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This paper presents surface movement (uplift and subsidence) analysis around three CO2 injection wells at In
Salah, Algeria. Analysis of surface movement is based on the InSAR data acquired throughout the injection
period from 2004 to 2011. This paper focuses on the detail surface deformation patterns for all three injectors
throughout the injection period, and eventually correlates such patterns to the CO2 injection history. Surface
uplift has a higher rate in the beginning of the injection period but levels oﬀ later on and reaches a ﬁnal uplift of
about 15–22 mm above diﬀerent wells. We will explore whether surface movement data can reveal signatures of
injection regime (i.e. matrix and fracture injections) in the reservoir. Surface movement, for a few selected points
at diﬀerent distances from the wellhead, and the injection pressure are plotted versus time to explore their
relationship. Analysis of the plots show that surface subsidence coincide with fracture injection for some points
and at certain times whereas it coincides with matrix injection for others. We also tried to map out possible time
delay between injection shut-in and surface subsidence. It is learned that quantiﬁcation of such a delay as well as
monitoring the response of surface to fracturing in the reservoir requires high resolution surface movement data.
This study shows the potential of satellite survey for monitoring the injection regime and behavior of reservoir
and overburden.

1. Introduction
The In Salah CO2 storage project is a pioneering international
Carbon Capture and Storage (CCS) project at Krechba, In Salah, central
Algeria. Injection commenced in 2004 and more than 3.8 million tonnes
of CO2 have been stored underground (Ringrose et al., 2013). Carbon
dioxide is separated from the natural gas and is injected into a deep
saline Carboniferous sandstone formation down-dip of the gas producing horizon in three wells: KB501, KB502 and KB503 (Ringrose et al.,
2011). The CO2 was injected in supercritical phase and will remain in
the same phase in the storage since reservoir temperature and pressure
are about 90 °C and 180 bars, respectively. The critical temperature and
pressure for CO2 are 31.1 °C and 73.9 bar.
Deformation of reservoir due to injection or depletion has been
studied by many researchers in the petroleum society (e.g. Dusseault
et al., 2001; Settari, 2002; Hettema et al., 2002; Chan, 2004). It is well
known that injection of ﬂuids into the subsurface causes pore pressure
change within the injection horizon, which leads to the reduction of
eﬀective stresses and thus dilation of the formation. Transfer of rock
deformation through overburden to the surface is the mechanism
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behind surface uplift (Teatini et al., 2011).
There are several publications on surface uplift at In Salah (Rutqvist
et al., 2009; Onuma and Ohkawa, 2009; Vasco et al., 2010; Teatini
et al., 2011; Ferreti et al., 2012; Shi et al., 2012). Onuma and Ohkawa
(2009) analyzed surface uplift using DInSAR data for the time period of
July 2003–July 2008. They concluded that surface around KB501 and
KB503 started to uplift immediately after the commencement of CO2
injection with very high rate of +14 mm/year at KB503 and +8 mm/
year at KB501. For KB502, uplift started immediately after injection in
the western lobe (closer to the well head) but with a time delay of about
one year in the eastern lobe. They also reported surface subsidence of
about 3 mm/year above some production wells in the ﬁeld. Teatini
et al. (2011) studied the uplift pattern above the three injectors for the
period 2003–2007 and concluded that the pattern is clearly correlated
with the location of the injection wells. Shi et al. (2012) modelled
distribution of CO2 plume at In Salah and focused on history matching
to explore mechanisms behind the well-known double-lobed surface
uplift above KB502. They related the double-lobed surface uplift to the
reactivation of a non-sealing fault zone and its subsequent conﬁned
growth prior to March 2006. Further, they linked the uplift after March
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in-situ stress and tensile strength of rock, it will cause hydraulic fracturing of intact rock. The induced hydraulic fractures will propagate in
a plane perpendicular to the direction of the minimum in-situ stress.
Thus, possible hydraulic fractures at In Salah will develop in a vertical
plane and in the direction of NW-SE. This will facilitate migration of
CO2 plume in NW-SE direction. Injection pressure in well KB502 exceeded fracture pressure of formation during certain time periods in
2010 (Bohloli and Aker, 2011) and natural fractures were likely reopened or new hydraulic fractures induced in NW-SE direction (Oye
et al., 2012). Fracturing of formation was associated with small microseismic events as proved by the microseismic monitoring array installed in borehole KB601. Interpretation of microseismic data showed
that the events likely happened northwest or southeast of KB601, along
with the uplifted area shown in Fig. 2a.
Injection and migration of CO2 created pressure build-up and thus
resulted in NW-SE-oriented surface uplift as shown in Fig. 2(a). In next
section, we study surface uplift in the vicinity of injection wells and
correlate it with the injection history to explore geomechanical response of reservoir and overburden to ﬂuid injection at In Salah.

