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Induced earthquakes and ground displacements were seldom reported in relation to gas injection or
extraction. The Hutubi underground gas storage (HUGS) facility is the largest one in China and is
also a unique case with both earthquakes and ground displacements detected during multiple cycles
of injection and extraction since 9 June 2013. Unlike previous studies with a primarily seismological
focus, here, we conducted quantitative analysis on the geomechanics of seismicity induced by the HUGS
through developing a hydrogeologic framework, which systematically integrated geodetic, geophysical
and geological data. First, we measured horizontal ground extension and shortening on the order of cm
in response to gas injection and extraction of the HUGS at depth using a local GPS network, which
was not reported in other regions with induced seismicity. Second, we synthesized a variety of data,
including seismic reflection profiles, a newly acquired local velocity model, rock physics measurements,
well drilling and logging data, to build up a 2D geomechanical model for the HUGS. Third, based on fully-
coupled poroelasticity, we proposed two methods to optimize the permeability of the upper aquifers as
well as the reservoir porosity and permeability with constraints from well level, GPS and well pressure
data. Numerical simulations using the calibrated 2D model revealed that the horizontal extension due to
the reservoir dilation is larger than ground uplift. The observed seismicity on faults without hydraulic
connections to the gas repository was probably induced by the poroelastic effect of reservoir dilation.
Our study provided a prototype scheme for detecting and characterizing the geomechanical behavior of
cyclic fluid injection and extraction in a deep reservoir, which would be applicable to other UGS facilities.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

There have been numerous reports of earthquakes induced by
anthropogenic activities, including wastewater disposal (e.g., Ker-
anen et al, 2014; Skoumal et al., 2014), injection of CO, for
enhanced oil recovery and geologic sequestration (e.g., Gan and
Frohlich, 2013; Verdon et al., 2013), hydraulic fracturing (e.g., Bao
and Eaton, 2016; Schultz et al., 2018), and enhanced geothermal
systems (e.g., Majer et al., 2007). In particular, a number of rela-
tively large earthquakes in the past decade have been attributed
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to fluid injection in petroleum fields, which have motivated ex-
tensive seismological, hydrogeological and geomechanical investi-
gations into the physical processes of induced seismicity (Keranen
and Weingarten, 2018). In comparison, fewer earthquakes have
been reported in relation to gas injection or production as well
as cyclic gas injection-extraction (Foulger et al., 2018).

Gan and Frohlich (2013) identified a cluster of seismic events
possibly triggered by CO; injection in a Texas oil field. They un-
derscored many critical questions that remain unanswered on how
earthquakes are induced by gas injection, which they emphasized
cannot be addressed solely by seismological observations but re-
quires complementary investigations of hydrogeology and subsur-
face stress. Another well-documented case related to gas injection
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is the CO, storage project in Weyburn, Alberta, where tens of mi-
croearthquakes were detected after installation of geophones in
2003. Since most of the events were located far from the injection
well, Verdon et al. (2011) argued that such spatial distribution is
in discrepancy with the conventional scenario of injection-induced
seismicity as enumerated above, and they accordingly adopted a
geomechanical model that couples the hydrological and porome-
chanical responses. The extraction of gas has also been reported to
induce seismicity, such as the Groningen gas field in Netherlands
(Thienen-Visser and Breunese, 2015). In the seminal analysis of
related phenomena, Segall (1989) appealed to a coupled porome-
chanical model to elucidate the spatial distribution of stress and
deformation.

Even less is known concerning seismicity that may be induced
by cyclic injection and extraction of gas, which typically occurs on
an annual basis in an underground repository. Hundreds of such
storage facilities for natural gas have been established worldwide
in depleted hydrocarbon reservoirs, aquifers and cavern formations
(Foulger et al., 2018), which can effectively modulate the supply in
response to seasonal demand, as well as reinforce national energy
security. According to the global database of over 700 cases of in-
duced earthquakes compiled by Foulger et al. (2018), only seven
cases were likely associated with underground gas storage (UGS),
two of which occurred recently in Spain and China. Located in de-
pleted hydrocarbon reservoirs, both repositories commenced gas
injection in 2013. The Hutubi underground gas repository in Xin-
jiang with a design capacity of 10.7 billion m>, about 8-fold larger
than the capacity (1.3 billion m3) of the Castor project in Gulf of
Valencia, is the largest among similar facilities in China.

However, the Castor project was stopped only after 12-day
operation because seismicity was detected soon after gas injec-
tion. The seismicity was still ongoing and detected in 2016. Over
1000 earthquakes with the largest magnitude up to 4.3 occurred
two weeks after the shutoff (Gaite et al., 2016; Foulger et al,
2018). Seismological data indicate that the seismicity was likely
related to activation of the Amposta fault and other neighboring
reservoir faults (Gaite et al., 2016). A coupled flow-geomechanics
analysis suggests that the Amposta fault was destabilized by in-
jection, whereas the neighboring faults might have been activated
by poroelastic stress perturbation (Gaite et al., 2016; Juanes et al.,
2017).

On the other hand, although geodetic approaches including
Global Positioning System (GPS) and Interferometric Synthetic
Aperture Radar (InSAR) have been widely used to measure the
spatiotemporal evolution of ground deformation, surface displace-
ments were only observed in several regions with induced seis-
micity (e.g., Mossop and Segall, 1997; Fialko and Simons, 2000;
Barbour et al,, 2016), especially in the regions with gas injection
or extraction activities. Vasco et al. (2010) imaged double-lobe up-
lift at the CO, sequestration site of In Salah, Algeria, using InSAR.
Thienen-Visser and Breunese (2015) reported that the surface sub-
sidence in the Groningen gas field measured by leveling since 1964
was up to 30 cm.

