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Introduction 

Teapot Dome is an asymmetric, doubly plunging Laramide-age anticline located near the southwestern edge of 
the Powder River Basin in Natrona County, Wyoming. A total of nine productive horizons are present in the 
field, with the Pennsylvanian Tensleep Formation being the deepest and one of the most prolific producers in 
the field. The Tensleep Formation has an average gross thickness of 320 feet and consists of aeolian sandstones 
interbedded with sabkha and marine dolomites. The Tensleep reservoir is divided into the A Sand, B Dolomite, 
B Sand, C1 Dolomite and C1 Sand. The A and B sands are oil producers; the C1 sand is wet.  
 
Core descriptions and image logs indicate that the Tensleep Formation is fractured (Lorenz, 2007). Most of the 
fractures and faults at Teapot Dome are interpreted to have formed during deformation associated with the 
Laramide basement-cored thrusting (Cooper et al, 2006). Well tests indicate high fracture connectivity in the 
field. The presence of these connected open fractures produces permeability anisotropy, the understanding of 
which is critical to understanding the flow of fluids for production or EOR fluid injection. 
 
Given the availability of 3D seismic along with FMI data at 5 wells the workflow presented herein enables us to 
create accurate reservoir models that predict fracture density in 3-dimensions with a vertical resolution of 2 
meters and match the dynamic past performances of the wells.   We apply the Continuous Fracture Modeling 
(CFM) technique to predict fracture density distributions to aid in the construction of detailed reservoir models 
for flow simulation.  For this study, the CFM approach combines high-resolution seismic attributes and well 
based geologic information to create a neural network derived fracture density model that honors all the 
available fracture data and predicts areas of fracture enhancement away from well control. The fracture model is 
validated using blind-well testing. 

Continuous Fracture Modeling Technique 

Empirical evidence and field observations indicate that fracturing is controlled by such factors as proximity to 
faults, intensity of structural deformation, bed thickness, shale content, porosity, and rock hardness.  The 
Continuous Fracture Modeling (CFM) workflow allows the user to evaluate and select their fracture drivers 
from various reservoir property models – essentially deriving the mechanical units prone to fracturing from 
these data.  We do not presume to know the cause of fracturing nor do we claim to directly identify fractures, 
rather we investigate the reservoir properties that may affect fracturing. 
 
The Continuous Fracture Modeling (CFM) technique uses neural network technology to investigate and identify 
the primary physical properties of the reservoir being modeled that control or identify the local fracture intensity 
within the reservoir.  These “drivers” are extracted from a population of pre- or post-stack geophysical, 
geological and engineering attributes to construct a supervised multidimensional learning environment for the 
network to create a self-consistent integrated fracture model (Jenkins et al.  2009).   Fracture driver attributes 
can be separated into three major categories: geophysical (seismic attributes from inversion and spectral 
imaging), geological (petrophysical properties constrained by seismic attributes), and structural (volumetric 
curvature, deformation, etc…).   
 
The fracture drivers are snapped to a geologic grid then ranked against the fracture indicator available at the 
wells and yield a relative importance of each driver in regard to the considered fracture indicator.  The quantity 
and type of the drivers used within the neural network is case specific – a fractured reservoir commonly results 
from complex local interaction of lithologic, structural, stratigraphic, and diagenetic processes.  Upon 
completion of the neural network analysis, an equiprobable series of fracture models are produced that details 
the 3D fracture intensity distribution.  The results of this fracture intensity distribution can be displayed in 
different ways including a Discrete Fracture Network. More importantly, the resulting fracture intensity 
distribution can then be transformed into a 3D permeability volume for input into reservoir simulation. (Figure 
1). 
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 Figure 1: Schematic workflow to produce the reservoir models for simulation, integrating data from various domains. 

Geophysical Analysis of the Tensleep reservoir 

The initial geophysical work is familiar to every seismic interpreter – generate synthetic seismograms and 
correlate them with the seismic data to identify key seismic events, and interpret horizons and faults. In addition 
to the seismic amplitude data, additional seismic attributes such as similarity, spectral imaging, volumetric 
curvature and seismic inversion are computed to aid in the structural interpretation. Building the reservoir model 
requires detailed seismic interpretation in the reservoir interval; five key horizons are interpreted in the Tensleep 
formation and tied to the formation tops in time (Figure 2). Once the key horizons and faults are interpreted, 
these objects are used to construct the water tight structural framework in the time domain. In this structural 
framework, all object intersections (fault-fault intersections and horizon-fault intersections) truncate cleanly, 
providing the sealed 3D framework necessary for accurate property modeling in the presence of faults.  
 
Within the sealing 3D structural framework, a 3D geocellular grid is created dividing the Tensleep reservoir into 
three zones: A Sand / B dolomite with 9 layers, B sand, with 13 layers and C sand with 3 layers. This layering 
ensures that the cell thickness is approximately 1 ms in the time domain or 2m (7 ft) in the depth domain.   In 
the areal direction, the cells are 67m x 67m, resulting in a 3D geocellular grid with 376,025 cells  
 

 
 
 
Figure 2. Welltie cross-
section showing the 
structural interpretation 
overlain on the colored 
inversion. Significant lateral 
impedance changes are 
visible in the A and B sands. 
Note the ability of the 
colored inversion volume to 
visually differentiate the 
various layers contained in 
the Tensleep reservoir. 
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As the seismic bins are rectangular and most current reservoir simulators still require orthogonal grids, the 
derived 3D grid with its rectangular cells and vertical columns is the appropriate bridge to the geology and 
reservoir engineering domains.  The seismic attributes are copied into the 3D geocellular grid, using an 
appropriate averaging technique, providing the seismic information needed for reservoir modeling. The 3D 
geocellular time grid is then depth converted, along with the seismic attributes contained within the grid (Figure 
3). These seismic attributes are now available for use in the seismically constrained geologic and fracture 
modeling procedure.  
   