2006 to the localized CO2 migration into and pressurization of a fracture or fault zone in the lower cap rock. Bissell (2009), Rinaldi and
Rutqvist (2013) and Shi et al. (2012) history-matched the formation
bottom hole pressure (FBHP) using numerical models and obtained very
good ﬁts with the measured surface uplift. Those studies showed that
surface uplift occurs above injection wells at In Salah in response to CO2
injection and that the satellite measurements capture these movements
quite well.
For all three injection wells at In Salah, formation bottom hole
pressure may have exceeded the fracture pressure of the saline storage
formation (Bissell, 2009). Analysis of the injectivity index (volumetric
injection rate of CO2 divided by FBHP) indicates that fractures were
activated and deactivated during the injection period. This is particularly the case for KB501 and KB502 (Bissell et al., 2010). The explanation for this conclusion is that the injectivity index increased
signiﬁcantly when injection pressure exceeded a certain level, i.e.
fracture pressure of the storage formation. Whether these fractures
compose of new, hydraulic fractures in the intact rock or re-opening of
pre-existing natural fractures, or a combination of the two, is not simple
to conclude on based on the injection dataset only. Bohloli and Aker
(2011) and Oye et al. (2012) also showed that injection pressure has
exceeded fracture pressure of the reservoir for all three wells in certain
time periods. Further, they distinguished between the periods of matrixand fracture -injection using the dataset of pressure versus injection
rate. They deﬁned matrix injection as the injection of CO2 into the reservoir without imposing mechanical changes to the formation while
fracture injection as the injection of CO2 into the matrix and hydraulically induced fractures in the reservoir. This implies that even
during fracture injection episodes, matrix injection continues and rock
matrix also contributes to CO2 ﬂow. They also pointed out that the
injection data can indicate that fractures have only been opened but are
not able to distinguish between the fracturing of intact rock or reopening of pre-existing fractures.
So far, analysis of the uplift data has mainly focused on single wells
or on speciﬁc time slots of the injection period (e.g. Vasco et al., 2008;
Onuma and Ohkawa, 2009; Vasco et al., 2010; Teatini et al., 2011; Shi
et al., 2012). In this paper, we present surface movement for all three
wells and throughout the entire injection operation from 2004 to 2011
and compare the normalized surface uplift for the three wells. Further,
we search for possible correlation between the surface uplift/subsidence and the mode of injection as a new monitoring method. The
ultimate objective is to use InSAR data as a tool for distinguishing between matrix injection and fracture injection in the reservoir. The authors are not aware of other studies making correlation between surface
movement and the mode of injection in deep reservoirs. Hence, we
explore potential application of such a correlation for In Salah data.

3. Surface uplift and subsidence
We start with deﬁning potential physical phenomena during ﬂuid
injection at In Salah storage site. Namely, surface movement due to
ﬂuid injection may be aﬀected by the following factors:

• Injection into the matrix or simply “matrix injection”: if injection is

•

•

2. Geological and geomechanical setting
The storage reservoir at Krechba, In Salah consists of a 20 m thick
Carboniferous, quartz arenite sandstone with average porosity and
permeability of 15% and 10 mD, respectively (Cavanagh and Ringrose,
2011) (Fig. 1). The sandstone is characterized as a well cemented and
brittle, contained by tight sandstone and siltstone at the top and by
interbedded mudstone, siltstone and sandstones at the bottom
(Deﬂandre et al., 2011; Iding and Ringrose, 2010).
In-situ stresses at In Salah were estimated by means of borehole
breakouts and modelling (GeoScience Limited, 2004). It indicated a
strike-slip regime where the vertical stress is the intermediate principal
stress. The maximum horizontal stress has the orientation of NW-SE and
the minimum horizontal stress is in NE-SW direction (Darling, 2006;
Iding and Ringrose, 2010). Natural fractures in well KB-10 (near injector KB502) show a dominant azimuth of about 315°. This shows
consistency of orientation of the dominant natural fractures with the
direction of the maximum in-situ stress, σH (Fig. 1).
If injection pressure exceeds the magnitude of sum of the minimum