Limited geodetic observations in the regions with induced seis-
micity led to fewer studies incorporating them into seismological
and geomechanical analyses. The usefulness of such an integrated
approach for seismicity induced by fluid injection was recently
demonstrated by Shirzaei et al. (2016 and 2019), who applied a
multitemporal InSAR approach to measure surface uplift due to
wastewater disposal in eastern Texas and further inverted the hy-
draulic diffusivities and permeabilities of injection layers. For the
cases with gas injection or extraction, Verdon et al. (2015) found
that the InSAR measurements of surface uplift at In Salah seemed
to correlate with limited seismicity data based on geomechanical
modeling. In the Groningen gas field, the subsidence was inter-
preted with compaction models and then used to derive an em-

pirical relationship between cumulative compaction and seismic
moment (Thienen-Visser and Breunese, 2015).

The Hutubi underground gas storage (HUGS) facility is a unique
case with both induced earthquakes (Yang et al., 2017; Tang et al.,
2018; Zhou et al,, 2019) and potential surface displacements (Qiao
et al., 2018) associated with cyclic gas injection-extraction. Tang et
al. (2018) analyzed the seismological data of the Xinjiang seismic
network from 9 June 2013 to 10 October 2015 and suggested that
the seismicity likely occurred on pore-pressured faults governed
by rate- and state-dependent friction and poroelastic responses to
the abrupt changes in injection rate and well pressure. Zhou et al.
(2019) conducted seismological analysis of data from a temporary
network comprising 38 mobile stations as well as from the Xin-
jiang seismic network with a time span from 9 June 2013 to 31
December 2015. Accordingly, they were able to better resolve the
location and spatial clustering of the events associated with the
first and second injection phases, and most importantly, to derive
the focal mechanism solutions of the two largest events in August
2013.

Both studies revealed that the HUGS had induced My > 3.0
earthquakes. However, their conclusions on the physical mecha-
nism of induced seismicity are different. Tang et al. (2018) ar-
gued that both pore pressure and poroelastic stress perturbation
contributed to induce the events. In contrast, Zhou et al. (2019)
regarded that poroelastic perturbation was the only mechanism
responsible for the observed seismicity. In the absence of de-
tailed hydrogeological and geomechanical modeling, the two dis-
tinct physical mechanisms were limited to qualitative conclusions.
The first objective of our study is to fill this gap with quantitative
understanding of the geomechanics of seismicity induced by the
HUGS and to validate the two conclusions. Guided by a synthesis
of seismic reflection profiles, a local velocity model, rock physics
experiments, well drilling and logging data, we developed a hy-
drogeologic framework for a 2D geomechanical model that fully
couples the hydrological and poroelastic processes. The new so-
lutions of focal mechanism (Zhou et al., 2019) provided us with
critical references for simulating the spatiotemporal evolution of
Coulomb stresses.

In the aspect of surface deformation, an earlier analysis of the
vertical deformation measured by both GPS and InSAR has demon-
strated that its major contribution was from the hydrologic cycle
and groundwater withdrawal, with little connection to gas injec-
tion or extraction (Qiao et al., 2018). Whether cyclic gas injection-
extraction have induced detectable ground displacements is still
in doubt. Meanwhile, comparing with the rocky, desert conditions
at In Salah that are almost ideal for InSAR monitoring (Verdon et
al., 2013), the HUGS site is covered by farmlands and vegetation,
which tends to cause loss of interferometric coherence and limits
the capability of InSAR approach. To circumvent these two techni-
cal challenges, we instead focused on horizontal GPS data of a local
GPS network established in May 2013 (Fig. S1) to measure poten-
tial horizontal ground extension and shortening in response to gas
injection and extraction of the HUGS at depth, which is the sec-
ond objective of this study. Moreover, unlike previous studies with
a primarily seismological focus, we also tried to develop a method-
ology to incorporate the potential horizontal GPS observations into
geomechanical modeling of cyclic gas injection-extraction within
the HUGS to derive quantitative constraints on the hydromechani-
cal responses, especially of the reservoir layer.

2. Tectonic setting and operation of the HUGS
2.1. Tectonic setting

Our study region (Fig. 1a) is situated in the southern Junggar
Basin, where the regional topography reveals several subparallel
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Fig. 1. The Hutubi underground gas storage facility. (a) Geological background. Red lines are active faults from the active tectonic map of China (Deng et al., 2007). Red stars
locate the 1906 Mana and 2016 Hutubi earthquakes. (b) Relationship between gas volumes and wellhead pressure of the HUGS. (c¢) Observed horizontal ground extension
from 28 March 2014 to 18 November 2017 and locations of induced earthquakes. Five red dots with black borders show the M > 3.0 earthquakes (E1: 1/8/2013 M| = 3.0;
E2: 3/8/2013 ML = 3.6; E3: 3/8/2013 M = 3.0) from Tang et al. (2018). The red points with blue borders mark the seismic cluster in August 2013 relocated by Zhou et al.
(2019). The two largest events on 3 August are denoted with focal mechanisms. (For interpretation of the colors in the figure(s), the reader is referred to the web version of

this article.)

and east-west trending thrust-fold belts formed since the Ceno-
zoic Indo-Asian collision (e.g., Deng et al., 1994). Among them,
the Huoerguosi-Manas-Tugulu anticline belt is the longest, whose
easternmost part intersects with the study region. Present-day GPS
velocity field shows that the study region is undergoing north-
south shortening at rates of 2-5 mm/yr (Qiao et al., 2018). Active
tectonics in the northern piedmont of the Tian Shan has resulted
in many strong earthquakes (Deng et al., 1996; Wang et al., 2004),
including two M > 6 earthquakes in 1906 and 2016 (Fig. 1a), re-
spectively. In a recent analysis of the seismotectonics of these two
events, Lu et al. (2018) argued that both are connected to the
Huoerguosi-Manas-Tugulu fault with a ramp-flat-ramp geometry.

