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July — December 2013

Injection period: 14 - 20 July 2013

+—>
200~ 15
180 |
I II 11 St. Gallen sequence
160 Full catalog 12
. 1401 5
2 120 49 =
0 v
£ 100 2
v 80 d6 &
% o
60
40 13
20
0 loe Aen — L | T T TS — 1 l 0
Oéo Q,Q & O\\ &
0,\,‘?* o\b 0\0 0,\% 0\Q
Time (days)
Time Catalog of relocated events - Diehl et al., 2017

Pressures - Wolfgramm (GTN), 2014

Dominik Zbinden, Swiss Seismological Service, ETH Zurich 7 March, 2019



Introduction

N. www.seismo.ethz.ch

Modeling ‘ Results ‘ Conclusions

July 2013 - injection test

First few microseismic events ~80
minutes after the start of injection

157 Injegtion test 1> 160
w12 48 _
£ — Q
(S a o
S 9t 213 %
. g c
2 > o
S 6} g T
> v 124 g
v & =
o <

3t 12

0 0

/\\"' /\\“‘ /\\‘0 /\\‘b

N N QY Qv
Na N N X

Time (days)

14 July

Injection test (175 m3)

—

Time Catalog of relocated events - Diehl et al., 2017
Pressures and injection rates - Wolfgramm (GTN), 2014

Dominik Zbinden, Swiss Seismological Service, ETH Zurich 7 March, 2019 4



Introduction Modeling ‘

July 2013 - acid jobs
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July 2013 - gas kick and well control
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Spatial distribution of seismicity

Map view
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Introduction

Induced seismicity by poroelastic stress changes

Injection-induced seismicity (Goebel and Brodsky, 2018)
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The numerical model

Hydro-mechanical simulator TOUGH-FLAC

Rutqvist, 2011
(Rutqvis ) k§§g/»

3 scenarios:

Mini fracture: 20 m x 250 m x 115 m
Medium fracture: 20 m x 500 m x 660 m
Full fracture: 20 m x 500 m x 920 m

Initial state of stress
S1=1.02S,;, S2 =S, = 85.3 MPa (3.4 km depth);
S3 = 0.53 S, (Moeck, 2016)

S1 parallel to fracture zone (optimal for normal opening)

Hydro-mechanical coupling

-3.85

Z (km)

linearly increasing stress/pressure

-4.75}

2 Il
0.0 035 0.7 1.05 1.4

_________________________________________

Stress update in FLAC3D Porosity update in TOUGH2

07" = 0;j — aAP§;; A = f(a, @, K)AP + A  (Kim et al., 2012)
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Model calibration

Data inversion with iTOUGH-PEST
- Well pressure in borehole GT-1 as data

- Inverted model parameters:
* Fracture aperture
* Host rock permeability
« Fracture zone Young’s modulus

« Host rock Young’s modulus

Stress-dependent fracture permeability

(e.g. Rinaldi and

b = bres + bmaxexp(B oy) Rutqvist, 2019)

3

= Cubic law
Kam =155 )
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Stress change on fault: mini fracture
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Introduction

Coulomb stress change: mini fracture
Coulomb stress change

Stress change on the fault after 2 hours (shut-in) ACFS = At + plo'y
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Mini fracture vs. medium-sized fracture

Stress change on the fault after 2 hours (shut-in)
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Coulomb stress change
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Mini fracture vs. full fracture

Stress change on the fault after 2 hours (shut-in)
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Coulomb stress change
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Mini fracture vs. full fracture
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Stress change on the fault after 2 hours (shut-in)

Mini fracture

Coulomb stress change
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Introduction

Full fracture — hydraulic connection

Time evolution of pressure at fault .
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Gas kick and well control simulation

Observations TOUGH?2 coupled with a geomechanical-stochastic
| model (Rinaldi and Nespoli, 2017)
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Conclusions

+ In St. Gallen, poroelastic effects could have induced the seismicity on a remote fault

+ Relocated events of injection test are all located in zones of positive Coulomb stress change

« However, Coulomb stress change through a hydraulic connection could be about 3 orders of
magnitude higher

+ Seismicity could be induced within ~1 hour if a highly permeable fracture zone is present

« The timing and strength of the gas kick could be simulated using the same fracture zone as
a conduit

« The fractured nature of the reservoir and the potential location of the gas support the presence

of a hydraulic connection

Thank you for

your attention

2013, Stadt St.Gallen /

This work was supported by a Swiss National Science St.Galler Stadtwerke

Foundation (SNSF) Ambizione Energy grant (PZENP2_160555).
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Model calibration

Conclusions

Data inversion with iTOUGH-PEST

- Well pressure in borehole GT-1 as data

- Fracture zone and host rock properties as

model parameters
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Mini fracture vs. medium-sized fracture

Stress change on fault after 2 hours (shut-in)

Negative stress is compressional
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Results ‘ Conclusions
The conceptual model
| ‘ ‘ I ‘ : I"Pm]elc;'tk:n :ﬂ I I ‘ o
'a)Nw I t’ﬁa'g’?o'e Molasse Sediments SE

i F \
+ South of F2
1 borehole

F, 3.2

Projection -

ofol en hole 34
on .—,\

Malm - 3.6

' 38E
Dogger/Lias/Keuper

Crystalline

| Basement? - 20 E
] y Muschel §
4 R~ 4.2
' e ——
— e,
B e M 3.0 - 4.4
cons, 3.
\ rboniferous Trough? o ML a0
[— .0=M <3
. ‘\__—_— sy August  September  Oclober - - 46
1 —\ 15 22 8 15 22 2 8152229 B8 1522 — 1.OSMLMVI<2.0
1 \ ~— 0 10 20 30 40 50 60 70 8O 90 100 110 @] 0.0=M “"<1.0|[- 4.8
Ds fter 2013/07/14 00:00:00
~— ) v — e —_— ° M, 0.0
T T T T T T T T T T T T T T 50

T T
0.0 0.z 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 28 3.0 3.2

Distance Along Profile FF’ (km) Diehl et al.. 2017

Temperatur

T™MP

Gamma Ray Spectral Gamma Ray Kaliber
GR_FMI HFK G1_4.Run
t i {
0 gAPI 300 0 % 5 in 17
HCGR HTHO C2_4.Run
0 9API 300 0 ppm 20 17
HSGR HURA
0 gAPI 300 -1 ppm 9

degC

150

N ™

4 3800 TVD (m)

ey
Mg
aaz P

”.,-d"

E

wiep

s Temperaturprofil, 18.7.13, Sankt Gallen, nach Sduerung

Inflow zones

}

Teute [mMD]
g

Temperature log

&
Z

4200

s Wolfgramm (GTN),
2014

105 107 109 111 115 1uz 119

1
Temperatur[ic]

el |

i

\
\
\

i

e A T Wy S

N

N

Naef and Schlanke
(geosfer ag), 2014

Gamma ray log

' 3930 TVD (m)

Th anomaly
(only observed at
greater depth)

Dominik Zbinden, Swiss Seismological Service, ETH Zurich

7 March, 2019

23




Introduction ‘ Modeling ‘ Results ‘ Conclusions

The conceptual model

Injection test (14 July) induces minor

seismicity and opens up fractures

Cross-section normal to fault plane
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Cross-section normal to fault plane
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The conceptual model

True vertical depth (km)

Acid stimulations (17 July) induce further

seismicity and increase fracture permeability

so that gas can migrate upwards
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True vertical depth (km)
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The conceptual model
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Well control measures (700 m3
injected) induces main sequence
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