•

carried out at a pressure below fracture pressure of the reservoir, it
is called matrix injection here. Fluid injection under matrix injection
mode results in a pressure build-up in the reservoir, reduces eﬀective stress and causes dilation of the reservoir and thus uplift of the
overburden and ground surface. The magnitude of surface uplift
may be correlated with the volume of injection ﬂuid and the rate of
injection.
Injection into the re-opened natural fractures or hydraulically induced fractures or “fracture injection”: if a ﬂuid is injected at a
pressure above fracture pressure of the reservoir, it is called fracture
injection here. Note that we do not distinguish between the reopening of natural fractures (also called hydraulic jacking) and
creation of new hydraulic fractures, since it is diﬃcult to make such
a separation based on the pressure-rate relationship. Fracturing
usually follows a period of matrix injection during which pressure
build-up in the reservoir exceeds the jacking pressure or strength of
formation. Fracturing of reservoir releases the excess pressure, leads
to compaction of an already dilated reservoir and thus causes surface subsidence.
Injection shut-in: pump shut-in occurs frequently during long time
injection, for operational and practical reasons. When injection is
halted, pore pressure will drop due to pressure dissipation. This in
turn may lead to the gradual compaction of reservoir and thus
surface subsidence. The magnitude of subsidence may be small and
local given the limited time intervals of shut-ins. There are numerous shut-ins for all three injection wells at In Salah, indicated by
vertical lines in the plot of pressure data (see Figs. 4, 6 and 8).
Other phenomena such as interaction with the neighboring wells or
ground surface erosion can also aﬀect surface movement data.
Injection into or production from the nearby reservoirs may aﬀect
reservoir pressure and thus surface movement around the injection
wells. Surﬁcial erosion or deposition by wind or water can directly
aﬀect ground surface elevation. Surface movement for certain points
around the wells showed relatively large seasonal changes. A detailed look showed that those points were within the water streams
and might have been aﬀected by erosion or deposition. Such points
were excluded in this study.
We use satellite X- and C-band InSAR data for monitoring surface
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Fig. 1. (a) Schematic of geological layers, orientation of in-situ stresses, along with the preferred orientation of hydraulic fracture growth; NW-SE at In Salah
(modiﬁed after Mathieson et al., 2009). (b) Rose diagram showing the dominant orientation of natural fractures in NW-SE at In Salah (after GeoScience Limited,
2004).

Fig. 2. (a) Surface uplift around the three injectors (after White et al., 2014) and (b) the selected lines for analysis of surface uplift.

35 days but is slightly higher from January 2009 and onwards; i.e. one
reading per 11 days.
To analyze surface uplift, we selected several lines around injection
wells shown in Fig. 2b. The lines are along or across the uplifted lobes.
Each line crosses hundreds of InSAR data points. Every point has a
history of uplift. First, we studied surface movement for 200 points
along each line. Then, three representative points that capture main
uplift patterns were selected and plotted in Figs. 3–8. To illustrate
surface uplift analysis, ﬁrstly, the uplift for three points along line A
(A1–A3) and line B (B1–B3) is analyzed in Fig. 3. Secondly, the fracture
injection periods for well KB501 are marked and compiled with the plot
of uplift proﬁle in Fig. 4. Then the relationship between injection mode
and surface movement is elaborated on.
Surface uplift data are presented in Sections 3.1, 3.2 and 3.3 for all
three wells. Each section includes two subsections; i) general description and ii) discussion. The ﬁrst subsection describes ground surface
movement around the injection well at diﬀerent distances from the
wellhead. The discussion subsection relates the surface movement to
the mode of injection. These relationships are subject to discussion
because of the low time-resolution of the satellite data.

