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ABSTRACT

This report describes the results made in fulfillment of contract DE-FG26-00BC15190, “3-
D Resarvoir and Stochastic Fracture Network Modding for Enhanced Oil Recovery, Circle
Ridge PhosphorialTendeep Reservoir, Wind River Reservation, Argpaho and Shoshone
Tribes, Wyoming”. The god of this project is to improve the recovery of oil from the
Tendeep and Phosphoria Formations in Circle Ridge Qilfield, located on the Wind River
Resarvation in Wyoming, through an innovaive integration of matrix characterization,
Sructurd recongruction, and the characterization of the fracturing in the reservoir through
the use of discrete fracture network models.

Feds in which naturd fractures dominate reservoir permesbility, such as the Circle Ridge
Feld, often experience sub-optima recovery when recovery processes are designed and
implemented that do not take advantage of the fracture systems. For example, a
conventiond waterflood in a main dructura block of the Fied was implemented and later
suspended due to unattractive results. It is estimated that somewhere less than 20% of the
OOQIP in the Circle Ridge Fidld have been recovered after more than 50 years production.

Marethon Oil Company identified the Circle Ridge Fidd as an aitractive candidate for
severd advanced IOR processes that explicitly teke advantage of the naturd fracture
sysem.  These processes require knowledge of the didribution of matrix porosty,
permegbility and oil saurations, and undergtanding of where fracturing is likey to be well-
developed or poorly developed; how the fracturing may compartmentdize the reservoir;
and how smdler, rdatively untested subthrust fault blocks may be connected to the main
overthrust block.

For this reason, the project focused on improving knowledge of the matrix properties, the
fault block architecture and to develop a mode that could be used to predict fracture
intengty, orientation and fluid flow/connectivity —properties. Knowledge of matrix
propeties was gregtly extended by cdibrating wirdine logs from 113 wedls with
incomplete or older-vintage logging suites to wdls with a full suite of modern logs  The
model for the fault block architecture was derived by 3D pdinspastic recongtruction.  This
involved field work to condruct three new cross-sections a key aress in the Field; creation
of horizon and fault surface maps from wel penetrations and tops, and numerica modding
to derive the geometry, chronology, fault movement and folding hisory of the Fed
through a 3D redoration of the reservoir units to ther origind undeformed date.  The
methodology for predicting fracture intensty and orientation variations throughout the
Fed was accomplished by gathering outcrop and subsurface image log fracture data, and
comparing it to the dran fidd produced by the various folding and faulting events
determined through the 3D paingpadtic recondruction. It was found tha the drains
produced during the initid folding of the Tendegp and Phosphoria Formations
corresponded well without both the orientations and relative fracture intendty measured in
outcrop and in the subsurface. The results have led to a 15% to 20% incresse in estimated
matrix pore volume, and to the plan to drill two horizonta drain holes located and oriented
based on the modding results. Marathon Qil is dso evauaing dternative tertiary recovery
processes based on the quantitative 3D integrated reservoir mode..
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1 INTRODUCTION

1.1 Overview of the Issues at Circle Ridge

Optimizing recovery in fracture-dominated reservoirs requires knowledge of both the
gpatid variation in matrix properties, the fault block architecture that may impact
pressure and fluid communication between blocks, and how the vaiations in intensty
and orientation of joints and smal faults detract or enhance recovery.

Many fields have been produced as if the fractures were not present. Often the failure to
gopreciate the impact that naturd fracturing can have on the effectiveness of recovery
processes has led to continual decline. On the other hand, the attempt to better
understand the fracturing and to tailor the recovery processto exploit the natura fracture
system has led to increased recovery (Figure 1-1 and

Figure 1-2).

Produced via depletion until; 1970. Tract 17 Oil Production, BPD
10000

In 1976, gas injection pressure
maintenance program initiated to retard
water invasion.

1979: water flooding commenced. Fald 1
1983-1989: Polymer flooding
1985 - 1991: COzinjection 2000 +

1992: Decision made to “Stop ———'
fighting fractures and take advantage

of them” o 2300 +

1992: Detailed study of natural
fracture system commences

1992 — 1994 : Nearly 400 well with
poorly developed fracturing are shut in.
Oil production rates remain stable.

104590

11091 4
1Mz 1
113 4
11094 1
1195 1
11095 1

1993 - 1994 : Nearly 30 short
radius horizontal wells drilled,
increasing production

1995 — present: Recognition of
gravity drainage leads to
implementation of a double-
displacement production mechanism
that leads to a 20% increase in
production.

Figure 1-1. Impact of fracture knowledge on recovery, Tract
17, YatesField, TX

1997 — present: TAGS process
exploits fractures to further enhance
production through a combined steam
injection-gravity drainage mechanism.

1K™y 4
1M 35



Figure 1-2. The first step to improved oil recovery is to admit that you have a fracture problem.
Typified by this photograph of a crack in the pavement opposite an outcrop of Tendegp Sandstone in
the Wind River Canyon, engineers sometimes try to “pave over” fractures and hope that the
problems will go away. However, as the photograph above shows, the fracture opens up each Spring
no matter how much “paving over” takes place. The fracture in the pavement actually is part of a
very large (over 40 m high) fracture that is obvious in the vertical outcrop. There is little hope that
putting tar into the fracture each summer will ever stop fluids from moving through the large
fracture and disrupting the pavement.

The production higory of the Circle Ridge Fidd illustrates the opportunities that better
knowledge of fracturing and matrix properties can have for increesng recovery and
improving oil rates. This fiedld has been under production for more than 50 years.
However, to date less than 20% of the OOIP is estimated to have been recovered. A
waterflood implemented in the largest reservoir block has been suspended. The reason
that the Circle Ridge Field has had low recoveries is related to the impact of fractures as
the primary conduits for fluid movement (Figure 1-3). In order to produce oil from the
matrix, it is necessry that it move through the fracture sysem. If the wells do not
adequatdly connect to the fracture sysem, then the injection efficiency or the tributary
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Oil isgtored largely in the |
matrix |

Oil and other fluids move
mainly through the naturd
fracture system

Figure 1-3. Outcrop of Tendeegp Formation, Wind River Canyon, Wyoming, illustrating roles of
matrix asstorage and natural fractures as per meability.

drainage for the wdl will be sub-optimd.

In keeping with their successful gpplication of innovative reservoir management practices
based on the characterization and exploitation of the fracture system (Figure 1-1) a Yates
and esewhere, Marathon Oil Company has identified the Circle Ridge Fed as a
promising candidate for improved recovery through gasinjection.

The Circle Ridge Fed is located on the Wind River Resarvation in west centrd

Wyoming (Figure 1-4). The Fedd is owned by the Northern Argpaho and Eastern
Shoshone Tribes, and is operated by Marathon Oil Company.

DE-FG26-00BC15190 3



PAREK WASHAKIE % g
-i JOHMN;S ON
ABSAROKA e 1
-, 1 |BIGHORN 1
E./‘ : 3
MOUNTAINS i !
i : p MOUNTAING  F
-Oﬁ'.u,_,o - L o
i e © Thermopolis ' F_.*"" o
T g VN
: o1 3 P -
'-T i Circle Ridgc o, MOUNTAING o
iy e T L -.'."'r?
Yo . o
Wind i
", ) © Shoshoni
o, River
WIRD F R=E M O N T | MATRDOMNA
% ° Basin |
Riverton
e RWER ™,
'.-_\L--L p -
= % |
Y Ny %, Lander glnd Ri;ﬂrindlan [ e
— S8 Mauon ¥
P, I
*, . (A al] N._NHSN-. E - ,...,.._}' i
% L T, .
% GRANITE !
a\__m \&“m 2l ﬂrﬂc:u..wmms i,
s e (7 I
=0 ':; AT, | g i 1
SUBLETTE 3"%,” L gReRN™ “w,\_ nyoming
o, Fi e e
.:%"‘- ............. .N“""-. ) F] o 50 km
SWEETWATER et ; — ]
' ! a &) milos

Figure 1-4. Location map of the Circle Ridge Field.

Due to the highly fractured nature of the Phosphoria and Tendegp Formations in Circle
Ridge, waer flooding for secondary recovery operaions has proved only margindly
effective.  As mentioned previoudy, Tendeep and Phosphoria water flooding has been
sugpended in the overthrust block, the mgor remaning reserve target for the fidd. In
dua porogty fidds like Cirde Ridge filling the fractures with gas and driving the
fracture gas-liquid contact down sructure can improve the drainage rates of oil from the
matrix. This gas-oil gravity drainage mobilization process is described by the Richardson
and Blackwell (1971) equation:

(Dz)s, 4.4X10°K Dr dK,,
Dt ug ds

(0]

Equation 1-1

where: K., = relative permestility to ail
K, = matrix vertical permeghility, in millidarcies
S, = ail saturation, fraction of pore volume

D t=changeintimein days
D r = differencein density between draining liquid and injected gas, in Ib/ft
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u, = oil viscosty, in centipoises
g = porosity, fraction of bulk rock volume
(Dz),, = vertical distance oil saturation movesin ft

As indicated by this equation, in order to predict the process, matrix permeability and
porosity, aswell as current oil saturations, must be known.

Equdly as important is an underdanding of the fracturing in the fidd. Knowledge of
fracture porogity, in conjunction with the oil drainage rates and reservoir pressures,
dlows for the projection of gas requirements for ges-oil gravity drainage projects. This
gas injection forecadt is critical to the design and economics of the project. Additiondly,
Marathon's experience with gas injection projects has indicated the importance of
fracture undersanding in maximizing ol cgpture effidency and in  limiting the
production of gas. Gas production is very undesrable, as it must be recompressed for
reinjection or replaced by increased extraneous gas injection. Both of these cases result
in higher cods for the project and a lowering of economic viability. The optimum
placement of completions within highly productive fractures helps maximize the
production of oil per completion, while limiting the potentid for gas coning and
production. An improved picture of fracture intendty and compartmentdization dso ads
in the placement of gas injectors. Ided placement of injectors can help limit the number
of injectors required and ensure that unnecessarily high completion pressure drops are not
encountered.

In addition to studying the viability of gas injection a Circle Ridge, Marathon would like
to evduae the potentid for dewatering the fracture system through increased
withdrawals. This dewatering can create dud porosity gas-oil gravity drainage even with
little or no additional gas injection. In conjunction with this dewatering, Marathon plans
to invedigate the use of horizonta drain holes to ad in the efficent capture of oil.
Information from this project will ad the placement of the horizontd drain holes a or
directly below the oil-water contact in the fracture sysem. The orientation of the
boreholes will be guided by the desre to intersect fractures and to produce areas of
undrained oil-filled fractures.

The improved recongtruction and visudization of the mgor faults in the Feld should aso
ad future recompletion atempts.  This visudization will dso hep quantify the potentid
for expanding any improved oil recovery process into the smdler fault blocks.
Thus, there have been three focuses of this project:

1. Improved spatiad knowledge of matrix porosity, permesbility and oil saturation;

2. Moreredigic modes of the mgor faults and fault blocks; and

3. Devdopment of a modd to predict the fracture intendty and orientation

throughout the reservoir, aong with fracture-rdated engineering properties such
as directiond fracture permeability and fracture porosity.
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1.2 Geological Background of the Circle Ridge Field

1.1.1 REGIONAL GEOLOGY AND TECTONIC HISTORY OF THE WIND RIVER
BASIN

The tectonic history of the area around Circle Ridge began with an early Precambrian or
Archeozoic orogenic deformation phase. Contractiond mountain  building, dike
intruson, and the devdopment of severd regiond fracture systems subdivided the
basement rocks in the area into a mosaic of blocks (Fanshawe, 1952). Post-orogenic
cugtd dability was achieved during the Lae Precambrian as long periods of active
eroson produced a lowland among the earlier-formed mountain ranges (Fanshawe,
1952).

From the Pdeozoic Era until Late Cretaceous, centrd Wyoming was pat of the
continental shelf aong the eastern sde of the Cordillera (Keefer, 1969). Pdeozoic and
lower Mesozoic drata were deposted manly in shdlow seas, with the exception of
Silurian units which were either deposited and eroded before the Devonian or were never
deposited (Keefer, 1969). Widespread facies changes and unconformities commonly
associated with fluctuations in sea levd or low-amplitude tectonic movements created a
Spectacular, multi-colored dratigraphy. Some areas were periodicaly raised above sea
level and eroded while surrounding areas remained submerged thus cregting formations
with widespread thickness variations (K egfer, 1969).

Deformation related to the subduction of the oceanic Fardlon Plate undernesth the
continentdl North  American Plate began roughly 80 million years ago (Coney, 1978,
Stock and Molnar, 1988; and Brown, 1993). This tectonic event, known as the Laramide
Orogeny, continued intermittently with incressing intengty through the Paeocene and
ceaed by the end of the Early Eocene. Structurd deformation during the Laramide
Orogeny is characterized by crugta shortening to produce giant fault-bounded, basement-
involved uplifts dong the perimeter of basns (Figure 1-5). Precambrian-cored uplifts
separate basins that are filled with sediments accumulated during deformation.  Brown
(1993) characterized the Laramide Orogeny as a tectonic “front” that swept eastward
across the Wyoming Fordand, creating crustal deformation sequences that  grow
progressvely younger from west to easd.  Plaie convergence during the Laramide
Orogeny created sructurad deformation in a primary sress direction of N 40° to 50° E
(Brown, 1988). Primary dructures across the Wyoming Fordand, including Circle
Ridge, trend northwest, perpendicular to the inferred direction of maximum principd
sress Figure 1-6 and Fgure 1-7). Northwest trending sructures are generdly thrudts,
fold-thrusts, thrugt-folds, and uplifted basement blocks (Brown, 1988; 1993).

Beginning in Late Cretaceous time, the seaways shifted east as Laramide deformation
began downwarping the Wind River Basn and uplifting of the peripherd areas induding
the Owl Creek Mountains. The Wind River Basin is bounded by faulted and folded
Pdeozoic and Mesozoic sediments, but the basin is overlan by nearly flat-lying Eocene
deposits that accumulated as aresult of erosion of the surrounding areas since Laramide
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Figure 1-5. Index map showing the Circle Ridge Field and surrounding positive and negative
structural elementsthat definethe primary basin and uplift pattern in Wyoming.

4 T

Figure 1-6 Schematic strain dlipsoid with s; oriented parallel to the anticlinal axis d Circle Ridge
(modified from Reading, 1980). Contractional structures, like reverse faults and anticlinal folds, are
oriented paralld to s;. Extensional structures, like normal faults, are oriented perpendicular to s;.
Obliquefaults, indicated with arrowsin the dlip direction, are oriented 30° to s 3.
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Figure 1-7. Falsecolor satellite photo of the Circle Ridge Fidd. The Fidd formed due to
compression and thrusting from the northeast. Note the increased shortening in the northwestern
end of the Field. The increased shortening was accommodated through tighter folding and imbricate
faulting.

time. The arcuate-shaped basin encompasses approximately 13,600 kn? with a length
over 216 km and a width of @ much as 56 km. The Owl Creek Mountains are an esst-
west trending uplift thrust over the northern margin of the Wind River Basn. The Wind
River cuts through this uplift, forming the Wind River Canyon.

1.1.2 STRATIGRAPHY

Exposed dratigraphic units & Circle Ridge range from the Permian Phosphoria
Formation to the Cretaceous Mowry Formation. Subsurface formations include al units
from Precambrian basement to the Pennsylvanian Tendegp Formation (Figure 1-8).

1.2.1.1 Madison Limestone

The Madison Limestone is a Lower Missssppian assemblage of carbonates that rests
unconformably above the older Devonian Darby Formation. The Madison Limestone is
in generd a massve limestone and dolomite unit deposted on the Wyoming shelf
(Gower, 1978). In the Wind River Basin, the thickness varies from 68 m to 240 m,
reflecting minor tectonic movements (Gower, 1978). In addition, karsted zones in the
upper part of the Madison Limestone may be former evaporitic zones that were leached
gther during or after Missssppian time, dso accounting for thickness variaions (Keefer,
1965). At Circle Ridge, the Madison Limestone measures about 210 m and is known
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Era Period Unit Symbol
Mowry Shale
Cretaceous Undifferentiated Theg;:;ions Ku
Cloverly Formation Kcev \
. L-’ Morrison Formation Jm
8 Jurassic Sundance Formation NS
Gypsum Springs Formation Jgs
@ Nugget Sandstone Jn
E Popo Agie Member TRpa
Chugwgter CrOVI\\/II gﬂm(i)uer;tai " TRcm
Triassic Formation
Red Peak Shale TRrp
Dinwoody Formation TRd -/
Permian Phosphoria Formation PP <]
Pennsylvanian Tensleep Sandstone -
&
" — Amsden Formation
8 Mississippian Ve )
ison Limestone
8 Devonian Darby Formation
ﬁ Ordovician Bighorn Dolomite
D_ Gallatin Limestone
Cambrian Gros Ventre Shale
Flathead Sandstone
PRECAMBRIAN

Figure 1-8 Stratigraphic column for the Circle Ridge Formation (from Smith 2000)

only in the subsurface (Olson, 1948).

Rock Units
Exposed in Outcrop
in the Circle Ridge

Field

Primary Reservoir
Units

These shdf carbonates are generdly homogenous

in lithology with severa porosty zones containing commercid petroleum accumuletions
(Stipp, 1952). Currently, the Madison Limestone is the deepest drilled resarvoir a Circle

Ridge.

(Anderson and O’ Connell, 1993).

1.1.2.1 Amsden Formation

As of June of 1992, the Madison Limestone had produced 1.317 MMBO

The Amsden Formdion is Lae Missssppian to Ealy Pennsylvanian in age, ad
occupies the intervd between the underlying Madison Limestone and the overlying
Tendegp Formation. The contact of the Amsden Formation with the underlying Madison
Limestone is an erosond unconformity, while the contact of the Amsden Formation with
the overlying Tendeep Formation is conformable (Love, 1939). The Amsden Formation
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Figure 1-9. Geologic map (from Smith, 2000). Geological symbols used in map are referenced in
Figure1-8.

is a heterogeneous series of sandstone, shde, and limestone that was deposited under
marine conditions (Keefer, 1965). It is separated into three members beginning with the
Dawin Sandstone, which is a basd sandstone that fills the underlying karsted Madison
(Olson, 1948). The middle member is the Horseshoe Shade. The upper member, the
Ranchester Limestone, is a cherty carbonate.  Within the Wind River Basin, the Amsden
Formation varies in thickness from 60 m to 120 m (Gower, 1978). They are known only
in the subsurface (Olson, 1948). Anderson and O Conndl (1993) reported that 3.522
MMBO had been produced from dl of the productive units within the Amsden Formation
as of June of 1992.

