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ABSTRACT

Analysis of the effects of injected CO; on the seismic response of reservoirs is important because
it can provide improved characterization and monitoring of sites undergoing CO; injection. In
this study we completed a joint inversion of the contact cement model to better understand the
effect of CO, saturation on the relationship between elastic parameters and reservoir properties
of the Cranfield reservoir. We used p-impedance and the Vp/Vs of well logs to invert the rock
physics model for porosity and then jointly for porosity and fluid composition. We calibrated a
rock physics model to well data from the Cranfield reservoir interval. For the contact cement
model to bound the data and correctly model porosity at the Cranfield reservoir, a p-wave
coefficient of 1.11 was needed. This term is analogous to a pressure coefficient and simulates
increased velocity associated with overburden pressure. We then performed fluid substitution to
model density and velocity logs for different in situ CO, saturations. The logs, calculated to have
a uniform pore fluid composition for all depth points, were input into the inverted model to
generate modeled logs of CO, saturation and porosity. Results indicated that the model was
relatively accurate when inverted for just porosity. Joint inversion for porosity and pore fluid
composition predicted porosity successfully but was not able to give as accurate of a prediction
of fluid composition. The seismic response of this reservoir is relatively insensitive to fluid
saturation so a weighting coefficient may be needed to improve accuracy of fluid modeling.

INTRODUCTION

Geologic storage and sequestration of CO, has the potential to help increase oil production
from mature fields in addition to contributing to the reduction of anthropogenic CO, released
into the atmosphere. Recent studies have shown that injected CO, can be accommodated in
brine and depleted hydrocarbon reservoirs. This potential has been shown at various sites around
the world including Snghvit (Grude et al., 2012), Weyburn (Ma and Morozov, 2009 and Verdon
et al., 2010), and Krechba (Mathieson et al., 2010). Regardless of the field location, an
important aspect is to monitor the volume and location of injected CO, to insure secure storage.
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Remote sensing techniques, in particular surface seismic methods, potentially can provide some
of this monitoring capability over large-scale areas where dense well bore coverage would be
uneconomical or impractical. Time-lapse seismic techniques may allow for monitoring the lateral
extent and changing spatial distribution of injected CO, over many years.

Research focused on monitoring and characterizing injected CO, from time lapse surface
seismic data and well logs has been competed by a number of different researchers. Chadwick et
al. (2010) quantitatively analyzed multiple vintages of data from the Sleipner field and applied a
prestack stratigraphic inversion algorithm and compared it to poststack inversion methods.
Prestack inversion better characterized thin intra-reservoir mudstone and sand layers compared
to using poststack inversion. Grude et al., (2012) used partial stack time-lapse offshore surface
seismic data to help differentiate between fluid saturation effects and pressure effects caused by
injection of CO, at the Sngvit field offshore Norway. Their findings indicate that in
noncemented sandstone reservoirs it is possible to differentiate between the injected CO, plume
and the pressure front using their technique. Ghaderi and Landrg (2009) examined time-lapse
amplitude and travel time shifts to estimate thickness and velocity changes in the Sleipner field.
It was found that when combined, 4-D amplitude and time shifts could be used to discriminate
between changes in thickness and velocity changes in CO, layers in sand beds. More recently,
Daley et al. (2011) compared modeled and measured cross-well seismic data to model properties
of an injected CO, plume at the Frio-Il project and generated updated flow models from the
relatively high-resolution cross-well seismic observations.

