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Executive Summary

This report presents major advances in progress made through the report period from July
1 to September 30 of 2010 for the CO; sequestration training project in the Dickman
field, Ness County, Kansas (Figure 1).

We continue to make progress on elastic wave modeling using the Anivec code from
Prof. Mallick at U. Wyoming. Currently, we are working on constructing shear wave
sonic logs from p-wave sonic and lithology as indicated by gamma ray logs.

Geokinetics has supplied us with SPS geometry files for the 3D survey design that we
will be populating with Anivec traces. This will require rotation of X-Y data components
to align with source-receiver azimuth. Early tests on component rotation using public
codes from Seismic Unix are promising.

Other progress includes work on simulating seismic response to CO2 injection, structural
and fault mapping of the Viola formation at the base of the deep saline aquifer, detailed
fault/fracture mapping as well as amplitude calibration to well control at the
Mississippian unconformity.
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Creating the 3D3C Prestack Data (Wu)

General flow of the project leading to synthetic three-dimensional three-component (3D3C)
prestack data is shown in Figure 2. The starting point is a Log ASCII Standard (LAS) file for the
Humphrey 4-18 well that contains depth, P-wave sonic, S-wave sonic, and density log
information. (See Figure 8 and discussion below about estimation of S-wave sonic.) The LAS
data is input to the Anivec reflectivity modeling code along with various parameters such as time
sample rate, minimum and maximum offset, receiver interval, source and wave type options, etc.

Anivec creates a synthetic seismic shot record that would be observed over a layered earth model
described by the LAS file. For later use, the receiver interval in this simulation step is taken to be
very fine (perhaps 5 ft). The output is seismic 3C trace data with (Z,R,T) components of particle
motion, where Z is vertical, R is radial along source to receiver azimuth, and T is transverse
(perpendicular to the radial direction).

In addition to the LAS file, the other primary input to our flow is the Geokinetics 3D survey
design. This includes coordinates for each shot and receiver along with cabling information that
specifies which receivers are live for which shots. All of these geometry and cabling details are
contained in SPS files supplied by Geokinetics during this quarter. Our work will simplify real-
world shooting practices and assume the survey is shot ‘static’, meaning that every receiver is live
for every shot.

For each source-receiver pair in the survey design, we calculate the offset and azimuth. We select
the Anivec trace that is closest to that offset. This trace then has header fields set to the source
and receiver coordinates, offset, and azimuth. As this process continues for all shots and
receivers in the design, the Anivec traces with corrected headers are collected into a single file
representing the raw prestack data.

Since Anivec computes traces with (Z,R,T) components, it is necessary to rotate the (R,T)
components based on source-receiver azimuth. The net result is that 3C trace is rotated from
(Z,R,T) to (Z,X,Y) coordinates where X is east-west and Y is north-south. At this point we have
final prestack 3D3C synthetic data for processing and analysis. Our plan is process through
prestack time migration for P-waves and perhaps P-S mode converted waves.

Anivec input parameters are an important aspect of this flow. With these parameters we can
choose to include or exclude free surface effects, shear waves, multiples, etc. With this
functionality we can test the effect of various wave types on migrated image quality at reservoir
and potential CO2 sequestration levels.

Property maps extracted from the 3D property grid

In order to validate the maps created by the geophysical and flow modeling, property maps
produced by Petrel Geological model based on well tops and log data were re-evaluated. For a
better comparison, the structure model was built on the same rectangular surfaces as those being
input to geophysical and flow modeling.

The structure model was improved to better reflect the laterally interwoven clastic and carbonate
lithology within the depth window covering the Mississippian unconformity, including
stratigraphic sections between the surface of the base of Pennsylvanian Limestone and the oil
water contact (OWC). Figure 3 is the previous structure grid and Fig. 4 is the revised one.

_4-
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The division of vertical cells of each lithozone was also modified to better reflect the strata
occurrence, being equal-height for lithozones within conformable sections (about 20-25 ft) and
being truncated as lithozones that encounter the unconformity or lith-boundaries where the cell
height reduced to zero. This allows the propagation of properties within the laterally continuous
lithozones in the section outside the depth window of the Miss. unconformity, and propagation is
stopped where the strata encounter the unconformity or litho boundaries.

Figure 5 shows an example of the improved structure model and the resulting porosity grids. The
preferred orientation of property propagation is applied only to the sections below the Miss.
unconformity, along the direction of open fractures associated with the Pre-Penn structural
deformation.

The resulting property grid was sliced along the lithozone surfaces to make property maps (Figure
6, example maps). The maps were smoothed (up-scaled) by five rounds of iteration to depict the
important trends only. These porosity maps will be compared with the property maps from
geophysical and flow modeling. Contour maps of porosity and permeability dumped from the
property grid for Lower Cherokee Sandstone reservoir are given in figure 7.

Lithology and Vp/Vs ratio assignment from logs (Zeng)

Since the project data does not include a full-wave sonic, we will have to estimate S-wave speed
from the P-wave sonic and published Vp/Vs ratios. This is summarize in the flow chart of Figure
8. Lithology and fluid volume will affect the S-wave velocity therefore the Vp/Vs ratio, and there
are many mixed layers as well as pure shale, sandstone, limestone and dolomite in the Dickman
section. Therefore, we have to use lithology discriminators based on 2 or more logs to determine
lithology before S-wave speed can be estimated. Four logs can be used in a part of the
Sidebottom 6 for this purpose. Based on Jonny’s data sheet (Table 1) and the log data we have in
Sidebottom 6, the following two possible work flows were considered to estimate lithology from
multiple logs. Both can be started on sections with more than one log (2-4), and extrapolated to
the depth interval where not all logs are available, but each has advantages and disadvantages in
terms of results and workload.

1. A simple index based on 3 logs to break the section into 4 or 5 discrete lithologies. For
example, we can use GR, and PE and Porosity (the log name is (NPOR+DPOR)/2 in
Sidebottomo6) as three filters one by one. The steps are:

a. Gamma Ray (GR) can be used identify shale, sandstone, and carbonate based on
cut-off values.

b. Carbonates will be further filtered by PE as limestone or dolomite. The Photo
Electronic (PE) log reads the size (area) of the reflecting surfaces of minerals.
Pure calcite is the largest, reading around 5. Pure colomite are smaller, 3.14, and
pure sandstone is 1.9. We have a limestone-dolomite mixtures and rarely see 5
(mostly between 3.3 and 4.4).

c. The resulting four lithologies are filtered by the porosity (using an imperical
criterion, say >5%> 20%) to obtain different zone intervals.

d. For each zone interval, say “porous sandstone”, “tight limestone”, we can assign
a P-S ratio based on table 1. The largest number of litho-zones generated by this
approach is 4 x 3 = 12, and the thickness index varies with thickness of each

-5-
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litho-zone. Since each filter is used separately, in Excel we must manipulate data
by steps.