1.1.2.2 Tensleep Formation

A conformable contact separates the Tendeep Formation and the Amsden Formations,
indicating no significant withdrawa of the sea at the close of Amsden time (Love, 1939).
The lower unit of the Pennsylvanian Tendegp Formdtion is dolomite and limestone
(Agaston, 1952). Shdes and fine- to medium-grained, cross-bedded sands make-up the
upper cdadic unit. The abundant medium-scale cross-beds, frosted quartz grains, and
limestone cement were used to interpret the depostional environment as a beach
(Agaston, 1952). The Tendeep is cagpped with an unconformity separéting it from the
overlying Phosphoria Formation. The Tendegp Formation is widespread in Wyoming
and has a highly variable thickness, with a range of 65 m to 183 m in the Wind River
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Basin (Gower, 1978). At Circle Ridge, the Tendegp measures 90 m (Olsen, 1948). The
thickness variance is due to the loss of the upper sand, which was removed prior to
deposition of the overlying Permian Phosphoria Formation (Pedry, 1975). The Tendeep
Formation became exposed as the seas migrated eastward and the upper sand eroded
(Keefer, 1965).

The Tendegp Formation is the most productive reservoir a Circle Ridge.  Anderson and
O’ Conndl (1993) reported the Tendeep Formation had produced 16.313 MMBO as of
June of 1992.

1.1.2.3 Phosphoria Formation.

An erosond unconformity separates the Pennsylvanian Tendegp Formation from the
Permian Phosphoria Formation. A progressve withdrawa of the Paeozoic seas occurred
between Lae Pennsylvanian and Ealy Permian (Agaston, 1952). A new maine
transgression deposited the Phosphoria.  The Phosphoria Formation averages 64 m thick
a Cirde Ridge dthough within the Wind River Badn, the Phosphoria Formaion can
measure up to 396 m in thickness (Andrews, 1944).

The Phosphoria Formation is the oldest formation exposed a the surface in the center of
Circle Ridge, and can be subdivided into two units. The basd unit is primarily a cherty
dolomite and thin, hard, brown limestone that was deposted in a shdlow marine
environment (Mills, 1956). The upper unit, as seen on the surface a Circle Ridge,
contains red, phosphatic shades and sandstones that weather to a dark brown. The upper
unit accumulated within @ an  aid dimae and dhdlow maine  environment
(Fridlinghausen, 1952). The Phosphoria Formation is the second most prolific ail-
producing unit a Circle Ridge. Anderson and O’ Connell (1993) reported the Phosphoria
Formation had produced 7.867 MMBO as of June of 1992.

1.1.2.4 Dinwoody Formation

The basd Triassc unit is the Dinwoody Formation The contact between the Dinwoody
Formation and the Phosphoria Formation appears continuous and conformable as it crops
out in the centrd hill of Circle Ridge. The Dinwoody is composed of slts and sandy,
anhydritic shde with a few interbedded gray dolomites and limestone. It has a unique
white to ydlow color. The 43 m thick Dinwoody Formation was deposted in semi-
restricted marine or supratida environment (Kinsman, 1969).

1.1.2.5 Chugwater Formation

Overlying the Dinwoody is one of Wyoming's thickest and mog didinctive formations,
the Triassc Chugwater Formation. The Chugwater Formation is separated into three
members—Red Peak, Crow Mountain, and Popo Agie. The basd Red Peak Shde is the
thickest a 314 m (Anderson and O Conndl, 1993). It contains a blood-red, interbedded
dltstone and sandstone that accumulated within a pardic and nearshore marine complex
(Picard, 1978). The upper portion of the Red Peak wegathers into shades of tan, gray, red
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and purple.  The Crow Mountain is 64 m thick of purple, very fine-grained sandstone,
and gray to red gltstone (Anderson and O'Connell, 1993. The man depostiond
environment for the Crow Mountain Member was probably a tidal flat complex (Ficard,
1978). The upper Chugwater member, the Popo Agieg, is dark red to purple on the base,
and weathers to a dark rust color or ochre color. The upper portion is a bright tan
gltstone with sharp brittle edges. It sounds like glass when walked upon. The difference
in color is probably from different amounts of iron oxides present. The Popo Agie
Member represents dominantly fluvid conditions, whereas the ochre-colored unit was
deposited in a lacudtrine environment on a ddtaic plain (Picard, 1978). At Circle Ridge,
the Popo Agie Member measures 52 m in thickness (Anderson and O’ Conndll, 1993).

1.1.2.6 Nugget Sandstone

Unconformably overlying the Popo Agie Member is the Lower Jurassc Nugget
Sandstone.  This formation is only present along the northwest corner of Circle Ridge and
can be up to 15 m thick when present. The base of the Nugget is a fine- to very fine-
grained, tan to buff sandstone with interbedded red sltstone beds. Above the basal unit is
a red sandstone of the same texture. Large- and smdl-scale cross-bedding structures
were found that might indicate eolian depogtion.  Much controversy exists today
concerning the discontinuous surface exposure of the Jurassc Nugget Formation in the
Wind River Badan. Picad (1978) has suggested that regiond and loca tectonism may
have contributed to the observed thickness variations.

1.1.2.7 Gypsum Springs Formation

The lower and upper contacts of the Gypsum Springs are unconformities (Anderson and
O’ Connell, 1993). The basd portion of the Gypsum Springs Formation at Circle Ridge is
a 29 m thick massve layer of gypsum (Anderson and O Connell, 1993). The upper
portion contains a pink to red gypsferous sltstone with interbedded shae measuring 32
m thick (Anderson and O’ Conndl, 1993). The gypsum weethers to a dark, puffy texture
gmilar to heads of broccoli. The abundance of gypsum with the interbedded sltstone
and shde beds would represent depodts that accumulated on the continenta platform
with intevds of isolation from the man sea  Kingman (1969) interpreted the
depogtiond environment as a semi-redtricted basn with sabka and tidd mudflat
conditions.

1.1.2.8 Sundance Formation

The Sundance Formation and overlying Morrison Formation are the two Upper Jurassic
units a Circle Ridge. A didtinctive drip of grass is seen a the contact between the
Sundance Formation and the Gypsum Springs Formation. At Circle Ridge, a series of
shale, sandstone, and limestone beds compose the 96 m thick Sundance Formation
(Anderson and O’ Conndl, 1993). Colors range from gray to light brown to green. The
fine-grained sands and shale can be highly glauconitic with sedimentary characterigtics
that include thin cross-beds, ripples, and planar beds. An abundance of Gryphea was
found loosely atop the soils of the Sundance and cemented within beds. The combination
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of characterigtics and different bed compostions lead to the interpretation that the
Sundance represents a vaiety of marine depodtiona  environments—open marine
platform, lagoon, and barrier bar (Peterson, 1954; Keefer, 1965).

1.1.2.9 Morrison Formation

Overlying the Sundance Formation, and separated by a conformable contact, is the
Morrison Formation. Along the northeast flank of Circle Ridge, a cherty conglomerate
bed of the Morrison Formation marks the contact above the Sundance Formation. In the
sudy area, the Morrison is 61 m thick and comprised of white, fine-grained sandstones
and tan shde (Anderson and O'Conndl, 1993). It was depodsited in a non-maine
environment as intermixed lacudrine, swamp, flood plain, and river deposts (Downs,
1952). The Morrison Formation is a regiondly extensve unit found throughout
Colorado, Idaho, Utah, and Wyoming. Dinosaur bones have been found in this
formation, most notably at Dinosaur Nationa Park, Colorado.

1.1.2.10 Cloverly Formation

The types of environments and conditions in which the Morrison Formation was
deposted are largely repeated within the Cretaceous Cloverly Formation. The basd
fluvid unit is a didinctive light gray, pebbly conglomerate. Above the conglomerate unit
is a cross-bedded, gray to dark brown sandstone with interbedded bentonitic shales, silts,
and clays. The upper part of the Cloverly Formation is composed mostly of rust-colored
slts and sandstones that are called the Rusty Bed Member. Structures include ripples and
cross-beds The sanddone is fluvid in origin and was probably deposted in stream
channds cut into the underlying lacustrine deposits (Curry, 1962). At Circle Ridge, the
Cloverly Formation is 87 m thick (Andrews, 1944).

1.1.2.11 Cretaceous Undifferentiated

The dark, betonitic shaes that form a gradational contact above the Cloverly belong to
the Thermopolis Formation. The Thermopolis Shde and Mowry Shde have been
mapped together in this study to form the Cretaceous Undifferentiated. The Thermopolis
maine shae layer coincides with the transgresson of the Early Cretaceous sess into the
Wind River Basn (Burtner and Warner, 1984). The bentonitic shaes are dark gray to
black in color, and contain thin layers of sandy and glty claystone. About 14 m from the
top of the Thermopolis Formaion rests the Muddy Sandstone Member of the
Thermopolis Formation. The Muddy Sandstone Member contains a white to buff, fine-
to medium-grained sandstone, which is sharply didtinctive from surface exposure with the
Thermopolis Formation. The sandstone in the Muddy Sandstone Member represents
overlgoping maine and non-marine sandstone facies and therefore indicates a brief
regression in the Cretaceous sea (Curry, 1962).

The other formation in the Cretaceous Undifferentisted (Ku) in this sudy is the Mowry

Formation. The contact between the Thermopolis Shade and the Mowry Shde is often
difficult to locate. Generdly, the base of the Mowry Shale is recognized as porcel aneous
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shde that conformably overlies the Muddy Sandstone Member. This hard shde is gray,
fissle, organic-rich, and locadly sandy. Numerous bentonite beds within the Mowry and
the other Cretaceous formations indicate episodic volcanic activity at the same time from
the northwest corner of Wyoming (Downs, 1952). The Mowry is 195 m thick at Circle
Ridge, and is a dructurdly incompetent unit that dumps frequently, producing uneven
topography (Andrews, 1944).

1.3 Strategies for Building the 3D Comprehensive Reservoir Model

1.3.1 MATRIX PROPERTIES

Many of the wells in the Circle Ridge Fidd are old, and modern logging suites were not
run in them. The information contained in the logs tha were run is not sufficent on its
own to caculate the necessary matrix parameters. However, there are a number of wells
in the Circle Ridge Fidd that do have modern logging suites that do dlow the required
matrix propertiesto be caculated.

The drategy to caculate matrix properties from the older logs was to cdibrate these logs
to the modern suites. This added step of cdibration made it possble to cdculate matrix
properties in 113 additional wells. Details of the calibration methodology are presented
in Section 2.2 of this report.

1.3.2 FAULT BLOCK ARCHITECTURE

There is no sdamic data in the Circle Ridge Fedd that can be used to determine the
geometry and location of the mgor faults Data on fault locations comes from wel
penetrations and from surface geologica mapping.

Prior to this project, Anderson and O Conndl (1993) congtructed the only cross-sections
through the Fed and interpreted the tectonic evolution of the Fiedd based on these
recondructions. Later Smith (2000) remapped the surface geology of the Circle Ridge
Feld. He combined these maps with Anderson and O Conndll’s cross-sections to create
a mode that was used for computing reservoir volumes, and to look for untested fault
blocks. The mode was not balanced three-dimensondly and has obvious kinemdic
problems.

The drategy adopted in this project was to create a fully 3D mode of the mgor faults and
reservoir horizons, and then to undertake a complete 3D pdingpastic recongruction of the
Feld usng 3D bdancing condrants. The exiging cross-sections of Anderson and
O Conndl (1993) were not sufficient for this purpose, so additiona cross-sections were
congtructed. These cross-sections were based upon fiedld measurements aong transects
chosen to pass through wells where there was additiond subsurface control on the
formation tops and faults  Two additional cross-sections were constructed in the
gructurdly complex northwestern end of the Fed, and one cross-section was
congtructed in the southeastern end of the Field.
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These cross-sections together with Anderson and O’ Conndl (1993) cross sections were
combined with the sructurd contour maps condructed from well penetraions. A 3D
palinspadtic recongtruction program was then used to restore the Tendeep and Phosphoria
Formations to their origina unfaulted and unfolded Sate.

1.3.3 RESERVOIR-SCALE FRACTURE MODEL

The reservoir scde fracture modd congsts of those joints and faults that do not delineste
magor dructurd blocks. These fractures are probably on the order of a few meters in
radius up to a few hundred meters in radius. They are large enough and permesble
enough to strongly impact reservoir flow, but smal enough that they cannot be correlated
from well to wel or to outcrop on the surface, as the case with the larger block-defining
faults

Data on reservoir scade fracturing can come from both direct and indirect sources. Direct
sources include outcrops, core, fracture image logs, and spinner logs. Indirect sources
include saismic attributes or dructurd surrogates like bedding thickness or bedding
curvature.

No sgsmic data was avalable a Circle Ridge, so the only data avalable potentidly
comes from downhole logs, core and outcrop.

Downhole data has the advantage that it pertains directly to the target reservoir units. It
dso has many disadvantages. codt, coverage and directiondity being the three most
important. Because of the cod, it would be prohibitively expensve to obtain fracture
image log data in a large number of wells. Moreover, not al wells can be logged. For
example, only those that are not cased in the reservoir intervals could potentidly be
logged. The cost and the subset of wels with suitable open-hole completions reduce
ubgtantialy the number and location where direct subsurface data can be obtained
through logs In addition, wells are essentidly unidirectiond samples of the three-
dimensona fracturing in the reservoir.  Fractures that are oriented orthogona to the
wellbore will more likely be intersected, and hence imaged and recorded, than fractures
that are subpardle to the welbore axis. This implies tha subverticd fractures may be
rardly intersected by a verticd wel, or entirdly missed if the image log only covers a
gndl interva. As the wels in the Cirde Ridge Fidd are verticad or subverticd, and
outcrops of the Tendeep and Phosphoria Formations esawhere in the Wind River and
Bighorn Basns show that important fractures form in a subverticd orientation orthogond
to bedding, there will be some incompleteness in the fracture data obtained through well
logs.

While outcrop data does not have the problems with cost or spatiad coverage that
wellbore log data has, its relevance to the fracture pattern developed in the subsurface
reservoir units must be established before it can be used. There ae dways issues
regarding whether the gstress relief near the surface has aeated or enhanced some fracture
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sts, and whether the deformation of the younger, mechanicdly different outcrop
formations has been smilar to the reservoir formations.

At Circle Ridge, the formations exposed at the surface immediately overlay the reservoir
formations, so there is a reasonable chance that the outcrop formations might have
experienced very smilar deformation processes to the reservoir formations, and thus
might be useful for learning about wha dructurad or other types of geologicd cortrols
might be useful for predicting fracture patterns in the subsurface.

The draegy for building the reservoir-scae fracture mode thus relied upon both
subsurface and surface fracture data.  However, it was not assumed that the outcrop data
would necessarily be related to the subsurface fracture data  Rather, the overlying rock
units exposed in outcrop in the Fed were sudied to find any evidence of detachment or
decoupling from the subsurface reservoir units. Moreover, as subsurface image log data
was acquired, it was compared to outcrop fracture data in the immediate vicinity of the
well, to assess how closdy the outcrop fracturing corresponded to the subsurface fracture
data

Andyss of the subsurface and surface fracture data makes it possble to assemble a
database of fracture intendty and orientation in many different gructurd postions
throughout the Fiedd. However, it does not in and of itsdf provide al that is needed to
predict fracture orientations and intendgty where there are no wells or outcrops. The issue
of how to interpolate or extrgpolate beyond well control is centrd to building the
reservoir fracture modd. Thiswas donein the next stage.

The second dage in building the reservoir-scale fracture mode was to determine what
geologica factors produced the observed fracturing. Since the Circle Ridge Fidd is a
highly deformed assemblage of rocks, it is likey that the fractures arose during the
folding and faulting tha trandformed the fla lying reservoir rocks into their present
geometrica configuration.

The drategy for determining just how the deformation may have led to the fracturing was
to compare the drain pattern produced by each folding and faulting event to the fracture
pattern measured downhole and in outcrop. The strain pattern can be caculated from the
3D pdinspastic recongruction (Section 1.3.2) by dating with the flat-lying reservoir
units, and then computing the geomerical drain &fter each folding or faulting event
deduced in the recongtruction.

Rock mechanics research has shown that there is a geometrica relationship between the
principal directions of dress and dran and the orientation of fractures (eg. Billings,
1972; Jaeger and Cook, 1976). Extenson fractures (sometimes termed Mode | fractures
in fracture mechanics literature) form a surface orthogond to the direction of minimum
principd dress, which is dso the direction on maximum extensond drain.  Faults or
Mode Il fractures, in which dippage occurs pardld to the fracture surface, form from 30°
to 45° from the direction of maximum compression or contraction (Figure 1-10).
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Figure 1-10. Relation between principal stress directions and resultant fracture orientations (Riedel,
1929). s; and s3 are the maximum and minimum principal stresses, respectively. “T” is the
extenson (Mode I) joint set. “R” and “R’” are the primary and secondary Riedel shears, which are
active in compression, typically when the deformation occurs deep in the crust, pore pressures are
low and the angle between s; and the reference fault plane is large. At shallow depths, low confining
pressures, high pore pressures or when the master fault subparallels s;, the “P”, “X” and “T” sets
arefavored.

The dasic Riedd modd illugdraed in Figure 1-10 is primarily a modd for secondary
fractures associated with faults. Many other modds for fracturing related to folding have

DE-FG26-00BC15190 17



also been proposed. The two most common are the plate-bending modd (Billings, 1972)
and the Stearns modd (Stearns and Friedman, 1972).

The plate-bending model predicts the formation of two Mode | or extenson fracture sets,
referred to as extension or a-c joints; and release or b-c joints (Figure 1-11).

extension or a-c joints

release or b-c joints

Figure1-11. Illustration of release (b-c) and extension (a-c) jointsin relation to fold geometry.

