
1.  Introduction
Hydraulic stimulation operations for enhanced geothermal systems (EGSs), petroleum applications, and 
wastewater disposal wells are potential sources of seismic hazards. In many places, the high-pressure and/
or massive volume of injections has led to an increase in the frequency and magnitude of earthquakes (Bao 
& Eaton, 2016; Ellsworth, 2013; Frohlich, 2012). Presently, predictions of seismic hazards from injections 
remain difficult, and determinations of the causality of earthquakes located at a large distance (>10 km) 
from injection locations are particularly arduous (Goebel et al., 2017; Keranen et al., 2014).

The possible underpinning mechanisms remain under debate. Injection-induced seismicity is frequently 
explained by the pore pressure increase within the rock mass connected with the injection well. This zone 
can be referred to as the “pressurized zone,” and it can be illuminated by active seismic measurements 
during high-pressure fluid injections (Calò et al., 2011; Doetsch, Gischig, Villiger, et al., 2018; Schopper 
et al., 2020), as the relative change in p-wave velocity is directly linked to pore pressure changes. These 
pore pressure changes can lead to fault ruptures, and if the energy at the fracture tip overcomes the tensile 
strength of the rock, new fractures can be created.

Within the pressurized zone, in the near-field of the injection site, the pore pressure distribution is domi-
nated by fluid flow along a pressure gradient, that is, pressure diffusion. However, the time scale for diffu-
sion-induced pore pressure changes is too slow to explain rapid far-field pressure changes and remotely in-
duced seismic events. One hypothesis explaining remote seismicity is that such activity might be associated 
with aseismic slip processes. Aseismic slip has been observed in-situ in response to fluid injection (Gugliel-
mi et al., 2015) and can potentially extend beyond the pressurized zone (Bhattacharya & Viesca, 2019). An 
alternative hypothesis involves poroelastic processes, which can be used to explain pressure changes caused 
by rock deformation and associated pore space variations reaching beyond the pressurized zone (Jacqey 
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et al., 2018). This hypothesis has been invoked to explain earthquakes induced more than 30 km away from 
the injection point (Goebel & Brodsky, 2018).

Water level variations in wells related to earthquakes also can be explained by poroelastic effects, and these 
events offer insights into hydromechanical coupled processes in the crust. The pressure response in wells 
can range from short oscillation periods in water levels (Cooper et al., 1965) to the recompilation of stream-
flows, which may subsequently lead to permanent changes in groundwater aquifers and wellhead responses 
(King et al., 1999; Montgomery & Manga, 2003).

In geothermal wells in south Iceland, co- and post-seismic well level changes were observed and correlat-
ed with ground motion observations from synthetic aperture radar interferograms (Jònsson et al., 2003). 
Jònsson et al. (2003) found that poroelastic rebound was dominant following the earthquakes with rapid 
recovery of the water level. The dependency of the pore pressure on the deviatoric stress component may 
explain far-field water level fluctuations observed during an earthquake near Parkfield, California (H. F. 
Wang, 1997). While poroelastic effects may also be expected for hydraulic stimulations, these effects have 
not been investigated in detail for subsurface fluid injection projects. Mechanical effects (i.e., poroelastic 
responses in the far-field) and hydraulic effects (i.e., pressure-diffusion-related responses in the near-field) 
act on different timescales. A similar outcome was presented by Chang and Yoon (2020) on a field-scale 
modeling study.

2.  Field Observations and Methods
2.1.  In-Situ Stimulation and Circulation (ISC) Project

Here, we present direct in-situ observations of these injection-induced poroelastic effects. In contrast to 
the aforementioned in-situ poroelastic observations related to deformation induced by large earthquakes, 
our study presents poroelastic deformation and pressure changes induced by fluid injection. Our study was 
part of the In-situ Stimulation and Circulation (ISC) project (Amann et al., 2018), which was carried out at 
the Grimsel Test Site (GTS), Switzerland, between 2015 and 2018. The experimental site was located 480 m 
below surface in the crystalline rock mass of the Aar Massive. The decameter-scale test volume consisted 
of granitic rocks and a series of brittle to ductile fault zones (Krietsch et al., 2018a). The primary porosity of 
the rock is low but is enhanced by the presence of macroscopic fractures (secondary porosity). The ISC rock 
mass was accessible through three tunnels from different sides at different elevations.

