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Definitions and acronyms

Acronyms

Definitions

bFN

background fracture network

DEVI

borehole deviation from vertical

DFN

discrete fracture network

EGS

enhanced geothermal system

FIT

formation integrity test

FMT

focal mechanism tomography

FPS

fault plane solutions

fzFN

fault zone related fracture network

GEL

Geothermal Engineering Ltd.

GTN

Geothermie Neubrandenburg GmbH

HDR

hot dry rock

JGR

Journal of Geophysical Research

KTB

Kontinentale Tiefbohrung (continental deep drilling)

LOT

leak-off test

MD

measured depth along well path

M0

seismic moment

ML

local magnitude

MW

moment magnitude

p

pore pressure/fluid pressure
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r

source radius

r

spatial coordinate vector

SED

Swiss Seismological Service

SFZ

St. Gallen fault zone

SHPM

seismo-hydraulic pressure mapping

SH

maximum horizontal stress

Td

dilation tendency

ti

time of seismic activation

Ts

slip tendency

TVD

true vertical depth

UDDGP

United Downs Deep Geothermal Power

WSM

world stress map project

xc

crosscourse; Cornish expression for NW-SE trending faults cross cutting
preexisting veins and loads



coefficient of friction

σ

normal stress

τ

shear stress

Δτ

Stress drop



patch on fault
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1 Introduction
1.1 General Context
In deep enhanced geothermal systems (EGS) fluid circulation mainly occurs along natural faults
and/or fracture networks. Experience in developing and circulating geothermal reservoirs in
crystalline rock e.g. at Rosemanowes, UK; Soultz-sous-Forêts, France; and Cooper Basin,
Australia suggests that natural fracture systems control fluid flow and that artificial fractures
play a minor role in this context (Willis-Richards, 1995; Dorbath et al., 2009; Baisch et al., 2010;
2015). Percolation through these networks is a function of fracture density, orientation,
connectivity, aperture, petrophysical conditions and in situ stress. However, evaluating the
production capacity of fractured basement reservoirs in terms of reservoir extent, flow
directions and flow rates remains a challenging task.
Within Task 5.4 – ‘Development of Models for Fluid Migration in the Sub-surface’ – of the S4CE
project, we compile structural and numerical models of the sub-surface for the United Downs
Deep Geothermal Power (UDDGP) project in Cornwall, UK based on available information on
the local geologic-tectonic settings. The knowledge about sub-surface conditions continuously
improves in the course of project development. To account for uncertainties of sub-surface
conditions, a framework is developed where a suite of alternative sub-surface models covers
the range of parameter uncertainties. Prognoses of the reservoir performance and induced
seismicity response will be made for the competing models. As new information becomes
available, the number of sub-surface models decreases and the range of forecasts narrows.
Ultimately, a single, calibrated fluid flow model will be developed within Task 7.4. The
framework developed here can help project developers to systematically de-risk their
geothermal projects.
Key parameters for characterizing a geothermal reservoir are the hydraulic reservoir properties
and the associated spatio-temporal hydraulic pressure distribution during operations (testing,
stimulation and production). Reservoir models typically rely on a limited number of pressure
measurements at wellbore locations, whereas hydraulic pressure away from wells is a modelled
parameter and inherently ambiguous (e.g. Horne, 1995). To improve our understanding of in
situ reservoir pressure, a new methodology is developed within Task 5.4. The so-called SeismoHydraulic Pressure Mapping (SHPM) uses induced earthquakes as ‘in situ pressure gauges’ and
reveals the spatio-temporal evolution of hydraulic reservoir pressure during geothermal
operations.
As project development at UDDGP is delayed, the SHPM methodology was developed and
tested with data sets from the Cooper Basin (Australia) and from the S4CE field site St. Gallen
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(Switzerland). The SHPM methodology and the fluid flow models described in this deliverable
can significantly contribute to the understanding of deep geothermal reservoirs and their safe
and sustainable management. Our overall workflow is schematically depicted in Figure 1.
The fluid flow models developed in Task 5.4 are part of the broader S4CE context, where
different approaches are followed for numerically simulating sub-surface flow, stress changes,
and induced seismicity.
As the research project continues and more data becomes available, the seismicity prognoses
based on the sub-surface model for UDDGP will be validated within WP7. Results from St.
Gallen-related works will also contribute to the St. Gallen sub-surface model developed in Task
5.5 by project partner geomecon (for details see Chapter 3).

Figure 1: Schematic workflow. Prior to calibration, competing fluid flow models result in a forecast range which will
narrow in the course of project development.
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1.2 Deliverable Objectives
This deliverable D5.2 – ‘Model for Fluid Migration in the Sub-surface’ – describes the approach
to set up models for fluid flow in the sub-surface, the workflow, and the rationale behind it. The
deliverable includes a framework for making prognoses of reservoir performance and induced
seismicity response based on the sub-surface information available at a certain stage of
geothermal project development.
Part of this deliverable is the development of a new method to infer hydraulic reservoir
pressure changes from induced seismicity observations (SHPM). The SHPM approach was
initially intended to be developed using data from UDDGP. However, as drilling at UDDGP was
delayed (drilling only started in November 2018 instead of early 2018 as planned), the
methodology of SHPM was first developed and tested with data sets from the Cooper Basin
(Australia) and from the S4CE field site St. Gallen (Switzerland).
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2 Methodological Approach
In this chapter we describe the methodological approaches used for developing our sub-surface
fluid flow models. In Chapter 2.1 we describe a new methodology for inferring in situ reservoir
pressure from induced seismicity observations (SHPM). The applicability of the methodology is
not restricted to a specific geothermal project. Methodological approaches used for developing
sub-surface models for the UDDGP site are described in Chapter 2.2.

2.1 Seismo-Hydraulic Pressure Mapping (SHPM)
Different approaches were proposed in the scientific literature to relate induced earthquake
occurrence to hydraulic reservoir properties. For example, Talwani and Acree (1985) and later
Shapiro et al. (1997) relate the spatio-temporal evolution of induced seismicity to hydraulic
diffusivity and reservoir permeability (Shapiro et al., 1999). Terakawa et al. (2012) and
Terakawa (2014) infer hydraulic pressure from focal mechanisms of induced earthquakes (focal
mechanism tomography, FMT). By calculating stress changes induced by precursory events,
Hainzl et al. (2012) estimate the pore pressure increase required to trigger swarm earthquakes
occurring in the Vogtland area, Czech Republic. All of these approaches, however, are strongly
depending on a priori assumptions regarding in situ stress conditions, namely on the level of
hydraulic overpressure required to cause seismicity.
To reduce the dependency on assumptions, we have developed a novel approach as part of this
deliverable which is based on fracture patches slipping repeatedly during fluid injection.
Densely spaced clusters of induced earthquakes are commonly observed during fluid injection
experiments (e.g. Moriya et al., 2002; Deichmann et al., 2014). Frequently, the inter-event
spacing is much smaller than the source dimensions, indicating repeated slip of the same
fracture patch. Based on waveform similarity, Baisch et al. (2008) identified a sequence of
repeated slip induced by high pressure fluid injection at the German deep drilling site
(Kontinentale Tiefbohrung, KTB). Conceptually, this can be explained by the model of Baisch
and Harjes (2003), where repeated activation of the same fracture patch is a consequence of
coseismic stress drop being small compared to the total shear stress acting on the fracture.
Once activated, the fracture remains close to stress criticality due to a small stress drop.
Sequences of repeated slip bear the information of stress-strength conditions being in exact
equilibrium at the time of seismic activation. Immediately after seismic activation, the amount
of additional stress required to reactivate the fracture (the stress deficit) can in principle be
deduced from seismogram observations, e.g. using the stress drop parameter in the Brune
(1970) model. Therefore, the amount of additional stress required to re-activate the fracture,
the stress deficit, becomes a known parameter. The SHPM method resolves to what extent
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pore pressure compensates the stress deficit while explicitly accounting for inter-earthquake
stress interferences. Details of the methodology are provided in Chapter 3.1.

2.2 Sub-surface Model United Downs
Prior to drilling the first well, sub-surface conditions at the UDDGP site are subject to
considerable uncertainty. In particular, the structural complexity of the target fault zone is
speculative. We consider two end-member scenarios where the target fault zone consists either
of a single fracture or alternatively of a complex fracture network characterized by the
statistical properties of a fracture distribution. Although experience from other EGS sites, e.g.
Soultz-sous-Forêts (Baisch et al., 2010), Cooper Basin (Baisch et al., 2006) and Basel (Häring et
al., 2008) may favour the single fracture concept, both end-member scenarios are considered in
our models.
A formalized framework is developed to outline how new information can discriminate
between competing sub-surface models and when this information becomes available
(compare Figure 1 and Figure 11). Major insights are expected when the first well reaches the
geothermal target. At this stage a much better understanding of the general structure of the
target fault is expected.

