched in 2007. Two geothermal wells (Paralana-1b
and Paralana-2) were drilled to a depth of 1,760 mBSL and
3,960 mBSL, respectively [17]. Paralana-2 reached the Meso-
proterozoic basement consisting of undifferentiated felsic
porphyry [17] and intersected a naturally fractured system
with an overpressure of ~27MPa at a depth of approximately
3,640-3,820 mBSL [18]. After completion, the well was
perforated at a depth of 3,639 to 3,645 mBSL [17].

In January 2011, a “Diagnostic Fracture Injection Test”
was performed injecting a small amount of fluid (approx.
14m3) into the Paralana-2 well [17]. During the 4-hour test,
wellhead pressure increased to ~60MPa and approximately
300 induced earthquakes with a maximum magnitude of
ML 1.4 were detected [17, 18]. Seismicity was monitored with
a 12-station network consisting of surface seismometers and
geophones deployed in shallow boreholes and in Paralana-1b
at a depth of approximately 1,760 mBSL [17, 18]. For further
details of the seismic monitoring network, we refer to
Hasting et al. [18].

In July 2011, a massive hydraulic stimulation was
conducted through the well Paralana-2, injecting a total fluid
volume of 3,100m3 at a maximum flow rate of 27 l/s and
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wellhead pressure up to 62MPa (Figure 3). For the massive
stimulation, the seismic monitoring network was temporarily
extended by an additional set of five surface seismometers
and four accelerometers [18] (see Figure 4).

During hydraulic stimulation, approximately 11,000 seis-
mic events were automatically detected [18]. Quality control
of the processed data was limited to events with a magnitude
Mw > −0:5 resulting in 2,600 events occurring between 10th

of July and 23rd of August [18].
Hypocentre locations obtained by Hasting et al. [18]

exhibit pronounced spatial scattering. Noting that the
hypocentre distribution of Hasting et al. [18] was biased
by the false interpretation of a reflected phase, Albaric

et al. [17] obtained a more focussed image of the hypocen-
tre distribution (see Figure 9 in [17]), but the reprocessed
hypocentre distribution still indicates a complex fracture
network.

2.3.2. Data Processing. As part of the current study, we repro-
cessed the induced seismicity data of the massive hydraulic
stimulation of the Paralana geothermal project. Reprocessing
was restricted to those events considered by Hasting et al.
[18] in the time window of 10th of July 2011 to 17th of July
2011 when the surface stations of the seismic monitoring
network were in operation. For this time window, a total
number of 1,757 induced events could be relocated.
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Besides the issue of a reflected phase masking S-onsets at
up to five borehole stations, quality control revealed that
some instruments exhibit a time drift (Figure 5). To account
for the issue of instrument time drift, hypocentres were relo-
cated using differential travel times ts − tp, which are to first

order not sensitive to instrument time drift δtp ≈ δts:

ts − tp = t0 +
Δ

vs
+ δts

� �

− t0 +
Δ

vp
+ δtp

� �

≈
Δ

vs
−

Δ

vp
, ð4Þ

with t0 denoting origin time, Δ denoting the hypocentral dis-
tance, and vp, vs denoting seismic wave velocities. Rearran-

ging Equation (4) yields:

Δ≈
vp ∗ vs

vp − vs
∗ ts − tp
� �

: ð5Þ

The velocity term on the right-hand side of Equation (5)
was calibrated by assuming that the first twenty events occur-
ring during the main stimulation are located close to the flow
exit at the wellbore as typically observed in EGS stimulations
(e.g., [19]). The resulting station-dependent velocity terms
are almost constant for these events indicating that they are
indeed approximately colocated. Data from five borehole sta-
tions (B01, B02, B03, B05, and B08) had to be discarded as
only P-wave arrivals could be determined.

2.3.3. Induced Seismicity. Figure 6(a) shows the resulting
event distribution, where hypocentres predominantly align
along a subhorizontal plane-like structure at approximately
3,700 mBSL depth. Scattering of hypocentre locations around
the best-fitting plane approximately follows a normal distri-
bution with a standard deviation of 30m (Figure 6(a)), indi-
cating that the apparent vertical thickness of the hypocentre
distribution might be dominated by hypocentre location
errors and that earthquakes could actually have occurred
on a single plane.