Joint inversion techniques have been used successfully with rock physics models to help
characterize hydrocarbons, porosity, and lithology (Bachrach, 2006; Spikes et al., 2007; Spikes,
2008; and Avseth and Norunn, 2011, Jiang and Spikes, 2012). Spikes et al. (2007) used
calibrated rock-physics models, surface seismic data, and well log data from offshore South
Africa to predict porosity, clay content, and water saturation within the target reservoir. The
study found that at the locations of interest, and with a constant thickness assumption for the
target reservoir, that the joint inversion method used tended to over predict porosity and gave
uncertain predictions of clay and water saturation. A prior study (Bachrach, 2006) used rock
physics, stochastic modeling, and a Bayesian estimation method to generate porosity and fluid-
saturation maps of expected pay sands. The study used data from both surface seismic and well
logs and found that the uncertainty associated with estimations of porosity and the uncertainty of
the associated water saturation value are directly correlated. Joint inversion of rock-physics
models for reservoir properties was also used by Jiang and Spikes (2012) in their recent work on
the Haynesville shale. Their work inverted the self-consistent model for porosity and pore shape.
They found that a properly calibrated rock physics model, when inverted, could generate
probabilistic porosity and pore shape distributions from measured well logs. These studies
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primarily focused on inverting rock physics models for lithological parameters or fluid content
based on rock physics model and elastic parameters gathered from well logs.

Inversion of rock physics models has expanded beyond using strictly elastic properties. A
recent study included electrical resistivity parameters to simulate monitoring of CO, injection
(Chen and Hoversten, 2012). Moyano et al. (2011) looked at calibration of rock physics models
and found that the accuracy of rock physics modeling could be improved with more rigorous
model calibration and quantitative analysis. Uncertainty has the potential to be an issue within
quantitative seismic interpretation Grana et al. (2012). It was found by Grana et al. (2012) that
uncertainty in inversion methods can be characterize from the initial well log measurements
through to the estimated properties of the reservoir. These studies have shown rock physics
modeling to be a viable way to relate seismic measurements to reservoir and fluid properties of
interest. This study moves to adapt some of these techniques for use in a reservoir undergoing
CO; injection for storage and utilization purposes.

This study differs from previous studies in that it integrates probabilistic joint inversion of
rock physics models and fluid substitution to help differentiate between brine and injected CO,
in the reservoir. Data for this work comes from the Cranfield reservoir located in Cranfield, MS.
These data consist of well logs from both injection and monitoring wells, as well as multiple
vintages of surface seismic data and 3-D and time-lapse VSP data. For this study only the pre
injection well log data was used. This study builds on the work completed by Carter and Spikes
(2013) who examined well logs from the Cranfield area and analyzed them to determine which
combinations of parameters gave the highest probability to differentiate between CO, and brine
in the pore space. A combination of Ip and VVp/Vs were the best performing elastic properties.
The world presented here uses that combination as a starting point to invert jointly porosity and
fluid saturation using the contact cement model.

DATASET

The Cranfield reservoir consists of sandstones of the Lower Tuscaloosa Formation, which
has been dated regionally to be Upper Cretaceous in age. The reservoir sands of the Cranfield
study area have porosities that range from 0 to 37% with an average value of 20% (Lu, et al.,
2012). Permeabilities in the reservoir range from 0.1-1000 millidarcies (Lu et al., 2012). The
Late Cretaceous Tuscaloosa group contains alternating sequences of sands and shales that
comprise the reservoir and the reservoir seals, respectively, in the study area. An extensive
regional scale marine shale is present in the Middle Tuscaloosa Formation that acts as a regional
seal to the reservoir sands. The Cranfield study area is near the apex of a local anticline, which
is being forced upward through the buoyant rising of a salt body (Lu et al., 2012).
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The Cranfield reservoir was produced from discovery in 1943 until its initial abandonment in
1966. The site has since been revived as a location for enhanced oil recovery and CO; injection
and sequestration. The site was selected due to its proximity to regional infrastructure,
regionally available CO, and the high possibility of economically recoverable hydrocarbon
reserves through the use of CO, based EOR (Lu et al, 2012). The Gulf Coast Carbon Center at
the University of Texas at Austin Bureau of Economic Geology is working with the Southeast
Regional Carbon Sequestration Partnership as well as the local field operator to conduct the CO,
sequestration study at the Cranfield site (Lu et al., 2012). The study area is located with in the 1
km? Detail Area Study (DAS), contained with in the red box on Figure 1. The DAS consists of
three wells, one injection well, CFU-31F-1 (F-1) and two monitoring wells, CFU-31F-2 (F-2)
and CFU-31F-3 (F-3), which are located down structural dip from the injection well. During
CO;, injection, injection rates into well F-1 ranged between 200 and 500 tons per day. Over the
entire Cranfield area more than 3.4 million tons of CO, have been injected in total.