The observations presented here were collected during six hydraulic fracturing experiments (Dutler, Valley, 
et al., 2019). The injection protocol for each experiment consisted of several cycles including (1) breakdown 
of the formation, (2) two to three refracturing cycles, and (3) a pressure-controlled step-test. The pressure 
during the injection interval reached a maximum magnitude of 21.2 MPa during the breakdown cycle (in-
jected fluid volume <2 L). During the subsequent fracture propagation phase, the pressure at the injection 
point reached values between 5.5 and 9.0 MPa for flow rates up to 90 L/min. In total, volumes of approxi-
mately 1,000 L per test were injected.

Sixty-three packer-isolated intervals in boreholes around the injection locations (Figure 1A) allowed us to 
capture the 3D fracture fluid pressure response related to six stimulation experiments. The Euclidian dis-
tance r from the midpoint of the injection point to the midpoints of the pressure monitoring interval ranged 
from a few meters up to 100 m. Most of the pore pressure intervals in the far-field were above the injection 
location, with an elevation difference of 10–40 m. After each experiment, a depressurization phase was 
carried out by venting the packer intervals within the pressurized zone. Up to 12 h were required to recover 
the initial pore pressure levels.

2.2.  Methods

The presented analysis is based on the hydraulic fracturing (Dutler, Valley, et al., 2019) and hydraulic shear-
ing (Krietsch et  al.,  2020a) public datasets Dutler, Gischig, et  al.  (2019) and Krietsch, Gischig, Doetsch, 
et al. (2019). For this analysis we used pressure and strain observations. The ISC monitoring setup and the 
description were published (Doetsch, Gischig, Krietsch, et al., 2018).
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The geological model incl. borehole logs and visualization is available (Krietsch et al., 2018a) as a public 
data set (Krietsch et al., 2018b). The far-field pore pressure was sampled all 60 s during the HF experiments. 
The Data set S1 includes the location of the borehole and the borehole intervals. For this the geological 
model visualization was updated with the additional boreholes and intervals and can be inquired by the 
corresponding author.

The timeseries of pore pressure and strain were filtered with a lowpass second order Butterworth filter for 
picking. The timeseries were cut into the refrac cycles (RF1, RF2, and RF3 in Figure S1). The highlighted 
section in the picking plots indicates fluid injection. The shut-in time ts is defined as the time, when the 
fluid injection is stopped followed by an observation phase, which ends either with a new injection cycle or 
the depressurization of the system, opening the ISC injection and pore pressure observation intervals. The 
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Figure 1.  Time series of the pore pressure observations were classified by positive or negative responses. (A) The 
interval locations are indicated and labeled in the plane and profile view, and data show the positive (red), negative 
(blue), and mixed (gray) magnitude response in the open intervals including the approximate pressurized zone and 
access tunnels. Coordinates on panel (A) are referenced to the Swiss metric coordinate system (CH1903+). (B) Time 
series of the injection pressure (red solid) and volume (black solid), where PRP11 is the open interval pressure in the 
pressurized zone and the other four are open intervals indicative of the far-field response. The location of the intervals 
is indicated in (A).
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characteristic time tc is the difference between the picking time tpick and shut-in time ts. For the pore pressure 
and strain observations, the time was picked due to reaching a minimum, maximum or a notable change in 
magnitude during the observation phase (Figure S1). For the pore pressure timeseries we used in general 
the latter pick with bigger absolute magnitude, which is hydraulically driven. For the uniaxial strain time-
series, the earliest pick was used as it is an indication of mechanical driven strain. All results can be found 
in Data set S2 (pore pressure) and Data set S4 (strain).

For each HF experiment the absolute maximum magnitudes were picked from the pore pressure timeseries 
during the two refrac cycles RF1 and RF2. These two cycles correspond to the biggest fluid volume without 
depressurization and the highest flow rates. The corresponding injected volume was calculated for the time 
corresponding to the absolute maximum magnitude. Both results can be found in Data S3 and both are 
visualized (see Figures 2B, S4A, and S5B).

Outside of the pressurized zone, we assume that the change in pore pressure is linked with the mean 
stress change       11 22 331 / 3 Δ Δ Δm  and the Biot-Willis coefficient α. Volumetric strain is then 
calculated from the mean stress change and the known Young's modulus K for the rock mass. Then,

Δ ,mp�

  vol,m K�

where α is between 0.64 and 0.71 and K = 19 GPa (Selvadurai et al., 2019).

