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a  b  s  t  r  a  c  t

CO2 migration  in a saline  aquifer  is  governed  by viscous,  capillary  and  gravitational  fluid  forces  at  an
early  stage  of injection,  where  the  dominant  flow  regime  is site specific  and  controls  the  fluid  migration
in  the pore  space.  This  study  combines  the  CO2 saturation  inverted  from  time-lapse  seismic  methods
with  an  analytical  expression  to define  the  CO2 flow  regime,  saturation  distribution  and  layer  thickness
in  the  Tubåen  Fm. following  CO2 injection.  Quantitative  estimates  of  the  CO2 saturation  from  time-lapse
seismic  amplitude  versus  offset  (AVO)  and spectral  decomposition  are  compared  to  a  viscous  dominated
analytical  expression  of  CO2 injection  into  a  saline  aquifer.  The  spatial  extent  of  the CO2 plume  obtained
from  time-lapse  spectral  decomposition  and  inverted  from  time-lapse  AVO  analysis  display  good  agree-
ment  with  the  analytical  expression.  The  CO2 is limited  to  an  area  close  to the  injection  well,  with  an
elongated  shape  in  the  channel  direction.  Comparison  between  the  time-lapse  seismic  and  analytical
expression  shows  that  the fluid  flow  is  dominated  by  viscous  forces.  CO2 saturation  within  the  plume  is
constant  and  close  to the  residual  brine  saturation.  The  influence  of  gravity  is  ignorable  on  the reservoir
CO2 flow.  CO2 fills  the  entire  sandstone  unit  up  to approximately  50  m  away  from  the  injection  before  the

CO2 layer  thickness  is  reduced  to a thin  wedge  that propagates  below  the  overlying  shale  unit. Reduction
in  CO2 saturation  away  from  the  injection  well  is a  reduction  in effective  CO2 saturation  relative  to  the
thickness  of the  horizon.  The  maximum  radius  of  the  CO2 layer  from  the analytic  expression  is 750  m,  of
which  400 m  is  above  the  time-lapse  noise  level.  Time-lapse  seismic  analysis  reveals  the  CO2 layer  radius
is  405  m  in  the  direction  of  the  local  fluvial  channel  and 273  m in  the  perpendicular  direction.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

CO2 migration in a saline aquifer is governed by viscous, cap-
llary and gravitational fluid forces at an early stage of injection
Lindeberg and Wessel-Berg, 1997). The dominant flow regime is
ite specific and depends among others on injection rate, aquifer
olume, reservoir injectivity, reservoir depth, formation pressure
nd temperature. CO2 must overcome the capillary entry pressure

o migrate into brine-saturated pores (Bryant et al., 2008). Viscous
orce is pressure driven and is dependent on the injection over-
ressure (Class et al., 2009). Supercritical CO2 is less dense and less

∗ Corresponding author. Tel.: +47 73 59 11 40.
E-mail addresses: sissel.grude@ntnu.no (S. Grude), martin.landro@ntnu.no

M.  Landrø), jame3@bgs.ac.uk (J.C. White), ole.torsater@ntnu.no (O. Torsæter).
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2 Tel.: +44 0115 936 3354.
3 Tel.: +47 73 59 49 41.

ttp://dx.doi.org/10.1016/j.ijggc.2014.08.011
750-5836/© 2014 Elsevier Ltd. All rights reserved.
viscous than the resident formation brine. The mobility contrast
between supercritical CO2 and brine, combined with the effect of
gravity will lead to vertical segregation of the fluids, and a thin layer
of CO2 will be formed at the top of the formation (Nordbotten et al.,
2005).

CO2 migration in a saline aquifer has been studied widely
through analytical models, simulations and laboratory experi-
ments. Nordbotten and Celia (2006) described viscous dominated
CO2 migration from an analytical expression, whilst Taku et al.
(2007) performed flow modelling simulations to investigate the
interplay between viscous forces, gravity forces and capillary
trapping of CO2. Møll Nilsen et al. (2011) simulated long term
CO2 storage in the Sleipner Fm.  based on vertical equilibrium
(VE) and Polak et al. (2011) investigated the influence of grav-
itational, viscous and capillary effects on the vertical flow of

CO2 from experimental studies. Cavanagh (2013) found that a
gravity-segregated/capillary-dominated model best described the
CO2 layer at a relatively short distance from the injection well at
the Sleipner CO2 injection site.

dx.doi.org/10.1016/j.ijggc.2014.08.011
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Fig. 1. Depth plots from the injection well. Left to right: grain size and sorting deter-
mined from thin sections, gamma ray (GR), porosity and permeability measured
in  laboratory. The vertical axis shows measured depth in km, the well is slightly
deviated. The reservoir zone is located between 2.68 and 2.8 km. The four Tubåen
sandstone units can be seen in the gamma log, separated by shale units. The per-
forated intervals are marked with grey vertical lines on the GR. The grey circles
overlain on the GR show the locations of the core samples.

