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1. EXECUTIVESUMMARY 

This report summarizes research carried out during the period January 1,1999 toJune 30, 
1999 as part of the project, "Disa-ete Feature Approach for Heterogeneous Reservoir 
Production Enhancement" The report presents summaries of technology development for 
discrete feature modeling in support of the improved oil recovery (IOR) for heterogeneous 
reservoirs. In addition, the report provides information on project status, publications 
submitted, data collection activities, and technology transfer through the World Wide Web 
m- 
Research is described €or derivation of discrete feature orientation dis~butions, and 
development of discrete feature network (DFN) models for project study sites at Stoney Point, 
Mich ip ,  and North and South Oregon Basin, Wyoming. These models were used for 
prehinary calculations in support of IOR strategies for these sites. 

Fracture orientation data is commonly obtained from fracture image logs and core logging. 
Fracture orientation distributions can be the key to understanding fracture patterns, and 
identtfying key conductive features. Previous research has focused on development of 
algorithm for fracture orientation distribution analysis based on probabilistic neural network 
During this period, we developed fracture orientation distribution a l g o n h s  based on the 
use of the Kohonen neural network This network is particularly powerful for initial 
identification of fracture clusters, without relying on kame orientation distribution 
assumptions. 





2. PROGlRESS overview FOR REPORTING PERIOD 

2.1 Overview of Progress 

This progress report describes~ activities during the period January 1, 1999 to June 30, 1999. 
Work was carried out on 21 tasks. The major activity during the reporting period was the 
development and preliminary application of discrete fiactwe network (DFN) models for Stoney 
Point, South Oregon Basin, and North Oregon Basins project study sites. In addition, research 
was carried out on analysis algorithms for discrete future orientation. 

2.2 Project Deliverabies 

The following project deliverables were scheduled or submitted during this reporting period. 

Table 2-1 Project Deliverables 

The following papers were submitted or presented during the reporting period: 

Dershowitz, W., T. Cladouhos, P. LaPointe, and W. Wadleigh (1999) Discrete Feature Network 
Methods for IOR in Heterogeneous Reservoirs. 1999 DOE Oil and Gas Conference, Technology 
Options for Producer Survival. Dallas, June 28-30, 1999. 

DershowitqW., E. Wadleigh, G. Lee, and T. Eiben (1 998) Discrete Fracture Network Approach 
for Thermally Assisted Gravity Segregation Enhanced Oil Recovery. Submitted for I S M  '99, 
Paris. 

La Pointe, P. (1 999) Predicting Hydrology of Fractured Rock Masses fiom Geology: 
Techniques, Successes and Failures from Recent Case Histories. International Symposium on the 
Dynamics of Fluids in Fractured Rocks: Concepts and Recent Advances. 10-12 February, 1999. 
Berkeley, CA. (Invited Presentation). 

2.3 Issues and Resolutions 

MIT research on fracture data synthesis algorithms as part of this contract was initiated on June 
1, 1999. 





3. TASK PROGRESS 

3.1 ACtiveTasks 

The following tasks were active during the quarter: 

Task 1.1.3 Orientation Analysis 

0 

Task 52.3 Presentations 
Task6 Management 

Task 1.3.0 Heterogeneous Reservoir Interdisdpphuy Database 
Task 2.2.2 Prelumnary DFN Model, Stoney Point 
Task 2.2.3 Preliminary DFN Model, South Oregon Basins 
Task 2.2.4 Preliminary DFN Model, North Oregon Basin 
Task 2.3.2 DFN Model Implementation, Stoney Point 
Task 2.3.3 DFN Model Implementation, North Oregon Basin 
Task 2.3.4 DFN Model Implementation, North Oregon Basin 
Task 2.4.3 DFN Model ValidationKalibration, South Oregon Basin 
Task 2.4.4 DFN Model Vatidation/Calibration, North Oregon Basin 
Task 32.1 Preliminary Reservoir Improvement Strategy, Stoney Point 
Task 3.32 IOR DFN Model Implementatio- Stoney Point 
Task 3.3.1 Preljminq Reservoir hprovement Strategy, South Oregon Basin 
Task 32.2 IOR DFN Model Implementation, South Oregon Bash 
Task 3.4.1 Preliminary Reservoir Improvement Strategy, North Oregon Basin 
Task 3.42 IOR DFN Model Implementation, No& Oregon Basin 
Task 5.1.2 Web Site Updates 

3.2 Task Progress 

This section describes progress during the reporting period for each of the active task. 

3.2.1 Task 1.13 Application of Neural Nets b the Identification of Fracture Sets 

32.1.1 Background 

The key first step in the analysis of data from heterogeneous systems is to identify natural 
groups of data. Without first grouping the data for separate analysis, the variability in data 
values inherent in heterogeneous resewoirs unnecessarily reduces the spatial and statistical 
resolution of the data. 

Any heterogeneous reservoir feature, such as fractures, laminations or shale lenses, has 
parameters that define it. More often than not, there may have been several depositional or 



tectonic events that have produced these features. Each event may produce features with 
different characteristics. This is often evident in fracture patterns where multiple fracture sets 
are developed, each with there own defining characteristics. Sometimes the differences are 
obvious, for example, when there are two sets formed at right angles to one another. Other 
times the differences are more subtle, for example, when orientations are highly overlapping, 
but other features like planarity, mineral infihgs, surface roughness and size may be the 
parameters that distinguish one set from another. In this situation, it may be difficult for the 
geoIogist to easily evaluate the natural groupings in the data, 

The identification of groupings or sets witlin heterogeneous data is often addressed by using 
a form of statistical duster analysis. There are several merent types of clusters: 

Disjoint clusters in which the populations of each cluster do not overlap at a& 

Overlapping clusters, in which feature properties overlap to a greater or lesser extent 
such that there is some ambiguity as to which cluster each feature belongs to; and 

Hierarchical clusters, in which members of one cluster simultaneously, include 
features of another cluster. 

All three of these types of dusters can be expressed as “Fuzzy dusters” defined by a 
probability of membership in each cluster. This probabilistic concept of duster membership 
was the foundation for the development of the NeurEIS 1.0 fracture set orientation algorithm 
(Dershowitz et al., 1996). The NeurJSIS 1.0 algorithm used a “probabilistic neural network” to 
assign features to clusters based on their relative probabfity of membership, and then 
iteratively defined the clusters based on the statistics of their members. The weakness of the 
NeurEE 1.0 algorithm is that it does not determine the initial fracture set definitions, relying 
on the user to provide the initial set definitions. 

Other common clustering algorithms include: single-linkage methods (neighbor and 
dendritic), Ward’s minimum vahnce, and Gower‘s medium method. These clustering 
methods were evaluated but faded to provide appropriate capabilities for fractured reservoir 
data, The appropriate clustering algorithm depends on a number of factors, including 

type of data, 

shape of the clusters, 

= underlying probability distribution of the data, 

degree of heterogeneity, and 

degree of overlap. 

Regarding data type, h & e  data from heterogeneous reservoirs is generally a combmation 
of four types of data: 

ordinal parameters, such as joint roughness classes, 

. ctass parametm, such as type of fracture or mineralization, 

continuous parameters such as aperture and permeability, and 



9 vector parameten, such as orientation. 

Very few common-clustedg methods can effectively use ordinal and class data; they are 
typically designed for using continuous variables only. Many of the common-clustering 
methods make assumptions such as approxhately equal covariance matrices and 
multinormality. Unfortunately, data typ idy  assodated with features in heterogeneous 
reservoirs is unlikely to satisfy these constraints. Probability distiibutions are frequently not 
nonnd, and covariance matrices are rarely approximately equal. It is not even dear what a 
covitriance matrix of mineral a g s  would be. 

Thus, the clustering algorithm for heterogeneous reservoir fracture data must satis9 a 
number of requirements: . ability to handle all four parameter types, 

freedom from restrictions of nomality, and 

ability to function with varying covariance mahices. 

One approach which satisfies these requirements is the family of neural networks termed 
"self-organizjng' or "Kohonen" networks (Kohonen, 1988). During this reporting period, we 
have developed the Kohonen networks for application to clustering of fracture data. 

32.12 Kohonen Neural Network Algorithm 

The topology of Kohonen networks consists of two layers, an input layer and an output layer. 
bch  node in the input layer is connected to each node in the output layer by a connection 
with an associated weight. 

A sIab is a group of nodes with similar attributes. These attributes include parameters like the 
activation function, learning efficient and momentum factor, as djscussed later. All nodes 
in a slab receive their input from the same sources, be they other slabs or the initid input 
dues ,  and they transmit their infomation to a common output destination. Figure 3-1 
illustrates the basic Kohonen network topology. 

The first step in application of the Kohonen network is to initialize the network by assigning 
values to the weights. These are typidy random values selected in one of several ways 
depending upon the network analyst's preference, since there still remains much discussion 
as to the best way to assign these weights. 

The next step is to train the network This is done by using quantitative clustering criteria to 
measure how well the network is working in defining clusters. These "distance metria" 
depend on the data being considered. Distance metria for fracture data include Euclidean 
and Normalized. Both were evaluated, and as expected, Euclidean distance metria 
outperformed nornaked metrics. 

Once the network distance metria have been defined, the weights assigned to the Kohonen 
network are iterated until stable groups appear. This iteration proceeds as follows: 

1. An input pattern is presented to the network, which can consist of geological 
attributes of each fracture and its orientation represented by the direction cosines of 
its normal vector. 



2. Input patters are assigned to output nodes to which it is found to be closest in t e n  
of the selected distance metric 

3. Once this wirrrring output node has been selected, the nodes within a neighborhood 
of the winning nude are adjusted to have similar properties. 

4. This process is repeated, continuously reducing the learning rate and the 
neighborhood site until the calculated clusters or sets have stabilized. 