A reated, though more complex modd, was proposed by Stearns and Friedman (1972).
Figure 1-12 shows the Type | and Type Il fracture orientations in this modd. The
conjugate “shear” fractures typicaly make an angle of 30° to 45° with their associated
extenson fracture set. It is rare that al of the orientations are present, or tha the
conjugate fractures sets are present in equd intendties.  Occasiondly, one of the
conjugate orientations is entirely absent.

The extenson fractures in either of the modes depicted in Figure 1-11 or Fgure 1-12
have characteristic orientations with respect to bedding that is obvious in stereoplots of
bedding and fractures (Figure 1-13). These two Sereoplots show how the Type |
extenson fracture padles the bedding dip, and how the Type Il extension fracture is
vertical and pardlds bedding strike.  The contours shown in the figure are concentrations
of fracture poles. Those labeled Type | in the unrotated stereoplot are on the edges of the
gereoplot and are a an azimuthd angle of 30° from north. The poles labeled Type Il in
the unrotated diagram represent a fracture with a 30° dtrike and a 60° dip to the
northwest. Bedding (shown by the red line in the lefthand plot) strikes 30° and dips 30°
to the southeast. The fact that the poles for the Type Il st plot on the great circle
representing bedding indicates that the Type Il sat is orthogona to bedding. The
gereoplot on the right shows how the fracture orientations look when the data are rotated
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Type | Group

Type Il Group

Figure 1-12. Schematic diagram of Stearns model of fracture orientations related to folding. The
red line in the Type | fracture group is a joint or extension fracture, while the orange lines show the
orientations of Type | conjugate “shear” fractures. The yellow line shows the orientation of the Type
Il joint or extension fracture, while the cyan lines show the orientations of the Type Il conjugate
“shear” fractures. The complete Stearns model contains other fractures not shown in the schematic
above

into the plane of bedding. In this rotated stereoplot, the bedding strikes north-south and
is horizontd. The fracture poles in this rotated orientation cluster at the four compass
positions shown.

The drategy was to examine the fracture data, and determine whether it showed any of
these characteridtic rdlations to faulting or folding.

These comparisons were caried out in two different ways. The fird series of
comparisons focused drictly on the redion of the fracture orientations with loca
bedding orientation. The second series of comparisons examined the locd drain fied
during the dructurd evolution of the Circle Ridge Fied, to determine if any of the
orientations characteristic of the Riede mode (Figure 1-10) were present.

1.3.4 INTEGRATED 3D RESERVOIR MODEL

An important aspect of this project was the creation of an integrated matrix/fault
block/fracture numericd modd. This modd dlows the visudization of the fractures in 3
D and their relation with other parameters, and provides the numerical parameter values
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Unrotated “Raw” Stereoplot Rotated into Plane of Bedding

Type | Extension

Bedding Dip

Bedding Strike

Figure 1-13. Steoplots illustrating the characteristic relations of the Type | and Type Il extension
joint setswith respect to bedding.

to reservoir smulaions or other caculations to desgn and evduate options to enhance
production.

The Circle Ridge Fidd is encompassed within a complex dructurd stting. The basic
dructure that defines the fidd is an anticline. The complexity enters due to the faulting of
the anticline dructure. This complexity is not just due to the number of the faults
obsarved and modded, but aso the type of faulting in the Fidd. Many faults intersect
other faults, cross other faults, or die out. The Circle Ridge Fidd has not only nearly
veticd faulting which is farly smple to modd, but dso shdlowly dipping faults and in
paticular, shdlowly dipping reverse faults  This lag type of fault is difficult to
incorporate in many 3D modding software systems.

Of the modeing software packages that can handle the complex types of faulting that
occur a Circle Ridge, further classfication of the software can be made in ther ability to
upscale the geo-cdlular modd to reservoir amulation modds.  This process of upscaing
has been addressed in some of the software so that directly readable grid files are written
that can be read by the reservoir smulation software. This becomes important in order to
dlow the operaor of the fidld a method of evauating the best economic methods of
extracting the most reserves from the fidd. The ability of geo-cdlular models to essly
output Smulaion modding grids is an important point to consider in picking the geologic
modeling software.

Initidl experiments with importing the data into Roxar's RMSO  software showed that the
current rlease of RMS could not handle reverse faults without bresking the modd into
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svead pieces, which is cumbersome for use in laer dmulation or other types of
cdculation. Additiona evauations of Technoguide's Peird®  and GocadO were dso
caried out to determine the best piece of software to be used. Eventualy, GocadO was
selected due to consderations of technica capabilities, cost and ease of integration with
Marathon’ sexisting reservoir software.

1.4 Strategy for Model Validation

Moded vdidation is an important, if not essentid, part of developing a reservoir mode
that engineers can use for planning and development. For the Circle Ridge modd,
vaidation conssted of testing and evauating two complementary aspects of the mode!:

1. How wel did the fracture orientations and intengty variaions in the fracture
model correspond to measured data?
2. How well did the modd reproduce reservoir-scale flow behavior?

The fird vdidaion was not caried out as a separate validation task, in that it was
inherent in developing the origind reservoir-scale fracture modd. The drategy for
vadidaing the geometricad aspects of the fracture model consisted of comparing the drain
data at various stages in the pdinspastic recongruction, and the fracture pattern likely to
have been generated by it, to measured surface and subsurface fracture orientations and
intengty variaions. The development of the fracture mode based upon the drain history
condtitutes a prdiminary vaidation of the geometry of the fracture modd.

A more comprehensve vadidation of the mode was carried out by usng the preiminary
reservoir-scae fracture modd to smulate trandent well tests and to compare its
connectivity to the connectivity and compartmentdization of the reservoir as indicated by
two tracer tests. In order to more thoroughly test the model, one test was carried out in
the Tendeegp Formation in the overthrust block, while a second test was carried out
predominantly in the Phosphoria Formation in some of the underlying imbricate blocks.
The actua tracer tests were not smulated numericdly, but rather the fracture modd was
asesed in terms of the breskthrough patterns observed in monitoring wells.  This
vdidation tests whether the reservoir-scade connective geometry, essentidly the geometry
of the highly conductive fracture conduits or corridors, maiches the locd interwel
corridor geometry inferred from the tracer tests. This is important, because it is the
location and orientation of these corridors, and an understanding of why they occur where
and in wha orientation, that is key for improving fiedd development in the ways indicated
inSection 1.1.

1.5 Strategy for Model Utilization

Section 1.1 reviewed the importance of knowing how matrix properties, reservoir-scae
fracture and fracture network properties, and fault block architecture vary throughout the
fidd for desgning and implementing advanced recovery processes and dting and
completing new wells.
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The utilization of the modd to enhance recovery was not part of the scope of this project,
dthough is has and is being used for those purposes. As described in Section 1.1, the
results from this project will be used in a number of different ways. The overd| Srategy
has been to combine dl of the reservoir data — matrix, fracture and fault — into a sngle
numericd modd that can be interrogated, viewed and used as input for other software or
engineering caculations. For example, it may be necessay to derive input parameter
vaues for a reservoir amulation in order to assess the feashility and economic sense of
implementing a paticular tertiary recovery scheme. In this ingance, the integrated mode
is used to produce input values. Another use is through interrogation or visudizetion. As
will be discussed in a later section of this report, the reservoir-scae fracture informeation
has been used to orient a proposed latera from an exiging verticd wel. The re-
orientation of the lateral was based upon the dominant direction of fracturing in the 3D
model, and in the fracture intendty patterns contained in the modd. This is an example
of how the visualization or interrogation of the model can be used to enhance recovery.
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2 Experimental Work

2.1 Overview

This section describes the experimenta procedures used in carrying out the project. They
are divided into procedures for recdibrating wireline logs from older wdls in order to
extend knowledge of matrix properties; acquisition and interpretation of subsurface data;
acquistion and interpretation of outcrop data; techniques used in cregting the 3D fault
block architecture; techniques used in carying out the 3D pdingpastic recongtruction;
and methods for deriving reservoir properties and incorporating them into the find 3D
reservoir moddl.

2.2 Petrophysical Analysis to Expand Matrix Property Coverage

221 OVERVIEW

The purpose of the petrophysical work at Circle Ridge was to determine as accurately as
possble the digribution of oil in the Phosphoria and Tendeep Formations, the primary
reservoir units for the reasons discussed in Section 1.1. Two of the criticd parameters
that can be derived from log are matrix porogity and matrix oil sauration. The results of
this analyss were integrated into the 3D reservoir modd and interpolated between well
control udng a spatid interpolation dgorithm.  The data covered the overthrust area and
a number of downthrown blocks that make up the subthrust part of the fidd in the
northwest area of the field. Not al wells could be andyzed using the same gpproach due
to differences in avalable log types and qudity. As a reault, severd different andysis
approaches were used.

The primary and most accurate anadyss approach utilized the MULTIMIN program,
which is an optiond module to the Paadigm Geophyscd Corporation's
(http:/Aww.paradigmgeo.com) GeoLog6O log interpretation program.  The MULTIMIN
program provides for a Smultaneous solution for minerds, porosty, and fluids The
andyss requires densty, neutron, shalow and deep resgtivity logs as a minimum suite
for andyss. The dgorithms embodied in the software represent the current State-of-the
method available for determining porosity and fluid saturation from logs.  Fifty wells had
the required measurements to run this type of andyss. Thirty-nine of these were in the
ovethrust and eeven were in the subthrust blocks Sx of the wells contained section
from both the overthrust and subthrust, so the totd number of wells andyzed was forty-
four.

The second most accurate method to assess porosity was to plot density and compensated
neutron logs when both were avalable. This procedure was used when resgtivity
measurements were lacking, and the MULTIMIN anadyss could not be carried out as a
result. An accurate porosity can be obtained; however the Phosphoria did require a minor
adjugment as will be discussed later. A totd of twelve wdls fdl into this category, four
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in the overthrust and eight in the subthrust. Two of the wels contained section from both
the overthrust and subthrust so the total number of wells analyzed was ten.

The third mogt accurate porodty was determined when the only porosity measurement
avalable was the dengty. It is extremdy difficult to determine an accurate porosty with
only one measurement. To make some use of this data, a method was developed that
derived the best guess porogity and is shown in Section 2.2.4 of this report. Thirty-three
wells contained only a dendty log; twenty-three in the overthrust and ten in the subthrust.
Two of the wdls contained section from both the overthrust and subthrust, so the tota
number of wells andyzed was thirty-one.

The last measurement to be addressed is the gamma ray neutron (GRN). The method of
getting porodty was determined from the only two wells that contained both the GRN
and some other measurement.  In these two wells the other measurement was the dengty.
It was important to utilize the GRN wells due to the shear number that only had this
messurement. A total of forty-eight wells are involved, thirty-nine in the overthrust and
nine in the subthrus. By induding these wels, additiond informaion was ganed in
areas that would not have any porosty coverage at dl. It is understood that the accuracy
of the GRN porogty is certainly suspect when used aone with no cdibrated reference to
compare to.

The next sections describe in greater detail the results of each of these four types of
anayses.

222 MULTIMIN ANALYSIS

Figure 2-1 shows the results of the Phosphoria modd that was generated over the firg ten
to twenty wells that were worked on. These wells were used as a cdibration set to alow
processng of the remaining wells. MULTIMIN operates on a "modd" concept where dl
parameters for a given formation are saved in a model file. There is a Phosphoria model
fileand aTendegp modd file.

Another feature of MULTIMIN concerns the oil APl and gas specific gravity parameters.
These and dl other fluid and tool parameters are corrected to reservoir conditions (for
example, temperature, pressure, or hole sze). Currently MULTIMIN will only handle il
or gas, not a combination of both.

2.2.2.1 Phosphoria Analysis

The Phosphoria mode has the following characteridtics:

The gamma ray was not utilized in determining minerds.  The effect of the Uranium
minerd on the gammaray response in the Phosphoriais well known.
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Track 1 - MULTIMIN minerds and total volume display

Track 2 - depth

infest

Track 3 - total porosity and fluid content. Area shaded green is percentage of
porogity that is unmoved oil, area shaded ydlow is percentage of moved ail in the
invadedzone. The cler aea is percent water saturation in the undisturbed
formation.

Track 4 - water

saturation

Track 5 - measured hole diameter and density correction
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Figure2-1. PhosphoriaMULTIMIN display
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Only cdcite and dolomite were chosen for minerd determinaion. The Phosphoria is
usualy found to be a clean carbonate.

The water resdtivity for the Phosphoria was adjusted during modd determination.
By utilizing the Pickett plot (Asguith and Gibson, 1982) during generation of the
modd, it soon became apparent that these vaues (shown below) applied across the
CirdeRidgefidd. So, from the Pickett plot:

Rw: 1 ohmm at 80 degrees F (weter resigtivity)
a 1

m 1.8  (cementation exponent for porogty)

n 2 (water saturation exponent)

Hgure 2-2 shows the Pickett plot for the Phosphoriain well 66-49.

Figure 2-3 presents (in black) the origina logs used by MULTIMIN to create the minera
percentages, porosty, and fluid saturations. Also presented (in red) are the reconstructed
logs generated by MULTIMIN, which shows how well the mode predicts the origind
data

As previoudy mentioned, the gamma ray log was not used in the Phosphoria modd to
determine the results.  Thus there is no predicted gamma ray log in Track 1. However,
the gamma ray log was used in the Tendegp modd, and Figure 2-3shows the maich over
this formation. Figure 2-3coversthe sameinterva asis shownin Figure 2-1.

2.2.2.2 Tensleep Analysis

Fgure 2-4 shows the results of the Tendegp mode that was generated. The Tendeep
model has the following characteridtics:

The gammaray log was utilized for determining mineras.
Quartz, dolomite, and illite cday were chosen for minerd determination. The
Tendeep aso contains traces of heavy minerd, such as pyrite.  Since there were
an inaufficient number of measurements to solve for pyrite, the end point for zero
porosity was adjusted upwards from 2.65 to 2.67 in the modd for the dendty to
compensate.

The water resdtivity for the Tendeep, like the Phosphoria, was adjusted during
modd determination in asmilar manner (Fickett plot).

Figure 2-5 shows the Pickett Plot for the Tendeep Formation.

The following vdues that worked well for the Phosphoria Formation dso worked well
for the Tendeep:
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Track 1 - black: logged GR
Track 2 - black: logged nphi

Track 3 - black: logged rho
Track 4 - intervas shown
Track 5 - black: logged dt

red: MULTIMIN predicted gr

red: MULTIMIN predicted nphi

b red: MULTIMIN predicted rhob

red: MULTIMIN predicted dt -- no logs shown

Track 6 - black: logged x conductivity
Track 7 - black: logged t conductivity

red: MULTIMIN predicted x conductivity
red: MULTIMIN predicted t conductivity
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Figure2-2. Picket Plot for Shoshone 66-49, Phosphoria For mation
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PHIT vs. RDEEF Crossplot
Well: CIRCLE_RIDGE_66_49
Intervals: PHOS1, PHOSZ, FHOS3, PHOS4
Filter:
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Figure 2-3. PhosphoriaMULTIMIN predicted and real logs
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Rw: 1 ohmm at 80 degrees F (water resdtivity)
a 1

nm 1.8  (cementation exponent for porogty)

n 2 (water saturation exponent)

Figure 2-6 presents the reconstructed logs generated by MULTIMIN. The Figure shows
that there is a good fit between the predicted logs and the originds. Figure 26 covers the
sameintervd as Figure 2-4.

2.2.3 POROSITY CROSSPLOTS

This section addresses the methodology used in wels in which the densty and
compensated neutron logs are the only porosity logs available.

FHgure 2-7 demondrates the "cplb' function tha alows determination of porosty and
goparent matrix dendty from the dendty and compensated neutron logs in the Phosphoria
Formation. Figure 2-8 shows an analogous plot for the Tendeep Formation.

Figure 2-9 shows a comparison of the crossplot porogity in forty-sx wells that contain the
MULTIMIN porosty for the Phosphoria A quadratic regression (the blue curve) was
performed that corrected crossplot porosity to more closdy match the PHIT MULTIMIN
porogty. Thiswas used on the ten wells that fit the crossplot criteria

Fgure 2-10 is the corresponding plot to Figure 2-9 for the Tendegp Formation. This plot
shows that little correction to the crossplot porosity is required to closely match the
MULTIMIN porosity in the Tendeep.

This process was performed on four wels in the overthrus and eight in the subthrust
portions of the Circle Ridge Field.

224 DENSITY LOG ONLY

In some wadls, dendty logs are the only porosty logs avalable, making accurae
determingtion of total porogty more difficult. The method relies upon use of the gamma
ray log in concert with the dendty log to first determine rock type, and then to compute
porosity based upon relaions and parameter vaues for the rock type. A solution for each
formation was generated, and a LOGLAN (GeolLogO programming language) program
was built to handle both the Phosphoria and Tendeep a once. The annotated LOGLAN
program is presented in Appendix 1.

Figure 2-11 shows the results of the program on well 66-49 Phosphoria Formation. There
is reasonable agreement with the MULTIMIN porosity. Fgure 2-12 shows the results on
the same well in the Tendeep Formation.