A Injection well
® Sample well 4 e
¢ QOther well A
L 275
A RO
@ 29. - o
24_3‘ 2N A \ .l \
e 29-6 JL .22 B
A 29-9
£ . " Z" o 'y R
§ i A ]
& 31F-2
# . y -] }
¥ G & * ook =
& - \ AR
Ay 31F-1 31F-3
&u -
& A
.
\
N A : . 1
\ . . I CRANFIELD: .'
3 . o i
s !
NS \,f |
. - ._"; % |
. I% 1 , |
i
'|.J [\ |
R o]
] =
0 1 2km
[ ee—
0 300 km

Figure 1. The entire Cranfield site. Data for this project came from the DAS (red box). The DAS
contains one injection well, 31F-1 (F-1), and two monitoring wells, 31F-2 (F-2) and 31F-3 (F-3).

Modified from Lu et al. (2012).
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Logs from well F-2 before injection commenced are shown in Figure 2. Panels a, b, and c
show the Vp, Vs and gamma ray logs respectively. The reservoir zone in well F-2 can be broken
down into two district zones. The upper reservoir zone shown in red ranges from 3184 to 3194
meters and the lower reservoir zone, shown in green extends from 3196 to 3201 meters. The
gamma ray log (panel c) shows an increase in gamma ray count at 3195 meters and indicates a
local shale layer that divides the upper and lower reservoir zones.
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Figure 2. Well F-2. The red line shows the shallower reservoir zone, which extends from about 3184
to 3194 m, and the green line shows the deeper reservoir zero, which extends from about 3196 to
3201 m. The shale layer that divides the two reservoir zones is apparent from the increase in the
gamma ray count between 3194 and 3196 ft.

Theory and Methods

This study is a multi-step process that builds on the results and finding of previous work
completed by Carter and Spikes (2013) who found that Vp/Vs is a useful parameter to
discriminate fluid saturation. In this study a rock physics model is used to link reservoir
properties to the elastic parameters of the reservoir. Elastic parameters calculated from measured
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well logs and from well logs modified by fluid substitution are then used to invert the rock
physics model to generate probabilistic logs of porosity and fluid saturation in the reservoir.

Rock Physics Modeling

Contact theory models are a subset of rock-physics models that are based on the assumption
that the stiffness of a rock is related to the stiffness of the individual grains, the number of grain
contacts, and the stiffness and amount of cement that is present at grain contacts (Dvorkin et al.,
1994 and Dvorkin and Nur, 1996). The contact cement model, the model used in this study, is
derived from Hertz-Mindlin theory (Mindlin, 1949). During the derivation of the contact cement
model, a grain contact cement term was included in the model; however, the pressure term of the
model was dropped. In the derivation, the inclusion of cement between two grains under
compression reduces to a linear integral regression where the stiffness of the cemented grains
does not depend on confining pressure (Dvorkin et al., 1991). In the contact cement model,
porosity of the rock decreases directly with an increase in the amount of contact cement because
cement is being deposited in the existing pore space of the rock frame. Cement in this model can
be deposited in two different ways as is shown with the dark and light blue lines in Figure 3.
The first method is to deposit the cement evenly and concentrically around each grain. This
depositional geometry corresponds to the light blue line of Figure 3. The second method of
cement formation is that cement is deposited only at grain contacts. The dark blue line of Figure
3 illustrates this depositional geometry. For rock-physics modeling purposes this study used the
first method of cement deposition (light blue line Figure 3).
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Figure 3. A schematic of the contact cement model. Cement can be deposited concentrically around
the grain following the lower path on the graph or only at grain contacts, following the upper
line on the graph. As cementation increases, porosity decreases, and the elastic moduli increase.
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Previous work conducted at this same location and on the F-2 well have shown that the
reservoir interval is composed primarily of 60-80% quartz, 10-20% clay, and 10-20% feldspar,
with the remainder composed of small percentages of muscovite, calcite, and other minerals
(Kordi et al., 2010). Initial rock physics work done at this location by Carter and Spikes (2013)
used a single composition of 61% quartz, 18% clay, 17% feldspar, 3% muscovite, and 1% calcite
to represent the mineral grain in the rock physics model. Given the natural heterogeneity present
in the reservoir and the range of composition percentages shown by Kordi et al. (2012) the rock
physics model was expanded to cover a wider range of mineral compositions. The expanded set
of contact cement compositions was selected to be geologically consistent with the work
completed by Kordi et al., (2012). To complete this we computed the contact cement model 50
times for a range of mineral compositions, ranging from 40% quartz and 60% clay to 100%
quartz. Intermediate composition also contained fractions of feldspar, and calcite.

