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Chapter 6

PREDICTING AND MONITORING GEOMECHANICAL EFFECTS
OF CO2 INJECTION

Jürgen E. Streit1, Anthony F. Siggins2 and Brian J. Evans3

1CRC for Greenhouse Gas Technologies, Australian School of Petroleum, The University of Adelaide,
Adelaide, Australia

2CRC for Greenhouse Gas Technologies, CSIRO Petroleum, Perth, Australia
3CRC for Greenhouse Gas Technologies, Curtin University of Technology, Perth, Australia

ABSTRACT

Predicting and monitoring the geomechanical effects of underground CO2 injection on stresses and seal
integrity of the storage formation are crucial aspects of geological CO2 storage. An increase in formation fluid
pressure in a storage formation due to CO2 injection decreases the effective stress in the rock. Low effective
stresses can lead to fault reactivation or rock failure which could possibly be associated with seal breaching
and unwanted CO2 migration. To avoid seal breaching, the geomechanical stability of faults, reservoir rock,
and top seal in potential CO2 storage sites needs to be assessed. This requires the determination of in situ
stresses, fault geometries, and frictional strengths of reservoir and seal rock. Fault stability and maximum
sustainable pore fluid pressures can be estimated using methods such as failure plots, the FAST technique, or
TrapTester (Badley Geoscience Ltd) software. In pressure-depleted reservoirs, in situ stresses and seal
integrity need to be determined after depletion to estimate maximum sustainable pore fluid pressures. The
detection of micro-seismic events arising from injection-induced shear failure of faults, fractures and intact
rock is possible with geophone and accelerometer installations and can be used for real-time adjustment of
injection pressures. In the event of injected CO2 opening and infiltrating extensive fracture networks, this can
possibly be detected using multi-component seismic methods and shear-wave splitting analysis.

INTRODUCTION

Underground storage of large quantities of anthropogenic CO2 in geological formations is considered a
viable option to significantly reduce greenhouse gas emissions [1,2]. One of the key objectives of geological
CO2 storage is the long-term underground containment of CO2 in porous rock. To maximise storage
quantities per unit volume of porous rock, CO2 should be stored as a relatively dense phase in its
supercritical state at depths below about 800 m [3]. Successful injection of CO2 into a porous formation
requires displacement or compression of the existing formation fluid and, thus, injection of CO2 at pressures
that exceed the formation pressure [4]. The excess pressure needs to be limited so it will not compromise the
integrity of the reservoir seals.

It has been acknowledged by several authors that underground injection of CO2 into porous rock at pressures
higher than formation pressures can potentially induce fracturing and fault slip [5–7]. Indeed, it has been
demonstrated that fluid injection into rocks can induce micro-seismic activity, as, e.g. in test sites such as the
drill holes of the German continental deep drilling program (KTB) [8] or the Cold Lake oil field, Alberta [9].
Induced micro-seismicity is typically detected in the vicinity of the injector well within several hours to
several days after fluid injection [8]. Deep well injection of waste fluids may even have induced earthquakes
with moderate local magnitudes (ML), as suggested for the 1967 Denver earthquakes ðML # 5:3Þ [10] and

Abbreviations: FAST, fault analysis seal technology; MS, events, micro-seismic events; VSP, vertical seismic

profiling.
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the 1986/1987 Ohio earthquakes ðML # 4:9Þ [11]. Seismicity that follows fluid injection is usually
considered to result from increased pore fluid pressure in the hypocentral region of the seismic event [9,10].

Brittle failure of rocks and faults and associated micro-seismicity induced by overpressurisation would
create or enhance fracture permeability while the formation of connected fracture networks and rough fault
surfaces could provide pathways for unwanted CO2 migration [12]. Thus, to avoid damage to top seal and
fault seals due to injection-related pore pressure increase, maximum sustainable pore pressures need to be
estimated for CO2 injection. In addition, fluid pressures during injection as well as the CO2 flow path should
be monitored.

This chapter outlines key points of the geomechanical workflow that lead to assessments of fault stability
and estimates of maximum sustainable fluid pressures in CO2 storage sites. Monitoring of micro-seismic
events, as well as seismic techniques suitable for the detection of unwanted CO2 flow, are discussed as
important methods for monitoring and controlling geomechanical effects of CO2 injection.