The neighborhood stark  off datively large (although less than the number of output nodes). 
As training progresses, the properties of the output nodes tend to stabii, and the 
neighborhood decreases along with the learning rate. Eventually, the neighborhood goes to 
0, and only the winning node has its weight changed. At this point, the learning rate is also 
much smaller, and the dusters are as well defined, as they are likely to be. 

32.1.3 Implementation for Heterogeneous Reservoir Data 

The application of Kohonen networks to heterogeneous reservoir data requires conversion of 
fracture data to formats, which can be used to provide input to the networks. This is achieved 
by converting ordinal dab to ranks and class data to presencdabsence. For example, 
roughness might have three classes: (1) smooth, (2) rough, or (3) very rough. A roughness- 
input variable would be assigned to the number 1,2, or 3 depending on which class it 
belonged to. For class variables, such as mheral filling - date ,  the fracture would be 
assigned the value 0 or 1 to reflect absence or presence. As a final stage, all input data are 
normalized over their actual or theoretical range of values, 

An example Kohonen network application is illustrated in Table 3-1. This test case consists of 
four types of properties: Vector data (orientation), ordinal data (planarity, opening), 
continuous data (size), and class data (filling). 



Input 
Vector - 

l i  

Weight 
Matrix 
Wji 

b Output 
Vector 

Oi 

Input stab 
(usually linear or 

rectangular array) 

Output Slab 
(usually rectangular 
or hexagonal array) 





1 Hoizontal, 
Fisher Dispersion 
K = 10.0 

2 Mean Pole Trend, 

Fisher Dispersion 

3 Mean Pole Trend, 
Plunge = (0,45) 
Fisher Dispersion 

Plunge = (0,O) 

K = 10.0 

K = 10.0 

3 
Uniform Distribution Uf0,lj 

Smooth Calcite 

Moderat Calcite 

Rough 
elY 

Visual inspection of data 
Lack of conditioning 

Nonnd, 
mean = 
15, stdev 
= 2  
NOlSSlal, 
mean = 
7, stdev 
= 2  

Rough None Normal, 
mean = 
10, stdev 
= 3  

Table 3-1 h p l e  Dataset for Kohonen Network Demonstration 

The example dataset was generated from the stochastic properties given in Table 3-1, using 
F r a M r a c W o r k s  discrete feature network model (Dershowitz et al., 1998). The sets were 
defined with overlapping parameter dishibutions of, for example, orientation, size filling and 
openness. Figure 3-2 is a stereoplot of the three sets, showing the overlap in orientation 
distributions. 

Three parameters must be spedfied to apply the Kohonen network for heterogeneous 
reservoir data, For the example network, the following parameters were spedied as 
summarized in Table 3-2 

Parameter 
Number of Sets (Clusters) 
Initial Weighkg of 
Neurons 
Neihborhood Scale 
Learning Rate 
Distance Metric 

AssumDtion I Basis 

0.6 
orientation (vector data): 
euclidean distance on 
stereone t 
planarity (ordinal data) 
infilling (class data) 
size (continuous data) 
opening (ordinal data) 

Table 3-2 Kohonen Network for Example Data Set 

All 600 fractures were correctly clustered by the net The classification results maybe 
expressed as neuron values; the smallest value indicates the closest match to a cluster. For 
example, fracture #1 had values of 0.054,1.888 and 3.303 €or clusters #1, #2 and #3. The 
smdest value was for duster #1, so that is the cluster or set to which it is assigned. 
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Figure 3-3 shows these neuron probability values for all 600 fractures in the example case. The 
separation between the three sets of points for the fractures 1-200 and 401400 show that the 
net had little problem in distinguishing Set #1 from the other sets, or Set #3 from the other 
sets; the neuron values for each set are very different from each other. Set #2 is slightly 
different while the net had no problem correctly clustering it, the neuron values for the two 
other sets are shnihr  to each other. This suggests that the characteristics of Set #2 are 
intermediate between Set #1 and Set #3 (which is also seen by the intermediate position of 
neuron values for Set #2 for fractures 1-200 and 401-600). Set #I is more unlike Set #3 than it 
is unlike Set #2. 

32.1.4 Algorithm Demonstration, Yates field Tract 17 

The Kohonen neural network was applied using data from Tract 17 in the Yates Field, west 
Texas, one of the four project study site window areas. This data provides a rigorous test of a 
self-organizing networKs ability to distinguish orientational sets in a complex data set. Figure 
3-4 shows the stereoplot of joint orientations from three wells, YU1711, YU1755 and YU2511. 
An expert structural geologist (T. Cladouhos) was given the stereoplot and asked to iden@ 
sets based upon orientation. The geologist’s picks are shown in Figure 3-5. 

There were five sets identified by the geologist, labeled G1 through G5 on Figure 3-5. 

A Kohonen network was applied to the orientation data. The parameters assumed for the 
Kohonen network are summarized in Table 3-3, 

I Parameter 

Distance Metic 

Assumption BEiS 
5 Stru- geologist 
Uniform Distribution U[O,1] 

4 
0.6 
orientation (vector data): 
euclidean distance on 
stereonet 
planarity (ordinal data) 
infilling (class data) 
size (continuous data) 
opening (ordinal data) 

Lack of conditioning 

Table 3-3 Kohonen Network for Yates Tract 17 Data Set 
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The five sets selected by the neural net are labeled as N1 through N5 in Figure 3-6 

The G sets and the N sets are very similar. GI matches N1 exactly. The neural net made a 
slightly different selection of N2 and N3 versus G2 and G3. The region of the stereoplot 
covered by the combination of G2 and G3 is the same as that covered by N2 and N3. The 
difference is in the boundary between the two sets. The boundary between the G2 and G3 is 
approximately it few degrees west of north, while the boundary between N2 and N3 is about 
20 degrees east of norh The difference is that the concentration of orientations represented 
by poles trending north is included with the N3 set by the neural network, but was included 
with the G2 set by the geologist 

Likewise, sets N4 and N5 cover the same region of the stereoplot covered by G4 and G5, the 
difference being where the boundary between the two sets is positioned. The boundary 
selected by the geologist was taken to be a few degrees south of due west, placing the 
concentration of poles trending around 250 degrees into G5. The neural net chose a 
boundary more to the southwest at around 2-40 degrees, moving this concentration of poles 
into N4. 

Overall, the sets identified by the s e l f - o r m g  neural net are very similar, but not identical 
to those picked by the geologist The differences are &or, and would need to be resolved 
by either collecting additional parameter data or by considering other infomation on the 
tectonic or structural history of the reservoir. For example, the G3 set might have different 
sizes, fillings or roughness than the other fractures included in N3. Or it might be that the G3 
fractures were in the orientation expected for a parti& tectonic event, while the additional 
fractures found in N3 were not 

The fact that the geologist and the neural network came up with slightly Werent groupings 
is a useful result in itself, Just as two geologists might define sets differently, and thereby 
stimulate discussion, the network illustrates alternative interpretations and set definitions. 
The difference between the n e d  network's set identifications are useful for focusing further 
considerations as to the geological origins of each set. 

3.2.15 Applications for Heterogeneous Reservoir Data 

There are several potmtial applications of n e d  network technology to heterogeneous 
reservoirs. The first application is that described above: identification of clusters in the data in 
order to guide statistical analysis and to stimulate further investigations into the possible 
geological explanations of the groupings. 

Another use of the d f - o r ~ g  network analysis is as a classification tool for rapidly 
assigning additional data into the proper sets. This is particularly useful for mature reservoirs 
where there may be an abundance of data that can require a lot of time for a skilled geologist 
to class@. Once the self-organizing net has been trained on a small subset of data to the 
geologist's satisfaction, then the trained net can be used to automatically assign set 
probabilities to all the remaining data. The assignment is both quick and consistent, and does 
not require the time of a skilled geologist 
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32.2 Task 1.3.1 Hetereogeneous Reservoir Interdisciplinary Database 

During the reporting period, sigruficant heterogeneous reservoir data for the project study 
site window areas was provided by Marathon Ofl for posting on the project web site, 
http$heteroil.golder.com. This data is illustrated in Figures 3-7 through 3-10. The data 
posted to the project web site during the reporting period is summarized in Table 34.  

. 

North Oregon Bash Geological 
Background 

Data Detail Illustrative 
Figures 

depth, porosity, Figure 3-7 
gamma ray, flexwe 
11 breakthrough 
a w e s  

1 well 

curves 

Table 3 4  Heterogeneous Reservoir Interdisciplmary Database 

3.2.3 Tasks 2 x 2  Preliminary DFN Model Development, North Sbney Point 

The geologic and development background of the reservoir are reviewed in the first project 
report (Dershowitz, 1999). The Stoney Point Field produces from a linear trend of dolomitizd 
carbonates in the Trenton and Black River Group of Southern Michigan (Figure 3-11). During 
the second reporting period, we derived and implemented a prehunary Discrete Feature 
Network model for the Trenton Fonnation of the Stoney Point Field. This preliminary 
model wiU be applied for initial design of IOR projects using techniques such as those 
demonstrated in Section 3.2.6 below. 

3.23.1 Task 2.2.2 Derivation of DFN Model Parameters 

Discrete Feature Network (DFN) models are derived through a combination of spatial and 
stochastic distributions for spatial structure, orientation, size, intensity, and 
mechanicaI/hydraulic properties of important structural features. These distributions can be 
derived from any combination of well, surface mapping, geophysical, and geological 

http://http$heteroil.golder.com


information. For the Stoney Point field, we have built the preliminary DFN model based 
primarily on geological information. This model was designed to focus on 
compartmentalization issues, and was therefore built at the compartment scale, which is 
approximately 500 m. 

