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Figure 1 Original workflow. Prior tealibration, competing fluid flow models result in a forecast range which
will narrow down in the course of project deVelOPMENL.........uuiiiiiiieeii e 12

Figure 2 Timeline of drilling and testing activities at UDDGRP..........ccccceeeeeiiieiiiiiieeeee e 13

Figure 3 Modified workflow followed in Task 7.4. Due to the delsyUDDGP no data is available (yet) for
calibrating the fluid flow model(s) using SHPM. Instead, the SHPM calibration procedure is developed and
studied USINg alterNAtiVE JALA SELS........ccciiiiiiiiiiiiiiee et e et e e e st rr e e e s snbeeeeeaanes 13

Figure 4 Geometry and gridding of the fault dominated fluid flow model for UDDGP. The 3D FE model consists
of a steeply dipping fault with 5 m thickness embedded into a low permeable matrix.tRgattory and the
location of the injection well UR are outlined by dense gridding..........ccccuverieeeeeiiiieiiicceieeeeee e 15

Figure 5 Geometry and gridding of the DHdsed fluid flow model for UDDGP. Left: View approx. parallel to
PTF strike direction (i. e. towards NNW). Right: View approx. perpendicular to PTF strike direction (i. e. towards
ENE). PTF is shown in apricot. Yellow lines sho &al U2 trajectories Fluid is injected through blue point

and produced from red point, both within the PTF. Gridding is displayed only for elements on the boundary
SUMfACES OF the MOUEL........eiieeeiiiiee e e e e r e e e e e e e e s e s e aeeb s e eeeeaaaeeeeens 19

Figure 6 a) Structural subsurface model updated by fracture inventory interpreted from image logs. Blue discs
indicate open fractures, black discs faults. b) Fracture statistics along open hole section. The red btippl

outline the PTF based on the fracture statistics alone. However, other observations such as mud losses and
induced seismicity indicate a much broader fault zone (compare with Figure 13). ¢) Map view of the reservoir
section along UEL. The stressrientation derived from borehole breakout analysis indicate the fractures to be
optimally oriented for high dilation and slip tendency in a stske regime favouring enhanced fracture
PEIMIEADIIIITY . ...ttt e e et e e et e e s et e e e e b e e e e e e e s 24

Figure 7 Hypocenter locations relative to a master event occurring of Afril 2019, 21:43:46 UTC. Event
symbols are scaled to earthquake magnitude with colour denoting occurréne Tube shows UD well
trajectory with dark shading denoting observed mud losses. Transparent plane indicates target fault in current

Figure 8 UD1 log data (gamma ray, temperature, temperature gradient) from 3@8M75 m MD. The orange

lines show the depth of the upper cluster events, which, on average exhibit a vertical location esjan (e

order of 200 m. Dotted orange line corresponds to the drilled depth at the occurrence time of seismic events
O WdzLILISNJ Of dza i SNROU P ¢KS R2GGSR o6ftdzS tAyS AyRAOIGSa
zone at the upper seismic event clustdihe solid blue lines denote the loss zone at the location of the lower

Lol 01 =Y o) AR Y= IS 0 T o YT | (USSP 26

Figure 9 Depth of drilling ki (black) and induced seismic event depth (red) versus time in UTC. Note: Drilling
progress currently includes only data from 05.04.19, 16.04.19 and 18.04.19. The yellow star corresponds to the
depth of the Major MU [0SS ZONE..........ooiiiiieeee e e s e e e aeaaaaeeaeaeaeanes 28

Figure 10 Wellhead pressure (brown) and magnitude of seismic events (blue squares) induced during the short
(6T T o1 =T ot o T T (] PP R PP PRPP 28

Figure 11 Hypocenter locations in perspective view from two different view angles, a) from the west, b) from
the south. Each hypocenter is represented bylabg which is scaled to event magnitude. Color encoding
denotes occurrence time, with blue colors denoting early eventslWfajectory is shown in grey with the lower
red section indicating the main flow exit interpreted pPrevioUSIY...... ... 30

Figure 12 Similar display as previous figureperspective view from two different view angles, a) from the
southeast, b) from the westith a leas-squares plane fitA87° strike / 81° dip to NNHo the seismicity
distribution below 4600 m TVBrrow indicates NOrth dir€Ction.............ccvevveiiiiiieee e 31

Figure 13 Hypocenter distribution compared to other parameters in the subsurface model (map view). The
yellow lines indicate the rough strike of the seismic active structure oblique to the strike of the predicted PTF
(i.e. Geat Eastern xc and Great Western xc at surface). The lower seismic structure is clearly associated with
hydraulic active fractures (fault) with significant mud losses while drilling. Note that top and base of PTF as
indicated here are only based on fracBUStatiStICS @lONE............oooiiiiiiiiiiiiii e 31
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Figure 14 Waveform similarity matrix for 44 events withitNb m®n  NBO2NRSR G adl GA 2,y
componen). The waveform similarity between event pairs i, j is displayed by color encoding according to the
colormap. CuthifMcKee ordering was used to arrange highly similar event pairs near the main diagonal. The

largest two similarity clusters are indicategl Botted CIrCleS..........cevvvieeiiiiiiiii e 32

Figure 15 Paligned waveforms for 10 events recorded at station GELO3 (vertical component). Events belong to
L0 (o= o (1 ) =] PP PPP 32

Figure 16 UD2 (uphole) pressure response to a five step injection testaahinal injection rates of 50,000,
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Figure 17 UD2 (uphole) pressure response to a three step injection testamhinal injection rates 900, 1800
and 40006 K YAY® CA3IdzNBE GF 1Sy FNRY D9 [1aniBRRAIsemeneiR018.Y A v | NB

Figure 18 Diagram of the developed seismicity prognosis flow. Different stages of information gain are listed on
the left-hand side. Boxes on the righand sideshow implications of new information on the seismicity
PrognoSIS. FIGUIE frOM D5.2...... ittt ettt e e be et e e s e e e s annneeee s 36

Figure 19 Prognoses of maximum earthquake mégde occuring during a 1@ays injection test (UR) with 5

MPa pressure cap. Prognoses are made for different parameter constellations where the dip of the target fault
(nominal: 82°, steep 85°) and its initial transmissibility (low: 0.01 Dm; medidnDm®; high: 1 Dm) are varied.