2. A combined index based on 4 logs that can discriminate lithology with graduated changes
(mixed layers of different lithology). It is an empirical relationship developed by
sampling the GR, PE, porosity and resistivity values of the end member lithologies, and
using a set of linear equations to approximate the index in the relationship. In this
approach, we use normalized logs (values from 0-1) and thickness-averaged log property
(say every log interval). For example, the case for pure shale might look like

Vp/Vs ratio = a*GR + b*PE +c*Porosity + d*Resistivity

A set of four equations can be obtained by doing 4 end members (shale, sandstone,
limestone, dolomite). To find the (a,b,c,d) constants will require a simple matrix solver.
By comparing the value of (a,b,c,d), we know the relative importance of each log to
resolve end members. If all have comparable contributions, we can use this index to
compute the Vp/Vs ratio on every log interval, and therefore the S-wave velocity from
the P-wave sonic log. This can be done in Excel on the whole section or selected depth
intervals. Vp/Vs ratio values between end members represent mixed layer of different
content having S-wave velocity values between two end members. We can also define
different sets of (a,b,c,d) for different stratigraphic units in Excel.

The risk is that we start with the assumption that all the four logs equally reflect the
lithology, and this may not be true. For instance, the resistivity log reflects mostly the
property of the fluid (salinity), not directly related to the volume of the fluid. This may
result in the difficulty in obtaining a convergent solution from the matrix solver. The best
place to start is to use the standard log values and the Vp/Vs ratio for the end-member
lithology to see if the equation set can result in meaningful (a,b,c,d) constants. If so, we
can use this index and the log values in the Sidebottom 6 to generate the first Vp/Vs ratio
log, and compare with the geologic interpretation to adjust the input until reasonable
Vp/Vs values are found. This one is a neural network-like approach (Petrel has neural
network tool), but for only one well we trust less the bulk processing than doing this in
Excel with QC step by step.

Shear wave velocity computation (Li)

Another approach is to use empirical equations (for example, Han et al., 1986 and Castagna et al.,
1993) to predict Vs from other logs. In general, these empirical relationships give good result
only in similar formations and their reliability for other rocks should be considered suspect until a
calibration is established.

Though the prediction should be the same if all measurements are error free, many comparisons
of predictions with laboratory and logging measurement show that predictions using
compressional wave velocity are the most reliable especially for carbonate rocks (Eskandari,
2003).

We used Excel to calculate shear wave velocity for the Humphery 4-18 well. We have Gamma
Ray (GR), sonic (DT), and density (RHOB) logs. GR log is available from 0-4567.5 ft with a
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sample interval of 0.5 ft (shown in figure 9), DT is available from 186- 4594 ft, and RHOB from
0- 4597 ft.

Based on empirical rules, GR was locally classified into three lithologies, as shown in table
below. For each lithology there is a Vp/Vs ratio taken from published studies. Sonic log values
are converted into P-wave velocity and the S-wave velocity is computed the appropriate Vp/Vs,
resulting in the data shown in Figure 10.

Shale APl 72~105+ Vp/Vs=1.6~1.8
Sandstone API 60~72 Vp/Vs=1.6
Limestone APl 0~60 Vp/Vs=1.9

3D Seismic Survey Design and Geometry

The simulation 3D survey for Dickman II project is based on a Geokinetics 3D3C design.
Several tasks involve testing and determination of parameters related to the design and execution
of the new simulated seismic survey. In Table 2 we compare the acquisition parameters and
survey properties of the original 2001 survey and the Dickman II simulation survey.

From a physics point of view, there are important differences and strengthens that suit the
Dickman II survey for CO2 monitoring, verification, and accounting use.

Dickman II Survey Design

There is a vast literature on the additional benefit of three component (3C) land data relative to
single component (Shieh and Hermann, 1990; Stewart et al., 2003). As one example, 3C allows
analysis shear wave splitting (Simmons, 2009) while single component data does not.

Multi-component or three-component (3C) seismic methods record the full vibration induced in
the earth by a seismic survey, horizontal as well as vertical motion is sensed for use in rock
property inversion, and fracture detection (Stewart et al., 2002).

In the Dickman project, it is essential to accurately determine the subsurface architecture of the
target horizons for CO2 emplacement. 3D P-to-S images can assist with the structural
interpretation, especially with respect to faults and elastic effects. Once the structure is
established, the characteristics of the strata can be estimated by jointly analyzing the pure P-wave
data (PP) and converted-wave (PS) results (Stewart et al., 2007). The proposed simulation survey
will use multi-component data generated by the Anivec reflectivity modeling program.

One trend in seismic acquisition has been a dramatic increase in the number of recording
channels. A channel is the pathway into the recording system taken by a seismic trace from a
single receiver location. With a small channel count it is not possible to design a survey that is
both high fold and full azimuth, affecting data quality and suitability for CO2 MV A work.
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As Table 2 indicates, the small channel count for Dickman I has lead to a common midpoint
(CMP) fold of only 25. Higher fold means reduced random noise in the data or, conversely,
higher signal-to-noise ratio. The Dickman II simulation survey will have a target CMP fold of 70
(Figure 11a).

There have recently been a number of reports demonstrating the dramatic improvement of marine
data in complex settings when full azimuth methods are used (verWest and Lin, 2007). For the
land CO2 sequestration case, we are not dealing with complex geology, but full azimuth is
equally vital as an azimuthal anisotropy indicator (Grechka et al., 2005). The Dickman II
simulation survey will be full azimuth (see Figure 11b).

When a 3D survey is acquired data is naturally tiled into ‘bins’ and the bin size is determined by
shooting parameters. From Table 2 we see that source and receiver intervals in the Dickman I
survey are greater than the Dickman II counterparts. The natural bin size of Dickman I is 82.5 x
330 ft, but this has been reduced in processing to a square 82.5 ft bin. The Dickman II simulation
survey will have a natural bin size of 55 ft.

Traditionally, seismic surveys were acquired with a single active source and interference from
other survey sources was considered a form of noise (Silverman, 1979; Lynn et al., 1987;
Bagaini, 2006). The Dickman II survey will simulate at least 4 simultaneous sources.

Shell Processing Support (SPS) Format

The Dickman II simulation survey geometry was generated by Geokinetics in SPS format. The
comments below are paraphrased from the SEG standards committee SPS format description.

The SPS Format for Land 3D Surveys was originally published by Shell in 1990 and was adopted
by the SEG Technical Standards Committee in 1993. This format is established as a common
standard for the transfer of positioning and geophysical support data from 3D field crews to
seismic processing centers. This standard format contains all relevant field data significantly
reduced the time spent by the processing centers on initial quality control and increased the
quality of the end products.