In the foreland of the Junggar Basin, there are numerous struc-
tural traps holding hydrocarbon (Hu et al.,, 2010). The HUGS was
transformed from one of the depleted reservoirs, which had been
producing gas for about 14 yr from 1998 to 2012 (Pang et al,
2012). With an average thickness of ~110 m, the sandstone reser-
voir is located at a central depth of ~3.6 km, extending laterally
over an area of ~12 km x 2.6 km (Fig. 1c). As will be elaborated
in Section 3.2, our interpretation of five seismic profiles reveals
that the HUGS is located below the Hutubi anticline and bounded
on one side by the northwest-trending Hutubi fault (Fig. 1c). This
thrust fault dips towards the southwest at a relatively low angle of
~20°. Field tests have shown that it has excellent sealing charac-
teristics and acts as an effective barrier to gas transport (Pang et
al., 2012).

2.2. Cyclic gas injection and extraction

To guarantee a stable gas supply for northern Xinjiang and
strategic security of the West-East Gas Pipeline Network,
PetroChina Xinjiang Oilfield Branch transformed the depleted
Hutubi gas field into an underground gas repository. The designed
minimum working gas volume and capacity are 6.19 and 10.7
billion m? (Fig. 1b), respectively. To attain this lower threshold,
1.66 billion m> of natural gas needs to be injected into the reser-

voir (Cao, 2013). By 1 June 2018, the HUGS has completed five
injection-extraction cycles. In warm seasons, natural gas is injected
into the reservoir, ready for supply in cold seasons. Between each
injection and extraction phases, there is a balance phase lasting
about three weeks for equipment maintenance.

As our 2D geomechanical model was developed with major
reference to the seismic profile L290 based on the spatial distri-
bution of GPS station (Fig. S1b), we collected production data of
11 wells surrounding the profile (Fig. 2a) from the HUGS opera-
tor. Figs. 2 and S2 show the wellhead pressure and gas injection-
extraction rates, respectively. As the production rates were only
available from 1 January 2015 to 30 April 2017, we had to col-
lect some open reports on the total gas volume and time span of
the first injection-extraction and second injection cycles to infer
the rates (Table S1). Considering that the production rates varied
appreciably among some wells, their mean values were used in
Sections 5.2-5.4 to conduct geomechanical simulations. For com-
parison with predicted pore pressure changes, we also estimated
the root-mean-square (RMS) error of the observed relative pressure
changes, equal to 1.87 MPa. More information on the production
data is provided in the Supplementary Material (SM-S2).

3. Geodetic, geophysical, and geological observations
3.1. GPS observed horizontal ground extension

Due to the reason of observation time span, we only used 13
campaign stations of the local GPS network to measure the cu-
mulative horizontal ground displacements within five time periods
(SM-S1). Figs. 1c and 3 show the horizontal displacements of the
fiftth and another four periods with reference to station HKP4 near
the HUGS center, respectively. Two stations (HKP1 and HKPN) at
the outskirts show displacements that are significant larger the
others, likely dominated by hydrological process rather than the
HUGS operation (see more explanations in Sections 5.1 and 5.3).
Excluding these two anomalous stations, three deformation pat-



G. Jiang et al. / Earth and Planetary Science Letters 530 (2020) 115943

86°59'E 87°1'E 87°4'E
| | |
a
44°8'N | S et S~. HUGS
HUK14™=--<.__
 HUK15 H%JK16~\ " g
HUK5 HUk17  ~ HUK23 -
YHUK18 HUK2A ™=~ _
v v S S
44°7'N

v = P
HUK19 é—iU 20 v17|UK25 SE

Q

Ay’ 3
HUK21 .
1 km
b
— { 25
© ©
o | o
s « s
(0] | O
= Al 52
@ Ul @
(7] { (%]
4 8
e —Hukt |V %5
——HUK8
HUK9
——HUK10 —— HUK21
105012 2015 2016 2017 105012 2015 2016 2017
30 : 30 ‘ o
iy
25 ‘ | 25 ]
g 1 g
s | £
® 20 | 20
? p." \ 3
g g
£ | |" ‘ £ |
15 l{ 1% 15 ]
— HUK23 i
1 — HUK24
HUK25
105012 2015 2016 2017 105014 2015 2016 2017

Fig. 2. Wellhead pressure data from 9 June 2013 to 30 April 2017. (a) Distribution of gas injection/extraction wells. Pink dashed rectangle outlines the 11 wells adopted in
this study. (b-d) Observed wellhead pressure of the 11 wells surrounding the seismic profile L290. (e) Average wellhead pressure with daily uncertainties shown by gray

error bars.

terns can be identified. First, the displacement magnitudes tend to
be larger outside the HUGS, which is particularly evident in Figs. 1
and 3c with more injection phases than extraction phases. Sec-
ond, injection or extraction results consistently in an extension or
shortening that tends to be localized near the HUGS. This is best
illustrated by comparing Figs. 3b and 3d with Fig. 3c. Third, the ex-
tension magnitudes increase during each gas injection phase and
decrease during extraction phases. These spatiotemporal trends in-
dicate that our GPS measurements of horizontal deformation are
probably connected with the injection and extraction activities of
the underground repository. Having GPS data from multiple annual
cycles allows us to validate the consistency of responses from cycle
to cycle, as well as the contrast between injection and extraction
phases.