movement during the injection period. The data covers time period
from 2003 to 2012 and include four diﬀerent InSAR data stacks along
the ascending and descending orbits acquired by the Cosmo Sky-Med,
TerraSAR-X and ENVISAT satellites. As for the period 2003–2009, only
one ENVISAT descending orbit dataset was available, it was not possible to perform vertical and east-west decomposition of the motion.
Therefore, the four data stacks were combined to estimate the displacement component along the ENVISAT line of sight, which has a
looking angle of about 20°, for time period 2003–2012. For the period
2009–2012 we have acquired 64 TerraSAR-X descending orbit images,
125 COSMO-SkyMed ascending orbit images and 105 COSMO-SkyMed
descending orbit images (Ferreti et al., 2012). All these X-band SAR
scenes have been combined to estimate the vertical and east-west
components of motion to be projected along the line of sight of the
ENVISAT satellite. At the end of this stage the data are calibrated with
respect to the 43 ENVISAT images available for the period 2003-2009.
As the looking angle of the ENVISAT geometry is almost vertical we can
assume the component of motion measured is only the vertical one.
Accuracy of the InSAR data for measurement of surface movement is
about ± 2 mm. The maximum uplift for the injection wells varies from
15 to 22 mm in the vicinity of the wells. But in short term, i.e. weeks to
month, the range of uplift is small. This sets limitation to the correlation
of uplift data and injection history in time intervals of weeks and
months. The analysis, however, will work well for time intervals of
several months and longer, as will be shown in next section. Time resolution of the InSAR data is low for the ﬁrst years, i.e. one reading per

3.1. Surface uplift for well KB501
3.1.1. General description
Surface uplift along lines A and B (Fig. 2) was studied for more than
200 points, out of which three representative points were selected for
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Fig. 3. Surface uplift for points A1–A3 (a) and B1–B3 (b) around KB501. A1 and B1 show maximum uplift values of about 15 and 22 mm, respectively.

the trend of uplift correlates well with the injection rate of CO2. The
higher the injection rate, the higher is the rate of surface uplift and vice
versa. This is observed during both high injection rate (e.g. in 2005)
and low injection rate periods (e.g. in 2006). Another observation from
Fig. 3 is the diﬀerent responses of the three points to the change of
injection rate. When injection rate was lowered in late 2006, points A1
and B1 (close to the well) continued to uplift, points A2 and B2 stayed
almost constant while points A3 and B3 subsided. This implies that the
area far from the well may be more sensitive to the reduction of injection rate than the area nearby the well as dissipation of ﬂuid and
pressure starts at or close to the front of the injected volume. This is a
potential add-on of the surface movement data that may help locating
the position of uplift/subsidence and thus map the distribution of CO2
and pressure front. Pressure and rate data from an injection well have
usually limitations in providing the location of events such as fracturing
that may occur in the target reservoir.
Injection in KB501 has been performed under both matrix and
fracture modes (Oye et al., 2012). Procedure for the determination of
fracture pressure and distinguishing between matrix and fracture injection episodes is described in Bohloli et al. (2017). Based on that
procedure we marked fracture injection episodes; which is simply the
time period when injection pressure exceeds the fracture pressure of
reservoir (yellow boxes in Fig. 4). During the time periods within the
boxes, injection in the reservoir is performed under fracture injection
mode, i.e. CO2 is injected into both matrix and hydraulically created
fractures. The question is whether satellite data can show signatures of
injection mode in the reservoir. The following section will elaborate on
this question, among others.

each line. The general pattern of surface uplift around KB501 is presented by points A1, A2 and A3 in northwest-southeast direction and by
points B1, B2 and B3 in northeast-southwest direction (Fig. 3). Each
curve in Fig. 3 presents surface movement for a single point versus time.
Point A1 is located above the injection interval (close to the well head),
point A2 is about 2 km and point A3 is about 4 km far from the injection
interval. For point A1, the uplift starts soon after the commencement of
injection in 2004. It shows an uplift of about 17 mm in early 2008,
displays a subsidence in late 2008 and then continues gradual uplift to
reach about 15 mm by the end of 2011. For point A2, the uplift starts
slightly later, shows a subsidence of about 5 mm in the mid-2005 then
experience continuous uplift until late 2007 when it reaches a total
uplift of 12 mm. Similar to A1, point A2 also subsides in 2008 but the
subsidence here starts several months earlier. Then it shows a stable
level throughout 2008 and 2009. A1 starts uplifting again in early 2010
and rises to about 12 mm by the end of 2011. For point A3, the uplift is
very limited since it lies at the periphery of the uplifted lobe. However,
its pattern is similar to that of point A2 from 2009 to 2011 when it
shows an uplift of about 5 mm at the end of the injection period
(Fig. 3a).
Point B1 is in the vicinity of KB501, B2 is about 2 km and B3 about
4 km far from the wellhead. For point B1, the uplift rate is higher for the
ﬁrst four years of injection but it is lower after 2009. About 70% of the
total uplift occurs during the ﬁrst two years (2004–2005). Several
subsidence events are observed at various scales. Point B2 follows the
same trend as for point B1 but at a lower level of uplift. Point B3 shows
very small or no uplift.
Comparison of injection history and surface uplift also shows that