3.2.3.1.1 Spatial Model, Reservoir Structure, and Conceptual Model 

The compartments or sub-reservoirs at Stoney Point are controlled by a set of en &Zm shear 
faults above a basement strike-slip fault. Hurley and Budros (1990) interpreted synclinal sags 
on seismic data to delineate the faults along which carbonate dissolution and dolomitization 
has taken place (Figure 3-12). This map was used to develop an initial conceptual DFN model 
of a fault pair. Reservoir compartments dong ea& fault are hypothesizd to be formed by 
fracturing along Riedel shears in -200 m (-750') wide zones (Figure 3-13). Riedel shears form 
at an angle of -15" to the shear plane ("wjss and Mmres, 1992). The areas between faults tips 
are also hypothesized to be zone of intense fracturing. In the fault step-over region, fractures 
would be related to tension rather than shear and thus have an EW orientation (Figure 3-13). 

32.3.12 Orientation 

Three fracture sets are hypothesized for the Stoney Point site based on the geological 
conjecture described in the previous section: 

8 

8 

Riedel Shears along the faults, 

Tension fractures in fault step-overs, and 

Background fractures. 

The mean pole of the Riedel shears along the strike-slip faults is assumed to have a trend of 
30" and a plunge of 0". The dispersion coeffident (K) was set to 20 to produce a range of 
orientations from 10 to 50". 

The mean pole of the tension fractures in the step-over region is assumed to have a trend of 0" 
and a plunge of 0". The dispersion coeffiaent (K) was set to 30 to produce a range of 
orientations from -15 to 15". 

Background fractures were assumed to be defined by a uniform orientation distribution 
(Fisher K=O). Locations for background fractures are distributed with unifonn intensity in 
space by a Poisson process- 
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32.3.1.3 Size and Intensity 

Unfortunately, no definitive data on fracture size or conductive fracture intensity have yet 
been identified for the Stoney Point site. Fracture size and intensity was therefore studied 
through sensitivity studies. Once fracture size disttibution case, and four intensity cases were 
developed, in order to produce DFN models with a range of connectivities. These cases are 
listed in Table 3-5. 

The fracture size distriiution assumed was based on the scale of model being considered. 
Since the model being considered is on the scale of 500 feet, the fractures which controls flow 
should be larger than approximately 10% of the model d e .  ”he fracture size distribution 
was therefore defined assuming a truncated exponential fracture size with a mean radius of 
66 feet (20 m)- All fractures with radii less than the mean (66 feet) were excluded in the 
prehnmary modeling. The same distributiond assumption was used for all three sets. 

in DFN modeling is expressed in terns of volumetric intensity PD the total feature 
per volume (m3). The four fracture intensity cases varied from intensities of 0.001 

m2/m3 to 0.3 m?m3 per set, where. The highest fracture intensity model had a volumetric 
fracture intensity (p,) of 0.01 m2/m3in the Riedel shear set and an intensity of 0.3 m”/m”in the 
tension fracture set. These values translate to 1228 and 1030 fractures jn each set, respectively. 
The lowest fracture intensity model had a volumetric fracture intensity &j of 0.001 m2/m3in 
the Riedel shear set and an intensity of 0.03 m2/m3in the tension fracture set. A 90% reduction 
in intensity results jn a 90% reduction in fracture numbers; therefore, the lowest intensity set 
has 124 and 106 fractures in each set, respectively. All models have the SaMe intensity of 
background fractures away from the faults: an intensity of 0.005 m2/m3for a total of about 650 
background fractures. 

32.3.2 Task 2.3.2 DFN Model Implementation 

Four preliminary DFN models of the Trenton formation at the Stoney Point Field were 
constructed using the parameters derived above and summarized in Table 3-5. Three- 
dimensional views of this conceptual model are shown in Figure 3-14 and Figure 3-15. The 
orientations of the f-ractures in the model are illustrated in the stereoplots of Figure 3-16. 
These models were used in prelmmary compartmentalization dadations in support of IOR 
projects as described in Section 32.6 below. 
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Table 3-5 Stoney Point DFN Model Parameters, Trenton Formation 



3.24 Tasks 2x3 Preliminary DFN Model Developmen, South Oregon Basin 
(Phosphoria) 

At South Oregon Basin (SOB) the window area chosen for the demonstration of the Discrete 
Feature Approach for production enhancement is the Orchard lease on the northeast flank of 
the dome (Figure 3-20). The target formation for increased oil recovery (IOR) is the 
Phosphoria, and the discrete features of the most importance are fractures. During the 
reporting period, extensive research was carried out on the geological background of both the 
South and North Oregon basins to support DFN model development. Section 3.2.4.1 below is 
applicable to both the South and North Oregon Basin sites. Sections 3.2.42 and 324.3 below 
describe derivation and implementation of the DFN model for the South Oregon Basin The 
North Oregon Bash DFN model derivation is described in Section 32.5. 

3.2.4.1 Task 22.3 Geological Backaound, North and South Oregon Basins 

The Oregon Basin Oil Field consists of two domes separated by a small saddle. Production 
from a Paleozoic oil pool in the Phosphoria Formation carbonate, Tensleep Sandstone, and 
the Madison limestone has been over 350 MMBO since the discovery of oil in 1927 (Stone, 
1984). Reservoir heterogenieties effect the improved oil recovery (IOR) programs at both the 
North Dome and the South Dome. 

3.2.4.1.1 Tectonic Setting 

The Oregon Basin Field is the largest of many oil-producing anticlines in the Big Horn Basin 
of northwestern Wyoming and Southwestern Montana (Figure 3-17). These fields produce 
from the Paleozoic section, which includes the marine Phosphoria carbonate and the eolian 
Tensleep sandstones as well as the Madison limestone. The Big Horn Basin is both a 
topographic and structural basin surrounded by the Big Horn, Owl Creek, Abasaroka, and 
Beartooth Mountains. The basin is a foreland fold-thrust belt formed by northeastsouthwest 
Laramide compression during the Late Getaceous. 

The Oregon Basin field is an asymmetric, anticline with over 5OOO’ total relief. The anticline is 
evident at surface (Figure 3.18) and the discovery of the field was based entirely on geologic 
mapping (Hewett, 1926). The northeast flank of the anticline is bounded by the Oregon Basin 
thrust, a fadt with approximately 20,OOO feet of displacement (Figure 3-19). In the footwall of 
this thrust is the syncline at the axis of Big Horn valley. The southwest flank of the field 
anticline is bound by the Wiley Reverse fadt, a backthrust with -1500 feet of displacement 
(Figure 3-19). 
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3.2.4.12 Data Sources and References 

A sigdicant portion of the effort this reporting period was devoted to collecting, compiling 
and analyzing well and seismic data for the Oregon Basin fields. Data was transmitted to 
Golder by Brenda Curran of Marathon Oil Companfs Cody office. The data includes 
Formation Microimager@ (FIQ logs for seven wells, seismic data for South Oregon Basin, 
and tracer test results for both fields (Table 3-6). The FMI logs were the primary source for 
developing the preliminary DFN models. In late June 1999, Golder personnel visited Cody, 
Wyoming to meet with Marathon geologists and geophysicists and investigate outcrops of 
the reservoir rocks. The infomation collected on this trip wiu provide further refinement of 
the w e n t  DFN models. Cyclic validation, iteration of data analysis, DFN model 
construction, flow simulations and sensitivity analysis, is always an important aspect of the 
DFN approach. 

Table 3-6 North and South Oregon Basin Data sources 

In addition to the proprietary data provided by Marathon, a literature search of Big Horn 
Bash references was perfomed. Hewett (1%) and Walton (1947) provided important 
infomation on field discovery, early development, and stratigraphy. Although the data is 
now 20 years old, two articles by Marathon engineers and geologists, Morgan et aL (1977) and 
Cordiner & Livingston (1977) provide important infomation on reservoir characterization 
and engineering development plans. F M y ,  interpretation of a deep seismic line across the 



Oregon Basin by Stone (1984) provides important information on the structural setting of the 
field. 

In addition to the above journal published articles, recent abstracts and reports of research 
performed under the direction by Dr. Thomas Dunn of the University of Wyoming and Dr. 
Bryan Tapp of lhe University of Tulsa, will provide further information on the heterogenities 
in the Oregon Basin reservoirs. Dunn (1997) describes a DOE funded research project on the 
permeability structure of the Tensleep reservoir. Ken and Tapp (1998) and Avimtara (1996) 
describe a crossdisciplinary study involving characterization of the deposition and 
deformation (including fraching) of the Tensleep from surface outcrops at Ziesmann Dome. 
Both studies are ongoing and we antiapate collaboration with both professors and their 
students. 

32.41.3 Stratigraphy 

The Big Horn basin was part of a stable shelf throughout the Paleozoic and most of the 
Mesozoic. Overlying the Precambrian basement are Cambrian shales and interbedded 
limestones of the Gallatin and Gros Ventre formations (Table 3-7). These are relatively weak 
layers whih can serve as a zones of thrust detachment (Stone, 1984). The Gallatin is followed 
by a lower Paleozoic section dominated by three, massive cliff foming marine carbonates (Big 
Horn, Jefferson, and Madison formations) with a total thichess over IO00 feet. After Madison 
time, the stable marine environment gave way to a more varied depositional environment in 
which the area was near sea level and sedimentation alternated between shdow marlne and 
subariel. The upper Paleozoic formations above the Madison are the Amsden, Tensleep and 
Phosphoria formations. The latter two formations are the targets for increased oil recovery 
programs at the North and South Oregon Basins, respectively, and are described in more 
detail below. 

