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a b s t r a c t

To estimate the distribution of reservoir deformation and reservoir volume change in an oil sand

reservoir undergoing steam injection, we applied geomechanical inversion to surface uplift data

derived from a differential interferometric synthetic-aperture radar (InSAR) stacking technique. We

tested a two-step inversion method based on a tensional rectangular dislocation model. The first step of

the inversion used genetic algorithms to estimate the depth of the reservoir and roughly model its

deformation. The estimated depth of the reservoir was consistent with the depth of the injection point.

The second step used a least-squares inversion with a penalty function and smoothing factor to

efficiently invert the distribution of reservoir deformation and volume change from the surface uplift

data. The distribution of reservoir deformation can be accurately estimated from InSAR-derived ground

surface deformations using our proposed inversion techniques.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Underground geomechanical instabilities due to rock and fluid
manipulations, such as groundwater withdrawal, geothermal
exploration, steam injection, and waste-water injection, can
induce deformation in reservoirs. This reservoir deformation is
largely induced by the change of reservoir pressure and conse-
quently generates measurable surface deformations as subsi-
dence or uplift. Excessive surface deformation can result in
significant economic losses because of the failure of structures
such as well casings, pipelines, and other underground utilities
(Hu et al., 2004).

Teatini et al. (2011) presented the fundamental geomechanical
processes that govern land uplift due to subsurface fluid injection
for purposes such as enhanced oil recovery, storage of natural gas
in depleted petroleum fields, recharge of overdrafted aquifer
systems, and mitigation of anthropogenic land subsidence. The
degree of uplift depends on a number of factors that include the
pore fluid pressure increase and the depth, thickness and areal
extent of the pressurized and heated geological formation.

GPS is well suited for surface deformation monitoring because
it not only has high accuracy, but it also provides three
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components of surface deformation (Dixon et al., 1997). However,
GPS surveys over large areas are labor intensive and time
consuming. Another geodetic method, interferometric synthetic
aperture radar (InSAR) technology, is capable of imaging small
ground surface deformations (1 cm or less) over large areas in all
weather conditions (Burgmann et al., 2000). Klees and Massonnet
(1999) discussed potential applications of InSAR for monitoring
deformations related to earthquake and crustal studies, monitor-
ing volcanoes and anthropogenic effects, and monitoring glaciers
and ice sheets. InSAR has been used to monitor surface deforma-
tion due to fluid injection at the Belridge and Lost Hills oil fields in
California (e.g., Patzek and Silin, 2000; Patzek et al., 2001) and the
CO2 sequestration project at Krechba, Algeria (Mathieson et al.,
2009; Du et al., 2010). More recent applications of this technology
by the petroleum industry, which invert surface deformation
measurements (using tiltmeters or InSAR) for reservoir level
information, have been presented by Du et al. (2008), Maxwell
et al. (2009) and Atefi Monfared and Rothenburg (2011).

Because surface uplift is induced by reservoir expansion, it is
valuable information for estimating dynamic changes in reservoir
properties. Characterization of surface deformation sources based
on InSAR measurements has therefore become important in
reservoir monitoring for activities such as enhanced oil recovery
and CO2 capture and storage projects. The amplitude and the rate
of surface deformation are key parameters in optimizing economic
production and minimizing environmental impact. A common
application of these measurements is to numerically or analytically
simulate the source of deformation.
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Fig. 1. Finite rectangular plane dislocation model.

Table 1
Notation of Okada’s formulas.

Symbol Quantity

uz Vertical displacement at surface

U3 Vertical deformation in reservoir

y*, d* Coordinates of the fault plane

x, Z, q Coordinates of the first point of the fault plane

R Distance between first point of the fault plane and the origin

X Coordinate of the point on the fault direction

L Length of fault patch along strike

W Width of fault patch along dip

Fig. 2. (a) Synthetic model of reservoir deformation, (b) synthetic surface uplift resulting from forward modeling of reservoir deformation, (c) added noise, and

(d) synthetic surface uplift with added noise.

Table 2
Inversion parameters.