This andyss was carried out on twenty-three wells in the overthrust and ten wels in the
aubthrust.  No single wel of this type contained both overthrust and subthrust sections.
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Track 1 - MULTIMIN minerds and total volume display
Track 2 - depthin feet
Track 3 - total porosity and fluid content. Area shaded green is percentage of porosity
that is unmoved ail, area shaded ydlow is percentage of moved ail in the invaded
zone. The clexr area is percent water saturation in the undisturbed formation.
The red asterisks are core porosity.
Track 4 - water saturation
Track 5 - measured hole diameter and density correction
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Figure2-4. Tendeep MULTIMIN display
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Track 1 - black: logged GR
Track 2 - black: logged nphi
Track 3 - black: logged rhob
Track 4 - intervas shown
Track 5 - black: logged dt

red: MULTIMIN predicted gr
red: MULTIMIN predicted nphi
red: MULTIMIN predicted rhob

red: MULTIMIN predicted dt -- no logs shown
red: MULTIMIN predicted x conductivity

Track 6 - black: logged x conductivity
Track 7 - black: logged t conductivity

red: MULTIMIN predicted t conductivity
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Figure2-5. Pickett Plot for well 66-49, Tendeep Formation
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PHIT vs. RDEEP Crossplot
Well: CIRCLE_RIDGE_66_49
Intervals: TENSMARKER. TENS1, TEMS2, TENSZB, TENS3, TENS4, TEHSS
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Figure2-6. Tendeep MULTIMIN predicted and actual logs
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RHO COR vs. NPHI COR Crossplot
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Figure 2-7. Crossplot of rhob and nphi in Shoshone 66-49, Phosphoria For mation
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RHO COR vs. NPHI COR Crossplot
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Figure2-8. Crossplot of rhob and nphi in Shoshone 66-49, Tensleep Formation
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MMWORK._PHI_NDRAS / MMWORK_PHIT_1 Crossplot
Wall: 46 Wells
Range: All of Well
Filtar: SUBSTRIMG{INTERYALS.ZOMNE,1,4)=="PHOS5""
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Figure 2-9. Comparison of crossplot porosity (X-axis) to MULTIMIN porosity (PHIT — Y-axis) in the
Phosphoria Formation for 46 wells.
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MMWORK.PHI_NDRAS / MMWORK.PHIT_1 Crossplot
Wall: 46 Wells
Range: All of Well
Fiter: SUBSTRING(INTERVALS.ZONE,1.4)=="TENS"
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Figure 2-10. Comparison of crossplot porosity (X-axis) to MULTIMIN porogty (PHIT — Y-axis) in
the Tensleep Formation for 46 wells.
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Track 1: blue - caculated water saturation

Track 2. depthin feet

black - or

Track 3. black - dengty porogty magenta- MULTIMIN porosity blue- densty log

Figure2-11. Porosity determination from density log, Shoshone 66-49, Phosphoria For mation.
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Track 1: blue - caculated water saturation

Track 2: depthin feet

black - gr

Track 3: black - dendty porosty magenta- MULTIMIN porosity blue - density log
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Figure2-12. Porosity determination from density log, Shoshone 66-49, Tendeep Formation.
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225 GAMMA RAY NEUTRON (GRN) POROSITY

The method used for these wdls relies on an old technique of log andyss (Asquith and
Gibson, 1982). The wels in the Circle Ridge Fied that have only the GRN logs were
drilled in the 1950's and 1960's. Of dl of these wdls, two aso contained densty logs,
which proved very useful for caibration.

Figure 2-13 through 215 show the cdibration of the GRN using the control provided by
the dengty log for the Tendegp Formation in two wells and for the Phosphoria Formation
in one well. The logs for these two wells suggest that it may be possible to etimate
porosity from GRN count rate. Near the bottom of the Phosphoria there are anhydrite
layers, which produce a low GRN porosty point (or high GRN count rate). The
Phosphoria layers “PHOSL” and “PHOS2” shown on the figure generdly have higher
porosity points (or lower GRN count rates). These observations can be used to estimate
porogity in the following manner by re-scding the trandforming a linear count rate (NEU)
to alogarithmic porosity value (PHIT_NEU).

Fird¢, a GRN count rate frequency hisogram was computed for the two formations.
Figure 2-16 shows this hisogram for Wdl 66-34. This is one of the oldest wels, where
the count rate is extremdy low. The minimum and maximum vaues from this hisogram
are used to define the limits of the input log, in this case, the GRN count (Figure 2-17).
In order to map the GRN count rate to the same scale as the porosity, and because of the
inverse relation between porosty and GRN count rate, the old minimum vaue of 1.8 is
mapped to 30% porosty, while the old maximum GRN count rate vaue of 132 is

mapped to 1% porosity.

2.3 Field Data Collection

Severd weeks of fiddwork took place in June and July, 2000 to gather geologica
transect data for building cross-sections through the field, and to garner detailed fracture
atribute information for key formations and dructurd postions in order to relate the
dructurd evolution to fracture devel opment.

2.3.1 GEOLOGICAL RECONNAISSANCE & CROSS-SECTION DATA
GATHERING

Several days of geological reconnaissance were underteken prior to Sting cross-sections
and scanlines in order to determine the most useful locations. The garting point for the
reconnaissance was the geologica map prepared by Smith (2000). The goa was to fied
check the mapped geology and structure, to update existing or map new faults and folds
exposed a the surface, and to determine which formation or formations had fracture
patterns that would be most smilar to those developed in the reservoir formations, had
exposures in severd different structurd positions, had good fracture development, and
also were accessible.

DE-FG26-00BC15190 39



Track 1. black - grlog blue- cadculated water saturation (SWT) from dendty porosity
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Figure2-13. GRN log, Shoshone 66-15, Tensleep Formation
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Track 1. black - grlog blue- caculated water saturation (SWT) from density porosity
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Figure2-15. GRN log, Shoshone 66-45, Tendeep For mation
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Freguency Histogram of MMWORK.NEL_1
Well: CIRCLE_RIDGE_$5_34
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Figure2-16. Frequency plot of GRN count rate (NEU), Shoshone 66-34
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Figure 2-17. Rescale module with representative settings for the GRN count rate (NEU) to porosty
(PHIT_NEU), Shoshone 66-34.

Feld reconnaissance showed that there were areas in the fidd that required greater
dructura detall and control. To accomplish this, thee new cross-sections were Sted.
Their locations are shown in Figure 2-18. The cross-sections were located so that they
would pass through or very close to wells where there was subsurface data on formation
tops and faults.

Two of the new cross-sections were located in the northwestern end of the Fidd. This is
an area of consderable structurd complexity where there are severd mgor faults and the
hinge of the fold changes azimuth.
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Blue Draw , /T

Oranae Canvon

T

Figure 2-18. Picture showing the topography of Circle Ridge. The spectrum corresponds to
elevation where red is the highest and green represents the lower parts. The fault traces of the Red
Gully and Green Valley faults cross cut the whole field. Orange Canyon and Blue Draw are also
shown in the NW part of the field. The cross-sections are shown as hatched lines. The P, T and Z
sections were produced by Anderson and O'Connell (1993) and HO1, HO2 and HO3 are the new cross-
sections from the Junefield campaign.

232 EXPERIMENTAL TECHNIQUES FOR CALCULATING FRACTURE
ORIENTATIONS, INTENSITY AND SIZE FROM OUTCROP DATA

2.3.2.1 Overview

The andyss of fracture orientaions, intendty and sze is important for two different
aspects of this project:

1. determination of how finite strain may control fracture development; and
2. deveopment of datisticd models for these quantities in order to create DFN
models.
In the Cirde Ridge Fidd, fracture information is very sparse in the subsurface, coming
from unoriented core and a few image logs. Since the methodology adopted in this
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project requires the comparison of the drain fidd in various dructurd postions reative
to the fracture orientetions, intengty and Sze, subsurface data is not adequate as Spatia
coverage is very low and there is no direct information on fracture size. On the other
hand, the top of the Fidd is only a few hundred meters below the surface near the cret,
50 that the abundant outcrops above the Feld should reflect a amilar deformation history,
a leasst in those units bdow the detachment zone afforded by the Gypsum Springs
Formation. Thus the fracture parameters necessary for ascertaining the structurd controls
on fracturing and developing input datistical distributions has been based upon studies of
fracturing in outcrop (Figure 2-19).

2.3.2.2 Scanline Sampling

5 . ,II‘ ‘hm
B

-

e

.

Figure2-19. Scanline affixed to Triassic Red Peak Member.

Figure 2-20 shows the measurement of the trace length for one specific fracture crossng
the scanling, while Figure 2-21 summarizes the data collected and the form it was
collected in. Note that orientation information about each scanline, as wel as the
prevalling bedding orientation, was collected in addition to the fracture data  This
information was collected primarily in order to compensate for biases tha result from
scanline sampling of fractures (La Pointe and Hudson, 1985). All orientations were
collected without adjustment for magnetic declination. Corrections for declingtion were
made during the processng of the data A complete database conssing of al of the
scanline data can be found in the project webpage, http://www.fracturedreservoirs.com.
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Figure 2-20. Detail of scanline measurements. The photo illustrates the measurement of fracture
tracelength for a specific fracture crossing the scanline.

Name: SCANLINE_$

Date: 070600

GPS points along the scan line

Waypoint Altitude {ft) Scanline dist. {ft) Legy Orientation
134 7218 1]
135 7226 2 1 180 S Y
136 7225 36 2 165 2 Q'_'.i
Rocktype Read Peak
Stratigraphic thickness
Bedding orientation NGV, 11N
0.5 1 NEBSWY 785 2 i T u
0.8 1 NEGWW ao0s 0 9 T A
09 1 NEJww 825 0 7 B B
1.5 1 NE9E 855 1 g B B
1.1 1 NA8W a0s 3 8 A u
2.5 1 NBOE 008 10 0 u u S
filled
2.7 1 N7 W 74N 2 1] B A
341 1 N76W 86N 4 i] i u
34 1 NE5E 85N 1 5 B u
38 1 NFODE a0s 5 4 A u
32 1 N7GWW 74N L] ¥ n u
44 1 NOOWY 665 1 3 n B
49 1 NEow 67N 7 10 u u
52 1 NTOW 88N 2 o A u
ha 1 NGSE 66N 1 3 H T
6.6 1 N7 685 1 4 T B
6.4 1 N24W 81s 4 2 T T

Figure2-21. Example of datarecorded for each scanline.
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2.3.3 STATISTICAL ANALYSISTECHNIQUES
2.3.3.1 Fracture Orientations

The method adopted in this project for characterizing fracture orientations conssted of
plotting dl geologicadly smilar fractures on a dereoplot, correcting for magnetic
declination, and then correcting for orientation biases usng the Terzaghi correction
(Terzaghi, 1965). Additiondly, dl fractures were rotated relaive to bedding in such a
way that measured bedding strike was rotated about the Zaxis so that it was north-south.
Then the fractures were rotated about the north-south axis until bedding dips were
horizonta.  These rotations make it possble to compare fracture orientations with
bedding orientation, to assess whether there is a consistent pattern as would be expected
if fractures were formed due to folding (Figure 1-13). These steps are shown in Figure
2-22.
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L St Eneal par
> _ A
E\".E g
""f - : CI |
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Nhwimm am fewsak F@leis %F w0 Nhwimm am fewsak F@leis %F w0
Raw Data Terzaghi Corrected
TIETIHIR AT Corite s S0 1118 Gonm T TOUE PLOT
I..{ﬂ Ku . I{ﬂ .-uu-.l.
& 3 =
& w e
B W A
# ol H eimid
w SRR i
; T T TR
Terzaghi Corrected Data Rotated into
Data with Bedding Bedding Plane

Figure2-22. Analysisof fractureorientations, including rotation into bedding plane.
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Converted CEV file data CONTOUR PLOT
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Figure 2-23. Example of possble interpretation of fracture orientations relative to bedding
orientation.

Fgure 2-23 shows how the fracture orientations may be interpreted once they have been
rotated into the bedding plane. In this example, there are three concentrations of poles to
fractures. The greatest concentration (the red contours) occurs near the top and bottom of
the equd-area dereoplot. This indicates a modd fracture orientation that srikes pardle
to te dip direction of bedding and is adso orthogona to bedding. This orientation is
sometimes referred to as a Type | extenson fracture (Stearns and Friedman, 1972).
Another mgjor concentration occurs near the center of the diagram. This concentration of
fracture poles indicates an orientation nearly pardle to bedding. A third, much wesker,
concentration is shown by the cyan contours near the left and right edges of the
dereoplot.  This concentration of fracture poles indicates an orientation orthogona to
bedding and in a drike direction pardld to bedding drike. This orientation is often
referred to as a Type |l extenson fracture set (Stearns and Friedman, 1972). Thus, the
orientations shown in the this diagram, teken from Scanline #9, show two sats of
fractures that are in orientations that are commonly predicted to occur during folding of
rock (the Typel and Type Il extenson sets), while athird set is subparald to bedding.
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2.3.3.2 Fracture Intensity

Fracture intendty has been defined in many different ways for different purposes. In this
project, the nomenclature of Dershowitz and Herda (1992) has been adopted.

In order to generate a DFN modd, it is necessary to know the vaue of the volumetric
fracture intengty, P32, which is defined as the fracture surface area per unit volume of
rock for the rock volume in which fractures are to be generated. This cannot be directly
measured in the fidd, but ingead, is caculated from Pio (number of fractures per unit
length) or B (total fracture trace length per unit area of rock surface). For scanline data,
the natura measure of fracture intengity is Po.

Many sudies have shown that fracture intensity, including Ro, often varies with the scae
of measurement (Barton and La Pointe, 1995). Since the scde of the scanline (tens of
meters) differs from the scde of the reservoir (hundreds or thousands of meters), it is
essentid to quantify the intendgty scding behavior of frecture intendty so that the
scanline caculations can be correctly upscaed to the reservoir.

Figure2-24. Methodology for calculating intensity scaling parameters.

Fgure 2-24 shows how the intendty scding parameters are caculated for scanline or
wellbore data A series of nested circles of different radii are centered on each fracture
intersecting the scanline or wdlbore.  The number of fractures within each circle is
counted. This series of caculations is repeated for every fracture intersecting the
scanline, and the results for each specific radius vaue are averaged over al fractures.
The resaults are plotted on doubly logarithmic axes, with the number of fractures plotted
on the verticd axis and the radius on the horizontal axis. This type of plot can be used to
tet whether the scding of intendty follows a fractal or a Poissonian process, because
both can be represented as a power law of the form:

N(R) =rRP Equation 2-1

where R=theradius of thecircle,
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N(R) = the mean number of fracturesin acircle of radiusR,
r = aconstant, and
D = the scaing exponent.

In the above equation, D is often referred to as the mass dimension (Mandelbrot, 1983).

For a scanling, D typically varies between 0.0 and 1.0. If D is not equa to 1.0, the
scding law is a fractd or power law rdation. If D = 1.0, then the scding law is
Poissonian.  The importance of Poissonian vs fractd scaling behavior is sgnificant when
the intengty of fracturing is being edimated a a scde different than the one over which
the data was collected. This can be seen by deriving the expression for R from Equation

2-12:

P,(R) = % u RP! Equation 2-2

100

10 4| * S 09
— Estimated Mass Dimension

Number of Fractures

LY\

op b
"“ (X3

0.10 1.00 10.00 100.00

Interval Size (meters)

Figure 2-25. Example of a plot to determine the intensity scaling characteristics of fracture data
collected along a scanline.

This equation shows that the value of Ro depends upon scale, except when D = 1.0. In
this case, the Py intengty is scae-independent.

Figure 2-25 shows an example of plotting the average number of fractures as a function

of crcle radius from scanline data The departure from linearity a smdl cirdes (radii
less than about 1 m) is due to the circle sze gpproaching the minimum fracture spacing.
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This represents the lower limit of fracta scading behavior, and so is not consdered when
fitting a draight line to the data The figure shows a draight line fit through non-linear
regresson to the data for cirdes larger than the minimum fracture spacing. In this
example, the data are wel gpproximated by a draight line.  The dope of this line is the
scaing exponent or mass fractd dimengon.

Thistype of scding caculation was carried out for every scanline.

2.3.3.3 Fracture Trace Length

In order to generate a DFN modd, it is necessary to pecify the size distribution for each
fracture st. This is done by specifying a radius digribution for the fractures, and

specifying a fracture shape.

Size or fracture radius are not directly measured in outcrop fracture data; only fracture
trace lengths can be measured. The trace length didribution differs from the radius
digribution.  Fortunately, the radius didribution can be derived from the trace length
digribution ether through andytica equations or by smulation.

An important and redlated issue is to compae Sze didribution informaion among
different scanline Sites. Thisis necessary for two purposes.

1. To assess whether there are differences in Sze digtributions that can be related to
grain or other geological factors, and

2. To determine a size didribution for the fractures that represents fractures a a
larger size than encountered in the scanline data sets.

The process for evaduating this issue is to examine the number of fractures grester than or
equa to a specific Sze based on dl of the data from the different sources. Since each
data set may pertain to a scanline with a different length, the number d fractures must be
normalized for the scanline length.

The common way for carrying out this normdization is to divide the number of fractures
by the length of the scanline.  This type of length normdization is essentidly Euclidean,
gnce it assumes thet if the scanline length were doubled, the numbers of fractures would
dso double. A Poissonian spatid modd, typified by D = 1.0, is the only power law
mode for which the Eudlidean length renormdization is correct. For other vaues of D, a
different type of length renormalization is required, one that uses Equation 2-12 .

Fracture trace lengths often follow areation given by:

..D,
= 69&9 Equation 2-3

N(X > X)
eXg

where Xo = the minimum trace length considered,

DE-FG26-00BC15190 52



X = atrace length of size greater than Xo,

N(X>x) = the number of fractures with atrace length greater than a specific
length x, and

D, = the trace length scaling exponent.

The trace length scding exponent in Equation 2-14 is not reated to the intendty scaing
exponent in Equation 2-12.

The procedure to commensurate fracture trace length data from different scanline Stes is
to renormdize them to a common length. For example, if there are 50 fractures found on
a 100 meter scanline, then the number of fractures for a 200 meter scanline would be
cdculated by usng Equaion 2-12. The values of N(X>x) in Equation 214 would then
be scaed by thisratio, rather than by a smple (Euclidean) doubling of the number.

2.4 Construction of Balanced Cross-Sections

The congtruction of the balanced cross-sections was a critica first step in carrying out the
3D pdingpastic recongtruction that was subsequently used to congruct the 3D fault block
mode for the Fed, and to determine the strain higory of the fidd as it rdaed to
reservoir-scae fracture orientations and intengity variations.

To undersand where fractures form in a geologicaly complex environment, rock units
can be unfolded and restored back to ther origind unfolded and unfaulted flat lying
depostiond pogtion.  Forward redtoration from this initid configuration makes it
possble to edimate the srains developed during the process. By using the 2D or
preferably 3D drains from a successful restoration process across the fidd, fractures can
be generated in accordance with the matching sran modd. Moreover, restoration
provides better geometrica definition of the fault block architecture of the reservoir
which is crudid for maximizing cost-effective and technicdly efficient recovery.