During the derivation of the contact cement model the pressure term is dropped. However,
modeling the Cranfield reservoir with the contact cement model in a way that is consistent with
known geology tended to generate a mismatch between the known measured porosity at the well
location and the porosities predicted by the contact cement model. It has been shown by
numerous studies (Nur and Simmons, 1969; Nur, 1971, Sayers, 1988; and Mavko et al, 1995)
that an increase in confining pressure can cause an increase in seismic velocity due to an increase
in intergranular friction and closing of pores and cracks. Alignment of the modeled porosity
with the measured porosity required an 11% increase in the modeled p-wave velocity. This is
consistent with the increase in velocity measured by Joy (2011) on core plugs from the Cranfield
reservoir under pressure. The measurements taken by Joy (2011) showed that p-wave velocity
through core samples from the Cranfield reservoir increased in velocity nonlinearly with an
increase in pressure. For pressures anticipated at 3100 to 3200 meters depth, an increase in p-
wave velocity in the range of 11% is anticipated. Shear wave velocities were not increased to
compensate for pressure because the measurements by Joy (2011) show that s-wave velocities,
do not increase with increasing pressure as much as the p-wave values do.

It has been shown for this reservoir that p-impedance and Vp/Vs ratio was the parameter
combination that best discriminated between different fluid compositions (Carter and Spikes,
2013). By modeling the contact cement model for all porosities between critical porosity and
zero porosity, with pore fluids composition ranging from pure brine to pure CO, for each
porosity value, the response of the model to fluid saturation can be examined. This model was
initially run with a fixed lithology for calibration purposes. Figure 4 shows the contact cement
model generated for a fixed lithology of pure quartz, but the pore fluid ranges from pure brine to
pure CO,. Panel a of Figure 4 shows the contact cement model colored by porosity, with
porosity being primarily a function of Ip. Panel b of Figure 4 shows the same model color coded
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to pore fluid with dark blues corresponding to pure CO, and red to pure brine. Panel b
demonstrates that pore fluid is primarily a function of the Vp/Vs ratio.
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Figure 4. Example illustrating modeled Vp/Vs vs p-Impedance (Ip) calculated from the contact
cement model. This model is based on single lithology of a pure quartz grain with clay contact
cement. In panel a) the model is colored to porosity. In panel b) the model is colored to water
saturation (Sw), with the remainder of the pore fluid composed of CO,. For this model the fluids
were mixed according to the Voigt upper bound. Porosity differentiation tends to be a function
of primarily Ip whereas water saturation discrimination is primarily a function of Vp/Vs.