The Tensleep fonnation is the most important reservoir rock of the Oregon Basin. InitiallyJ 
the sandstones with minor interbedded carbonates were interpreted as marine @e. Walton, 
1947; Todd, 1964). However, the most recent work (Dunn, 1997) interprets the Tensleep 
formation as recording six transgression-regression cycles. The regionally extensive marine 
carbonates represent high stands and the sandstones were deposited in crescentic dunes 
during times of falling relative sea level. The key to “Geologic map of the Cody 1x2 degree 
Quadrangle” (Pierce, 1997) debbed the Tensleep Sandstone as”(upper and Middle 
Pennsylvanian) - Li&t gray, well-sorted, crossbedded and massive sandstone; thin beds of 
gray hestone and dolomite in lower part. Thickness 40-75 m [130-250 feet].” 

The Phosphoia formation is considered the hydrocarbon source rock in Oregon Basin. In the 
early days there was confusion about the name and age of this strata, confusion that has 
persisted. In 1947, Walton used the name Embar for an interbedded sequence of gray, fmely 
crystalline, vuggy limestone and light bluish gray dolomite from an interval of both Triassic 
and Permian strata (Wdton 1947). The term Phosphoria was introduced to denote the 
limestone portion of the section but as Walton pointed out ’!. it is herein suggested that the 
term Embar is too well established among geologists and oil men to consider abokhhg it 
when it is applied in its present usage 2 Furthermore, on the Geologic map of the Gdy 
Quadrangle (Pierce 1997)/ these strata are called the “Park City Formation (Lower Pennian) - 
Siliceous limestone and dolomite, nodular chertJ and tan and gray shale. Formerly called 
Phosphoria Formation in this area. Thickness 15-50 m.” 

The cap r& for the Phosphoria reservoir are the Dinwoody Formation, 6-15 m of siltstone, 
gypsum, and dolomite, and the very thick (180-250 m) Chugwater Formation which is 



siltstone, shale and sandstone. The remainder of the stratigraphy at the Oregon Bash is 
summarized in Table 3-7 and on the regional structural cross section (Figure 3-19). 

32.4.1.4 Field Structure 

The primary structure at the Oregon Basin fields is an asymmetric, west-verging anticline. 
The a n t i c h e  is bound on the west by the Wiley thrust and on the east by the Oregon Basin 
thrust (Figure 3-19 and Figure 320). While total relief of the fold is over 5OOO feet, relief in the 
field is about 1ooO’. Maximum bedding dips are 2 P  on the west limb of the foId; the east limb 
dips are around 1P. The two domes are separated by a small saddle 800 feet lower than the 
apex of the north dome and loo0 feet lower than the south dome (Morgan et al., 1977). 

Secondary field structures in the Oregon Basin field are vertical tear faults. G.L. Brown’s 
structure map of the fields (Figure 3-20} shows three NW-SE trending tear faults near the 
center of the North Oregon Dome and three NE-SW trending tears in on the south side of 
South Oregon Dome. Meanwhile, maps in Morgan et aL (1977) show general agreement in 
the South Oregon basin but four NE-SW (a change of orientation of 90” mmpaxed to Brown’s 
map) trending faults in the North Oregon Basin. Because the Government Tract 3B window 
area (Figure 3-20} is in the vicinity of the faults mapped it will be very important to decide 
which stntchxral setting for the window area is more accurate. Golder and Marathon 
discussed the discrepancy between the North Dome structure maps at a meeting in June 
1999, and decided to use the structural model from Morgan et aL (1977). 

Yn the South Oregon Basin, the Orchard lease window is far from the tear faults mapped on 
either map (Figure 3-20). 3D seismic data, which has been collected across the entire South 
Dome, will be instrumental in developing the DFN model at the Orchard lease. In particular, 
edge enhancement maps provided by Marathon (Figure 3-21 and Figure 3-22) are thought to 
provide infomation on the locations and sizes of tear faults in South Oregon Basin. The 
lineament on Figure 3-22 is quite pronounced, indicating that a major tear fault may aoss the 
northern portion of the Orchard lease. 
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3.2.4.15 Reservoir Background 

Gas was first discovered in the Dakota formation in South Oregon Basin in 1912. In 1927, oil 
was discovered at a depth of 3350' in the Embar (AKA Phosphoria) formation in the North 
Oregon Basin. This disrovery was the first to produce the upper Paleozoic common pool in 
the Oregon basin which includes the Phosphoria, Tensleep, and Madison formations with a 
total oil column of 1500 feet (Walton, 1947; Stone, 1%7). By 1984, the total production was 
over 350 MMBO with production at 10 MMBO per year at that time (Stone, 1984). 

Both fields were unitized in 1947 with Marathon as the operator (Cordiner & Livingston, 
1977). Water injection started in 1960's and until 1968, increased water brought increased oil 
production. At the peak, 50,oOO B/D of water were injected and 9,000 B/D of oil produced 
(Cordiner & Livingston, 1977). In 1968 production dropped when water bredcthroughs 
occurred in wells near the water-oil contact. 

3.2.4.1.6 June 1999 Field Visit Report 

Drs. Paul L a  Pointe and Trenton Cladouhos of Golder Associates visited Marathon's Cody, 
Wyoming office on June 21-23,1999, in order to visit with engineers, geologists, and 
geophysicists familiar with Oregon Basin, On the first day, Dr. Cladouhos presented the 
preliminary DFN models and results. This was followed by discussions with Oregon Basin 
engineers about reservoir architecture and the role of DFN models in enhanced oil recovery 
programs. On the second day, moming meetings with Richard Rosenm,  the geophysicist 
responsible for much of the interpretation of the South Oregon Basin 3D seismic, resulted in 
Golder receiving important new data on seismic lineament orientations and sizes in the 
window area of the South Dome. In the afternoon, Golder explored the South Dome 
geocelluar model (Stratamodel@) with Muriel Behrens and extracted data and graphics. On 
the find day, Brendan Curran of Marathon Oil, led a field trip to Zeismann Dome, the Wind 
River Canyon, and the Oregon Basin Field. Preliminary observations and conclusions from 
the meeting and field trip are discussed below. Because of the timing of the trip, these ideas 
have not yet been incorporated into the DF'N models presented below, but are currently 
being used to update the DFN models. 

3-2.4.1.6.1 Meeting with Reservoir Engineers 

The Oregon Basin reservoir engineers made the following observations and comments in 
response to questions raised by Golder's prellrmnary analysis: 

m 

0 

Dolomite intrabeds in the Tensleep have tight matrix but are shattered. The 
dolomites may cause the water sheeting observed in the upper Tendeep wells. 

Equal amomts of lost retums were observed throughout the Tensleep. In other 
words, large conductive fractures are not confined to a particular layer or position 
within the formation. 

Eolian laminations in the Tensleep are thought to be important for reservoir 
performance. 

The Phosphoria is divided into an upper bench and a lower bench based on a gamma 
ray streak The gamma ray streak is probably due to migration of Uranium-rich fhids 
at this contact. 

8 Horizontal well length does not seem to comelate with production. 



32.4.1.4.2 Meeting with Geophysicists 

On Tuesday morning, Golder personnel met with Richard Rosencrans. Mr. Rosencrans has 
used the 3D seismic data in the South Oregon Basin to create 2D attribute maps. Attributes 
mapped include average peak amplitude and instantaneous frequency. By interactively 
adjusting the color mapping, it is possible to identdy lineaments, which may correspond to 
subseismic faults. Figure 3-23 shows a tracemap of lineaments mapped in this way overlain 
on the average peak amplitude attribute map in the Orchard window area. However, it is 
difficult on a static figure to appreciate the robustness of the method. Figure 3-24 and Figure 
3-25 shows preliminary analysis of the tracemap. This data and analysis will be aitid for 
conditioning the next scale of DFN models. 

On Tuesday afternoon, Golder met with Muriel Behrens. Ms. Behrens is responsible for the 
South Oregon Basin Stratamodel@ geocellar modeL The StratamodelB contains the 
following data: 

Porosity, 
Gammaray, 
Matrkdensity, 
Bulkdensity,and 
Water saturation vs. time. 

The horizontal dimension of the cells is lOOxl00 feet, and the cell thichess is 1.7 feet. The 
window area portion was extracted from the field-wide Siratamodel@ as well as data at four 
wells within the window area. As an example of the data, a fence diagram of porosity 
between Orchard 10 and Orchard 14 is shown in Figure 3-26. 

32.4.1.4.3 Field Trip 

On Wednesday, Golder visited outstanding outaops of the Tensleep and Phosphoria 
formations at Zeismann Dome and Wind River Canyon (see Figure 3-17 for locations). 
Observations made at the Amphitheater (Ken and Tapp, 1998) of 2eiima.n Dome include the 
following 

The primary fracture set has an azimuth of 6 5 O  and a spacing of approximately 5 m 
(Figure 3-27a). This orientation, which is widespread in the amphitheater, cuts the 
anticlinal structure obliquely. 
A secondary fracture set with a 90" azimuth is localized to the southern portion of the 
amphitheater where the a n t i c h d  axis plunges to the south. The intensity of this set 
increases markedly toward the south. Some of these fractures show evidence of right 
lateral shear. This set may be related to a NE-trending right-lateral fadt mapped by 
Ken and Tapp (1998). 
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There is evidence of a sigruficant tear fault with an azimuth of 55" crossing the center 
of the Amphitheater. The evidence includes erosion of the fault surface itself and 
increased fracturing adjacent to the fault. 
Mechanical layering plays an important role on fracture style and intensity. Large 
fractures in the upper cross-bedded dune facies truncate downward into the 
horizontally bedded intradune facies (Figure 3-2%). 
In contrast to the less fractured intradune facies, the marine facies is highly fractured 
with two perpendicular sets and -0.3 m spacing (Figure 3-27c). 