Table 1
Average reservoir properties, mobility ratio and gravity factor for the Tubåen 1
sandstone unit.

Thickness h 14 m
Porosity ϕ 0.19 Fraction
Permeability k 750 mD
Residual brine saturation Sbr 0.13a Fraction
Relative permeability of CO2 at Sbr kr, CO2 0.7b Fraction
Injected volume Q (ktons/s) × t (s) 400 ktons
Mobility ratio �(�CO2 /�Brine) 5.65
Gravity factor � 0.6

a Estimated from (Sengupta, 2000), taking the porosity and permeability into
consideration.

b No laboratory measurement available from Tubåen 1. The value is assumed from
comparison with laboratory measurements of the relative permeability on three
composite cores from the Tubåen 3 sandstone unit at 2735 m measured depth (MD)
and  published literature (Bennion and Bachu, 2008).

Table 2
Fluid properties estimated at reservoir pressure of 290 bar, temperature of 95 ◦C
and  brine salinity of 14%. The CO2 density is estimated from the (Span and Wagner,
1996) equation of state. CO2 viscosity is estimated from (Scalabrin et al., 2006). Brine
density is estimated from (Batzle and Wang, 1992). Brine viscosity is estimated from
(Kestin et al., 1978).

CO2 density �CO2 663 kg/m3

Brine density �Brine 1090 kg/m3
S. Grude et al. / International Journal of

The main purpose of monitoring the injected CO2 is to demon-
trate safe storage and detect possible leakage. Monitoring will
lso give valuable information regarding CO2 migration and high-
ight the dominant flow regime inside the storage reservoir. Several
eservoir parameters may  change due to CO2 injection. Changes
n fluid saturation and pore pressure, and geomechanical changes
n the reservoir, are most frequently observed. Time-lapse seismic

ethods are used to monitor CO2 injected in saline aquifers, and
ive a good understanding of the plume migration and CO2 satu-
ation (Arts et al., 2004; Chadwick et al., 2006; Osdal et al., 2013).
umerous studies have quantified the CO2 injected at the Sleipner
eld. Chadwick et al. (2010) summarizes these studies, which have

ncluded amplitude-thickness tuning relationships, stratigraphic
nversion, reflection amplitude analysis and topographic analy-
is. Williams and Chadwick (2012) used spectral decomposition to
ssess the thickness and velocities of thin layers at Sleipner. Ivanova
t al. (2012) used petrophysical and pulsed neutron-gamma log-
ing measurements to quantify the amount of CO2 visible in the
ime-lapse seismic data at the Ketzin field. Nakatsuka et al. (2009)
stimated CO2 saturation from resistivity, and emphasized that the
pproach is valuable for CO2 saturation above a certain threshold,
here the seismic methods lack resolution. Osdal et al. (2013) pre-
icted CO2 saturation and thickness in the Stø Fm.  at the Snøhvit
eld by comparing synthetic seismic and time-lapse seismic.

Approximately 0.5 Mt  of CO2 was injected into the Tubåen Fm.
t the Snøhvit field between April 2008 and September 2009. Injec-
ion was associated with a pressure build-up, and following a well
ntervention operation the Stø Fm.  was used for further CO2 injec-
ion, avoiding the pressure limitations in the Tubåen Fm.  (Hansen
t al., 2013). Time-lapse amplitude versus offset (AVO) inversion
Grude et al., 2013) and spectral decomposition (White et al., 2014)
ere used to separate the pressure and fluid effects on the time-

apse seismic data. This study develops a better understanding of
O2 saturation and layer thickness in the Tubåen Fm.  by combin-

ng the saturation inverted from time-lapse seismic methods and
 viscous dominated analytical expression of CO2 plume thickness
Nordbotten and Celia, 2006).