 
 
 
 

 

 
 
 
 
 
 
 
 
Figure 3. 3D geocellular grid of 
the Tensleep reservoir (left) and 
average fracture density snapped 
to the geologic grid (right) 
 

Tensleep Fracture Models 

In the Tensleep reservoir, geophysical, geological, and geomechanical drivers are available for generating 
fracture models. The fracture indicator logs are generated from interpreted image logs at five wells, providing 
fracture density logs (using only open fractures). Fracture directions recorded in the image logs are not used as 
input in the CFM approach, and are kept only for validation purposes. The computed fracture models provide a 
3D distribution of the fracture density and orientation.  Two blind wells tests are completed using the fracture 
drivers to analyze the predictive capability of the CFM.  In both tests, a good match is observed between zones 
of low, medium, and high fracture density at the wells. (Figure 4) 

 

Figure 4.  Extracted fracture density compared to 
actual fracture density in 2 blind wells. For both 
blind wells, the model was able to reasonably 
predict the low, medium, and high fracture 
density zones. Notice that the vertical resolution 
is 2 meters which is the resolution needed to 
capture the various fractured zones.  
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The CFM workflow generates any number of equiprobable realizations of fracture intensity, which can then be 
analyzed statistically or averaged.  Figure 5 shows the average open fracture density in the middle of the B-sand 
reservoir.  Note the general agreement between the predicted fracture orientations and FMI fracture orientations 
at all the wells.  
 
Given the derived fracture models, the CFM workflow provides the fracture directions at each layer.  In most 
layers, the fracture density model shows the NW-SE fracture direction observed in the image logs, and also 
reveals other fracture orientations observed in outcrop data (Cooper et al, 2006) but not captured in the image 
logs. The ability to compute fracture orientations not present in image logs is a key advantage of the CFM 
approach over other fracture modeling methods that depend solely on the image logs for the fracture directions. 
 

 
 
Figure 5: Open fracture density in 
the middle of the B-sand reservoir.  
Note the general agreement 
between the predicted fracture 
orientations over the entire layer 
(lower right yellow rose diagram) 
and FMI fracture orientations at 
the wells (blue rose diagrams). 
 
 

 

 

 

 

Reservoir Simulation 

The ultimate objective of this workflow is to derive dynamic models that are able to reproduce past individual 
well performances minimizing the need for time-consuming history matching. This provides an additional 
validation of the fracture models derived using the CFM approach. Using geologic models of matrix porosity, 
matrix permeability and oil saturation constrained by multiple seismic attributes and the derived fracture 
models, both black oil and compositional reservoir simulations are run to verify that these models will produce a 
history match to the production data. In a black oil simulator, where the two main fluid phases are oil and water, 
the complex effects related to the injection of CO2 are not considered. In the case of the Tensleep reservoir, CO2 
injection had not yet occurred and therefore the reservoir model could be validated using a black oil model.  

The three major reservoir properties needed for reservoir simulation are permeability, porosity, and oil 
saturation.  Given the presence of the fractures with high connectivity, the matrix permeability is expected to be 
enhanced. The Tensleep reservoir appears to behave as a single porosity medium with an enhanced effective 
permeability. The dynamic model uses the derived matrix porosity and oil saturation as input in the reservoir 
simulator. The key reservoir property is the effective permeability, as the dynamic model uses a single porosity 
system. In this case, the reservoir permeability is simply the effective permeability computed as follows: 
 
K eff  = K m +  C  ·  F        Where, 
  

effK = Effective permeability of the combined matrix and fracture flow in millidarcies 

mK = Matrix permeability in millidarcies 
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C =  Scaling factor to be estimated by history matching   
F = Fracture density [number of fractures / meter]   
  
The matrix permeability and fracture density are estimated as described previously and the scaling factor is 
estimated during the history matching process. The history matching process consists of finding three reservoir 
parameters that are unknown: 1) the scaling factor C, required to compute the effective permeability, 2) the 
relative permeability curves, and 3) the strength of the aquifer. Few simulation runs are used to estimate these 
three parameters and result in the individual well performance matches shown in Figure 6. This dynamic model 
validates the geologic and fracture models and we can use it for various reservoir management strategies 
including production planning, field development and CO2 injection. As a final analysis tool, a compositional 
simulator is used to validate the derived dynamic model and to test various CO2 injection rates and evaluate 
their effects in terms of breakthrough time. 

 
 
Figure 6. History match at 6 wells of the water cut (blue) given the oil rate (green) used as input in the black oil reservoir 
simulator. The continuous lines are the simulated results and the stars are the field measurements. All the other 8 wells have 
a good match similar to those shown in this figure 
 

Conclusions 

There currently exists technology and relevant workflows that can quantitatively integrate post-stack 
geophysical, geological, and engineering data to develop 3D models with a vertical resolution of 2-3 meters for 
fractured reservoirs. The CFM methodology, as shown in this example from the fractured Tensleep reservoir at 
Teapot Dome, can successfully generate static and dynamic reservoir models that have predictive capability. As 
long as post-stack 3D seismic and a fracture indicator are available, application of the presented CFM workflow 
to fractured reservoirs should lead to more efficient field development and better planning of CO2 injection 
projects in these reservoirs. 
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