2.2.1 Geomechanical Model
Prior to having in situ fracture information for calibrating the numerical model (as part of WP7),
we follow two different modelling approaches to adequately cover the range of possible subsurface conditions. In the first approach we assume that the geothermal target is best
characterized by a single, large scale fault. In this model, flow is mainly restricted to a planar
fault structure. If drilling and logging data provide evidence for a single fault scenario, the
hydraulic fault properties can be calibrated by well-testing and observed SHPM pressure. At the
current stage (prior to drilling into the fault), we hypothetically assume hydraulic fault
parameters for the single fault scenario. Using these models, we make forecasts regarding the
hydraulic performance and induced seismicity response of the system.
Our second modelling approach covers the scenario where the geothermal target is best
characterized by a complex fracture network. Associated numerical models are based on
statistical distributions of fracture parameters (orientation, density, length, aperture) which can
be calibrated using logging data. These models are not suitable for making forecasts of the
induced seismicity response, which is inherently determined by the fracture geometries. In
particular, the largest expected earthquake magnitude is controlled by the maximum available
fracture surface area, which enters as input parameter in the numerical models. The largest
expected earthquake magnitude for the fracture network scenario is however expectedly much
smaller than the one forecasted in the single fault scenario.
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For assessing the hydraulic performance of a fracture network, the orientation of the fractures
in the current stress field is of primary importance. Fracture permeability can be qualitatively
approximated by calculation of slip (Ts) and dilation (Td) tendencies of fracture surfaces in a
given stress field (Figure 2).
For example, Ito and Zoback (2000) analyse fracture orientations at the KTB ultradeep borehole
and find indications that flowing fractures are generally oriented favourable for shear.

Figure 2: Slip and dilation tendencies.

2.2.2 Structural Reservoir Model
Structural reservoir modelling is performed using the software package MOVE developed and
distributed by Midland Valley Exploration Ltd / Petroleum Experts Ltd.
The structural reservoir model incorporates relevant horizons, faults, fracture networks and
well trajectories. Input data are derived from surface mapping, mapping in nearby mines,
observations in outcrops and the Rosemanowes Hot Dry Rock (HDR) project (fracture network
characteristics), and surface of top granite from gravity modelling (ETSU 1989, Taylor 2007).
UDDGP well logging data and induced seismicity data will subsequently be added depending on
availability in the course of the drilling project.
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Due to very limited information on discrete fracture geometries in the sub-surface prior to
drilling, a stochastic fracture modelling approach is performed using fracture characteristics
observed in outcrops spread over the Carnmenellis granite and the Rosemanowes HDR project.
Two general fracture networks are distinguished: a background fracture network (bFN) present
throughout the granite and a fault zone related fracture network (fzFN) resulting from intense
fracturing during fault activity, of which the latter is assumed to have significant increased
permeability. Both fracture networks are assumed to be inhomogeneous and anisotropic. For
defined grid cells (so-called “geocellular volumes”) a permeability tensor is then calculated
using the geometric methodology of Oda (1985) where individual fractures are weighted by
their fracture area and transmissivity.
The structural model represents the backbone of further numerical simulations (fluid flow,
thermo-hydraulic, SHPM) performed outside of MOVE.

2.2.3 Numerical Modelling Platform
In a first step to model the fluid flow in the sub-surface for the UDDGP, the finite element
software FEFLOW was used to set up a 3D hydraulic model. Major sub-surface objects such as
geological horizons and fault zones were transferred from the structural reservoir model
previously built in MOVE. Injection and production well paths were defined according to
prevailing trajectory planning. Estimates of reservoir properties (e.g. permeability, porosity,
temperature) were assembled mainly from the Rosemanowes HDR project data and pre-drilling
planning reports while the fracture network characteristics from the structural model were not
yet transferred to this hydraulic model.
One of the ultimate objectives of S4CE’s tasks associated with the Cornwall field site is to
calibrate the (thermo-)hydraulic model of UDDGP with the SHPM-derived spatio-temporal
pressure distribution. Both for Task 5.4 and Task 7.4 it was thus important to couple
geomechanical processes and the occurrence of induced seismicity with the sub-surface fluid
flow models. As the interface between seismo-hydraulic and thermo-hydraulic processes is,
however, not featured in FEFLOW, alternative software packages OpenGeoSys and COMSOL
Multiphysics® were tested, focusing on their ability to couple hydraulic and seismic processes. It
was then decided to use COMSOL Multiphysics® for the subsequent seismo-hydraulic and later
thermo-hydraulic simulations.

2.2.4 Modelled Fracture Complexity
For the scenario where the target fault mainly consists of a single fracture we closely follow the
numerical modelling approach developed previously for the Soultz-sous-Forêts EGS (Baisch et
al., 2010): Pressure diffusion is restricted to a single target fault and mechanical processes are
simulated with a slider-block approach. All deformations are assumed to be seismic. The
numerical model yields the hydraulic pressure diffusion during geothermal operations as well as
PU
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the induced seismicity (time, location, magnitude, slip area). After calibration (within Task 7.4),
the numerical model can be coupled to simulate the thermal performance during production.
For the alternative discrete fracture network (DFN) scenario, a sufficiently sized and wellconnected fracture network above percolation threshold is required to allow fluid flow on a
reservoir scale. A DFN can be a realistic description of fracture parameter (orientation, size,
aperture) and fracture network characteristics (fracture set orientation, density, spacing,
connectivity) and can be derived by direct observations at outcrops or from geophysical
imaging along wellbores. Modelling fluid flow in a DFN may be performed in two ways (e.g.
Zeeb, 2013): The first (deterministic) approach is a direct simulation of fluid flow on fractures of
a DFN assuming zero matrix permeability. The second (statistical) approach does not directly
simulate fluid flow on fractures. Instead, an equivalent permeability grid is used to represent a
DFN. This continuum approach requires calculation of equivalent grid-based permeability
tensors from a DFN.
In order to model fluid flow in the Porthtowan fault zone once data from drilling becomes
available, we will use a hybrid approach combining both approaches, where the DFN of the
Porthtowan fault zone is superimposed on the background fracture network, represented by a
continuum model, of the Carnmenellis granite. Properties of the continuum model are derived
from outcrop studies and observations made in the Rosemanowes HDR project, calculation of
the 3D permeability tensor, and subsequent upscaling. Figure 3 summarizes the DFN modelling
workflow.

Figure 3: Overview of the DFN modelling workflow.
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3 Summary of Activities and Research Findings
Explanatory notes:


Due to the delay of the start of drilling at United Downs, structural modelling for the
UDDGP could not be completed in time for deliverable D5.2. A wealth of important
structural data is expected from geophysical measurements in the wells. The structural
model will be updated accordingly prior to finally calibrating the model within Task 7.4.



Since no induced seismicity data from UDDGP has been obtained so far, the SHPM
methodology had to be developed using an alternative dataset from the Cooper Basin,
Australia, which was available in high-level processed form. The chosen data set is one
of the largest and best controlled existing induced earthquake data sets in the context
of EGS. The data set is particularly suited for testing novel approaches such as SHPM.



After the SHPM methodology was developed, we applied it to data from the S4CE
fieldsite St. Gallen. Besides testing the performance of the SHPM methodology, a main
objective was that the resulting ‘pressure observations’ can directly enter into the St.
Gallen numerical models developed within Task 5.5 by S4CE partner geomecon.



Operational plans for the UDDGP drillsite changed close to the completion of this
report. While the seismicity prognosis was initially carried out under the assumption
that the injection well would be finished and tested prior to drilling the production well,
the project developer decided in December 2018 to first drill the production well and
subsequently drill the injection well. Thus, we additionally compiled a prognosis for
hydraulic operations in the production well.

