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SUMMARY

Combining interferometric synthetic aperture radar (InSAR) data from ascending and descend-
ing orbits we estimate both quasi-vertical and quasi-east—west displacements for a region in
central Algeria, an area encompassing an active large-scale carbon dioxide storage project,
the In Salah gas storage project. The surface deformation associated with the injection into
three horizontal wells is clearly visible in the InSAR estimates. We find that the addition
of the quasi-horizontal displacement data enables us to discriminate between source models
producing similar vertical displacements. In particular, predictions from a model consisting of
a distribution of volume changes restricted to the reservoir depth interval satisfies the quasi-
vertical data but does not match the quasi-east—west displacement data. However, aperture
changes on subvertical damage zones, intersecting each of the injection wells, give rise to
displacements matching both the quasi-east—west and vertical components. In all cases, we
can match the observations with the most significant volume and aperture changes in regions
immediately surrounding the injection wells.

Key words: Time-series analysis; Inverse theory; Satellite geodesy; Transient deformation;

Radar interferometry; Fractures and faults; Africa.

1 INTRODUCTION

Long-term monitoring is a key component of the geological storage
of carbon dioxide. This is particularly true during the initial devel-
opment of storage technology, when the post-injection behaviour
of the carbon dioxide has only been documented in a few field
studies (Arts et al. 2004; White et al. 2004). Geodetic methods, in
particular techniques measuring surface deformation, can provide
a basis for cost-effective long-term reservoir surveillance (Field-
ing et al. 1998; Vasco et al. 2000; Stancliffe et al. 2001; Schmidt
& Burgmann 2003; Vasco & Ferretti 2005). Currently, there are a
variety of available techniques, ranging from borehole emplaced
tiltmetres (Palmer 1990; Castillo et al. 1997; Evans et al. 1998;
Wright 1998; Wright et al. 1998) to satellite-based synthetic aper-
ture radar systems (SAR) (Burgmann et al. 2000).

Two ways to improve the resolution of surface geodetic data are
to improve spatial coverage and to include additional components
of displacement. Dense spatial coverage allows one to estimate
the shorter wavelength components of the deformation field. The
inclusion of horizontal components allows for the discrimination
between various source models producing the same vertical defor-
mation (Dieterich & Decker 1975; Wright ef al. 2004). Thus, it is
desirable to maintain a high spatial sampling although providing
multiple components of displacement. Satellite-based techniques,
such as interferometric synthetic aperture radar (InSAR) provide
dense spatial coverage (Hansson 2000). Multiple components of

Published by Oxford University Press on behalf of The Royal Astronomical Society 2013.

surface displacement may be derived from InSAR observations us-
ing amplitude correlations, as in Fialko et al. (2001a, 2005), or
by combining data from various orbital geometries (Joughin ef al.
1998, Fujiwara et al. 2000; Wright et al. 2004; Funning et al. 2005;
Teatini et al. 2011). There have also been attempts to construct
vertical and horizontal displacements from line-of-sight InSAR ob-
servations (e.g. Oppliger et al. 2006). However, the latter technique
relies on rather restrictive assumptions, such as a volume source. In
this paper, we implement an approach advocated by Fujiwara et al.
(2000), Wright et al. (2004) and Teatini et al. (2011), combining the
SAR data stacks acquired from different satellite orbits. Because of
the near-polar nature of the Envisat orbits, we can only estimate two
components (quasi-east—west and quasi-vertical) of displacement.

The decomposition into quasi-east—west and quasi-vertical com-
ponents is applied to InSAR range change observations gathered at
the In Salah carbon dioxide gas storage project in central Algeria.
The In Salah storage project is one of a handful of industrial-scale
carbon sequestration efforts in the world (Ringrose et al. 2009;
Mathieson et al. 2010). InSAR data is used to monitor the fate of
the carbon dioxide after it is injected into a geological formation
at a depth of roughly 2 km. One goal of this study is to verify that
incorporating the horizontal component does indeed allow us to
further discriminate between possible source models. A secondary
goal is to determine if it is possible to fit the two components of
data with a model containing the most significant changes near the
injection wells.
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2 METHODOLOGY

Here, we discuss the technique used to estimate the quasi-vertical
and quasi-east—west displacement components. We also briefly out-
line our inversion methodology, in which we use the two compo-
nents to estimate subsurface volume and aperture changes due to
the injection of carbon dioxide.

2.1 A 2-D displacement decomposition

Synthetic aperture radar observations obtained from a single orbit
simply measure the projection of the surface displacement along the
line-of-sight from the satellite to a reflection point on the Earth’s
surface (Massonnet & Feigl 1998; Burgmann et al. 2000; Wright
etal. 2004). However, it is feasible to combine observations obtained
from both ascending and descending orbits to approximate quasi-
vertical and quasi-east-west components of motion. To see this,
consider a Cartesian coordinate system where the X-axis is oriented
in the easterly direction, the Y-axis points to the north and the Z-axis
is directed upward. In general, in the coordinate system (X, Y, Z) the
displacement, U, of a scatterer on the Earth’s surface is represented
as the sum

U=Us,+Us, + U.s., (1)

where Uy, U, and U. are the components of U in the east, north
and vertical directions, and s,, s, and s. are the unit vectors in the
respective directions (Hanssen 2001).