. Tubåen Fm., the Snøhvit field

The Tubåen Fm.  is located at 2560-2670 m depth (TVD) below
he sea surface. The CO2 storage reservoir is approximately 2500 m
ide close to the injection well, compartmented by sealing faults

n east–west direction.
The depositional environment is predominately deltaic, with

arine and tidal influence (Hansen et al., 2013). The formation
an be subdivided into four sandstone units, Tubåen 1-4, sepa-
ated by interbedded shale units, as seen from the GR in Fig. 1. CO2
as injected through three perforations covering the lowermost

ubåen 1-3 sandstone units, highlighted by the grey vertical lines
longside the GR log. Approximately 80% of the CO2 has migrated
nto the Tubåen 1 sandstone unit, whereas the remaining 20% has

igrated into the Tubåen 2 and 3 units (Hansen et al., 2011). The
ubåen 1 unit is interpreted to be sandstone channel trending in

 north–south direction. Analysis of pressure data and time-lapse
eismic data indicate that the shale unit above Tubåen 1 limits ver-
ical migration of the CO2 (Eiken et al., 2011; Hansen et al., 2011).
rude et al. (2014) came to the same conclusion by comparing

ime-lapse and synthetic seismic data.
Tubåen 1 sandstone channels are approximately 10-15 m thick

nd reach to the sealing faults. Average permeability is 750 mD and

orosity 0.19. A summary of the reservoir properties in Tubåen 1
an be seen in Table 1. The injected CO2 is dried down to <50 ppm
ater content and a 0.5-2% methane fraction is present (Eiken et al.,

011). CO2 and brine fluid properties estimated at the reservoir
CO2 viscosity �CO2 0.055 mPa  s
Brine viscosity �Brine 0.444 mPa  s

pressure of 290 bar, temperature of 95 ◦C and brine salinity of 14%
are given in Table 2.

In this study, 3D seismic surveys undertaken in 2003 and 2009

are utilized and repeatability metrics between the vintages are high
(Hansen et al., 2013). The surveys cover a common lateral extent
of approximately 8 × 9.5 km.  Fig. 2 displays a cross-section, which
intersects the well location, from the baseline seismic survey (lower
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Fig. 2. Cross-section through the reservoir zone. The uppermost picture shows time-
lapse difference between the seismic surveys. The lowermost picture is from the
2003  survey. The top and base of the reservoir zone are shown by the black lines
and  the injection well is the blue vertical line. The injection zone is marked by the
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ed  arrow. (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of this article.)

ource: figure from Grude et al. (2013).

anel) and the same section from the time-lapse seismic difference
ata (upper). The response generated as a consequence of injection

s clear.
As such, this study focuses on the 400 ktons of CO2 injected into

he Tubåen 1 sandstone unit prior to the first monitoring survey in
eptember 2009.

. CO2 layer thickness and saturation estimated from the
nalytical expression

Capillary pressure measured on two core plugs from the Tubåen

 sandstone unit can be seen in Fig. 3. Porosity and permeabil-

ty measurements from the core plugs are inset in the figure. The
ocation of the core plugs is shown with grey circles in the GR log
n Fig. 1. The capillary entry pressure is 0.1 bar and the capillary

ig. 3. Laboratory measurements of capillary pressure on 2 core plug from the
ubåen 3 sandstone unit (courtesy Statoil). Depth, porosity and permeability are
iven in the figure legend. The location of the samples is shown by the grey circles
n  the GR in Fig. 1.
house Gas Control 29 (2014) 248–255

pressure is 1 MPa  at residual brine saturation obtained in the lab-
oratory for these samples. The capillary pressure is low compared
to the injection overpressure of maximum 6-10 MPa. No measure-
ment of capillary pressure was performed on core plugs from the
Tubåen 1 sandstone unit, but the capillary pressure is most likely
negligible based on the measurements in Tubåen 3 and the aver-
age permeability of 750 mD in Tubåen 1. Laboratory measurements
of the vertical and horizontal permeability were performed on core
plugs from the sandstone units. These showed that the permeability
was approximately similar in both directions. Gravitational forces
are expected to be small in this 10-15 m thick sandstone unit with
vertical permeability of 750 mD. It is reasonable to assume that
viscous forces govern the CO2 flow in the Tubåen 1 sandstone unit.