3.1 SHPM Development
The SHPM methodology is a new approach developed within Task 5.2. Chapter 3.1.1 describes
the theory and Chapter 3.1.2 its application to the Cooper Basin test data set. These chapters
are an excerpt from a more detailed manuscript submitted to Journal of Geophysical Research
(JGR).
In the course of developing SHPM it turned out that our initial strategy, as outlined in the S4CE
research proposal, is not feasible in case of pronounced reservoir seismicity. Initially, we
intended to base the methodology on repeating earthquake sequences, without accounting for
stress contributions from neighbouring earthquakes. Using our test data set we realized that
the stress-reload from neighbouring earthquakes has a larger impact than anticipated. If not
properly accounted for, it leads to overestimating fluid pressure changes. Therefore, we had to
modify our initial concept as detailed in the following chapter.
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3.1.1 Theory
Consider an arbitrary patch  on a fault which is repeatedly activated in the course of
continuous pore pressure increase. Let ti (i=1,2,3…,n) denote the time of seismic activation,
then the critical stress state prior to failure can be described by Coulomb friction as
Equation 1

i/(i-Pi)=

with i, i and Pi denoting shear, normal stress and fluid pressure at time ti. Cohesion is
neglected and the coefficient of friction is assumed to remain constant throughout the
(re)activation sequence. It should be noted that resolving Pi directly from Equation 1 is not
practicable since it primarily reflects a priori assumptions of stress conditions on .
Using Equation 1, the relative change of fluid pressure on  between the critical stress state at
times ti and tj can be expressed by the relative change of shear and normal stresses:
Equation 2

Pij = Pj-Pi = ijij

Equation 2 provides the basis for the SHPM methodology. In the context of human-induced
seismicity, stress changes on the right-hand side of Equation 2 result from induced
deformations, which in principle are observables.
The stress changes can be expressed by a contribution resulting from slip on  initialized at ti
and a contribution resulting from deformations occurring outside  between time ti and tj:
Equation 3

ij = i + ij⊈
ij = i + ij⊈.

The co-seismic stress changes on can in principle be determined from seismogram recordings.
Similarly, the seismic dislocation induced on fault patches outside can be determined from
observations and subsequently be related to stress changes on using numerical modelling.
In our test data example, induced earthquakes occur on the same, large-scale fault and share a
common rake direction. This scenario can be approximated by a slider-block model, where the
large-scale fault consists of many smaller fault patches which may slip independently but are
mechanically coupled to their neighbours (Burridge and Knopoff, 1967; Bak and Tang, 1989).
The stability of a fault patch is controlled by Equation 1. Slip occurs whenever the resolved
shear stress on a patch exceeds the frictional strength. The shear stress resolved on the patch is
thereby reduced by the amount of stress drop and shear stress on the neighbouring patches is
increased due to mechanical coupling. Assuming a homogeneous, elastic half space, the stress
transfer pattern is determined using Okada’s (1992) semi-analytical solutions. The resulting
pattern for shear stress (Figure 4) is very similar to the one determined by Wassing et al. (2014)
using a finite element numerical model.
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The total amount of stress contributions ij⊈ and ij⊈ results from summing up the stress
contributions of all earthquakes occurring during the time interval ti,tj outside Note that
ij⊈ and ij⊈ correspond to a stress re-load and generally have opposite signs to iand
i. The amount of normal stresses redistributed is considered to be of secondary order for
our test data example.

Figure 4: Sketch of stress redistribution for slip on the central patch. Amount of shear stress redistribution is
indicated in percentage of the stress drop on the central patch. The two circles indicate spatial distance scaled to
source radius r as referred to in Chapter 3.1.2.

3.1.2 Application
The first test data set for applying SHPM stems from the EGS project in the Cooper Basin,
Australia. Geothermal exploration in the Cooper Basin was performed between 2002 and 2013.
Six deep wells were drilled into the granite to a depth level of 3,629 – 4,852 m and several
large-volume hydraulic stimulations were conducted to enhance the hydraulic conductivity in
the sub-surface, thereby inducing about 75,000 earthquakes in the magnitude range ML-2.3 to
ML3.7. A detailed description of the stimulation experiments is presented by Baisch et al. (2006;
2009; 2015). These studies provide evidence that most of the induced seismicity is consistent
with a relatively simple model where seismic deformation occurs on a single plane and is driven
by the regional stress field. As outlined by the spatial distribution of induced seismicity, the
plane is oriented sub-horizontal, dipping 9° towards SW (Baisch et al., 2009). Fault plane
PU

Page 16 of 52

Version 5.0

Deliverable D5.2

solutions indicate shallow thrust faulting consistent with the approximate E-W orientation of SH
in the Cooper Basin as determined from borehole breakouts and drilling-induced tensile
fractures (Reynolds et al., 2005). For testing SHPM we use data from the most recent hydraulic
stimulation of the well Habanero#4 (Baisch et al., 2015).
Based on the circular crack model of Brune (1970), seismic moment was determined by fitting
S-wave spectra with a ω2 model. Corner frequencies, and hence source radii r and stress drop
, could not be determined reliably using the Brune model due to signal attenuation of the
high frequencies. Instead, a constant stress drop value was assumed in our analysis. Within a
sensitivity analysis we demonstrate that SHPM results are not strongly depending on the stress
drop assumption.

Figure 5: Cumulative shear slip induced by the stimulation of Habanero#4 (9 September 2012 to 4 December 2012)
looking from an angle of view perpendicular to the shearing plane. The horizontal coordinate system is aligned
with an assumed SH direction of 110° N. The arrow indicates North direction. Shear slip is displayed in millimeters
according to the grey map which is saturated at 250 mm. The peak value is 340 mm. The star denotes the location
of the well Habanero#4. The dashed contour line denotes the main region of seismic activity as outlined by the
hypocenter distribution.

PU

Page 17 of 52

Version 5.0

Deliverable D5.2

Figure 5 shows a map of the cumulative shear slip associated with the induced seismicity during
the hydraulic stimulation of the Habanero#4 well assuming that all seismicity occurred on the
same planar structure with the same slip direction. The cumulative slip induced during the
Habanero#4 stimulation exceeds several centimetres over a large region of the reservoir and
reaches a peak value of 34 cm close to the injection well. Given that the Brune model yields
sub-millimeter to about 7 mm slip for an earthquake in the magnitude range under
consideration, observed cumulative slip values provide evidence for the occurrence of
pronounced repeated slip.
For applying SHPM, hypocenters of all 20,736 seismic events were projected onto the bestfitting plane determined by linear regression. Subsequently, projected hypocenters were
rotated into the horizontal plane and the coordinate system was aligned with the S H direction.
A rectangular grid with 10 m spacing was introduced and the grid cells i associated with the
slip area
Equation 4

A=*((7*M0)/(16*))^(2/3)

of each individual event were identified with M0 denoting the scalar seismic moment. Given
that the individual stress drop could not be resolved, the same (arbitrary) stress drop value
of 0.47 MPa was initially assumed for all events. To account for the inherent error resulting
from approximating a circular slip area with rectangular grid cells, conservation of seismic
moment M0 was required and the event-specific stress drop values were adjusted such that the
seismic moment of the circular and rectangular slip geometries were the same. Resulting
variations of the stress drop are generally smaller than 0.0026 MPa.
Seismic events were sorted in chronological order and shear stress changes according to
Equation 3 were determined iteratively: For each event i, the stress drop i was subtracted
from all grid cells i associated with event i. Subsequently, the stress propagator shown in
Figure 4 was applied to simulate the shear stress transfer i⊈ to adjacent grid cells. For this,
the propagator pattern was scaled to the source radius r of the i'th event as indicated in Figure
4. Changes in normal stress were assumed to be of secondary order and were thus neglected.
Equation 2 was used to solve for inter-event fluid pressure changes Pij on those grid cells