In this paper we use range change data from two distinct ge-
ometries, associated with ascending and descending satellite orbits.
Given estimates of range change from two orbital geometries, we
have the projections of a particular vector displacement onto two
line-of-sight vectors. Using only two projections it is generally not
possible to derive the full 3-D displacement vector. However, be-
cause of the almost polar orbital geometry, the direction cosine in
the northerly direction is small (Joughin ef al. 1998; Fujiwara et al.
2000; Teatini et al. 2011). Specifically, the track only deviates 7circ
from a north—south orientation and the look vector is dominantly in
the easterly direction. Thus, the projections onto the look vectors
associated with each orbit, a and b, are

Ua =U.ax U\‘ax + Uzazv (2)

U,=U-b~ Ub, +U.b., A3)

two equations for U, and U,. We shall frequently refer to the quanti-
ties U, and U. as the quasi-east—west and quasi-vertical components,
respectively.

The two eqgs (2) and (3) are well-posed if the angle between the
line-of-sight and the vertical is sufficiently large. That is, we can
solve the equations if the look vector of the satellite is not close to
the vertical. A more formal measure of our ability to estimate the
quasi-east—west and quasi-vertical components from the ascending
and descending orbit vectors is provided by their covariances. A
compact formal expression for the covariance matrix follows, if we
write eqs (2) and (3) in matrix form:

a, a
()

N

and
o= U
Uy )
Because the governing equation is linear, we can relate the co-
variance matrix associated with the original ascending and de-
scending range change measurements, C, to the covariance matrix

associated with the quasi-east-west and quasi-vertical estimates,
C,.:

C.=A"'C,(A™H)

(Parker 1994). The specific elements of the covariance matrix C, de-
pend upon the covariance matrix of the range change estimates and
upon the geometry of the two orbits, as measured by the elements
of the matrix A.

2.2 Estimation of volume change and aperture change

Here, we outline the methodology used to relate surface deforma-
tion to processes at depth. The approach is guided by the field
case described below: the injection of supercritical carbon dioxide
into a thin, deep reservoir. Various aspects of this approach have
been presented elsewhere (Vasco et al. 2008, 2010; Rucci ef al.
2010). For example, it was noted in Vasco et al. (2008, 2010), that
there are indications of volumetric change along a narrow corridor
within the reservoir, extending northwest and southeast from the
injection wells (Vasco et al. 2008). Furthermore, a double-lobed
pattern observed over one of the wells suggested the opening of
a tensile feature, such as a fault or fracture (Vasco et al. 2010).
Here, we generalize the previous approaches by allowing for vol-
ume change within the subhorizontal reservoir and for both aper-
ture changes and volume changes within a subvertical fault/fracture
zone.

We consider the situation in which we attribute the surface de-
formation to the injection of a large volume of supercritical car-
bon dioxide into the reservoir. The injected fluid induces pressure
changes, leading to volume expansion within the reservoir and pos-
sibly fault or fracture growth. Because of spatial variations in the
hydrological properties, the flow and pressure changes at depth may
be controlled by heterogeneity. Furthermore, as noted by Rucci ef al.
(2010), the geomechanical properties may also vary spatially, and
the resulting fluid pressure changes can lead to varying amounts
of reservoir volume change. Therefore, we shall allow for spatially
varying volume expansion and aperture changes within the desig-
nated source regions.

There are two end-member models to consider: flow and volume
change confined to the reservoir interval and flow primarily within
a subvertical damage zone. As an aside, we note that we also tried
a third composite model in which aperture change on a damage
zone was combined with volume change within the reservoir. We
found that volume change confined to the reservoir level was not
able to compensate for aperture changes a 100 m or more above
the reservoir. Such a combination resulted in a depression in the
surface displacement above the damage zone (Vasco et al. 2000),
something not observed in some areas, such as above well KB-503.
Thus, to obtain surface displacements similar to what we observed
at In Salah, it was necessary to include models that had variable
amounts of volume change and aperture change at, and above, the
depth of the reservoir. In the following subsections we describe each
of the end-member models.
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2.2.1 Reservoir volume change

The first model invokes fluid flow and pressure changes confined
to the reservoir interval. The reservoir is modelled as a single layer
undergoing spatially varying volume expansion due to the injected
carbon dioxide and the accompanying pressure changes. Spatial
variability is allowed to account for heterogeneity in both flow
properties and geomechanical attributes. As described in previous
publications (Vasco et al. 1988, 2000; Rucci et al. 2010), when
the overburden behaves elastically, we may formulate the relation-
ship between the displacement vectors, u, (quasi-east—west) and u,,
(quasi-vertical), respectively, and the volume changes in the grid
blocks v as

u, = G;,V,
u. = G,v,
v>0, @)

where G, and G. are the horizontal and vertical Green’s func-
tions, determined by the nature of the medium in which the
reservoir lies (Vasco et al. 1988). In what follows, we shall use
the Green’s functions for a layered elastic medium (Wang &
Kuempel 2003; Wang et al. 2006). The layered model that we used
is the same as the elastic model plotted in Vasco et al. (2010). For
the forward problem we have the model parameters, the reservoir
volume changes v and we compute the surface displacements wy,
and u,. For the inverse problem we use the observed surface dis-
placements to infer the distribution of volume change within the
reservoir.