Fault plane solutions were determined for the 40 stron-
gest events based on P-wave polarities and SH/P amplitude
ratios following the approach of Baisch et al. [20]. Further-
more, a compound fault plane solution was determined for

the same set of events following Baisch et al. [15]. The result-
ing fault plane solutions consistently indicate oblique thrust
faulting along the plane outlined by the hypocentre distribu-
tion (Figures 6(a) and 6(b)), conforming with focal mecha-
nisms determined by Albaric et al. [17].

This scenario of a planar structure where seismicity is
driven by a common mechanism fulfills the general require-
ments for applying the SHPM approach.

Our attempt to determine source parameters by fitting S-
wave spectra with a ω2 model resulted in the same conclusion
derived for the previous dataset, i.e., that corner frequency
cannot be reliably resolved from source spectra due to the
(unknown) impact of attenuation.

2.4. Cooper Basin Habanero#1 Restimulation (Australia)

2.4.1. Project Overview. Our third showcase stems from the
same geothermal reservoir in the Cooper Basin where the
SHPM method has already been applied [5].

Here, we study the 2005 restimulation of the geothermal
well Habanero#1 which targets the same subhorizontal fault
as the Habanero#4 well studied by Baisch [5]. Both Haba-
nero#1 stimulations were performed prior to the Habanero#4
stimulation. The same data processing was applied to all
Habanero datasets. For data processing of the initial Haba-
nero#1 stimulation in 2003, we refer to Baisch et al. [19] and
for the second stimulation in 2005 to Baisch et al. [15].

Figure 7 shows the hypocentre distribution associated
with the Habanero#1 restimulation. As noted in Baisch
et al. [15], seismicity did not start near the injection well
but at the outer rim of the previously stimulated region. This
is an expression of the so-called Kaiser effect [21], providing
direct evidence of strongly heterogeneous stress conditions
on the fault prior to restimulation.

Consistent with previous findings, source parameters
determined from S-wave spectra strongly depend on the
assumed attenuation model.

3. Results and Discussion

3.1. Inferred Pressure Changes, St. Gallen. Applying SHPM to
this dataset closely follows the procedure described by Baisch

Event number 974
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4 4.5 5

(s)

5.5 6

Figure 5: Seismogram example of anML = 2:3 induced earthquake (July 13th, 2011 03 : 23 : 27 UTC) recorded at stations B06 and B07 of the
Paralana seismic network. Differential times between P (red) and S (green) phase onsets are not consistent with the absolute timing of the P
onset indicating instrument time drift in the order of 0.4 s.

6 International Journal of Geophysics



[5]. In a first step, hypocentre locations were projected onto
the best-fitting plane determined by least squares. Subse-
quently, projected hypocentres were rotated into the hori-
zontal plane and aligned with the direction of the maximal
horizontal stress (SH) striking 160

° [22].
Similar to observations for the Cooper Basin dataset

reported by Baisch [5], corner frequencies and hence source
radii could not be reliably resolved from source spectra for
this dataset (see Materials and Methods). Therefore, map-
ping of the seismic moment as described in Baisch [5]
was performed assuming a constant, event-independent
stress drop.

Figure 8 shows the spatial distribution of the maximum
fluid pressure changes inferred from repeated slip for
assumed stress drop values of 0.1, 0.5, and 1.0MPa and a
coefficient of friction of μ = 0:8, respectively.

Since our analysis is based on relative hypocentre loca-
tions, the wellbore location relative to the seismicity distribu-
tion is not exactly resolved and therefore not shown in
Figure 8. We might speculate that the SHPM overpressure

maximum at -750/800 (Figure 8(c)) is located close to the
flow exit of the wellbore.

Interpretation of SHPM results shows that fluid pressure
changes can be inferred in a limited reservoir area only with
few sampling points in time. This directly results from the
low earthquake density compared, e.g., to Baisch et al. [5].
Another consequence of the low earthquake density is the
strong dependency of inferred fluid pressure changes on the
assumed stress drop value. Pressure changes are generally
smaller than 4MPa when assuming a stress drop of 0.1
MPa and increase to up to 20MPa if 1MPa stress drop is
assumed.