Modeled trends from the contact cement model with the pressure correction are shown in
Figure 5. Figure 5a shows the contact cement model for the 50 different lithologies and for the
full range of pore fluid composition between pure brine and pure CO,. Colors in panel a indicate
porosity and the black data points shown are the measured well log data. Panel b of Figure 5
shows the same information as Panel a with the measured data being colored to porosity and the
modeled data being shown in black. The color scales for both panels a and b are the same with
red and other warm colors indicating high porosity and blue and other cool colors indicating
relatively low porosity. This figure shows that for a given Vp/Vs and Ip value the modeled
porosity correlates closely with the measured porosity. Additionally it shows that the model
does a good job of covering the range of Vp/Vs and Ip values that are represented in the data.
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Figure 5. Modeled Vp/Vs vs p—Impedance (Ip) with well log measurements color coded to porosity.
Both panels a and b show Vp/Vs on the y-axis and the p-impedance (Ip) on the x-axis. In panel a
the colored data points show the results of the contact cement model for 50 different lithologies
each modeled for the full range of pore fluids between pure brine and pure CO,. The scattered
black data points are measured log data. Shading in panel a shows porosity of the contact
cement model results. Panel b shows the same information as panel a, however, the measured
data points are shaded by porosity and the modeled data is shown in black. Shading in both
panels is to the same scale with warm colors indicating relatively high porosity and cool colors
indicating low porosity.

Joint Inversion

The first step of the joint inversion was to compute the models from which to generate the
relationships between elastic parameters and reservoir properties. This was done by taking the
contact cement models for the range of different mineralogies shown in Figure 4 and completing
fluid substitution analysis on them. As a result, each different lithology was modeled for the
range of pore fluid compositions between pure brine and pure CO,. Data from all the different
lithologies and fluid compositions were then binned for certain ranges of impedance and Vp/Vs.
For this study modeled data was divided into 225 bins, with fifteen divisions along the
impedance axis and fifteen divisions along the Vp/Vs axis. Gaussian bivariate probability density
functions were generated for each of the 225 bins. These bivariate probability density functions
provided a statistical relationship between porosity and fluid saturation for each bin. These
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probability density functions show the highest probability combinations of porosity and pore
fluid for the range of Ip and Vp/Vs within each bin. An example of these probability density
functions is shown in Figure 6. In Figure 6, porosity is shown along the x-axis and pore fluid
composition is shown along the y-axis with color representing probability. Black and red show
high probability and white and light yellow show areas of relatively low or zero porosity,
respectively.
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Figure 6. Both panels of Figure 6 show water saturation along the x-axis and porosity along the y-
axis. Panel a of the figure shows the data points from all lithology variations of the fluid
saturated contact cement model that fell into the selected Ip and Vp/Vs range of 5.45 to 6.24 and
1.81 to 1.87, respectively. Panel b of the figure shows the PDF of the data points in panel a, with
dark red and black regions showing a high density of data points and light yellow and white
show a low density of data points.

With all the contact cement models binned, the measured well log data, calculated to
represent a uniform fluid composition, was then also binned according to the same Ip and Vp/Vs
bins as the model data. When the entire reservoir section of the well log was binned, 500 joint
normally distributed porosity and pore fluid values were assigned to each depth point. This
number of joint values was chosen for each combination of Ip and Vp/Vs to examine the full
extent of the potential variability and to generate a probabilistic output of porosity and pore fluid.
By calculating 500 bivariate values for each depth point, probabilistic logs of porosity and fluid
saturation were generated. These logs showed the highest probability outcome of porosity and
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pore fluid composition given the input Ip and Vp/Vs for a single depth point. The joint values
generated for each bin of measured values of Vp/Vs and Ip were selected to have the same mean,
standard deviation, and covariance as the Vp/Vs and Ip results of the contact cement model for
the same bin values. This was completed once for the measured Ip and Vp/Vs with each of the
following fluid compositions: 0, 25, and 50% CO,, with the remainder of the pore fluid
composed of brine. Measured logs were fluid substituted to the pore fluids of 0, 25 and 50%
CO, using Gassmann (1951) fluid substitution. This was not completed for 75% and 100% CO,
because CO, saturations of that amount were not expected in the reservoir except perhaps
directly around the injection well.