I. Synthetic model parameters
1. Length 2200 m

2. Width 1600 m

3. Depth of deformation source 500 m

4. Vertical reservoir deformation (average

value of Fig. 2a)

2.09 cm

5. (x, y)-position (3300, 2700) m

6. Strike 2701

II. Inversion results Relative
error (%)

1. Length 1667 m 24.2

2. Width 1700 m 6.3

3. Depth of deformation source 499 m 0.2

4. Vertical reservoir deformation 2.58 cm 23.4

5. (x, y)-position (2887 m, 2887 m) (12.5, 6.9)

6. Strike 2791 3.3

III. Initial model

1. Length 500–3000 m

2. Width 500–2400 m

3. Depth of deformation source 100–600 m

4. Vertical reservoir deformation 0–4.00 m

5. (x, y)-position (0–4000, 0–4000)m

6. Strike 0–3601

7. Crossover probability 0.7

8. Mutation probability 0.4

9. Number of generations 500

10. Number of individuals 800
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Source models capable of simulating surface deformation
include the point source (Mogi, 1958), ellipsoidal source (Yang
et al., 1988), and rectangular source models (Okada, 1985). The
first two are commonly used for volcano and reservoir modeling
(Delaney and McTigue, 1994; Fialko and Simons, 2000; Oppliger
et al., 2005). The third is mostly used for volcanic and seismic
events (Jonsson et al., 2002; Anderssohn et al., 2009). A purely
volumetric dilation source gives rise to a monopolar distribution
of vertical displacement, whereas a shear distortion gives rise to a
dipolar displacement field (Dusseault and Collins, 2008).

In this paper, we describe a two-step inversion scheme,
starting from the surface uplift map obtained by InSAR measure-
ment, to estimate the distribution of reservoir deformation and
volume change rates where an oil sand reservoir is undergoing
steam injection, or steam assisted gravity drainage (SAGD). In the
first step, the geometry of reservoir deformation is estimated by
inverting the uplift map adopting the source model of Okada
(1985) using genetic algorithm (GA) inversion. In the second step,
the least-squares method is used to obtain reservoir deformation,
from which changes in reservoir volume can then be estimated.
2. Two-step inversion scheme

Ground surface uplift information derived from InSAR data
provides an excellent opportunity to analyze physical processes of
steam chamber development in an oil sand reservoir during the
SAGD process. SAGD involves the use of high-pressure steam to
liquefy bitumen for extraction. Two horizontal wells (or pipelines)
are usually placed along the bottom of an oil sand formation, one
above the other. Steam injected into the formation through the
upper well heats the bitumen, which flows by gravity to the lower
well where it is collected and pumped to the surface. The high
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Fig. 3. (a) Misfit, (b) RMSE, and (c) surface uplift re
pressure associated with SAGD deforms the reservoir and its
surrounding lithology. This can be modeled as a deformation
source pushing the overburden upward.

The uplift at a point on the ground surface induced by an
arbitrary distribution of reservoir deformation can be expressed
by the Volterra formula as

ukðxÞ ¼

ZZ
PUiðx

0ÞGk
ijðx,x0Þnjðx

0Þd
X
ðx0Þ ð1Þ

where uk(x) is the ground surface displacement at x, Ui(x0) is the
reservoir deformation at x0, nj is the normal to the surface S, and
Gk

ij is the Green’s function relating unit reservoir deformation in
the i direction at x0 to the ground surface displacement in the k

direction at x (Du et al., 1992).
Eq. (1) shows that the surface displacement is the product of

the Green’s function Gk
ij and reservoir deformation Ui(x0). There-

fore the inverse problem with respect to observed displacements
uk(x), without any constraints, is a nonlinear problem. In this
paper, we approach the nonlinear inverse problem by starting
from surface uplift as measured by InSAR data, but there is no
prior information related to the reservoir itself, which may
happen when the distribution of injected steam is not
precisely known.

