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geomechanical deformation experienced at these large “mega-
tonne” storage sites, as these will inform us of the potential geo-
mechanical issues that will be experienced as commercial-scale,
megatonne injection sites are developed in the coming decades.

Geomechanical Response to CO2 Injection
The effective stress, σ′ij, acting on porous rocks is defined by
Terzaghi (13) as follows:

σ′ij ¼ σij − βW δijP; [1]

where σij is the stress applied by regional tectonic stresses and
the overburden weight, βW is the Biot–Willis coefficient, δij is the
Kroenecker δ, and P is the pore pressure. Therefore, any in-
crease in pore pressure induced by injection will reduce the ef-
fective stress, which will in turn lead to inflation of the reservoir.
The magnitude of this inflation will be controlled by the magni-
tude of the pore pressure increase, and the geometry and mate-
rial properties of the reservoir (14).
As well as directly changing the effective stress acting on

reservoir rocks via Eq. 1, inflation of the reservoir will lead to
changes in the applied stress both in and around the reservoir.
Small amounts of deformation are common in many settings, and
will not pose a risk to storage security. However, if deformation
becomes more substantial, it can affect storage operations in
a number of ways, illustrated schematically in Fig. 1. The prin-
cipal risks posed by geomechanical deformation to secure storage
are summarized below.

Reservoir Inflation and Alteration of Flow Properties. Pore pressure
increase and inflation can influence the flow properties of
a storage reservoir. Laboratory experiments show that perme-
ability is sensitive to pressure (15). Furthermore, pore pressure
increases may open existing fracture networks in the reservoir, or
create new ones, along which CO2 can flow more rapidly. Per-
meability increases within the reservoir will not pose a direct
leakage risk. Nevertheless, if permeability is increased during
injection, this will reduce the accuracy of fluid flow simulations
used to predict the resulting CO2 distribution. The result may be
that CO2 reaches spill-points or breaks through at other wells
faster than anticipated, reducing the amount of CO2 that can be
stored. For example, Bissell et al. (16) have shown that injectivity
at In Salah is pressure dependent, implying that CO2 flow is
controlled at least in part by the opening and closing of fractures
in the reservoir.

Fracturing of Sealing Caprocks. Deformation in a reservoir is
generally transferred into the surrounding rocks. This can lead
to the creation or reactivation of fracture networks around and
above a reservoir. Fractures running through an otherwise
impermeable caprock could compromise the storage integrity,
providing permeable pathways for CO2 to escape from the
reservoir. This is probably the greatest risk to storage security
posed by geomechanical deformation. Leakage of gas through
fractured caprock has been observed above hydrocarbon res-
ervoirs (17, 18) and at natural gas storage sites (19).

Triggering of Seismicity. Beginning with the earthquakes triggered
by waste fluid injection at the Rocky Mountain Arsenal (20), it
has been recognized that subsurface fluid injection is capable of
triggering felt (of sufficient magnitude to be felt by nearby
populations, so typically ML > 2) seismic events on preexisting
tectonic faults (21). Recently, examples of tectonic activity trig-
gered by disposal of waste water from hydraulic fracturing have
been noted. Of course, it should be kept in mind that, of thou-
sands of fluid injection wells, only a handful have experienced
such seismic events (22). Even if felt seismicity is induced during
CO2 injection, it is unlikely that events would be of sufficient

magnitude to damage property or endanger life. Nevertheless,
regular triggering of felt seismic events would represent a sig-
nificant “own-goal” from a public relations and political per-
spective, and local opposition has already proved to be a significant
obstacle to planned CCS projects (23). More significantly,
triggering of larger seismic events will indicate that the failure
condition on small faults has been met due to anthropogenic
pressure changes, with implications for caprock integrity issues as
discussed above.

Wellbore Failure and Casing Damage. Geomechanical deformation
in producing reservoirs has been observed to cause failure of
wellbore casing (24). It is conceivable that either bedding-parallel
slip in layers above the reservoir, or expansion of the reservoir
against the overburden, could cause shearing of the wellbore. As
well as the associated costs, damaged well casing in the over-
burden presents a significant leakage risk. Although the authors
are not presently aware of any incidence of geomechanically in-
duced wellbore failure during CO2 injection, the risk to storage
integrity posed by mechanical effects in the wellbore is an issue
that must be considered at future storage sites.