The Wind River Canyon provides a spectacular exposure of the Paleozoic section of the Big 
Horn Basin (Figure 3-2%). The Phosphoria formation is exposed at the mouth of the canyon 
(Figure 3-28b). Observations made at these outcrops include: 

0 There are at least two fracture sets. The dominant set is perpendicular to the cliff face 
and the road (70" azimuth) and the secondary set is parallel to the cliff face (1m 
azimuth). 
A hierarchy of fracturing can be observed at the outmp. Fractures which cut the 
entire Phosphoria formation have a spacing of -10 m (Figure 3-28c). Between these 
large hctures are smaller, bedding confined fractures. The size and intensity of these 
fractures are controlled by the thickness of the mechanical layer (Figure 3-W). 

Further up canyon are -300 foot cliffs of Tensleep formation. The same two fracture sets 
observed at the Phosphoria outcrops are also present here. Additional observations made at 
the Wid River Canyon Tensleep outcrops include: 

Vertical fractures that cut the entire Tensleep have a spacing of roughly 20 m (Figure 
3-29a). These fractures can have large mechanical apertures (Figure 3-29b). 
Between the major fractures are bedding confined fractures with spacings down to 1 
m; however, these smaller fractures are not as numerous or continuous as similar 
fractures in the Phosphoria, 
The major fractures cut through the dolomite intrabeds in the Tensleep fornation 
(Figure 3-29c). 
The dolomite intrabeds are heavily fractured (Figure 3-296); however, the fractures 
are very smdl and thin Except where the major fractures cut though the dolomites, 
the dolomite would Serve as a barrier between the matrix of adjacent sandstones. 

32.91.6.4 Conclusions from Field Visit 

There are seved implications of the field visit that will affect the next phase of DFN model 
implementation. The preliminary DFN models desaibed below are entirely based upon data 
from the well bores. New data collected on this trip are at the larger Scale necessary for 
reservoir scale models. In the next round of DFN models, the well bore models of this report 
will be nested, instead of using larger models derived from data of the type collected on the 
field visit. 

The well bore data, field data, and seismic data agree in one important aspect all have major 
fracture sets that obliquely cut the folds. The most prominent orientation of fractures of this 
type is the ENE to NE fractures. In addition, these fractures seem to be open, as NE 



permeability trends are also evident in tracer tests and production tests (Brendan C m ,  
pen. comm.). It seems likely that this fracture set is regional and younger than the folding in 
the Big Horn Basin. Golder will further investigate the tectonic cause of these fractures in 
future reporting periods- 

A signiscant improvement in the fracture size models will be possible using the data collected 
in the field and from seismic data. Fracture size is very difficult to estimate from well bore 
data and it is usually a non-robust vdue. This is partly due to the fact that widely spaced, 
vertical fractures are unlikely to be intersected by a we& Fortunately, observations at the 
Wind River Canyon and Zeismann dome provide information on the largest, most important 
fractures. At the Wind River Canyon, we observed very large fractures that entirely cut the 
Tensleep and Phosphoria formation with a spadng of approximately 10 m. Fractures 
appeared to be smaller and closer spaced at Zeiimann Dome. 

Lastly, observations of the dolomites htrabeds in the Tensleep formation provide important 
clues on how to incorporate these features into the DFN models. The dolomites are heavily 
framed, but the fractures have small apertures and are discontinuous, making it is unlikely 
that they provide paths aaoss the layer. However, the major fractures, which cut the 
sandstones also, cut the dolomites, indicating that these provide localized paths across the 
layers. 

32.42 Task 2.2.3 Derivation of DFN Model Parameters 

Preliminary discrete feature network (DFN) models were derived during the reporting period 
to model fractures in the South Oregon Basin Phosphoria formation. These preliminary DFN 
models are designed to support design of IOR techniques to improve access to oil in the 
upper Phosphoria, which has 80% oil saturation, as compared to the lower Phosphoria which 
has only 30% Saturation. 

3.2.4.2.1 Spatial Model 

The first step in DFN model development is the determination of the appropriate spatial 
model. The fracture spatial model is derived by statistical and fractal analysis of spatial 
pattern observed in borehole logs, geophysical logs, and outscrops. Figure 3-30 illustrates 
spatial distributions of fracture intensities from FMI logs (Table 3-8). Rehnumy analysis of 
these logs indicate that 

e There may be a trend of increased fracture intensity with depth. However, this trend 
is not present in all wells, and 
Spatial cornelation and clustering are generally weak 

Based on this analysis, it was decided to use the simple, Poisson process Baecher Model 
(Dershowitz et al., 1999) for fracture location in the preliminary DFN modeL 

Future models will be based on a more rigorous analysis of fracture location data, and will 
consider implementation of spatial models such as fractal clustering interaction zones 
between faults, damage zones of faults, and fold-related fracturing. 
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32.4.2.2 Orientation 

Fracture orientation distributions for the prelirmnary DFN were derived from FMI logs of four 
wells, two of which are in the South Oregon Basin (Baston A #29 and Samuel 58) and two of 
which are in the North Oregon Basin Pauline #9 and Government Tract 3B #16) (Table 3-8). 
This dataset combines vertical and horizontal wells, and should provide a good smple of the 
Phosphoria fracture population. 

Geological 
Setting 

Length in 
Phosphoria 

Bedding 
(strike, 
dip) 

Intensity 

Fractures 4 pad 
Fractures feet m 

SE flank of 
dome, 1800' 
from fault 230 70 50,6.5 SE 27 100% 

NW edge of 
dome crest, no 
faults 220 67 342,5NE 19 a%, 

E h b  of North 
Oregon Basin 
anticlinal crest, 
800' from tear 
fault, 
horizontal well 
trend, plunge = 
78.80 

1 Horizontal 

538 164 180,15 E 149 9% 

near crest of 
North Oregon 
Basin dome, 
vertical well 150 46 28,8NW 14 9% 

* used to estimate fracture size 
Table 3-8 Phosphoria web 
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Figure 3-31 shows frackrre orientations of 46 fractures from the two vertical wells in South 
Oregon Basin, 149 fractures in the horizontal Pauline #9 well, and 14 fractures.in a vertical 
North Oregon Bash well Although Neil Hurley interpreted four fixture sets in Baston A 
#29, we prefer to interpret all fractures as belonging to one set with high dispenion in trend 
and low dispersion in plunge, similar to the data seen in the horizontal well (Pauline #9). 

To derive an orientation model for the FMI fractures in the Phosphoria formation, the data 
from the Pauline #9 well in the North Dome (Figure 3-31b) was used. This data was 
considered to be the most reliable because it is from a horizontaI well which intersects the 
vertical fractures most prevalent in the Phosphoria formation. This assumes that the 
Phosphoria fracturing in the North and South Dome are similar. The assumption is 
supported by the gross similiarity of the fracture orientations in the vertical we& in the North 
and South Dome (i.e. compare Figure 3-31a and Figure 3-31c to Figure 3-31d). This 
assumption will be further evaluated after the field data collected in June and additional core 
data still to be provided by Marathon are evaluated. 

Fracture data from Pauling At9 were analyzed for fracture orientation distribution using the 
Frach@n/ISIS algorithm. The best fit orientation distribution for data from the Pauline #9 
well is a sub-vertical set defined by a Bivariate Bingham distribution with a mean pole of 135*, 
9.4" a major axis of W, W,  and dispersion coefficients of q=-13.3, K ~ =  -7.0. The si@cance 
of the fit is relatively low (15%); future models may employ bootstrapping rather than an 
orientation model, 

3.2.42.3 Intensity 

The interpretation of the FMI logs in the South Dome show 19 to 27 fractures within the -220 
foot thick Phosphoria fornation which gives a n  average fracture spacing of 8-11 feet (Table 3- 
8). The horizontal Pauline #9 well shows a fracture intensity three times higher; however, it 
is to be expected that a horizontal well will intersect more subvertical fractures. 

Fracture intensities in the four wells were calculated in 1O-foot intervals in order to evaluate 
the variablify with depth in each well (Figure 3-30), The three vertical web show no trends 
or clustering of fractures. Jn contrast, the hchm intensity in the horizontal Pauline #9 
appears to be increasing with depth. It is possible that this well is approaching a subseismic 
fault, which is responsible for the increased fractwhg. 

Table 3-9 Phosphoria Fracture Intensities 

The stereological frame intensity measure (F'd shown on Table 3-9 is a scale and direction 
independent measure. Pa intensity is used to generate fractures in three-dimensional space 
without reference to well locations or orientations. P3 is derived from Plo by calculating the 
conversion constant C,, = P a l ,  by simulating the intersections with a spec5ed orientation 
distribution and wells of specified orientations. 



The Pa values shown in Table 3-9 were calculated by simulating the four specified we& in 
DFN models with the orientation distribution derived in the previous section. The resulting 

subhorizontal Pauline #9 well is used as the upper bound on geological fracture intensity for 
the preliminary DFN modeling. 

values vary from 1-04 m2/m3 to 1.67 m2/m3. The highest Pa value derived from the 

Geologic fracture intensity provides an upper bound for DFN models used for flow 
simulations. Normally 1025% of fractures observed at the well bore are conductive for a 
conductive fracture intensity Pa of approximately 0.15 m7m3 to 0.42 m2/m3. 

3.2.4.2.4 Size 

Fracture size (radius) is normdy a difficult parameter to determine from well data. La Pointe 
et al. (1993) developed a method using the percentage of fractures which intersect all four FMI 
pads to derive fracture size. The basic idea is that if fractures are on average small compared 
to the size of the borehole, the FMI interpreter would see many fracture tips due to fractures 
which onIy partidy cut the well bore. If fractures are large compared to the well bore then 
few fracture tips will be seen and the 4pad intersection probability would be near 100%. 