After the porosity and pore fluid logs were generated, they were smoothed to mimic spatial
relationships between adjacent depth points. A range of smoothing values was tested to
determine how much smoothing was needed to best match between the measured porosity logs
and modeled porosity logs. Smoothing was accomplished by applying a moving average to the
output porosity values. A two-point moving average window averaged one depth point with the
following depth point whereas a five and ten point moving average averaged one depth point
with the five and ten, respectively, successive depth points. Smoothing values of two and ten
were chose to represent the minimum possible smoothing, two, and what was anticipated to be
excessive smoothing, with a ten point moving average.

RESULTS

Porosity Inversion

As an interim step the well log data was initially inverted just for porosity. Inverting for
porosity was completed to confirm that the model was working and to help determine the
necessary degree of smoothing. The results from the probabilistic porosity inversion returned a
porosity output that tended to follow the trends of the measured data (Figure 7a) when no
smoothing was applied. In all panels of Figure 7, the x-axis indicates porosity and the y-axis
shows depth in meters. The blue line indicates the measured porosity values, and the shaded
region shows the probability of the modeled porosity values being less than the porosity value at
that point and color combination. The black regions corresponds to a P-50 value of porosity, and
the white and light yellow shaded regions on the left and right of the black shaded region
correspond to the P-10 and P-90 values, respectively.
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Figure 7. Inverted porosity from the rock physics model using Vp/Vs and Ip as input parameters.
The blue line in each panel represents the measured porosity value. The shaded region in each
panel indicates the range of mapped porosities and the color of the shading indicates the
probability of a specific mapped porosity value for a given depth point from 500 simulations.
Values to the left of the P-50 (black) line are P-0 through P-50. Values to the right of the P-50
line show P values ranging from P-50 to P-100. Panel a) shows modeled data with no smoothing,
panel b) shows calculated data with a two-point window. Panel ¢) shows increase smoothing with
a ten-point window.

Modeled porosity in this initial test followed the general trends of the measured data.
However, the output porosity values from the joint inversion showed variations between depth
points that were not present in the measured data. To minimize this inherent variation that
resulted from the joint inversion, two different degrees of smoothing were applied to the
modeled logs. In Figure 7b the modeled porosity values were smoothed over two consecutive
depth points. Panel ¢ of Figure 7, shows the same data again. However, in panel ¢ the modeled

porosity was smoothed over ten depth points by applying a ten point windowed moving average
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to the output porosity data. In Figure 7c the modeled values are over smoothed. With a simple
two point moving average (Figure 7b) applied to the modeled data, much of the point-by-point
variation that was present in the nonsmoothed data was removed, giving a more reliable fit of the
modeled data to the measured data. Results from this initial study show that inversion of the
contact cement model for porosity at this location returns a porosity log that closely matches the
measured porosity. Additionally the optimal degree of smoothing to match the model to the input

porosity logs is achieved by using a two point windowed moving average.

Joint Inversion

Joint inversion for porosity and fluid saturation was performed on the results of the contact
cement model run for 50 different lithologies. Each lithology combination was then fluid
substituted for the full range of pore-fluid compositions ranging from pure brine to pure CO,.
Five hundred porosity and fluid combinations were then generated to be statistically equivalent
for a range of measured Vp/Vs and Ip values modeled values from the contact cement model.
Measured input data for the joint inversion had fluid replacement done on it to bring the input
fluid to pure brine to allow for verifying the accuracy of the inversion for fluid composition.
Figure 8 shows the results of the initial joint inversion where the input Ip and Vp/Vs values were
those generated from the measured logs with pore fluid modeled to be pure brine. Panel a shows
the results of the porosity inversion, and panel b shows the results of the inversion for pore-fluid
composition. In panels a and b the x-axis is porosity and water saturation, respectively. In both
panels the vertical axis is depth, and the blue line represents measured data that has been
recalculated to a constant pore fluid. The shaded region of both panels is the probability of the
inversion results returning a given value for a certain depth point. Black and dark red correspond
to approximately a P-50 value and light yellow to a P-10 and P-90 valued on the left and right of
the P-50 value, respectively. In this figure the inverted results for porosity and fluid saturation

have been smoothed by a two point moving average.
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Figure 8. Results of the joint inversion for porosity and water saturation. Panel a) shows the
porosity result, and panel b) shows the fluid saturation result. The blue line represents
measured porosity and the fluid saturation for panel a) and panel b), respectively. The colored
region in each panel represents the probability of a given porosity or saturation value being
generated for a given depth point. Inverted data in both panels has had a two point moving
average applied for smoothing.