Fig. 4. Surface uplift versus time for well KB501, three points
along line B (Fig. 2); B1 is almost above the injection interval,
B2 is about 1 km and B3 is about 2 km far from the wellhead.
The yellow boxes (fracturing episodes) shown in the ﬁgure
exaggerate the fracturing times due to the scale of the plot (For
interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article).
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Fig. 5. Surface uplift and injection rate versus time for well KB502. For the location of E1–E3 see Fig. 2.

3.1.2. Discussion
As shown in Fig. 3, the maximum uplift along line A (points A1–A3)
is smaller than that for line B (points B1–B3). This could be due to
diﬀerent pressure build-ups in the two directions. Pressure build-up in
high permeable zones may be less than that in low permeable parts of
the reservoir owing faster pressure dissipation. Natural fractures and
the maximum horizontal stress are both oriented in NW-SE direction
(Fig. 1). This implies that reservoir permeability is higher in this direction and CO2 migrates easily along pre-existing fractures. As surface
uplift is a function of pore pressure build-up, it may be less in NW-SE (as
shown in Fig. 3a) and more in NE-SW (Fig. 3b). This argumentation
may also be valid for wells KB502 and KB503, as a similar uplift pattern
was observed for those two wells.
Fig. 4 presents surface uplift for three points along line B. Maximum
uplift is observed for point B1, located in the vicinity of the wellhead.
Minimum uplift is for point B3, located about 2 km away from the
wellhead. Uplift of point B2 lies in between these two. The fracturing
episodes are marked with yellow boxes and numbered subsequently.
The response of points B1, B2 and B3 is diﬀerent during the ﬁrst fracturing episode in late 2004. While point B1 stays stable, points B2 and
B3 show slight subsidence during this episode. In fracture episode #2,
mid-2005, the three points show an increase in uplift but point B1
subsides shortly after the fracturing event, while the other two continue
to rise. The response of point B1 at episode #3 is also opposite to that of
point B2 and B3. Further review of other fracturing episodes shows that

Fig. 7. Ground surface movement around well KB503 for three points along
line C. For the location of points C1–C3, see Fig. 2.

all three points show subsidence during or shortly after fracturing
episodes #6, #8, #10, #12, #14 and #15. However, response of these
points to fracturing event at episodes #4, #5, #7, #9, #11, #13, #16
and #17 is a mix and sometimes opposite.
Opposite response of the diﬀerent points to fracturing episodes may
be explained as follows. The injected CO2 moves away from the injection well as time goes on. A fracturing event, for example, may aﬀect an
area around the fracture front. Surface above such a location will respond to the pressure underneath. Points far from that location may not
be aﬀected by that local pressure change. Therefore, opposite response

Fig. 6. Surface uplift and wellhead pressure versus time for well KB502. Yellow boxes show time intervals of reservoir fracturing. For the location of E1–E3 see Fig. 2
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
204

International Journal of Greenhouse Gas Control 76 (2018) 200–207

B. Bohloli et al.

Fig. 8. Surface uplift and wellhead pressure (WHP) versus time along with the fracture pressure for KB503. For the location of C1–C3 see Fig. 2 (For interpretation of
the references to color in the text, the reader is referred to the web version of this article).