STUDY METHODOLOGY

Some methods applicable to predict and monitor geomechanical effects of CO2 injection were developed in
the past to assist hydrocarbon exploration and production, while others are known from earthquake research
and mining operations. Their application to CO2 storage is new. The further development of such methods
from different disciplines and their integration into a coherent and logical workflow is a key to facilitating
sustainable storage of CO2 in geological formations.

Predicting Geomechanical Effects of CO2 Injection
The effect of increasing pore fluid pressure to decrease the strength of faults and rocks by decreasing
effective stresses is extensively described in the geomechanical literature [13–15]. Geomechanical methods
that are useful for estimating the stability of faults and maximum sustainable pore fluid pressures during
CO2 injection and storage are described below.

Effects of pore fluid pressure change on fault and rock stability
At depths greater than several hundred meters in the earth’s crust, the maximum principal stresses usually
are compressive. Where rocks contain pore fluid, the pressure of the pore fluid (Pf) acts in all directions and,
thus, opposite to the compressive total stresses (s) acting on the rock framework (Figure 1). Hence the pore
fluid pressure combines with total stress to create a lower effective stress [13]:

s0 ¼ s2 Pf ð1Þ

The effect of increasing pore fluid pressure on the state of stress on faults is schematically shown in Figure 2.
When effective normal stresses ðsn 2 PfÞ are positive, they press opposing fault blocks together and resist
sliding motion along the fault surface. Sliding can be induced by shear stresses ðtÞ acting parallel to the fault
(Figure 2a). An increasing fluid pressure that decreases the effective normal stress therefore decreases the
resistance to sliding. In a Mohr diagram, increasing pore fluid pressure shifts the Mohr circle towards the
fault-failure envelope (Figure 2b). A relatively strong intact rock has a failure envelope further to the left
from that of a relatively weak fault. Thus increasing fluid pressures often lead to fault failure before failure of
relatively strong intact rock occurs. A failure envelope for a fault may be written in a general from as [14,18]

tr ¼ C þ mðsn 2 PfÞ ð2Þ

where tr is the shear stress that causes sliding and m the coefficient of friction. C denotes an inherent shear
strength of the fault which on cohesionless, gouge-lined fault surfaces is negligibly small [19]. On such
faults, sliding occurs when the ratio of the shear stress to effective normal stress equals the coefficient of
static friction of the fault:

tr

sn 2 Pf

¼ m ð3Þ
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The shear and effective normal stresses that act on a fault segment are a function of the fault geometry and
are given in a two-dimensional form as

t ¼ 0:5ðs1 2 s3Þsin 2u and s0
n ¼ 0:5ðs0

1 þ s0
3Þ2 0:5ðs1 2 s3Þcos 2u ð4Þ

where s1 and s3 are the maximum and minimum principal stresses, respectively, and u the angle between
the fault and s1 (Figure 2a). Since the shear and normal stresses that act on a fault depend on the fault
angle u; some faults are more favourably oriented for slip than others within a homogeneous stress field.
The analysis of fault stability thus requires knowledge of the in situ stress tensor and the geometry of pre-
existing faults.

Figure 2: (a) Sketch showing the orientation of principal stresses, shear stress, and effective normal stress

relative to a fault plane. (b) Mohr diagram showing shift of Mohr circle due to pore fluid pressure increase.

Diagram from Streit and Hillis [17].

Figure 1: Sketch illustrating transmission of total stresses ðsÞ through grain boundaries and pore fluid

pressure (Pf) acting in all directions, thus opposing total stresses. Diagram after Eisbacher [16].
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In situ stress determination
The orientation and magnitude of the vertical stress ðSvÞ and of the maximum ðSHmaxÞ and minimum
horizontal stresses (Shmin) can be determined from drilling data. It may be assumed that these stresses are
principal stresses.

Stress orientation. The orientation of borehole breakouts (Figure 3a) which can be apparent on image logs
and four-arm caliper logs can be used to derive the orientation of SHmax [21,22]. In cases where drilling-
induced tensile fractures have formed, their orientation, which can be identified from image-log
interpretation, directly indicates the orientation of SHmax (Figure 3b). The minimum horizontal stress and Sv

are perpendicular to SHmax.