slipping repeatedly in the course of events i and j. A constant coefficient of friction of = 0.8
was assumed. The resulting distribution of fluid pressure changes P (r, t) is non-equidistantly
sampled in space r and time t.
In a first step, the temporal evolution of fluid pressure on each individual grid cell was linearly
interpolated to a common time vector with 1 hour spacing. Figure 6 shows the resulting P (r,
t) at five different locations and the injection pressure measured at the wellhead of
Habanero#4. Two factors need to be kept in mind when comparing reservoir pressure with
wellhead pressure. Firstly, the injection well was overpressured by about 34 MPa prior to
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injection. And secondly, temperature-density effects associated with cooling the well increase
the downhole pressure compared to the pressure measured at the wellhead. The actual
downhole pressure at reservoir level may be up to several megapascals higher than indicated
by the wellhead pressure. Despite these limitations, the wellhead pressure is considered to be a
good indicator for downhole pressure within an uncertainty of a few megapascals.
At locations 1 and 2 near the injection well, repeated slip occurred already at an early stage of
the pre-stimulation on 14 November 2012. Inferred pressure changes at these locations are
predominantly positive, leading to a systematic increase up to the level of 20 - 25 MPa. On
average, the temporal evolution of the pressure at these locations appears to be consistent
with the evolution of the wellhead pressure. On a smaller scale, however, negative pressure
changes of smaller magnitude occur. These are interpreted to result from the idealized source
geometry and the constant stress drop assumption inevitably leading to errors in mapping the
slip distribution of individual events. As more neighbouring earthquakes with overlapping
source area occur, however, the impact of the individual source geometry tends to average out.
The pressure evolution at the more distant locations 3 and 4 exhibits similar characteristics. As
could be expected from a hydraulic diffusion process, the amplitude of the pressure signal
decreases and the delay increases with distance from the injection well. A remarkably different
signature is observed at location 5 near the Eastern rim of the zone of seismic activity. Here,
pressure changes are predominantly negative implying a large shear stress accumulation which
is not compensated by seismic slip. This region was previously associated with stress
concentrations, which were interpreted to reflect a structural limit of the fault zone (Baisch et
al., 2015).
Figure 7 shows the spatial distribution of pressure changes at four different times. No
information exists at grid cells where either no repeated slip has occurred at a given time, or
where the repeated slip sequence has already terminated. Associated grid cells are displayed in
white. It should be noted that the pressure changes are stated relative to the pressure level at
which the first slip occurs, which can vary over the grid. At an early stage of the injection,
pressure increase is concentrated within a few hundred meters of the injection well (Figure 7 A)
and propagates outwards with increasing injection time. The pressure pattern is not radial
symmetric but appears to be dominated by distinct pressure channels (Figure 7 B, C). It is not
finally clear why overpressures are not exactly centred at the injection point. As a possible
explanation, the observed offset of about 100 m between injection well and the region of
highest overpressure might be caused by a systematic bias of hypocenter locations resulting
from the assumed seismic wave velocity model (see Baisch et al., 2015 for details regarding the
hypocenter location procedure).
The grey map is saturated at 25 MPa approximately corresponding to the maximum injection
pressure at reservoir level determined from Figure 6 (ignoring the short pressure peak on 27
December 2012). At a few locations the pressure change inferred from repeated slip exceeds 25
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MPa with a maximum value of 35 MPa. These peak pressure values contradict basic physical
principles and will be discussed in more detail below.
Positive pressure changes are frequently accompanied by small-scale negative changes on
adjacent patches, which is attributed to the inaccuracy of stress mapping discussed above.
As discussed by Baisch et al. (2009), the impact of the assumed stress drop on the cumulative
slip distribution tends to average out if the slip area of neighbouring earthquakes is
overlapping. The inferred pore pressure evolution benefits from the same averaging effect. This
is demonstrated in Figure 8 showing the spatial distribution of the maximum fluid pressure
change at each grid cell for three different constant stress drop models of 0.1 MPa, 0.47 MPa
and 1.0 MPa, respectively. As noted above, any interpretation of the spatial pattern is
conditional upon the reference pressure being the same over the entire grid.
Although maximum pressure values deviate on a smaller scale, the same dominant pressure
channels are resolved in the two models based on 0.47 MPa and 1.0 MPa stress drop,
respectively. When assuming a stress drop of 0.1 MPa, the spatial distribution of pore pressure
is smoother and the pressure channels can be identified within a distance of approximately 500
m from the injection well only. On average, the absolute magnitude of overpressure is relatively
insensitive to the stress drop models tested here. On a local scale, however, the higher stress
drop models (i.e. 0.47 MPa and 1.0 MPa) exhibit larger spatial fluctuations of the inferred
pressure. In an extreme case, the inferred pressure varies between positive and negative values
on adjacent grid cells. This is interpreted to result from the decreasing number of repeated slips
associated with the higher stress drop models. In the 0.1 MPa stress drop model, the maximum
number of slip repetitions on a grid cell is 470. This value decreases to 193 and 128 repetitions
in the 0.47 MPa and 1.0 MPa stress drop models, respectively. Consequently, the averaging
effect decreases with increasing stress drop.
Despite some data scattering, the spatio-temporal evolution of fluid overpressure resolved by
SHPM is plausible in the sense that (i) maximum pore pressure is obtained near the injection
well and tends to decrease with distance from the well, (ii) the magnitude of pore pressure
increase is approximately consistent with the injection pressure, (iii) the temporal evolution of
pressure increase follows the signature of the injection pressure while the delay of the pressure
signal increases with distance from the injection well.
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Figure 6: (top:) Temporal evolution of fluid pressure determined from repeated slip at the five locations in the reservoir indicated in the small figure inset.
(bottom:) Temporal evolution of the wellhead pressure during stimulation of the Habanero#4 well. See text for details.
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Figure 7: Spatial distribution of fluid pressure inferred from repeated slip in map view. Overpressures are shown at four different times during the Habanero#4
stimulation and are stated in megapascals according to the grey map which is saturated at 25 MPa. The star denotes the location of the well Habanero#4. The
dashed contour line denote main region of seismic activity as outlined by the hypocenter distribution. Arrow indicates North direction. See text for details.
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Figure 8: Spatial distribution of maximum fluid pressure inferred from repeated slip in map view. The time at
which the maximum fluid pressure is reached varies over the reservoir. Pressure is stated in megapascals
according to the grey map. The star denotes the location of the well Habanero#4. The dashed contour line
denotes main region of seismic activity as outlined by the hypocenter distribution. Arrow indicates North
direction. A constant stress drop of (A) 0.1 MPa, (B) 0.47 MPa and (C) 1.0 MPa was assumed for determining
fluid pressure. See text for details.
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3.2 Fieldsite United Downs
The UDDGP Project located near Redruth in Cornwall, UK, serves as a model project where
methodological approaches developed within this deliverable will be applied and tested
with the knowledge of different project stages from greenfield (prior drilling) to operations.
The UDDGP is being led by Geothermal Engineering Ltd. (GEL) and partly funded by the
European Regional Development Fund, by the Cornwall Council and by private investors
(https://www.uniteddownsgeothermal.co.uk). Several European and national research
projects (e.g. H2020: S4CE, CHPM2030, MEET) or research institutions (e.g. University of
Plymouth, Camborne School of Mines, British Geological survey) are directly connected to
UDDGP focussing on different or partly overlapping aspects associated to it.
In contrast to the earlier Rosemanowes HDR project (Parker, 1999) approximately 7 km
south of United Downs, the UDDGP aims to drill two deviated wells through a deep seated
sub-vertical fault zone in the local Carnmenellis granite. Drilling at UDDGP started on 8
November 2018. The initial drilling plan aimed at drilling the injection well first, to a depth
of about 2.5 km, followed by drilling the production well to a depth of about 4.5 km. By
December 2018, however, it was decided that the first well will be the 4.5 km deep
production well and that the injection well will be drilled after completing the deep well.
The injection well aims to penetrate the fault zone at about 2.5 km depth, the production
well at approx. 4.5 km. Cold water being injected in the shallow well is expected to infiltrate
the fault zone by gravity, to heat up and to be produced through the deep well (Figure 9).

Figure 9: Conceptual design of UDDGP (courtesy of Geothermal Engineering Ltd.)
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Drilling through pre-existing, in relation to the local stress field favourably aligned fault
structures is thought to capitalise on expected natural permeability within the fault
structure. This should enable comparatively high flow rates to occur at comparatively low
injection pressure, improving the long-term economics of the project. While the risk is that
these pre-existing fault structures do not behave as expected, the rewards, however, are
substantial, in that this type of development may pave the way to economically viable,
baseload power generation from deep geothermal resources.

3.2.1 Datamining
Structural data to set up the structural reservoir model and to characterize fracture
networks are collected from geological mapping (BGS sheet 352, Falmouth), analogue
outcrop studies (Cotton, 2016), mapping in underground mines (LeBoutillier, 2002) in the
proximity of the project site, modelled gravity data (ETSU 1989, Taylor 2007), feasibility
study (Geoscience, 2009), and structural data provided by J. Gutmanis, operation geologist
of UDDGP (personal communication, May 2018).

3.2.2 Structural Model (prior drilling)
Structural data (horizons and faults) were inserted into a first structural reservoir model
(Figure 10) and discussed with representatives from Geoscience Ltd. (i.e. J. Gutmanis and L.
Cotton) in order to match the model with their ideas and experiences. Due to the large
uncertainties of inferred geometries at greater depths the model reflects hard observational
data near surface and conceptual ideas at greater depth. This inherent uncertainty of a
greenfield project will be reduced as sub-surface data gets available from drilling and
borehole geophysical exploration.
The envisaged reservoir is a potentially highly fractured zone between the so-called Great
Western xc (crosscourse) and Great Eastern xc, both being strands of the Porthtowan fault
zone striking NNW-SSE dipping subvertically towards ENE. Not all faults known at surface
are implemented in the model. Only those faults are implemented which are thought to be
present at greater depth and relevant for the structure of the reservoir or for drilling (Figure
10). Fault orientations are linearly extrapolated from surface to depth at this early stage of
modelling in order to keep the model as simple as possible.
Top granite is derived from surface mapping, mapping in mines and gravity modelling. In the
currently drilled well United Downs 1 top granite was encountered at 210 m below ground
surface.
Top Porthtowan formation is constructed from surface mapping and extrapolated down to
top granite. Two subvertical fracture sets are generally observed in outcrops and well data
from the Rosemanowes HDR project. The first is subparallel to the orientation of
crosscourses (roughly NW-SE striking faults), the second subparallel to veins and loads
(mineralized fractures striking roughly ENE-WSW) in the region.
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Figure 10: Structural model of UDDGP prior drilling. Planned drill paths are in blue (injector well) and red
(production well). The envisaged reservoir is an expectedly highly fractured zone between Great Western xc
and Great Eastern xc, both being strands of the Porthtowan fault zone.