Nordbotten et al. (2005) and Nordbotten and Celia (2006) devel-
oped an analytical expression which describes the shape of a CO2
plume when the capillary pressure is neglected. In this model, the
CO2 is injected into a porous formation that is confined above and
below by impermeable cap rock formations. The expression is vis-
cous dominated, with influence from gravity. Their dimensionless
gravity factor, � , can be used to identify when the gravity force
contributes to the fluid flow (Eq. (14) in Nordbotten et al. (2005)):

� = 2���g�bkB2

Qwell
(1)

�� = �Brine − �CO2 is the difference in density between brine
and CO2, g is the gravitational constant, �b = kr,b/�b is the mobility
of brine in the formation, which depends on the relative perme-
ability and viscosity of the brine. The saturation in the brine phase
is 1 due to the assumptions of immiscible fluids, this makes kr,b = 1
(Okwen et al., 2010). B is the thickness of the formation, k is the ver-
tical permeability and Qwell is the injection rate (Nordbotten et al.,
2005). Nordbotten et al. (2005) and Nordbotten and Celia (2006)
found that a lower cut-off value of 1, for the gravity factor, is suit-
able to illustrate when gravity forces exert an influence on the CO2
flow. Okwen et al. (2010) revised the cut-off value to 0.5, to within
10% error. Based on this equation one observed that the influence
of gravity increases with the thickness of the formation and verti-
cal permeability, and decreases with increasing brine viscosity and
injection rate. The gravity factor is estimated to be approximately
0.6, using Eq. (1), in the Tubåen 1 sandstone unit. This value is at
the lower cut-off for gravity influenced flow and it is reasonable
to neglect this effect as CO2 migration is expected to be viscous
dominated.

Supercritical CO2 is less dense and less viscous than the forma-
tion brine therefore injected CO2 will migrate upwards and along
the overlying shale due to the density difference, which affects
both the gravity segregation and mobility ratio (�CO2 /�Brine, where
�CO2 and �Brine are the mobilities of the CO2 and brine respectively)
(Nordbotten and Celia, 2006). This will lead to a low saturation of
CO2 inside the formation. The mobility ratio between CO2 and brine
is defined as:

�CO2

�Brine
= kr,CO2

kr,Brine

�Brine

�CO2

(2)

Using estimates of the relative permeability and viscosities of
the two  fluids, Table 2, a mobility ratio of 5.65 is derived in the
Tubåen Fm.  This mobility ratio is strongly dependent on the vis-
cosity for the Tubåen 1 sandstone unit, as the CO2 has a much
lower viscosity than the formation brine at the reservoir pressure
of 290 bar, temperature of 95 ◦C and brine salinity of 14%. A mobil-
ity ratio of 5.65 is relative low compared to typical mobility ratios
of 5-20 for CO2 displacing brine (Okwen et al., 2010). Table 1 sum-

marizes the reservoir parameters of the Tubåen 1 unit, including
the estimated mobility ratio and gravity factor.

The thickness and effective saturation of the CO2 layer obtained
from the analytical expression can be found in Fig. 4. The sandstone
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F ss based on Nordbotten and Celia (2006). The input parameters for the analytical solution
a sidual brine saturation).

u
w
m
s
1
T
1

4
s

e
h
W
1

e
t
a
C
p
t
f
s
p
t
p
d
t
s
p
b

a
m
a
a
t
P
e
(
t
a
w
m
d
u
C
m
a
T
o

Fig. 5. Relative change in P-wave velocity from fluid substitution with CO2 replac-
ing  brine in Gassmann’s equation (Gassmann, 1951). CO2 saturation according to
a  patchy CO2 distribution (red), uniform CO2 distribution (green) and an interme-
diate distribution (blue) explained by Brie’s equation (Brie et al., 1995). The black
line shows a linear approximation to the intermediate CO2 distribution. The lin-
ear approximation is valid up to SCO2 ∼0.3, and dashed interpolation is shown after
that point. The black dots illustrate the CO2 saturation before tuning correction (1),
after tuning correction (2), and corrected for the error introduced by the straight-
line approximation (3). (For interpretation of the references to colour in this figure
ig. 4. Analytical expressions for the effective CO2 saturation and CO2 plume thickne
re  given in Tables 1 and 2. The maximum CO2 saturation corresponds to 0.87 (1-re

nit is filled with CO2 to approximately 40 m from the injection
ell, before the CO2 layer thins due to vertical segregation. The
aximum radius of the CO2 layer is approximately 750 m.  The CO2

aturation within the plume is uniformly distributed, and equal to
-residual brine saturation, which is estimated to Sbr = 0.13 for the
ubåen 1 sandstone unit. The effective CO2 saturation of the Tubåen

 sandstone unit decreases linearly with the CO2 layer thickness.