Figure 8 shows that the joint inversion tended to predict porosity for the most of the reservoir
zone with a relatively high degree of accuracy. However, the joint inversion did tend to slightly
over predict porosity while still showing a similar trend to the measured data for the majority of
the reservoir zone. In panel b the inverted pore fluid values show a relatively constant trend for
the deeper portion of the reservoir, which gives a modeled fluid saturation that is similar to the
input saturation. In the shallower portion of the reservoir (above 3190 meters) the predicted pore
fluid values show a higher concentration of CO, than the input data, while also showing

significantly more variability than was present in the input data.
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This same process was completed again for a pore fluid compositions of 75% brine and 25%
CO; (Figure 9) and for a pore fluid composition of 50% brine and 50% CO, (Figure 10). For
both Figure 9 and Figure 10, panels a and panels b show depth on the y-axis and porosity and
water saturation on the x-axis, respectively. The shaded region in each panel shows the
probability of the predicted value at that depth point, with white and light yellow approximating
the P-10 and P-90 values on the left and right of the P-50 value (black and dark red line),
respectively. The blue line in both panels shows the measured, fluid substitution input data for
the joint inversion. Results from both Figures 9 and 10 are similar to those shown in Figure 8.
Porosity prediction from the joint inversion showed parallel trending to and a relatively accurate
model below a depth of 3190 meters. At depth shallower than 3190 meters the modeled
porosity in Figures 9 and 10, while showing parallel trends, are slightly under predicted relative
to the input data. For pore fluid prediction, the results from the joint inversion tended to return
relatively similar results for all three fluid situations in the shallower portion, above 3190 meters,
of the reservoir. For the deeper portion of the reservoir the modeled fluid shows increasing
variability with increasing CO, concentration in the input logs. Along with this increasing
variability is an increase in predicted CO,. Despite the increase in predicted CO, with increased
CO; concentration on the input logs, the results do not provide an accurate and reliable estimate

of CO, concentration in the pore space at this scale.
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Figure 9. Results of the joint inversion for porosity and water saturation, with the input data
corresponding to a fluid that is 75% brine and 25% CO,. Panel a) and b) show the results of the
porosity and fluid saturation inversion, respectively. The colored region in each panel represents
the probability of a given porosity or saturation value being mapped for a given depth point. The
blue line represents measured porosity and the fluid saturation for panel a) and panel b),
respectively.
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Figure 10. Results of the joint inversion for porosity and water saturation are shown in panels a) and
b), respectively. The blue line shown in both panels shows the porosity and pore fluid
composition for the input data in panels a) and b), respectively. The colored region in each panel
represents the probability of a given porosity or saturation value being generated for a given
depth point. Input CO, in the model has been set to a constant 50% with the remainder of the
pore fluid being brine. Because of the influence of Vp on both Ip and Vp/Vs there is some
parallel trending in the porosity and water saturation logs. This is most apparent at 3196 and
3199 meters in depth.