As in Rucci ef al. (2010), we employ the reflective Newton’s
method of Coleman & Li (1996) to solve the inverse problem.
We solve the system (4) in a least-squares sense, reformulating
the problem as the minimization of a quadratic function subject to
inequality constraints. The inverse problem is typically ill-posed
and often does not have a unique solution (Savage et al. 1980;
Parker 1994). In such cases we introduce additional constraints
in the form of quadratic penalty functions that are added to the
function to be minimized (Du et al. 1992; Parker 1994; Murray
et al. 2001; Pritchard et al. 2002; Fialko 2004). As in Rucci et al.
(2010), the penalty terms used here include a measure of model
roughness, and a distance measure penalizing changes far from the
injection point. The distance penalty corresponds to the assumption
that the largest volume and aperture changes should occur at, or near,
the injection point. Thus, we minimize the penalized least-squared
function

P=W.|u=Gtly+W, |l Stz + Wy | Dt ||, ®)

where ||v]|, signifies the L, norm of the vector v (Parker 1994), W,
is the data weighting, W, is the roughness penalty term weighting,
S is a roughness operator, a finite-difference approximation to the
spatial gradient, W, is the distance weighting, D is a distance matrix
with elements of ||x; — x;|| on the diagonal, where X; is the location
of the centre of the grid block and x; is the location of the injection
well.

2.2.2 Damage zone aperture and volume change

Although it was expected that the injected carbon dioxide would
remain within the sandstone reservoir, there are indications that one
or more vertical or subvertical damage zones may have acted as
conduits for flow of the injected fluid (Vasco et al. 2010). Specif-
ically, a double-lobed pattern, visible in the InSAR images above
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the injector KB-502 (Vasco et al. 2010), suggests the opening of a
tensile feature at depth. Furthermore, elongated patterns of uplift
over the other injectors implies the existence of narrow northwest
trending high-permeability features controlling the flow. For exam-
ple, the deformation pattern over the well KB-501 is reminiscent of
volume change in a narrow region that may reflect a fault or a frac-
ture zone (Vasco et al. 2008). Furthermore, recent seismic results
image a narrow, 100-300 m thick, zone intersecting well KB-502
and KB-503, colocated with and subparallel to, the InNSAR anomaly
(Gibson-Poole & Raikes 2010). Based upon these considerations,
we have adopted a composite damage zone model in which both
tensile dislocations (fault/fracture opening) and volume expansion
may occur in a narrow planar zone. Our motivation for adopting
a composite model containing both volume and aperture change is
the suggestion in the pattern of surface deformation that both mech-
anisms may be at play. In particular, the double-lobed pattern over
well KB-501 suggests a damage zone model with aperture change.
Conversely, the simple uplift pattern over well KB-503 suggests that
the deformation is largely generated by volume expansion. These
two mechanisms may operate in the damage zone along with any
volume expansion within the reservoir layer caused by the injection
of the carbon dioxide.

The composite damage zone model is similar to models used
to simulate dike intrusion (Fialko ef al. 2001b, Segall 2010). The
relationship between the quasi-vertical displacement (u.), the quasi-
east—west displacement (u;,) and the damage zone volume changes
v and tensile dislocations t is written mathematically as

u, = GhV + T},t,
u = G.v+ T.t,
v >0,

t>0, (©)

assuming that the region surrounding the reservoir and the dam-
age zone behaves elastically. The sensitivity matrices G;, and G,
are similar to those given above, T) and T, are sensitivity matrices
corresponding to the aperture change associated with tensile dislo-
cations, such as the opening of a fracture (Wang et al. 2006). We
also impose a restriction that the volume change is proportional to
the opening of the dislocation

v = kt. (7

We invoke the constraint (7) because we expect that in regions
where the opening of the damage zone is large, in particular near
the injection well, the volume change will also be the large. The
constraint reduces the non-uniqueness associated with the inverse
problem. As the dislocation and volume sources are related by the
expression (7), we can rewrite the system of eq (6) as

u, = (kG, + T))t,
u. = (kG. + T))t,
t>0. (®)

Note that, through the last inequality, we require fracture opening
and associated fractional volume increase, because of the injection
of the carbon dioxide. Also note that one can combine the effects
of volume change within the reservoir, eq (4), with the effects
of volume change and aperture change within the damage zone,
eq (8). As in Rucci et al. (2010), we solve the system of eq (8) for
t in a least-squares sense using the reflective Newton’s method of
Coleman & Li (1996). The data constraints (8) are augmented by
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Figure 1. Radar image of the In Salah carbon dioxide storage site with the well locations of the three carbon dioxide injectors KB-501, KB-502 and KB-503
indicated by the black lines. The approximate location of the gas field is indicated by the red curve. The insert is a plot of the North African region. The location
of the In Salah radar image within Algeria outlined by the dashed oval within the insert.

the penalty terms described above [see eq. (5)], and the augmented
system of equations is solved.