To approach this nonlinear problem, we adopted a two-step
inversion scheme using a GA inversion to identify the geometry of
the steamed zone (first step) and then using a least-squares
inversion to estimate the reservoir volume change (second step).
In both steps we adopt the Green’s function for an elastic,
homogeneous, and isotropic half-space with tensile dislocation
plane movements, known as Okada’s formula (Okada, 1985), to
evaluate surface displacements. This model is simple and is
suitable for inversion.
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solution and (b) model error and model resolution.
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Okada (1985) provided analytical expressions to describe the
surface deformation due to dislocation of a fault patch by strike–
slip, dip–slip, and tensile fault movements. The component of
vertical displacement (uz) for the rectangular-tensional disloca-
tion model (Fig. 1) can be expressed as (Okada, 1985, 1992):

uz ¼
U3

2p
~yq

RðRþxÞ
þcos d

xq

RðRþZÞ
tan�1 xZ

qR

� �
�I5sin2d

� �����
����, ð2Þ

where

I5 ¼
m

lþm
2

cos d
tan�1 ZðXþq cos dÞþXðRþXÞ sin d

xðRþXÞ cos d
ð3Þ

and

p¼ ycos dþdsin d;
q¼ ysin d�dcos d;
~y ¼ Zcos dþqsin d;
~d ¼ Zsin d�qcos d

R2
¼ x2
þZ2þq2 ¼ x2

þ ~y2
þ ~d

2

X2
¼ x2
þq2

ð4Þ

and Chinnery’s notation : represents the substitution:

f ðx,ZÞ:¼ f ðx,pÞ�f ðx,p�WÞ�f ðx�L,pÞþ f ðx�L,p�WÞ: ð5Þ

Notations for these four expressions are listed in Table 1.
The coordinates of the origin of the fault patch (lower left-

hand corner) are E, N, and d, taken as positive in the east, north,
and down directions, respectively. The strike of the fault (s) is
expressed in degrees clockwise from north to transform the (x, y)
coordinate system of Okada (1985). Eq. (2) corresponds to Eq. (1)
for the case of simple rectangular plane deformation. Also in
Eq. (2), the surface deformation uz is proportional to the amount
of subsurface deformation U3 and the dislocation depth d (Fig. 1).
Therefore, we need to solve a nonlinear inversion problem with
respect to U3 and the depth of dislocation.

From Eqs. (2) to (5), the surface displacement depends on the
medium constants, l and m. However, underground deformation
that is parallel to the surface of a semi-infinite elastic body
corresponds to d¼0, so that the last term on the right-hand side
of Eq. (2), which contains l and m (Eq. (3)), becomes zero (Okada,
1985). This special case of uz is independent of medium constants.

2.1. GA inversion for geometry of deformation source (first step)

We adopted a global optimization approach based on the use
of GAs (Goldberg, 1989) to deal with nonlinear inversion pro-
blems. The first step of our inversion scheme is to estimate
reservoir deformation parameters such as geometry (width and
length), horizontal (x, y) position, depth, orientation (strike), and
uniform magnitude of rectangular vertical deformation, from the
ground surface uplift obtained by InSAR.

GAs are based on the analogy of using biological evolution to
find the fittest individual by defining an objective function
(Goldberg, 1989). A randomly generated initial population of
starting models is subjected to change by systematically
approaching the best solution among many investigated solu-
tions. The model parameters are represented by binary digits or
bit strings. The major GA operators of evaluation, reproduction,
crossover and mutation modify the population in the search for
the best solution of the reservoir deformation parameters.

The searching process is terminated after enough iterations to
achieve a stopping criterion, that is, to minimize a misfit function.
The lower the misfit function, the closer an individual in the
population is to the optimal solution. In this paper, we adopted
the following misfit function, which is more appropriate for larger
N (Nunnari et al., 2005):

J¼

PN
i ¼ 1 ðPi�OiÞ

2

PN
i ¼ 1 ð Pi�O

�� ��þ Oi�O
�� ��Þ2 : ð6Þ

In Eq. (6), N is the number of data points on the surface, and Oi

and Pi are the observed and calculated values of surface deforma-
tion, respectively. To evaluate the error related to this inverse
modeling approach, we calculated the root mean square error
(RMSE) using

RMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i ¼ 1

ðPi�OiÞ
2

vuut : ð7Þ
2.2. Least-squares inversion for reservoir volume change

(second step)

The GA inversion estimates the reservoir deformation para-
meters as described in Section 2.1; however, the simple Okada
model provides a single dislocation with uniform vertical defor-
mation and is not suitable for direct use with real data. A uniform
deformation inadequately represents the spatially varying vertical
deformation in an oil sand reservoir. To overcome this problem,
the rectangle is divided into a grid in which each grid point can
have a different deformation.