Employing the method of La Pointe et al. (1993) requires forward models to be run and 
sampling simulated using a M-like samphg tool. This procedure was canied out using the 
known borehole geometties and fracture parameters derived so far (orientation and 
intensity). The simulation results were then compared to the 4 pad percentages for the 
Phosphoria FMI wells (Table 3-8). The results are shown in Figure 3-32. In the Pauline well 
97% of fractures were reported to cut the entire well corresponding to a mean fracture radius 
of 20 m or 66 feet. This is larger than expected based on geological observations. In the 
Baston 29 well, 68% of the fractures were reported to cut the entire well, corresponding to a 
mean fracture radius of about 3 m or 10 feet. This is a much more likely h a m e  size and wiU 
be used below. 

3.2.4.3 Task 2.3.3 DFN Model Implementation 

For the prelurunary DFN model of the Phosphona formation at the South Oregon basin, well- 
scale models were constructed using the parameters derived above and summaIized in Table 
3-10. Sensitivity analysis was run on conductive fracture intensity by creating models with 
So%, 25%, IS%, and 12% of the geologic fracture intensity. A 3D view of the 25% geologic 
fracture intensity model is shown in Figure 3-34 and tracemap views are shown in Figure 
3-34. The orientations of the fractures in the model and the fractwes intersected by a 
horizontal and vertical welz are shown as stereonets in Figure 3-35. These simulated 
stereonets can be compared to the actual orientation data in Figure 3-31. 

. 
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P m e t m  Assumption Basis 
Generation Region Cylinder, H=70 m, 20' thickness of Phosphoria 

at South Oregon Basin FMS 
wells: Baston A #20 and 
Samuel #58 

Conceptual Model Enhanced Baecher fracture spacing from FMI 
Wells 

Fracture Orientation Bivariate Bmgham Temglu Corrected 
Orientations in Pauline #9 
Horizontal Well inNorth 

D=50 m 

Mean Pole =135,9.4 
Major Axis 340,80 

Table 3-10 DFN Model Parameters, South Oregon Basin 

3.2.4.4 Task 2.4.3 DFN Model Calibration 

During the reporting period, initial data was collected to support DFN model calibration. It is 
currently anticipated that DFN model calibration will be based on tracer test simulation. 

Over thirty tracer tests have been run in the South Oregon Bash, three of which are in the 
Orchard leas window area (Table 3-11). The most interesting tracer test is the Bromide 
injection test at Orchard 16 (Figure 3-33). In this test, the connection between Orchard 16 and 
Texas Sonners B1, -lo00 feet SW of the injector, seem to be very strong. Initial breakthrough 
ocmed  after 10 days and peak breakthrough at 80 days. The orientation of the recovery 
contours (Figure 3-36) and the rapid breakthrough indicate that this tracer path may be 
fracture controlled. Currently, Golder is gathering more information about the boundary 
conditions of this test in preparation for simulation, 
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Test 
Injector 
Tracer(s) 
Duration (days) 
# Monitoring 
W e b  
Recovery 
Wells 
crop 5) 

m5m 6$15/92 7m3 
Orchard 16 Orchard 16 Orchard 16 
Bromide Rhodamine PWA 
150 + 90 45+ 
9 or lo? 11 7 

Corm 3ET 1.5% Fortin 2 0.3% 
Morris 6ET 4% 
Orch. 19 ET 15% 
Tx Sn B1 ET 27% 
Tx. Sn 132 ET 2% 

Or& 14 E 0.4% 
Tx Sn B1 ET 0.1% 
Or&. 10 ET -07% 
M o d  6 ET -035% 

Table 3-11 Tracer Tests, South Oregon Basin 

3.2.5 Tasks X 4  Preliminary DF'N Model Development, North Oregon Basin (Tensleep) 

At North Oregon Basin (NOB) the window area chosen for the demonstration of the Discrete 
Feature Approach for production enhancement is the Government Tract 3B lease near the 
center of the dome (Figure 3-20). The target formation for IOR is the Tensleep Formation, an 
eolian sandstone with dolomite intfabeds. The dolomite intrabeds divide the reservoir 
sandstones into separate zones (Figure 3-37). Two types of discrete features impact IOR 
ef€orts: dolomite layers and fractures. 

325.1 Task 2.2.4 Derivation of DFN Model Parameters 

In the North Oregon Basin, discrete feature network models were developed dwing the 
reporting period to model fractures and dolomite intrabeds in the Tensleep formation. The 
IOR issue at the North Oregon Basin is how to displace the bypassed oil in the matrix of the 
upper eolian sandstones. In this case, DFN models will provide insight into the shapes and 
volumes of the reservoir not connected to a fracture compartment. 

32.5.1.1 Geological Background, Tensleep Formation 

The Tensleep sandstone is composed of a series of nine subarielly-deposited eolian 
sandstones separated by marine dolomites and dolomitic sandstones (Figure 3-37). This 
fornation was deposited during near sea level during a time of cyclic relative sea level 
changes (Dunn, 1997). Many of the dolomitic intervals can be correlated across the entire 
Bighorn Basin. At North Oregon Basin, nine dolomites have been correlated across the field, 
dividing the reservoir sandstones into nine subreservoirs, labeled A through I (Morgan et al. 
1977). The current IOR efforts are concentrated in fhe top three sandstones: A, B, & C. 
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The eolian sandstones display cross-bedding typical of deposition withjn a dune 
environment Dunn (1997) has extensively studied the effects of the cross bedding on the 
permeability of the Tensleep sandstones. Depending on the type of bounding surface, 
directional anisotropies across surfaces as high as 10:1 were estimated (Figure 338). Also 
studied is the orientation and dip of cross beds in the Tensleep (Figure 3-39). The orientation 
distriiution shown is this figure is useful to support development of DF'N models. Although 
the eolian sedjmentary structures within the Tensleep are important for reservoir 
engineering, their d e  is smaller than the fractures which cut the entire Tensleep (Figure 
3-29). Thus, the preliminary DFN model developed below concentrates on the fracturing 
only. 

325.12 SpaW Model 

The spatial model for fracturing in the North Oregon Basin Tensleep can be derived from the 
distriiution of intensity as observed in F'MI logs. Intensity on 10-meter intervals from FMI 
logs of the North Oregon Basin Tensleep is summarized in Table 3-12. Each of the wells 
shows a slight inmease in fracture intensity in the top 30-40 feet of the formation. This may be 
due to two factors; fra-g during subariel exposure and erosion prior to deposition of the 
Phosphoria formation or increased bending stresses at the contact between the two different 
mechanical layers. However, as in the Phosphoria analysis reported in the previous section, 
no strong spatial correlation or trend in intensity is evident to jus* the use of a complex 
spatial model (Figure 3-40}. Consequently, the Baecher spatial model was selected for 
preliminary DFNmodehg. 

Owens A-14 

custer #45 

Geological 
 setting 

h window area 
near dome crest 

1.5 miles north 
of dome crest 
NE flankof 
dome 
1 miIe south of 
dome mest near 
possibIe tear 
fadt 

Lengthin Bedding 
Tensleep (Strike,dip) 

rn 28,8NW 

19U a, 12NE 

24Y 11,9.5 NE! 

Table 3-12 Tensleep Formation in North and South Oregon Basins 

32.5.13 Orientation 

Orientation distributions were evaluated for bedding structures and for fractures. Figure 3-41 
illustrates the orientation distributions for bedding within the Tensleep. Bedding in 
Government Tract 38 Well #16 is dipping slightly to the NW as expected for this position on 
the structure. 
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The best fit for the bedding Orientation data set shown in Figure 3-41 is a Fisher Distribution 
with a mean pole (trend, plunge) of ( 1 1 7 O ,  85.8') and a dispersion K of 23.5. The sigruficance of 
this fit is X8%, which indiates a good match to observed data. 

Figure 3-42 shows fracture orientations of 91 fractures in the Tensleep formation in both the 
North Dome and South Dome. To derive an orientation model for the FMI fractures, all of 
orientation data from the Tensleep formation (Figure 342g) was used. To combine fracture 
data from different positions of the fold, one must assume that: 

The fractures are younger than the folding and thus crosscutting the field structure, 
or 
The slight change in bedding orientations a m s  the structure (14*) are small 
compared to the errors of measurement 

The best fit of this orientation data set is a Fisher Distribution with a mean pole of 127", 0.8" 
and a dispersion of 3.3. The sigruficance of this fit is 74.3%, which is considered very good, 
indicating that this Orientation model will create a DFN model with fracture orientations 
similar to the combined data set. 

32.5.1.4 Intensity 

The FMI logs (Table 3-12) in the Tensleep show 7 to 40 fractures within the -200 foot thick 
formation which gives an average fracture spacing of 11 feet. However, there is si@cant 
variability in fracture intensity across the field. In the Government Tract 3B #16 well the 
fracture intensity is twice the average, and in the Owens it is A-14 half the average. The 
reason for this variability will be investigated based on reservoir scale models in future 
reporting perids. 

The volumetric fracture intensity PZ was derived for the Tensleep using the same approach 
used for the Phosphoria in the Section 32.3.1.3 above. Results of this analysis are reported in 
Table 3-13, The Tensleep data fits an average volumetric fracture intensity Pa of 0.35 m2/m3, 
while the well within the Government Tract 3B window has a much higher volumetric 
intensity Pa of 0.8 m"/m'. Geologic fracture intensity provides an upper bound for DFN 
models used for flow simulatiom. Nomally lO-ZS% of fractures observed at the wellbore are 
conductive, corresponding to a conductive fracture intensity of 0.03 m2/m3 to 0.2 m2/m3. 

