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Abstract 
 
   Discrete fracture networks within a CO2 injection zone 
(the Upper Freeport coal) and overlying sealing strata are 
developed stochastically and distributed through the 
subsurface using 3D seismic attributes as drivers to obtain 
directional permeabilities, sigma factor and porosity 
associated with the fracture network. CO2 injection at the 
Marshall County, West Virginia, carbon sequestration pilot 
site is underway to test the feasibility of combined carbon 
sequestration and enhanced coal bed methane recovery in 
unminable coal seams. The pilot test is being conducted by 
CONSOL Energy Inc. Several site characterization and 
monitoring activities are proceeding at the site in 
collaboration with West Virginia University and National 
Energy Technology Laboratory researchers.  In this pilot 
test, CO2 is injected into unminable regions of the Upper 
Freeport coal seam in southeastern Marshall Co. The site 
lies within a1km2 area that is outlined by production 
laterals along its perimeter.  As part of this effort a 3D 
seismic (swath) survey was acquired over the site. A 
synthetic seismogram developed from sonic and density 
logs collected at the site provides the connection between 
seismic reflection events and subsurface geology. 
Formation top depths obtained from vertical and lateral 
wells at the site provide a detailed view of subsurface 
structure. Subsurface structure maps provide the basis for a 
time-depth function which was used to convert the 3D 
seismic time volume to depth. Interpreted reflection events 
were picked in intervals extending from about 600 feet 
above sea level to approximately 1300 feet below sea level. 
The event at 600 feet corresponds roughly to the 
Waynesburg A seam and the event 1300 feet below sea 
level, to the Big Lime or Greenbrier Limestone. The Upper 
Freeport seam lies roughly 1300 feet beneath the surface at 

the site (~ 330 feet below sea level) and the overlying 
Pittsburgh seam lies roughly 700 feet beneath the surface 
(~ 270 above sea level). 
 
A 3D model grid was developed using cells 20 feet x 20 
feet in the horizontal plane and approximately 20 feet in 
the vertical dimension. Grid cell thickness in the Pittsburgh 
and Upper Freeport coal seams was set at 8 feet and 5 feet, 
respectively. Post stack processing (attribute analysis) was 
used to enhance and identify subtle discontinuities in the 
seismic data that may be related to field-scale faults and 
fracture zones. The layered model is populated with 
fractures and cleats. Some general assumptions are made 
about cleat dimension and aperture distribution based on 
the literature. A power law length distribution is assumed. 
Aperture is assumed to be proportional to fracture and cleat 
length. A power law distribution is also inferred for 
attribute-derived discontinuities in the 3D seismic. Spatial 
variations in fracture intensity are distributed through the 
model using a 3D seismic measure of localized structural 
discontinuity. Permeabilities in the i, j, and k directions, 
sigma lengths in the i, j and k directions, along with sigma 
factor and porosity of the discrete fracture network are 
calculated for each grid cell in the model, which extends 
from the Upper Freeport injection seam through several 
intervals in the overlying sealing strata across the northern 
injection laterals at the site. The model identifies areas 
within the reservoir most likely to be impacted by CO2 
injection and migration. The model will also help focus the 
results of time-lapse processing and interpretation in high 
permeability and porosity regions where the greatest 
probability for change of acoustic properties in response to 
CO2 injection and methane production is likely to occur.  

 
Purpose 
 
   Develop an Earth model that incorporates physical 
properties derived from well logs, 3D seismic and 
geostatistical modeling. Model properties are upscaled for 

use in the development of cleat and fracture networks. The 
properties of the fracture network are upscaled into the 
gridded Earth model and used to calculate fracture 
porosity, directional σ-lengths, σ factor and directional 
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fracture permeability. The research illustrates how diverse 
data sets combined with state-of-art attribute analysis are 
integrated to provide a comprehensive subsurface model 
that can be used as a guide for geomechanical and flow 
simulation.  
 
Introduction 
 
   This paper reports on continued geophysical 
characterization activities at the CONSOL Energy carbon 
sequestration pilot test in Marshall County, West Virginia. 
This pilot test was developed to evaluate the potential for 
geologic sequestration of CO2 in unminable coals. The 
CONSOL pilot site is located in the foreland area of the 
Appalachian Basin near the western limits of detachment 
(Figure 1). CO2 is being sequestered in the Upper Freeport 
coal seam, and at this time (summer 2011) CO2 injection is 
ongoing.  The Upper Freeport coal lies at the top of the 
Pennsylvanian Conemaugh Group. The pilot site is located 
on a bench in the southeast flank of the Washington 
anticline (Figure 2a). A local view of the Upper Freeport 
isopach reveals that its thickness is quite variable over 
short distances and may have pod-like distribution through 
the area (2b). Subsurface depth to the Upper Freeport seam 
varies largely as a result of surface topography from about 
1300 feet to 1750 feet. Its depth along with abrupt 

thickness change and irregular distribution make the Upper 
Freeport unminable in the area.  
 