Using this gridded model, Eq. (1) can be recast as a set of linear
equations for InSAR data at many observation points as follows



Fig. 5. Modeled reservoir deformations resulting from the solution of least-squares inversion using a smoothing factor (b2) of (a) 0.01, (b) 0.1, (c) 0.19, (d) 1.0, and (e) 15.

Fig. 6. Surface uplift maps resulting from the solution of least-squares inversion using a smoothing factor (b2) of (a) 0.01, (b) 0.1, (c) 0.19, (d) 1.0, and (e) 15.
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(Du et al., 1992):

d¼ Gm, ð8Þ

where d is the vector of n surface uplift values, G is a known n�m

matrix for a given depth and grid size, and m is the vector of m

unknown reservoir deformations, which are vertical deforma-
tions. This discrete approximation can sufficiently approximate
the true continuous reservoir deformations (i.e., integral Eq. (1))
when grid size is reasonably small.

In many cases, the inverse problem becomes ill-posed, and the
solution is not unique (Menke, 1984). In such cases, the inverse
problem can be regularized by adding information. This informa-
tion is translated into a penalty function that is added to the
objective function, which is then minimized to estimate the
distribution of reservoir deformations:

F ¼ :Gm�d:2
þb2:Hm�d0:

2
, ð9Þ

where the first term is the norm of the residuals between
calculated and observed data, b2 is a penalty (smoothness) factor
that weights the prior information Hm¼d0 (d0 are equal to zero),
and H is the discrete Laplacian operator.

The penalty factor b2 plays the role of trade-off parameter
between the fitness and roughness of the model. The model
roughness is defined by :Hm:2

, which increases with decreasing
b2. The sum of the normalized squared differences (NSSD) is
introduced as a function of the model roughness for the variation
of b2 that yields a reasonable model of reservoir deformation. The
best solution for the inversion problem has also to be chosen from
the trade-off curve between model error and model resolution
(Du et al., 2010). The best solution is the one that combines
acceptable error and reasonable resolution.
Fig. 7. Residual between the noisy synthetic uplift and the calculated uplift from the so

(c) 0.19, (d) 1.0, and (e) 15.
Once the distribution of reservoir deformations is estimated, a
map of volume change at each grid point can be obtained by
multiplying the grid size and vertical reservoir deformation in
each grid cell. From this map, the total volume change can be
calculated by summation of the individual volume changes. This
calculation assigns only volume changes in the vertical direction
to the reservoir grid cells.
3. Results and discussion

3.1. Application to synthetic model

To examine the performance of our two-step inversion
scheme, we prepared a synthetic model of reservoir deformation
with magnitudes ranging from 1 to 4 cm (Fig. 2a). The deforma-
tion source is located at a depth of 500 m. There are three uplift
maxima in the west, northeast, and southeast parts of the
reservoir. The volume change due to the deformation in this
model is 7.36�104 m3. The synthetic model is 2200 m long from
east to west and 1600 m wide from north to south with a strike of
N901E. From this synthetic model, we applied forward modeling
based on Okada’s formula to obtain a synthetic uplift map
(Fig. 2b) and then added Gaussian noise (Fig. 2c) with a mean of
0.0 and standard deviation of 0.1 cm to the map to generate noisy
synthetic uplift (Fig. 2d) as an inversion input.

Using random initial models (Table 2), we initially applied GA
inversion to the synthetic uplift map (Fig. 2d). We evaluated
individual solutions by the misfit between the observed and
calculated surface uplift. Minimizing the misfit means maximizing
the performance to find the best solution. After 500 generations
lution of least-squares inversion using a smoothing factor (b2) of (a) 0.01, (b) 0.1,
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(Fig. 3a), the misfit of the solution declined to 0.0324 and the RMSEs
of the solution (Fig. 3b) declined to 0.23 cm, which reflects the
presence of the added noise.