3.2.3 Single Fault Implementation
3.2.3.1

Model Set-Up

The simplest approximation of the structural model developed in the previous chapter is a
single target fault (Porthtowan fault zone) embedded into an impermeable matrix. Despite
its simplicity, this type of model appears to be a realistic representation of other EGS
reservoirs (Chapter 2.2).
Following the numerical modelling approach of Baisch et al. (2010), the conceptual model of
the Porthtowan fault zone, represented by a single subvertical rectangular structure, was
implemented into a hydro-mechanical numerical model which was set up using the finite
element software COMSOL Multiphysics®. With this model, hydraulic pressure diffusion,
seismic failure and mechanical stress redistribution can be simulated.
The fault structure is intersected by an injection well at a depth of 2500 m and by a
production well at a depth of 4500 m. The fault is divided into quadratic patches of 20 m
side length that, assuming seismic behaviour, slip whenever the ratio of shear to effective
normal stress exceeds the frictional strength of the patch. Each patch may slip
independently, but since the patches are mechanically coupled to their neighbours via a socalled “block-spring model”, stress redistribution occurs (see Chapter 3.1.1, Figure 4). This
may cause the neighbouring patches to experience overcritical stress conditions, thus
triggering further co-seismic slips. With each slip event seismic energy is released, whereas
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the total amount of energy and, correspondingly, the seismic moment are proportional to
the size of the slipped area, i.e. to the sum of slipped patches. During slip, a local stress drop
occurs which restores the subcritical state of the patches.

3.2.3.2

Model Parameters

The parameters that need to be incorporated in the reservoir model show a broad range in
data availability and level of uncertainty. On that account, three different types of
parameters are distinguished (derived from sub-surface model, Chapter 2.2):
1.
Planned project design and operation parameters of the UDDGP
2.
Sub-surface parameters from the Rosemanowes HDR project as well as additional
literature data from nearby sub-surface exploration (e.g. mining)
3.
Unknown sub-surface parameters which are expected to become available during
the progress of the project
Type 1 parameters were used as provided by the operator:
Injection pressure (capped at 5 MPa)
Circulation rate (the minimum aim is 20 l/s; higher if possible within pressure cap)
Depth of injection test 2500 m
Note that the injection pressure is a modelled parameter, not an input parameter.
Complying with the proposed pressure cap, we aimed to reach a constant injection pressure
of approximately 5 MPa towards the end of the simulations, though we did allow slightly
higher pressures in earlier stages of injection.
Type 2 parameters can only be inferred from analogue exploration sites and literature data
at this point of time (see Chapter 3.2.1 and 3.2.2). One of the major unknowns is the stress
criticality of the system and the fault’s tendency to slip. Data for these parameters at the
UDDGP site may or may not become available during future project phases, i.e. after drilling.
Type 2 parameters include:
Orientation and magnitude of the stress field
Coefficient of friction
Actual depth of operation
Fault orientation
Using the stress field as in the geomechanical model (see Chapter 2.2), the system is
simulated to be close to stress criticality. The criticality however, is only as reliable as the
parameters it depends on, which mainly are stress field, depth of operation and fault
orientation.
During the historic times of the UDDGP, no considerable seismicity was observed (Pine,
2009). This implies two (mutually exclusive) possibilities concerning the criticality of the
investigated system:
-

PU
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The tectonic load rate is too small to produce regular earthquakes on a timescale of
a few hundred years or less.
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Type 3 parameters are subject to a large uncertainty at the start of the project. The
following parameters were identified:
-

Structural model: Several scenarios of fault zone architecture and associated fluid
flow models are possible, based on the available surface data so far. We consider
two extreme ends:



-

Stress drop: The stress drop has an impact on the rate of seismicity and on the
maximum magnitude. As the inference of a stress drop value during operations is not
guaranteed, we provide two simulations for each “end of the parameter range”:



-

A thin structure which is simulated for the case of single fracture flow (see
Chapter 2.2).
A large extent fracture zone (DFN). The general difficulty in modelling
seismicity responses for a fracture network is described in Chapter 2.2.1.

Very low stress drop (0.005 MPa) mimicking aseismic behaviour
High stress drop (3 MPa) as observed for the largest magnitude earthquake
induced in the Basel EGS project (Bethmann, 2011). A stress drop of 3 MPa is
believed to be at the upper end of the realistic parameter range.

Transmissibility: The transmissibility is a parameter that is expected to be derived
during project progress. Its knowledge allows for a more robust seismicity prognosis
as it has a considerable impact on the seismic response. Assuming an injection
pressure cap, flow rates change with the transmissibility of the fault. Covering the
economic range of operations (20 l/s at 5 MPa), three fault-conductivity-scenarios
were used as input for seismicity simulations. Assuming an increase of the
permeability by factor 10 through stimulation operations, transmissibilites of an
unstimulatied reservoir were chosen as follows:

 Low flow: 0.01 Dm
 Medium flow: 0.1 Dm
 High flow: 1 Dm
The simulations were carried out in 2D, assuming no leak-off into the matrix. A 3D
simulation of the medium-flow case which takes leak off into account was carried
out for the critical first 10 days of injection. The results confirm that the resulting
seismicity evolution is similar to the 2D simulation regarding maximum earthquake
magnitude, although the seismicity response in the leak-off model streches over a
longer period of time. Due to reduced computational time, subsequent analysis was
carried out using 2D simulations.
Table 1 exhibits a list of parameter values used for the simulations. Low and medium
transmissibility models are simulated for the case of the 5 MPa pressure cap.
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Table 1: Summary of the modelled reservoir scenarios and their corresponding parameter values
Low flow
Stress drop

MPa

Coefficient of friction

-

0.8

Fault thickness

m

5

Porosity

-

0.02

Transmissibility

Dm

Storativity

m/Pa

Circulation rate

l/s

Max. horizontal
stress azimuth

deg

130

Strike of fault

deg

157

Dip of fault

deg

85

Depth of injection

m

2400

3.2.3.3

0.005

Medium flow

0.01

3

0.01

0.005

0.1

High flow

3

0.005

3

0.1

1

1

3

50

30

4.46E-11
0.5

0.5

5

Prognosis of induced seismicity

As mentioned in previous chapters, the start of drilling at UDDGP was delayed until
November 2018. At the time of submitting this report, the first well, which was initially
planned to be the shallow injection well but is now intended to be the deep production well,
had not reached its target depth of 4.5 km yet. Consequently, the sub-surface and planned
operation parameters of the site are subject to considerable uncertainties at this point.
Knowledge of sub-surface conditions, will gradually improve during project progress. We
have developed a formal framework to show how additional information impacts modelling
results, specifically the modelled induced seismicity response to fluid injections (Figure 11).
The documentation of this framework was published on the S4CE SharePoint platform,
which shall serve as a repository. This course of action enables us to document the iterative
progression of our model as testing and calibration will be conducted by the time new
information on sub-surface and operation parameters becomes available.
A decision-tree-type prognosis flow (Figure 11) was developed which addresses parameter
uncertainties during all phases of the project. By performing a sensitivity analysis,
parameters with a high impact on the seismicity prognosis (i.e. stress drop, transmissibility)
were identified. Based on current project planning, the phases during which we expect to
obtain information on those relevant parameters were determined. The left part of the
flowchart is structured into the different proposed project phases, equivalent to the
different stages of knowledge concerning sub-surface and operation parameters. Seismicity
is separated from the otherwise chronological order, as it can potentially occur during any
project phase. In the right part of the chart, the most significant parameters that were
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identified during the sensitivity analysis are listed as decision points, corresponding to the
project phases from which we expect to obtain said parameters. The range of seismicity
scenarios which we expect at the UDDGP is shown at the end of the decision tree. Utilizing
the flowchart, the range of possible scenarios narrows down while information is obtained
as the project progresses.

Figure 11: Diagram of the developed seismicity prognosis flow. Different stages of information gain are listed
on the left-hand side. Boxes on the right-hand side show implications of new information on the seismicity
prognosis.

Two extreme seismicity scenarios (very low and very high) were simulated, resulting in a
maximum moment magnitude Mw and a cumulative seismic moment M0 (see Figure 11 and
Figure 12):
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In case the fault slip exhibits aseismic components, seismicity might still occur but
stays below the detection threshold.