The geologicd devdopment of an oilfidd often involves severd deformation
mechanisms such as compressond folding, thrusting, fault propagation folds, and so on.
Each type of deformation requires a gpecific type of restoration mechanism such as
flexurd dip, fault pardled flow or shear drain, often in combination with each other. In
order to unravel the complex deformation history, it is necessay to undersand the
current geologicad gtuation wel. In the case of the Circle Ridge Field, this requires a
good 3D geologicd mode over the fidd before any attempt to perform any restoration
process begins.

Table 2-1 shows the input data used for congtructing a 3D geologicd modd over the
Circle Ridge fidd. Additiona information was taken from Anderson and O Conndl
(1993) and from Marathon Oil geologists Brendan Curran and Ken Stede, and engineers
Mike Dunleavy and Jm Baker.
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to this...

Figure2-26. Illustration of the structural restoration process.

3D Structural
reconstruction
is figuring out
how to go from
this...

Input data

Description

Performed by

Fidd data

Fedd daa with explict
mapping of falts and
fractures.

Performed by the project
team in June 2000.

Cross-sections

3 sections across the field
in approximatdy NE-SW
direction (P-P, T-T' and
Z-7')

Anderson and O’ Conndl
(1993)

3 additionad sections, two
in NESW direction and
on E-W (HO01, H02, HO3)

Performed by the project
team in June 2000

Wdl data

Formation tops from 206
wdls dilled across the
fidd

Marathon Qil

115 reandyzed wdls with
reinterpreted formation
tops

Performed by the project
team in August 2000

Geologica modd

3D Eathvison modd

over thefidd

Smith (2000) as pat of a
BSc degree a The Baylor
Universty, Texas

Table2-1. Data sourcesfor palinspastic reconstruction of Circle Ridge Field.
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The geologicd mode follows the well formation top data from the two separate data sets
avalable (see Table 2-1). The formation tops interpreted by the recent anaysis by Straub
(GeoData Services, see Section 2.2) prevails when differences occur between the two
data sets. The cross-sections performed by Anderson and O Conndl (1993; Figure 2-18
and Fgure 2-27) have been used to control the shape and the offset of faults and
horizons. However, these cross-sections are traced from published papers and do not
contain relevant coordinate data which excludes them for being a direct pat of the 3D
geolgicd modd. On the other hand, the newly aguired cross-sections HO1, HO2 and HO3,
shown in Fgure 2-28, are included in the 3D modd and provides good control of the
extenson of the formations up to the surface. Note tha the locations of the recently
aquired cross-sections have been recorded with GPS measurements which is essentid
when incorporating the data into a 3D mode. Findly, the modd has been conditioned to
the geologicad outcrop map presented by Anderson and O Connell (1993) and Smith
(2000; see Fgure 2-29) Circle Ridge's dructure is wel expressed in the surface
topography as seen in Fgure 2-18. Prominent cuestas clearly define the “kidney-shaped’
dructure from ar photos and are therefore excdlent markers for fiedd mapping. The
Circle Ridge anticline has been erosondly breached, and thus forms a topographic basin
in the center. The main anticline axis trends N 15>-20° W, nearly perpendicular to the N
40°-50° E dress direction infered as the principle direction of horizontal compression
during the Laramide Orogeny. The fold is overturned, with the steepest beds on the
southwestern flank.  Resistant limestone beds of the Jurassic Sundance Formation form
verticad standing walls, such asthe one shown in Figure 2-30.

Figure 2-27. Perspective view of the Anderson and O'Connell (1993) P, T ad Z sections as they
appear in the 3D moddl.
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Figure 2-28. Cross-sections HO1, HO2 and HO3 performed by the project team during the June 2000

field campaign.
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fied Peak [Chugwater)
Dimwoody

Phosphoria

Figure 2-29. Geological map of Circle Ridge modified after Anderson and O’Connell (1993) and

Smith (2000).
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A fault-propagation fold is the best interpretation for the overal sructure of Circle Ridge
(Anderson and O'Connel, 1993).  Fault-propagetion folds form when a master
propagating thrust fault loses dip and terminates upsection. Observations supporting a
fault-propagetion interpretation a Circle Ridge include the fold asymmetry and the
southwestern overturned limb.  However, the controlling reverse fault has not yet been
identified, presumably because it lies benesth any current well penetrations. Seismic data
in the area are too poor in qudity to identify such afault with any confidence.

Severa smdler, northeast dipping, thrust faults imbricate the crest of the dructure. The
number of reverse fault imbrications, as identified from borehole data, increases in the
northwestern part of the fiedld. The Red Gully Fault (RGF), the fault with greatest amount

Figure 2-30. Competent sandstone horizons in the Sundance Formation forms vertical walls of rock
in the southern part of Circle Ridge.

of digolacement a Circle Ridge, cuts the fidd into two blocks termed the overthrust
block Figure 2-31) and the subthrust block. The subthrust block (footwal block of the
Red Gully Fault) actudly condds of severd sub-blocks divided by the Blue Draw Fault
(BDF), Gray Wash Fault (GWF), Purple Sage Fault (PSF), and Ydlow Flats Fault (YFF)
that compartmentaize the reservoirs (Figure 2-32). The Blue Draw Fault, like the Red
Gully Fault, has surface exposure while the others are recognized only from well data
One of the mgor concerns of the geologicad modd is the extenson of these faults in the
subthrust block. Severd imbrications possbly exist between the Green Vdley Fault and
the Red Gully fault making the northeagterly part of the field extremey complex.
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The pdingpagtic recondtruction is performed in 3D space restoring key formations back
to the undeformed dtate. As the collected fracture data comes mainly from the Red Pesk
and the Crow Mountain formations they will be used as controlling horizons and will be
the main focus for drain together with the producing units Phosphoria and Tendeep. The
complete geologicd modd contains data for dl horizons down to the Darby formation
and areligted in Figure 2-31 and dso shown in Figure 1-8.

EarthVision Model of Circle Ridge Oil Field, Wyoming

Figure2-31 Overthrust block at Circle Ridge after Smith (2000).
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Figure 2-32. 3D Modd of the major faults in the fidd; The Red Gully (red) and Green Valley
(green) Faults and the Blue Draw Fault (blue), Gray Wash Fault (gray), Purple Sage Fault (behind),
and Yedlow Flats Fault (behind) together with the Phosphoria (gray) and Tendeep (orange)
formations.

The dominating sran mechanism to resdore Circle Ridge is interpreted to be fault
padld flow dong the main Red Gully thrust. However, the smdler fault blocks in the
northern part of the fiddld may wel be better explaned by other restoration mechanisms
such as pardld shear and flexura dip.

The restoration process was completed in the Spring of 2001.

2.5 Construction of Balanced Cross-Sections and Validation of Cross-
Sections Using Retrodeformation Software

251 OVERVIEW

The congruction of the baanced cross sections is an iterative process in which different
agorithms are applied to unfold and unfault the reservoir. Unless the order of the various
foding and faulting events is goproximady correct, and the folding and faulting
mechanisms are gpproximately correct, it will not be possble to restore the formations to
thar origindly fdt-lying date, or to do so in such a manner that they “baance’. After a
badanced modd is attained, the drain fidd is cdculated from the successful painspadtic
recondruction and compared with the fracture geometry measured in outcrop in the
subsurface, in order to determine how the drain fidd relaes to fracture pattern
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development, as well as to the parameter vaues necessary to utilize strain information for
developing the discrete fracture network (DFN) modd.

252 ANALYSISTECHNIQUES

Pdingpadtic recondructions of folded and faulted dSratigraphy have been widdy used for
the last 20 years. The recongtructions have mainly been based on 2D cross-sections and
sverd different theoreticd methods for various types of fold and fault related
deformations have been established by a number of authors( Suppe, 1983, 1985, 1989;
Suppe et d , 1990; Medwedeff, 1989; and Mitra, 1986, 1990).

In contrast to 2D recondructions, the complexity of restoring surfaces and volumes of
rock requires the use of computers. The methodology to restore folded and faulted
formations are essentidly the same as has been used for 2D problems, but has been
expanded to dlow for movement in dl three dimensons. The amount of geometric
cdculations and thus the need for fast computers has until recently limited full reservoir
recongructions. Due to the increase in computer power over the past few years, 3D
palingpastic reconstructions are now possible.

253 AVAILABLE TECHNOLOGY FOR 3D RECONSTRUCTIONS

There are presently two commercia forward and reverse geological modding packages
avalable a the open market today: 3DMove by Midland Vdley Ltd. and Geosec3D by
Paradigm. There dso exis a number of 2D and pseudo-3D restoration packages that can
handle specific types of restoration techniques. For this study 3DMove has been chosen
for its ability to samulate indined shear, fault pardld flow, flexurd dip unfolding and
many other recongruction techniques truly in three dimensons. 3DMove provides dl the
techniques listed below, which are required for the Circle Ridge restoration:

Full 3D restoration and forward modeling capability
Applicable to grike dip, extenson, thrugting, sdt tectonics and inverson
Fast restore-to-target- horizon gpproach for quick look andysis
Move on fault capability for full kinemeticd andlyss

Inclined shear and flexurd dip capability

3D Modd building and visudization

2D and 3D data as input

Wedls and seismic display

Fault condtruction tools

Digplacement analyss

Cut-off mapping in 3D and through time

Contour and 2D sectioning of the 3D modd

Strain visudization

Interactive freehand modd editing

Full 3D volume representation and aitribute filling
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254 RESTORING THRUSTSAND FAULTS

The primary method for restoring faults and thrusts in Circle Ridge has been the Fault
Pardld Flow dgorithm. Bdow follows a description of the used method and its
implications.

2.5.4.1 Fault Parallel Flow

Fault pardld flow is a kinematic restoration method dlowing hanging wal surfaces to be
moved across faults in such a way tha the hanging wal vertices move pardld to the fault
segments over which they are flowing.

Fault Pardld How involves a two-stage process.

1. Define the hanging wadls and faults, specify the transport direction and cdculae
the flow modd.

2. Once the flow mode has been cdculated, the hanging walls can be moved using a
number of different techniques as described later in this section.

The fault pardld flow method in 3DMove cdculates a flow peth for every hanging wal
vertex. The genera procedure is asfollows:

For every hanging wall vertex;

Cregte a vertica dice through the faults aong the specified trangport direction.
This produces a fault line over which the hanging wal vertex would move.

Generate the bisectors for the line.

Cdculate and store the flow path of the hanging wall vertex through the bisectors.

An example fault line and flow path are shown in Fgure 2-33. The bisectors merge as
they intersect with one another, dlowing the ddinedtion of dip domans. Each dip
domain has a corresponding fault segment. The hanging wal vertex will pass through the
bisectors, moving pardld to the fault segment for any given dip domain.

Once this flow path is generated, the hanging wal vertex can be easly moved dong it. It

is ds0 posshle to goply shear to the hanging wal, by aoplying an additiona dip vaue to
the vertices relative to their height above the fault.
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Figure 2-33 lllustration of a cross-section d the calculated flow path along a fault surface (from
Midland Valley, 2000)

There are three options for moving the flow modd in 3DMove:

1. Movement by Sip vdue
2. Movement usng Heave bands
3. Restore-to- Surface movement

A dip dider bar is used to change the dip across the whole modd (Figure 2-34). A
condant dip vaueis applied to every hanging wall vertex.

— Movement

Movement mode: Shp vaite =i I
wsip [o.00 L
W shear [0.00 [T LT

Figure 2-34 Sip dider menu in 3DMove to perform movement by dip value (from Midland Valley,
2000)
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The shear dider is used to change the shear across the modd. Using the shear dider
goplies an additiond dip vaue (on top of the specified dip) redive to the hanging wall
vertex's height above the fault. Thisisilludrated in Figure 2- 35.

Direclion of movement

additional slip = height above fault x tan {

Figure 2-35 Shear calculation using fault paralld flow (from Midland Valley, 2000)

Heave bands movement mode alows the change of dip profile across the fault. Heave
bands are usudly used to endble different amounts of dip on different sections of the
hanging wadl formation to match the opposng Sde of the formaion (on the footwal
gde). This method is dedrable when observations show that in order to maich the
surfaces, variable movements along the fault need to be applied.

The shear dider is dso avalable in this mode, and dlows you to independently vary the
shear gpplied to the hanging wall vertices.

The Restore-to-Surface movement mode applies a unique dip vaue to every hanging
wall vertex.

Thisis done by matching two surfaces on different Sdes of the fault with each other.

3DMove will cdculate - for every flow peth in the flow modd - the dip distance between
the deformed surface and the undeformed surface as shown in Figure 2-36. However,
this technique works well only if the fault is rdaively geep. If the hanging wal is dmogt

in plane with the fault, the dip lines increase in length back down the fault, as shown in
Figure 2-37.
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Figure 2-36 Slip along flowlines using the restore to surfaces movement mode (from Midland Valley,
2000)

Flowlines /

Slips between Resioie
and 7osurfaces

Direction of movement

Figure 2-37 Implications of the Restor e-to-Surface movement method (from Midland Valley, 2000)

2.5.5 RESTORING FOLDS

Two techniques have been utilized to restore folded Strata;

1. Veticd and inclined shear unfolding, and
2. Hexurd dip unfalding.
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A ot explanation of the implications of each redtoration technique is
presented in the next sections.

2.5.5.1 Vertical and inclined shear unfolding

Verticd and inclined shear balancing preserves the volume of the restored formation.

Fgure 2-38 shows a black and red surface, which represent a cross-section through a
hanging wal fold. The black surface is shown unfolded back to a datum, which
represents the pre-deformation geometry (horizonta dotted green ling). This datum can
be set a any Z depth or elevation.

Datum surface

Upper surface

Shear vector orlentarion (vertical)

Figure 2-38 Cross-section through a hanging wall fold (from Midland Valley, 2000)

The black and red surfaces are unfolded adong a chosen shear vector, in this case a
vertica shear vector, represented by the thick, red arrow.

To retro-deform the fold, the black bed is trandated verticdly to the green datum, with
the verticd trandation distance varying across the section. The pink arrows represent this
distance. The lower red bed is trandated the same vertical distance as the black bed that
enables volumes to be preserved within the modd.

The verticd disance between the black and the red beds is maintained in the orientation

of the shear vector. The blue, double-headed arows in Fgure 2-39 represent this
distance.

DE-FG26-00BC15190 65



Eestored black bed

Figure 2-39 Cross-section through therestored hanging wall fold (from Midland Valley, 2000)

Figure 2-39 illugrates how the line length and therefore the surface area of the black
surface will change asit is unfolded.

For a congant dip surface using vertica shear, the restored length is shorter than the
origind length, as shown in Equation 2-1 and Figure 2-40:

| =1,Cos(q) Equation 2-4
where qisthe bed dip,

| isthe restored length, and
lo isthe origind length.

{- Eestored bed

“ertical shear wector

&def@rmed dipping bed

Figure 2-40 The concept of vertical shear and therestored length (1) (from Midland Valley, 2000)

Figure 2-40 illugrates the new area of the restored surface and its relationship with the
angle between the restored bed and the deformed dipping bed:

A= ACos(@q) Equation 2-5

where A, isthe origind areaof the surface, and
Aisthe new area

The area change (DA) isgiven by:
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DA=A - A=A (1- CosQ)) Equation 2-6

This means that the more seeply dipping the surface is, the greater will be the area
change of the restored surface. For a smooth, curved surface, such as a fold, the area
change is acomplex function, with increasing area change as bedding dip increases.

The key point to note, regarding this technique, is tha volume is preserved, but surface
area will change. The surface area only remains condant for verticad shear. The map
view "footprint" of the surface remains the same.

2.5.5.2 Flexural slip unfolding

The flexurd dip unfolding dgorithm dlows unfolding to occur such tha the unfolded
modd:

maintains the line length of the template surface in the direction of unfolding;

maintains the orthogond bed thickness between the template surface and other
passive objects;

maintains volume of the fold and the modd;

mantans surface area for cylindricd folds with the pin surface coincident with
the axia plane; and

line length and surface area is not maintained in the passve surface (surface area
is not maintained in non-cylindrica folds).

For layer-padld beds flexurd dip unfolding represents flexurd dip during fold
formation.

The flexurd dip unfolding method can be used to vdidate complex thrust deformations
and the cover rocks surrounding intrusve sdt dtructures. As with the inclined shear
unfolding mechanism, the methodology of usng the flexurd dip unfolding dgorithm is
to unfold the rocks and then to trandate the unfolded components to their pre-
deformation pogtions. The structurd mode is vaidated if the unfolded rocks can be
reassembled to form a coherent geometry.

Andogous to the inclined shear methodology previoudy described, the shear vector
orientation determines the unfolding direction. For example with verticad shear, the beds
ae unfolded onto a datum (usudly horizonta) with the volume of the fold being
preserved. However, the surface area of the fold is not preserved between the folded and
unfolded dages In contrast, the flexurd dip unfolding agorithm preserves the line
length (Length L shown bdow in Figure 2-41) in the direction of unfolding and aso the
surface area.
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Figure 2-41 Illustration of theflexural slip unfolding algorithm (from Midland Valley, 2000)

Figure 2-41 shows pat of a fold as seen in a cross-section. The fold limb dips a 45
degrees and a smdl volume dement of the fold limb has been drawn as a pardlelogram.
The dement has an area, A, which remains condant throughout the unfolding operation.
Therefore, the volume of the fold remains constant during restoration.

In addition, the upper surface of the fold dement in Figure 2-41 has a line in cross
section with the length L.  When unfolded this line length remains constant, as opposed
to the inclined shear restoration method where this line length changes. For padld
bedding, the true bed thickness (TBT) remans condant during unfolding, while the
vertical bed thickness changes.

The flexurd dip unfolding process takes place in two stages.
a rotation of the upper fold surface and fold dement to the horizontd (Stage 1 in
Fgure 2-41)

a shearing operation to "undo” the flexura dip component of the folding (Stage 2
inFgure 2-41).
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In order to cary out flexurd dip unfolding, an unfolding direction and a pin surface
location and orientation need to be defined. The concept of the pin plane is shown in
Figure 2-42.

Pin Plane Pin Surface

8,
Ty,
" Plang

Red armow normal
o the Pin Plane

Figure 2-42 Orientation of the pin plane/surface and strain plane. Red arrow indicates the unfolding
direction (from Midland Valley, 2000)

The dnuous line length (L in the diagram in Fgure 2-43) is measured from the pin
planeg/surface intersection with the template surface, dong the template surface in the
direction of unfolding. The Snuous line lengths are measured for all vertices of the
template surface. These snuous distances are then propagated adong the pin that may be
veticd (as shown) or indined.  The line lengths are then trandated dong the
target/datum in the unfolding direction on intersection with the datum or target surface.