Detournay and Cheng (1988) provide a pore-pressure solution induced by the pressurization of an infinite 
vertical cylinder. The three fundamental modes to solve the problem are (i) the far-field isotropic stress, (ii) 
the in-situ pore pressure and (iii) the far-field stress deviator.

•	 �Mode 1

The Mode 1 corresponds to the classical Lamé solution and does not include a pore pressure term (Detour-
nay & Cheng, 1988).

•	 �Mode 2

The pore pressure field is solved for an uncoupled homogeneous diffusion equation taking the Laplace 
transform (with inversion parameter s). For the boundary conditions in the far-field the in-situ pore pres-
sure, p0, is reached and the stress component vanish. The pore pressure field is solved using the Laplace 
transformed solution (Equation 23, Detournay & Cheng, 1988):

   
 



 
 2

0

0 0
,

Ksp
p K

�

where K0 is the modified Bessel function of the second kind of order zero,   /r s D  and   /a s D . 
The parameters a and D are cylinder radius, and the diffusivity coefficient. The radius r indicates the dis-
tance between the cylinder radius and a given observation point.

•	 �Mode 3

For a deviatoric stress field, the pore pressure solution is also given in the Laplace transform domain. The 
solution reads:
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where Kn is the modified Bessel function of the second kind of order 
n. The parameters, S0, B, νu, ν are stress deviator, Skempton coefficient, 
undrained and drained Poisson's ratio. The cos2θ on the LHS indicate 
that the problem is not axisymmetric. The first term on the RHS depends 
only on the modified Bessel function of order 2 all the other parameters 
are constant. The second term on the RHS depends on r−2 and is the me-

chanical component, which drives the magnitude decay in the far-field. The assumption of the instantane-
ous drilling of a cylindrical wellbore generates the following approximation for the undrained pore pressure 
distribution given by Equation 50 (Detournay & Cheng, 1988):

   
2

0
0 2

4 1 cos 2 .
3

c
u

ap S B
r

�

In the following we describe the fitting process, to achieve the “poroelastic solution” presented in Fig-
ures 2B, S4A and S5B. Two fitting parameters are introduced with a corresponding cylinder radius, ac and 
a corresponding injection time, td. The parameters for the pore pressure solution can be found in Table 1.

The late time approximation p(r,θ) and p0 are equated, where the values pa and α for the envelope p(r,θ) are 
given. The two terms are equated and solved for ac to achieve the new corresponding cylinder radius. The 
mean stress p0 is estimated from the six injection experiments during the refracturing cycles and the devia-
toric component S0 is the difference of the minimum and maximum principal stress magnitude divided by 
2. The diffusivity coefficient is estimated from the pressurized near-field zone presented in Figure 2A. The 
other values are from the literature or calculated from the values given in Table 1.

The first fitting parameter gives a value ac equal to 2.80 m allow us to match the elastic approximation with 
the far-field observations decaying with a rate r−2. Nevertheless, the authors use a value of 2.60 m for the 
pore pressure solution obtained by the numerical Laplace inversion model, due to inaccuracies due to the 
transformation. The numerical results in the time domain are obtained using a numerical Laplace inversion 
model of Stehfest (1970).

Figures  S3A and S3B present the solutions for Mode 2 and Mode 3 for various times td, which corresponds 
to possible injection times. The pore pressure solution is then presented by the superposition of p(2)+p(3) in 
Figure S3C. The injection time in our case is around 1,200 s. Indeed, the solution for td equal to 1,200 s is able 
to build an envelope to the observations, which is a good match between the model and our observations.