As the acquisition of production data is as of 30 April 2017
(Fig. 2), here we only used the observations in the four periods as
shown in Fig. 3. The displacement vectors were further projected
on the horizontal plane that contains the strike of the Hutubi fault,
and two components perpendicular and parallel to the fault strike
were resolved. As our geomechanical model mainly refers to the
seismic profile L290, we only adopted the component perpendicu-
lar to the fault strike for comparison with model prediction (insets

in Fig. 3). The error bar of each station in the displacement profiles
(after two processes of removing the regional deformation trend
and projection) was derived using the measurement errors of two
horizontal components. Furthermore, we estimated the RMS er-
ror of the extension data in the four profiles (excluding the two
anomalous stations) to be 0.41 cm based on their uncertainties.

In all four periods, the displacement profiles show an overall
extension trend that increase at distances away from the HUGS
center (Fig. 3). The magnitude initially increased by as much as
10 mm over a distance of =1 km to attain a peak, then decayed
at some distance from the HUGS. Because slope of such a curve
corresponds to a linear strain, the implication is that our method-
ology has effectively resolved an extensional strain on the order
of 10~ developed on the surface in response to injection of gas
into the HUGS. Both magnitudes of the displacement and strain
as well as their spatial distribution are in qualitative agreement
with prediction of idealized models (e.g., Mogi, 1958) for injection
and extraction of fluid in an elastic half-space. Sections 5.2 and 5.3
present a more quantitative analysis hinging on the development
of a realistic hydrogeologic framework for a fully-coupled geome-
chanical model.
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Fig. 3. GPS observed horizontal ground displacements relative to station HKP4 during four periods. The two stations in the northeast likely dominated by hydrological
process are plotted with color gray. The inset in each panel shows the horizontal ground extension profiles in the horizontal direction perpendicular to the strike of the
Hutubi fault. Lateral ground extension relative to the HUGS center is defined to be positive displacements. Two red dashed lines in each profile mark the observed maximum

ground extension. Pink lines in the profiles are the simulated displacements under the preferred hydraulic parameters (porosity = 20%, permeability = 3.25 x 10713

the reservoir layer.
3.2. Seismic reflection profiles and drilling data

We have available from PetroChina five seismic reflection pro-
files, approximately equally spaced in the study area from south-
east to northwest (Fig. S4). Three profiles (L150, L220, and L290)
cut through the HUGS. Along profile L220 there is a well (DF1)
with core samples and geologic log data. Together with two other
wells (HU2 and HUK17) such data have provided important con-
straints on the stratigraphic column (Table S2).

We adopted the fault-related fold theory (Shaw et al., 2005) to
interpret the seismic profiles (Figs. 4a-4e) and identified six faults
(the Hutubi fault and Faults I-V). More details on the interpretation
refer to SM-S3. Fig. 4f summarizes our stratigraphic and structural
interpretation. Dip angle of the Hutubi fault with distinct thrust-
slip feature ranges from 20° to 25°. Faults I and II dip to the
northeast with angles varying from 22° to 37°. Faults III-V dip in
a conjugate direction with angles between 7° to 28°. In contrast,
previous studies interpreted another two faults (red dashed lines
in Figs. 4c and 4d) (Pang et al., 2012; Cao, 2013). However, we ob-
served no clear faulting features and thus did not consider them
in our geomechanical model.

3.3. Active seismic source and borehole geophysics data

Near the GPS station HTBC at a distance of ~20 km north of the
HUGS is an active airgun source (Fig. S1a), which was monitored by
37 portable stations (Fig. S5a). To develop a local velocity model, Ji
et al. (2017) analyzed the airgun signals recorded in May 2016 and
used surface wave dispersion curves of the stacked signals to invert
the shallow S-wave velocity structure with the software CPS330
(Herrmann, 2013). The P-wave velocities were then inferred from
the velocity ratios between P- and S-waves of CRUST1.0 (Laske et
al., 2013). The crustal density profile (Fig. S5b) was derived using a
nonlinear empirical velocity-density formula (Brocher, 2005; Lud-
wig et al., 1970).

m?) of

We also had access from the Xinjiang Branch of PetroChina Log-
ging Company porosity profiles of nine wells at different depth
ranges (Figs. S4 and S6), which have been derived from bore-
hole geophysics data including acoustic, neutron, and density logs.
For development of the hydrogeologic framework, we derived the
mean and median porosities for several different depth ranges
from histograms of the borehole data (Fig. S6).

4. Geomechanical modeling
4.1. Model setup

Guided by the geophysical and geological observations summa-
rized in the previous section, we formulated a 2D geomechanical
model for the HUGS with major reference to the seismic profile
L290 based on the distribution of the 13 campaign GPS stations.
Extending over a width of 36 km and a depth of 14 km, the model
comprises seven layers: Upper Aquifers 1-2, Upper Layer 3, Caprock
Layer, Reservoir Layer, and Basal Layers 1-2 (Fig. 5). At the HUGS
center, the reservoir layer extends from a depth of 3.53 km to 3.64
km. With a width of 2.2 km, the repository is bounded on the
southwest by the Hutubi fault, which is approximated in the model
as impermeable (with a thickness of 10 m) based on previous field
tests and operation of the gas field (Pang et al., 2012). The north-
east boundary corresponds to the gas-water interface, also treated
as impermeable in our model.