The GA inversion results (Table 2) show that the depth of the
deformation source, which is the most important parameter
controlling surface deformation, can be estimated within a
relative error of 0.2% for source depths between 100 m and
600 m. Because the variation in the vertical deformation over
the reservoir makes comparisons difficult, we compared the
average value of the synthetic model deformation to the deforma-
tion obtained from the global GA solution and found relative
errors as great as 23.4%. However, the shape of the surface uplift
obtained from the GA inversion (Fig. 3c) is quite different from
that in the synthetic model (Fig. 2b), having a single uplift
maximum in the inversion solution versus three in the synthetic
data. Therefore, the reservoir deformation from the GA inversion
is considered to be a rough estimate.

To improve reservoir deformation solutions for heterogeneous
fields, we applied a least-squares technique as the second step of
our inversion. In this step, we divided the ground surface and
Fig. 8. (a) Observed surface vertical displacement from InSAR data, (b) modeled vertic

depth of injection (JACOS, 2009).
reservoir of the synthetic model into a 40�40 grid to yield 1600
square elements with sides of 100 m. We used a penalty function
with smoothing factors (b2) in this least-squares inversion to
search for the optimum distribution of reservoir deformation.
Although larger smoothing factors yielded smoother vertical
reservoir deformations, the NSSDs became larger. Therefore, we
investigated the trade-off curve between the roughness of the
deformation distribution and the NSSD as the smoothing factor
varied (Fig. 4a) and the trade-off curve between the model error
and the model resolution value (Fig. 4b) (Du et al., 2010). We
chose a smoothing factor of 0.19 to obtain the best solution of the
distribution of reservoir deformations (Fig. 5c).

More detailed results of the least-squares inversion are shown in
Fig. 5. Smoothing factors (b2) less than 0.19 resulted in solutions
clearly showing three separate areas of deformation (Fig. 5a and b),
similar but not identical to those in the synthetic model (Fig. 2a).
With smoothing factors larger than 0.19, the inversion could not
resolve three deformation areas (Fig. 5d and e).

To evaluate the performance of this inversion, we used the
inversion results to synthesize a map of surface uplift (Fig. 6c)
al surface displacement from the GA method, and (c) borehole data showing the



0.04

0.06

0.08

0.1

0.12

N
SS

D

M.Y.N. Khakim et al. / Journal of Petroleum Science and Engineering 96–97 (2012) 152–161 159
that closely resembled the synthetic model map (Fig. 2b). The
residuals between the synthetic model and the calculated surface
uplift (Fig. 7c) were comparable to the input of noise in the
synthetic model (Fig. 2c). The RMSE with the optimum smoothing
factor (Fig. 4b) was 0.114 cm whereas the standard deviation of
the additive noise was 0.100 cm, and the residual map in Fig. 7c
was also close to the input error in our synthetic model. Because
these errors were comparable, we considered our simulation
approach acceptable and consequently applied it to real data
from an oil sand field.
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3.2. Application to real deformation data

In this study we made use of seven images acquired by the Phase
Array type L-band SAR (PALSAR) instrument on the Japanese
Advanced Land Observation Satellite (ALOS) ‘‘Daichi’’ for the period
from 9 February 2007 to 30 December 2008. The data were the
high-bandwidth (FBS, 28 MHz) and low-bandwidth (FBD, 14 MHz)
modes from ascending orbits with an off-nadir angle of 34.31. The
data processing steps included SAR processing, interferometric
processing, geocoding, topographic phase removal, adaptive filter-
ing, and phase unwrapping (Simons and Rosen, 2007). To reduce
some noise sources, such as atmospheric effects, we performed
quadratic-phase removal and stacking of unwrapped phases. Finally,
we converted the stacked unwrapped phase to vertical displacement
rates for this application of the proposed method.