3 APPLICATION: THE GEOLOGICAL
STORAGE OF CARBON DIOXIDE
AT IN SALAH, ALGERIA

3.1 Overview and previous work at the storage site

The In Salah storage project is one of earliest industrial-scale car-
bon sequestration efforts (Ringrose et al. 2009; Mathieson et al.
2010), along with the Weyburn (White et al. 2004) and Sleipner
(Arts et al. 2004) projects. The project, located in central Algeria
(Fig. 1), involves removing excess carbon dioxide from natural gas
produced at three adjacent gas fields. The extracted carbon dioxide
is compressed and injected on the flanks of an anticline defining
one of the nearby gas fields, the Krechba field. The carbon dioxide
gas is returned to the original reservoir layer, a roughly 20 m thick
sandstone lying at a depth of approximately 1.8 km. At this depth
the carbon dioxide is in a supercritical state and even though it is
a liquid it has properties akin to those of a gas. The three horizon-
tal injection wells, KB-501, KB-502 and KB-503, are indicated in
Figs 1 and 2. The thin reservoir layer is overlain by approximately
a kilometre of mudstones and shales, forming a sealing cap. An-

other kilometre of interbedded sandstone and shale lies above the
shale cap. The injection has continued since 2004 and several mil-
lion metric tonnes of carbon dioxide have been sequestered in this
fashion (Ringrose ef al. 2009; Mathieson et al. 2010).

In an effort to monitor the fate of the sequestered carbon
dioxide, InSAR data was used to observe surface displacement
above the wells during the period of injection. As indicated in
the radar image in Fig. 1, the Earth’s surface above the injec-
tors is characterized by hard rock and boulder-strewn fields, with
little mobile sand, and thus nearly ideal for InNSAR monitoring.
The main difficulties are provided by several dry river beds or
wadii’s and by a seasonal lake bed to the north of well KB-503
(Fig. 1).

In two previous studies, Vasco et al. (2008) and (2010), a sin-
gle component of line-of-sight displacement, the range change,
was used to infer flow-related deformation at depth. The tem-
poral progression of surface deformation, and by inference the
volume change in the reservoir, suggests fluid migration along a
narrow high-permeability, northwest trending, conduit within the
reservoir at well KB-501 (Vasco et al. 2008). A later analysis
of the double-lobed pattern in range change over the injection
well KB-502 to the north, (see Fig. 2a), suggests the opening of
a tensile feature (Vasco et al. 2010). The In Salah project has
an active monitoring program (Mathieson et al. 2010) and In-
SAR is just one aspect of the surveillance and verification. As
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Figure 2. (a) Vertical displacement, in centimetres, between 2004 July and 2008 May. Upward motion is positive (blue) and downward motion, or subsidence
is negative (red). The thick black lines indicate the extent of each of the three horizontal wells (KB-501, KB-502 and KB-503) within the reservoir.
The approximate location of the gas field is indicated by the thin black curve. (b) Horizontal displacement for the same time period. Eastward motion is
positive (blue) whereas motion to the west is negative (red). As in (a), the horizontal extent of the injection wells is denoted by the thick solid black lines. The
approximate location of the gas field is indicated by the thin black curve. The dashed white lines indicate the traces of the three damage zones used in the

inversion of the displacement data.

noted above, data from seismic surveys has supported the notion
of two vertical north—west trending damage zones intersecting the
wells KB-502 and KB-503 (Gibson-Poole & Raikes 2010). How-
ever, no such seismic data is available in the region surrounding
KB-501.

3.2 Estimation of vertical and horizontal displacement

The data are comprised of ascending and descending radar phase
measurements from the Envisat archive of the European Space
Agency. The temporal baseline associated with the data is from
2004 July to 2008 May. For the ascending geometry, the normal
baseline is 500 m whereas for the descending geometry the base-
line is 270 m. We compensate for the effects of topography using
the Shuttle Radar Topography Mission (SRTM) elevation model
(Hanssen 2000, p. 13). To correct for orbital errors we estimate and
remove planes for both the ascending and descending geometries.
A variogram is used to capture the statistical characteristics of the
atmospheric noise (Hanssen 2000). The noise power and the spatial
correlation length are estimated for each image used in the analysis.

Using the technique noted in Section 2, we map the ascend-
ing and descending orbit range change data to estimates of quasi-
vertical and quasi-east—west displacement. As noted by Fujiwara
et al. (2000), Wright et al. (2004) and Teatini ef al. (2011), the near-
polar orbit, with an azimuth near 7°, means that the range change
is relatively insensitive to northerly motion. Using eqs (2) and (3),
we can solve the system for U, and U., the quasi-east—west and the
vertical displacements. We use pairs of ascending and descending
images from 2004 July and 2008 May. Because only two sets of
ascending images are available for processing, it is not possible to
apply multiinterferogram techniques for atmospheric noise removal
(Ferretti et al. 2001). However, using the full set of descending inter-
ferograms, which provide a time-series, we performed a statistical
analysis of the atmospheric noise power in the area surrounding
the In Salah injections. In a region excluding the area of active
deformation we constructed a variogram to capture the statistical
characteristics of the atmospheric noise for both components of dis-

placement. From this analysis we estimate the covariance matrix of
the range change estimates

625  0.00
G = ( 6.25) ’

0.00
where the the components are in squared millimetres. From the pa-
rameters for the ascending and descending orbits, that is the vectors
for the ascending (0.3290, 0.9415, —0.0733) and the descending
(—0.3865,0.9189, —0.0786) geometries, we can form the matrix A:

A ( 0.3290

0.9415
—0.3685

0.9189

and use above formula for the a posteriori covariance matrix,
C, = A7'C, (47", to arrive at standard error estimates of 0.5
cm and 0.2 cm for the east—west and vertical displacements, re-
spectively. The standard error estimates for the two components
agree with the analysis of Wright e al. (2004) and Teatini et al.
(2011). Specifically, these studies found that the quasi-vertical stan-
dard errors are roughly one-half of the quasi-east-west standard
errors.