. CO2 layer thickness and saturation from time-lapse
eismic data

The time-lapse seismic signature from the Tubåen Fm.  is influ-
nced by both pore pressure and saturation changes. Two methods
ave been applied to separate these effects (Grude et al., 2013;
hite et al., 2014). Both methods focus on the lowermost Tubåen

 sandstone unit where 80% of the injected CO2 migrated.
White et al. (2014) utilized spectral decomposition (Laughlin

t al., 2002) to separate the pore pressure and saturation induced
ime-lapse seismic signatures. Their results are based on the
ssumption that the saturation anomaly created by the injected
O2 in the sandstone units will migrate as a thinner layer than the
ore pressure response, which will spread more widely through
he reservoir. These different vertical extents will tune different
requencies in the seismic wavelet. White et al. (2014) used a 25 Hz
pectral cut-off to discriminate the region dominated by increased
ore pressure. Conversely, changes above 30 Hz are most likely due
o fluid substitution. Spectral decomposition separates the pore
ressure and saturation effects on the time-lapse seismic data, but
oes not give any quantitative estimates of pressure and satura-
ion changes. Pore pressure communication between the Tubåen
andstone units is needed to explain the vertical extent of the pore
ressure anomaly. Capillary pressure limits vertical CO2 migration
etween the Tubåen 1 and 2 sandstone units.

Grude et al. (2013) inverted for injection related pore pressure
nd saturation changes from near and far stack time-lapse seis-
ic. The inversion algorithm was introduced by Landrø (2001)

nd uses rock physics to relate the seismic parameters to pressure
nd saturation. The relationship between the seismic response and
he saturation depends on the CO2 distribution in the pore space.
atchy (Voigt, 1887) and uniform (Reuss, 1929) fluid mixing mod-
ls represent the upper and lower bounds for the fluid distribution.
Grude et al., 2013) compared the CO2 saturation obtained from
he upper and lower bounds with the CO2 saturation derived using
n intermediate CO2 distribution, represented by the Brie equation
ith an exponent e = 3 in the inversion. The Brie’s equation of fluid
oduli reads Kf = (KBrine − KCO2 )S3

Brine + KCO2 (Brie et al., 1995). The
ifferent CO2 distributions gave the same spatial extent of the sat-
ration anomaly, with the difference being the magnitude of the
O2 saturation. The intermediate CO2 distribution was  found to be

ost likely from comparison of time-shift from cross-correlation

nd time-shift estimated from the inverted pressure and saturation.
he intermediate CO2 distribution gave a maximum CO2 saturation
f 0.22 close to the well. A straight-line approximation was found
legend, the reader is referred to the web  version of this article.)

Source: figure modified from Grude et al. (2013).

to the velocity-saturation curve. The straight-line approximation
introduced an error of 5% at SCO2 = 0.3 with a CO2 distribution
according to Brie’s equation (Fig. 5). The velocity-saturation curve
becomes highly non-linear after approximately SCO2 = 0.3 and this
value was used as a threshold for when the inversion was  valid. CO2
saturations above ∼0.3-0.4 follow another trend where the slope is
almost flat, and it is difficult to differentiate saturations from rock
physics.

Results from spectral decomposition show that the inverted CO2
saturation should be regarded as a new, or significantly altered, thin
subsurface layer. Juhlin and Young (1993) found that thin layers
imbedded in a homogeneous rock can significantly affect the AVO
response compared to that of a simple interface of the same lithol-
ogy. A correction for offset-dependent tuning should therefore be
applied to the saturation response to get the true reflectivity, this
correction was  not performed in Grude et al. (2013). Widess (1973)
found a correlation between layer thickness and reflection ampli-
tude then Lin and Phair (1993) extended this work to include offset
dependence, here expressed in terms of changes in reflectivity:

�R(	)Tuned = f0�T  cos(	)�R(	) (3)