In case of a high stress drop and strong seismic behaviour, a maximum magnitude of
MW = 2.5 and a cumulative seismic moment of 5e14 Nm is reached for all three flow
cases. The only variation of the modelled seismicity can be observed in the seismicity
rate. The resulting time window in which seismicity occurs scales with injection
rates, accounting for the pressure cap of 5 MPa. With a different pressure cap and
hence different flow rates, we expect the seismicity to show stronger variations with
regard to maximum magnitudes and cumulative seismic moments. Figure 12 shows
the modelled seismicity response for a tight fault (low-flow case), a medium
(medium-flow case) and a conductive fault (high-flow case).

Figure 12: Graph of seismicity simulation output for low-flow (0.3 l/s), medium-flow (3 l/s) and high-flow (30
l/s) cases, showing the pressure development and the occurrence of seismic events (time and moment
magnitude Mw) during the first ten days after start of injection, as this is the most interesting phase of injection
in light of seismic hazard. In all cases, a high stress drop (3 MPa) was applied.
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In order to account for a range of injection-depth scenarios and to cover a possible injection
into the planned production well at 4500 m depth, additional simulations were carried out,
yielding maximum magnitudes of Mw=2.6 and cumulative seismic moments of 10e14 for all
three flow scenarios with a high stress drop of 3 MPa.
It should be noted that our prognosis targets the expected seismic response given our
current knowledge of sub-surface and operational parameters. By this, our prognosis of a
maximum earthquake magnitude is not suited as an upper magnitude limit in the seismic
hazard assessment for UDDGP. Such a magnitude limit can only be derived by considering
extreme scenarios, which is explicitly not provided within the scope of this work.

3.2.4 Discrete Fracture Implementation
Compared to a single fault, the opposite end-member scenario is a complex fracture
network. Although observations from other EGS sites may favour the expectation of a
‘single fault scenario’, the possibility that the target zone at United Downs is characterized
by a complex (flowing) fracture system cannot be ruled out prior to drilling and testing.
To cover the range of possibilities, we have implemented the structural model of Chapter
2.2.2 in a DFN. Table 2 and Table 3 show details of sub-surface DFN characteristics assumed
prior to drilling and based on literature data. As described in Chapter 2.2.4, two distinct
fracture networks are considered: a background fracture network (bFN) derived from
observations at the Rosemanowes HDR project and a fault zone fracture network (fzFN)
derived and simplified from observations in outcrops.
The bFN adapted from the Rosemanowes HDR project (Table 2) is implemented into the
structural model. Due to delay in receiving fracture data of the United Downs reservoir from
the first well, only the preliminary fzFN described in Table 3 is used to describe the
Porthtowan fault zone. As soon as fracture data from the reservoir become available the
structural model will be updated (within WP7). Subsequently the permeability tensor on
defined grid cells (geocellular volumes) will be calculated and used for fluid flow simulation.
Stochastic fracture network modelling (as described in Chapter 2.2.4) for the bFN is
performed using the software FracSim3D (Xu and Dowd, 2010). Figure 13 displays an
example of 3D DFN modelling for the UDDGP.
Up to now modelled fracture networks are assumed to have the same characteristics at
2,500 m and 4,500 m depth (i.e. the depths of the planned wells, bracketing top and bottom
of the envisaged reservoir), which is not necessarily the case. Several attempts have been
undertaken to correlate fracture network characteristics with depth, but no satisfactory
solution was found so far. However, geophysical imaging in the wells to be drilled will
provide the data to account for the depth dependency of fracture network characteristics.
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Table 2: Background fracture network parameter as assumed prior to drilling derived from observations at
Rosemanowes.
Fracture network
parameter

Background fracture network
outside fault zone (bFN)
fracture set 1
fracture set 2

Comment

Reference

mean orientations from RH12
and RH15; set 1 form approx.
80% of the total fracture
surface area

Lanyon et al. (1992)

mean fracture
orientation, strike [deg]

130 ‒ 310

50 ‒ 230

mean fracture
orientation, dip [deg]

80 to 90

70 to 90

mean fracture halflength [m]

5.5

log-normal distribution with
µ = 1.7 and s = 0.45 [ln(m)]

Lanyon et al. (1992)
table 3.1

mean hydraulic fracture
aperture [µm]

59

between 31 and 65 µm

Lanyon et al. (1992)

density is decreasing with
depth

Parker (1999)

spacing between producing
fractures are in the order of 10
m

Parker (1999)

only 10-15% of the fractures
carry appreciable flow

Lanyon et al. (1992)

-1

fracture density [m ]

5

producing fracture
spacing [m]

10

fracture area density
-1
[m ]

0.9

Lanyon et al. (1993)

0.8

0.2

Table 3: Fracture network parameter of Porthtowan fault zone as assumed prior to drilling.
Fracture network
parameter

Fault zone fracture network
(fzFN)
fracture set 1
fracture set 2

Comment

Reference

sub-parallel to main fault

Batchelor &
Ledingham (2009)

mean fracture
orientation, strike [deg]

157 ‒ 337

50 ‒ 230

mean fracture
orientation, dip [deg]

80 to 90

70 to 90

mean fracture halflength [m]

10

metres to tens of metres; may
be scaled to length of fault and
offset

Cotton (2016)

mean hydraulic fracture
aperture [µm]

95

assumed

Batchelor &
Ledingham (2009)

assumed

Batchelor &
Ledingham (2009)

assumed

Batchelor &
Ledingham (2009)

-1

fracture density [m ]

6

producing facture
spacing [m]

1

fracture area density
-1
[m ]
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Figure 13: 3D stochastic fracture network modelling performed for UDDGP background (i.e. unfaulted granite)
using the software FracSim3D (Xu and Dowd 2010). Left: 3D expression in a standardized cube. Right: Poles of
modelled fracture planes and great circles of observed fractures in Rosemanowes well RH15 for comparison
(data from Lanyon et al. 1991).

3.3 Fieldsite St. Gallen
The St. Gallen deep geothermal project is located in the Swiss Molasse Basin between Lake
Constance and the Alps. The project is being run by St. Galler Stadtwerke, the local energy
supplier and 100% owned by the city of St. Gallen, Switzerland.
A high-resolution 3D seismic survey was conducted between 2009 and 2010 to image details
of the target fault zone, a system of major NNE-SSW striking normal faults constituting the
St. Gallen Fault Zone (SFZ) (Heuberger et al., 2016). A geothermal doublet was planned on
the basis of this survey and the first 4,253 m deep well (St. Gallen GT-1) was drilled into
fractured Mesozoic limestones, stimulated and tested for water (brine) and natural gas in
2013.
Extensive wireline logging and sampling campaigns (water, gas and rocks) were executed
forming a comprehensive data set. A microseismic network was established in cooperation
with the Swiss Seismological Service (SED) and went online almost 12 months before the
start of the drilling operation in 2013. Only one event of ML = 2.1 was detected on the
eastern branch of the SFZ in June 2012 (Diehl et al., 2017).
Initially observed low productivity was attempted to be enhanced by chemical stimulation.
After the chemical stimulation in July 2013, a gas kick had to be controlled leading to
induced seismicity of up to ML = 3.5. After a preliminary project development stop, the
project works were resumed in October 2013 with a modified drill stem test producing gas
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and water allowing for the collection of additional data on the developed aquifer within the
regionally prominent SFZ.
Because of very low hot water flow rates, yet high natural gas rates produced, and
associated high risks for felt induced seismicity, the geothermal project was halted in May
2014. Currently, the St. Gallen GT-1 well is temporarily conserved. Pressure is monitored
from the surface and seismicity is monitored by a local monitoring system, which consisted
of 12 surface seismometers and a downhole geophone deployed at 205 m depth during
project phase (Diehl et al., 2017).
Structural model of the St. Gallen geothermal project including well GT1, layers and faults as
well as induced seismicity is shown in Figure 14.

Figure 14: Structural model of St. Gallen displaying the well path of the geothermal well, top Paleozoic and
faults (as interpreted from the 3D seismic survey, Heuberger et al. 2016) as well as hypocenters of the induced
seismicity (from the SED). View from north-east.
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Since drilling at UDDGP was delayed (drilling started in November 2018 instead of early
2018 as planned), it was decided to use the St. Gallen data set for applying SHPM. As an
official S4CE dataset, results obtained in course of the application could serve as a potential
contribution to other tasks like the FMT approach by UNISA (Task 5.6) or as input for the
numerical model by S4CE partner geomecon (Task 5.5).
Furthermore, applying SHPM to a data set containing only a small number of earthquakes
(347 in total) provides insights on the robustness and limitations of the methodology.
In addition, the St. Gallen data set is to some extent special since the seismicity response to
injection in the course of well control operations (after gas kick occurred) was larger than
anticipated using standard models. Accounting for the fluid volume injected from the
surface (≈ 544 m³ water and ≈ 105 m³ heavy mud during killing operation according to Naef,
2015), the strength of the largest magnitude earthquake exceeds the upper seismic moment
limit defined by McGarr’s (2014) model. However, fluid injection was performed in response
to a gas kick and it has been speculated that an additional fluid/gas volume from an
(artesian) gas pocket (carboniferous) could have contributed to the mass balance. This
hypothesis, however, could not be tested due to the absence of downhole pressure
readings because the downhole tool was lost as a result of the killing operations. SHPM
provides the opportunity to further test this hypothesis.