There are three files in one SPS file with an optional fourth comment file, each with an identical
block of header records. The receiver file RPS and source file SPS contain coordinates and
elevations of all geophysical points (receiver groups and shotpoints) and of all permanent
markers. The cross-reference file XPS show the relation between the receiver groups and
shotpoints. The source and cross-reference files are to be sorted chronologically and the receiver
file is to be sorted in ascending sequence of line, point and point index numbers.

The data set consists of three files with an optional fourth comment file, each with an identical
block of header records. For magnetic tapes each file is terminated by a record containing "EOF"
in col. 1-3.
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First file: Receiver File. "Point Records" with details of receiver groups or
permanent markers.
Second File: Source File.  "Point Records" with details of shotpoints

(power source).

Third File:  Cross-Reference File. "Relation Records" specifying for each shotpoint
its record number and the relation between recording
channel numbers and receiver groups

Optional: Comment File. "Comments" with details of the observers report.

Dickman IT Geometry in SPS Format

Figure 12 shows an example of Dickman II simulation survey SPS file. The three windows are
source (SPS), receiver (RPS) and cross-reference (XPS). And see figure 13 and figure 14 for
source and receiver distribution map for Dickman II simulation survey. There are 4233 sources
and 3547 receivers in the survey in total. These maps are plotted from the geometry SPS file.

For the geometry used in Dicklman II simulation, we use all the receivers live for every shot, so
XPS file is not applicable.

Seismic response to CO; injection (Li)

This study is to employ time-lapse seismic (4D) to monitor the state of the reservoir, due to
changes of fluid properties at periodic times. The change of fluid properties such as fluid
saturation, pressure, temperature, porosity etc. will have impact on the seismic responses. Hence,
by differencing the seismic responses at varied times the reservoir characteristics can be analyzed.

Methods

The link between rock physics and seismic modeling is realized by first calculating the seismic
velocity and density for the saturated rock at each simulation cell, then calculating seismic
reflection coefficients from impedance contrast. Given an input wavelet, seismograms can be
generated by some modeling method. A few good candidates can be the modest convolutional
model, ray-tracing using Eikonal solver and two-way wave modeling by finite difference.

The current CO2 flow simulation calculations utilize the Computer Modeling Group (CMG)
generalized equation of state compositional simulator (GEM) which can be used in CO2
enhanced oil recovery and CO2 storage. I used all the requisite parameters from this simulation
output into Gassmann's fluid substitution theory.

In this case, considering the simulation output as a three-dimensional volume with the size of M x
N x L in x, y, z directions, as illustrated in Figure 15. We define the seismic bin size is the same
as that of the simulation cell for now, choices of parameters can be changed regarding the seismic
resolution. In each bin, we generate the seismic synthetics as a summed trace. For each grid
within the seismic bin, we read in all the parameters from the simulation output to calculate
impedance, and then calculate the reflection coefficients in this bin. The data format exported
from CMG can be accessed at different depths (layers), and each layer contains a set of fluid
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properties for fluid substitution calculation (Figure 16 & 17). The reflectivity model can be
calculated from different layers first, and then resorted into bins for seismic simulation.

The calculations of different bulk modulus of the reservoir are needed as input for the Gassmann
equation. They include: bulk modulus for the porous dry rock (Kdry), the solid mineral (Kmin),
and the pore fluid (Kfluid). The details are discussed in the following steps.

Temperature and Pressure Regime

Before calculating the different properties of the saturated rock, the temperature and pressure
need to be corrected with depth. Since the bottom-hole temperatures are recorded during logging
of the borehole and commonly are not at equilibrium with formation temperature (Carr, Merriam
and Bartley, 2005), the temperature (unit: Franheit) for Mississippian is a function of depth:

T=0.0131(depth)+55 (1)
For the deep saline acquifer (Arbuckle group)

T=0.0142(depth)+55 (2)
The pressure gradient is 0.476 psi/ft for both the Mississippian and the saline aquifer.

P=0.476(depth)
Calculation of Kmin

The lithology of the Mississippian unconformity is composed predominately of dolomite and
calcite. So the frame mineral bulk modulus can be estimated from the mineral bulk modulus
Kmin can be estimated from the Voigt-Reuss-Hill (VRH) averaging (Hill, 1952) constitutes as
follows:

-1

)

! dolo | cal
]\ dolo ]\ cal

. 1 4 . . a
[\ min — _)([‘ {iulul\rlulu o ‘('ll[]\t'lll] + [

where the dolomite takes about 70% of the mineral and calcite takes about 30% of the volume. So
the density can be calculated as:

Pmin — I‘.dolo/)dolo 0 "':?alpcal
(here Vdolo=0.7, and Vcal=0.3)

The densities Pdolo and P2l can be found in the text book of (Mavko, Mukerji and Dvorkin).

[\Vdolomz'lr) — 83(G1)(I) I\—calcitc = 766(("])([) Pdolomite — Q'STL(/,/CIH:}' Pcalcite — 271g/cm3

Calculation of Kfluid
The fluid mixture is brine and CO?2.

1. Calculation of CO2 bulk modulus (KCO2)

Figure 18 shows a phase diagram of CO2 at different temperature and pressure. The
Mississippian reservoir at Dickman has temperature (31.7°C to 48.83°C ) and pressure (8.533 to
16.259 mPa), the condition is beyond the critical point. This means CO2 in the Dickman field
would exist as a supercritical fluid, and behave like both gas and liquid (orange shaded zone).

-10 -
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Han (2010) has done experimental measurements for CO2 velocity at different conditions. They
include four T-P regimes:

1) LP: low pressure (Tmpa<P<20mpa) ;
2) HP: high pressure ( 20mpa<P<100mpa);
3) HT:  high temperature (25°C<T<200°C)

4) LT: low temperature (-10°C<T<25°C)

Fluid mixture velocity
Han’s empirical equations were used to obtain the CO2 super fluid velocity at LP.
V,= (1= W)V, + WV,
where
_Wa+t Wl

72005+ Wy

Vip = 150 + 1207, — [9 + 175(1.5 — T},)*1P,,

Vip =45+ 600(a — T,,)* + 246|P,, — S,,,|>*,
and
Ws = (P, +7.661 — bT,,)°,
P 1.43
P,,=———+4.20831 A
7.386 (c—T)(1 + 1.249P)

1
Ti=———F7 - 421 — 1T
pr 30421 [ abs d( 304‘-1 uhx)]'

T =T+ 273.15.

[7

where a=1.66, b=6.405, c=30000, and d=40.

We also did some comparison of CO2 velocities with online resources.

Comparison of CO2 velocities from Han's empirical equations and KGS (Kansas Geological
Survey) online properties calculator

(http://www.kgs.ku.edu/Magellan/Midcarb/co2_prop.html)

are illustrated below. Given a certain temperature and pressure (T=35°C, P=10mpa=1450psi), the
CO2 velocity results differed by 7%. See Figure 19.