The equation applies for layers with thickness below �/4
(Widess, 1973), and assumes a thin layer interbedded in a homoge-
neous rock. f0 is the dominant frequency of the wavelet (here equal

to 40 Hz) and �T  is the two way  travel time at normal incidence
(∼0.013 s in the Tubåen 1 sandstone unit). R(	) is the true reflec-
tivity. The average reflection angle, 	, in the near stack is 8◦ (1-17◦)
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F ., 2013). Right: CO2 saturation changes from spectral decomposition (White et al., 2014).
T  by the arrow. The CO2 saturation inverted from time-lapse AVO seismic data before thin
l tion are obtained from spectral decomposition.
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Fig. 7. Relative variation in velocity between uniform and Brie fluid distribution in
ig. 6. Left: CO2 saturation inverted from time-lapse AVO seismic data (Grude et al
he  location of the injection well is marked by a circle. North direction is indicated
ayer  tuning is indicated by the colour scale. No quantitative estimates of the satura

hilst in the far stack is 43◦ (34-51◦). By inserting the values into
q. (1), one obtains:

RN = 1.92�RTuned,N (4)

RF = 2.63�RTuned,F (5)

As such, the near stack should be scaled using Eq. (4), and the
ar stack with Eq. (5) to obtain the true reflectivity of the inverted
aturation. The scaling factor was implemented in the saturation
xpression to get the true reflectivity. The maximum CO2 satura-
ion obtained after tuning correction is 0.59, which clearly violates
he assumption behind the inversion of SCO2 maximum = 0.3, as seen
y the dashed line and point 2 in Fig. 5. The CO2 saturation becomes
pproximately 0.40 after correcting for the straight-line approx-
mation as illustrated by point 3 in the figure. SCO2 = 0.4 is still
bove the validity of the straight line and no unique CO2 saturation
an be found between 0.40 and 0.87 (1-residual brine saturation).
he lack of a unique solution gives the possibility of much higher
aturations than originally found in Grude et al. (2013). The velocity
nd frequency content of the seismic data gives a maximum thin
ayer tuning at about 20-40 m thickness in the Tubåen Fm.  (Hansen
t al., 2011). The thickness of the CO2 plume can be extracted from
he effective saturation since the new subsurface layer is at maxi-

um  similar to the thickness of the sandstone unit of 14 m,  which
s below the tuning thickness.

The CO2 layer distribution inverted from time-lapse AVO and
pectral decomposition has an elliptical shape around the injection
ell in SE-NW direction (Fig. 6). A maximum radius of the CO2 layer

f 470 m is observed in the channel direction from spectral decom-
osition. The maximum radius inverted from time-lapse AVO is
40 m in the channel direction. CO2 layer radius is approximately
80 m perpendicular to the channel direction inverted from time-

apse AVO seismic data, and 266 m from spectral decomposition.

. Comparing CO2 layer thickness and saturation from
nalytical solution and time-lapse seismic data

CO2 saturation within the plume is assumed constant for both
he analytical expression and in the saturation inverted from time-
apse seismic. Yet no numerical estimate is found between SCO2 =
.4 − 0.87 from the seismic. The analytical expression assumes a
niform CO2 distribution in the pore space. The saturation inverted

rom time-lapse seismic data has a CO2 mixing model that falls
etween the uniform and patchy bounds, described by the Brie’s
quation (Fig. 5). The difference between the velocity changes fol-
owing injection for the uniform and Brie CO2 distribution models
the pore space. The contrast in velocity difference is large at low CO2 saturation but
ignorable above SCO2 ∼0.5.

are large for small amounts of CO2, but ignorable at CO2 saturations
above approximately 0.5, as demonstrated in Fig. 7. Comparing
velocity changes at a CO2 saturation of 0.4 introduces an error of
24% between the uniform and Brie CO2 distribution models.

The comparison of the CO2 layer thickness and effective CO2
saturation obtained from the analytical expression and time-lapse
seismic data can be made by assuming that the saturation obtained
from the analytical expression is true, and scale the SCO2 from the
time-lapse seismic according to this. Comparison of the shape of
the layer with distance from the injection well can then indicate if
the assumption of viscous dominated flow is valid, and if the CO2
saturation within the layer is close to the residual brine saturation,
as assumed in the analytical expression. Effective CO2 saturation
and layer thickness inverted from time-lapse seismic AVO can be
seen in a plan view in Fig. 8 after scaling. A preferred CO2 migra-
tion is observed in the channel direction (NW). CO2 layer thickness
is shown in the left panel of Fig. 8. The sandstone channels cre-
ate an irregular fluid front. The radius of the CO2 layer estimated
from spectral decomposition, AVO and the analytical expression is
summarized in Table 3.