Stress magnitude. The overburden pressure at depth can be estimated by integrating the density of all
overlying rocks and fluids over depth and calculating the resulting pressure [23]:

Sv ¼
ð0

z
rðzÞg dz ð5Þ

Sv is the overburden pressure, g the gravitational acceleration (9.81 m/s2), and z depth. r is the density of rocks
and fluids. Rock densities can be obtained from density logs and check shot information on average sonic
velocity. The overburden pressure is usually quoted as the average overburden (or vertical) stress gradient
between the surface and the depth of interest. An example for a vertical stress profile is given in Figure 4.

The magnitude of Shmin in wells can be estimated from fluid pressure levels attained during hydraulic
fracturing of the formation [24]. Thus, Shmin can be determined from hydraulic fracture tests and less ideally
from leak-off tests, which are more commonly conducted.

The magnitude of SHmax can be constrained from the occurrence of borehole breakouts and drilling-induced
tensile fractures, both of which can be interpreted on image logs [22,25]. Knowledge of the rock strength
and the formation fluid pressure, as well as of the mud-weight during drilling and logging, is also required.
However, estimates of SHmax are usually associated with relatively large uncertainty or cannot be obtained
because the rock strength is not known.

Figure 3: Schematic cross-section through borehole showing original circular borehole shape (broken

line). (a) Borehole breakout due to spalling of borehole wall indicating the Shmin direction. (b) Drilling-

induced tensile fractures indicating the SHmax direction. Diagram modified from Dart and Zoback [20].
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In cases where SHmax cannot be determined, the stress regime may be constrained by applying a frictional
limit calculation. This gives a crude upper bound on the magnitude of s1 based on the assumption that the
strength of some optimally oriented faults within the area limits the magnitude of stresses that can
accumulate. The limiting stress ratio for frictional sliding on optimally oriented faults can be written as [14]

s1 2 Pf

s3 2 Pf

¼ ððm2 þ 1Þ1=2 þ mÞ2 ð6Þ

where Pf is the pore fluid pressure and m the coefficient of static friction. An example for estimated frictional
limits is given in Figure 4.

Fault stability and maximum sustainable pore fluid pressures in CO2 storage sites
Assessments of fault stability require knowledge of fault geometries. Information on fault geometries in
potential CO2 storage sites is usually obtained from the structural interpretation of seismic data which need
to be time-to-depth converted. Additional information on fracture geometry can be obtained from imaging
fractures and faults that intersect wellbore walls. Such features may be imaged using, e.g. acoustic or
ultrasonic scanners (borehole televiewers) or high-resolution resistivity imaging tools (FMS, FMI) in the
wellbore.

Failure plots. Rock deformation experiments and field studies show that in some cases the formation of new
fractures is more favourable than the reactivation of the pre-existing faults that have particular orientations

Figure 4: Stress profile for the Petrel Sub-basin based on drilling data. Estimates for Shmin are based on

pressures from leak-off tests; estimates for Sv were obtained by integrating density log data. Pearson

correlation coefficients are indicated for curve fits. Frictional limits are indicated for different m values.

Diagram from Gibson-Poole et al. [6].
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[26,27]. The orientation of relatively stable faults partly depends on the strength of their adjacent wall rock
[14,28]. The orientation of relatively stable faults can be identified from failure plots [29,12], strictly for
faults that contain the intermediate principal stress ðs2Þ axis. It is further required that both fault and wall
rock are subjected to the same stress and pore fluid pressure. This condition may hold for CO2 storage
scenarios.

The construction of failure plots for the identification of faults that are relatively stable is described in detail
by Streit [29] for various rock types and fault strengths. Figure 5 shows failure plots for a hypothetical
example in which faults are assumed to cut through Berea sandstone of the strength given by Handin et al.
[13]. Figure 5 indicates that at a differential stress of 20 MPa, which is prevailing at approximately 2 km
depth in some basins [30,31], faults with fault angles .658–758 are relatively stable. The failure plot
method has been applied in two study sites of the Australian GEODISC program for CO2 storage [6,32].
However, the tendency for fault slip to occur should also be estimated using 3D methods, especially for
faults that cannot be identified as relatively stable.