The Skempton coefficient is given by H. Wang (2000):

 
  

 
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1 2 1
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3.  Spatial and Time Effect on Pore Pressure Response
Examples of pressure data are presented in Figure 1B. All of the pressure records were classified based on 
their pressure response during the experiments as being positive (pressure increase), negative (pressure 
decrease), or mixed (pressure increase and decrease from one experiment to the next). In addition, for each 
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Quantity Value Unit

p0 7,812 [kPa] (this study)

S0 4,000 [kPa] Dutler et al. (2020)

Ν 0.2 [] Dambly et al. (2019)

νu 0.33 [] H. Wang (2000)

Α 0.68 [] Selvadurai et al. (2019)

D 0.1 [m2/s] (this study)

B 0.719 [] (this study)

K 19 [GPa] Dambly et al. (2019)

G 10 [GPa] Dambly et al. (2019)

Table 1 
Parameters of the Poroelastic Model Used for the Poroelastic Solution
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monitoring point, the perturbation magnitude was extracted. The perturbation magnitude is defined as the 
extremum (negative or positive) pressure perturbation magnitude observed during each experiment. The 
characteristic time was estimated by the elapsed time between the maximum pressure in the injection in-
terval (which is normally the shut-in time) and pressure perturbation extremum in the observation intervals 
(Figure S1).

In total, we observed 28 positive, 28 negatives, and 7 mixed responses. Far-field monitoring intervals tended 
to always present the same response, while mixed responses were more common in the near-field. In the 
near-field (up to 30 m), the pressure response was dominantly positive (Figure 1A), although mixed and 
negative responses also were present.

Negative pore pressure responses due to the stress/strain redistribution were driven by the fluid injection 
into the fractured rock mass. Positive responses were primarily associated with a hydraulic connection to 
the injection point, and these also may have been related to fracture closure and volumetric compression. 
The near-field zone dominated by positive and mixed responses is referred to as the pressurized zone. An 
example of a mixed response is given by the PRP11 interval presented in Figure 1B, which showed a positive 
response (HF1–HF5, red) except during HF6 when a negative response was observed (blue in Figure 1B). 
These exceptions were induced by local heterogeneities in the structure and flow, and such data can be 
explained only when the small-scale heterogeneities and their configuration with respect to the injection 
point are considered (Dutler et al., 2021).

The pore pressure intervals in the far-field were consistently negative or positive for all experiments, that 
is, there were no mixed responses, except for during experiment HF5. This can be explained by the peculiar 
flow situation during this test because a short-cut was created to an open borehole during the first refrac-
turing cycle and the far-field pressure perturbation during this test was below our detection threshold. The 
spatial repartition of positive and negative responses was not random, and entire zones seemed to consist-
ently present a positive or negative response.

The analyses of the characteristic time showed a distinct pattern for the two zones (Figure 2A), that is, 
longer characteristic times in the near-field zone related to fluid pressure diffusion, and shorter charac-
teristic times in the far-field zone dominated by a mechanical response. We will refer to the fracture fluid 
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Figure 2.  Spatial time increase and spatial maximum absolute pressure magnitude were classified as positive (red) and negative (blue). (A) The log–log plot 
presents the characteristic time tc against the Euclidian distance r along with gray dashed lines that indicate the different diffusivity coefficients for the 1D 
diffusion equation. Two different patches were observed for the pressure observations, one corresponding to the pressurized near-field zone and the other to the 
poroelastic far-field response. The green dashed line indicates the maximum distance of observed seismic signals. (B) The maximum magnitude is presented, 
including the volume dependent size of the symbols against the Euclidian distance r for specific tests on a semi-log scale (see Figure S4A for the log–log scale). 
The poroelastic solution (black solid line), radial pressure diffusion (gray solid line), and far-field pore pressure solution are drawn (gray dashed line).
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pressure for the near-field zone with a dominant fluid diffusion component. In the far-field, we will refer 
to the pore pressure while assuming that the fractured medium can be described equivalently with the 
poroelasticity.

The pressurized near-field zone had diffusivity coefficients ranging from 0.01 to 1 m2/s, as estimated 
by assuming normal radial diffusion in 2D, and these data are indicated by the gray dashed lines in 
Figure 2A. The broad range of coefficients indicates that pressure propagation was not dominated by 
simple linear diffusion. Pressure propagation occurred in an interconnected fracture network with a 
hierarchical organization of flow from main channels initiating at the injection point and branching to 
subsidiary channels further away from the injection point. This geometry expanded during continuous 
stimulation operations (Dutler et al., 2020). Ultimately, this led to a very heterogeneous flow field with 
a large contrast of flow velocities as reflected by the broad range of equivalent diffusivity coefficients 
observed.