The resulting vertical and horizontal displacement components
are shown in Fig. 2 for the region surrounding the three injection
wells. Note the uplift of about 2 cm above each of the injectors, in
agreement with previous range change estimates (Vasco et al. 2008,
2010). Away from the injection wells there are vertical variations due
to atmospheric effects and near-surface changes, such as seasonal
displacement in the dried river beds or wadii’s, of around 0.5 cm.
Away from the wadii’s, the vertical displacement error appears to be
smaller, in the range of 0.25 cm, in general agreement with the above
statistical analysis. The horizontal displacements are roughly of the
same magnitude as the vertical displacements. However, the level of
horizontal motion in areas far from the injectors seems of the order
of 0.5 cm or so, roughly twice as high for the vertical component.
These error estimates are roughly half of those given in the studies
of Wright et al. (2004) and Teatini et al. (2011) associated with the
Envisat satellites. They give relative errors for the horizontal and
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vertical components as 1.0 cm and 0.5 cm, respectively. The smaller
errors may be due to the favourable surface characteristics at the In
Salah, a mostly boulder-strewn hard surface. In addition, the desert
climate may have less moisture variation then the studies of Wright
et al. (2004) and Teatini ef al. (2011), which focused on a volcano
in Alaska and a river valley, respectively.

3.3 Analysis of the displacements above well KB-501

In this subsection, we consider the horizontal and vertical displace-
ments from a region immediately surrounding injection well KB-
501, located on the eastern flank of the anticline that defines the In
Salah field (Fig. 1). As a first step we use the two components of
displacement to infer volumetric expansion solely within the reser-
voir layer (Fig. 3). That is, we assume that the surface displacement
is due entirely to the injected carbon dioxide migrating through-
out the reservoir. The injected fluid leads to pressure and volume
changes within the reservoir formation, stress changes in the region
surrounding the reservoir and deformation within the overburden.
We allow for variable volume change within the reservoir layer, di-
viding the layer into a 20 x 20 grid of cells, where each cell is 400
m x 400 m in extent and 20 m thick. Each cell may undergo distinct
volume change and the relationship between volume change and
surface deformation is given by the system of constraints (4). We
solve this system of equations subject to the bounds

v>0 O]

using the method of Coleman & Li (1996). Before minimizing P
we need to choose appropriate values for the weights W,, W, and
W, in the penalty function (5). For the data weights, W,, we use
the inverse of the standard errors of the observations. We kept the
roughness penalty weighting /¥, at a very small value as compared
to the other weights. We chose the distance weight W7, by trial and
error. That is, we conducted several inversions and examined the
fit to the observations and the compactness of the solution. When
the data fit was deemed acceptable, within the estimated errors, we
took that value for W,.

KB-501 Reservoir volume changes

NS - UTM [km]
Q
N
3

429 430 431 432 433
EW - UTM [km]

I I I
426 427 428

0.02 0.04 0.06 0.08 04 012 0.14 0.16
[%]

Figure 3. The distribution of volume changes within the reservoir layer that

best matches the vertical and horizontal InSAR displacement data in the

vicinity of well KB-501. The trace of the horizontal injection well KB-501

is indicated by the solid line. The volume change is required to be positive, in

accordance with the injection of supercritical carbon dioxide into the layer.
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Figure 4. The fit to the observed vertical (red open circles) and horizontal
(blue stars) displacements in the vicinity of well KB-501. The predictions
were made using the horizontal reservoir model shown in Fig. 3. If there
were ideal agreement between the observed and predicted data then all the
points would lie upon the diagonal-dashed line plotted on the figure.

The volume changes within the reservoir layer, resulting from an
inversion of the data in the region around KB-501, are shown in
Fig. 3. The peak volume change is located at the injection well and
the region of volume change is oriented along a northwest trending
corridor. The fits to both the horizontal and vertical components of
displacement are shown in Fig. 4. For a perfect match the calculated
displacement would equal the observed displacement and the points
would lie on the diagonal line plotted in Fig. 4. The calculated ver-
tical component of displacement, plotted in red, seems to match the
observations within the estimated error of 0.25 cm. However, the
calculated horizontal component appears to be systematically lower
in magnitude when compared with the observed values, with devia-
tions exceeding the estimated error of 0.50 cm. Thus, it appears that
predictions based upon a model containing volume change solely
within the reservoir do match the observed vertical displacements
but do not match the observed horizontal displacements.

Next, in an attempt to improve the fit to the horizontal components
of displacement, we adopt the damage zone model discussed above
[see eq. (8)]. In this model, a vertical or subvertical damage zone can
undergo both tensile opening, which we refer to as aperture change,
and volume expansion. The model parameters, the location and the
dip of the planar damage zone, were found using a grid search for a
reduced set of model parameters: a damage zone model consisting
of only four patches. As in the more detailed model, each of the four
patches could undergo volume expansion and aperture change. The
location and the dip were systematically varied on a grid. The best-
fitting dip is 83° and the best-fitting location is indicated in Fig. 2(b)
by the dashed white line intersecting well KB-501. Because of the
imposed proportionality between aperture and volume change, as
expressed in eq. (7), we solve for a single, spatially varying quantity.
The relative ratio, expressed by the proportionality constant & in eq.
(7), was found in the initial grid search, discussed above. For the
inversion at well KB-501, k is given by 0.015.
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Figure 5. The aperture change on a subvertical damage zone intersecting
injection well KB-501, resulting from an inversion of the vertical and hori-
zontal displacement data. In this inversion only, the data misfit and a model
norm penalty terms were included, as in eq. (10). The 20-m-thick reservoir
layer is indicated by the parallel black lines. The intersection of the injection
well KB-501 with the damage zone plane is indicated by the white star.