were almost stable and unaﬀected by the re-injection throughout the
plot. In order to conclude whether there is a real time delay between the
injection halt and surface subsidence, a tight measurement of InSAR or
surface survey data is required.
Another observation is the response of ground surface to injection
re-start in late 2009. Unlike the uplift pattern in 2005–2006, surface
movement does not show a quick response to the re-injection. An explanation is that the reservoir has already been pressurized and surface
has been uplifted in the time period 2005–2007. Re-injection of CO2 in
2009 may increase the reservoir pressure to about the same level as it
had in late 2007. Consequently, surface uplift reaches the same maximum level as that of late the 2007 at a slower rate. Another explanation to this response might be the injection of CO2 into the pre-existing
fractures and hydraulic fractures that were created during the earlier
injection in 2005–2007. Injection to the fractures may need a long time
for pressure build-up and thus a time delay between the re-injection and
ground uplift.

of diﬀerent points may be expected in a space of kilometers away from
each other. Thus, a detail study of surface movement for various points
may reveal the pressure regime underneath and the location of events
such as pressure build-up or pressure release in the reservoir.
Another complicating factor for correlating surface uplift to injection regime is the presence of pump shut-ins. There are many occasions
of alternating injection and pump shut-ins during injection operation,
for instance in late 2009 (Fig. 4). Ground surface may experience
subsidence during shut-in periods due to pressure dissipation and possible pressure drop in the reservoir. In order to distinguish between the
eﬀect of shut-in and injection mode on surface movement, access to a
higher time resolution of surface monitoring (InSAR or ground survey
data) is necessary.

3.2. Surface uplift for well KB502
3.2.1. General description
Well KB502 was the focus of many studies due to its peculiar pattern
of surface displacement with two parallel lobes of uplift (Vasco et al.,
2010; Rucci et al., 2013). This pattern made it possible to highlight a
fault/fracture opening at depth due to the CO2 injection. For this
reason, injection period of about two years was followed by a two-year
injection halt to check any possible leakage, then followed by another
year of injection once the caprock integrity was ensured. This injector
provides good dataset to study geomechanical response and surface
uplift during shut-ins and re-injection periods. Surface uplift versus
time is plotted for three representative points close to KB502, i.e. E1, E2
and E3 (Fig. 5). Each curve in Fig. 5 shows vertical displacement versus
time for a single point along line E (see Fig. 2 for the location of Line E).
Point E1 shows the maximum uplift while E2 and E3 show less uplift
since they are farther away from the well.
Surface uplift close to KB502 shows a high rate of uplift in the beginning of injection period in 2004–2006, but levels oﬀ in late 2007 due
to the temporary injection halt. The ground surface level between
December 2006 and December 2007 is very uncertain because there are
no InSAR measurements in this period. In the absence of data in this
time period, we may speculate on two alternatives. Firstly, the ground
surface at the time of injection halt (end of June 2007) was as shown in
the plot. This implies that point E1 continued to uplift for a period after
injection halt, but points E2 and E3 were stable. Then all points started
to subside with some time delays. Second alternative is that ground
surface at the time of injection halt was higher than that shown in the
plot for all points. If so, surface subsided right after the stop of injection
operation. All points followed a similar trend of subsidence until late
2008, then point E1 started a slight, gradual uplift but points E2 and E3

3.2.2. Discussion
Surface uplift for well KB502 is presented along with the wellhead
pressure from 2005 to 2011 in Fig. 6. The episodes of fracture injection
are shown within yellow boxes. Extensive fracturing has been made in
late 2005 through 2006. Although some signs of surface subsidence are
observed for points E1 and E2 in August 2006, the overall trend of the
surface shows uplifting. Continuous injection during this time period
causes a rather quick uplift. Possible surface movement occasions due
to fracturing of the reservoir might be hidden in the data cloud and not
captured by the low-resolution InSAR data. There are few occasions of
fracture injection for KB502 in 2010 (boxes numbered 2, 3 and 4).
These occasions were also indicated by the microseismic monitoring
and are documented well in Oye et al. (2012). Fracture episode #2
shows a slight uplift at all three points. For episode #3 a slight subsidence is observed during or after fracturing period. However, the
magnitude of these uplift and subsidence is relatively small and within
the uncertainty range of the InSAR data. For fracturing episode #4 a
sharp surface subsidence is observed at all points. The magnitude of the
subsidence is equal for all three points. A closer look into the uplift
pattern for E1–E3, and many other points not plotted in Fig. 6, shows
that this subsidence is observed for many points along line E. Therefore,
this subsidence signature might be an artifact in the data acquisition or
processing thus may not be reliable for correlating to the injection
mode.
Points E1–E3 also show uplift and subsidence during the injection
halt in 2008–2009. This is either due to the interference with the
neighboring well, KB503, or from other sources. In fact, interaction
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with well KB503 seems more relevant as it shows similar movement
pattern as seen for well KB502 (Fig. 7).
3.3. Surface uplift for well KB503
3.3.1. General description
The rate of uplift for well KB503 is high in the beginning of the
injection period but is lower later on (similar to KB501 and KB502). The
rate of uplift correlates well with the injection volume where it increases with increased injection rate (higher slope of the pink curve)
and declines with decreased injection rate (lower slope of the pink
curve). More than 50% of the total uplift occurred during the ﬁrst year
of injection. The maximum uplift around KB503 is about 18 mm at the
end of the injection period (Fig. 7).
The rate and total uplift for point C1, close to the well, is much
higher than that for points C2 and C3 which are located about 2 and
4 km far from the well, respectively. The details of uplift are diﬀerent
for points C1–C3 but the general pattern is similar. Surface movement
ﬂuctuates quite a lot during 2008 while it is more stable from 2009
through 2011.