The porous medium in our model was assumed to be isotropic
and linearly poroelastic, and for each layer and faults we needed
to specify its elastic moduli, porosity and permeability (Table 1).
The elastic moduli of the seven layers were calculated based on
the local velocity and density profiles (Fig. S5). The porosity value
of each layer was estimated based on the logging data (Fig. S6),
stratigraphy (Table S2) and observations on core samples from
outcrops (Table S3). Unlike the elastic moduli and porosity, per-
meability variation among the layers is difficult to constrain. We
conducted careful analysis of hydrogeological units in the study
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area (SM-S4). Additionally, benefiting from the GPS data at station
HP12 measuring aquifer uplift near water well H5 (Fig. S1b) and
production data of the HUGS, we were able to further constrain
the permeability of Upper Aquifers 1-2 as well as the hydraulic
properties (porosity and permeability) of the reservoir layer in Sec-
tions 5.1 and 5.2, respectively.

4.2. Finite element modeling based on fully-coupled poroelasticity

In a seismogenic system hydraulically connected to the injec-
tion sources, earthquakes can be induced solely by enhancement
of pore pressure, and the mechanics may be analyzed simply by
a hydrological model for pore pressure evolution, together with
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Table 1

Mechanical and hydraulic parameters of the rock formations and faults in the geomechanical model for the HUGS and fluid properties.

Layer Thickness Density Young's Biot Poisson’s Porosity Permeability Viscosity Compressibility
(km) (kg/m3) modulus coefficient? ratio (%) (10~15 m?) (Pas) (Pa~1)
(GPa)
Upper Aquifer 1 0.150 1132 0.44 0.98 0.39 12 13 or 75¢
Upper Aquifer 2 0313 1681 210 0.91 0.39 8
Upper Layer 3 2.037 2038 5.99 0.76 0.38 6 0.2
Caprock Layer 1.030 2334 21.06 0.44 0.32 2 0.00001
Reservoir Layer 0.110 2362 24.37 0.39 0.31 3~30 0.1~1000
(20~309) (125~325%)
Basal Layer 1 1.072 2394 28.68 0.32 0.30 5 0.001
Basal Layer 2 2.229 2488 44.09 0.09 0.27 5 0.01
Faults 0.010 2488 10 0.79 0.27 5 0.0001
Gas® 154 212 x 1073 1x 107
Water! 1000 55 x 107> 0.42 x 107°

4Calculated based on the equation, @ = 1— K /K, (Wang, 2000), where K is the drained bulk modulus and K; is bulk modulus with a fixed value of 35 GPa. More explanations

refer to SM-S5.
bThickness at the center of the HUGS.

“Constrained by water level changes of well H5 and vertical displacements at station HP12 (Section 5.1).

dConstrained by GPS-observed horizontal ground extension and wellhead pressure changes (Section 5.2).

€The density and viscosity of natural gas were obtained by averaging two groups of values retrieved from https://checalc.com/solved/gasVisc.html based on the reservoir
temperature of 92.5°C (Cao, 2013) and two pressure values of 13.2 and 30 MPa, which correspond to the initial and expected maximum values of the reservoir. The
compressibility is in line with the magnitude of CO; in Bjernard et al. (2016) with the condition of T = 50°C and P = 20 MPa.

fThe water properties are also from Bjernard et al. (2016).

mechanical consideration based on Terzaghi’s effective stress prin-
ciple. However, for the HUGS, previous seismological studies pre-
sented two different interpretation of the physical mechanism of
induced seismicity with and without pore pressure perturbation
(Tang et al., 2018; Zhou et al., 2019), respectively. To verify the two
physical mechanisms, geomechanical modeling must realistically
account for the coupling of flow and poromechanical responses.
This motivates us to develop a fully-coupled model based on linear
poroelasticity, whose governing equations are elaborated in SM-S5.

A finite element model based on COMSOL Multiphysics (ver-
sion 5.3a) was used to simulate the deformation and flow. The 2D
mesh of triangular elements was highly refined for the reservoir
layer, faults, injection sources, and intersecting points to resolve
large stress and pressure gradients (Fig. S9). Because our focus is
on the perturbation of stresses and flow associated with gas in-
jection and extraction, it is reasonable to prescribe no-flow and
stress-free conditions on the lateral and lower boundaries at large
distances from the repository (Fig. 5). We also prescribed the sur-
face to be stress-free water table. The repository boundaries were
set as aforementioned.

5. Model calibration and simulation

From a hydrological perspective our geomechanical model is
made up of two domains that can be idealized as hydraulically
isolated from one another. The upper domain consists of the two
upper aquifers underlain by the Upper Layer 3 and caprock with
permeabilities two to six orders of magnitude lower (Table 1),
which hydraulically shield it from the lower domain. Because the
reservoir layer in the lower domain is sandwiched between the
basal layers and caprock with permeabilities at least two to four
orders of magnitude lower, it has little hydraulic connection with
the upper aquifers.

The hydrogeologic framework has significant influence on the
development of deformation and stress. In this section, we first
considered the surface deformation associated with two scenar-
ios: withdrawal of groundwater from the surface aquifer, and cyclic
gas injection-extraction of the HUGS. The two analyses allow us to
use vertical and horizontal components of GPS displacements to
constrain the permeability of the upper aquifers and the reservoir
hydraulic properties, respectively. We then in a further analysis
used the geomechanical model so calibrated to simulate the defor-
mation and stress perturbation resulting from the HUGS activities.