Based on our characteristic time analyses, this near-field zone extended up to about 30 m for our experi-
ments (Figure 2A). This size is comparable with the extent of the pressurized zone estimated by Schopper 
et al. (2020) based on seismic time-lapse tomography. The zone, where we observed seismic signals, was 
significantly smaller with an extent of 20 m as indicated by the dashed green line of Figure 2A (Dutler, 
Valley, et al., 2019; Villiger et al., 2020).

In addition, 60 uniaxial strain gauges captured the strain response in this zone, and the data were indicative 
of complex hydromechanical interactions (Figure S2). The strain signals exhibited very rapid responses that 
can be explained either by poroelastic effects or by focused flow channeling. Both processes were likely ac-
tive simultaneously as supported by the observations of some rapid pressure perturbations in the near-field 
that provided evidence for focused flow in deformed fractures (Figure S5).

Far-field data formed a distinct group with a faster characteristic response time leading to increased ap-
parent flow velocities. These velocities presented with equivalent diffusivity coefficients ranging from 1 
to 100 m2/s (Figure 2A). These values are unrealistically high for a diffusive process. The 1/60 Hz sam-
pling rate used to capture the far-field pore pressure responses posed limitations for estimating the max-
imal diffusivity coefficient. As already discussed, the far-field responses were both positive and negative. 
The near-instantaneous pore pressure response in the far-field zone was suggestive of strong mechanical 
coupling.

The analyses of the pressure perturbation magnitude (Figure 2B) confirmed the presence of the two differ-
ent processes. The pressure perturbation was largest at the injection point and in its vicinity. In the far-field, 
pressure perturbations were visible up to 100 m away from the injection location, although the maximum 
pore pressure change at that distance was only ∼3 kPa. So, the ratio between the size of the pressurized zone 
(radius of 20–30 m) and the farthest perturbation reach was at least on the order of 3–5. The maximum or 
minimum pore pressures were generally observed during the injection phases with the highest flow rates 
(Figure 1B).

The largest observed pressure perturbations in the near-field up to a distance of 30 m did not exceed the 
pressure predicted by a radial pressure diffusion model with a diffusivity of 0.1 m2/s, a test time of 600 s, 
and the actual imposed pressure at the injection point (Figure 2B). Beyond 30 m, however, such a model 
predicted a pressure perturbation magnitude that was at least an order of magnitude below the largest ob-
served perturbation. In addition, between 40 and 60 m, we mainly observed negative pressure responses, 
which cannot be explained by pressure diffusion.

4.  Importance of Static Deviatoric Stress Field Component
Detournay and Cheng (1988) presented a solution for the pore pressure induced by the pressurization of 
a vertical cylinder with two principal stress components parallel to the cylinder axis. The cylinder axis is 
of infinite length. The physical interpretation of this problem can be decomposed into the following three 
fundamental loading modes: (i) the far-field isotropic stress, (ii) the in-situ pore pressure, and (iii) the far-
field stress deviator. Each mode has to be solved, and the superposition of all three modes leads to the 
solution (Figure S3). The far-field approximation (iii) of the pore pressure is asymmetric and dependent 
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on a magnitude decay on the order of r−2. A simplified approximation is presented for the volumetric pore 
pressure changes p:

    
2

2, cos 2 ,a
ap r p
r

�

where a given uniform radial stress pa = 400 kPa and cylinder radius a = 10 m with the directional angle 
θ = 0 corresponds to the upper envelope for the far-field distance in Figure 2B. Mode (iii) has a far-field 
stress deviator leading to a positive and negative pore pressure response depending on the orientation, 
which is related to the directional angle. The zone between 30 and 50 m represents a transition zone be-
tween the pressurized zone dominated by pressure diffusion in the near-field and volumetric pore deforma-
tion in the far-field.

A similar approach was used for modeling pressure around fluid disposal wells in Oklahoma, where 
the fluid disposal wells were located approximately 40 km away from the earthquake epicenter (Goebel 
et al., 2017). However, the decoupling of elasticity and diffusion has its limitations because positive and neg-
ative pore pressure responses remain unexplained. To explain the observed spectrum of pressure responses, 
a solution with deviatoric stress boundary conditions is required. The poroelastic solution for a cylinder 
given by Detournay and Cheng (1988) inherently contains this effect and can explain changes of criticality 
on faults in the far-field of a stimulation. The applied poroelastic solution was fitted by independent values, 
that is, the corresponding cylinder radius and injection time. This allowed us to achieve a good match for 
the observations and the poroelastic solution presented in Figure 2B (and Figures S4A and S5B). Fluid flow 
during the experiments was limited to interconnected fractures. In the far-field zone, pressure changes were 
assumed to be independent of active fluid transport from the pressurized zone, which agreed well with the 
presented poroelastic solution.

