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It has been long recognized that a variety of anthropogenic activ-
ities may cause earthquakes (Ellsworth et al., 2013; Yang HF et al.,
2017).  In  the  recent  decades,  induced  earthquakes  have  been
found in many settings and become a growing concern, in partic-
ular  for  regions that are undergoing with resource development.
For  instance,  damaging  earthquakes  in  the  shale  gas  fields  of
Sichuan Basin  and Oklahoma have  been suggested to  be  associ-
ated with hydraulic fracturing and wastewater disposal (Lei XL et
al., 2020; Keranen et al., 2014), respectively. Understanding mech-
anisms of  induced earthquakes is  critical  for  reducing the associ-
ated risks, yet demands integrated efforts of seismic and geodetic
monitoring, probing hydraulic properties of subsurface structure,
as well as geomechanical modeling.

In  this  special  collection,  we  present  six  papers  with  contents
spanning from earthquake monitoring to  geomechanical  model-
ing. Wong et al. (2021) and Zhou PC et al. (2021) have applied ma-
chine learning techniques to earthquake detection from the data
recorded  by  permanent  and  a  temporary  seismic  network  in  the
Weiyuan  shale  gas  field,  Sichuan  Province,  respectively.  Their
newly acquired catalogs show clear improvement compared with
those network routine catalogs. Miao SY et al. (2021) developed a
new method to locate earthquakes and applied it in an oilfield in
Oman and the Changning shale gas field, Sichuan Province. Yang
W et  al.  (2021) proposed a  revised local  magnitude formula  with
coefficients  calibrated  for  earthquakes  in  the  Southern  Sichuan
Basin. Barbour and Beeler (2021) conducted a systematic investig-
ation  on  deriving  poroelastic  properties  of  the  Arbukle  group  in
Oklahoma,  based  on  fluid-level  response  to  teleseismic  waves.
Hemami et al. (2021) conducted 3D fully coupled poroelastic ana-
lysis of the Wilzetta fault system and its response to saltwater in-
jection within the Arbuckle group. The following part includes de-
tails in each contributed paper.

For induced seismicity, a complete earthquake catalog is crucial in
evaluating  the  spatial-temporal  correlation  with  anthropogenic

activities, however, routine monitoring network is often limited by
the  station  coverage  and  processing  power. Wong  et  al.  (2021)
have applied advanced machine learning technique on detecting
phase  arrivals  on  the  permanent  network  in  the  Weiyuan  shale
gas field, Sichuan Province, China, and find clear improvement in
the accuracy of identifying both P and S arrivals. Then they derive
differential times from waveform correlation to build a high-resol-
ution earthquake catalog of induced earthquakes in the Weiyuan
Area.  The  improved  resolution  permits  a  detailed  analysis  of  the
induced  earthquakes,  including  investigation  of  the  spatial  and
temporal of  seismicity  surrounding  the  geological  structures  ac-
tivated during a M5 sequence in September 2019. It highlights the
need for  enhanced  detection  in  establishing  the  causal  relation-
ships between injection activity and fault activation.

ML

Although the catalog can be improved by more advanced phase
pickers,  the  catalog  completeness  is  subject  to  the  coverage  of
permanent stations,  which  is  often  sparse  in  regions  with  infre-
quent  earthquakes  before  anthropogenic  activities.  To  augment
the permanent network, temporary arrays are usually deployed to
improve the station coverage to enhance the monitoring power.
Zhou  PC  et  al.  (2021) have  utilized  a  dense  one-year  temporary
seismic  network  covering  the  Weiyuan  shale  gas  field,  and  have
also applied machine learning technique to develop a more com-
plete earthquake catalog. Their new catalog contains 60 times as
many  earthquakes  as  those  in  the  Chinese  Earthquake  Network
Center (CENC)  catalog  using  sparsely  distributed  permanent  sta-
tions.  Their  new  catalog  achieves  a  magnitude  completeness  of

0. To better illuminate the spatial-temporal patterns of the seis-
micity  and  relationship  with  wells,  they  have  further  refined  the
earthquake  locations.  They  first  use  detected  explosions  and
earthquakes to  refine  the  regional  velocity  model,  and  then  im-
prove the locations from the new velocity model. Their new loca-
tion shows  sequential  migration  patterns  overlapped  with  hori-
zontal  well  branches  around  several  well  pads.  Their  study
demonstrates the applicability of machine-learning techniques in
completing earthquake  catalogs,  which  is  crucial  in  understand-
ing earthquake triggering processes.