Comparison of the CO2 layer thickness and effective saturation
from the analytical expression and the time-lapse seismic can be

seen in Fig. 9. Four cross-sections are chosen for comparison, two
in the channel direction (grey and red) and two  perpendiculars
to the channel direction (blue and green). Location of the seismic
line is indicated in the figure. Background RMS  seismic amplitudes
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Fig. 8. Left: effective CO2 saturation inverted from time-lapse AVO seismic data with a CO2 distribution in the pore space from Brie’s equation, scaled according to the
analytical expression. Right: CO2 layer thickness (m)  derived from the effective CO2 saturation, assuming a linear relationship. North direction is indicated by the arrow. The
location  of the injection well is marked in white.

Fig. 9. Effective CO2 saturation and CO2 plume thickness from the analytical solution (b
noise  level is marked in the figure. The location of the seismic cross-sections is shown in
the  references to colour in this figure legend, the reader is referred to the web version of 

Table 3
CO2 layer radius obtained from the analytical estimate, inverted from time-lapse
AVO and spectral decomposition.

Radius (m)

Analytical solution 400
Time-lapse AVO 340a, 280b

Time-lapse spectral decomposition 470a, 266b

m
o
t
i
i
r
t
m
m

a In channel direction (SE–NW).
b Perpendicular to channel direction (NE–SW).

easured above the Tubåen Fm.  correspond to approximately 18%
f the maximum saturation. This relates to SCO2 effective = 0.16 on
he analytical expression. As such, a CO2 layer radius above 400 m
s not detectable in the seismic data, this area is shaded in blue
n Fig. 9. The decrease in CO2 layer thickness and effective satu-

ation inverted from time-lapse seismic follow the same trend as
he analytical solution with distance from the well, but decrease

ore rapidly with distance from the injection well. There are
any uncertainties in the input parameters that can explain the
lack) and four time-lapse seismic lines (blue, green, grey and red). The time-lapse
 the figure below. North direction is indicated by the arrow. (For interpretation of
this article.)

deviation. For instance, the mobility ratio is strongly dependent
on relative permeability. A lower relative permeability would lead
to a lower mobility ratio, and a more piston-like displacement of
the fluid front. The CO2 saturation in NW and SW direction can
better describe the radius of the CO2 plume than in the SE and NE
direction. The CO2 plume obtained from spectral decomposition are
more cylindrical in shape around the well, and can better describe
the plume obtained from the analytical expression. It is likely to
assume that the CO2 saturation is close to the residual brine satu-
ration, and constant within the plume from comparison between
the analytical expression and the AVO inverted seismic data.

6. Discussion

The analysis is limited to early injection times, when the pri-

mary trapping mechanisms for CO2 are stratigraphic and structural
trapping. CO2 dissolution into the formation brine, evapora-
tion of brine into the dry CO2, capillary trapping and mineral
trapping mechanisms are expected to dominate at a later stage
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Bachu et al., 2007; IPCC, 2005). The evaporation of the residual
rine leads to formation and propagation of a drying front behind
he main CO2 invasion front where no brine is present (Nordbotten
nd Celia, 2006). The fraction of CO2 dissolution into formation
rine and brine evaporation into the dry CO2 is expected to be small
t early stage of injection (Nordbotten and Celia, 2006).