Furthermore, the target depth of UR (which was not drilled at the time of the prognosis update) is varied

according to the legend. Grey shadings indicate scenarios with unarrested slip. Besides dynamic simulations of
maximumY I 3y A dzZRS O OANDE S&a0x dzLIISNI FyR f26SNJ YIFAYyAGdzRRS ¢
simulated cumulative seismic moment assuming a GutenBéchter distribution with b=0.7 and b=1.3,
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Figure 20 Coulomb stress distribution along the Porthtowan Fault Zone after 30 years assuming fault cohesion
of 4 MPa (top) and 10 MPa (hottom), reSPECHVEIY.........uueieeie e e e e e e e 40

Figure 21 Temporal evolution of maximum earthquake magnitude determined from HiMilation results.
Earthquake magnitude is determined assugidifferent values for cgeismic stress drop (according to the
legend) and fault cohesion of 4 MPa (top) and 10 MPa (bottom), respectively...........ccccoeeeeieeeviiieeennnns 41

Figure 22 Scenario simulation of surface ground vibrations associated with an Mw=2.8 earthquake at 2.2 km
depth. Peak ground vibrations are indicated in mm/s according to the colourmap. Simulation is based on the
GMPE by20]using near surface amplification factorgd®1]and assuming Vs30 = 800 m/s. Star denotes location

of geothermal site (i.e. U WEIINEAA) ... ...iiiiii i e e e e e e e e e e e e e e e e e e eaene e 42

Figure 23 Schematic diagram showing the temporal evolution of costs (A), returns (B), financial balance (C), and
model predictions for inducing damage relevant seismicity (D). Model predictions were derived from the three
prognoses which wereompiled prior to hydraulic stimulations. See text for details................coovvvivnnnnns 44

Figure 24 Pore pressure at injection point during 30 years oftgeomal operation with 20 l/s..................46
Figure 25 Pore pressure at production point during 30 years of geothermal operation with 20.l/s........ 46
Figure 26 Temperature at production well during 30 years of geothermal operation with 20.l/s...........: A7

Figure 27 Raw (dots) and smoothed injection rate (red line) as a function of relative injection time. Reference
time is 13Now2012 09:22. Smoothed injection rateused as input for the numerical simulations........... 51

Figure 28 Pressure changes measured at the wellhead of Habanero#4 (blue), averaged values (red) using
movingaverage filter of 30 minutes length, and resampling of averaged values (green). Resampled pressure
changes are used for comparing against numericallylsited pressure changeReference time is 18low2012

Figure 29 Map view of the spatial distribution of the maximum cuatiie fluid pressure changes determined

by the SHPM methodology. The time at which the maximum cumulative fluid pressure change is reached varies
over the reservoir. Pressure changes are stated in Megapascals according to the color map. The star @enotes th
nominal fault intersection of the well Habanero#4. Contour line denotes main region of seismic activity as
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outlined by the hypocenter distribution. Arrow indicates North direction. Grid spacing is 50 m and a constant
stress drop of 0.1 MPa was assumedifderring fluid pressure changes...........ccccoceeiiiieene e, 52

Figure 30 Temporal evolution of cumulative SHPM fluid pressure changes determined fromppirgalips at
all grid cells. Reference time iS-NOW2012 09:22..........uuiiiiiiiiieeeeisiieceirieereeee e e e e e s sssaaeanrrerreeeeaeeessannnnns 53

Figure 31 Temporal evolution of cumulative fluid pressure obas (solid lines) determined by the SHPM
methodology at the 9 locations in the reservoir indicated by corresponding colors in the small figure inset.
Colored dots denote resampled data with 1 day spacing. In the resampling procedure, the maximum SHPM
pressure change in each day bin is taken as the resampled data point. Reference timdds-2A@12 09:22.

Black color denotes the reference point associated with the injection paint..............ccccovcieeeeiiiieenene 53

Figure 32 Numerical model geometry in map view. (Left): The model consists of a horizontal fault embedded
into an impermeable matrix. Model dimensions are 20 k 20 km. All model boundaries are implemented as
no-flow boundaries. (Right): Model close up. Solid lines indicate segments of the fault with different hydraulic
properties. Circles denote location of 9 reference points at which simulated pressure charggeompared to
SHPM pressure changes. Red cross denotes injection point, i.e. wellbore fault intersection................ 55

Figure 33 Comparisa of the temporal evolution of simulated (red) and inferred SHPM pressure changes (blue
squares) at the 9 reference points. Top panel shows measured (blue) and simulated (red) pressure changes at
TN WEIIDOIE ... ettt ettt e ettt s e e e e e e e eeeeeaaeaeeeeeeeeeeestrtrrraranaaananas 57

Figure 34 Spatial distribution of fault transmissibility after model calibrations according to the colormap.
Contour line indicates region of seismic activity. Numbered squdemote the location of the SHPM reference
points. In the numerical model, the injection well coincides with reference point 1. The (global) fault storativity
T K=t I 0V - TP PP OP PP PP PPPPPPPPP 58

Figure 35 Hypocenter locations of the seismicity induced during the 206&timulation of well Habanero#1

(red star) in map vie27]. Each seismic event is displayed by a globe scaled to the event magnitude. Colour
encoding denotes occurrence time according to the legend. Previous seismic activity associated with the initial
2003 stimulation of well Habanero#26] is indicated by greglots. Contour line indicates 2003 seismicityb9

Figure 36 Map view of the spatial distribution of the maximum cumulative fluidgsure changes determined

by the SHPM methodology. The time at which the maximum cumulative fluid pressure change is reached varies
over the reservoir. Pressure changes are stated in Megapascals according to the color map. The star denotes the
fault intersection of the well Habanero#1. Contour line denotes main region of previous seismic activity as
outlined by the hypocenter distribution. Arrow indicates North direction. A constant stress drop of 0.1 MPa was
assumed for determining fluid pressure ChangeS.. ..o 61

Figure 37 (Top): Temporal evolution of cumulative fluid pressure changes determined by the SHPM
methodology at the locations the reservoir indicated by corresponding colors in the small figure inset. Contour
line indicates 2003 seismicity (initial stimulation). The fracture intersection of the wellbore is indicated by a black
star (Bottom): Temporal evolution of the pressure ngasDPwha measured at the wellhead of Habanero#1
dUring the reSHMUIALION. .........eieiiii e e e e e e e e e e e e e e e e e e e e e e e e rearrrrr s arananns 62