Fig. 9. Comparison of surface uplift near the three injection wells.

KB502. Ground surface for the three wells shows very similar uplift
trend during 2009 and 2010. It should be noted that there was no injection for well KB502 in 2009. However, it shows an increasing uplift
from mid-2009. This is the same time that KB503 shows increasing
uplift. The uplift of KB502 might be due to the interaction from KB503
that aﬀects reservoir pressure around KB502.
Uplift is a function of pressure build-up in the subsurface and pore
pressure increase may mainly occur near the well in the early stages of
injection. As injection operation continues, pressure front propagates
away from the well and the rate of pressure rise decreases near the well.
This may lead to a declined rate of surface uplift around the wells as
shown in Fig. 9.
The volume of injected CO2 varies for diﬀerent wells, thus the absolute surface movement, as presented in Fig. 9, may not be an appropriate indication for comparison. Therefore, we normalize surface
movement. The normalized movement is obtained through dividing the
average value of movement during a speciﬁc time interval by the accumulated injected volume during that interval. The normalized uplift
for points close to the wells are plotted in Fig. 10. It is higher for all
wells in the beginning of injection period but declines sharply afterwards. Ground surface near well KB501 experience more uplift per
injected volume than that around KB502 and KB503. This might be due
to multiple reasons such as:

3.3.2. Discussion
During fracture injection episodes (yellow boxes numbered 1–20 in
Fig. 8) from 2004 to 2008, ground surface shows several uplift and
subsidence events. For fracture episode #1, surface movement show
uplift for points close to the well (points C1 and C2) while it indicate
subsidence for that far away (point C3). However, all points show
subsidence immediately after the fracturing. During episode #2 a similar trend to #1 is observed. For fracture episodes #3, #4 and #5 a
mix and complex surface movement. For episode #6, all the points
show subsidence during or after fracture injection. For episodes #7, #8,
#9 and #10 surface movement is rather unknown due to the lack of
InSAR data. Episode #12 is a relatively long fracture injection period
where CO2 has been injected at a pressure much above fracture pressure
of the reservoir. During this period, considerable uplift and subsidence
occasions are observed. At the end of episode #12 all three points show
a subsiding trend. A similar trend as for #12 is observed for episodes
#14, #15, #17 and #18. For fracture episodes #13, #16, #19 and #20
surface movement shows uplift for some points and subsidence for
others. Thus, it is diﬃcult to ﬁgure out a clear trend for these periods.
Surface subsidence events are best observed when CO2 is injected
continuously at high pressure/rate then lead to failure. Some examples
of such periods are episodes #6 and #12. In the both time slots, injection pressure was high and close to the fracture pressure of the reservoir for a period of time, then exceeded the fracture pressure and
caused fracturing. Ground surface experienced uplift ﬁrst, followed by
subsidence, likely caused by quick pressure dissipation due to fracturing. Thus, surface subsidence for well KB503 show good correlation
with the fracturing episodes. The pattern of surface movement during
2008 is similar to that of KB502 (Fig. 7). This may be an indication of
pressure interference between the two wells.