3.3.1 Datamining
Time-continuous seismogram recordings of the seismological stations near St. Gallen are
available on the public website of the SED. Induced earthquake catalogues (occurrence
time, magnitude and relative hypocentre locations) were provided by S4CE partner St.
Galler Stadtwerke (T. Bloch).
Data provided comprise fault and horizon data from a seismic 3D survey, stratigraphy, mud
log, geophysical well data and hydraulic well data, as well as final reports of drilling and
hydraulic testing.
For applying SHPM, additional data processing was required:
1. General processing of seismogram recordings and preparation for subsequent tasks.
2. Determination of fault plane solutions and Brune stress drop
3. Determination of hydraulic wellbore pressure at reservoir level over time from
surface pressure and fluid density
4. Review of the stress field interpretation by analyzing image and caliper log data
All processing results were shared with other project partners (St. Gallen, geomecon, UNISA)
to be used in their analyses.
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3.3.2 SHPM
3.3.2.1

Data Preparation

The seismic data set must exhibit certain characteristics to be applicable for SHPM. In
particular, this includes that induced seismicity occurred on a single fault plane and that the
events share a common rake direction.
According to Diehl et al. (2017), induced seismicity of the St. Gallen geothermal project is
interpreted to occur on a pre-existing sub-vertical fault, thus confirming a potential single
fault plane scenario.
Although Fault Plane Solutions (FPS) are generally not well constrained, compound FPS
seem to be reasonably consistent with a common mechanism similar to the one of the
largest events determined by Diehl et al., 2014 (124°/72°/-174°; Figure 15).

Figure 15: Stereographic projection (lower hemisphere) of the polarity data of the St. Gallen seismic stations
together with the fault plane solution determined by Diehl et al. (2014) for the ML = 3.5 event which occurred
on 20 July 2013, 03:30:54 UTC. Plus signs denote a positive first movement of the P-phase, circles denote a
negative movement, respectively. All events listed in the provided earthquake catalogue were used.

Based on these findings, shear-deformation can be superimposed to analyse cumulative slip
(Baisch et al., 2009). The slip map (Figure 16) indicates cumulated slip exceeding a few
centimeters with a maximum value of approx. 5 cm. For an earthquake in the magnitude
range under consideration, the Brune model yields a slip of approx. 2-14 mm. Hence,
observed cumulative slip provides proof of the occurrence of repeated slip.
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Since the repeated slip is not as pronounced as in the Cooper Basin example, the averaging
effect of uncertainties of the source geometry of individual events will be less strong here
and therefore, data scattering is expected to be larger.

Figure 16: Cumulative shear slip related to induced seismicity of the St. Gallen geothermal project looking from
an angle of view perpendicular to the subvertical shearing plane. The horizontal coordinate system is aligned
with an assumed SH direction of 160° N (Moeck et al., 2015). Shear slip is displayed in millimeters according to
the colour map. A constant stress drop of 1 MPa is assumed.

As the St. Gallen data set met the requirements, the SHPM method could be applied using
the same procedure as for the Cooper Basin data (see Chapter 3.1.2). Seismic events were
projected onto the best-fitting plane and rotated into the horizontal orientation. In addition,
the coordinate system was aligned with the direction of the maximal horizontal stress (SH).
Stress orientation was initially taken from Moeck et al. (2015) using a SH of 160°.
Due to substantial differences of resulting stress orientations during a revision of the
orientations, it was decided to re-determine stress orientations. For this purpose, caliper
and image logs from St. Gallen GT-1 were analyzed to infer maximum horizontal stress
orientation (SH) and its variation with depth. Except for the 2 nd section, oriented caliper logs
are available from all sections. Image logs are only available from the 4th (reservoir) section.
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Analyses followed strictly the rules from the World Stress Map (WSM) project (described in
Heidbach et al. (2016) with further references therein).
As summarized in Table 4, overall stress orientation is close to N-S and in line with
observations from other wells in the Molasse Basin (Figure 17; Reinecker et al., 2010;
Heidbach and Reinecker, 2013). Stress orientation varies with depth along the well path
(Table 4 and Figure 18). Stress perturbation may occur in the vicinity of active faults and is
most likely the case in the 4th section where the well path encounters the St. Gallen Fault
Zone.
Table 4: Orientation of SH inferred from borehole breakouts interpreted from caliper and image logs from St.
Gallen GT-1. MD: measured depth along well path; true vertical depth (TVD): true vertical depth from surface;
DEVI: borehole deviation from vertical.
Interval, MD

Interval, TVD

SH-azimuth

DEVI

WSMquality

10 – 940 m

10 – 940 m

152° ± 9°

< 5°

B

2480 – 2920 m

2400 – 2810 m

174° ± 15°

20 – 23°

C

4010 – 4050 m

3830 – 3860 m

16° ± 7°

20 – 22°

D

4080 – 4210 m

3890 – 4020 m

139° ± 13°

12 – 18°

C

4210 – 4440 m

4020 – 4240 m

19° ± 16°

10 – 15°

C

in round figures
not corrected for DEVI

Figure 17: Stress orientation derived from well logs from St. Gallen GT-1 in regional context (from Reinecker et
al., 2010; Heidbach and Reinecker, 2013).
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Figure 18: Stress orientation along well path (in map view).

Based on these results, a sensitivity analysis was performed to estimate the impact of
different stress orientations on the SHPM results. For this investigation, a range of possible
stress orientations associated with the depth of the open hole section was determined.
SHPM method was then applied to St. Gallen dataset using the determined stress
orientations and compared with the results using the SH value by Moeck et al. (2015).
Based on this analysis, it was decided to use the stress orientation initially used since the
SHPM results seem to be relatively insensitive to stress orientation changes in the
determined range.
Source parameters were determined by fitting S-wave spectra with a ω2 model. As for the
Cooper Basin dataset, corner frequencies and, hence, stress drop could not be reliably
determined due to signal attenuation of the high frequencies. The resulting corner
frequencies are clustered around 10-17 Hz and, thus, are not correctly resolved (see Figure
19). Therefore, a constant stress drop value (1 MPa) was assumed in our analysis. This
simplifying assumption inevitably leads to a mismapping of the spatial slip distribution of an
individual earthquake. A sensitivity analysis which was performed to investigate the
dependency of the SHPM results on stress drop assumptions will be discussed at a later
stage.
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Figure 19: Seismic moment plotted against S-wave corner frequency for the 254 events exhibiting sufficient
signal-to-noise ratio for matching the source spectrum with the Brune (1970) model. For comparison, the
expected relationship is indicated assuming a constant stress drop of 1 MPa and 0.1 MPa, respectively.

3.3.2.2

SHPM

Figure 20 shows the spatial distribution of the maximum fluid overpressure inferred from
repeated slip in map view. Assuming a constant stress drop of 1 MPa, obtained fluid
overpressure values in the reservoir are mostly in the range of a few megapascals. Several
areas could be identified exhibiting overpressure peaks in the range of >10 MPa with
maximum overpressures up to approximately 20 MPa. These overpressure maxima occurred
at different times of sub-surface operations.
In comparison to the results of the Cooper Basin (see Chapter 3.1.2), the area containing
fluid overpressure information is rather limited here. Ignoring the single data points in the
outer area, the spatial distribution of fluid overpressures is restricted to a lateral extension
of approx. 700m. Due to the relatively low earthquake density (and in fact the comparable
small number of events in this dataset), the previously mentioned averaging effect will be
less strong. As a consequence, the impact of the assumed stress drop on the inferred
overpressure evolution might be larger than observed for the Cooper Basin dataset.
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Since the analysis is based on relative hypocenter locations, the wellbore location relative to
the seismic cloud is not well resolved. We speculate that the SHPM overpressure maximum
at -750/800 might be located close to the flow exit of the wellbore.