Figure 38 (Top): Analytical solutioi28] for pressure resulting from injection into an infinite fault with
homogeneous properties. Parameters were selectedpgproximate the initial 2003 stimulation. Homogeneous
fault transmissibility of T=0.11 Dm is assumed and a constant injection rate of 25 I/s. The spatial pressure
distribution is shown after 11.5 days. Red squares denote distance of the 9 referencegraritse associated
pressure level which is assumed to equal the lewg) Bt which further seismicity can occur. (Bottom): Same as
Figure 37 while absolute overpressure is reconstructed by adding the initial pres¢greo®Psnpmin the top

Figure 39 Station network in map view. The injection well is indicated by a yellow star. Blue triangles denote
surface stations, m triangles denote instruments deployed in boreholes. The inset shows the location of the
Paralana PrOJECE SIte... ... ..eiieiiiiiiiie ettt ettt e e e e e e s e s b bbb et b et e e e e e e e e e e e e nbarb e et eeeeaaaaens 64

Figure 40 Seismogram example of ani#2.3 induced earthquake (July®,32011 03:23:27 UTC) recorded at
stations B06 and BO7. Differential times between P (red) and S (green) phase onsets are not consistent with the
absolute timing of the P onset indicating instrumeime drift in the order of 0.4 S_......oooiiiiiiiiiiiniiiin, 65
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Figure 41 (A) Absolute hypocenter locations in perspective view with best fitting platermiéned by linear
regression. Histogram shows the vertical distances of the absolute hypocenter locations to the best fitting plane.
Dotted curve indicates normal distribution with 0 mean and 30 m standard deviation. (B) Map view of fault plane
solutionsdetermined for the 40 strongest events. Injection point of the Paralana#2 injection well is indicated by
a yellow star. (C) Earthquake sowamntered, stereographic projection (lower hemisphere) afi&e polarity

data for the 40 strongest earthquakes.dhball indicates compound fault plane solution. Coordinates are given
with respect to the top of Paralana#2 (30.21287°S/ 139.72850%E).........cccouiuiiiiimiiiiieeeiiiiieee s 66

Figure 42 (Top): Temporal evolution of cumulative fluid pressure changes determined by the SHPM
methodology at the 8 locations in the reservoir indicated by corresponding colors in the small figure inset. Black
star denotesdcation of the wellbordault intersection (Bottom): Temporal evolution of the pressure changes
DPwha measured at the wellhead of Paralana#2 during the stimulatian.............ccccce i 68

Figure 43 Map view of the spatial distribution of the maximum cumulative fluid pressure changes determined

by the SHPM methodology. The time at which the maximum cumulative fluid pressure change is reached varies
overthe reservoir. Pressure changes are stated in Megapascals according to the color map. The star denotes the
injection point of the well Paralana#2. Contour line denotes main region of seismic activity as outlined by the
hypocenter distribution. Arrow indi¢as North direction. A constant stress drop of 0.1 MPa was assumed for
determining fluid PresSsure ChaNGES. ... ...oooi i rre e e e 68
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Table 1 Parameter of the pseudo 3D fault dominated flow models used for making-&romt seismicity
prognoses at UDDGP. Parameter values reflect the most recent subsurface model for the UDDGP site. Note: The
fault orientation refers to the planar structure outlined by the induced seismicity distribution (section 3.1.3).
The assumed fault orientation exhibits approximately the same level of slagal normaistresses as the

Table 2 Parameter of the 3D FE fault dominated model used for coupled THM simulation for makisgriong
seismicity prognoses at UDDGP. Paater values reflect the most recent subsurface model for the UDDGP site.

Table 3 Parameters of the DFN based fluid flow mod®&ldo! 55Dt & | f dz§8& YI N]J SR 6AGK ¢
RSGIFIAtT&A Ay &SOGA2y odmdcd x|l fdzS& YINJSR S6AGK2BOFFOE |

Table 4 Seismic velocity model used for hypocenter determination. Station GELO9 was not operated during
drilling and has been calibrated at a later stage based on induced seismicity observations duringthe UD
INJECLION TESI(SECLION 3.3 ) tiiiiiiiiii ettt ettt ettt ettt ettt e s e i bbbt e e e s bbbt e e e s bab et e e s anbbb e e e e annnneeeeas 27

Table 5 Permeability values assigned in the different model Sections..........cccceeeiiiiiiiiiiiiiieiie e 45
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Acronyms Definitions

DFN discrete fracture network

EGS enhancedgeothermalsystem

FEM) finite element(method)

Fluid flow Numerical implementatiof a hydregeological subsurface model. Due to

model parameter uncertainties, different (competing) fluid flow models may dristhe
same geothermal reservoir.

FPS fault plane solution

GEL Geothermal Engineering Ltd.

GR gamma ray

GMPE ground motionprediction equation

k permeability

MD measured depth along well path

Mo seismic moment

Mc local magnitude

Mw moment magnitude

p pore pressure/fluid pressure

PGV peak ground velocity

PTF Porthtowan Fault zone

ROP rate of penetration (while drilling)

r source radius

r spatial coordinate vector

SHPM seismehydraulic pressure apping

S maximum horizontal stress

STA/LTA earthquake detection algorithm based on the ratio between shand longtime

detector averagd seismograms

storativity compressiflity-thickness product

THM thermo-hydrauliemechanically coupled

ti time of seismic activation

TLS traffic light system, geothermal activities are modified (orange) or stopped (red
after the strength of induced earthquakes exceeds-pedined threshold values

TVD true vertical depthbelow ground surface

UDDGP United Down®eep GeothermalPower

XC crosscourse

m staticcoefficient of friction
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“n normal stresgacting on fracture plane)

shear stresgacting on fracture plane)

n._ stressdrop
DPsHpm relative pressure changes determined from induced seismicity observattdizing
SHPM
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1.1 General ©ntext

For developers of deep geothermal projects, the largest economic risks result from
insufficient knowledge of subsurface conditionslon-optimal reservoir conditions or
reservoirdevelopment strategies can lead poor reservor performance and the occurrence

of induced seismicityin particular in the case of enhanced geothermal system (EGS)
developments

While hydraulic flow restrictions are frequently detected immediately after drillamgl
testingl WRNE ¢ S {smioity cajiypRrtEpiéaecuratSany timeluring geothermal
operation (drilling, testing, production). For example, everal EGS projects had to be
abandonedalreadyat an early stage after comparatively strong earthquakes were induced
duringinitial well stimulation, e.g. at Bag8witzerland1] or PohangKorea[2]. Recent cases

of felt seismicityduring development othe geothermal sites aBalmatt Belgium[3] and
VendenheimFranceare currently under investigation and the consequences for the projects
are not yet clear.