Fluid mixture density

-11 -
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Beyond the critical point, CO2 behaves as supercritical fluid, a mixture of gas and liquid. The
CMG outputs give both densities of gas phase (CO2 and water vapor) and liquid phase (CO2
dissolved into water). The formula of CO2 bulk modulus is calculated in the same way as that of
oil.

Calculation of brine bulk modulus (Kbrine)

Bulk modulus for the brine can be attained by

Ripsiie= e % Wi X 1057

the density of brine is calculated by (Batze and Wang, 1992)

Phrine = Puw+0.06685 +0.445% + 10_65[300]7 —2400PS +T(80+ 3T —3300S —13P+47PS)]
where T is temperature and P is pressure

The water density is also dependant on T and P
pw = 14+107%(—80T—3.372+0.00175T3+489 P—2T P+0.016 T2 P—1.3x 107573 P—0.333 P2—0.002T P?)
For the P-wave velocity of brine, it uses the following equation
Virine = Vin + S(1170 — 9.6T + 0.055T2 — 8.5 x 1073 +2.6P — 0.0029T P — 0.0476 P?)
+S'5(780 — 10P 4 0.16P%) — 18208

here Vm is the velocity in pure water, which can be estimated from the following equation:
(Batzel and Wang, 1992)

5

1
Vo= w T pi-!

i=1 j=1

the weight coefficients “ii is given in the table 3. The salinity in the Dickman field is 45,000
ppm.

psat
pm.in

The saturated fluid density can be calculated as follows.

the fluid density Pituid] , grain density of the rock matrix

satisfies the relationship between

and porosity ¢,

-12 -
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P fluid = Su'/)uv + So/)oil + Scog/)co»z

Psat — (1 - @)Pmin + (:)/)ﬂuid
The total bulk modulus for the fluid by Wood’s equation is:

1 Sw Soil 5‘602

[\’ﬂuid [\—w I\—oil [\Co?.

Calculation of dry frame bulk modulus (Kdry)

Dry rock bulk modulus (Kdry) can be obtained by rewriting the Gassmann equation
= OK rnin }. ! G
[\sat( K luid +1-— G),) — I\min
OI\’"! in 1\’31}{
K fluid Kmin

]\—dr =
y )
o] =

In the Gassmann theory, in terms of saturated rock moduli, the following assumption is assumed

Hsat = H dry

meaning that S-wave speed is unaffected by pore fluid. Pending final results from the S-wave
estimation described earlier, a constant Vp/Vs ratio was for limestone (1.7). The initial saturated
rock bulk modulus can be estimated by

. coen e
K = p(Vp* = 3Vs%)
the shear modulus can be calculated from the shear wave sonic log

7.2
Psat = pV's
Calculation of Ksat

Bring Kmin, Kdry, Kfluid into Gassmann's equation to get Ksat

(1 — Kairvy2
- - K
P i min
[\sat = I\dry i & 1-—¢ K gy
I\-fllua' I\_min I\’n,”,{l

Calculation of Reflection Coefficient

First, the velocity for the saturated rock can be estimated from the following:
the initial estimate can be calculated by

- 13-
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3 4
[\ sat + g,usal

I sat —
Psat

Then calculate impedance by
Zi — “’;’nl/—)sal

so the reflection coefficient can be calculated by

N Lin— i
= 2z

For i=1,...N-1 where N is the number of layers in the flow simulation model.

Work Flow

The flow simulation model exported from CMG has 31 depth layers, from top to bottom.
Each layer has the input has all required parameters, including depth, temperature,
pressure, porosity, fluid saturation, etc. The calculation can be done for each layer and
then be sorted into different seismic bins, as illustrated in Figures 16 and 17. For the ith
layer read from CMG output, the time-lapse seismic modeling works as follows:

1. Read the ith layer (i=1,..,N), which contains the information of porosity, saturated
density, pressure, water gas oil saturations, etc.
1) compute bulk modulus for different fluids (CO2,brine)
b) bulk modulus for brine
¢) bulk modulus for CO2
2) compute the initial bulk modulus for saturated rock
3) calculate the bulk modulus for the porous rock frame Kdry with the initial Ksat
4) update Ksat using Gassmann's equation with fluid substitution
5) calculate the velocity for the saturated rock by:
6) compute impedance with saturated density and velocity for this layer

2. Read info for the next layer, and repeat the steps above until all the impedance are
calculated for the reservoir simulation model (impedance results can be compared at
different depths in order to understand the fluid distribution)

3. Resort the data into different bins and calculate the reflection coefficients in this bin.

4. Given an input wavelet, seismic simulation can be applied such as the simplest
convolution model or forward modeling to obtain a new seismic data volume

The final output will be a 3D seismic cube, and we can compare the different seismic
attributes before and after the injection.

- 14 -
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Results

The lateral distribution of Mississippian is primarily controlled by depositional facies in
carbonate build-ups (Carr et. al., 1999), which is composed of Lower Cherokee sandstone
and the rest carbonate is predominantly of limestone. Due to this porous structure, we
employed Gassmann therory for calculating the density and velocity for the saturated
rock. In the current stage, we computed the reflection coefficients of this depleted oil
reservoir at Mississippian-Pennsylvanian unconformity. The depth is around -2000ft
subsea. Here we only show one example of reflection coefficients result between Miss
porous zone I and II (as illustrated in Figure 18). The scenario is as follows:

* Inject CO2 into formation of Porous I and II

* Shut in the well for 25 yrs

* Mostly brine in porous area and very little CO2, wet zone

* Reflection coefficients largely depend on porosity distribution

See Figure 19-23 for early results.

Mississippian unconformity mapping (Swanson)
Analysis of seismic amplitude

The amplitude analysis part of this study is to determine if the amplitude at the Mississippian
unconformity is the result of porosity, extreme curvature due to Karst, or subtle faulting.

The outline of work for this part of the project is to first map the top of the Mississippian
unconformity by tying down the seismic response with offset logs and synthetics. Synthetics
were created from the Sidebottom 6 well. Although this well is just off of the survey it had a
sonic log and drilled deep enough to penetrate the Mississippian formation. The top of the
Mississippian was picked along a trough. Preliminary analysis shows the area to have little
faulting and mostly a flat structure except for an area in the southeast corner (Figure 24). The
time structure map shows this area in the southeast to have areas of depression that appears to be
the Mississippian channel feature. A time slice at 0.85 seconds (approximate depth of the
Mississippian) shows areas with bright amplitude that correlate with the channel structures on the
time structure map (Figure 25).

Future work for the next quarter will be to generate geologic modeling parameters to model this

channel feature, along with continued research trying to tie geologic parameters to the seismic
amplitude a the top of this unconformity.