~ 

Sonners #20 111 

Interval 
Length 

200 
190 
I240 0.10 0.34 

0.05 0.16 0.19 
10.05 10.15 10.18 

Table 3-13 Summary of Tensleep Fracture Intensities 
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3.2.5.1.5 S i z e  

The L a  Pointe et al. (1995) method described in Section 3.2.4.1.5 was used to derive fracture 
size for the Tensleep based on the 4 pad percentages for the Phosphoria FMI wells (Table 
312). The results are shown in Figure 3-43. The preferred size model for the Tensleep 
formation is a mean fracture radius of 2 m (4.6 feet) with a standard deviation of 1 m (3.3 feet). 

32.52 Task 2.3.4 DFN Model Implementation 

The p r e k a r y  DFN model for the Tensleep formation was designed to faciJitate simulation 
of the compartmentalization observed in the Tensleep formation (Livingston and Cordher, 
1977). The preliminary DFN model is implemented at the 32 rn scale in order to focus on a 
series of layers of sandstone and dolomite designated "A", '3" and "C". The layer positions 
are taken from the stratigraphic correlation shown in Figure 3-37 Fable 3-14). 

Parameters for the prehmary Tensleep DFN model are provided in Table 3-15. The fracture 
intensity of the layers was assigned according to rock type: the dolomites have conductive 
fracture intensities 50% as great as the sandstone layers. This relationship was chosen in 
order to place the dolomites barriers between the sandstones, and is supported by field 
observations that while geologic fracturing in the dolomites may be high, very few of the 
fracture are large enough to be si@cant conductors. The DFN model also features fracture 
truncation on layer boundaries, also chosen to ensure that the dolomites are barriers. This is 
supported by field observations. All other fracture parameters for the two layers types are the 
same. 

Figure 3-44 and Figure 3-45 present visualizations of the preliminary Tensleep DFN model. 
The orientations of the fractures in the model and the fractures intersected by a vertical well 
are shown as stereonets in Figure 3-46. These simulated stereonets can be compared to the 
FMI data in Figure 3-37. 

Table 3-14 Parameters for Tensleep Dolomite Layering 
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325.3 Task 2.4.4 DFN Model Calibration 

During the reporting period, initial data was collected to support DFN model calibration. It is 
currently anticipated that DFN model calibration will be based on tracer test simulation. 

Over twenty tracer tests have been mn in the North Oregon Bash Table 3-16 summmarizes 
two tracer tests the Government Tract 3B window area. Results of these tracer tests are 
shown in Figure 3-47 and Figure 3-48. The Bromide tracer test probably has recoveries too 
low to be of use for modeling however, the Boron tracer test will be useful for DFN model 
calibration. Although there are no unexpected connetions, there is a sipficant permeability 
enhancement in the NE-SW direction paraJlel to the mean fracture orientation. Currently, 
Golder is gathering more information on the boundary conditions of this test in preparation 
for simulation. 

3.2.6 Task 3.2 Stoney Point Reservoir Improvement Strategy 

3.2.6.1 Task 3.2.1 DlW Strategy -- for IOR 

As desaibed in Dershowitz (1999), production problems at Stoney Point are mostly related to 
lack of understanding of the gas-water-oil contacts within compartments. DFN models will 
be used to determine the sources and connectivity for oil and water phases, and the variation 
in connectivity within the reservoirs with depth 
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Table 3-15 Preminary Tensleep DFN Model Parameters 

8 layers (Table 3-14) "J3"-"C" sandstones and 
- 1  

dolomitic sequences. 

FMIlOQS 
Spatial Model Enhanced Baecher Fracture spacing from 

Fracture Orientation Fisher Distribution IrMx logs 
Mean pole (trend,plunge) = (1270, 
0.8") 
Dispersion IC= 3 3  

Geometric mean = 2 rn 
StDev=lm probability 

Fracture Size L O g n O d  Forward modeling from 
4 pad intersection 

Fracture Intensity Geologic Intensity 4OfraciuresinuxY 
(sandstones) P2 = 0.8 rn-* RO = 0.66 mel 

Sensitivity Analysis 
Pa = 0.6,0.4,0.2 m-' 

Fracture Intensity Geologic Intensity Conductive fracture 
(dolomites) Pn = 0.4 nil intensity in dolomites 

assumed to be 50% of Sensitivity Analysis 
1 = 0.3,O.2,0.i m-y sandstone 

Truncation 1 On region boundaries Assumption to reduce 

Fracture Aperture Normal Distrib., 
Mean =02 m = 2xlP m, 

connectivity across 
layers 
0.1 to 0.3 mm estimate 
from Hudey 1 stdev=O.O5 m = 5x105m 
Assumption 

Table 3-16 Relevant Tracer Tests, North Oregon Basin 
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36-62 Task 3.2.2 DFN Analvsis of Stonev Point 

During the reporting period, work was initiated on implementation of Discrete Fracture 
Network modeling to support IOR strategies for Stoney Point. As part of this effort, 
compartment volumes and tributary voIumes were calculated for the models. This was done 
using the program FraCluster, which was developed under previous DOE funding 
(Dershowitz et al., 1998). 

A compartment is a region connected by a network of fractures. Relevant infomation that 
can be calculated about a compartment are its volume, surface area, and area projected on to a 
horizontal plane. Tributary voIume analysis is a geometric calculation of the volume accessed 
by a well or set of web in a fractured reservoir (Figure 3-49). Two different methods provide 
a ma>dmum and minimum estimate of the volume. 

Hull volume is the volume contained in a convex hull surrounding a fracture 
network connected to the well. This is a m;ucimum volume because it can include 
large blocks of matrix between fractures. 
Fracture thickness volume is the volume of a one-meter slab around each fracture 
connected to the well. 

The results of the compartment size and area analysis for the Stoney Point field are shown in 
Figure 3-50 through Figure 3-52. As shown graphically in Figure 3-50, at high fracture 
intensities the fractured reservoir defined by a convex hull includes all three portions of the 
structural model, from the northern fault through the step-over to the southern fadt This is 
likely to be too well connected compared to the real reservoir characteristics of Stoney Point 
The medium (Figure 3-5Ob) and lower (Figure 3-5Oc) intensity models more closely represent 
the reservoir structure as indicated by reservoir development and well tests. The number of 
compartments and their projected areas and volumes are graphed in Figures 3-51 and 352 
and listed in Table 3-15. This analysis shows that at the lowest fracture intensity (0.001) five 
small compartments form, while at an intensity one order of magnitude higher, one very 
large compartment forms. 

The well configuration shown in Figure 3-53 was assumed for the tributary volume 
calculations. Vertical wells are 200-m long and spaced 200 m apart (equivalent to about a 10 
acre well spacing). Horhntal wells are 50 long and have the same spacing. The graph irr 
Figure 3-54 shows the insensitivity of the modeled reservoir to well Orientation; in only one 
case did the SE horizontal well intersect fewer compartments thm the vertical well. Much 
more important than well orientation is fracture intensity. Figure 3-55 also clearly 
demonstrates the importance of fracture intensity for well success. In the top frame 9 out of 
12 wells successfully connect into a fracture network In the bottom frame only four out of 12 
simulated wells were successful. 
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p32 

0.01 
0.005 
0 . W  
0.001 

# Average Std.Dev. Minimum Ma>cimum 
Compts. 

1 9.12e+5 0 9.12e+5 9.12e+5 
2 4.68e+5 3.3!3+5 1.3e+5 8.le+5 
4 1.9%+5 221e+5 5.6e+4 5&+5 
5 8.7&+5 3.19e+4 4.le+4 1.4e+5 

Table 3-18 Tributary Volume Analysis, Stoney Point 

p32 

0.01 
0.005 
0.0025 
0.001 

= #  Average Std.Dev. Minimum Mivdmum 
Compts. 

1 1.39e +8 0 1.39e + 8 1.39e +8 
2 6.81e + 7 5.1&+7 1.6e+7 1.2e+8 
4 2.95e+7 3.62 + 7 6.9e+7 9 3 + 7  
5 1.07e+7 4.3% + 6 3&+6 1.7e+7 

p32 

0.01 
0.005 
0.0025 
0.001 

# Average Std. Dev. Minimum Maxim= 
Compts. 

1 1.39e+8 0 1.39e3-8 1.39e+8 
2 6.81e+7 5.18e + 7 1.67e + 7 1.2e+8 
1 9.21e+7 0 921e+7 9.21e + 7 
2 I l.Ole+7 9.9e + 5 9.0% +6 1.12e3.7 

NE Horizontal Wells Tributary Volumes (m3: 

Compts. 
p32 # Average 

0.01 1 1.39e+8 
0.005 2 6.81e + 7 
0.0025 1 921e+7 
0.001 2 1 .Ole + 7 

Std. Dev. Minimum M;udmum 

0 3.3%+8 1.39e +8 
5.1&+7 1.67e+7 1.2e+8 

0 921e+7 9.21e + 7 
9.9e +5 9.03e+6 1.12e-I-7 

p32 # Average 
Compts. 

0.01 1 1.3%+8 
0.005 1 1.2+8 
0.0025 1 921e+7 
0.001 2 1 .Ole + 7 

Std. Dev. Minimum Mivcimum 

0 1.39e + 8 1.39e+8 
0 1.2e+8 123-8 
0 921e+7 9.21e+7 

9.9e-t-5 9.03e+6 1.12e+7 
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3.2.7 Task 3.3 South Oregon Basin Reservoir Improvement Strategy 

32.7.1 Task 3.3.1 DFN Strategy for IOR 

The IOR issue at South Oregon Basin relates to bypassed oil in the uppermost Phosphoria. 
Oil saturation in the upper Phosphoria is 80% whereas in the lower part of the formation 
saturation is as low as 3040%. The perceived connectivity problem in the upper Phosphoria 
(B. Cwran, pen. corn.) is that the pores are unconnected except by fractures, The 
engineering solution to this probIem is more strategic well placements. 