Monitoring Geomechanical Deformation
Fig. 1 also illustrates the variety of methods that can be used to
monitor geomechanical deformation in the field. Although the
importance of geomechanical deformation in oil production is
becoming increasingly appreciated, monitoring it in the field
remains something of a niche activity. Nevertheless, a number of
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Fig. 1. Schematic illustration showing how geomechanical deformation can
influence CO2 storage sites (red text), and potential monitoring options
(blue text). Adapted from Herwanger and Horne (34).
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•  Generally	  small	  magnitude,	  
M<0,	  

•  Iden@fy	  poten@al	  leakage	  
pathways,	  

•  Near	  real-‐@me	  analysis	  to	  
provide	  early-‐warning,	  

•  Understand	  geomechanical	  
response	  &	  verify	  models,	  

•  Aid	  seismic	  hazard	  
assessment.	  



Major CCS projects 
1.  Weyburn,	  Saskatchewan	  

•  >30	  Mt	  since	  2000	  
•  Constraining	  geomechanical	  models	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

with	  microseismic	  observa@ons	   	  	  

2.  In	  Salah,	  Algeria	  
•  ~4	  Mt	  2004-‐2011	  
•  Changes	  in	  fracture	  characteris@cs	  during	  injec@on	  	  

3.  Aquistore	  –	  Boundary	  Dam,	  SK	  
•  Began	  injec@on	  April	  2015	  
•  Using	  ambient	  noise	  to	  determine	  seismic	  veloci@es	  	  
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Image PTRC 
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Weyburn passive seismic monitoring 2003 – 2011 
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Weyburn - Summary 
•  Microseismic	  observa@ons	  can	  provide	  important	  
constraint	  on	  geomechanical	  models.	  

•  Model	  with	  a	  so`er	  reservoir	  than	  expected	  from	  core	  
samples	  
•  Increases	  fracture	  poten@al	  in	  overburden	  above	  producing	  
wells;	  

•  Decreases	  fracture	  poten@al	  in	  overburden	  above	  injec@on	  
wells.	  

•  Seismicity	  caused	  by	  stress	  transfer,	  not	  fluid	  migra@on.	  
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In Salah passive seismic monitoring 2009 – 2011  

Injection 2004 – 2011  

Stork et al., IJGGC, 2015 
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In Salah, Algeria 

Stork et al., IJGGC, 2015 
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Fracture zone detected  
at injection depth (2km) 

Rutqvist, 2012   

In Salah – Geophysical observations  
Ground movement detected by 
satellites (InSAR) 

Rucci et al., 2013 
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In Salah – Passive seismic observations 

>9000 events 
Mw=1.7 

Stork et al., 2015 
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In Salah – Event locations 

A.L. Stork et al. / International Journal of Greenhouse Gas Control 32 (2015) 159–171 165

Fig. 9. Event depths and horizontal distances from the observation well for dif-
ferent  tsp times, estimated using E3D. The colours represent the inclination of the
P-arrival measured from the synthetic waveforms. The caprock and reservoir layers
are shaded as in Fig. 2 and the approximate injection interval is between the two
thicker black lines at ∼1.9 km deep. (For interpretation of the references to color in
this figure legend, the reader is referred to the web  version of this article.)