5.1. Constraining the permeability of upper aquifers

At a distance of ~2 km from the HUGS center is a water well
(H5) penetrating 100 m depth (Fig. S1b), whose level has been
monitored since 2014. The GPS station (HP12) is located at 83 m
from it. Primarily for irrigation, the well each year undergoes a
cyclic change in level, dropping to a minimum during the summer
when withdrawal of water is at a maximum. The well level and
uplift data were analyzed by Qiao et al. (2018), who concluded
that the cyclic changes of well level and vertical uplift were pos-
itively correlated, with a time lag remained about the same from
year to year. During summer after the well level had dropped to
a minimum, the vertical subsidence would continue to increase
and not attain its annual maximum until ~20 days later. Because
of the variability of the hydrologic cycle and irrigation need, am-
plitudes of the well level change and uplift would fluctuate with
years. Here we focused on the period from 15 November 2015 to
24 March 2017, during which the most pronounced changes were
observed: a significant uplift of >3 c¢cm developed in response to
well level change of ~20 m (Fig. 6a).

We used our geomechanical model to simulate the uplift that
would result from the observed well level change with the as-
sumption that both flow and deformation in the relatively thin
unsaturated zone near the surface can be approximated as those
in a saturated state (SM-S6). Through increasing the permeability
of aquifers from 1015 to 10~13 m?, the RMS misfits between the
predicted and observed vertical displacements range from 0.89 to
0.37 cm (Fig. 6b). To avoid over- or under-fitting, the RMS fitting
residual should be close to the average observation error of 0.5 cm.
Accordingly, our geomechanical modeling together with the GPS
and well data constrained the permeability of the two aquifers
to be two alternative optimal values of 1.3 and 7.5 x 10714 m?2,
which are consistent with the permeability ranges of the forma-
tion rocks (Table S2) (Freeze and Cherry, 1979).

Our simulated results agree qualitatively with what are ex-
pected of transient flow in well hydraulics (Freeze and Cherry,
1979). From dimensional analysis the hydraulic-head drawdown
near the well should scale directly with the pumping rate and
inversely with the transmissivity (directly proportional to perme-
ability). This therefore implies that the drawdown would be less
for an aquifer with larger permeabilities under the same pumping
rate. In other words, to achieve a drawdown in a more permeable
aquifer, the pumping rate needs to be higher, which would induce
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larger loss of pore fluid and more pronounced compaction (and
volumetric strain). In an aquifer or hydrocarbon reservoir with a
very large lateral extent, it is generally observed that compaction
from fluid withdrawal is dominated by the vertical strain, with
minimal lateral strains (Geertsma, 1973; Segall et al., 1994; Walsh,
2002), as shown in Figs. 6¢c and S10 (with multiple pumping wells).
Accordingly, one expects the vertical strain and displacements to
correlate with the drawdown, with a magnitude increasing with
permeability (Fig. 6a).

Because the transient flow in response to pumping is a diffusion
phenomenon, the temporal change of pore pressure and deforma-
tion typically lags behind the pumping history, with a characteris-
tic time t that scales with the square of the characteristic distance
(¢2) divided by the hydraulic diffusivity « = k/(7S¢) (also directly
proportional to permeability). 7 and S, are the fluid viscosity and
the constrained specific storage, respectively. It then follows that if
the distance (between the well and GPS station) is fixed, then the
characteristic time lag is expected to scale inversely with perme-
ability, as shown in our simulations (Fig. 6a).

5.2. Constraining the reservoir porosity and permeability

The next scenario to consider is the cyclic gas injection-
extraction of the HUGS. Wellhead pressure and horizontal ground
extension were analyzed together with geomechanical modeling
to constrain the porosity and permeability of the reservoir layer.
As for the earlier scenario most of the hydromechanical param-
eters were fixed as specified in Table 1 with setting an optimal
permeability of 7.5 x 10~1% m? for the two aquifers. Actually, the
aquifers are hydraulically isolated from the reservoir layer, their
permeabilities have little impact on the simulation of cyclic gas

injection-extraction. However, for the reservoir layer, we consid-
ered large ranges of porosity (from 3% to 30%) and permeability
(from 10717 m? to 10~'2 m?) from well logging data and rock
physics experiments.

We developed a grid-search method to pinpoint optimum val-
ues of porosity and permeability for the reservoir layer jointly
using the pressure and GPS data (SM-S7). After simulating cyclic
gas injection-extraction from 9 June 2013 to 30 April 2017, we
compared the model predictions with the observed bottom-hole
pressure changes and four displacement profiles. Also based on the
same fitting criteria as described in Section 5.1, the RMS residu-
als should be comparable to the observation errors (0.41 cm for
ground extension and 1.87 MPa for pressure changes). The residual
of pressure changes exhibits a closed contour with the RMS mis-
fit equal to the observation error (Fig. 7a). By comparison, ground
extension is more sensitive to the porosity than the permeabil-
ity (Fig. 7b). Around the 1.87-MPa contour, all the RMS misfits of
displacements range from 0.37 to 0.38 cm, slightly less than the
average error of the four extension profiles. Consequently, together
with our modeling, the observed pressure changes and ground ex-
tension constrained the reservoir porosity and permeability to fall
on very narrow ranges of 20-30% and 1.25-3.25 x 10~13 m?, re-
spectively, which are in accord with the previous results from anal-
yses of the reservoir characteristics and properties (Song and Hu,
2001; Li et al., 2014) and supported by sensitivity analysis (SM-8).