The InSAR deformation map estimated by the stacking tech-
nique from six interferograms was inverted using our two-step
method. Fig. 8 compares the observed vertical surface displace-
ment map (Fig. 8a) and the modeled vertical surface displacement
map as estimated by the GA inversion in the first step (Fig. 8b).
We constrained the lower and upper bounds of length, width,
depth, chamber development (vertical displacement) and strike of
the dislocation plane (considered as the steam chamber in this
case) to 800–3000 m, 800–3000 m, 200–300 m, 0–1 m and
01–3601, respectively, in our search space. We also adopted a
dip angle of zero as one of the inversion parameters and used the
initial population of 800 individuals and 500 generations of
modeling. To maintain diversity in the population and sustain
the convergence capacity of the GA, we defined values of 0.7 and
0.4 for the probabilities of crossover and mutation, respectively.

The GA inversion yielded a best-fit model predicting a rectan-
gular dislocation plane with length, width and depth of 2413 m,
1533 m and 297 m, respectively, with a RMSE of 0.627 cm. The
depth of the deformation source was in good agreement with the
depth of the steam injection wells (Fig. 8c).

To estimate the detailed deformation of the reservoir from the
surface uplift estimated from InSAR data, we used a penalty
function in the least-squares inversion (Du et al., 1992) as we
did with the synthetic model. The best-fit single dislocation plane
model from the GA inversion was enlarged to a 4.6�4.0 km2

horizontal dislocation plane that was then discretized into
100�100 m2 patches for inversion of distributed-source defor-
mation. We tested five smoothing factors (0.001, 0.01, 0.1, 1, and
10), and analyzed the trade-off curves between roughness and
NSSD (Fig. 9a) and between model error and model resolution
value (Fig. 9b) (Du et al., 2010). For the lowest smoothing factor
(b2
¼0.001) the reservoir vertical deformation rate was highly

oscillatory (Fig. 10a), and for the highest smoothing factor
(b2
¼10), the reservoir vertical deformation was overly smooth

(Fig. 10e). A smoothing factor of 0.1 yielded a reservoir deforma-
tion pattern (Fig. 10c) that was closely related to well locations
(Fig. 10f).

The map of modeled surface displacement (Fig. 11c) is com-
parable to the observed uplift (Fig. 11f) with a RMSE of 0.125. The
small residuals between the observed and modeled displace-
ments may be related to noise in the InSAR data, especially
atmospheric artifacts. Using larger smoothing factors yielded
smoother surface uplifts, as shown in Fig. 11d and e. Smaller
smoothing factors yielded surface uplift maps that were more
similar to the observed uplift, but the NNSD became larger.

By multiplication of the grid size and vertical reservoir
deformation in each corresponding grid, we obtained a map of
volume change at each grid point. Finally, using Okada’s simple
tensile dislocation model, we determined that the total volume
change rate was 150,809 m3/yr by summation of the individual
volume changes. This volume change rate may be considered an
estimate of steam chamber growth during the SAGD process.
4. Conclusion

To evaluate the deformation of an oil sand reservoir caused by
steam injection, we proposed a two-step inversion approach
using InSAR-derived surface deformation data. The first step is
solving a nonlinear inversion using the GA method and estimating
the depth of the deformation zone. The second step is solving a
linear inversion using the least-squares method and estimating
the distribution of the subsurface deformation in detail. This
methodology can be applied to cases with unknown reservoir
depth using InSAR data alone.

We applied the GA method to the field data and roughly
estimate the reservoir deformation based on surface vertical
uplifts. The resulting depth of the target reservoir was in good
agreement with the depths of injection points in boreholes. We
then applied the penalty function technique in the least-squares



Fig. 11. Modeled surface vertical displacements using a smoothing factor (b2) of (a) 0.001, (b) 0.01, (c) 0.1, (d) 1 and (e) 10, and (f) observed data from InSAR.

Fig. 10. Modeled reservoir deformations resulting from the solution of least-squares inversion using a smoothing factor (b2) of (a) 0.001, (b) 0.01, (c) 0.1, (d) 1 and (e) 10,

and (f) configuration of production and injection wells (JACOS, 2009).
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inversion with a smoothing factor to estimate the best vertical
deformation rate. This technique yielded a vertical deformation
distribution in good agreement with the configuration of wells in
the oil sand field. Because surface deformation maps can be
obtained on a frequent basis from InSAR analysis, we can monitor
the growth of steam chambers using our approach.
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