Figure 20: Spatial distribution of maximum fluid overpressure inferred from repeated slip in map view. The
time at which the maximum fluid overpressure is reached varies over the reservoir. Overpressure is stated in
megapascal according to the color map. The dashed contour line denotes main region of seismic activity.
Green-, red- and blue-coloured arrows indicate north, east and z direction, respectively (after rotation into
block-spring coordinate system). A constant stress drop of 1.0 MPa is assumed for determining fluid
overpressure.

To test the SHPM results for plausibility, resolved overpressures were compared with
calculated reservoir pressure at the wellbore. The data for this analysis (wellhead pressure
and fluid density) was provided by T. Bloch (St. Galler Stadtwerke) and prepared by GeoT.
Geothermie Neubrandenburg GmbH (GTN) set the static pressure to 37.09 MPa for a depth
of 3785 m TVD (Wolfgramm et al., 2014). Since the open hole section is located at a depth
of 3818 - 4175 m TVD (according to Figure 4 in Wolfgramm, 2015), static pressure for this
depth interval was calculated using the hydrostatic equation, after it was shown that the
static pressure value provided by GTN could be re-calculated using this calculation method
and results in practically consistent pressure values (37.13 MPa).
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Assuming that the entire wellbore is filled up with fluid, in situ pressure was determined for
the beginning of the open hole section at a depth of 3818 m TVD. This results in a pressure
level of approximately 37.45 MPa. The prevailing pressure values at the wellbore during gas
kick and well control operations in July 2013 and well cleaning activities in
September/October 2013 were determined by calculating the static pressure at reservoir
depth under consideration of the measured fluid density and, in addition, adding up the
measured pressure values at the choke manifold (for gas kick and well control operations)
or the measured pump pressure (for well cleaning operations), respectively. Relative
pressure increase at reservoir depth was then determined by subtracting the initial static
pressure from prevailing pressure level at reservoir depth (Figure 21, bottom).
Using the pressure calculation as stated above implies the assumption that the complete
fluid column in the wellbore exhibits exactly the measured density. This approach is to some
extent not precise, since measured density does not reflect fluctuations in the wellbore due
to perturbations, for example. Furthermore, fluid density measurements could also exhibit
short-time peaks and troughs which do not represent actual fluid density in the wellbore.
This has to be kept in mind when calculating prevailing pressure at reservoir depth. In
principle, obtained pressure values represent only a rough estimation of the effective
pressures.
Figure 21 shows the resulting P(r,t) at four different locations (top) and the relative
pressure increase determined at wellbore for a reservoir depth of 3818 m TVD (bottom). It
has to be noted that the calculated reservoir overpressures at the time of seismic activity
are primarily driven by fluid density changes. Without considering additional pressure
contributions from pumping operations, for example, pressure increase is, however, always
in the range of >10 MPa due to high fluid density.
Locations 1 and 4 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 approximately 16 MPa. This pressure increase matches the
calculated overpressures at reservoir depth nearly perfectly. Locations 2 and 3 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 20
MPa. This is consistent with the calculated overpressures despite exhibiting peaks with up to
28 MPa around 14 September 2013. These peaks, though, correspond with very short-term
fluid density increases with high density values (> 1.7 g/cm³) and could thus be questioned.
Comparing the SHPM overpressures with the pressure increase for the end of the open hole
section (4175 m TVD), the differences are slightly higher but the good correlation between
SHPM results and calculated overpressures could generally be confirmed.
Irrespective of whether or not the fluid density peaks around 14 September 2013 reflect the
real density in the wellbore, the determined results from SHPM appear to be in good
agreement with calculated downhole pressures at the wellbore and provide a plausible and
consistent picture.
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Figure 21: (top:) Temporal evolution of fluid overpressure determined from repeated slip at the four locations in the reservoir indicated in the small figure inset. (bottom:)
Temporal evolution of the calculated overpressure at wellbore at a depth of 3818 m TVD (open hole) during the gas kick and related well control operations (July 2013) as
well as during well cleaning activities (September/October 2013). Small squares denote seismic events. See text for details.
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Results shown in Figure 21 also provide information regarding the potential contribution of
an artesian gas volume.
Induced seismicity is relatively well time-correlated with active operations at the borehole
(Figure 21). The majority of the seismic events occurred during the two phases in July 2013
and September/October 2013 which both had injection operations in place. This correlation
might contradict the hypothesis of an additional (artesian) gas volume. Considering a gas
pocket, the induced seismicity would potentially be time-decorrelated from injection
operations since the artesian gas pocket could furthermore increase the pressure in the
reservoir and trigger earthquakes (even if injection operation is already terminated).
In case of an additional (artesian) gas reservoir, a spatial decorrelation of seismic events
could also be expected. High overpressures would then not only appear in the near wellbore
region but also in dissociated (decoupled) regions. In contrast to the temporal occurrence of
induced seismicity, the spatial distribution of the events and, thus, maximum fluid
overpressure provides no clear information on this subject. Especially in the time period
when the gas kick occurred and well control operations were in place, it could be expected
that the overpressures are mostly limited to the near-wellbore region considering the
relatively small injection volume. Even though the highest overpressures in this period
seems to be in the near-wellbore region (assuming that the wellbore is located near the
pressure maxima as stated above), the fluid overpressures resolved by SHPM are distributed
over a larger area and exhibit several areas with higher overpressures which might indicate
pressure channelling. The inferred SHPM overpressure amplitude can be explained without
a contribution from an artesian gas pocket.
When considering a connection to a gas pocket, the pressure in the reservoir would be
increased. As a result, the reservoir pressure resolved by SHPM could (locally) be larger than
expected from wellbore observations. Since the inferred maximum overpressures by SHPM
do not exceed the calculated maximum overpressures (see Figure 21), we do not find
indications for an additional contribution of an artesian gas pocket.
To investigate to what extent SHPM overpressure is depending on the assumed stress drop,
a sensitivity analysis was performed assuming constant stress drop values of 0.1 MPa, 0.5
MPa and 1.0 MPa, respectively. These are the same stress drop values considered for the
Cooper Basin data set (Chapter 3.1.2).
Figure 22 shows the resulting spatial distribution of the maximum fluid overpressure
change. The spatial pattern of pore overpressure is relatively insensitive to the assumed
stress drop, but the SHPM overpressure amplitude varies between 5 MPa and 20 MPa,
showing a clear dependency of the assumed constant stress drop. This is interpreted to be a
consequence of the relatively low earthquake density where the source geometry of
individual events is not (sufficiently) averaged out.
Independent of the stress drop assumption, we conclude that hydraulic overpressure in the
reservoir quickly decreases with distance from the injection well. Significant overpressure
(at the level of Megapascals) is restricted to a 700 m x 200 m segment of the fault.
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Figure 22: Spatial distribution of maximum fluid overpressure inferred from repeated slip in map view. The
time at which the maximum fluid overpressure is reached varies over the reservoir. Overressure is stated in
megapascal according to the colour map. The dashed contour line denotes main region of seismic activity as
outlined by the hypocenter distribution. Green, red and blue colored arrows indicate north, east and z
direction, respectively (after rotation into block-spring coordinate system). Constant stress drops of (A) 0.1
MPa, (B) 0.5 MPa and (C) 1.0 MPa are assumed for determining fluid overpressure.
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4 Conclusions and Future Steps
Within Task 5.4 sub-surface fluid flow models for the United Downs geothermal project site
were developed. These models can be used for making prognoses of the hydraulic
performance and the induced seismicity response of the geothermal system that is currently
under development. The models provide important constraints for the geothermal project
developer and help to develop the United Downs geothermal system in a safe and economic
way. The current deliverable supports the overall S4CE objective to measure, control and
mitigate the environmental risks associated with geotechnical operations.
Although the (numerical) modelling framework has been specifically developed for the
United Downs site, the underlying concepts and methodologies are applicable in the general
context of deep geothermal project development. This is specifically valid for the newly
developed SHPM methodology which allows inferring hydraulic reservoir overpressure from
induced seismicity observations.
For the UDDGP sub-surface models, the dataset of known and relevant parameters is up to
date and will subsequently be filled with additional data as drilling, testing and seismic
monitoring will proceed. Recently, the drilling plan at United Downs was changed. It has
been decided to drill the deep production well first. Despite this new drilling plan, we do not
expect our future work within Task 7.4 to be affected. We do, however, envisage further
delays in receiving sub-surface data because well testing and logging will be performed later
than originally planned.
Ultimately, a single, calibrated fluid flow model will be developed within Task 7.2. In order
to assess the sustainable operation of the UDDGP, the calibrated fluid flow model will also
incorporate a thermal component, thus resulting in a coupled thermo-hydraulic fluid flow
model.
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5 Publications Resulting from the Work Described
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Workshop der Arbeitsgruppe Induzierte Seismizität (AGIS), 21./22. November 2018,
Geozentrum, Hannover.
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