Fig. 10. Estimated depth and horizontal distance of events from observation well.
Locations are projected onto a SE-NW plane. The colours indicate the time of the
event in number of days since the earliest plotted event. Locations are estimated
for  events with io < 15◦ , linearity ≥0.95 and signal-to-noise ratio >3.0. The caprock
and  reservoir layers are shaded as in Fig. 2 and the approximate injection interval is
between the two  thicker black lines at ∼1.9 km deep. The green triangle indicates the
location of the geophone used in the analysis. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of this article.)

a larger area to become seismically active. We  do not observe any
systematic shortening of tsp times over time this suggests that there
is no systematic migration of seismicity through the cap rock. This
is reassuring for the containment of CO2. We  do observe a small
number of events (11) with shorter tsp times (<0.5 s) (Fig. 6). These
do not satisfy our criteria to estimate locations but their significance
is discussed below.
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Fig. 11. Raytracing results for P- (red) and S-waves (green) (lower panel) and tsp

times as a function of distance (upper panel), estimated using the provided isotropic
1-D velocity model and a source at 2.4 km deep (star). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

To provide additional evidence for the approximate locations
obtained through finite-difference modelling we conduct a ray-
tracing exercise. The results from ray-tracing through the isotropic
1-D velocity model using the method of Kendall and Thomson
(1989) show that events with hypocentres at 2.4 km depth and
1.2 km horizontal distance from the array (Fig. 11).

To  estimate errors in our reported locations we tested the effect
of the velocity model on the travel-times and, for example, we
locate Cluster 2 up to 450 m shallower if the velocity model is 10%
slower overall, if the near surface layer is 20% slower or if the model
is anisotropic (see Stork et al., 2015 for a detailed description). This
would place the events in this cluster between 1.65 km – 2.25 km
deep and therefore extending up to 150 m unto the lower caprock.
As an estimate of the error in horizontal distances from the array
we take the maximum horizontal distance between grid points in
Fig. 9, this is 174 m when tsp = 0.60s near 0◦ incidence. Event loca-
tions obtained using the two  methods, finite difference modelling
and ray-tracing, agree within the estimated errors.

Overall, the results for the estimated location of Cluster 2 show
that the seismicity occurred at depths over a range of ∼600 m at or
below the injection interval and at azimuths from the monitoring
well consistent with the activation of a pre-existing wide fracture
zone at the injection depth and extending into the lower caprock
(as reported by Iding and Ringrose (2010) and Rutqvist (2012)) with
events occurring on similarly oriented fractures within the zone. An
inaccurate velocity model significantly affects seismic event loca-
tions and if the velocity model is 10% slower this would imply that
the events extend into the lowermost 150 m of the caprock, consis-
tent with the previous fracture zone interpretation. An anisotropic
fractured medium may  also affect interpretation of the data.

We  note that a few events occur outside the two main clusters
and example seismograms are shown in Fig. 5. We  find 11 events
with 0.31 s <tsp< 0.5 s (Fig. 6 and example seismograms in Fig. 5c).
According to our model locations in Fig. 9 these events are between
1.1 km and 1.8 km deep but, as with all locations reported here,
there are significant uncertainties in these locations. The events
occur over the whole monitoring period and there is no correlation

Stork et al., 2015 

•  Constant	  depth	  events	  
•  No	  evidence	  of	  
migra@on	  to	  surface.	  

Injection 
interval 

Geophone 
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Fracture characterisation from shear-wave splitting 

Concern: Is injection creating new fractures, allowing CO2 migration? 
 

D
el

ay
 ti

m
e 

be
tw

ee
n 

 
sp

lit
 w

av
es

 

Stork et al., IJGGC, 2015 

Dominant fracture 
orientation in direction of σH 

Delay time 
increases after 
high injection  

Returns to 
original value 



In Salah - Summary 

•  Proof-‐of-‐concept	  
•  Limited	  array	  but	  provides	  useful	  results	  	  

•  No	  evidence	  of	  shallower	  seismicity	  with	  @me	  
•  No	  evidence	  of	  	  shallow	  migra@on	  of	  CO2	  

•  CO2	  injec@on	  opens	  fractures	  that	  close	  when	  
pressure	  decreases	  
•  Limits	  poten@al	  of	  CO2	  leakage	  
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Aquistore passive seismic monitoring 2012 – 2015  

2.5km x 2.5km array 
 
50 – 64 1C/3C  
geophones 6m/20m deep 
 
3 broadband stations 

Injection: 
Since April 2015  
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BOUNDARY DAM - AQUISTORE CO2 INJECTION 
PROJECT  

World’s first commercial power plant CCS project  

Image PTRC 
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BOUNDARY DAM - AQUISTORE CO2 INJECTION 
PROJECT 

2982   Ben Rostron et al.  /  Energy Procedia   63  ( 2014 )  2977 – 2984 

 

Figure 4. Schematic of the 01/5-6-2-8W2 injection well. Approximate locations of major geological units are indicated (left) drawn to vertical 

depth scale. 