Deep structure mapping (LeBlanc)

The storage target being investigated in this section is a porous saline aquifer that lies above the
Gilmore city formation (base of the Mississippian) and at the base of the overlying Osage
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formation. This aquifer is a secondary sequestration target whereas the top of the Mississippian is
the primary. See figure 26.

Deep saline aquifers have a larger proximity, higher CO2 storage capacity and fewer well
penetrations than other proposed storage candidates. In a saline aquifer, CO2 becomes a
supercritical fluid beyond 31.1 °C and 7.38 MPa. See figure 27.

These are the preferred conditions for this particular storage candidate because the CO2 will have
a high density like a fluid but it will be mobile like a gas. The saline aquifer in the Dickman field
is part of the Western Interior Plains and Ozark Plateau aquifers that extend for several hundred
thousand miles. It has a water flow velocity of about 40 feet per million years meaning that
injected CO, will not migrate to the surface by means of aquifer water flow. Deep saline aquifers
are ideal storage candidates because after injection, the CO, first dissolves, then it ultimately
precipitates carbonate minerals. Fang et. al., (2010) states “the reactions among CO,, brine and
formation minerals play an important role in formations with a large number of proton sinks, such
as feldspar and minerals...some reactions may be beneficial to storage, but others may result in
migration pathways.” Therefore, depending on the geological, geochemical and hydrological
conditions, these reactions must be thoroughly investigated in order to guarantee safe storage of
the carbon dioxide. Investigation of CO, sequestration involves the use of simulation models and
numerous monitoring techniques in order to have a better understanding of how CO, flows.

Data Description/Methodology

There are 142 wells in the Dickman Field but only four wells that penetrate the deep horizons of
this study. See figure 28 for the locations.

Humprey 4-18, Stiawalt 3 and Sidebottom 6 are the only three wells in the Dickman project area
that have picks for the Viola and the Gilmore City formations. The Schaben 4 well only
penetrates the Gilmore City formation. Investigation of the deep saline aquifer will be primarily
seismic since there is minimal well control. The purpose of this investigation is to determine if,
by using attributes to map fractures, this deep saline aquifer can be an adequate storage candidate
for CO,. It would be preferred to map the Osage formation in addition to the Gilmore City and
Viola formations but there is not a velocity or density contrast at the top Osage sufficient to
generate a reflection.

To begin this study, the geology must first be tied to the 3-D seismic volume (Dickman dataset)
by creating synthetic traces using the two wells that have sonic and density logs (Humphrey 4-18
and Sidebottom 6). This will confirm the location of the Gilmore City (base of saline aquifer) and
Viola formations in the seismic, which will then allow horizon picking throughout the volume to
begin. This process is currently in progress and a preliminary synthetic has been made for each
well. To generate the two synthetic wavelets, traces were extracted using a polygon in order to
leave out edge effects. See Figure 29.

The Humphrey 4-18 will be a much more reliable tie to the geology than the Sidebottom 6. The
reason for this is that the Sidebottom 6 is located well outside of the survey area therefore
preventing an extraction of traces for comparison. Although, it might be possible to change the x-
y coordinates of the Sidebottom 6 well so that it sits inside of the survey. The Humphrey 4-18
synthetic was able to extract traces (extraction area — splice along borehole, trace selection -
interpolate) for comparison and a reasonable match has been observed.
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A small phase shift was applied and it had a poor correlation coefficient (0.054) but this is of
minimal concern because the main objective for the purposes of this study is to get a good visual
match in the deep structure. The Humphrey synthetic places the Gilmore City at a peak and the
Viola at a trough. The next step is producing the Gilmore City and Viola time structure maps by
tracking these horizons throughout the data. Then, several different attributes will be used for
surface mapping.

The attributes used in this study focus on identifying the locations of faults and fractures. One
attribute that draws attention to these discontinuities is coherence. This attribute uses a cross
correlation method to calculate a coherence coefficient from seismic amplitudes on neighboring
traces. In other words, it highlights the lateral changes in the waveform.

Curvature is another attribute that highlights discontinuities is curvature. This attribute uses
reflector dip and azimuth to measure curvature.

Curvature more or less, estimates the shape of a reflector. The mathematical definition of
curvature is “the inverse of a circle’s radius which is tangent to that surface at that point”
(Blumentritt et. al., 2006). Usually the most positive (anticline) and the most negative (syncline)
curvature is observed for seismic interpretation. Curvature, for the most part, identifies fractures
and faults better than coherence.

SPICE (spectral imaging of correlative events) is another general attribute that will help identify
fractures. This is somewhat of a new attribute that’s foundation built on wavelet transform
decomposition and singularity analysis of migrated seismic data. “The physical basis of SPICE
relates to spectral shaping during wave propagation and reflection” (Liner et. al., 2004).
Sometimes, residual diffractions can make it difficult to determine a fault from a fold. The spice
data gives a much sharper image of this discontinuity and better displays fault localization. Figure
30 shows an example Spice section (not from Dickman data).

This study will also use Ant Tracking, an automatic fault extraction technique developed by
Petrel. Minimal noise in the volume is preferred and preliminary enhancement of spatial
discontinuities using any edge detection algorithm is a required step. The next step is to generate
the Ant Track Cube. This Ant Tracking algorithm mimics the ants we know of in nature and their
ability of tracking pheromones to find the shortest path between their colony and their food. It
gives us a picture of the seismic volume’s so called plumbing system by sending these electronic
“ants” into the data so they can detect the fault/fracture surfaces from the edge detection methods
(analogous to “pheromones”) previously used (i.e. SPICE, curvature, coherence, etc.). Additional
attribute will be applied to the data if time permits.

Summary of significant Events

The primary purpose of this research is to simulate a 3D 3C seismic survey over the Dickman
area. Key to that effort is receiving the survey design geometry from Geokinetics. This was
accomplished this quarter and analysis of the geometry is currently underway.

-17 -



Liner, U. Houston Training: Advanced 3D Seismic Methods

Work Plan for the Next Quarter

For the next quarter, a case study paper will be written by June, and she will give a
presentation on the CAPA technology conference on Nov. 3, 2010. Seismic simulation
for generating new seismic data with new fluid properties will begin in next quarter.

On the same time, we will work on synthetics and further interpretation on Viola,
interpret time and depth structure maps towards this formation, run multiple attributes,
and eventually estimate storage capacity and depth conversion.

Future work on amplitude inversion for the next quarter will be to generate geologic
modeling parameters to model the channel feature in the survey, along with continued

research trying to tie geologic parameters to the seismic amplitude at the top of this
unconformity.