Laboratory measurements of capillary pressure on core samples
rom the Tubåen 3 sandstone unit indicate that capillary pressure
an be ignored. These are samples taken at one location in a het-
rogeneous reservoir. Local heterogeneity may  introduce capillary
arriers that cannot be ignored and will influence the reservoir
uid flow. The derivation of the analytical solution makes numer-
us assumptions and simplifications, but concedes that they are
ot particularly restrictive and are approximately valid for most
lausible injection scenarios. In this study, a radial CO2 distribu-
ion around the injection well has been assumed. The assumption is
learly wrong in this fluvial environment, where an elliptical shape
etter describes the CO2 layer distribution. Additionally, CO2 at a
emperature of 10 ◦C is injected at Snøhvit, and heated to 95 ◦C by
he formation, this violates the assumption of constant tempera-
ure in the analytical expression. Furthermore, CO2 injection in the
ubåen Fm.  occasionally halted due to operational challenges at
he LNG plant (Hansen et al., 2012). Hence, the injection rate was
ot constant. However, a constant injection rate is assumed in the
odel, based on the total amount of CO2 injected into Tubåen 1 dur-

ng the 16 months between the seismic surveys. A rapid pressure
ncrease was observed during autumn 2008 that was interpreted
o be caused by precipitated salt (Hansen et al., 2012). Based on
he pressure increase it is nearby to assume that evaporation of
he residual brine occurs at an early stage of injection, and violate
he assumption of an uniform CO2 saturation within the plume.

 mixture of methyl ethyl glycol (MEG) and water was injected
eekly into the formation to remove the precipitated salt (Hansen

t al., 2012). The injected MEG  may  have reduced the CO2 saturation
nd hence dimmed the fluid effect on the time-lapse seismic data.
espite all the deviation from the assumptions made in the analyt-

cal expression, there is a good agreement in the shape of the CO2
ayer radius found from the analytical solution and the time-lapse
eismic measurements.

The result of White et al. (2014) shows that the pore pressure
esponse spreads more widely through the reservoir. The assump-
ion of pressure communication is supported by Hansen et al.
2011) who found that a thicker part of the Tubåen Fm.  had to be
ressurized, or that the pressure sensitivity was higher than the
ock physics predicted, to explain the size of the time-shift through
he Tubåen Fm.  There are no indications of pressure communication
rom the time-lapse seismic data (Fig. 2), yet this could be explained
y the seismic resolution.

The viscosity ratio between brine and CO2 is approximately 8
nder the pressure and temperature regimes of the Tubåen Fm.
he CO2 is less viscous than the brine, and hence has the high-
st mobility. Based on this significant viscous fingering effects are
xpected to occur and the effective CO2 saturation of the formation
s low. The viscous fingers are most likely below the resolution of
he seismic data, and are difficult to detect.

. Conclusion

The distribution and saturation of CO2 in the Tubåen 1 sandstone
nit have been estimated from an analytical expression and two
ime-lapse seismic methods. The analytical expression assumes

hat capillary pressure can be ignored, and that the fluid flow is
iscous dominated. Furthermore, it supposes the CO2 distribution
nside the plume is uniform and equal to 1 − Sbr = 0.87, whilst the
eduction in effective CO2 saturation is due to the thinning of the
house Gas Control 29 (2014) 248–255

layer. The influence of gravity has been shown to be ignorable on
the reservoir CO2 flow. Analytical results suggest CO2 fills the entire
sandstone unit up to approximately 50 m away from the injection
well before the plume is reduced to a thin wedge that propagates
along the top of the formation. The maximum radius of the CO2
layer from the analytic expression is 750 m,  with 400 m likely to be
observable above the time-lapse noise level.

The spatial extent of the CO2 plume obtained from time-lapse
spectral decomposition and inverted from time-lapse AVO seismic
data is in good agreement. The CO2 is limited to an area close to
the injection well, with an elongated shape in the channel direc-
tion. From the time-lapse spectral decomposition one finds that
the injected CO2 migrates as a thin layer in the Tubåen 1 sandstone
unit, whereas the pore pressure response spreads more widely
through the reservoir. The reduction in CO2 saturation away from
the injection well is expected to be a reduction in effective CO2 satu-
ration within the sandstone unit, as the negligible capillary pressure
will lead to a constant saturation within the plume. The revised
approach presented in this study demonstrated that no conclusions
about the CO2 saturation within the plume can be drawn from the
AVO inverted saturation, besides that the saturation is between 0.4
and 0.87.

A good match can be found between the CO2 layer thickness
and effective CO2 saturation in the sandstone unit by scaling the
CO2 saturation inverted from seismic according to the analytical
expression. The good match is an indication of viscous dominated
CO2 flow and that the CO2 saturation within the layer is close to
the residual brine saturation. The maximum observable CO2 layer
radius inverted from time-lapse seismic is on average 405 m in the
channel direction, and 273 m perpendicular to the channel direc-
tion.
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