Induced seismicity may alset in at a later stage of geothermal productimmly. For example,

the geothermal production ratet the Landau/Germany geothermal shad to bereduced

after felt seismicityhad occurredfollowing two years ofeothermal productiorj4]. Similarly,

two geothermal doublets were abandoned after several years of production due to induced
seismicity aCalifornid TheNetherlandg5]. Clearly, a detailed understanding of the induced
seismicity risks and the possibilities for risk mitigation, e.g. through site selection and system
design,is a prerequisite for upscaling the technology.

Within Task 7.& W+ f ARFGA 2y 2F (K& offhe GICR profectadde G A 2y
physicsbased, numerical modelfor studyinggeothermalreservoir performance and the

potential for induced seisroity. This task builds on owesults achieved withimask 5.4,

wherewe havecompilednumericalfluid flow modelksfor the United Downs Deep Geothermal

Power (UDDGP) project in Cornwall, &itl developed a new methodologgamed SHPM)

for inferring in situ hydraulic pressure changes from induced seismicity observa{@ins

Within Task 7.4ve investigatehow fluid flow modelscan befurther refined and calibrated.

PU Pagellof 72 Version 18
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hydraulic transmissibility / storage .
rheological behaviour Fluid Flow Models

| |
\,\ Testing |
Prion

Figurel: Originalworkflow. Prior to calibration, competing fluid flow models result in a forecast range whieitl narrow
down in the course of project development.

Our originalworkflow is schematically depicted Figurel: Fluidflow models are compiled
using a set of input parameters, which can be based on observations as well as on
assumptions. Uncertainties of input parameteesult in multiple fluid flow models, each
model representing a possible combination of parameter valuesei@l (competing)
numericalfluid flow models mayherefore existfor the same geothermal reservoir

Fluidflow models are used for numericallynsilating the thermehydraulic reservoir
LISNF2NXYIFYOS YR (GKS AyRdzOSR aSAavYAOaiue NBa
C2NBOIFadQud 2 Al0K ofisybeuNasd céondifichs if) Wie? apiirse REpoject
development parameter uncertainties reducé.e. the number of competing fluid flow

models reduces}hereby systematically narrowing down tli@recast range

An important componenfor calibratingfluid flow models against observations is t8elPM
methodology. Inprinciple, SHPM can provide information on hydraulic presawelutionat
various locations in the reservoir, thereby reducing or even eliminating the typical ambiguity
associated with hydraulic model matchingithin Task 7.4ve investigatefor the first time,

how SHPM observations can lsed for model calibratiorwith reference to field sites
accesible to the S4CE consortium

Our main showcase the UDDGRoroject, where two deep wellsvere drilled during the
course ofthe S4CE projecAsthe overallproject development at UDDGP is delayedl|
testing andpossiblereservoir stimulationwere not completedat the time of writing(Figure

2). In particular, the number of seismevents induced so far at UDDGP is too small for
applying the SHPM methodology.

PU Pagel2of 72 Version 18



W

D7.2¢ Validation of the fluid migration models s CE
bScience;}CleanEnergy

Drilling UD1 Drilling UD2 Short Injection Short Injection

Completed April Completed June Test UD2 Test UD1
2019 2019 July 2019 August 2020

(w ]
m
mm
o =
'Ei'_:i
L=
T 5
(o
b
M m
BU
o S
=
=]
[1[7]

Figure2: Timeline of drilling and testing activities at UDDGP.

Therefore, model refinement at UDD@&Prestricted toupdating input parameters using the
most recent observations, while model calibratiasingSHPM is studied based on alternative
data sets fromwo geothermal projects in Australidhe modified workflow is shown kigure

3.

———

e : S Model Forecast
Input Parameter Update ' > Short term injection
- Drilling observations - 2 > Longterm
~ Injection test i
njection tests Fluid Flow Models production
UDDGP

- ——

B -, o S e
SHPM Calibration » ii

Fluid Flow Models
Cooper Basin / Paralana

Figure3: Modified workflow followed in Task 7.4Due to the delay at UDDGP no data is availafyet) for calibratingthe
fluid flow model(s)using SHPM. Instead, the SMRalibration procedure is developed andtudied using alternative
data sets

1.2 DeliverableObjectives

This deliverable D2 ¢ Walidation of the fluid migration modelg describes the approach to
calibratemodels for fluid flow in the subsurface, the workflow, and the rationale behind it.
The deliverable includes a framework for making prognoses of reservoir performance and
induced seisrtity response based on the ssirface information available at a ceitestage

of geothermal project developmentor UDDGP, the potential for felt or even damaging
seismicity isconsideredfor the entire lifetime of the geothermal system. Stress changes
associated with reservoir cooling are explicitly considered by nunmrgianulating coupled
thermo-hydraulicmechanicaprocesses.

Part of this deliverable is thdevelopment of an approach for calibratifigid flow modelshy
relative pressure changes inferred through the SHPM method developed in Task 5.4.
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Thisdeliverabe aimsat improving economic risk management, whichaiprerequisite for
scaling up theeGSechnology.lt is perfectly inline with the generalobjectives of the S4CE
project in terms of (i) assessiegvironmental riskassociated with geothermal prajesand
(i) optimizingtheir economics for supportingechnologyup-scaling.

2 aSiK2R2 fLAMNRD IOK !

In this chapteywe describe the methodological approaches usedébining andcalibrating
sub-surface fluid flow models.