Cost and Milestone Status

Baseline Costs Compared to Actual Incurred Costs.... Needs update by CLL

7/1/10 - 9/30/10 Plan Costs Difference

Federal $36,668 $49,559 ($12,892)
Non-Federal $4,063 $0 $4,063

Total $40,730 $45,559 ($8,829)

Forecasted cash needs Vs. actual incurred costs
Notes:
(1) Federal plan amount based on award of $293,342 averaged over 8 reporting quarters.
(2) Non-Federal plan amount based on cost share of $32,500 averaged as above.
(3) Cost this period reflects salary for J. Zeng (3 mo), Q. Wu (3 mo), J. Seales (3 mo), and C. Liner (1 mo).

I 1 I I 1 I I

TASK DESCRIPTION 2010 2011 2012
Q1 [ Q2 | Q3 [ Q4 | Q1 [ @2 | @3 [ G4 | Q1 | Q2 | Q3 | Q4
Task 1.0 - Project Management, Planning, and Reporting O IR
Subtask 1.1 C i dination with DOE MVA Working Groups
Actisal
Task 2.0 - Background Work Ahead of Seismic Survey Simulation Q=) @

Actual
Subtask 2.1 Review and Refine 3D Seismic Survey Design

Subtask 2.2 Build Site Velocity Model and Compute Elastic Common Midpoint Gather

Actual

Actusal
Subtask 2.3 Finalize Survey Design and Predict Shear and Mode-Converted Events
Actusal

Task 3.0- Simulate 3D 3C Simultaneous Source Seismic Survey
Actual
Task 4.0- Data Processing

Actusal
Subtask 4.1 Analyze Shear and Mode-Converted Events
Actual
42 Migt (P. S, and Possibly Mode-Converted)
Actual
Task 5.0- Inferpretation a !l e
Actual
Subtask 5.1 Horizon interpretation of P, S, and Possibly Mode-Converted Data
Actual
Task 6.0 - DOE Reporting and Technology Transfer
Actual
LEGEND
Milestone-Start Task
Milestone-End Task
Planned Task Progress Planned Subtask Progress
Actual Task Progress Subtask extension
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Continuing Personnel

Prof. Christopher Liner is Principle Investigator and lead geophysicist. He is a member of the
SEG CO, Committee, Associate Director of the Allied Geophysical Lab, and has been selected to
deliver the 2012 SEG Distinguished Instructor Short Course.

Dr. Jianjun (June) Zeng has been working exclusively on this project since Dec 2007 and is lead
geologist.

Ms. Qiong Wu is a graduate PHD student in geophysics who joined the project in January 2010
as a research assistant. She will be funded year-round out of the project.

Mr. Johnny Seales is an undergraduate student majoring in Geology and Geophysics. He is also a
U.S. Army veteran, having served in Iraq. He will be funded year-round from the project. He
anticipates earning his undergraduate degree in Dec. 2011.

Ms. Jintan Li is a PhD student in geophysics who joined the project in Aug 2009. She is funded
by Allied Geophysical lab at this time. Her thesis will be time-lapse seismic modeling (4D) for
conducting dynamic reservoir characterization of the Dickman Field.

Ms. Shannon Leblanc received her bachelor’s in geology at the University of Louisiana at
Lafayette and is now pursuing a master’s degree in geophysics at the University of Houston. She
is the current SEG student chapter president and joined the CO2 group in January of 2010.
Shannon is mapping deep structure in the Dickman Field to determine the potential of a deep
saline aquifer as a CO2 storage candidate.

Mr. Eric Swanson is a part time graduate MS student in geophysics who joined the project in July
2010 and works full-time for Swift Energy.

Technology Transfer Activities

Two presentations are accepted for presentation at the AAPG and SPE Annual Meeting. See
Appendix I and II for detail.

Contributors

Christopher Liner (P.I, Geophysics)

Jianjun (June) Zeng (Geology and Petrel Modeling)
Qiong Wu (Geophysics PhD candidate)

Johnny Seales (Geology and Geophysics Undergraduate)
Jintan Li (Geophysics PhD candidate)

Shannon Leblanc (Geophysics MS candidate)

Eric Swanson (Geophysics MS candidate)
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Appendix I: AAPG Abstract (Submitted)

3D Geologic Modeling toward a Site-specific CO2 Injection Simulation.
Jianjun Zeng', Christopher L. Liner', Po Geng', Heather King',

A solid geological model at reservoir scale is the key starting point toward a site-specific
characterization of a CO2 sequestration target. In the Dickman Field of Ness County, Kansas, a
3D structure and property model was built for depleted reservoirs of carbonates and clastic rocks
through multi-scale data integration. Work flows were designed to handle some of the challenges
commonly involved in geological modeling at the reservoir-scale: targeting geological features
normally considered as “sub-seismic” and beyond the resolution of conventional seismic
stratigraphy; recognizing the lateral heterogeneity in acoustic properties of laterally interwoven
clastics and carbonate lithologies on a karst-modified paleo-topography to restore true subsurface
geometry; calibrating legacy well logs to obtain reservoir properties with quantified risk
assessments; and extracting a fault-fracture framework from multiple seismic attribute volumes to
guide the reservoir property gridding.

As a first step, a depth-converted stratgraphic model was established and validated by log
interpretations at 17 well sites. Fault and fracture analysis was based on seismic interpretation and
volumetric attributes, supported by log and core evidences and understanding of the regional
deformation history. A unique set of porosity was assigned to the stratigraphic model through
calibrating porosity logs of different types and correlating log to core measurements. Permeability
estimation was based on core measurements available in Dickman and the surrounding oil fields.
Water saturation measured from flushed cores was calibrated to the in-situ water saturation. The
propagation of these reservoir properties through the model was along preferred orientations
guided by fracture and acoustic impedance analysis. The resulting property grid was tested by
production history-matching simulation. A reasonable match was obtained after two rounds of
input parameter adjustment and the inclusion of a capillary zone in the model.

The initial geological model built from heavily drilled reservoirs was extended to deeper saline

aquifers with only three well controls, aided by 3D seismic impedance analysis. The grid served
as input to CO2 injection simulations for the deep saline aquifer, a potential carbon capture and
sequestration target.
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Appendix II: SPE Abstract (Submitted)

A CO, Sequestration Simulation Case Study at the Dickman Field, Ness Co., Kansas
Christopher L. Liner, Po Geng, Jianjun Zeng, Heather King and Jintan Li, U. of Houston

Since 2006 University of Houston has been funded by DOE to evaluate the Dickman area for
suitability as a permanent underground CO; storage site. This paper is a summary on the
simulation part of the project.

Combining 3D seismic and dense well control, a static model was constructed. After the history
matching validation, various different deep saline aquifer simulation models were constructed to
study the CO, injection rate and storage safety issues. A full formation simulation model
including sallow geological layers and deep saline aquifer was further constructed to predict CO,
migration after injection.