DISCUSSION

As expected the results from the Ip and Vp/Vs inversion for a single parameter returned an
estimate of porosity that was relatively well constrained, compared to the joint inversion for
porosity and water saturation. Additionally, the inversion for just porosity returned results that
matched the measured porosity in the reservoir fairly closely. The joint inversion did not return
a porosity values that matched the input values, as well. Using two measured parameters (Ip and
Vp/Vs, in this study) to invert for a single parameter leads to an over determined problem. An
over determined problem helps to increase the state of knowledge with respect to the unknown
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parameter, in this case porosity, relative to the state of knowledge of the unknown in a equally
determined problem (Takahashi, 2000). This also holds true when inverting two parameters for
two unknowns where the state of knowledge is decreased relative to inverting for a single
parameter (Takashahi, 2000). When comparing the range of possible output values in the
probabilistic inversion of the inverted porosity log (Figure 7) to the probabilistic porosity log
from the joint inversion (Figure 8), it can be seen that the range of porosities for any given depth
point is much larger in Figure 8. This is due the non-uniqueness of the porosity/saturation
combination that could be represented by a given Ip and Vp/Vs ratio. The non-uniqueness for
porosity and saturation combinations manifests because of the incomplete state of knowledge
generated by the input model (Takahashi, 2000).

The results from the joint inversion returned a porosity log that showed the same trends as
the measured porosity values, however there was a slight tendency in the shallower portion of the
reservoir to under predict the porosity. Additionally, this work generated water saturation logs
that were quite similar regardless of what pore fluid was of the input log. Having one parameter
trending fairly accurately while the other logs do not trend accurately was not excepted. It has
been shown that in a joint inversion situation the parameters being inverted for tend to be linked
(Bachrach, 2006). As such an under prediction of one parameter could lead to either an over
prediction or under prediction of the other parameter. However, given that one parameter is
fairly accurate, a coefficient on the covariance matrix that generates the bivariate Gaussian
random number could improve the accuracy of the modeled fluid saturation values (Bacharach,
2006, Spikes et al., 2008).

In this study a coefficient of 1.11 was multiplied with the modeled p-wave velocities as
generated by the contact cement model. As the contact cement model has no pressure
dependence the multiplier of 1.11 was used based on the results obtained by Joy (2011). Without
a pressure coefficient, the joint inversion of the contact cement model tended to under predict the
porosity of the input log. By increasing p-wave velocity with a coefficient Ip was also increased
for a given porosity in the model. Consequently, when a given Ip was input into the inverted
model, the output porosity was increased as well. Recent studies have started to look at
integrating a pressure term into cement inclusive contact theory models (Avseth and Norunn,
2011). Future work could include looking into these models to help constrain and link the
coefficient used in this study to an effective pressure at the reservoir.

CONCLUSIONS

This study showed that the contact cement model, can be used to model the Cranfield
reservoir for porosity when properly calibrated. However, in this case the properties of the
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reservoir are such that the contact cement model tended to under predict the porosity of the
reservoir for a given Ip values. At the depth of the Cranfield reservoir, over 3000 meters, the
effective pressure is thought to be approximately 30 MPa. Given this effective pressure a p-
wave coefficient of 1.11 was required for the contact cement model to correctly link porosity and
Ip given the relatively well-constrained lithology of the Cranfield reservoir.

Inversion of Ip and Vp/Vs only for porosity returned a modeled porosity log that displayed
the same general trend as the measured porosity values. The joint inversion for both porosity
and fluid saturation returned a porosity log that showed a relatively accurate match between
input porosity and output porosity. However, the log of modeled pore fluid composition was less
accurate for all different pore fluid combinations tested. While the two parameters in joint
inversion are linked, it is still possible in this case for one of the modeled parameters to show a
relatively high degree of accuracy while the other parameter is modeled with a relatively low
degree of accuracy. This indicates that while the two parameters in a joint inversion are linked,
it might be necessary to provide a weighting coefficient to ensure accurate results for both
parameters being inverted for. The two measurements used in this study are Ip and Vp/Vs.
These are both affected by changes in Vp. It was observed that while Ip and VVp/Vs are primarily
affected by porosity and fluid saturation, respectively, a small degree of parallel trending may be
observed in the modeled results due to their combined reliance on VVp. Additionally the reduced
accuracy of the fluid modeling can be, in part, attributed to the low degree of sensitivity of the
reservoir to fluid saturation. The addition of a weighting coefficient to mitigate the effects of Vp
may also help to amplify the subtle changes in the reservoir properties due to fluid composition
and help improve fluid modeling accuracy.
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