In the first progress report (Dershowitz, 1999) Golder identified that the primary tasks for 
South Oregon Basin wodd be "carrying out compartment and tributary volume calcdations 
including a range of oriented we31 locations." TabIe 3-19 lists these engineering questions and 
the respective DF'N solutions as well as other possible questions and solutions that we 
anticipate will be addressed in the future. 

FracCluster quarter 

Fracdim and Flare Next quarter 
or later? 

Flow solution and particle 
tra*ginMAmC or later? 

Next quarter 

Table 3-19 10R Engineering Issues, South Oregon Basin 

3.2.72 Task 3.2.2 DFN  anal^&^ of South Oregon - Basin 

During the reporting period, work was initiated OK implementation of discrete fracture 
network @FN) modeling to support IOR strategies for South Oregon Basin. As part of this 
effort connectivity analyses were carried out using the DF'N model developed for Task 2.3.3. 
These models focussed on the "percolation threshold", which defines the transition in 
connetivify with increases in fracture intensity. Results of this compartmentalization analysis 
are shown in Figure 3-56 and summarized in Table 3-20, At low fracture intensities (l',<O2 
m"), the fractures do not connect into any sigruficant compartments. At high hcture 
intensities (p,>0.4 m"), the fractures connect the entire volume around the well. The 
transition from unconnected fractures to fully connected fractures is called the percolation 
threshold. For the South Oregon Basin Phosphoria model, this occurs near 0.3 m2/m3. 



rojected Compartment Areas (m2) 
I# (Averag IStd, Dev. 1 Minimum 
ICompts. I e ~ I 

projected Compartment Volumes (m3) 
p32 I# bverag IStd. Dev. I Minimum 

10.6 I 2 I 135246 I 189711 I 1100 
I 1353% I 189499 I 1400 

Maximum 

35000 

269392 

Table 3-20 Compartment Area and Volume Analysis, South Oregon Basin 

In order to assess the importance of well orientation on fracture volumes intersected, three 
wells were simulated a SE-trending horizontal well, a NE-bending horizontal well, and a 
vertical well. The results of the tributary volume analysis are shown graphically in Figure 3-57 
and Figure 3-58, and are summarized in Figure 3-59. At low fracture intensity (PJ2=0.2 m”) 
there are five compartments fonned in the region surrounding the wells; however, none are 
intersected by the three perpendicular web. In one instance in Figure 3-56, the well intersects 
the convex hull of a fracture network, but no f r ame  in that network intersects the well. If 
this geometry were the case in a real well, induced frachuing would prove very successful by 
making the connection to the fracture cluster. At a slightly higher fracture intensity (p32=0.3 
m”), large, vertical NE-SW trending compartments are formed. Because of their orientation, 
the SE-NW horizontal well, intersects the greatest fracture volume (Figure 3-59). The lower 
half of Figure 3-59 shows the difference between the hull volume and slab volume methods 
of calculating tributary drainage. The hull volurne could be used to calculate the total oil 
accessible to a well. The flow from the matrix blocks into the fractures would depend upon 
the matrix permeability (due either to connected pores or microfraduring). The fracture slab 
volume is roughly 10% of the hull volume (Figure 3-59). This volume would correspond to 
the volume of injected fluids necessary for tracer tests and gel treatments. Table 3-22 
summarizes the prehnmary conclusions, which can be dram from the duster analysis of the 
Phosphoria fonnation at South Oregon Bash. 



Volumes 
thickness 
mean 

6190 

11m 
150000 
Volumes 
thickness 
mean 

rom fracture 

stdev lmin 

kom fracture 

1 I 1 

0.3 (3 3oooO 17200 7900 51000 4430 1820 1900 
0.4 I2 134OOO 133000 1100 27oooO 26000 25600 40000 

max 

6190 
62000 
112Ooo 
150000 

#max 

I 

10.8 I1 1420000 1420000 1150000 to 1150000 1150000 

TabIe 3-21 Tributary Volume Analysis, South Oregon Basin 

Question 

Does the Phosphoria 
break into 
compartments at the 
well scale? 
Minimum volume of 
surfactant to inject? 

Answer 

Yes, if conductive fracture 
intensity is less than 25% 
of the geologic intensity 
(P2<0.4 m-*) 
-1,o0O,o0O gallons 
264" m3 

Uncertainties or 
assumptions 
Fracture size 

P,=0.3 rn-' and assuming 
1 m penetration around 
each fracture 

Table 3-22 Implications of Tributary Volume Analysis, South Oregon Basin 
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3.28 Task 3.4 North Oregon Basin Reservoir Improvement Strategy 

3.2.8.1 Task 3.4.1 DFN Strategy for IOR 

The IOR issues at South Oregon Basin relate to bypassed oil in the "ABC" sandstones of the 
upper Tensleep. Dolomite intrabeds, water-fled fractures, deformation bands, and dune 
cross-bedding all create horizontal compartments in the upper Tensleep reservoir (Table 3-14). 
Breaches of the horizontal compartments occur where fracturing in the dolomite intrabed 
between the C and D sandstone allows communications aaoss the dolomites. These vertical 
connections allow coning from the lower Tensleep, which has a much higher, water-cut than 
the upper Tendeep. Engineering solutions to these problems are (Dershowitz et al. 1999); 

Targeting of water injection for waterfloods, 
Horizontal drilling to connect low recovery portions of the reservoir, and 

0 Gel placement to reduce water cycling. 

Table 3-23 summarizes DFN strategies developed for IOR in the North Oregon Bash 

Table 3-23 JOR Engineering Issues at North Basin 

32.8.2 Task 3.42 DFN halvsis of North Oregon - Basin 

During the reporting period work was initiated on implementation of Discrete Fracture 
Network modeling to support IOR strategies for North Oregon Basin. Like the South Oregon 
Basin DFN model of the Phosphoria formation the prehnmary DFN model of the Tensleep 
formation at North Oregon basin was used to evaluate compartment size and locations 
distributions, and to calculate tributary volumes for specific well patterns. These results can be 
used to estimate the at-well connectivity of the reservoir and the volumes of water or gel 
injection necessary to achieve IOR objectives. 

The results of the compartment area and volume analyses are illustrated in Figure 3-60 and 
summarized in Figure 3-61 and Table 3-24. Like the South Oregon Basin Phosphoria model, 
the percolation limit of the North Oregon Basin Tensleep model occurs near 0.3 m2/m3+ 
Unlike the Phosphoria model, compartments in the Tensleep are horizontal due to the 
dolomite layering, rather than vertical. 

Figure 3-62 and Figure 3-63 illustrate tributary drainage volumes for different well 
configurations. Figure 3-62 shows tributary volumes for a NE trending horizontal well, and 
Figure 3-36 shows tributary drainage volumes €or a system of vertical and horizontal wells. 
Figure 3 4  and Table 3-25 summarize the results of this analysis. The shape and size of these 
w e b  can be used to assist in the design of strategic completions and well locations. 



Table 324 Compartment Area and Volume Analysis, North Oregon Basin 

Table 3-25 Tributary Volume Analysis, North Oregon Basin 
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Table 3-26 summ*s the preliminary conclusions, which can be drawn from the cluster 
analysis of the North Oregon Basin. 

I Answer 
Question 

Does the Tensleep break into 
fracture compartments at the 
well scale? 

What is the best well 
orientation to minim& gel 
volume? 
What is the minimum volume 
of surfactant to inject? 

Yes, if conductive 
fracture intensity is less 
than 75% of the geologic 
intensity (p,<0.6 m-') 
NEHorizontal 

-340,Ooo @om 
mgafl0ns/m3 

Uncertainties or 
assumptions 
Fracture size 

P,=0.4 me' and 
assuming 1 m 
penetration around 
each fracture 

Table 3-26 Implications of Tributary Volume Analysis, North Oregon Basin 

3.29 Task 5.1.2 Web Site Updates 

During the reporting period, sigruficant updates were made to the project web site, 
http://HeterOiT.g;older.com. These included posting of site data provided by Marathon Oil 
Company (MOC), and descriptions of project study sites and IOR strategy planning. VRML 
versions of project DFN models were also posted to the project study site during the 
reporting period. 

3.2.10 Task 5.21 Reports 

During the reporting period, the report, "October l,l%Decernber 31,1998 Progress Report, 
Discrete Feature Approach for Heterogeneous Reservoir Production Enhimcement'' was 
prepared and submitted to DO&WIO. 
3.2.11 Task 5.2.3 Presentations 

The following presentations were made during the reporting period: 

La Pointe, I? R (1999). Predicting Hydrology of Fractured Rock Masses from Geology: 
Techniques, Successes and Failures from Recent Case Histories. International Symposium on 
the Dynamics of Fluids in Fractured Rocks: Concepts and Recent Advances. 10-12 February, 
1999. Berkeley, CA. (Invited Presentation). 

Dershowitz, W.S. (1999) Discrete Feature Network Methods for IOR in Heterogeneous 
Reservoirs. 1999 DOE Oil and Gas Conference, Tedmology Options for Producer Survival. 
Dallas, June 28-30,1999. 

http://HeterOiT.g;older.com


3.2.U Task 6 Management 

During the reporting period, sigruficant project management activities included negotiation 
of the project subcontract with MIT, and tracking of labor costs and schedules. 



4. CONCLUSIONS 

Excellent progress was made during the reporting period on data analysis and DFN model 
implementation and preliminary application of project study sites at North and South 
Oregon Basin and Stoney Point. These sites now have DFN models comparable to the pre- 
existing models for the Yates project study site. 

During the upcoming reporting period, the project will focus on further research on fracture 
data analysis and DFN modeling proceeding and IOR approaches for the study sites. 
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