Pin plane Pin plane

N o P

Li=L
e ‘III.IIIIII.IIIII IEERESREREERE
Rastored Red surface on datum

Datum surface

L

Red Surfacs

A) before restoration B) After restoration

Figure 2-43 Maintaining sinuouslinelength with avertical pin (from Midland Valley, 2000)
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A dip sysem (shown in red) is generated from the dip domain bisectors projected from
the template horizon (blue). How pahs are caculated for al vertices of the passve
objects in the unfolding direction. These flow paths ensure the orthogona thickness and
therefore fold volume, is maintained between the passve and the template horizons, (this
is a gmilar sysem to the fault pardld flow dgorithm). The snuous digances to the pin
plane of each vertex for al passve surfaces are caculated as illudrated in Figure 2-44.
The illugtration shows tow the flow path (shown in purple) has been caculated for vertex
P of the green passve horizon.

#Fin Target Hornzon

_Template Horzon

J Flow Path

' Passive Honezon

Figure 2-44 lllustration of the bed linkage and the dip system for each vertex in the deformed
formation (from Midland Valley, 2000)

When the template horizon has been restored to the target surface or datum, each vertex
of the passve horizons is trandated dong its individud flow peth by the snuous distance
cdculated in the deformed date. Bed linkage is achieved a the intersection of the
template and passive objects with the pin plane and by maintaining orthogond thickness,
h, between the template and passve surfaces. The flexurdly unfolded horizons are shown
in Fgure 2-45.

[ ] .
Pin

Figure 2-45 Flexurally unfolded template and passive horizons (from Midland Valley, 2000)
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25.6 STRAIN ANALYSSMEASURES

Strain can be quantified in terms of a bulk (non-directiond) change in the rock volume,
which is termed dilation, or by several other measures that incorporate anisotropy of
changes with direction.

Geological materids that are strained pass through a large number of intermediate States
before arriving a a find date. However, it is not possble to observe the intermediate
dages of deformation for mogt, if not dl, tectonic geologica processes. In generd, it is
only possble to observe or quantify the initid undeformed Sate, the find present date,
and perhaps one or two intermediate dates. The result of the tota deformation taking
place from the initid date to the find date is termed the finite state of strain. In most
dtudions, the finite drain for a volume of rock is not wdl modded by a continuum or
infinitesmal drain process. Because 3D pdingpadtic recongruction produces a modd of
the geometry in the undeformed date, the find date, and perhaps a few intermediate
daes (for example, after folding but before faulting), finite sran measures are a ussful
way to quantify the deformation experienced by the rock. The next two sections describe
the quantification of dilatationa and directiond finite Srains.

2.5.6.1 Dilatation measures

Dilaation is the ratio of the change in length, area or volume of the strained object,
relative to the undrained vaue, this andyss can be gpplied to lines, surfaces and
volumes. For example, the area dilatation for a surface would be calculated as follows:

D — (a' ao)
area ao

Equetion 2-7

where Djyrea = the areadilation,
a = the area after gtrain, and
a, = the area before strain.

Increases in area produce postive area dilatation; decreases lead to a negative area
dilatation.

If asurface doublesits area, the area dilatation would become (2a,-a0)/a0 = 1;

If a surface quadruples its areg, the area dilatation would become (4ap-ap)/ap = 3;

If a surface does not change its area, the area dilatation would become (ap-ap)/ap = 0;
If asurface halvesits area, the area dilatation would become (a/2 —ao)/a, = -1/2.

For a volume, the cdculation is amilar. Each region of interest is described as a
tetrahedron (Fgure 2-46). The drain is based on the change in postion d each vertex in
the tetrahedron rdaive to its initid podtion. By default, the X,Y,Z postion of each
vertex is expresed relative to the centroid of the tetrahedron. The change in postion of
the vertices of the drained tetrahedron, relative to the undtrained tetrahedron alows the
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cdculaion of both a volumetric dilation and aso the direction and magnitude of principa
grains (Figure 2-46).

Tetraheadra Verlex

Unstraireed retrahedra with sphere of radius wnity.

1+ Principal Strain Axes

= R

Figure 2-46 Strained tetrahedron with strain elipsoid. The XYZ axes are eigenvectors of the strain
field, and aretheprincipal strain axes.

There ae sevard ways to quantify the volumetric drain that occurs after multiple
deformation events. These congst of:

current dilation,
abolute, or cumulative dilation, and
Root Mean Square (RMS) dilation.

Figure 2-47 and Figure 2-48 illudrate these strain measures.
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Dilataton 1 Diil atation 2
Al | =P Ad — A2
1a -,J'Ia > Z2a
Scale Sael
1a » 2a
Surment Diatazen s 1 = (2a- are

Figure 2-47 Example of the calculation of current dilatation (from Midland Valley, 2000)

Figure 2-47 shows an object Al with area a that undergoes an initid dilatation, becoming
object A4 with area 4a. After a second dilatation, the object becomes A2 with area 2a.
Current dilatation is then a measure of the srain incurred from the change in shape from
Alto A2 Thisisachangein areafrom a to 2a, so the current dilationis 1.0.

Dilatation 1 Dilatation 2

AT + A4 > A2

i [=]

1a > 4a - 350

Scale Scale 2

Figure 2-48 Example of absoluteand RM Sdilation calculations (from Midland Valley, 2000)

The current dilation does not take into account the strain history; it is only a function d
the initid dtate and the current state.  The other two measures (absolute and RMS
dilation) incorporate the effects of intermediate strain events.

Absolute dran messures the cumulative srain where the summed dilatation is taken as
an absolute vdue:
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D, = énl [=} Equation 2-8
i=1

where Dyps = the absolute gtrain,
D = the drain after theith strain event, and
n isthe number of srain events.

This means that even if the overdl dilaaion is negdtive, i.e. a contraction, the change
will be a pogtive vdue. In the example aove Fgure 2-48), the absolute dilation would
be |3+ [-0.5 = 3+0.5=35

The RMSdilation is given by:
Dews =</ (D) Equation 2-9

where Drys =the RMS drain,

D = the drain after theith strain event, and
n isthe number of srain events.

In the example above (Figure 2-48), the RM S dilation would be JBZ +(-0.5)?=3.04.

Absolute strain will dways produce a higher value than RMS.

2.5.6.2 Directional strain measures

Let @ be the dran in the i-th direction, where g is the change in length divided by the
origind length, or:

Equation 2-10

or
l=@Q+e)*I, Equation 2-11

where |y = undeformed length,
| = deformed length, and
g =thedraninthei-th direction.

Another parameter, the natural strain (e;), is often calculated from e:
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e =log(1+e) Equation 2-12

Through knowledge of the magnitudes and directions of strains in three different
directions, it is possble to compute the principal strains. The principd drans ae
mathematicdly equivdent to the egenvectors and egenvdues of the dran marix.
These principa strains have the properties that they are:

1. mutudly orthogond; and
2. indirectionsinwhich thereis no shear srain component.

The principa drains are denoted as e, & and e, where e; has the largest magnitude. The
corresponding principa strain axes are denoted E1, E2 and E3.

Pane drain reatios are cdculated from the ratios of the maximum and intermediate
principd gdrans (1+e; / 1+e), the intermediate principd drans (1+e; /1+e3 ) and the
minimum and maximum prindpa drains (1+es/ 1+ep). This information can be used to
determine the nature of the drain; plane, condrictiond or flatening usng a Hinn
diagram, (Flinn, 1962), as shown in Figure 2-49

Plape Slrain

Constriction

1+ el
1=+ g2

Flattening

1482 h
1+e3

Figure 2-49 Flinn diagram showing the nature of the strain; plane, constrictional or flattening strain
elipsoid.

The volumetric dilation is a measure of the raio of the change in volume of the drained
object, reative to the ungrained volume, and can be written in a manner anaogous to the
ared drain (Equation 2-4):
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— (V' Vo)

D, y Equetion 2-13
where Do = the volume dilation or grain,
v = the volume after strain, and
Vo = the volume before drain.
This can eadly be re-written in a more common form:
D = (1+e1)* Xy +(1+%)* X, + (1+%)* X3 = X XX
vol
X X Xg
or Equation 2-14

Dy =(1+€)*(1+e&)*(1+e)-1

2.6 Experimental Techniques for Analysis of Subsurface Well Data

A vaiety of subsurface data was gathered for this project. The data included fracture
image logs and spinner survey data from three wells chosen for ther sructurd and
dratigraphic  diversity; two tracer experiments in differing reservoir formations and
gructurd blocks, and sngle wel trandent pressure teds. Each subsurface data set
contributed in different ways to building the overal modd, and some data was used for
more than one purpose. The sections that follow briefly describe the type of subsurface
data acquired for this project.

26.1 FRACTURE IMAGE LOGS

Three new fracture image logs were acquired as part of this project. Dynamic flow logs
(“Spinner” logs) were dso run over the same intervas for this project. Locations of the
wells are shown in Figure 2-50. Table 2-2 summarizes the dructurd, Sratigraphic and
depth coverage of the image logs. The logs were interpreted by Marathon to calculate the
location and orientation of fractures, bedding plane, and borehole breakout information.

Wil Depth Range Formations Structurad Block Log Type
L ogged

Shoshone 65-37 | 616 ft to 1230 | Phosphoria, subthrust Block 6 FMI
ft (187.8 m to| Tendesp
3749 m) MD

Shoshone 66-07 | 720 ft to 973 ft | Tendeep overthrust FMS
(295 m to
296.6 m) MD

Shoshone 66-14 | 745 ft to 1090 | Tendeep overthrust FMS
ft (227.1 m to| Marker portion
332.2m) MD of the
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Phosphoria
Formation and
extends into the
basd portion of
the Tendeep
Formation

Table2-2. Coverageinformation for fractureimagelogs.

R2W

e s

Shoshone G@-ﬂdj?@ T

&

-

-

-

+ (3 Shoshone 66-14

Figure 2-50. Location of wells in which fracture image log and spinner survey data was collected for

the project. Shoshone 66-07 and Shoshone 66-14 arein the Overthrust block
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2.6.2 DYNAMICFLOW LOGS

In order to further undergand which features provide the flow paths for fluid flow, high-
resolution (0.5 ft or 1524 cm) injection profiles were obtained for Shoshone 65-37,
Shoshone 66-07 and Shoshone 66-14, the wells in which AMI or FMS data had also been
obtained. This overlgp was intended to help interpret the regions with high or low flow
in terms of thar fracture intengty, fracture orientation and reservoir dratigraphy. Table
2-3 summarizes the coverage of these high resolution spinner and temperature logs.

Wil Depth Range Formations Structurad Block Log Type
Logged

Shoshone 65-37 | 0 ft to 1220 ft| Phosphoria, subthrust Block 6 Baker-Atlas
(Omto 3719 m | Tendeep
MD

Shoshone 66-07 | 680.2 ft to| Tendeep overthrust Baker-Atlas
880.0 ft (207.3
m to 268.2 m)
MD

Shoshone 66-14 | 600 ft to 1085 | Tendeep overthrust Halliburton
ft (1829 m to| Marker portion
330.7m) MD of the
Phosphoria

Formation and
extends into the
basd portion of
the Tendeep
Formation

Table 2-3. Coverageinformation for spinner and temperaturelogs.
2.6.3 SINGLE WELL PRESSURE BUILD-UP OR FALL OFF TESTS

A 44-hour Subthrugt, Block 6, Phosphoria Formation falloff test was performed at Shoshone 65-
20. This tet was matched usng commercid software and a uniform flux fractured well modd
in a radia compodte reservoir.  The andyss made it possble to caculate the permeshility and
permesbility thickness of the zones, the fracture hdf-length, skin factor, mobility ratios, and the
approximate distance to the high mohility zone usng standard well test andlyses (Horne, 2000).

Falloff data has been obtained a Shoshone 65-2, Shoshone 66-69, and Shoshone 66-2 in
the Overthrus Tendeep. Interpretation of this fdl-off data was caried out through
EdipseO resrvoir smulaion and commerddly avalable pressure  trandent
interpretation software. Figure 2-51 shows the locations of these wdlls.
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Figure 2-51. Location of wells in which single-well buildup or fall-off test data was obtained for the

project.

2.6.4 FALLOFFAND MULTI-WELL INTERFERENCE TESTING:

Multi-wdl
obsarvation wel.

65-38 were pulsed. Figure 2-52 shows the location of these wells.
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interference teding was peformed using Shoshone 65-20 as a centra
This teding was used to indicate the maximum permesbility direction
for the Phosphoria in Subthrust Block 6. Shoshone 65-53, Shoshone 65-37, and Shoshone
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Figure2-52. Location of wellsused in multiwell interferencetesting.

2.6.5 INJECTED TRACER STUDIES
2.6.5.1 Nitrogen Injection Experiment

Two types of tracer tests were carried out for this project. The first test was a Nitrogen
Injection experiment, in which nitrogen was injected into the Tendegp Formation in the
overthrust block and monitored in wells with both Tendegp and Phosphoria completions.

Approximately 17.9 MMCF of nitrogen was injected into an upsructure Overthrust
Tendeep well, Shoshone 65-02, during September, 2000. A totd of 66 Circle Ridge
wells were monitored for gas breakthrough. Bottom hole pressures (BHP) were
monitored a the injector, Shoshone 65-02 and in seven zones in offset wdls (Figure
2-53):

Shoshone 65-03: Overthrust Tendeep
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Shoshone 65-03; Overthrust Phosphoria

Shoshone 66-03: Overthrust Tendeep (Lost BHP data)
Shoshone 66-08: Overthrust Tendeep

Shoshone 66-49: Overthrust Tendeep

Shoshone 66-68: Overthrust Tendeep

Shoshone 66-69: Overthrust Tendeep

The nitrogen was injected at rates ranging from 1.6 to 21 MMCFPD over a 9.3-day
period. Surface injection pressure at Shoshone 65-02 rose to 240 ps by the end of the
test. Overthrust Tendeep gas cap pressure increased from gpproximately 3 ps to over
140 ps, as monitored in Shoshone 66-69, an offsetting observation well.

R3IW
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| -1
Shoshone 65- 03@ :

Shoshone 66- 69£,©
Shoshone 65-02(>)

"

Shoshone 66- 08

‘ -
¥ - a i
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Shpshone 66 49

%Shoshone 66-68

Figure 2-53. Location of wells in which Bottom Hole Pressures (BHP were monitored during the

Nitrogen Injection experiment. Shoshone 65-02 wastheinjector.
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2.6.5.2 Bromide Tracer Experiment

The second tracer test was designed to test a subthrust Phosphoria block, and adso to
examine the connectivity between the Tendeep and Phosphoria Formations.

This Subthrust Block 6 tracer test was delayed due to permitting issues until November
2001. Permission to inject the tracer was requested from the United States EPA in mid-
July 2001, but was not obtained until late October. The tracer test began November 15th

LL
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Monitoring Wells &) =" = 7"
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Figure 2-54. Location of injection well (Shoshone 65-20 — colored red) and monitoring wells (cdored
cyan and purple) used for bromidetracer test in the subthrust Phosphoria.

a the Phosphoria injector, Shoshone 65-20, and surrounding producers in Block 6. The
test concluded in mid-December, 2001.

Background water samples from deven producing wells, offsetting Shoshone 65-20,
were collected during late October and early November. The furthest offsets were
goproximatdy 0.8 km in horizontd digance from the injector. Andyss, usng a high
pressure liquid chromatograph, indicated background bromide concentrations of less than
1 ppm at dl offsets. Eight of the wells, Shoshone 65-06, Shoshone 65-37, Shoshone 65-
45, Shoshone 65-53, Shoshone 65-54, Shoshone 65-61, Shoshone 65-67, Shoshone 65-
73, were completed in only the Phosphoria (Shoshone 66-73) or in both the Phosphoria
and Tendeep. The additiona wells (Shoshone 65-14, Shoshone 65-44 and Shoshone 65-
52) were only open in the Subthrust Block 6 Tendeep Formation or Tendegp and
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Amsden Formations.  Fgure 2-54 shows the beation on these wells.  Note that the wells
not containing a completion in the Phosphoria are the wels closest in horizontd distance
to theinjector.

On November 15, 2001, 41 barrels of 24% NaBr aqueous solution were injected into the
Subthrust Block 6 Phosphoria Formation at Shoshone 65-20.  This agueous solution
contained 3,339 pounds (1,517.7 kg) of bromine and was gravity fed into the well a a
rate of 2,300 barrels per day (365.7 ni/day). Following injection of the tracer dug, the
well was returned to water injection at approximately 175 barrels (27.8 nt) water injected
per day (BWIPD). Monitoring wells were sampled on an gpproximately daily basis.

2.6.6 ANALYSISOFWELL TESTSUSING DFN MODELS

Andyss of wdl tests involves both caculations based on the wel test data itsdf, and
adso on smulations of these tests usng DFN models. There are two broad types of well
tes dmulaions. those involving only pressure and flow, such as the single wel pressure
build-up or multiwdl pressure interference tests; and those involving mass trangport, such
as the NaBr tracer experiment. The tracer tests may aso offer the opportunity to smulate
the pressure and flow without regard to mass trangport. During the current project phase,
gmuldions have involved only pressure and flow analyses, rather than mass transport,
due to the 3-month delay in the permitting of the NaBr te.

The key parameter to smulate in trangent pressure tests in fractured reservoirs is the
pressure derivetive. The analyss of the pressure derivetive (Horne, 2000) was origindly
used to identify the radid-cylindricd, infinite-acting portion of the well test curve. The
pressure derivative is caculated for each par of time and pressure vaues in the well test
as.

Derivative= t% Equation 2-15

which produces a zero-dope line when the semi-log draght line condition of infinite-
acting, radid-cylindricd flow is satisfied.