After we estimate the damage zone geometry, we use the sur-
face deformation to estimate the aperture changes, t and fractional
volume changes, v distributed over the region. The width of the
damage zone was taken to be 100 m. Note that, some care is re-
quired in the inversion because the damage zone model is vertical
or subvertical and the various parts of the model can lie at signifi-
cantly different depths. For surface displacements the sensitivity to
aperture and volume changes can vary strongly with depth, leading
to instability in the inverse problem. For example, in Fig. 5 we plot
the results of an inversion for the tensile opening distributed over
a plane that varies from 0.8 to 2.4 km in depth. For this inversion,
we implemented a more commonly used norm penalty term in the
regularization of the inverse problem:

P=W.|u—-Gtl+W, | tl, (10)

where W, is the model norm penalty weighting. Because the sensi-
tivity of surface displacement data to a dislocation within the Earth
is a strong function of depth, the observations are most strongly
influenced by the aperture and volume changes closest to the sur-
face. Therefore, conventional regularization penalties, such as a
norm penalty, can potentially biases the result to favour shallow
aperture changes. This effect is seen in Fig. 5, where the solution
contains small shallow aperture changes and deeper and larger aper-
ture change but little change near the injection well. This solution
fits the observations as well as the model that we derive using the
regularization (5), pointing to the inherent non-uniqueness associ-
ated with the inverse problem.

In general, it would seem that the model in Fig. 5, with the largest
aperture changes hundreds of metres away from the injection well
and randomly distributed shallow aperture change, is not the most
physically plausible model. Rather, given the continuous injection
of carbon dioxide over several years, we would expect that, bar-
ing some heterogeneous distribution of mechanical properties, the
largest aperture and volume changes should lie near the injection
point. Therefore, we impose a penalty for aperture and volume
changes that increases with distance from the injection point. In-
cluding this penalty term and eliminating the norm penalty results
in the solution for aperture change and volume expansion shown
in Fig. 6. This solution is in accordance with a physically reason-

InSAR monitoring of CO, storage 203

KB-501 Fault Dislocations
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Figure 6. Aperture change on a subvertical damage zone intersecting well
KB-501, resulting from an inversion of the vertical and horizontal displace-
ment data. For this inversion only a roughness penalty and a term penalizing
aperture changes as a function of distance from the injection well were used
in the regularization.

able distribution of pressure surrounding the injection well, with
largest changes at the injector and values decreasing as a function
of the distance from the well. In cases where the spatial variations
of geomechanical properties do result in the largest changes at some
distance from the well, for example as in Rucci et al. (2010), the
least-squares minimization of the penalized misfit does allow for
aperture/volume changes away from the well if they are indeed
required to fit the observations.

There appears to be preferential flow to the northwest of the
well KB-501, to the left in Fig. 6. This agrees with the inversion for
reservoir volume change, shown in Fig. 3, where the volume change
extends to the northwest of the injection well. A similar result was
obtained from an earlier inversion for reservoir volume change as a
function of time (Vasco et al. 2008). The aperture change also ap-
pears to be asymmetric in depth, skewed towards shallower depths.
This might reflect density variations in injected carbon dioxide,
which is less dense then the in situ pore fluid. We should also em-
phasize that we are estimating aperture and volume changes that are
likely to be strongly influenced by fluid pressure variations. Thus,
the changes are reflective of fluid pressure increases, subject to vari-
ations in geomechanical properties, and do not necessarily indicate
where the carbon dioxide has migrated.

Using the Monte Carlo-based approach described in Rucci et al.
(2010), we computed the standard errors associated with our model
parameter estimates (Fig. S1). The data error estimates of 0.25 and
0.50 cm for the quasi-vertical and quasi-east-west displacement
components are used in the calculation of the standard errors. The
magnitude of the model parameter errors is roughly 12 per cent
of the peak aperture change (Fig. 6). The largest errors are near
the injection well and extend along the reservoir layer. The errors
are influenced by the data distribution, the data uncertainty, the
regularization and the Green’s function. The distance weighting in
the regularization may explain why the peak errors are found close to
the injection well. The layered velocity structure, with a low-velocity
layer surrounding the reservoir and a high-velocity layer just below
the reservoir, may explain why larger errors are found at or below the
reservoir depth and elongated in the horizontal direction. In Vasco
et al. (2010), the layered velocity structure and the large variations
in elastic properties were found to have a significant impact on the
surface deformation. The layered Green’s function and the depth
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Figure 7. The fit to the observed vertical (red open circles) and horizontal
(blue stars) displacements. The predictions were made using the subvertical
fracture model with the aperture changes shown in Fig. 6.

variations in sensitivities due to the layering may also explain why
the norm-constrained inversion (Fig. 5) has the largest aperture
change just below the reservoir.