Production and injection laterals were drilled by CONSOL 
early in the project. Methane production from Upper 
Freeport laterals along the edge of the site (red lines, 
Figure 3) began in 2004 along with production from 
laterals in the overlying Pittsburgh seam (thin black lines 
in Figure 3). The CO2 injection laterals (thicker lines in 
Figure 3) are located in the center of the diamond outlined 
by the Pittsburgh injection laterals.  
 
West Virginia University and NETL researchers are 
working collaboratively with CONSOL Energy to expand 
monitoring and characterization activities at the site in a 
project funded by the U.S. Department of Energy and 
managed by the National Energy Technology Laboratory. 
The experiment provides an excellent opportunity to test 
various approaches for CO2 leakage detection, should it 
occur. Monitoring activities include monitoring for 
perfluorocarbon tracers injected in the CO2 stream 
(NETL), soil gas flux monitoring (NETL), ground water 
monitoring (CONSOL and WVU), surface tilt monitoring 
(WVU) and seismic monitoring (WVU). Monitoring 
activities are widely distributed across the site and 
surrounding area (Figure 3). 

 
 

 
Figure 1: Red box shows the approximate location of the CONSOL Energy carbon sequestration pilot site (from Shumaker 
and Wilson, 1996).  
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a)                                                                                                   b) 
 
Figure 2: a) Subsurface structure in a 170km2 area near the site reveals its location southeast limb of the plunging nose of 
the Washington anticline. b) Isopach of the Upper Freeport coal seam.  
 
 
 
Depth Conversion 
 
   During the initial interpretation of the 3D seismic data it 
was apparent that the seismic time structure did not 
accurately portray subsurface structure. Travel times to a 
reflector associated with the Upper Freeport coal and 
bounding strata are greater in the area to the southwest so 
that a time-structural low actually appears in an area where 
the structure is high. This error carried over into the pre-
stack depth migration. Subsurface structure maps derived 
from logs and lateral well paths provide considerable 
structural detail within the site. These travel time 
anomalies are attributed to static anomalies produced by 
anomalously low replacement velocity. Generally 
processors in the region use a standard replacement 
velocity so this problem is probably more prevalent than 
realized in the region.  
 
This problem was resolved by converting the 3D time 
volume to depth using a velocity function that would 
accurately render Pittsburgh and Upper Freeport 
subsurface structure. This was done by establishing a series 
of control points within the area of 3D seismic coverage to 
facilitate accurate time-to-depth conversion. The objective 
was to pick points within the bounds of the survey where 
virtual wells could be placed to provide control for velocity 

modeling and time to depth conversion. Control points 
(Figure3) provide depths to the Pittsburgh and Upper 
Freeport seams at numerous locations (the cyan colored 
triangles) within the area of 3D survey coverage. The 
virtual wells were located in such a way that their values, 
when contoured, would reproduce Pittsburgh and Upper 
Freeport structure derived from the vertical wells and 
horizontal well trajectories. The same control points were 
used for both Pittsburgh and Upper Freeport structure 
(Figure 4). 
 
Depths to the Upper Freeport and Pittsburgh were picked 
from grid files used to generate the structure contour maps. 
XYZ tables were prepared for use in the depth conversion 
process. Virtual wells with formation top picks for the 
Pittsburgh and Upper Freeport were inserted at locations 
noted in Figure 4. 
 
Those planning to generate a 3D  pre-stack depth migration 
volume should keep in mind that the result will only be as 
good as the assumptions incorporated in the velocity 
model. If the velocities are incorrect, the conversion will 
be incorrect.  
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Figure 3: Site map shows location of the CO2 pilot site between the towns of Bellton and Georgetown along Fish Creek in 
southern Marshall County, WV.   

            a)        b)  
 
Figure 4: a) structure on the Pittsburgh coal and b) Upper Freeport coal showing outline of the 3D seismic coverage (thin 
black line) and control points or virtual wells (cyan triangles) to be used in the depth conversion process.  Vectors highlight 
down-dip direction on the Upper Freeport surface (b). 
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Building the Cellular Earth Model 
 
Subsurface structure maps derived from logs and lateral 
well paths were used last quarter to convert 3D seismic 
data to depth. This provided the basis for development of 
an earth model. A preliminary 3D grid was developed from 
the seismic volume. The major zones in the model (Figure 
5) extend from a near surface continuous reflection event 
about 300 feet beneath the surface down to the top of the 
Greenbrier Limestone at a depth of about 1300 feet 

beneath sea level (~2200 feet subsurface). The zones were 
subdivided into 20 foot layers (Figure 6).  
 