The pressure derivative is cosdy linked to transmissvity cdculations. The permesbility-
thickness product (kh) defines the flow capacity of a conducting feature. The pressure
derivdtive is a method that was origindly intended to identify the radid-cylindricd,
infinite-acting portion of the well test curve. The pressure derivative is cdculated for

each pair of time and pressure vaues in the well test as tg—f which produces a zero-dope
line when the sami-log draght line condition of infinite-acting, radid-cylindrica flow is

sidfied.

The pressure deniveive is closdy linked to trangmissvity cdculations. The permesbility-
thickness product (kh) defines the flow capecity of a conducting festure. The vaues of
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the pressure derivaive are semi-log dope of the wel test, hence the derivative can be
related to transmissvity by

162.6(gB)nr

Equation 2-16
kh

E ° derivative=
qt

(Horne 1995). Where kh is the permeshility thickness, g is the flow volume, B is the
formation volume factor and mis the viscogty. By this Smple transformation one can re-
plot the derivative as a mgp of the trangmissvity versus time during; the wdl test. The
permeshility-thickness product kh can be represented in units of m*m (i.e. i) (S) or
mD-m (ail fidd).

By this dmple trandformation, the derivative essentidly expresses how transmissvity
varieswith time during the well test.

Although the dngle wdl smulation will hdp cdibrae the fracture geometry and
permegbility necessty to match reservoir kh, smulating pressure response in the
pumping wells is necessary to determine the relative permesbility of one st to other sats
Multiwell pressure smulation was caried out by cresting a multiwell-scde modd using
the calibrated parameters from the locd, sngle well scdle DFN modd .

Smulating the pressure response in tracer teds with a DFN modd for the nitrogen
injection test presents some additiond difficulties as there are potentidly four phases
acting: (1) Oil (2) Water (3) Neturd Gas and (4) Nitrogen. However nitrogen dominates
in the injector wel and the fdl off tes can be used to cdculate permesbility thickness,
kh. The initid smulation was caried out with a dud porosity Eclipsed (Schlumberger)
gmulation to cdculae permegbility thickness. Next, a sngle-phase DFN modd of the
well was run, and the derivative of the pressure curve was used to determine the
gopropriate permesbility and dorage vaues for the individud fractures in the fracture
system surrounding the wellbore.

2.7 Experimental Techniques for Comparison of Strain Values Calculated
from 3D Palinspastic Reconstruction with Fracture Orientations and
Intensity in Outcrop

The condruction of the fidd-wide DFN modd for the Tendeep and Phosphoria
Formations requires some way of specifying fracture properties away from well control.
There are three possible dternatives for interpolating fracturing between wells:

1) Condition the fracture pattern to seismic atributes,

2) Interpolate from well data using atistical methods such as Geodtatistics; or

3) Edadlish a modd that rdates fracture geometry to sructura and/or lithologica
parameters.
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There is no modern seismic data for the Circle Ridge Feld, so the first option is not
possble without the acquistion and processng of new, 3D seismic data The second
option is likedy to lead to subgtantid errors, snce datistica interpolation techniques
assume that the rock behaves as a continuum between wells.  Matrix properties often
behave in this manner, but it is highly unlikdy that variations in fracture properties vary
in such a sample manner, especidly when the fractures may have been produced by
falting and folding, which is inherently locad and discontinuous in naure.  Thus, the
third dternative was adopted for this project.

In the Circle Ridge Field, fracture information is very sparse in the subsurface, coming
from unoriented core and a few image logs. The methodology adopted in this project
requires the comparison of the drain fidd in various Sructura postions relative to the
fracture orientations, intendty and Size. Subsurface data is not adequate as Spatid
coverage is very low and there is no direct information on fracture sze. On the other
hand, the top of the field is only a few hundred meters below the surface near the crest, so
that the abundant outcrops above the field should reflect a smilar deformeation higtory, at
leest in the units below the detachment zone afforded by the Gypsum Springs Formation.
Thus the fracture parameters necessyy for ascertaning the dructural controls on
fracturing and developing input Satigticd didtributions has been based upon sudies of
fracturing in outcrop.

As previoudy discussd, fracture data was obtained for this project aong eeven different
scanlines (Figure 2-55) in the Triassic Red Pesk and Crow Mountain Members of the
Triassic Chugwater Formation.

5 - .Ia - "\._lphl-
é - e

Figure 2-55. Scanline used to measured fractures. Outcrop is of the Triassic Red Peak Member of
the Chugwater Formation.

The fracture data obtained in this manner represents the fracture pattern in severd
different dructurd pogtions and two different rock types. Although nether of these
Members are resarvoir units, fidld mapping and the structurd recongtruction indicate that
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they should have deformed in a manner andogous to the Tendegp and Phosphoria
Formation reservoir units  Of paticular interest are the orientation and intengty of
fracturing aong these scanlines.

The dructurd recongruction of the Circle Ridge Fied (Sections 3.3 and 3.4) suggested a
sequence of folding and faulting events that likely produced the present-day structure.
They found tha the initidly undeformed rock was firg folded. Of the two dgorithms
tested, indined shear folding produced better results than flexurd dip folding. Following
the folding, a series of faulting events occurred. The firg large faulting is movement on
the Gray Wash Fault tha is the lowest structurdly of al mgor faults. Upon encountering
some obgtacle or reaching the dress limit of drain release, the dress fidd then broke
higher in the sequence, creating the Blue Draw Fault. Towards the south both these faults
merge into the Red Gully Fault sysem, which a this time continued to move dong an
earlier edtablished thrust plane. The imbrication process in the northern end of the fied is
repested once again with the formation of the Ydlow Hats Fault higher in the section.
The find thrust disolacement was focused on the Red Gully Fault that is dructurdly
highest.

The Orange Canyon Fault obliquely cuts al these faults and was formed last of the large
faults through the Circle Ridge anticline. The Orange Canyon and Green Vdley Faults
are dominantly grike-dip faults.

At each dage in the recongtruction, it is possble to cdculate various types of volumetric
grain and directiond strain (Section 2.5.6).

Only directiond strain parameters can be assessed as to their correspondence to fracture
orientations, as volumetric drain measures have no asociated directiondity. The
dominant joint (extensgon fracture) set should form orthogond to the principd extension
grain vector. Due to loca dress redistribution, a second joint set orthogond to the first
and padld to the principa prefracturing maximum extenson direction might aso
occur.

Both the individud megnitudes of the directiond srain components, as well as the
volumetric strain messures, may relate to variations in fracture intensity (Jamison, 1997).

There are some uncertainties regarding the comparison of the cdculated srains and the
outcrop fracturing.

The gructurd recongtruction was carried out for the three principd reservoir formations,
with particular emphasis on the Tendeep Formation. However, outcrop fracture data was
obtained from the Crow Mountain and Red Pesk Members, which are draigraphicaly
younger. Since there are no detachment horizons, such as the Gypsum Springs,
intervening between the Crow Mountain and Red Pesk units and the reservoir units, the
principal directions of dran and rddive dran magnitude vaiation of the Crow
Mountain and Red Pesk are likely to be very smilar to that cdculated for the Tendeep
and Phosphoria Formations.

DE-FG26-00BC15190 86



A greater source of uncertainty arises in the way that the outcrop data is spatidly Stuated
within the pdingpagdic modding results.  Idedlly, the scanline Ste occurs in a Structurd
position that should be compared to the drains in an equivdent sructurd position in the
Tendeep Formation, for example.  However, it is not possble to track equivaent
dructurd pogtions in the recongruction software.  Thus it is assumed that two regions
that occupy the same horizontal location occur in the same dructurd postion. If the beds
are flat lying, no eror is made usng this assumption. If the beds are steeply dipping,
then some eror will occur. In the restoration of dructurdly complex aress of the Fied,
drains may vary over a few tens of meters, or dternate between two common directions.
The eror introduced by assuming that horizontd equivaence equas dructurd
equivalence might be on the order of a few tens of meters in some locetions of the Fied.
Thus, the comparison of scanline fracture data with the drain in the reservoir formations
should condder not only the srain a the equivaent horizonta postion, but also in the
generd few tens of meters around the position.

With the exception of the rock in the area adjacent to the mgor faults, the strain produced
by faulting is probably low. At some disance from the faults the rock and any pre-
exiding fractures would be “trandated” according to the fault geometry and dip vector,
but the orientations of the fractures would be little changed unless there was sgnificant
block rotation. Fracture intendties, other than in areas adjacent to the fault, would aso
likdy be unaffected. On the other hand, folding may produce dgnificant rock drain,
leading to the formation of fractures throughout the reservoir units.

Snce the initid folding is the dominant drain event in the modd, and it is the earliest
donificant event, it should have the highest probability of producing the fractures. If the
fracture pattern does rdate consdently to a mgor structurd event, particularly the initia
folding of the reservoir units, then the sensible geologica explandion for the present-day
fracture pattern lends confidence to the DFN model. It would be hard to have confidence
in usng the paingpagic modd for predicting fracture paiterns if only a minor, low-grain
event seemed to correspond with the fracture patterns.

For these reasons, the correspondence between the fracture orientations and intensity with
the various strain components calculated due to folding were closely evauated.

2.8 Experimental Techniques For Validation of DFEN Model Geometry and
Connectivity Using Subsurface Fracture Geometry and Flow Data

There are two levels or types of vdidation that can be used to assess the qudity and
usefulness of the pdingpadic recondruction.  The firg type of vdidation essentidly
evduaes the interna condgtecy of the restoration, and is based on whether various
agpects of the modd “baance’. This type of sdf-consstency checking guides the
sequence and geometricd  parameters  governing the unfolding and unfaulting of the
modd!.
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The second check on the modd was to determine whether the connectivity of the fracture
pattern a the reservoir scade was reasonable in terms of predicting flow paterns.  This
was done by compaing the connectivity and compartmentdization in the fracture
network to patterns of tacer breskthrough. Thus, the vadidation was carried out through
two series of comparisons.

1. Comparison of predicted fracture orientations and intengty of subsurface image
log data; and

2. Comparison of predicted fracture pattern connectivity with subsurface flow
results.

Comparison of the predicted and measured fracture geometry relies upon the modd
developed between drain components and fracturing.  This drain/fracture modd is
goplied to the reservoir a the locations where subsurface image log data has been
collected (Figure 2-50).

The comparison of subsurface flow data with the connectivity properties of the fracture
pattern inferred from the drain pattern is less quantitative.  The data tha provides the
most independent check on the flow properties of the fracture network are the tracer tests.
Thereason for thisisthat:

1. Tracer tests involve a number of wells covering a larger area than any single well
ted, and 0 reflect the larger scde heterogeneity important for reservoir
engineering  optimization design involving secondary or tetiay  recovery
schemes,

2. Tracer tests not only identify aess with very high or low pressure
communication, but adso identify zones of higher or lower mass trangport, which
is of importance when designing surfactant injection processes or heat injection
processes; and

3. Smulaion of sngle wel tests requires specification of fracture permesbility and
dorativity, which can only be derived through cdibration againg the well tests
and so are not independent checks on the DFN modd.

Thus, additiona vdidation is provided by comparing the pattern and timing of tracer
breskthrough and pressure interference with the connectivity of the fracture network
(Figure 2-53 and Figure 2-54).

2.9 Integration of the Matrix and Fault Block Architecture Into a Single
Numerical Reservoir Model

An important aspect of this project is the credtion of an integrated matrix/fault
block/fracture numericd modd. This modd will dlow the visudization of the fractures
in 3-D and thar rdation with other parameters, and will provide the numerica parameter
vaues to resarvoir smulations or other caculations to desgn and evduate options to
enhance production.
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The Circle Ridge Fed is encompassed within a complex dsructurd dtting. The basic
dructure that defines the fidd is an antidine. The complexity enters due to the faulting of
the anticine dructure. This complexity is not just due to the number of the faults
obsarved and modded, but aso the type of faulting in the Fdd. Many faults intersect
other faults, cross other faults, or die out. The Circle Ridge Fidd has not only nearly
veticd faulting which is farly smple to modd, but aso shdlowly dipping faults and in
paticuar, shdlowly dipping reverse fauts  This lag type of fault is difficult to
incorporate in many 3D modding software systems.

Of the modeing software packages that can handle the complex types of faulting that
occur a Circle Ridge, further dassfication of the software can be made in their &bility to
upscale the geo-cdlular modd to reservoir smulation modds. This process of upscaing
has been addressed in some of the software so that directly readable grid files are written
that can be read by the reservoir smulation software. This becomes important in order to
dlow the operaior of the fidld a method of evaduating the best economic methods of
extracting the most reserves from the fidd. The ability of geo-cdlular models to eesly
output smulatiion modeding grids is an important point to condder in picking the geologic
modeling software.

Initid experiments with importing the data into Roxar's RMSO  software showed that the
current releese of RMS cannot handle reverse faults without bresking the modd into
seveard pieces, which is cumbersome for use in laer dmulation or other types of
cdculaion. Currently, moddling is being carried out usng Technoguides Petrd®  and
GocadO to determine the best piece of software to be used for this project.

2.10 Assessment of Compartmentalization/Tributary Drainage in Fracture
Networks

Compartmentdization refers to the ddineation of the spatid extent of portions of the
fracture sysem that form well-connected networks Figure 2-56). Within these network
clugters, fluids can move more easly throughout the fracture sysem. These networks are
isolated or patidly isolated from other well-connected networks by regions of much
more poorly connected fractures, so that fluid movement between fracture compartments
either occurs through the matrix, or is retarded by much more poorly connected fracture
gysdems.  Tributary andyss is gmilar to compatmentdization andyss. It essentidly
focuses on the extent of fracture connectivity around existing or hypothetica wells.

Figure 2-56 shows the concepts of both fracture network compartmentalization and
tributary drainage. The DFN modd on the left of the figure shows dl of the fractures
generated. Circles colored white, red and purple indicate three wells.

While the fractures in the left portion of the modd look entirdy connected, they are not.
The DFN modd on the right sde of the figure shows the fracture compartments. There
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ae two large compartments, shown in green, and severd much smdler compartments,
shown in other colors and mainly obscured by the two large compartments.

The amount of tributary drainage is a function of the location and orientation of the well
relative to the fracture compartments that develop. The white well gppears to access the
large northern compartment, while the red and purple wells appear to access the large
southern compartment.  In fact, neither the white wel nor the purple wel intersect any of
the fractures. Only the red wdl actudly intersects fractures in the large southern
compartment.

This well may be isolated.

% e

These two wells may be connected

Figure 2-56. DFN modd for subthrust block 6, showing fracture compartments formed due to
variation in intensity related to folding. The diagram on the left shows all fractures and three
vertical well locations. Thediagram on theright showsthe fracture compartments.

With gimulation, the white and purple vertica wells would probably connect better to the
fracture compartments.  Or, as shown with the white well, a horizonta completion, rather
than a vertica, would intersect a number of fractures and be well-connected to the
northern compartment.  The tributary drainage volume is the volume of reservoir (matrix)
that is potentidly accessed by the wel through the connected fracture system.
Paticularly where the fracture permegbility is much grester than the matrix permeshility,
the amount of matrix that can be produced, or subjected to water floods or steam floods is
related to the volume of matrix accessed by the compartment that the well connects to.
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Thus, the red wel potentidly could access the matrix tributary to the large southern
fracture compartment.

The experimentd method for determining compartmentdization and tributary drainage is
thus a caculation based upon the fracture network connectivity and its spatid extent.
One way to cdculate compartmentdization and tributary drainage for a fidd is to firs
build a fidd-wide DFN model, cdibrate it to al available data, hisory match it, and then
cary out a connectivity analysis on the DFN modd. This dternative requires a full-fidd
hisory matching smulation, which is not pat of the Cirde Ridge project's scope, and
would dso be undesrable, as the only portions of the reservoir that could be history
matched are the overthrust block and one or two subthrust imbricate blocks. Since there
is litle or no production in the remaning blocks these dSgnificant potentid reservoir
additions could not be studied.

Another way to andyze the compatmentdization and tributary dranage is to examine
the connectivity geometry as inferred from the paingpasiic stran maps, and quditetively
cdibrate these drain patterns to the connectivity seen in the nitrogen injection test and the
bromide tracer test.

Figure 2-57. Hypothetical example of how strain maps and subsurface tracer data can be related o
understand compartmentalization and tributary drainage. Green circle represent wells that appear
to have strong pressure or flow connection in a tracer test, while white-shaded circle represent wells
that appear disconnected. The contour colors denote the magnitude of strain, while the blue arrows
indicatethetrend of the dominant extensional fracture set predicted from the strain tensor.
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Figure 2-57 shows a hypothetical example of how subsurface tracer breskthrough data
can be combined with dran daa to deineate the fracture connectivity sructure and
quditatively assess the sze and shagpe of fracture network compartments and tributary
drainage patterns.

In this hypotheticadl example, the superimposgtion of the dtrain pattern, the dominant
extensond fracture strike and the breskthrough pattern in wells can be used to cdibrate
the strain map and dlow it to be interpreted as a connectivity map. High drain regions
(shaded red and yelow in Fgure 2-57) should represent regions where fracture
devdopment is dso high. The orientation of the drain fidd can be usad to infer the
direction of the dominant extenson fracture drike (shown by the blue lines in Figure
2-57). Regions of high srain connected to each other or by fracture corridors should
exhibit strong pressure or tracer breskthrough responses. The ydlow dotted lines in the
figure indicate possble fracture corridors, which are formed by spatidly contiguous
regions in where the dominant fracture drike is padld or subpardld. If there ae
fracture corridors developed in relation to the drain, then wells, such as those shown as
green cirdes in Fgure 2-57 should show good communication. Also, wells not
connected by fracture corridors, such as those shown as white circles, should show much
poorer response. Thus, if there is a geologica understanding of why the zones of high
grain have occurred, and it can be shown that the strain corridors and orientations and
vaiations in fracture intendty do correspond to fracture orientations as seen in the
subsurface from image logs or core, and the pattern of tracer breskthroughs is reasonably
wdl-explaned by the dtrain corridor pattern, then the spatid dtructure of the drain
corridors can be used to quantify the connectivity of the reservair.

2.11 Calculation of Effective Reservoir Properties

A magor god of this project is to @culae fracture porosty, fracture permeghility and the
parameters tha relae the exchange of fluids between the matrix and the fracture system
for the entire Fidd from the fracture model constructed and validated from the outcrop,
well log and well test smulation work. The experimenta procedure for carrying out this
caculation goes through three stages. derivation of the parameter values needed to create
a 3D DFN modd of the reservoir; generation of the DFN modd; and cdculaion of
parameter values from the DFN modé!.