While the individual earthquake source geometry tends
to averaging out in case of high earthquake density (as is
the case in the Baisch et al. dataset [5]), it has a first-
order impact on inferred pressure changes in the current
dataset.

To discuss the plausibility of the SHPM results, inferred
pressure changes were compared to calculated reservoir pres-
sure at the wellbore (Figure 9). Downhole pressure in the
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open-hole section of the wellbore was calculated from pres-
sure measurements at the wellhead while accounting for the
weight of the fluid column using measured fluid density. This
approximation is not exact, e.g., due to temperature-density
and mixing effects in the wellbore and highly dynamical den-
sity values around 14th of September 2013, but we neverthe-
less consider the calculated downhole pressure as a first-
order approximation of actual reservoir pressure.

Figure 9 shows the temporal evolution of inferred pres-
sure changes at four different reservoir locations assuming a
stress drop of 0.5MPa (a) and the relative pressure changes
in the open-hole section of the wellbore (b).

Locations 1 (red) and 2 (violet) exhibit repeated slip
which occurred during the phase of gas kick and well control

operations in July 2013. Deduced pressure changes at these
two locations resulted in a systematic increase up to approx-
imately 10MPa.

Locations 3 (blue) and 4 (green) mainly show a pressure
increase for the time period where well cleaning activities
prior to the production test were performed. The pressure
increase determined by SHPM is in the range of up to
11.5MPa and consistent with basic physical principles,
i.e., that the pressure changes in the reservoir do not
exceed pressure changes applied at the wellbore.

We note, however, that the absolute level of inferred
pressure changes is depending on the assumed stress
drop, thus limiting quantitative interpretations. Although
the 0.5MPa stress drop assumption leads to a consistent
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picture of in situ pressure changes, we feel that we can-
not answer whether or not an artesian gas pocket with
higher overpressure has contributed to the induced seis-
micity sequence.

As mentioned before, it is also important to notice that
Diehl et al. [7] speculate that some of the deepest earthquakes
(red shaded area in Figure 1(a)) may actually be located
inside the main cluster of seismic activity. This would have
an implication for the inferred pressure changes, which

would be smaller in the deeper section of the fault and larger
at the main cluster of seismic activity.

3.2. Inferred Pressure Changes, Paralana. Following the same
procedure as outlined above for inferring SHPM pressure
changes, hypocentre locations were projected onto the best-
fitting plane determined by least squares. Subsequently, pro-
jected hypocentres were rotated into the horizontal plane and
aligned with the direction of the maximal horizontal stress

15 17 19 21 23 25 27 29 31 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 01 03 05 07 09 11 13 15 17

October 2013September 2013August 2013July 2013

30

25
Gas kick

End of well
control operations

End of well
cleaning activities

Start of production
test

20

C
al

c.
 �
P

R
es

(3
81

8m
T

V
D

) 
(M

P
a)

15

10

5

0

19 21 23 25 27 29

15 17 19 21 23 25 27 29 31 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29

30

25

20

C
am

u
la

ti
ve

 �
P

 (
M

P
a)

15

10

5

0

(a)

(b)

k

End of well
control operations

End of well
cleaning activities

Start of production
test

19 21 23 25 27 29 31 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29

(a)

Figure 9: (a) Temporal evolution of cumulative fluid pressure changes determined from repeated slips at the 4 locations in the reservoir
indicated by corresponding colours in the small figure inset. A constant stress drop of 0.5MPa is assumed. Contour line in the figure inset
denotes the main region of seismic activity. (b) Temporal evolution of the calculated pressure changes ΔPRes: in the wellbore at a depth of
3,818m (open-hole section) during well control operations in July 2013 and well cleaning activities in September/October 2013.

1,600

1,400

1,200

1,000

800

600

m

400

200

0

–1,500 –1,000 –500 0

m

MPa
20
18

16
14
12
10
8

6
4

2
0

(a)

1,600

1,400

1,200

1,000

800

600

m

400

200

0

–1,500 –1,000 –500 0
m

MPa
20
18

16
14
12
10
8

6
4

2
0

(b)

1,600

MPa
20
18

16
14
12
10
8

6
4

2
0

1,400

1,200

1,000

800

600

m

400

200

0

–1,500 –1,000 –500 0

m

(c)

Figure 8: Spatial distribution of the maximum cumulative fluid pressure changes inferred from repeated slip in top view of best-fitting plane.
Pressure changes are stated in megapascals according to the colour map, which is saturated at 20MPa. The 3D arrow indicates northern
(green), western (red), and depth (blue) direction after projection and rotation of hypocentre locations. A constant stress drop of (a) 0.1
MPa, (b) 0.5MPa, and (c) 1.0MPa was assumed for determining fluid pressure changes. Contour line denotes region of main seismic activity.