- structural features: ground uplift around KB502 and KB503 seems to
be controlled by the presence of faults and fractures in the direction
of the major principal horizontal stress; NW-SE. The uplifted area
around KB502 and KB503 is larger than that of KB501 which causes
distribution of the uplift over a wider area and thus less uplift per
unit area. The map of uplifted area around KB501 looks less oval/
anisotropic in shape compared to the other two (Fig. 2). This may
imply a rather isotropic and higher pressure build-up in a smaller
volume of the reservoir that causes more deformation and maximum
uplift for KB501.

4. Comparison of uplift for the three injection wells
Surface movement proﬁle for points B1, E1 and C1 is plotted in
Fig. 9 to compare ground surface uplift for wells KB501, KB502 and
KB503. The total uplift shows a maximum for KB501 and a minimum
for KB502 at the end of the injection period. The uplift pattern for
KB501 and KB503 is similar in the beginning but diﬀers after mid-2006.
While KB501 continues to uplift, well KB503 shows almost stable or
very small uplift throughout 2007. They follow similar uplift trend from
2008 and onwards. Injection in well KB502 started in mid-2005 and the
ground surface started to uplift at a relatively high rate. It reached the
same uplift as that of KB501 and KB503 in the mid-2007 and continued
to rise until early 2008 in which injection into KB502 was stopped
temporarily. After the injection halt, the ground level subsided around

Fig. 10. The normalized uplift (vertical movement divided by the injection
volume) for the three injection wells. Uplift of KB501 and KB503 shows similar
slope in the beginning but somewhat diﬀerent later.
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suggestions. The work that led to this publication was ﬁnanced partially
by Norwegian Geotechnical Institute’s GBV, project no. 20170017.

- diﬀerent petrophysical and mechanical properties of the reservoir
and overburden. Mechanical and rock physical properties of reservoir and overburden may be diﬀerent in lateral extension and
thus aﬀect rock deformation and ground uplift diﬀerently at the
location of the injectors.
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5. Conclusions
The storage of CO2 at In Salah, Krechba, Algeria was started in
2004. Ground surface uplift was observed near the injection wells after
the injection started. The uplifted pattern follows the orientation of the
in-situ maximum horizontal stress. The maximum uplift is slightly different for diﬀerent wells; it is about 22 mm for KB501, 17 mm for
KB502 and 19 mm for KB503. Major fraction of surface uplift occurred
in the beginning of injection period for all three wells. The rate of
surface uplift increased with increasing injection rate. InSAR data
shows that the uplift began soon after start-up of the injection. Possible
time delay for surface uplift in the beginning of the injection period is
not captured by the low time-resolution InSAR data. Another instance
of interest for correlating injection (shut-in and re-injection) and surface movement is the well KB502. Injection of CO2 in well KB502 was
stopped temporarily in mid-2007 for about two years and re-injection
started in late 2009. The response of surface movement to the inject
halt is not clear due to the lack of InSAR data from December 2006 to
December 2007. A couple of alternatives were discussed in Section
3.2.1. The response of surface movement to the re-injection is well
documented by the high-resolution InSAR data. In contrary to the rapid
surface uplift in 2005–2006, ground surface shows a gradual and slight
uplift during this re-injection period. An explanation might be as follows. The response of an already pressurized reservoir, and thus surface
uplift, to ﬂuid injection may not be the same as that for a naturally
relaxed system. Another interpretation is the injection of CO2 into the
pre-existing fracture networks that does not create a rapid pressure
build-up and surface uplift due to its high permeability and pressure
distribution.
Analysis of surface movement versus the mode of injection showed
that diﬀerent points show diverse responses to matrix or fracture injection. Although we note surface subsidence during a fracture injection
episode for some points, other show a stable or an uplifted ground.
Another factor that interferes surface uplift is the shut-in of injection
pump that happens frequently during injection operation. In order to
provide a solid conclusion on the correlation between surface movement and injection mode (i.e. matrix injection and fracture injection),
high resolution surface monitoring data are required. If a correlation
between surface movement and the mode of injection is established,
ground surface (especially high resolution) data can be used to monitor
injection performance of reservoir. Such data may also be used as a
complementary tool to map distribution of the injected volume and the
location of events such as fracturing. This study shows great potential of
InSAR data, as an inexpensive method, for monitoring the geomechanical behavior of reservoir and overburden during injection operations.
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