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Study on fault-slip potential induced by water injection in the deep thermal reservoir of the

Gaoyang low uplift, Hebei Province

Abstract. Recently, water injection-induced earthquakes caused by faulting instability have become a prominent
geological safety issue for safely exploiting deep geothermal resources. This study investigates whether the future
large-scale development of deep geothermal resources in the Gaoyang uplift will destabilize buried faults. There has
a great amount of karst thermal reservoir in the Gaoyang low uplift, Hebei province. To find out whether the large-
scale deep geothermal exploitation in the future will induce faults distributed in and around Gaoyang geothermal
reservoir to become unstable, firstly, we calculate the initial stable state of the main buried faults based on Mohr-
Coulomb criteria using the comprehensive in-situ stress field of North China; then, under Hsieh and Bredehoeft
hydrological model, we calculate the possible excess pore pressure caused by water injection for 10 ~ 40 years at
representative geothermal wells; subsequently, combing this perturbation with the initial stable state, we obtain the
fault slip potential of the main buried faults from 2022 to 2062 based on a probabilistic approach; ultimately, we
discuss the impact on the changes of fault slip potential due to varying angles between the maximum horizontal
principal stress and the fault orientation. The main conclusions of this work can be drawn as follows. With the

injection rate of 170 m’/h, the maximum excess pore pressure caused by a single geothermal well does not surpass
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11 MPa, and it obeys a power decrease distribution with increasing distance from the center of the injection well;
its influence scope is no more than 8 km. Continuous water injection strongly changes the stability of those buried
faults distributed 2 km within the geothermal wells, and fault-slip potentials of some segmental faults even exceed
85% , corresponding to high unstable risk. Under 50 years of water injection at an injection well, the fault-slip
potential of faults with different strikes within 2 km from the injection well increases rapidly with the declining angle
among its orientation and the regional maximum horizontal principal stress. This paper’s study methodology and
associated findings can offer geoscientific justification for the safe exploration and exploitation of deep geothermal
resources domestically and internationally. This study can provide a method reference for the location of injection
wells and the selection of faults in different orientations in geothermal fields at home and abroad, thus promoting the
safe and efficient development and utilization of geothermal resources.

Keywords: Gaoyang low uplift; geothermal; water injection; fault-slip potential
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Fig. 1  Geological structures and the main buried faults distributed in and around the Gaoyang low uplift

(a) Main tectonic units in and around the Jizhong depression (modified from He et al. , 2018) ; (b) Geothermal fields distributed in

the Jizhong depression (modified from Chang et al. , 2016) ; (c¢) Map of the main buried faults and existing geothermal exploitation

boreholes distributed in and around the Gaoyang geothermal reservoir ( modified from Shang et al. , 2019; Sui et al. , 2020)
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Table 1

Attribute parameters of the main buried faults in and around the Gaoyang low uplift

HFR 43 B i it & ] 15 £ KB /km

Fi, 102°+5° 70°+10° 22.96

Fy, 110°+5° 70°£10° 12.96

WK=K (Fy) Fis 120°+£5° 70°+10° 11.48
Fiy 80°+5° 70°+10° 14. 44

Fi, 117°+5° 70°+10° 31.11

BRI R (F,) Fo 27 407 107 .93
| 18°+5° 40°+10° 8.15

TR (F,) F, 25°+5° 45°£10° 27.78
DR (F,) Fy. 17°+5° 50°+10° 12.59
Fy, 8°£5° 50°+10° 10. 00

Fipy 38°+5° 59°+10° 5.30

LV 2 (F,,) Flis 11°£5° 59°+10° 5.25
Fiis 47°+5° 59°+10° 14.38

Fio 53°45° 47°+10° 5.20

Fio, 44° +5° 47°+10° 3.82
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G, 2009)  FEMEMESE (2021) XS D34 IR HL
1 5 1 I 2 ARGk TR b A T R SIS, 45 3 4195 ~
4506 m IREBH A A EEN2.56~2.76 g/cm’, If
M EEAAAEIFESREmN T (S,) FEE
R PRI NAEBE R 0. 0266+0. 001 MPa/m; #]46FLIR
KIEF (Py) BEEUWFSE X N R #K R S,
(2020) X7 T 5 BH B 3ak 1) b B0 T 2 1% b R K A7
W 5 4 T 0, 2022 4F 3% b XA R OK 47 4 T
82.17~151.83 m Z[&], W] &h FL B /K F Bl I B 4%
PEBEHBR EE A 0. 0097+0. 0001 MPa/m

e PR 2 D35 AL 48 7 X P i B R 55 ok 1l 4
TR S 3634.5 m ( E 5t 4%, 2020, B
T L X 3600 m A Z5 2K 11 4 B 2 00 4R T
BLURBE . T2 EE 4 R RO T T )2 AR A IR A 1 A
BOREE, T H AT 0k R R AR