Fig. 7 plots the predicted displacement against the observed dis-
placement for the horizontal and vertical components. Now both of
the calculated components appear to match the observations. There
is considerably more scatter in the horizontal component than there
is in the vertical component, in agreement with the analysis of
Wright et al. (2004) and Teatini ez al. (2011), and the general varia-
tions seen in Fig. 2. That is, in Fig. 2 we noted the greater variation
in the horizontal component away from the injection wells where
we do not expect to see deformation, suggesting a larger error in
that component.

Fig. 8 displays the averaging kernel associated with a dislocation
estimate at the injector, denoted by the star in the figure. The aver-
aging kernel, computed by the techniques described in Rucci et al.

KB-501 Averaging kernel example
T T T
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>
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S
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22F
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0.002  0.004 0.006 0.008 0.01 0012 0014 0.016 0018 002 0.022

Figure 8. Averaging kernel for an estimate of the aperture change for the
patch located at the injection point (indicated by the white star). The regu-
larization for the inverse problem included both a model roughness penalty
and a distance penalty [see the penalty function (5)].

(2010), accounts for the positivity constraints in the system of eq
(7). In addition, model roughness and distance weighting penalties
are used to regularize the solution. The averaging length is roughly
300—400 m, elongated along the length of the damage zone. Thus,
we should not interpret features in our solutions that are finer then
this length.

3.4 Analysis of the displacements above wells KB-502
and KB-503

The vertical and horizontal displacements above wells KB-502 and
KB-503 indicate that the injection of carbon dioxide gives rise to
surface deformation. Although there appears to be some separa-
tion between vertical uplift over each well (Fig. 2 a), it seems that
the horizontal displacements interfere (Fig. 2 b). In particular, the
antisymmetric pattern of east—west displacement due to radial dis-
placement away from the source, is seen over wells KB-501 and
KB-502 but is not clear over well KB-503. Specifically, significant
eastward motion is not seen to the east of well KB-503. To account
for this interference, we conduct a simultaneous inversion for ten-
sile dislocations and volume changes on two damage zones. As in
the case of the analysis at well KB-501 described above, we use a
grid search to estimate the locations (shown in Fig. 2 b) and the
dip angle of the damage zones, roughly 85°. In Fig. 2, we can see
that one damage zone intersects well KB-502 whereas the other is
subparallel and intersects well KB-503. In the grid search we also
solve for the values of k for the damage zones intersecting wells
KB-502 and KB-503 [see eq. (6)], producing values of 0.14 and
0.009, respectively.

Because of the coupled nature of the surface deformation in the
region between the two wells, we must solve for aperture changes
on the two damage zones simultaneously. In Fig. 9, we show the
aperture changes for the zone intersecting well KB-502. The aper-
ture changes, indicating overall damage zone opening are shown in
this figure. The result is similar to that for KB-501, indicating pres-
sure migration to the northwest (to the left in the figure). Also, the
asymmetry in depth is evident, with the most significant aperture
change found at or above the reservoir interval. These features were
also present in an inversion of range change for aperture change
in a vertical fracture and volume change in the reservoir interval
(Vasco et al. 2010). However, changes in Fig. 9 do extend slightly

KB-502 Fault Dislocations
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Figure 9. Aperture change on a subvertical damage zone intersecting well

KB-502, resulting from an inversion of the vertical and horizontal displace-

ment data.
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KB-503 Fault Dislocations In Figs 11(a) and (b), the predicted vertical and horizontal dis-

L ‘ ' ] placement components are shown for all three wells. The calculated

Lk ] displacements are in fair agreement with the measured deforma-

=14l ] tion, plotted in Figs 2(a) and (b). The residuals associated with the

= 16/X/—ﬁ 7 observed horizontal and vertical displacements over the wells are

g s shown in Fig. 12. The predicted displacements are due to aperture

2 1 and volume changes on both damage zones. In general, the verti-

22¢ 1 cal and horizontal displacement residuals lie within their expected

24 1 5 3 . 3 p p s errors. However, the models appear to underpredict the largest neg-

NW Distance along fault [lan] SE ative (westward) horizontal displacements. This may be due to noise

in the data because in Fig. 2 one observes negative values extend-

ing far west of the well KB-503. Alternatively, heterogeneity may

. play a role because the damage zone is likely to have very different

05 W properties from the average layer properties used in our modelling.

(em] There may be some migration of fluid within the reservoir itself,

Figure 10. Aperture change on a subvertical damage zone intersecting well away from the damage zone.