9International Journal of Geophysics



(SH) striking 97°N [17]. Given that corner frequencies and
hence source radii could not be determined for this dataset
(see Materials and Methods), mapping of the seismic
moment was performed assuming a constant, event-
independent stress drop.

Figure 10 shows the spatial distribution of the maximum
fluid overpressure inferred from repeated slip for assumed
stress drop values of 0.1, 0.5, and 1.0MPa, respectively. A
coefficient of friction of μ = 0:8 is assumed, which lies within
the range deduced for porphyric rock from laboratory exper-
iments [23].

Comparing inferred pressure for the different stress drop
values tested here, we note that the absolute level of pressure
changes scales with the assumed stress drop value, whereas
the relative spatiotemporal distribution remains, to first
order, similar.

Figure 11 shows the temporal evolution of inferred pres-
sure changes at 8 reference points for the 0.1MPa stress drop
model. Except for the red curve, we note similar characteristics
as observed by Baisch [5] in the sense that (i) maximum pres-
sure changes are obtained near the injection well and tend to
decrease with distance from thewell, (ii) themagnitude of pres-
sure changes is smaller, but in the same order of magnitude as
changes measured at the wellhead, and (iii) the delay of the
pressure signal increases with distance from the injection well,
as could be expected for hydraulic pressure diffusion. The
characteristic of the red curve, however, is slightly different.
Here, repeated slip started early, and the inferred curve of
pressure changes (red) intersects the blue curve. This can
be explained by assuming that the pressure level at which
seismicity started at the red location is ≥3.5MPa higher
compared to the respective level at the blue location. An
increased pressure level at the red location might be a result
from the prestimulation where seismicity has already
occurred near the injection well. Due to the Kaiser effect,
the pressure level at which subsequent seismicity is induced
at this location is higher.

Even when accounting for an overpressure level in the
order of 5MPa at which seismicity is initially induced,
inferred pressure changes are still smaller than the pressure
changes measured at the wellbore, consistent with basic
physical principles.

3.3. Inferred Pressure Changes, Habanero#1 Restimulation.
We followed the same procedure for inferring SHPM pres-
sure changes as outlined for the two other datasets. Hypocen-
tre locations were projected onto best-fitting plane followed
by rotation operations to align the projected hypocentres
with the direction of the maximum horizontal stress (SH)
striking approximately westnorthwest–eastsoutheast [24].

Figure 12 shows the spatial distribution of maximum
pressure changes assuming a constant stress drop of 0.1,
0.5, and 1.0MPa, respectively. Consistent with our previous
findings, the absolute level of inferred pressure changes scales
with the assumed stress drop, while the spatiotemporal pat-
tern of pressure changes remains similar.

Figure 13 shows the temporal evolution of inferred pres-
sure changes at 9 reference points for the 0.1MPa stress drop
model. In contrast to SHPM pressure changes inferred for
the Habanero#4 stimulation [5], the SHPM curves during
the Habanero#1 restimulation (Figure 13) systematically
intersect each other. This could be expected given that the
critical pressure P0ðrÞ at which the first slip occurred is
strongly heterogeneous due to the Kaiser effect resulting
from the initial stimulation.

Based on an analytical solution for fluid injection into an
infinite homogeneous fault [25], the maximum overpressure
prevailing at the end of the initial Habanero#1 stimulation
has been modelled (Figure 14(a)). In a simplified approxima-
tion, the resulting spatial distribution of maximum overpres-
sure has been taken as an estimate of the pressure level P0ðrÞ
at which further seismicity can occur.