Two conceptsof fluid flow modelsare in discussiofior UDDGPa faultdominated model,
where the reservoir is confined to a narrow fault zone, and a complex fracture network model
consisting of more than one hydraulically active zone at the same time. With the tieveh

of in situobservations at UDDGP, it cannotdiscriminatedyet which concept applie® this
project site. Although induced seismicity observations (sect®h?and 3.1.3 may favour

an interpretation where hydraulic processes are dominated by a narrow fault zone, we
acknowledge that obervation data is sparse. Therefore, an alternative approach based on a
discrete fracture network (DFN) is introduced in secoh?2

In section2.2, we describeour generalapproach for using relative pressure changes inferred
from induced seismicity as additional observation points for maadibration(SHPM)The
applicability of the methodology is not restrictedacspecific geothermal project but requires
a faultdominated reservoir.

2.1 UDDGHFIuid Flow Models andlodel Forecast

2.1.1 Faultdominated Models
Two types of modelling approaches arged forthe numerical simulations.

The firstmodelingapproach is suited for studyinigduced seismicity in the early pregt
phase, when hydraulic processes dominate over thermal effects. With this approach,
developedin Task 5.4, we simulate Darcy flow in a 2D fault embedded into an impermeable
rock matrix.Numerical simulationsvere performed using Comsol Multiphys@&sDynamic
processes (i.e. fault slipjere simulatedoy embeddingan additional software modulevhich

is based on the sliddslock concept, e.d7]. Fluid flow and dynamic processes are coupled
thus accounting for the local permeability increase after slippage due tepsmbping.
Numerical model parameters are summarized ablel. These parameter values reflect the
most recent subsurface model for the UDDGP sitw. technical details of the model setup

we refer to[8].

The second modeling approachdissignedfor studying seismicity inducedliring longterm
geothermal productionWhile induced seismicity in the early project phase is dominated by
direct hydraulic effects, thermemechanicalstresses accumulate over the lifetime of the
geothermal system and can become significant at a later §&8g&o account for these stress
contributions, numerical simulations of thermaydrauliemechanically couple@D models
(THM)were performed using CombkMultiphysic®©. In these models the reservoir consists
of a subvertical target fault embedded in granite rd€kgure4). Darcy flow in an effective
porous medium is assumed with the surrounding matrix permeabdéyeralorders of
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magnitude smaller thathe fault permeability(Table2). Consequentlyflow in the numerical
model predominantly occurs in the target fault. Different to dirst approach we do not
simulate the dynamic process of earthquake nucleation, but edg@gmthe maximum
earthquake magnitude from thécoherent)fault areaexhibitingpositive Coulomb stresss
Compared to dynamic simulations, this approach is less sensitive to details of reservoir
properties thus being more suited for studying maximum egubhke magnitude over a
longer timescale. The approach, however, does not yield an earthquake catalogue.

Pl

Fault

% . UD-2

Figure4: Geometry and gridding ahe fault dominated fluid flow model for UDDGPhe 3D FE model consists of a steeply
dipping fault with 5 m thickness embedded into a low permeable matrix. Fault trajectory and the location of the injection
well UD-2 are outlined bydense gridding.

PU
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Tablel1: Parameter of the pseudo 3D fault dominated flow modelsaasfor making shorterm seismicity prognoses at
UDDGPParameter values reflect the most recent subsurface model for the UDDGPNdte: The fault orientation refers
to the planar structure outlined by the induced seismicity distribution (secti@l1.3. The assumed fault orientation
exhibits approximately the same level of sheaand normalstresses as the Porthtowan Fault zone orient&877 85°.

Coefficient of friction 0.8
Fault cohesion none
Pressure cap 5 MPa
How rate pressure controllec
Fluid density 999 kg/m3
Wellbore radius 0.1m
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Parameter Vdue
Fault prodty 0.02
) 0.01Dm
Unstlm_ula_te_q fault 0.1Dm

transmissibility
1.0 Dm
Stimulation factor 10
82°

Fault dip

85°
Fault strike 287°
Fault thickness 5m
Sy orientation 133°

Stress gradients

SH=25.99 MPa/km + 5.9 MP
sp=13.21 MPa/km + 3 MP|
$v=25.99 MPa/km
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Table2: Parameter of the 3D FE fault dominated model used ¢oupled THM simulation for making lorgerm seismicity
prognoses at UDDGParameter values reflect the most recent subsurface model for the UDDGP site.

Parameter Value
Fault prosdty 0.02
Matrix porosity 0.002
Fault permeability 8e-13 m2
Matrix permeability le-17m?
Fault dip 85°
Fault thickness 5m
Coefficient of friction 0.8
Fault cohesion 4 Mpa

10 MPa
S orientation 133°

SH=25.99 MPa/km + 5.9 MP,

Stress gradients sn=13.21 MPa/km + 3 MP
$v=25.99 MPa/km
Poisson's ratio 0.22
Young'smodulus 60 GPq
Temperature gradient 33°C/km +10C
Temperature injected fluid 35°C
How rate 20 /s
Fluid density 999 kg/m3
Fluid heat capacity 4200 J/(kg-K
Dynamic viscositgf fluid 0.0002 Pa-§
Compressibility of fluid 4e-10 1/Pa
Systemifetime 30y
Wellbore radius 0.1m
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2.1.2 DFNbased Models
Compared to a single fault, the opposite em#mber scenario is a complex fracture network.

l f K2dAK 20aSNBFGA2ya FNBY 20KSNJ 9D{ aArdsSa

A0SYIFNA2QY GKS LlaaArAoAfAde OKI tbzedbKaconpleNH S i
(flowing) fracture system cannot be ruled obised solely orthe current knowledge
regardingthe UDDGP reservoir.

A discrete fracture network (DFNa description of fracture parameter (orientation, size,
aperture) and fracture network characteristics (fracture set orientation, density, spacing,
connectivity)herederived from geophysicéloreholeimages (essentially a scanline sampling
along wellbor¢. We did not directly simulate fluid flow on fractures. Insteadle have
calculatedequivalent permeabilitypased on the fracture statistics derived from observations
to representthe DFN. This continuum approach requires calculation of equivalenbgsed
permeability tensors from a DR described bji10].