Again our simulated results on how porosity and permeabil-
ity can influence the downhole pressure and ground displace-
ment agree with what one would expect of transient flow and
poroelasticity (Freeze and Cherry, 1979; Segall, 2000). The injec-
tion of a volume of gas into the HUGS instantaneously increases
the downhole pressure in the well, and how this localized per-
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turbation would dissipate is controlled by the hydraulic diffusiv-
ity. This implies that for a given injection/extraction history, the
corresponding change in downhole pressure would decrease with
permeability. Porosity may also have a minor influence through
its connection with the specific storage Se¢. Given that the surface
formations are hydraulically isolated from the reservoir layer, ap-
preciable ground displacement related to gas injection could be
only developed by poroelastic deformation due to the enhance-
ment of pore pressure. For a given injection volume, the pressure
enhancement would likely decrease with porosity (Segall, 2000).
This implies that magnitude of the ground displacements would
also decrease with porosity.

5.3. Simulation results of ground displacements and pressure changes

Based on the results from Sections 5.1 and 5.2, we conducted
forward modeling of the downhole pressure and displacement field
using optimum values for aquifer permeability (7.5 x 10~'4 m?)
as well as reservoir porosity (20%) and permeability (3.25 x 1013
m?). The injection-extraction history up to 30 April 2017 was sim-
ulated using the mean production data described in Section 2.2.
Spatiotemporal development of the displacements is presented in
the supplementary Video S1, and the cumulative displacements at
the end of the fourth injection phase are presented in Fig. 8a. In re-
sponse to the pressure increase within the HUGS, the surrounding
rock expands and results in extensional displacements on the order
of 1 cm that radiate from the repository. The magnitude decreases
with radial distance. Symmetry constrains the displacements at lo-
cations vertically above the repository center to align in a vertical
direction, with negligible horizontal component. At the surface the
horizontal displacement vanishes at the central location and in-
creases with distance away from the center, reaching a maximum
at ~3 km before decaying gradually to vanish at large distances.

Temporal development of the horizontal and vertical compo-
nents of the ground displacements at three lateral distances are
presented in Fig. 8b. The maximum horizontal extension is pre-
dicted to be ~0.27 cm at 3 km, which would decrease to ~0.17 cm
at 6 km. In contrast, the uplift has a maximum at the center, with
a magnitude of ~0.22 cm that would decrease laterally down to
~0.10 mm at 6 km. Because such vertical displacements induced
by gas injection are much smaller than that due to groundwater
withdrawal by orders of magnitude, our GPS data for uplift were
probably dominated by the latter (Qiao et al., 2018). On the other
hand, as explained above in Section 5.1, the horizontal strains asso-
ciated with such hydrological processes are expected to be negligi-
ble in an aquifer that extends laterally over long distances, which

implies that we can readily rule out the withdrawal of ground-
water as causally related to the extensile strains that were appre-
ciable in the GPS data. Our geomechanical modeling corroborates
quantitatively that poroelastic deformation associated with cyclic
injection-extraction of the HUGS can explain both the magnitude
and spatiotemporal evolution of the horizontal displacement field.
Fig. 8c presents simulated bottom-hole pressure changes, which
are in good agreement with the well data derived from the mean
pressure changes in Fig. 2e by subtracting the initial pressure on 9
June 2013. Due to the absence of gas production data of the first
gas injection-extraction cycle, the pressure fit is not as good as
the other three cycles. The bottom-hole pressure increased dur-
ing the first three injection phases and peaked at ~28 MPa at
the ends of the third and fourth injection phases, with a gap of
~6 MPa to reach the maximum working pressure. Video S2 shows
spatiotemporal diffusion of pore pressure, whose change was con-
fined within the gas reservoir. During short extraction phases, the
pressure drop was abrupt and localized near the wells, without
sufficient time to diffuse to the far ends of the repository. In con-
trast, the injection phase extended over a sufficiently long time for
the pressure enhancement to spread throughout the repository.

5.4. Simulation results of Coulomb stress perturbation

As introduced earlier in Section 1, due to the absence of de-
tailed hydrogeological and geomechanical modeling, the two dis-
tinct physical mechanisms of induced seismicity proposed by Tang
et al. (2018) and Zhou et al. (2019) are qualitative conclusions.
Benefiting from more seismological data, Zhou et al. (2019) were
able to better resolve the location and spatial clustering of the
events associated with the first and second injection phases in the
study area, and most importantly, to derive the focal mechanism
solutions of the two largest events. These new solutions provided
us with the critical links for simulating Coulomb stress perturba-
tion and potential for seismic hazards in the HUGS seismogenic
system.

The focal mechanisms indicate that the two largest earthquakes
are characterized by thrust-slip on faults dipping to southwest at
angles of 17° and 25°, respectively, which are comparable to the
Hutubi fault and Fault Il shown in the seismic profiles (Fig. 4).
The inferred style of faulting is also compatible with the regional
tectonic setting characterized by overall northeast-southwest com-
pression (Lu et al., 2018). Based on these results, we simulated the
Coulomb stress perturbation with the same hydromechanical pa-
rameters adopted in Section 5.3. The equation of Coulomb stress
is provided in SM-S9. We assumed the putative receiver faults to
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be southwest-dipping with an angle of 20°, and the friction coeffi-
cient was fixed at 0.4.