3D fault slip tendency. One way of assessing the potential for fault reactivation due to CO2 injection is to
determine the slip tendency of faults in the target area for CO2 storage. By including the effect of pore fluid
pressure, the slip tendency (Ts), which is defined as the ratio of resolved shear stress to normal stress acting
on faults [33], may be expressed as:

Ts ¼
t

sn 2 Pf

ð7Þ

The slip tendency of a fault is evaluated by comparing the ambient stress ratio Ts to the stress ratio that
would cause slip on a fault with no inherent shear strength ðC ¼ 0Þ: Such a cohesionless fault is critically
stressed when Ts equals the coefficient of static friction as shown in Eq. (3). Cohesionless faults are usually
assumed to have Byerlee friction coefficients of m ¼ 0:6–0:85 [22,34]. Where faults contain clay minerals,
the friction coefficient can be less than m ¼ 0:6 [18,35].

In cases where a 3D fault geometry can be constructed from the interpretation of depth-converted 3D
seismic surveys or densely spaced 2D surveys, fault slip tendency can be calculated from Eq. (7) for each
grid point on a fault. Figure 6 shows an example for the fault slip tendency computed from in situ stresses
using commercially available software (TrapTester, Badley Geoscience Ltd, UK, http://www.badleys.co.uk).

Figure 5: Failure plots showing differential stresses and fault angles that permit fault reactivation in the

range 30 # u , 90: Relatively stable faults fall in the fields that indicate the formation of new fractures.

Figure from Streit and Hillis [12].
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Assuming that the two faults shown in Figure 6 have a coefficient of static friction of m ¼ 0:6; their slip
tendency is low to moderate. The maximum sustainable pore fluid pressure on these faults can be estimated
by using progressively higher pore fluid pressures in Eq. (7) until the slip tendency becomes critically high.

Critical pore fluid pressure increase. The likelihood for fault failure can be estimated by calculating the
fluid pressure increase required to induce brittle failure (DPf). This fluid pressure increase can be shown in a
3D Mohr diagram [14] for any fault angle ðuÞ as illustrated in Figure 7.

The FAST (Fault Analysis Seal Technology) technique of Mildren et al. [31] is used herein to illustrate the
fluid pressure increase required for fault failure to occur (DPf). This fluid pressure increase is calculated for
a particular depth and shown in a southern hemisphere polar plot projection. The orientation of poles to fault
planes in such a projection can then be attributed to the relevant DPf value (Figure 8). Since the FAST
technique can include an inherent shear strength of a fault or rock (C), it can also be used to estimate fluid
pressures that induce failure in intact reservoir rock or seal [31]. The technique is thus suitable to calculate
maximum sustainable pore fluid pressures on faults, in intact reservoir rock, and below top seals, given that

Figure 6: Slip tendency on two fault surfaces for Shmin ¼ 15:2z þ 0:5; Sv ¼ SHmax ¼ 22:5z þ 0:5; and

Pf ¼ 9:7z þ 0:5 (z ¼ depth in km); SHmax orientation is 1168N.

Figure 7: Illustration of state of stress on faults with different geometries in a 3D Mohr diagram and

required pore pressure changes (DPf) to reactive such faults. Diagram modified from Mildren et al. [31].
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the relevant rock or fault frictional strength is known. Application of the FAST technique on a study site for
potential CO2 storage is given by Gibson-Poole et al. [32].

Monitoring for Induced Shear Failure
Geophysics of micro-seismic events
In cases where fluid injection induces shear fracturing or fault slip at a seismic rate, micro-earthquakes can
occur [36,37]. These micro-earthquakes are commonly termed “micro-seismic” (MS) events and can be
readily monitored with geophysical instrumentation such as accelerometer, hydrophone or geophone arrays.
Such instrumentation provides a means of visualising the location in 3D, the time, and the magnitude of the
events. As has been well established in 15 years of monitoring of hydraulic fracturing experiments in Hot
Dry Rock fields, the cloud of MS events can be associated with fractures associated with advancing fluid
fronts [38]. Similar responses have been observed in hydrocarbon fields during production and water
flooding. This then has provided a new means of reservoir characterisation termed seismicity-based
reservoir characterisation.

Micro-seismic events arise when a sudden inelastic deformation occurs such as slip on a fracture or fault
(Figure 2a). During slip the elastic strain energy stored in the rock is transformed into fracture surface
energy, heat energy, and the radiation of seismic waves. The rate at which this transformation occurs
determines the frequency of emission and efficiency of the radiating process. The micro-seismic event will
be accompanied by stress release in the zone of the rupture [39].