The pore pressure solution is presented for the diffusion (ii) and deviatoric (iii) components separately 
(Figure 3). The diffusion component of the pore pressure solution dominated up to 42 m from the injec-
tion location. The radial pressurization was a strong simplification. Two fault zone sets S1 and S3 were 
striking through the targeted volume. The S3 structures were in the brittle-ductile fault zone (Figure 3C) 
containing two-fracture systems (Krietsch et al., 2018a). One was striking parallel to the S3 fault zone, 
and the other was abutting at high angles to the fault zone. The second set of ductile fault zones (S1, 
Figure 3D) was associated with a single fracture system striking parallel to the fault zones. It is more 
likely that the injections created an ellipsoidal shaped pressurized zone along the S3 faults due to the (1) 
stress field, (2) fracture connectivity (3), and fracture orientation. These interconnected, permeable frac-
tures would allow for the transportation of fluids over larger distances but are not necessarily the most 
critical structures for failures depending on the stress regime. The ellipsoidal shape causes compression 
normal to the S3/S1 fault zones and negative pore pressure responses at the ellipsoidal tip (Figures 3C 
and  3D). Compared to the deviatoric solution, which dominated the far-field response, the ellipsoid 
only explained the observed negative responses in front of the ellipsoidal tip occurring in front of the 
pressurized zone.

Pore pressure responses in the far-field were the largest in magnitude for the tests (HF1, HF2, and HF6) 
located next to the S1 structure (Figure 1A) and reached to only part of the magnitude for tests next to 
the S3 structure. The deviatoric pore pressure component (Figure 3B) was not radially symmetric due to 
the deviatoric stress field component (Figure 3E), which is given in the lower stereographic projection 
for the presented solution on a vertical cylinder. The six hydraulic fracturing experiments allowed us 
(Dutler et al., 2020; Krietsch, Gischig, Evans, et al., 2019) to specify the stress state toward the direc-
tion north of the S3 structure, which is presented in the lower stereographic projection (Figure  3E). 
The orientation of the minimum and maximum principal stress component was used (S1 and S3) for 
the rotation of the deviatoric component. This led to far-field pore deformation with a characteristic 
positive/negative response, which was dominant outside of the cylinder (Figure 3E). The observations 
are consistent with the presented solution outside of the cylinder. A few exceptions existed around the 
tunnels, and these were probably influenced by secondary effects like (1) the stress field and (2) the 
drained rock mass.
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5.  Conclusions
Our observations prove at a high spatial resolution experimentally, that fracture fluid pressure perturba-
tions around the injection point are not limited to the near-field, which is affected by diffusion processes. 
Importantly, our data show that pressure in the far-field is associated with pore volume changes. The ob-
servations indicate that an already small hydraulic power (flow rate times injection pressure) can cause a 
far-field poroelastic pressure response. The spatial distribution of negative and positive responses can pro-
vide important information about the dominant failure mechanism before any hazardous seismicity occurs. 
The spatially sparse information from the poroelastic response has the advantage that it can overcome the 
spatial resolution constraint of the seismic network. Thus, this can serve as a complementary method for 
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Figure 3.  Pore pressure response as interpreted by the diffusion and deviatoric component. (A) The pressurized radial-symmetric solution for a cylinder 
dominated up to 42 m with a magnitude of 20 kPa. (B) The deviatoric component started to dominate after 42 m (solid circle in C–E). Depending on the 
injection location (C) next to the structure S3 or (D) S1, the near field was more likely along the natural, pre-existing fractures, and it formed an ellipsoidal 
extension. (E) The pore pressure observations outside of the cylinder agreed often with the deviatoric component. Even in the cylinder, negative pore pressure 
was observed due to the deviatoric stress field and undrained dominant fault response, which acted in concert.
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seismic monitoring during hydraulic stimulations. With appropriate considerations, this technique could be 
used as a powerful and cost-effective monitoring tool.
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