Structure is accurately represented in the preliminary 3D 
grid. The model was populated with cleats. The face cleats 
have an average N70W trend and the butt cleats have an 
average N20E trend. Ant-tracking edge discontinuity 
enhancement was used to control the distribution of cleat 
intensity throughout the area (Figures 4 and 5). 

 

 
Figure 5:  Zones in the 3D grid 

 

 
Figure 6: Layers are added to each zone. Layer thickness is about 20 feet on average. 
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Figure 7: Discontinuity property grid (ant tracks). Individual cells in the grid are 20 feet on a side. This layer in the grid 
corresponds to features detected in the vicinity of the upper Freeport seam. The Upper Freeport grid cells are only 5 feet 
thick. The general locations of the northern and western injection laterals are shown for reference. 
 
 
Cleat and Fracture Model Development 
 
Discontinuities in the seismic were enhanced using the 
Ant-track (Schlumberger, 2008) attribute (e.g. Figure 7). 
The 3D attribute volume was converted into a gridded 
attribute volume that could be used to control the 
distribution of short fractures and cleats within the coal 
seam reservoir as well as in the cover or sealing strata. The 
darker zones (Figure 7) are considered to be indications of 
potential areas of increased fracture intensity. There is 
limited vertical continuity in these zones. Vertical 
continuity in places extends for about 120 feet or so 

between the Pittsburgh and Upper Freeport coal seams. 
These zones could localize accumulation of injected CO2. 
In general, the distribution of high intensity features is 
fairly discontinuous in a vertical sense. In addition, these 
zones of discontinuity suggest possible areas where 
specialized time-lapse analysis can be focused in the 
subsequent monitor survey.  
 
The following power law distribution was used initially to 
develop fracture length distributions: 

1( ) shape
shapef l

lscale
X

+=
 
 
   

This can be represented as 
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Where C is the ratio shape/scale, and shape+1 can be 
considered a fractal dimension. X is the maximum fracture 

length (or cleat length). The length distribution can then be 
rewritten in a general power law form as:  

( )
Dlf l C

X

−
 =  
   

 
The ant-track length distribution compiled from the ant-
track interpretation (Figure 8) suggests normal to log-
normal fracture length distributions. Field observations 
invariably suggest fractal behavior in the distribution of 
fractures and fault networks (Wilson, 2001). Generally 
distributions like those shown in Figure 8 trail off on the 
long and short ends. There’s generally a steady rise in the 
number of fractures as length decreases; however, at some 
point the resolution limit of the media is reached and the 

interpreter is unable to see smaller fractures/faults. The 
frequencies drop off as the lengths get smaller; however 
this is due primarily to a lack of resolution. We expect that 
smaller and smaller fractures would be observed with 
increasing frequency if resolution permitted. Power law 
distributions are generally a good model for fracture length 
and spatial distribution. This distribution provides some 
insights into possible length distributions associated with 
the Pennsylvanian aged shales, silts and sands  
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Figure 8: Distribution of ant-track lengths in the Pittsburgh to Upper Freeport intervals.  
 
 In our earlier work (Wilson et al., 2003) we measured the 
orientations of approximately 450 fractures in the area 
surrounding the pilot site. The results of that study revealed 
prominent N70W, N26E and N71E trends. This orientation 
data along with the ant-track orientations and additional 
field observations will be incorporated into future fracture 
models of the sealing strata overlying the Upper Freeport 
injection zone. In modeling cleat orientations we rely on 
observations of Nickelsen and Hough (1967) and Steidl 
(1977). Average face and butt cleat orientations presented 
by Steidl (1977) are N72oW and N22oE, respectively. 
Nickelsen and Hough (1967) report a major face cleat 
trend of N76W along with a subsidiary N46W face cleat 
set. The NW sets reported by Nickelsen and Hough (1967) 
and Steidl (1977) coincide closely with surface fracture 
trends measured in the vicinity of the pilot site (Wilson et 
al., 2003). The cleat networks developed in this study use 
approximate face and butt cleat trends of N70W and N20E. 