Two DFNare considerednd implemented as equivalent permeability tensors in the model
a background fracture network (bFKgpresenting the unfaulted granitand a &ult zone
fracture network (fzFN) derived and simplified framage logsn UD-1 and describing the
PorthtowanFault zone

Facture networkscharacteristics are known to change with depth where changes in
temperature and pressure dependent rheolagfluence the fracture process and increasing
lithostatic pressure tends to close fractures. Additidpalin the UDDGP casdhe
emplacement of late stage ore bearing structufesins, loads and elvans) the roof of the
Carnmenellis pluton make the pice even more complicatedVe have undertaken several
attemptsto correlate fracture network characteristics with depth, but no satisfactory solution
was found so famdue to the complexity and becaus® geophysical logging has been
performed in URR2.

However, forUDDGRve assumed that

1 Facture intensity tends to decrease with depth in both the host rock (Carnmenellis
granite) and within the PTFgr various reasongintersections of faults, deformation
history, ductilebrittle transition, ...)\andto different degrees.

1 Infault zonesfracture intensity is significantly increased in relation to tirenediate
surrounding host rock.

1 Fracture length distribution cannot be assessed by fracture data from well logs and
assumed to follow a distribution fiction.

1 Fracture aperture (either mechanical or hydrologic) can be measured directly from
image log.Another way is to use dilation tendency calculated for the observed
fracture planes in a given stress field as a proxy for fracture aperture.

1 Only (party) open fractures effectively contribute to the permeability of the fracture
network. Thereforeclosed fractures or fractures with dilation tendency below &.&
disregardedor calculating the equivalent permeability tensor.

DFN mdels were created foboth the background fracture network (bFEMgpresenting the
unfaulted granite and for the Porthtowan Fault Zone fracture network (fzFN). Fronsehe
DFN models, equivalent grithsed permeability tensors were calcula&sidescribed by [10].
These works @re performed using the software suite FracMan®.
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The inport of equivalent permeabilitpreviouslycalculated fronmthe DFNmodek into a3D
subsurface model of the UDDGP project, as well as the subsequent simulation of geothermal
well operation, was performd with the FEM software FEFLOBarcy flow in an effective
porous medium is assumebh this approach, in contrast to the models described.ihl, the

PTF is modelled as&xtensive fault zonef several hundreds of meters widtiwhich is
contained by the Great Western xc and the Great Eastern xc. The location of these structures
at ground surfacas known from outcrops. Image log interpretationsrih GeoSciencétd.
suggesthat UD 1 intersecsthe Great Eastern xc at 4,060 m MD and the Great Western xc at
4,700 m MD. UE2, according to said interpretations, intersects the Great Eastern xc at 2,100
m MD and does not intersect the Great Western xc. The model geometry of the PTF was
constructed byinterpolating between hese specified locatiorend extrapolating to a depth

of 8 km(whereby we assume that the brittle PTF extends significantly beyond the depth of
UD-1.). This results in minimum and maximum widtlef the PTFf approx 300and 500 m,
respectively The lateralextensionof the fault zone in the model is approx. 2 km, restricted

by thegiven laterakextent of the crossourses at surface.

The model comprises a block of 8 kmdth, length) and 9.2 km depthThe PTI embedded

into a bw permeabilityrockmatrix. Fluid injection through UR2 and fluid production through

UD-1 occurs in a single point, respectively, at or near the locations where major fluid losses
were observed during drillingn the model, the injection poinsiocated at a depth of approx.
2,100 mS&nd the produdbn point islocatedat approx. 4,404 mSS

Thermohydraulic simulations of 3@ar geothermal well operatianare performed with a
focus on pressure and temperature development in the vicinity of the wé&l& focus of this
investigation does not lie on mechanical processes and risk of induced seismicity related to
the geothermal operationdnstead, the results of this approach provide insight into how well
the reservoir may be suited for lortgrm geothemal operationin terms of productivity
injectivityand energy outputbased on the assumption of a DEJge reservoir.

Figure5: Geometry and gridding of the DFN based fluid flow model for UDDGP. Left: View approx. pacafdlF strike
direction (i. e. towards NNW). Right: View approx. perpendicular to PTF strike direction (i. e. towards ENE). PTF is shown
in apricot. Yellow lines show U2 and UD2 trajectories. Fluid is injected through blue point and produced from redrmip

both within the PTF. Gridding is displayed only for elements on the boundary surfaces of the model.
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Table3: Parameters of the DFN based fluid flow model for UDD&GR. f dzSa YI NJ SR ¢AGK da&ipvé

S
QJ.‘:(":“H:Z:“_‘(’ leanEnergy

section3.1.6+ I f dzSa Y I {30 &R giveratil&°Caind they vary with model temperature

Parameter Value
Faultzoneporosity 0.02
Matrix porosity 0.002
Faultzonepermeability le-18¢ 1le-14 n¥ (¥)
Matrix permeability le-18¢ le-16 m? (*)
Fault zone dip 82°
Faultzone thickness 300¢ 500 m
Temperature gradient 33 K/km (with 10 °C at ground levg
Temperature injected fluid 35°C
Flow rate 201/s
Fluiddensity 999.793 kg/m(**)
Fluid heat capacity 4200 J/(kgK)
Solid heat capacity 2520 J/(kK)
Fluid thermal conductivity 0.65 W/(miK)
Solid thermal conductivity 3.0 W/(miK)
Dynamic viscosity 1.124 mP&s (**)
Fault zone storage compressibility le6 1/m
Matrix storage compressibility le7 1/m
System lifetime 30a

NI

2.2 SHPM Model Calibration

The SHPM method developed in Task 5.4 yields relative changes of fluid pressure
Y0 M0 at unevenly spaced reference points located at positioasd measured over
different time intervalsDt=tj-t; (i,j denoting occurrence time of slip at reference paintFor
technical details we refer to D5.2 affl.

Any directinterpretation of Y0 Y0 is complicated due to theinknown reference
pressurePy(r) which mayarydepending on location.

For relating Y0 YO to reservoir permeability, we use the forward solution

Y0 »Y0 provided by a numericdluid flow model which we compare to SHPM pressure
changes. Based on this comparison, the performance of a partituicrflow model can be
evaluated.It is, however, not trivial to define a framework for adaptifigid flow model
parameters such that/0 M0 is better matched. We experimented with several
approaches relating deviations between SHPM and modelled pressure changes to local
permeability and also tested a systematic search in the parameter space. Our edeferr
approach, however, is a nonlinear optimization algorithm which outperformed the alternative
attempts tested hereThe NeldegMead algorithm [11] is a commonly applied numerical
method u®d to find the minimum of an objective function in a multidimensional space. It is
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a direct search method (based on function comparison) and is often applied to nonlinear
optimization problems.