Slip on a pre-existing fracture in a rock mass will generate a radiating seismic wavefield consisting of both
compressional, P, and shear, S, wavelets. The bulk of the seismic energy generated will consist of S-waves
(this will be manifested in the high S to P-wave amplitude ratio). Waveforms recorded will contain a
superposition of primary P and S wavelets followed by secondary P and S components arising from
reflections and refractions within the reservoir formations. Figure 9 illustrates the P-wave and S-wave
radiation patterns from a double couple acting within an isotropic rock mass.

Figure 8: Polar plot projection showing pore fluid pressure increases required to cause failure for any fault

orientation (poles to planes) at 2 km depth using the same stress tensor as in Figure 6. Faults are assumed to

be cohesionless with m ¼ 0:6:
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Monitoring micro-seismic events
Most transducers used for monitoring micro-seismic activity are based on triaxial geophones, usually
installed downhole. It is desirable to have at least six triaxial seismometers installed in a monitoring well in
close proximity to the injection well. For long-term monitoring, some near-surface arrays are desirable
although the geology of the field will influence the design of the arrays.

In recent times the “instrumented oil field” has moved from a concept to reality. It is rapidly gathering
impetus with the development of a new generation of transducers. The aim of the instrumented field is to
monitor changes in temperature, pressure, and seismic response over the life of a reservoir with arrays of
permanently installed transducers. A recent trend has been to develop fibre-optics-based instrumentation
that avoids the fragility of down-hole electrical connections over long periods. While temperature and
pressure-measuring fibre-optics-based devices are relatively well established, a new type of seismometer
that relies on optical diffraction has been developed and installed recently (Internet News Release—
Weatherford.com). In the light of such technological advances, fibre-optics-based permanent installations

Figure 9: (a) Radiation pattern of the P-wave displacement at the source of a micro-seismic event. The

P-wave lobes are shown in a plane of constant azimuth. The force couples are represented by central arrows.

(b) Radiation pattern of the S-wave displacement at the source of a micro-seismic event shown in a plane of

constant azimuth. The central arrows represent the force couple, giving rise to the event while the larger

arrows represent the direction of particle displacement. After Aki and Richards [40].
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for monitoring micro-seismic activity as well as the usual reservoir parameters, such as temperature and
pressure, are strongly recommended for all subsurface CO2 storage reservoirs.

Interpretation of transducer recordings
With sufficient number and distribution of receiver stations arranged in space around the source, it is
theoretically possible to determine the radiation pattern, i.e. the P-wave and S-wave radiation pattern
lobes, associated with a particular event and its orientation. This is usually represented graphically by
equal area hemispherical projections. This allows the elements of the moment tensor to be calculated
and consequently the fault plane orientation, as is illustrated in Figure 9. The procedure to determine the
slip magnitude and orientation from an event is termed a “moment tensor inversion” and is described in
depth in Ref. [41].

In the case of a small number of receivers, such as the arrays used in monitoring hydraulic fracturing, it is
not possible to determine the full moment tensor. Instead, fault plane solutions derived from the first-motion
polarities of P-waves and also S-waves can be determined by graphical means. This procedure consists of
plotting the ray path vectors to each receiver station as points of compressional (P) or dilatational polarity
(T) on to a hemispherical projection. It then becomes a matter of determining the best fit to the two
orthogonal planes that separate the compressional and dilatational points. These two planes are termed

Figure 10: Fault plane solution from Gibowicz and Kijko [39] for a mining-related seismic event. A lower

hemisphere equal area projection is used. Solid circles and triangles represent compressional arrivals while

open circles and triangles represent dilatational arrivals. A and C are the poles of the two nodal planes. P and

T are the axes of compression and tension, respectively.
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the focal plane solution and comprise the fault plane and an equivalent orthogonal or auxiliary plane.
Additional information such as structural geological information is needed to resolve the ambiguity.
A typical fault-plane solution is presented in Figure 10.