A fracture elongation ratio (length to height ratio) of 4 was 
used along with a maximum cleat length of 30 feet. Cleat 
apertures were assumed to be in the sub-micron range. The 
aperture distribution was generated in a two-step process: 
1) a normal distribution of apertures was initially 
distributed; 2) this distribution was then scaled by cleat 
length. Mean initial aperture of 0.5µm was used with a 
standard deviation of 50µm.  A mean dip of 90o was 
assumed with dip azimuths of N20E (face cleat) and 
N70W (butt cleat). Note that dip azimuths are 
perpendicular to cleat strike so that the N20E dip-azimuth 
corresponds to a N70W strike. A scale of 5 was used 
(equations 1 and 2) with shape of 2.1. The maximum cleat 
length was set at 20 feet. The resulting length distribution 
(Figure 9) used in the model reveals that the majority of 
fractures generated in this example model have lengths 
largely between 5 and 8 feet.  

3) 
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           a)       b) 
 
Figure 9: a) Length distribution obtained in the example Upper Freeport cleat model; b) aperture distribution (units are in 
feet). 
 
 

 
 a)                 b) 
 
Figure 10: a) View of face cleat distribution superimposed on seismic discontinuities mapped at the Upper Freeport level. 
b) Close-up view of the model face-cleats.  
 
 
The butt cleats were modeled using a smaller length 
distribution. Maximum fracture length for the butt cleats 
was set at 10 feet with a scale factor of 3. The scale facture 
basically sets the minimum fracture length at 3. The 

combined distribution of face and but cleats is presented in 
Figure 11 and provides a parallel view similar to that 
shown in Figure 10 for the face cleats.   
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a)               b) 

 
Figure 11: Combined butt and face cleat distributions in the Upper Freeport seam shown on a) the upscaled discontinuity 
property and in b) without backdrop. Fractures are color coded by fracture length (bluer colors are shorter fractures; yellow 
and orange colored fractures, longer. View is to the north and out along the northern lateral. 
 
 
Upscaled Fracture Network Properties 
 
   The properties of the fracture network are upscaled 
following procedures outlined by Schlumberger (2009). 
Upscaled parameters consist of fracture porosity, 
permeability in orthogonal (i, j and k) directions, sigma 
lengths and the sigma factor. The permeability is derived 
from the combined length, aperture and intensity 
distributions defined for all fracture sets in the network. 
Permeability and other properties are upscaled into the 
gridblocks (20 x 20 x 5) for the Upper Freeport seam in 
this example. The sigma factor represents a connection 
factor between the matrix and fracture cells (Schlumberger, 
2009). The sigma factor is computed from the sigma 
lengths represent average fracture spacing in orthogonal (i, 
j and k) directions. The results obtained for upscaled 
permeability and porosity (Figure 12) are very consistent 
with variations in the seismic discontinuity property. 
Recall the measure of seismic discontinuity obtained from 
Ant-tracking (Schlumberger, 2008) is used as a primary 
control on fracture intensity. The underlying assumption is 
that areas of seismic discontinuity are associated with 
fracture zones and/or small faults in the subsurface. We 
assume that such areas where strain has been high enough 
to break the strata. We also assume that these high strain 
zones and the areas surrounding them will be more 
intensely fractured, and therefore have higher fracture 
porosity and permeability.  
 
 
 

Conclusions 
 
   In the proceedings paper we restrict our discussion to the 
development of a discrete cleat model for the Upper 
Freeport injection zone. Seismic discontinuities were 
extracted from the 3D seismic data using specialized 
attribute analysis (Ant-tracking, Schlumberger, 2009). Ant-
tracks are interpreted to represent areas of high localized 
strain and therefore more intensely fractured areas. 
Although cleats may have formed largely through burial, 
compaction and desiccation, subsequent structural 
deformation could increase the aperture in localized high 
strain areas. Working on those assumptions we delineate 
porosity and permeability distribution through the Upper 
Freeport seam.  
 
In general the northern injection lateral lies in a higher 
strain area than the western lateral. The northern lateral 
also cuts across the face cleat orientation at a higher angle, 
while the western lateral nearly coincides with the face 
cleat trend of ~N70W. Higher permeability is encountered 
in the model along the northern lateral. This permeability 
trend is also more continuous. We would predict higher 
injection volume in the northern lateral. 
 
Stochastic fracture modeling using upscaled attributes to 
control fracture intensity allows us to estimate key 
reservoir properties such as porosity and permeability in 
orthogonal vertical and horizontal directions. These 
properties are distributed in a geocellular grid that could be 
used to predict reservoir behavior.  
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a)               b) 

 
Figure 12: a) Upscaled fracture porosity and b) fracture permeability (kj or permeability in the north-south direction). 
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