History matching validation has proven to be difficult due to lack of pressure data and early
records of water production. An acceptable result was obtained only after many iterations and
model modifications. Free CO, gas trapped in a geological structure can migrate to the surface
through faults, fractures, a failed cap rock, or corroded well pipe. These actions represent a real
safety threat. A major challenge is to develop a practical simulation model to predict possible
CO; leakage rate and time after injection. A feasible way of improving CO, storage safety is to
accelerate residual gas and solubility trapping. Our simulation results indicate two effective ways
of reducing free CO,: injecting CO; with brine, and/or horizontal well injection. A tuned
combination of these methods can reduce the amount of free CO, in the aquifer from over 50% to
less than 10%.

As part of the huge Western Interior Plains aquifer system, the aquifer under the Dickman field
may be an ideal CO, storage site. However, the complicated geological structure and numerous
abandoned wells cast uncertainty on its ability to serve as a permanent CO; storage site. This
study will demonstrate that a careful simulation study can maximize CO; injection rate, minimize
existence of free CO; and significantly reduce the uncertainty in the safety of CO, permanent
storage.
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Tables
Who Conducted Measurement Lithology Vs/Vp

CONOCO Lab Carbonates 0.42 to 0.50
Sandstones 0.51 to 0.58
Shales, Claystones 0.58 to 0.65
Limestone, dolomite, and

Schlumberger anhydrite in various proportions [0.53 to 0.55
Sandstones and conglomerates
with minor carbonates 0.60 to 0.63

Welex (Kithas, 1976) Limestone 0.53
Dolomite 0.56
Sandstone 0.59 to 0.63
Shale 0.56 to 0.59
Dolomite, anhydrite 0.52 to 0.55

Table 1. Some empirical relationships between lithology and Vp/Vp ratio.
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Dickr;man I Dicknjlan 1I

Year Acquired 2001 2010

Receiver Components Z X,Y,Z

Receiver Type Analog Digital

Number of Recording Channels 324 10641

Simultaneous Sources 1 4

Receiver Interval 220 110 Feet
Receiver Line Interval 660 660 Feet
Source Interval 165 110 Feet
Source Line Interval 880 155 Feet
Bin Size 330 x 82.5 55 x 55 Feet
Average 3D CMP Fold 25 70

Prestack Data Density 25,600 1,935,360 Traces/mi?
Average Azimuth Coverage ~90 360 Degrees
Far offset 4800 7100 Feet

Table 2: Comparison of 3D shooting parameters and properties for the Dickman I and simulation
(Dickman II) surveys. Improved parameters are highlighted green.
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1y, = 1402.85
1wy, =4.871

Wy, = -0.04783
Wy = 1.487x 10"
Wy, =-2.197x107

Wi =1.524

W2 =2 747x 10
W, =-6.503x 107

W, =7.987x10"

Wy; =3.437x10°
w,, =1.739x10*

Wy =-2.135x 10
Wy =-1.455% 10
Wy = 5.23% 101!

Wy, =-1.197x10°
Wyy = -1.628% 10

Wy, =1.237x10*%

Wy = 1.327% 1ow®

Wy, =-4.614x10"

Table 3. Coefficients for water velocity computation (Batzel and Wang).
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Figures

Dickman Field Site
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Figure 1. Area map depicting the location of the project area, Dickman field, Ness County, Kansas.
On detail map, seismic inline and crossline numbers are shown, as well as the live 3D

seismc area (purple polygon).
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Row prestock data

Rotate (X,Y) components
Final prestack data

Figure 2: Flow diagram for computing Anivec three-component (3C) traces, and merging with
3D survey design geometry to create simulated 3D 3C prestack data. The rotation step is
needed to rotate data components on each trace from anivec coordinates
(radial,transverse) to map coordinates (X,Y) based on source-receiver azimuth.
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Figure 3. Example structure grid showing interwoven lithology by different colors: the lower
Cherokee Sandstone reservoir (brown) has the highest porosity, and the Miss. carbonate reservoir
immediately below it is the next, and the blue layer at the base is un-differentiated deep saline
aquifer between Gilmore City Limestone and the Voila Formation. The blue and red lines (red
arrows) are the two major faults controlling the formation of the Dickman-Humphrey closure.
The duck to the lower right corner is facing north.
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Figure 4. Miss. Porous zones (left) above the Oil Water Contact (grey surface in the left) and
contours of the reservoir thickness (right). The two oil production areas to be simulated in the
model as shown by red arrows are the Dickman-Humphrey area (upper arrow) , and the Stiawalt
area (lower arrow). Total carbonate reservoir volume is 1.43526x10° ft* , with an area of
6.87707x10 ft’.
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Figure 5. Example porosity grid built on the new structure model shown by Figures 3 and 4. The
gridding method is Kriging interpolation, with spherical variogram type, and a lateral search
distance of 5000 ft. The top layer (blue) is the low porosity Fort Scott Limestone seal. The layer
below (yellow-red) is the Lower Cherokee and Mississippian porous layers. The layers in
between were filtered out for better showing the two reservoirs. The northwest corner of the top
was empty due to the lack of data across the fault.
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Figure 6. Example of simple kriging property contour maps for the Mississippian. Five iterations
of smoothing has been applied to eliminate unimportant details and show the major trends.
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Figure 7. Example contour maps of porosity (left ) and permeability (right) dumped from the
property grid for the Lower Cherokee (LCK) sandstone reservoir. LCK is absent to the south
(around Schaben 1-4 area) and the vertical cell height there is approaching 0. No property values
were gridded to the areas with cell heights less than a critical value.
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Well Log Analysis
Vp from P-Sonic Lithology Vp/Vs for each Lith

Figure 8: Flow diagram for estimation of shear wave sonic. Vp/Vs Ratios will be taken from
published studies. Shear wave sonic estimation will be implemented at one deep well, most
likely Humphrey 4-18 or Sidebottom 6.
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Gamma (API)

Depth (ft)

Figure 9. Gamma ray log on the interval 0-2500 ft for the Humphrey 4-18 well.
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Figure 10. Plot of estimated S-wave velocity (pink line) and P-wave velocity (blue line) for
Humphrey 4-18 (186— 4567 ft). S-wave velocity is estimated according to lithology as broken

out by gamma ray log threshold.
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Figure 11a. Preliminary CMP fold plot for the synthetic 9.2 mi” Dickman II simulation survey.
The existing Dickman I survey outline (3.3 mi®) is indicated inside the full fold (red) area.
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Figure 11b. Preliminary offset and azimuth properties of the synthetic survey.
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% 1 527 19951 105 15611019 5049 51001

% 1 527 10651 157 20811025 5049 51001

% 1 527 16951 289 29211031 5817 51061

% 1 527 19951 293 37611837 5017 51081

p 1 527 19051 377 46011843 5017 51001

X 2 527 10961 1 5311087 5849 51011

% 2 527 19061 54 18611013 5849 51011

% 2 5276 19861 107 15911019 5049 51011

% 2 5276 18961 160 21211025 5849 51011

% 2 527 10061 213 29711031 5817 51011

% 2 527 19961 298 33211037 5017 51011 »

X 2 527 10961 383 46711843 5017 51011 .