Besides applying the new earthquake detector to find more accur-
ate phase  arrivals,  locating  microseismicity  is  crucial  to  monitor-
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ing anthropogenic activities and earthquake evolution. Miao SY et
al. (2021) apply a new waveform-based location method that em-
ploys  a  hybrid  multiplicative  imaging  condition  to  characteristic
functions  of  seismic  waveforms.  Through  comparison  with  other
stacking methods and applying it to both real and synthetic data
sets  of  seismicity  related  to  oil  and  gas  production,  the  authors
demonstrate an improvement in location resolution. This method
brings  improvements  particularly  in  cases  where  signal-to-noise
ratios (SNRs) are poor, or first arrivals are emergent.

ML

ML
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Another fundamental yet important question in building an earth-
quake  catalog  is  to  determine  the  magnitude  of  earthquakes.
Earthquake  local  magnitude  ( )  accuracy  is  critical  to  seismic
hazard  and  risk  assessment.  This  is  acutely  true  in  environments
prone  to  induced  earthquakes  where  traffic  light  protocols  rely
heavily,  if  not  entirely,  on  the  reported  local  magnitudes.
However,  local  magnitudes could be overestimated,  up to  1  unit
of magnitude,  by  the  current  CNSN  national  standard  when  sta-
tions of short epicentral distances (< 10 km) are included, as is the
case for induced seismicity monitoring by local dense arrays. The
study by Yang W et al.  (2021) addresses the urgent need by pro-
posing a  revised local  magnitude formula with coefficients  calib-
rated for earthquakes in the Southern Sichuan Basin. Tested with
~7500  events  recorded  by  a  dense  nodal  array  in  2019  near  the
Changning–Zhaotong shale  gas  field,  the  new  formula  signific-
antly  reduces  the  overestimate  at  short  distances  (100  s  of
meters  to  30  km).  Combined  with  a  machine  learning  technique
for phase picking and event detection, this study provides an en-
riched, reliable seismicity catalog for local seismic risk characteriz-
ation. The protocols of  coefficient optimization can potentially
be applied  to  other  regions  and/or  future  dense  array  deploy-
ments for  improvement.

Although  seismic  monitoring  is  crucial  for  investigating  induced
earthquakes, understanding mechanisms responsible of inducing
earthquakes  and  evaluating  risks  of  future  induced  earthquakes
demand  geomechanical  models  that  consider  the  interaction
between  fluids  and  rocks. Hemami  et  al.  (2021) apply  a  3D  fully
coupled poroelastic model on the Wilzetta fault system and com-
pute  its  response  to  saltwater  injection  in  the  subsurface  layers,
especially the Arbuckle group and the basement. By setting up 3D
fault  geometries,  they  compute  stress  perturbations  on  the  fault
system considering multiple scenarios based on assumptions that
had to be made in hydraulic relationships between the geological
layers  and  fault  zone.  Nevertheless,  numerical  results  show  that
injection of  large volumes of  fluid into the Brbuckle  group tends
to bring the part of the Wilzetta faults closer to failure.

One critical element in geomechanical modelling is how to define
a  reasonable  range  of  model  parameters,  particularly  for  those
without direct  measurements.  With  near-field  GPS  network,  hy-
draulic parameters  of  subsurface  layers  can  be  reasonably  in-
ferred (Jiang GY et al.,  2020).  However,  dense near-field geodetic
measurements  are  not  always  available  in  regions  with  induced
earthquakes. Barbour  and  Beeler  (2021) conduct a  systematic  in-
vestigation  on  deriving  poroelastic  properties  of  the  Arbuckle
group in  Oklahoma using teleseismic  surface waves.  By  monitor-
ing the fluid-level changes in a repurposed Arbuckle disposal well
in Sage County, Oklahoma and comparing with teleseismic waves
recorded at  a  co-located  broadband  seismometer,  they  find  sig-
nals  of  fluid  level  variation  that  correspond  to  the  S  wave  and

Love  wave,  in  addition  to  the  Rayleigh  wave.  Using  a  borehole
strainmeter, they are also able to calibrate the dynamic strain in-
ferred from broadband seismogram, which is then used to derive
poroelastic  parameters  within  the  Arbuckle  group.  Furthermore,
the poroelastic  response  of  the  Arbuckle  formation  is  both  azi-
muthally variable  and  anisotropic,  which  appears  related  to  tec-
tonic  stress  and  strain  indicators  such  as  the  orientations  of  the
maximum  horizontal  stress  and  faults/fractures.  The  results  also
demonstrate  a  viable  approach  to  estimate  hydraulic  properties
from teleseismic waves.

While here we present a  suite of  studies with recent advances in

investigating induced  earthquakes  in  different  settings,  mechan-

ism of  induced  earthquake  is  not  fully  clear,  nor  is  there  con-

sensus on  induced  earthquake  hazard  mitigation.  Therefore,  fur-

ther  research  relevant  to  induced earthquakes  is  in  urgent  need,

particularly  in  the  global  trend  towards  carbon  neutrality  during

which  induced  earthquakes  will  be  inevitable  when  developing

unconventional and green energy resources.
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