For model calibration (sectio®2.1.3 we have defined the followingogective function

Equationl

éJngiAAﬁﬁY/G Wo VD e g'nmyﬁ o Y o

with Y0 MWD denoting interpolated values of0 YO in time andY0 o and
Y0 o denoting measured and numerically simulated pressure changes at the wellbore.

With this definition we equdly weight the set of inferred SHPM pressure changes and the
pressure changes measured at the wellhead. Model optimization withNbklegMead
algorithmwas implemented using scripting in Mat@bwhile thefluid flow simulations were
performed with Comsol Multiphysié® assuming Darcy flowPorcelastic effectswere not
considered.

3{dzYYI NE 2F ! O0A GANIRASYZT E YR wS

Explanatory notegfor further details please refer to the Consortium Agreement)

91 Due to the delay in the UDDGP project, ongnzall data set of induced earthquakes
was obtained from the site. Therefore, the SHPM methodology developed in Task 5.4
(D5.2) could not bapplied for calibrating the UDDGP subsurface model.

1 Instead, he approach for calibrating subsurface models based SHPMwas
developed usingn alternative data set tm the Cooper Basin/Austral{glabanero#4
stimulation, sectior.2.1). This is the same data set used already in Task 5.4 (D5.2).
We have madehis datg which is one of the largest induced seismicity data sets in
EGS, available to the scientific community thgh ISEPOSTask 9.7).

1 For demonstrating that applicability of the SHPM approach is not limtedspecific
data set, ve have applied SHPM to two additional data sets (Habanes®£tion3.2.2
andParalanasection3.2.3.

3.1 Fluid Flow Modeldor the UDDGRSite

A subsurface model for UDDGP bagn developed as part of Task 5.4 based on information
available at that time. As part of the current Task 7.4, the subsurface model has been further
refined using data acquired during the subsequent drillihidJ®1 and UB2, respectively.
Associated obeyvations are described in sectioB4dl.1- 3.1.3

Although observations are consistent with the general geothermal development concept of a
fault-dominated reservoir, the alternative scenario of a complex fracture netwsrktill
considered as a possibilityTherefore, implications of a heavilyaétured reservoir are
discussed irsection3.1.6

Based on our preferred model of a fadlbminated reservoir, we make a prognosis of the
induced seismicity response in secti®i.5
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3.1.1 Drilling Observations

Three main lithologies were encountered during the drillofgUD1 and UDB2 at United
Downs metasediments (killas), microgranite and granite. At least four variations of granite
type persist to the bottom of UR, each with a distinctiveadioisotopicsignature defined by
concentrations irnthorium. Despite the proximity of the two wellsitHological boundaries
tend to occur consistently deeper in tDprobably due tawomplexfaultingin between both
wells. The detailed structure of fawdtat depth could not be resolved as no geophysical logging
was performed in UE2.

The taracterisation of reservoir geology is based on drilling parameters, gas shows, mud
losses, cuttings andireline logs (in particular image logs) run in-WOhe bllowing main
observations are made:

1 There is a general decrease of fracture intensityh depth but with an abundant
evidence of open fractures persisting.

1 Four structural domains are defined dhe basis of changes in fracture intensity and
orientation, as well as fracture types and fill character:

o Domain 1 is characterised by northerly dipping mineralised fractures (i.e. lodes),
with high fracture intensity(mean 2.1/m)throughout, and by N5 stiking
fractures.

o Domain 2 is characterised laydecrease infracture intensity (mean 1.6/mdf
mineralised fractures (lodes) with depth, more variable fracture intensity probably
due to faults intersecting the well locally, and a small -eidckwiserotation in
fracture strike to NNW.

o Domain 3 is interpreted as a zone of brittle fracturifmgean fracture intensity
1.2/m) superimposed on the eastern or hangingll side of what may be a pre
cursor ductile PTF structure represented by the tectonic fabric. There is also a
further anticlockwise rotation in fracture strike to NW. Clear evidence of a
fractured volume comes fronthe drilling parameters, gases, and reduction in
cuttings size.

o Domain 4, where a clear reduction in fracture intengityean 0.3/m)is observed
while the tectonic fabric persists, is interpreted as the PTF footwall. However, it is
noted that a significahmud loss zone occurs within it and that faults interpreted
in the image log appear to dip SW rather than NE as does the main PTF envelope.
Also, seismicity was recorded hedlaring drilling the sectiorfsection3.1.2) and
testing afterwards

1 The overall structural configuration is considered to be the product of episodic
reactivation phases (Permian to Tertiary) of linked fault systems strikingydiMi\/SSE
OADPS D t OR dARISQONRKBHT RO OAYWB YW 2 RSQ GNBSYRO D
both extensional and oblique strikdip components, the net effect being high levels of
fracturing and associated (mainly early Permian to Triassic) aligation, at least at
higher levels.

Figure 6 a) displays the structural data deduced from image logs frothiblithe subfurface
model. Structural complexity is rather high, however due to the scanline data sampling along
the wellbore trajectory the spal correlation to observations at surface or in mines still
remains uncertain due to the large distance and missing clear reference structures/horizons.
The fracture statistics (Figure 6 b) along the open hole section between 4,000 and 5,200 m
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MD indicatethe PTF to be encountered between 4,200 and 4,450 m MD. Other observations,
like mud losses while drilling and induced seismicity (as described in the following section),
indicate a hydraulic active fault at greater depth (at 4,890 m MD). A mismatch in
interpretation persists regarding the definitigatructural vs. hydraulic) of the PTF at reservoir
depth. From the current data set it is not clear where exactly the PTF, as defined at surface,
is encountered at depth. The correlation from surface to grégpth is not supported by
structural data from UE2, where wireline logging has been cancelled due to financial reasons.
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Figure6: a) Structural subsurface model updated by fracture inventory interpreted from image lodse Biscsindicate

open fractures black discgaults. b) Fracture statistics along open hole section. The red stippled lines outline the PTF
based on the fracturestatistics alone. However, other observations such as mud losses and induced seismicity indicate
much broader fault zone (compare witRigure 13. c) Map view of the reservoir section along UD The stress

orientation derived from borehole breakout analysis indicate the fractures to be optitgariented for high dilation and
slip tendency in a stke-slip regime favouring enhanced fracture permeability.
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The mentioned mud losses at 48 MD correspond t@a sudden high ROP while drillirag,
clearly visible open fracture zomethe image logs, ana distinct anomaly in the temperature
gradiert (Figure 8). Another anomaly in temperature gradient is seen at 4,2bMD
correlating with a pronounced GR peak indicating a high content of mobilized uranium within
a fracture zone.