Attempts to find fault-plane solutions are rarely reported in the literature that is related to micro-seismic
monitoring during hydraulic fracturing. Instead the emphasis is placed on source location producing the
conventional MS cloud. This is not surprising given the difficulty in achieving a spatial distribution of
receivers that would give a fault-plane solution. However, if fault-plane solutions can be achieved, valuable
information can be obtained concerning the orientation of the fault planes and the slip or shearing along
those planes. A number of new analysis techniques have been developed which have allowed for very high
spatial resolution of MS events. These techniques have greatly improved the visualisation of the intricate
detail of subsurface fluid-flow associated with seismic slip [42–44]. Hence, the monitoring for MS events in
CO2 storage sites will be useful for detecting injection-induced slip on faults and fractures and for real-time
adjustment of injection pressures.

Seismic Methods for Detecting CO2 Migration into Fractures
Seismic methods
Surface seismic methods are the most dominant methods used to image underlying geological features,
predict lithological variations, and detect the presence of hydrocarbons. Presently most of the surveys are
3D. Successful application of three-component (3C) surveys on land has led to similar, but far more
complex, data acquisition procedures offshore. These are designed to record both pressure and particle
velocities by utilising hydrophones and 3C geophones and are called 4C and are often 3D. Repeated surveys
(usually 3D, 1C or 4C) are useful for monitoring hydrocarbon production and reservoir stimulation by
detecting changes in fluid type, saturation, and pressure.

Seismic methods can also be applied in boreholes as, e.g. the vertical seismic profiling (VSP) method. The
information obtained by this method is limited to a relatively small area around the borehole in comparison
to an area typically covered by surface seismic methods. However, a VSP survey, unlike surface seismic
surveys, is useful for recording transmitted waves, from which one can deduce rock properties.

Detection of fracture systems
In practice, a wide area around a borehole can be analysed through multi-azimuth, multi-offset 3C VSP
measurements. However, over large areas, the detection of aligned fractures, their density and fill requires
repeated 3D (time lapse 3D or “4D”) surface seismic data, using single or multi-component recording and
analysis methods.

One option for fracture detection and characterisation is the use of P-wave surveys. Many authors [45,46,47]
have theoretically studied the behaviour of P-waves (amplitude, velocity, and frequency) propagating
through fractured media, the results of which have been corroborated by researchers such as Nur and
Simmons [48] and Sayers and Ebrom [49]. P-waves propagating parallel to fractures are subject to rock
stiffness but across the fractures they encounter rock compliance (weakness). This results in azimuthally
dependent P-wave velocities, amplitudes, and attenuation.

3D surface seismic data are suitable for the detection of P- and S-wave azimuthal anisotropies such as
caused by fractures. A polar representation of 3D azimuthal normal move-out velocity will result in an
ellipse, with semi-major axis being collinear with the fracture direction [50]. The elongation of the ellipse
depends on fracture parameters such as fracture density, fracture aspect ratio, and fluid content. Figure 11
shows Thomsen’s anisotropy parameters computed for dry and saturated fractures using different fracture
densities. Thomsen’s anisotropy parameters [46] are given by

g ;
c66 2 c55

2c55

; 1 ;
c11 2 c33

2c33

; d ;
ðc13 þ c55Þ2 2 ðc33 2 c55Þ2

2c33ðc33 2 c55Þ
ð8Þ

where cij are elastic stiffness values, 1 and g describe P- and S-wave anisotropies, respectively, through the
differences between vertical and horizontal velocities. Parameter d is considered to control the shape of
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the P-wave group-velocity surface away from normal incidence [47]. Simple models as presented in
Figure 11 show that the difference in P-wave anisotropy ð1Þ between dry and fluid saturated fractures is
considerable for high fracture densities. Azimuthal variations in P-wave amplitudes are also a tool for the
detection and characterisation of fractures [51,52].

Detection of CO2-filled fractures and faults
P-waves can be utilised for the detection of fractures, their alignment, their properties, and their fluid
contents through measurements of velocity, amplitude, attributes, and attenuation in different directions and
incidence angles [50,53,54]. In practice, conventional 3D P-wave (particularly marine) surveys lack the
range of azimuths and incidence angles required for comprehensive studies of fracture properties. In
addition, a successful application of the P-wave methodology is strongly affected by seismic signal-to-noise
ratio, and time-lapse P-wave imaging may not be effective at depths where CO2 properties are similar to
liquids. In such cases, the application of borehole time-lapse surveys using VSP and cross-well methods is
useful. The frequency content of cross-well seismic and vertical sampling provides data having a vertical
resolution comparable to that of wire-line logging. A disadvantage of the cross-well method is that only the
2D slice between the wells can be imaged and the areal extent of a VSP is also therefore limited.