EEERRBZNERERLE, 2B NI EETE
SERTITE S PR L N T B R K CE DL K Bl R R X
I BsF 225K 0. 60 AR iy W7 J2= 9% B 5 A 1 T B2 45 AR
% (Ellsworth, 2013; Walsh and Zoback, 2016; 4+
WRHRAE, 2018) , HAFSE T BA 7L JT I 25 S0 R A X [m]
TETE KA R W 2 R R G B PR F 5T v, 8 0. 60 fE
XA 2 AR T )2 B A AR RO Il (R, AR OCF
G IR 2 B 3K — A 5 T M 22 5 DX 30 L N 2R AT T )2
WAL R AT T4 (Zhu et al. | 2022; K&
WA, 2022), Wk, CEEBEI 0.60 1E K B 5% X
B RN O R ok G i A A R
R AR W7 2 7 B 4 R g 3 4 TR 1Y 2 ) B R OK P
W46 1 3h 2R e XU
3.2 EREOEFZERAHTENRBERS
3.2.1 H R M AE T KRESH

PAAEA My DX M 56 2 256 g T KA R e FE



226 W FFR https ; //journal. geomech. ac. c¢n 2023

AR AT b5 I 0 A A, AR SR 2k b
JiAE AR FR AT = A I OE R ) BT N S A s K
(FERESE, 2019), 753 5 bH 0 #m & H AR X &

276

13.8F

BYRN; }7/MPa

ZRARWTEAE 3600 m TR JEE W 2 11 1 (9 A7 RCIE L g
TSR 7, B2 — 28 A o JU) 48t 4% 7 B W J= 1
LA T A5 PF T A RO H SR (D 3)

0
¥ FE R F1/MPa
T |
0 7.41 14.82 22.23 29.64
BEESIE B R R P 75 Z AL BR K FE J3/MPa

K3 BREOERSXEEZRREEMERZRS

Fig. 3  The initial stable state of the main buried faults in and around the Gaoyang low uplift
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YT 2R AL B I 5900 46 9 Bl G AR KU . DAL 5 AT LA
A, RS I R B X 4% o3 B W 2 W0 46 T gl 2k RS A
IR, ¥I/NT 10%, o, K - KW 24 25 &6
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4 v MR O A R R TR E KR K TR
KRS [ M AT

4.1 BILEKENITESHIER

3£ T Hsieh and Bredehoeft 7K 3C#E 81 (/% =
(2) ), T BHAR ™ R A o TR b R T SR [l 9 1 7K
AR AR ALK R 1, 2% 8 R R M AF R R
S, PEESWTRE BR T, [ T K 6T I 2 0 4 B R
% (Zhu et al. , 2022; REFE, 2022), W
Uk, SCEE R H T 5 O A R TR PG R
HABX AL 8 I (D30, D34, D35,
G4, G7. G30, Y42, Y50, H5WiZMHEE <2 km)
FE R IE K (CRAERSE, 2016) 5 R K %
4 1000 kg/m’; Evans et al. (2012) #F 5 KR b X
b ARTF SR K e K TR 7R A 6 1 K S 80
K HCRAE 18~120 L/s Z 8] 5 T & i KR %
B, FHME N 51 L/s, B 170 m’/h, %8 R &

SEEYAE (2020) 7Efm BHAR MR AL ES D35 ALIF

Jr il 7K i 50 30 ) ) e R A K S R S Il v K
AR T | Y S5 AN RS2 e, T K R S I B R S 0
K #E R 170 m*/h (E 5, 2020); FEH 40
4E(2022—2062 4F) AE N HEFE TR ROEE, B K
S0 1] B 3 A K DR 2 e M I S

[ 9 7 K S o R R R R K R T A A
ZTF R E 3600 m; D35 -8 #E i 2 R % k4
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Z0E), 5 EE 2.66 g/em’; H bR IR E BEIE 2
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7.20x107° wm?®; #AiE 2 A AL E LT 2% ~ 6%
ZIa, EHCFHE 3.93% (E 5B, 2020; %
MEMESF, 2021; EREIAE) 2021); A, KBF
RS % M N ST 4 5 {E, B 0.0008 Pa - s
(Walsh and Zoback, 2016)
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Fig. 6 The excess pore pressure caused by water injection in

deep-geothermal wells in the Gaoyang low uplift
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Fig. 8 Fault-slip potential of the near-field faults induced by water injection in the Gaoyang low uplift
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5.3 XEEFEKFERKHERITIE

T Bl R M e A v ) W ) AR K T AR R AL
BRAKEER TR Z L ME (Keranen et al. |
2013; Lei et al. , 2017) ., McGarr (2014) 3# 34>
BT R iR 7K 75 & M R g5 1, DA R IR AR TR A R M
R R R Z IR T AR A SRR, HoE i
BSHE AT T KIS R B K M AR R G A
/A\I‘:

M,(max) = GAV
M, :4§JogMMmM) - 6.033 3

Kb, My (max) NEKHER, ¢ 35U
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PEZ=EME B (2021) Bl 28 M 22 37 X 5 BH i #4
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Fig. 11 The estimated earthquake magnitude induced by water

injection for 30 days at a single well in the Gaoyang low uplift
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