Borehole breakouts interpreted in image and caliper logs indicate aSEVW-orientation,
parallel to the mean fracture orientation in domain 3 and(Eigure 6c)). The optimal
orientation of the fractures within the hsitu stress field favosr enhanced fracture
permeability due to high dilatioand sliptendency.

3.1.2 Induced Seismicitgluring Drilling

As part of Task 7.4, recordings from the local seismic monitoring network were processed in
nearreaktime for detecting everthe smallest seismic events duriadl operational phases

Such events can provide importanfanmation on the stresstrength state of the intersected
fractures.

A highly sensitive STA/LTA detector identified a total number of 18 seismic events associated
with drilling activities of UEL in April 2019. Event magnitudes are in the raofjel =2.1 to
M=-0.4, corresponding to slipped surface dimensionsthe order of metes to tens of
meters, depending on stress drop

I AaSAaYAO ¢ ¥S @St 20A08 Y2RSt g1 a WOIFLfAOGNIGS
event on 16 April 2019 with the md loss zone observed at 4,753 m T{BD m MD)

Resulting wave velocities are listed in TaBleWe note that vp/vs ratios determined
independently from Wadati diagrams are approximately consistent with the velocity model
presented in Tabl8.

Absolute ad relative hypocenter locations could be datgned for 17 of these events.
Results indicate that the eventduster in twoareasalong the well pathKigure7). These
locations can be associated with the two dominating thermal anomalies in logging data and
with the location of a prominent mutbss zone (comparggure 8).
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Figure7: Hypocenter locations relative to a master event occurring ori"18pril 2019, 21:43:46 UTC. Event symbols are
scaled to earthquake magnitude with colour denoting occurrence time. Tube showsLW|l trajectory with dark shading
denoting observed mud losses. Transparent plane indicates target fault in current model.

temperature (°C] temperature gradient (K/m
GR (cps) 140 150t mperet ( 370 180 0 U,E'fe 0,04 & 0,06 [5115'3 0,1
0 100 200 300 400 500 600 700 800 | (3900 3900
3900
4000 4000 2

4000

4100 4100
4100 -

4200 4200

4200

4300 4300

4300

4400 4
2400 24400

B

4500
4500 4500

4600 4 4600 4600 -

4700 4700 4700

4800 4800 - 4800

4300 4900

4300

5000 5000 + 5000

5100 5100 - 5100

Fgure8: UD1 log data (gamma ray, temperaturégemperature gradien) from 3940 ¢ 5,075 m MD. The orange lines show
the depth of the upper cluster eventavhich, on average exhibit a vertical location errorg2in the order of 200 mDotted
orange line corresponds to the drilled depth at the occurrence time of seismic evént dzLJLJS NJTitdotzédibBeNI O
line indicates a temperature anomaly potentially correlating with a fracture zone at the upper seiswint cluster. The
solid blue lines denote the loss zone at the location of the lower cluster of seismic events.
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We investigated spatitemporal correlations between earthquake activity and drilling
operations Figure9). The first event of the lower cluster occured within three hours after a
mud loss zone was intersected aB@0 m MD. This zone coincides with anomalyin the
temperature gradient anapen fractures in imag#g, indicating an openfar reachingflow
zone Hgure8). This zone was used for calibrating the seismic velocity model. Walafeec
that the seismic event was caused by fluid overpress@ased onrecorded pumping
pressure and tharilling muddensity in the wellwe estimate an overpressure of 14Rsl at

the open flow zonantersection.

The upper cluster is less defined. Thstfseismic event of this cluster occurred during pull
out of the drill assembly one hour after drilling to 4,417 m MD. Hypocentral depth of these
events exhibits larger uncertainties. Within their uncertainties, seismic events of the upper
cluster can bassociated with manomalyin the temperature gradient at 250m MD Fgure

8, right), indicating anotheralbeitminor open flonzone. Based on the current data, however,
we cannot rule out the possibility that the events of the upper cluster occurred on different
structures.

Induced seismicity observed during drilling indicates the existence of a steeply dif
permeable and @tically stressed fault intersected by tDat approximately 4.9 km MD
This fault is interpreted to be the geothermal target fault.

A similar, but less prominent fault (zone) is intersected at 4.2 km MD.

We use the overpressure of 14 MPa, at whichre@gy occurred, for estimating a lowe
bound of the stress criticality on the target fault at 4.9 km MD (sec3idr).

Table4: Seismic velocity model used for hypocenter determination. Station GEL0O9 was not operated during drilling and
has been calibrated at a later stage based on induced seismicity observations during tkikibjBction test (sectior8.1.3).

Station Vp [m/s] Vs [m/s]
GELO1 6279 3600
GELO2 6318 3690
GELO3 5866 3381
GELO4 5941 3383
GELOS 5994 3465
GELO6 5950 3451
GELO7 6058 3498
GELO08 6058 3498
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Figure9: Depth of drilling bit (black) and induced seismic event depth (red) versus time in UTC. Note: Drilling progress
currently includes only data from 05419, 16.04.19 and 18.04.19. The yellow star corresponds ®dkpth of the major
mud loss zone.

3.1.3 Induced Seismicity gring UD1 Injection Test

A short injection test was performed on Augu&t, 2020 during which a total fluid volume of
approximately 100 rhwas injected into well UR at a maximum flow rate of 25d/and
maximum wellhead pressure of 8 MPatotal number of 69 induced seismic events were
detected Figurel0), the strongest eventexhibiting magnitude M=0.8 corresponding to a
slipped surfacén the order of tens to a hundred meters

Figure10: Wellhead pressure (brownand magnitudeof seismic events (blue squares) induced during the short-UD
injection test.
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