Cross-well pre-stack depth migration using all body waves is useful for detecting small-scale faults and for
detailed lithological interpretation. This method can be applied to detect CO2 migration into vertical faults
and fractures. Permanent seismic array deployment allows time-lapse cross-well seismic P- and S-wave
recording methods to image-isolated fractures and faults during CO2 flooding as shown by Wang et al. [55].
This technique works well in high-velocity, high-Q carbonates, but not in all formations.

A method that can be applied to detect aligned fractures is shear wave polarisation analysis (from 3C VSP
surveys). This method provides clues on fracture alignment through variations in elastic properties, but this
is non-unique due to the alignment of pore space by the in situ stress field. In aligned fracture systems, the
shear wave splits into two modes—“fast S1” and “slow S2”—which are polarised along and perpendicular
to fractures as suggested by Crampin [56]. The difference in travel time between these two modes is
proportional to open fracture density.

Shear wave splitting away from symmetry directions that are parallel or perpendicular to the fracture planes
is dependent on the nature of the fluid saturation [45,57]. Shear wave energy would be unaffected by the
CO2 state of phase, but shear wave polarisation, their velocities, and frequency content may change with

Figure 11: Variations of Thomsen anisotropy parameters 1 (V), d (V) and g (V) for horizontal transverse

isotropic media with fracture density for a fixed aspect ratio: (a) fluid saturated fractures and (b) dry

fractures. Note a high value of the fractional P-wave anisotropy 1 (V) for a system of dry fractures of high

density and 1 (V) 2 d (V) ø 0, which is the case of elliptical anisotropy. Also 1 (V) 2 g (V) is positive for

fluid saturated and negative for dry fractures.
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saturation. Hence time-lapse multi-component VSP surveys using permanently installed 3C geophones may
be most useful for the detection of CO2 infiltration into fractures.

Field Examples
Multi-component seismic data recorded at the Vacuum Field, New Mexico, have shown changes in S-wave
splitting within fractured carbonates in response to changes in pore pressure [58]. The interpretation of the
results was that the opening of the fractures due to pore pressure increase at the injection well produces an
increase in S-wave anisotropy. At the production well a decrease in pore pressure has the opposite effect on
the split shear waves. Similar observations were reported during the Lost Hills CO2 flood where CO2 was
observed to preferentially flow along fracture networks [59]. These examples show that multi-component
seismic and in particular shear-wave polarisation analysis have a great potential for detecting migration of
CO2 into highly fractured zones. However, such analyses are unlikely to detect thin CO2 accumulations in
single fractures and faults with typical millimetre to centimetre-scale apertures.

DISCUSSION

This article focuses on the geomechanical effects of CO2 injection that arise from the law of effective stress
(see Eq. (1)). Other stress changes that can result from fluid pressure changes and which are not described by
Eq. (1) are briefly discussed in this section. In addition, some key uncertainties that can affect the prediction
of fault stability and maximum sustainable fluid pressures will be addressed.

Uncertainty in Rock Frictional Strength
The frictional strength of faults at depth in potential CO2 storage sites, such as depleted gas reservoirs or
saline formations, is difficult to determine. Core samples from faults are rarely available and unlikely to be
representative for all faults in the vicinity of a CO2 storage site. Thus geomechanical predictions, which are
usually based on empirical frictional values, need to allow for variations in frictional properties of faults.
The frictional strength of reservoir rock and top seal can be determined in laboratory measurements. This
requires either rock samples from outcrops of the relevant lithological units of interest, or, even better, fresh
core samples from wells in the relevant CO2 storage site.

Aseismic Slip
While transducer recordings can be used to monitor for seismic slip on fractures and faults, other methods
are required to detect aseismic fault slip or so-called fault creep. Appropriate methods include the
installation of tiltmeters downhole and creepmeters across fault surface traces, as well as the repeated GPS
surveying of reference stations in order to detect fault movement. However, to determine whether any
detectable fault creep is related to fluid injection, pre-injection long-term monitoring would be required.
Since fault creep may not significantly increase fault permeability and is not the primary study objective, it
appears more practical to conduct seismic monitoring for CO2 migration into faults and near-surface testing
(e.g. soil gas testing) for excessive CO2 accumulations.