KB-503, resulting from an inversion of the vertical and horizontal displace- Considering the results given above, we see that the size of the o
ment data. tensile dislocation can vary dramatically. For example, the peak e
tensile opening at well KB-503, about 3 cm, is more than an order 2
shallower, to a depth of about 1.5-1.6 km. The peak change is of magnitude smaller than the 40 cm of opening estimated for well %
slightly to the northwest of the injection point, perhaps due to KB-502. The implication is that flow out of well KB-502 mainly 3
noise in the data, there is a wadii cutting across the anomaly leads to aperture changes distributed over a higher permeability 3
above well KB-502 (Figs 1 and 2). The offset in peak aper- damage zone, whereas, for the flow out of well KB-503 leads to é;-
ture and volume change could also be because of variations a strong volumetric expansion. Such considerations are supported =
in geomechanical properties (Rucci et al. 2010), that is, the by the vertical displacements plotted in Fig. 2(a). In particular, the 'gz
damage zone could be more compliant to the north. The stan- deformation above well KB-502 is primarily characterized by a g—ﬁ
dard deviations associated with the estimates are shown in double-lobed pattern of uplift, typical for a tensile feature at depth. %_
Fig. S2. The peak model parameter error values are around 5 The pattern over well KB-503, a single peak of uplift centred over %
cm, much smaller then the peak estimated aperture changes of the damage zone, is suggestive of volume change at depth. o
35 cm. As in the error estimates shown in Fig. S1, the peak errors é
are found at or below the reservoir depth interval, perhaps indicating Q
the influence of the layered elastic model (Vasco et al. 2010). 4 CONCLUSIONS g
The opening associated with the injection at KB-503 is shown in As shown here, the inclusion of the horizontal component of dis- 3
Fig. 10. The dislocation indicates pressure migration to the south— placement adds useful information. In particular, it allows us to g.'

east (to the right) of the injection well. The pattern is in accordance discriminate between a model comprised of a layer of distributed

with the vertical displacement in Fig. 2, indicating that the area volume changes and a vertical damage zone model incorporating

of uplift extends to the south—east of the injection well KB-503. fault/fracture aperture changes and fault/fracture volume change.

The standard errors, shown in Fig. S3, are less then 10 per cent of The value of the horizontal components of displacement has al-

the peak aperture changes of 2.5 cm. The distribution of errors is ready been demonstrated in the numerical simulations of Dieterich

similar to that seen in Figs S1 and S2, with the largest errors at or & Decker (1975) and our results support their conclusions. More

below the reservoir interval. recently, Wright et al. (2004) have shown how the incorporation
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Figure 11. (a) Predicted vertical displacements for the entire region shown in Fig. 2(a). The traces of the three injection wells are indicated by the thick black
lines in the figures. The approximate location of the gas field is indicated by the thin black curve. (b) Predicted horizontal displacements for the entire region
shown in Fig. 2(b).
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Figure 12. (a) Residuals associated with the vertical displacements for the entire region shown in Fig. 2(a). The traces of the three injection wells are indicated
by the black lines in the figures. (b) Residuals associated with the horizontal displacements for the entire region shown in Fig. 2(b). The white rectangles signify
the subregions used in the two sets of inversions, one for the aperture change associated with well KB-501 and the other for the aperture change associated

with wells KB-502 and KB-503.

of horizontal components reduced the trade-offs in a Monte-Carolo
inversion of InSAR data for the fault parameters of the Nenana
Mountain Earthquake in Alaska. With the addition of new satel-
lites, such as Cosmos-Skymed and Terrasar-X, it will be possible to
extract horizontal components in a routine fashion.

Finding a unique model is difficult with surface geodetic data,
even when two components of displacement are available. In this
study, in the face of such non-uniqueness, we were most interested
in answering two questions. First, could we fit the observations with
volume changes solely within the reservoir interval? Secondly, can
one fit the observations with volume/aperture changes distributed on
a subvertical fault/fracture (damage zone) immediately surrounding
the injection well? All results with distributed properties, including
those in published fault dislocation models are strongly influenced
by the regularization, be it imposed explicitly, as in our distance
weighting, or implicitly through a norm constraint coupled with the
strong depth dependence of the Green’s functions. The results of
our study indicate the importance of damage zones in controlling
the flow of injected carbon dioxide. That is, using just a subvertical
composite fault/fracture model we can match the overall vertical
and horizontal displacements (compare Figs 2 and 11). By adding
minor flow within the reservoir we should be able to improve the
match somewhat.

Although we are able to match the observed surface displace-
ments with aperture and volume changes near the injection wells,
this does not mean that the carbon dioxide must remain in this re-
gion. There is the issue of non-uniqueness, other solutions exist that
are compatible with the data. It is possible to find solutions with
shallower aperture and volume changes that can explain the obser-
vations. Furthermore, as noted earlier, aperture and volume changes
most likely reflect the total fluid pressure changes and do not neces-
sarily correspond to fluid saturation changes. The carbon dioxide is
influenced by density variations and may possibly migrate upward
by buoyancy. Such migration may not involve the large pressure
changes associated with the fluid injection at the wells. Additional
monitoring, such as time-lapse seismic imaging or electromagnetic
sounding, will be required to constrain the changes in carbon diox-
ide saturation over time. Also, coupled modelling can help in deter-
mining if the solutions are compatible with the physical processes
that are thought to control the migration of the injected carbon

dioxide (Rutqvist et al. 2010; Bissell et al. 2011; Gemmer et al.
2012; Rutqvist 2012).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Standard errors associated with the estimated aper-
ture changes shown in Fig. 6. The model parameter errors are
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estimated using the Monte Carlo approach described in Rucci
et al. (2010). The reservoir interval is indicated by the paral-
lel black lines and the well intersection is denoted by the white
star.

Figure S2. The corresponding aperture change standard er-
rors associated with the model parameter estimates shown in
Fig. 9.

Figure S3. The corresponding aperture change standard

errors associated with the model parameter estimates shown
in Fig. 10 (http://gji.oxfordjournals.org/lookup/supp1/doi:10.1093/
gji/ggs112/-/DC1).
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