One week after completion of the injection well, the drill rig was moved 150m northeast (Figure 1) and over the 
period October 1st to November 9th, 2012 the observation well (41/5-6-2-8W2) was drilled 3400m deep through the 
entire Phanerozoic section (schematic on Figure 5). A similar suite of geophysical well logs was collected from the 
observation well as was the injection well. 

 
After their interpretation, geological, hydraulic, and petrophysical data collected during the drilling and well 

evaluation were incorporated into a revised geological model of the Aquistore site. 

2.3. Post drilling activities - downhole 

Subsequent geological information was obtained between, and around, the newly-drilled wells via two different 
downhole seismic surveys conducted as part of baseline surveys to start the CO2 Measurement, Monitoring, and 
Verification (MMV) program at the site. The first (February, 2013), was a crosswell seismic survey between the two 
wells over the interval 3100 to 3400m that provided detailed (metre-scale) tomography of the geology between the 
wells. The second survey (Fall, 2013) was a 3D vertical seismic profile (VSP) that utilized both a conventional 60-
level, three-component geophone over the interval 2550-3400m and the well-installed optical fibre system. The 3D 
VSP provided subsurface information between the resolution the detailed scale from the crosswell survey, and the 
standard surface 3D seismic survey conducted previously [6].  

Rostron et al., 2014 
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Ambient seismic noise interferometry 
•  Use	  noise	  recorded	  at	  receivers	  to	  produce	  velocity	  map	  
•  Cross-‐correlate	  noise	  at	  pairs	  of	  receivers	  (Bensen	  et	  al.,	  2007)	  

•  Create	  virtual	  source	  at	  one	  receiver	  
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Ambient Noise Tomography  

•  Cross-‐correlate	  noise	  at	  pairs	  of	  receivers	  
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Depth sensitivity for periods 0.6 – 1.0s Rayleigh wave group velocity 
0.7s period 
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Fast	  Marching	  Surface	  
Wave	  Tomography	  
(Rawlinson	  et	  al.,	  2008)	  



Preliminary Tomography Results 
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Aquistore – Summary 

•  Excellent	  baseline	  
•  Background	  seismicity	  
•  Near-‐surface	  characterisa@on	  
•  Allows	  @me-‐lapse	  studies	  

•  On-‐going	  array	  detec@on	  and	  loca@on	  studies	  
•  Broadband	  vs	  near-‐surface	  geophones	  vs	  downhole	  
geophones	  vs	  fibre	  op@c	  

•  Similar	  geology	  to	  Weyburn	  –	  similar	  response?	  
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•  Large	  CCS	  sites	  exhibit	  differing	  microseismic	  responses.	  
•  Weyburn	  100s	  seismic	  events	  up	  to	  MW	  =	  -‐1.0	  
•  In	  Salah	  1000s	  seismic	  events	  up	  to	  Mw~	  1.7	  
•  Aquistore?	  

•  Baseline	  data	  is	  crucial	  to	  	  
•  Highlight	  any	  ac@ve	  structures;	  
•  Evaluate	  effect	  of	  injec@on.	  
•  In	  Salah	  –	  ac@ve	  fracture	  zone	  iden@fied	  if	  earlier	  installa@on.	  

•  Use	  passive	  seismic	  monitoring	  to	  
•  Calibrate	  geomechanical	  models;	  
•  Determine	  fracture	  characteris@cs;	  
•  Observe	  changes	  in	  seismicity,	  velocity,	  fracture	  characteris@cs.	  

•  Conduct	  careful	  array	  design	  appropriate	  for	  purpose.	  
24 
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