Pore Pressure/Stress Coupling
Pressure depletion associated with production in hydrocarbon fields can be associated with a decrease in the
total minimum horizontal stress [60,61]. While the vertical stress is usually assumed to remain essentially
unaffected during pore pressure depletion, a change of only the horizontal total stresses can, in some
tectonic settings, affect the shear stress acting on faults and rocks [61]. This is indicated in Figure 12 for
normal fault stress regimes. Induced stress changes are thought to be the cause of faulting within and in the
vicinity of reservoirs subjected to pore pressure depletion [60,62].

The effects of pore pressure/stress coupling are of relevance to geological CO2 storage for a number of
reasons. In cases where CO2 storage is envisaged in pressure-depleted reservoirs, failure that was induced
due to pore pressure/stress coupling during reservoir depletion can have compromised the integrity of seals
and thus affect the suitability of the reservoir for CO2 storage.

In addition, the compaction of reservoir rock that can occur due to severe pressure depletion can be partly
elastic and also partly permanent [63]. In cases of permanent compaction ( ¼ pore collapse) the potential
storage capacity for CO2 would be diminished. Since pore pressure depletion can affect the in situ horizontal
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stresses, their orientation and magnitude need to be determined from post-production data in order to be
useful for the evaluation of fault stability and maximum sustainable fluid pressures.

Pore pressure/stress coupling that is known to occur during pore pressure depletion may also occur during
fluid injection. Since little is known about the poroelastic response of entire reservoirs to fluid pressure
increase and the potential effects on total horizontal stresses this needs to be investigated during fluid
injection in CO2 storage sites [12,17].

CONCLUSIONS

This study has presented methods that can be used to predict and monitor geomechanical effects of
underground CO2 injection. The focus was the assessment of fault stability, the prediction and monitoring of
maximum sustainable fluid pressures, and the application of seismic methods for the detection of CO2

infiltration into fault-fracture networks.

The main conclusions of this study are:

. Low effective stresses can lead to fault reactivation at pore fluid pressures lower than those required to
induce new fractures in intact rock, especially where faults are optimally oriented for reactivation.

. The effective stresses prevailing in potential CO2 storage sites can be constrained from the interpretation
of drilling data and the application of failure criteria for faults and wellbores.

. Utilising the information on the effective stresses in potential CO2 storage sites and relevant rock strength
data, the stability of faults and rocks and maximum sustainable fluid pressures can be estimated using
techniques such as failure plots, FAST, and TrapTester software.

. For CO2 storage in pressure-depleted reservoirs or fields, these need to be tested for depletion-related
effects including damage to seals, permanent compaction of pore space, and stress changes.

. Reliable predictions of poroelastic responses of reservoir rocks to CO2 injection-related pressure
increases and any potentially related changes of total stresses need further studies.

. Seismometer monitoring of micro-seismic events in CO2 storage sites is an ideal option for fast detection
of induced faulting and fracturing related to CO2 injection and associated effective stress changes.

. Active seismic monitoring methods (multi-component seismic methods and shear-wave splitting) are
useful for detecting and monitoring CO2 accumulations in porous reservoir rock and overburden, or in
extensive fault-fracture networks, but may not be suitable for detecting the opening of isolated fractures
and faults with millimetre to centimetre-scale widths.

RECOMMENDATIONS

Measures that should be taken for CO2 storage include the assessment of fault and rock stabilities and the
estimation of maximum sustainable fluid pressures in reservoir rock, on faults, and below top seals. Due to

Figure 12: Mohr diagram showing the effect of pore pressure/stress coupling during pore pressure

depletion in a normal fault stress regime. For the shown stress path, pressure depletion leads to failure due to

decreases of Shmin. Diagram from Hillis [61].
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the usually sparse availability of testable rock samples, geomechanical and physical predictions need to
allow for variations in rock and fault properties. Seismic methods should be applied to detect induced brittle
failure that causes micro-seismic events and to identify significant CO2 accumulations in extensive fracture
networks. Thus, the permanent installation of acoustic transducers that record micro-seismicity is
recommended for monitoring in CO2 storage sites. Since the thickness of layered CO2 accumulations that
can be detected by active seismic monitoring methods is limited, monitoring for leak detection requires
a combination of seismic and non-seismic monitoring methods.
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