Fig. 9 shows the spatial distribution of Coulomb stress perturba-
tion (termed as ACFS) at the end of the fourth injection phase. The
magnitude is on the order of 0.1 bar, considered to be sufficiently
large to induce earthquakes if the tectonic stress field is closed
to failure. There are two lobes with elevated ACFS located on ei-
ther side of the HUGS. The seismic cluster in August 2013 with
the two largest earthquakes determined by Zhou et al. (2019) fall
on the northeast lobe. In contrast, the relatively shallow hypocen-
ter locations of Tang et al. (2018) fall in a region of negative ACFS.
Therefore, our modeling here is in better agreement with the seis-

micity distribution relocated by Zhou et al. (2019) with more local
stations. Besides, stress variation at the location of the earthquake
cluster (white star in Fig. 9) reveals that pore pressure increased
very little and that the enhancement of Coulomb stress was mainly
due to poroelastic effect.

6. Discussion and conclusions
6.1. Merits and demerits
Although hundreds of underground repositories for natural gas

have been established worldwide, limited observation and system-
atic analysis on seismicity possibly induced by the cyclic injection
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and extraction of gas that typically occurs on an annual basis in
such facilities. The Hutubi repository is unique, as relatively com-
prehensive data from seismological and geodetic networks have
been acquired over multiple cycles of injection and extraction. The
seismological (Tang et al.,, 2018; Zhou et al., 2019) and geodetic
(Qiao et al.,, 2018) data have helped establish a causal relationship
between the injection/extraction activity and occurrence of earth-
quakes, and these recent analyses also suggested possible mech-
anisms for induced seismicity in the study area. However, they
also underscored that, if one strives to arrive at a deeper quanti-
tative understanding, it is necessary to develop a physically based
geomechanical model that is guided and constrained by the hydro-
geologic and geophysical data.

To set up the hydrogeologic framework and specify hydrome-
chanical parameters of our geomechanical model, we synthesized
a variety of data, including seismic reflection profiles, local veloc-
ity model, rock physics measurements, well drilling and logging
data. From a hydrological perspective, our geomechanical model is
made up of two domains that can be considered as hydraulically
shielded from each other. In particular, the repository has limited
hydraulic connection with either the surface or inferred locations
of the induced earthquakes. Therefore, the interactions among the
domains and their constituent layers can only be realistically cap-
tured with a geomechanical model based on fully-coupled poroe-
lasticity. Predictions of our model agree well with the observed
ground extension and well pressure data, which were used to re-
fine the reservoir hydraulic properties. Our study here shows that
these fields are sensitive to the pumping rates and time scales of
injection and extraction, which need to be analyzed systematically
for safe design of the repository. It should be noted that our model
still has several limitations as it is a 2D formulation with constant
fluid viscosity and bulk modulus (see more discussion in SM-S10).

6.2. Implications for geodetic measuring and modeling

There have been a few studies incorporating geodetic observa-
tions into the seismological and geomechanical analyses of induced
seismicity (Vasco et al., 2010, 2013; Shirzaei et al., 2016 and 2019),
and they all focused on the vertical ground displacements. Because
the vertical deformation in the study area was predominately
due to hydrological processes (Qiao et al., 2018), here we instead
paid attention to the horizontal ground displacements. Our analy-
sis shows that both magnitudes of the horizontal displacements
and strain as well as their spatial localization reasonably agree
with what would be expected at locations immediately above the
repository. Our GPS observations were able to resolve ground ex-
tension and shortening on the order of cm in response to injection
and extraction of gas from the repository at depth. Especially, our
simulation results reveal that the horizontal ground extension is
larger than uplift. The significant implication is that ground dis-
placements induced by fluid injection into deep reservoirs can be
observed in a region even suffering from groundwater withdrawal
simultaneously, considering high precision of GPS horizontal ob-
servations and negligible horizontal deformation associated with
shallow hydrological processes.

Although ground displacements have often been used to ana-
lyze deformation related to natural earthquakes and volcanic ac-
tivities (Segall, 2000), our study represents one of the first at-
tempts to successfully connect horizontal geodetic data with gas
injection and induced seismicity. Particularly, we also developed a
grid-search technique to derive optimal estimates of permeability
and porosity of the reservoir, constrained by the ground extension
and well pressure data. Our study would suggest the potential of
adopting a similar approach utilizing horizontal displacement data
to other gas injection sites. However, it should also be noted that

having data for multiple cycles in this instance has allowed us to
perform a relatively robust analysis at the HUGS.

6.3. Physical mechanism of induced seismicity

Guided by our seismic profiles and the new findings of Zhou et
al. (2019), we simulated the Coulomb stress perturbation, and our
analysis has provided useful insights into the connection with the
HUGS activities and potentially induced earthquakes. As the HUGS
reservoir was dilating during cyclic gas injection-extraction (Video
S1) and the increase of pore pressure in the two stressing lobes is
little (Fig. 9 and Video S2), the positive ACFS is attributed to the
reservoir dilation that extrudes the surrounding region. Based on
above quantitative analysis, the observed seismicity was probably
induced by the poroelastic effect (resulting from the reservoir dila-
tion) exerting on neighboring faults without hydraulic connection
to the repository, which supports the physical mechanism pro-
posed by Zhou et al. (2019).

The geomechanical model has been used to simulate develop-
ment of the displacement field and downhole pressure associated
with four cycles of injection and extraction. Having calibrated our
model, the next step is to analyze in more details the cyclic spa-
tiotemporal evolution of ACFS, as well as its sensitivity to parame-
ters including fault angles, friction and Biot coefficients. The rate of
stress perturbation and its potential connection with induced seis-
micity should also be considered. A comprehensive investigation
of these important issues is beyond the scope of the present study,
but it is our intention to tackle them in the future.
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