Figure 14(b) shows absolute overpressure reconstructed
by adding the initial pressure P0ðrÞ to ΔPSHPM. In a simplified
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model of a fault with homogeneous hydraulic properties,
basic physical principles require that the overpressure curves
at different locations do not intersect. Besides some data scat-
tering, progression of the pressure curves in Figure 14(b) are
indeed almost in line with this condition showing no major
intersections anymore. Furthermore, the maximum recon-
structed overpressure in the reservoir remains approximately
3MPa below the maximum injection pressure, which is a
plausible scenario for a diffusion process. These observations
add confidence in the physical meaning of the ΔPSHPM values
and demonstrate that the SHPM approach can be applied
even if initial stress conditions are strongly heterogeneous.

3.4. Common Characteristics. For the three datasets investi-
gated here, source parameter could not be determined from
source spectra due to attenuation of high frequencies. Follow-
ing Baisch [5], we have assumed an earthquake-independent,
constant value for stress drop. This simplified assumption
results in a mismapping of seismic slip of individual earth-
quakes, which tends to average out with an increasing number
of overlapping slips.

In our datasets, the amplitude of inferred pressure
changes is sensitive to the assumed stress drop, while the spa-
tiotemporal distribution of pressure changes remains similar.
In practice, this bears the possibility of deducing an average
(constant) stress drop by matching SHPM pressure changes
near an injection well with measured pressure changes in
the well.

To further quantify the impact of the assumed stress drop
on the amplitude of inferred pressure changes, we have deter-
mined the maximum number of repeated slips in the datasets

investigated here. Figure 15 shows the percentage of maxi-
mum cumulative fluid pressure change for different stress
drop models as a function of the maximum number of
repeated slips.

The impact of the assumed stress drop tends to decrease
with increasing number of repeated slips, demonstrating that
the individual source geometry tends to average out with
increasing number of overlapping slips [5]. Nevertheless,
the impact of the assumed stress drop is still pronounced
even for the largest dataset of the Habanero#4 stimulation
indicating that a considerable large number of repeated slips
are necessary to get an efficient “averaging out”-effect.

4. Conclusions

A recently developed approach for inferring in situ pressure
changes from induced seismicity observations (SHPM) is
applied to data obtained from injection activities conducted
in three geothermal reservoirs. We find that all three reser-
voirs meet the general requirements for applying the SHPM
method in terms that the reservoirs are fault-dominated,
where most of the induced seismicity aligns along a single
plane with slip being driven by the regional stress field. For
the Paralana (Australia) geothermal reservoir, we find that
the previous reservoir interpretation of a complex fracture
network was biased by instrument issues.

Our findings support the hypothesis that geothermal sys-
tems in crystalline rock could typically be fault-dominated.

The stress drop of induced earthquakes, which is an input
parameter for SHPM, could not be determined for the cur-
rent datasets due to attenuation of the high signal frequen-
cies. Instead, a constant stress drop value is assumed. We
speculate that other datasets from geothermal reservoirs
exhibit similar limitations.

While the absolute value of inferred pressure changes
scales with the assumed stress drop value, the spatiotemporal
pattern of pressure changes remains similar even when vary-
ing stress drop by one order of magnitude. If event-specific
stress drop cannot be determined from seismogram data,
we suggest assuming a constant stress drop value which can
be adjusted by matching measured pressure changes in an
injection well. For large, densely spaced hypocentre distribu-
tions, the impact of the assumed stress drop on inferred pres-
sure changes decreases.

Data Availability

Time-continuous seismogram recordings of the seismolog-
ical stations near St. Gallen are available on the public
website of the Swiss Seismological Service (SED) (http://
arclink.ethz.ch). Station locations were provided by the
SED [13, 14] within the “Science for Clean Energy
(S4CE)”-project in the framework of the European
Union’s Horizon 2020 research and innovation program.
The induced earthquake catalogue (occurrence time, mag-
nitude, and relative hypocentre locations) and hydraulic
data were provided by S4CE-project partner St. Galler
Stadtwerke in the framework of the European Union’s
Horizon 2020 research and innovation program. All
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information is also available at IS EPOS [26], retrievable
via doi:10.25171/InstGeoph_PAS_ISEPOS-2018-007. Cooper
Basin and Paralana waveform data, seismic event cata-
logues, and hydraulic data are available to the scientific
community through the Department of State Development
(SDS) of South Australia (https://energymining.sa.gov.au/
geothermal/data_And_publications/Reservoir_Stimulation_
and_Microseismicity_Data).
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