X 3 5281 19961 1 5811097 5849 51061 v

% 3 5281 19061 59 11611013 5849 51061

Figure 12. An example of Dickman simulation survey geometry SPS file.
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Figure 13. Source distribution map for Dickman II simulation survey (4233 Sources).
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Figure 14. Receiver distribution map for Dickman II simulation survey from SPS (3547
Receivers).
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Figure 15. Flow Simulation 3D volume.
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Formatted Data (e.g. Pressure)

Plane view ( for each depth)
ix iy iz property value

1111383.14 e " i s i e ;
2111383.14 IO | S| LA SO | LS SO ;
3111383.14 il
411138314
5111383.14 : §
6111383.14 S T A i i
711138314
8111383.14 ; :
9111383.14 iy«-»;— ------------------------------------------ i
10 11 1383.14 i §
1111 1383.14 / """""""""""""""""""""""
1211 1383.14 Inline

1311 1383.14 (1111383.14) ix

14 111383.14 |

1511 1383.14 Data value @ (first layer, first x,y cordinate)
1611 1383.14

17111383.14 Size: 31(nx)x33(ny)x32(nz)
Good for looking at impedance slices

Figure 16. An example of formatted data (pressure in psi) modified after being exported
from CMG.
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Layer 1 (depth, porosity, pressure, sw.sg...)

Layer 2 (depth, porosity, pressure, sw, sg...)

Layer 3 (depth, porosity, pressure, sw, sg...)

n Layer 32 (depth, porosity, pressure, sw, sg...)

Each layer has nx*ny data values, the depth is all in subsea

Figure 17. The flow simulation model exported from CMG has all the fluid properties at different
depths.

-4 -



Liner, U. Houston Training: Advanced 3D Seismic Methods

Supercritical fluid

100.00
Solid
10.00 J
g \
= Critical point
%0 (31.1 °C, 7.38 MPa)

Gas

Triple point

(-56.6 °C, 0.518 MPa)

ooLA0 o ot A 0 O 0 0 0 0L @ |

-80 -60 40 -20 0 20 40 60 80 100 120 140 160 180200
TC

Figure 18. Phase diagram of CO2 and experimental investigated areas: (a) LT and HP range; (b)

HT and HP range; (c) LP range (Han, 2010). The orange zone shows the temperature and

pressure range of CO2 in the Dickman field, which is supercritical fluid. (LP=low_press,

HP=high press, LT=low_temp, HT=high-temp).

0.1
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‘Resexvoir Temperature| 0 v |Degrees F

| Reservoir Pressure 1400 ~ Esia

|

[ Density|  45.98 bslcu-f
|Compress:bility Factor | 2271 |

| Sonic Velocity | 10929 lft/sec

| Viscosity| 05346 cp

| VohmeFactor| .4492|bbIMCF
[

; 6 7 8 9 10 11 12 13 14 15
Phase |Dense Vapor | P (WPa)
(a) (b)

Figure 19. Velocity calculated from KGS CO2 properties online calculator (a) and Han's velocity
model for low pressure data (Han,2010) (b). The red circle is at (35,10mpa).
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QOil reservoir

Vertical scale
(feet)
0

80
Horizontal not to scale
\Wells equally spaced

Tight Miss.
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-
=
L

\ W tond

NE trend

3§ Basal conglomerate
—— Top of Karst zone
== Neutron

= Gamma Ray

== Sonic

Closed fracture g Buk Density

== Core Porosity

Figure 20. Mississippian unconformity porous zone 1 and 2.
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Figure 21. Map view of Mississippian Porosity distribution Zone I. Data exported
directly from CMG and plotted in Matlab.
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Figure 22. Map view of Mississippian porosity distribution Zone II
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002

- H00

Figure 23. Reflection coefficients between Miss. zones I and II.
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0828
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0.834
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0.865
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Figure 24: Time structure map of the top of the Mississippian unconformity pointing out the
channel in the southeast corner.
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0261
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007
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0022
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-0.025
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-0.264
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-0.310

Figure 25: Time slice at 0.85 seconds pointing out the channel feature in figure 24 correlates with
the bright amplitudes in the time slice.
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Dickman Field Stratigraphy

H 2 Kiowa Shale Fm.
KGS Regional Stratigraphy g ———]
Morisson Fm.
= = =l
e | GLOBAL - - Regional Stage S——— S
% | 2% | series GLOBAL STAGE | \orth America Sumner Group->Stone Corral Fm.
v w
Wabunsee
Cretac.eous Shawnee->Heebner Shale
Jurassic Douglas
Trlasglc Lansing Group
Permian  deper Kansas City Group
Pleasanton Group
GZHELIAN Virgilian 2 O A O A T N T
E UPPER Marmaton->Pawnee Group
o | 2 KPR Missourtan | .° Marmaton-> Fort Scott Limestone
3 T
8 ; Desmoinesian Cherokee Gm"'p
& | £ [miooLe MOSCOVIAN — —
e § Atokan Salem Limestone
=z LOWER BASHKIRIAN
8 Morrowan Warsaw Limestone
< |z UPPER | SERPUKHOVIAN Chesterian
6 = Upper Osagean
% MIDDLE VISEAN Meramecian Lower Osagean
2 Osagean / Gilmore City Limestone
= | LOWER TOURNAISIAN [ Kinderhook Shale
e —
Devonian / Silurian Viola Limestone
Ordovician  Middle sl i
Un-diffrentiated Lower Ordovician-Cambrian Arbuckle Group
(Sawin et al., 2008) . R A :
Dickman local stratigraphic units

(Higher confidence correlations in bold)

Figure 26: Chart to the left is the stratigraphic rank, chart to the right shows local stratigraphic
units in Dickman area. Bold names are higher-confidence correlations and the vertical blue bar
indicate the target for the geological model and flow simulation grid.
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A
Supercritical
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>

Temperature, T

Figure 27: CO, phase diagram (Leitner, 2000)
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Figure 28: Deep penetration in Dickman area. (1) Humphrey 4-18 [TD in Viola], (2) Stiawalt 3
[Viola], (3) Schaben 4 [Gilmore City], (4) Sidebottom 6 [Viola].
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144 Dickman3D Crossline 80.0, Amplitudes
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Figure 29: Synthetic on crossline 80 (left), note edge effects. Wavelet extraction polygon chosen
to avoid edge effects (right).
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| Amplitude Data
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Figure 30: Example of amplitude and the Spice attribute at the Dickman Field. Mississippian
unconformity marked in red on Spice data (Liner, Flynn and Zeng, 2010)
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