2.11.1 CALCULATION OF PARAMETERS FOR THE DFN MODEL

The methodology for cdculating the input to the DFN mode has largely been covered in
previous project semi-annua reports. It is useful to summarize the parameters that are
needed, and how they were obtained, as a bass for better understanding of the actud
procedure used to generate the DFN models. A DFN modd is first baed on identifying
individua frecture sets, and then caculating a series of parameter vaues for each <.
Parameters typicaly are not single numericd vaues, but ae represented as datidtica
digtributions and are related to underlying geologicd factors.
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2.11.1.1 Identification of fracture sets

A fracture st may be interpreted differently depending upon the use.  In typicd
geological usage, a fracture set is a group of fractures with more or less the same
orientation. There may aso be some additiona condraints such as the fractures dso
formed from the same geologica processes and at the same time.  Petrophysicists tend to
separate fractures based on orientation smilarity and dso by aperture class open,
partidly open, solution enhanced, or filled, because this additiond characteridic has
implications for fluid flow, which is of primary concern.

For DFN moddling, a dightly different definition is used: a fracture st is a group of
fractures that can be characterized and generated stochagticdly from the same datitica
digributions and geologicd condraints or conditioning functions.  While orientation
smilarity, gperture or filling, and mode of formation adl may play a roe in defining these
sts, they may dso be ignored.  For example, fractures belonging to the same
orientational st that might be cdasdfied on an image log as open, patiadly open or
closed, may be combined into a single set with an gperture distribution that reflects dl of
these class dates. Likewise, if there were two fracture populations with smilar Satistica
and geologica congraints, except that one portion of the population formed early, and
the other during a later event, then there would be no practical reason to treet them as two
individua sets from the standpoint of generating the DFN modd.

Figure 2-58. Exampleof fractures of identical orientations belonging to different sets.

Moreover, the concept of orientation Smilarity needs care as wdl, paticulally where
folding has led to fracture formation, as it has in Circle Ridge. Two fractures may have
the same absolute orientation, for example, verticd and driking northeast.  Just because
these two fractures have an identica orientation does not mean that they are necessarily
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part of the same set. If the fold is somewhat more complex, for example, having a double
plunge like Circle Ridge, then a northeast driking fracture in one portion of the fold may
be dip-padld, while a northesty driking fracture in another protion may be drike
padld.

Figure 2-58 shows such an example. The red fracture set is dways dip pardld (the
blacxk lines in the figure denote bedding in this planview figure), while the blue
fractures are dways drike pardld. Typicdly, the dip pardld fractures have very smilar
geometricd and fluid flow characterisics, while the drike pardld fractures have
interndly smilar charecteridtic as wdl, but charecteridics trhat differ from the dip
padld fractures. Blindly combining dl northeast fractures into a sngle set, and dl
northwest fractures into single set, would obscure these difference and decrease the DFN
modd’s usefulness.

The process for defining sets was based on an iterative analysis of outcrop fracture data,
downhole image log data, comparison of outcrop and image log data with extensond
drain data caculated from pdingpagtic recondruction of the field, inferences drawvn from
well test modding, and congderation of nearby outcrop anaogs.

The process was to gtart with the outcrop data at eleven outcrop sites, and define the loca
orientational groupings a each dte. Each set was evduated in terms of its reation to
bedding srike and dip. It was found that there werer typicadly two sets present, both
nearly orthogonal to bedding and to each other. Very often the two sets subpardld
bedding strike and dip.

While the process could have been carried out in different order, the next information for
delinegting sets came from the strain maps cdculated from the paingpagtic recongtruction
of the resarvoir formations. The dran components for various stages in the
recondruction (different folding and faulting events) were compared with the outcrop
fracture orientations and intendty, and it appeared that the direction of maximum
extensond drain produced during the intid folding of the fild was a good predictor of
the fracture orientations in outcrop.

Image log data from three wels, two in the overthrust Tendeep, one in the subthrust
Phosphoria, showed that the fracture sets in the image log had the same relation to the
extensond drain as the outcrop fracture pattern. Further comparison of outcrop deta in
outcrops adjacent to the wellheads for the two overthrust image log wells showed
amilarity between the outcrop pattern and the subsurface pattern in the reservair.

Trandent wdl test matching further indicated that a model consting of two fracture sets,
orthogona to bedding and oriented relative to the grain fidd, could reproduce the
transent well test behavior.

Inspection of Tendeep and Phosphoria outcrops in the Wind River Canyon and in the

Bighorn Basn dso indicated that there were commonly two sets developed that were
orthogonal to bedding and to each other.
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Thus, the DFN modd defined two fracture sets that were orthogond to bedding and to
each other, and were oriented rdative to the direction of maximum extensond dran
cdculated from the paingpastic recongtruction of the fied.

2.11.1.2 Fracture Orientation Variability for Each Set

The orientation variability for each set was based upon data collected from outcrop and
from the three image logs. The image log data was further andyzed to determine if
variability or orientation changed according to lithology or depth.

Because the fracture sats did not maintan a sngle globd orientation, but varied
according to the drain fiedd changes, only the variation of fracture orientation about the
mean was used. The locd mean orientation was based on the orientation of the
caculated extensond drain.

21113 Fracture Intensity

Fracture intengty is a term that is often used to describe a number of different measures
of how many fractures there are in a particular portion of the reservoir (Dershowitz and
Herda, 1992). Mog often it refers to the number of fractures per meter of core or image

log.

However, fractures are essentidly two-dimensond objects in three-dimensond space,
and so a three-dimensond measure is needed for congtructing a DFN model. A
mathematicaly convenient messure of three-dimensond fracture intensty for DFN
modds is the total fracture surface area per volume of reservoir, often denoted as Ps»
(Dershowitz and Herda, 1992).

There are severd possible approaches to calculating B2. One approach is to estimate the
vdue from the number of fractures per meter, incorporating knowledge of the fracture
orientations and the orientation of the wellbore. This gpproach is a type of non-linear
optimization, in which a DFN modd is condructed having the correct orientation modd
and a guess for P3;. A wel is insated into the DFN model and used to sample the
number of fractures intersected per meter in this synthetic well.  This cdculation is then
compared to the actua number of fractures per meter. The guess for B, is then adjusted
up or down accordingly until a close metch is achieved.

This guess can dso be adjusted for the difference between conductive and non
conductive fractures. With flow meter data or smilar logs that distinguish conductive
from norconductive fractures, a ratio of these can be caculated. This same ratio is then
applied to the calculated Ps, valueto findly arrive at a conductive Ps,. for the modd.
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Another drategy for cdculating conductive Ps; is to derive it from matching transent
well tests usng DFN modes. The intengty for each set is one parameter that can be
adjused to obtain a match. The advantage of this gpproach is that the intendty
cdculated is the conductive Ps; itsdf; it is not necessary to rely upon aratio inferred from
flow meter results.

At Cirde Ridge, Ps; was edimated primaily from transent well tet maiching. A
corrdation was established between this vdue and the vaue of extensond dran. The
vaue of the locd Ps; intendty was thus based upon the locd extensond folding drain
meagnitude and the correlation function.

21114 Fracture Size

Fracture may be esimated from fracture trace length datistics, by matching the “pad
intersection” percentages, from image logs, or from well tet maching DFN smulations
where Szeistreated asa“freg’ parameter in the matching (La Pointe and others, 1993).

The matching of trace lengths to edtimate fracture Szes rdies upon DFN smulaion. In
this gpproach, fractures are redized as circular discs with a radius digtribution drawn
from some assumed datisticd didribution, such as lognormd with mean equd to 50 m
and standard deviation equa to 27 m. An outcrop, represented by a plane, is inserted into
the model and the resulting trace length didtribution on the plane is converted to a trace
length frequency digtribution. This digribution is then compared to the measured trace
length frequency digtribution. The parameters of the DFN mode are adjusted in order to
achieve a datidicdly dgnificant match ether through manua adjusment or through
nonlinear optimization.

The procedure to estimate Sze from image log data follows a smilar approach. FMI and
other facture imaging tools use from 4 to 8 pads to image the fractures. Many, if not
mog, of the fractures are imaged on dl pads. Some fractures appear on fewer than dl of
the pads. One reason for a fracture to appear on fewer than al of the pads is related to
fracture sze. If a fracture were a kilometer in radius and intersected a wellbore, the
probability that it would cut entirdy through the wellbore is very high. If the fracture is
very smdl, on the order of centimeters, then the probability that it would cut entirely
through the wellbore and appear on dl pads is much, much lower. Using this principle, a
DFN modd for each st is made with the dready cadculated fracture orientation mode
and intengty, but with a guess as to the Sze digtribution of the fracture sat.  This modd is
sampled with a synthetic welbore, and how many pads each intersecting fracture would
have appeared on is recorded automatically. The percentages of fractures appearing on
al of the pads, some of the pads or only a few of the pads are then compared to the actua
pad intersection percentages. The fracture Sze parameters are then adjusted by hand or
through a nonlinear optimization procedure to achieve a datidicdly dgnificant match.
Thisisdone for each set and each well separately.
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As in the case of fracture intendty, esimation of fracture szes from image logs or traces
in outcrop produces an estimate of the sze didribution of both non-conductive and
conductive fractures together. EStimation from well test smulation, on the other hand,
produces an edimate that probably better characterizes the Sze didribution of the
conductive fractures that play an important role in the reservoir-scae flow processes.

Essentidly, fracture Sze is trested as a free parameter to be adjusted when matching
trandent wdl tedts. The only condraints on the results of this approach are that the
resulting conductive fracture Szes should be a least as large as the non-conductive; and
the datistica digtribution caculated should not produce fractures that srech geologica
credibility or avalable outcrop andogs. The important portion of the trangent wel test
curve to match is the longer time portion, as this best captures how larger volumes of the
reservoir away from the immediate wellbore are responding.

At Circle Ridge, image log data did not produce enough fractures to compute robust pad
intersection datistics.  The outcrop data was not used because (1) it was in the Crow
Mountain and Red Pesk Members of the Chugwater Formation, not the Tendeep or
Phosphoria Formations, and could thus be different; and (2) the trace length data in the
outcrops was heavily censored, making the trace length matching caculation highly non
unique. Thus, the sze didribution was derived from wel tet matching and checked
againg outcrops of the Tendeegp and Phosphoria Formations in the Wind River Basin.

21115 Fluid Flow Properties for Individual Fractures

A DFN modd is composed of individud fractures, and each of these individud fractures
must have a vadue of trangmissvity and dSorage (or dternaively permesbility and
compressibility) assgned to it. These parameters camnot be measured directly in Stu.
They are derived by tregting them as free parameters in wdl test matching or other types
of subsurface flow and transport modding, such as tracer test smulations. For Circle
Ridge, these parameters were edtimated through matching aspects of the Nitrogen
Injection tracer test results.

2.11.2 GENERATION OF THE DFN MODELS

The method used to generate the DFN modds for the Circle Ridge Field relied upon the
Golder’'s commercid FRED fractured reservoir characterization and smulation software.
The gepsin the process are as follows:

1. Specify the input parameters for each fracture set described in 2.11.1 (Fgure
2-59).

2. Generate or “redizeé’ each set ( Fgure 2-60). This is done for each gructurd
block and reservoir formation separately.

3. Clip thefractures againg formation boundaries ( Figure 2-61)

4. Saveeach set (Figure 2-62)

5. Combine data sets for different structurd blocks and formations into a single
mode (Figure 2-63).
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Figure 2-59. Example of data being entered into FRED for generation of a fracture set.
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Figure 2-60. Generation of one fracture set in a DFN model. The block shown is Block 6, Tendeep
Formation, viewed from east to west. The grid shown is the tetrahedral grid containing extensional
strain valuesand orientations produced in the palinspastic reconstruction of thefield.

Figure 2-61. Example of fracture set clipped againgt upper and lower boundaries of Tendeep
Formation, Block 6.
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Figure 2-62. Final DFN model for Tendeep Formation, Block 6, including both major fracture sets
clipped against the upper and lower boundaries of the Tendegp For mation.

Figure 2-63. DFN modd of structural blocks 6, 8 and 9 for both Tendeep and Phosphoria
Formations. Also shown arethe Green Valley, Yelow Flatsand Blue Wash Faults.
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2.11.3 CALCULATION OF EFFECTIVE RESERVOIR PROPERTIES

Once the DFN model has been generated for the entire reservoir, the next step is to
cdculate effective fracture properties from the DFN modd. The properties of interest are
fracture porogty, fracture intengty, directiond fracture permesbility, and sgma factor, a
parameter that is used in many reservoir smulators to goproximate how fluids move
between the matrix and the fracture sysems under a pressure gradient. By there very
nature, these properties encompass a volume of reservoir, and therefore must be
cdculated over reservoir volumes.

If a reservoir smulation grid has been defined for the reservair, then this is the most
desrable assemblage of subvolumes (the smulator grid cells) over which to cdculate the
effective properties. In practice any grid can be used. Because a fied-wide reservoir
gmulation grid has not been prepared for the Circle Ridge Fied, grids were generated
individudly for each formation and dructurd block. The number of grid cdls in each
block and formation was specified so that the mean horizonta dimensions of each grid
cdl were on the order of 50 m, and the mean thickness of each grid cdl was on the order
of 25 m. These vaues were chosen as they are on the order of Sze of typicd reservoir
amulation grid cels, and they ae large enough that each cdl contans a number of
fractures.  Where the reservoir layer thins appreciably over the structura block, the
vertica thickness of the cdl may be less then the target 25 m since the number of grid
layers is dways preserved. Fgure 2-64 shows an example of such a grid. The grid in
this figure was generated for the Tendeep Formation in Block 6.

The cdculation of the effective fracture properties in an individud grid cel (Dershowitz
and others, 2000) is based on the actud fractures found in each cdl. An example of
cdculaion results for an entire grid is shown in Fgure 2-65. The cells are colored coded
according to the value of verticd permesbility caculated for each grid cdl. The FRED
software carries out these caculaions for dl of the grids for every structurd block and
reservoir formation, and outputs the vaues as ASCIlI files containing the centroid
location of each grid cdl, its dimensons and orientation, and the effective properties.
The effective properties cons s of:

fracture count;

Ps, fracture intengity;

Fracture porosity;

the full permegbility tensor such that the Pxx, Pyy and Pzz components are
digned with

the globd (X, Y and Z) coordinate system;

the full permesbility tensor such that the Pxx, Pyy and Pzz components are
digned with

thelocd (I, J, K) coordinate system; and

sgmafactor
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Figure 2-64. Example of a grid (cyan) generated between the upper (red) and lower (green) Tendeep
boundariesfor Block 6.

Figure 2-65. Values of vertical permeability calculated for grid shown in Figure 2-64. Valuesarein
mD.
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2.12 Integration of the Matrix and Fault Block Architecture Into a Single
Numerical Reservoir Model

An important aspect of this project is the creation of an integrated matrix/fault
block/fracture numericd modd. This modd will dlow the visudization of the fractures
in 3-D and their relation with other parameters, and will provide the numerical parameter
vaues to reservoir amulations or other caculations to desgn and evduate options to
enhance production.

The Cirde Ridge Fedd is encompassed within a complex dructurd dStting. The basic
dructure that defines the fidd is an antidine. The complexity enters due to the faulting of
the anticline dructure. This complexity is not just due to the number of the faults
obsarved and modeled, but dso the type of faulting in the Fidd. Many faults intersect
other faults, cross other faults, or die out. The Circle Ridge Field has not only nearly
veticd faullting which is farly smple to modd, but dso shdlowly dipping faults and in
paticular, shdlowly dipping reverse faults  This lagt type of fault is difficult to
incorporate in many 3D modding software systems.

Of the modding software packages that can handle the complex types of faulting that
occur a Circle Ridge, further classfication of the software can be made in ther ability to
upscale the geo-cdlular modd to reservoir smulation modds.  This process of upscaing
has been addressed in some of the software so that directly readable grid files are written
that can be read by the reservoir amulation software.  This becomes important in order to
dlow the operator of the fild a method of evauating the best economic methods of
extracting the mogt reserves from the fidd. The ability of geo-cdlular modds to easly
output smulaion modding grids is an important point to consider in picking the geologic
modeding software.  With these congderdtions, the software system that proved most
useful was GoCadO  (http://mww.ensg.u-nancy.fr/lGOCAD/).

The data used to create the modd derives from the four main project tasks. The matrix
data is derived from interpretations mede from wel logs. Task 1 of this project
supplemented  the exiding interpretations made from modern wel logging suites with
data derived by cdibrating logs from 113 older wels. This provided for a data set on
matrix properties for the Tendeegp and Phosphoria Formations for the Overthrust Block
and mogt of the imbricate blocks lying in the footwal of the Red Gully Fault. The well
data was interpolated between wedl control using the geodatisticd dgorithms available in
GoCadO .

The second component of the integrated reservoir modd are the mgor faults the Red
Gully Fault, Green Vdley, Ydlow Has Blue Draw, Grey Wash, Orange Canyon and
Purple Sage faults. Prior to this project, the geometry of the faults a depth was poorly
congdrained. Through the 3D pdinspagtic recondruction based on the additiona well
control aso provided by the well log recdibration, and the three new cross sections, it
was possble to greetly improve the condraints on fault surface geometry of these seven
mgor faults. The faults themsdves were exported from the paingpastic recongtruction
software, and converted into triangular meshes that could then be reformatted into native
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Task 1 - Matrix Proper-
ties from existing and
113 newly interpreted

logs

GOCAD

Tasks 2,3 & 4 - Gener
ation of Reservoir-
Scale DFN Models and
Calculation of Effective
Fracture properties

Task 2 - Fault Architec
ture Developed & Vali-
dated through 3D
Palinspastic Recon-
struction

Figure2-66. Data flow from project tasksinto theintegrated reservoir model.

GoCadO surfacefiles.

The resarvoir-scade fractures themsdves are not explicitly represented as individud
object sn the fina integrated reservoir model. Rather, the effective fracture parameter
va ues derived from them are incorporated into mode!.

Feld work on outcrops, fracture image logs from three wells, well tests and tracer tests
were dl used to generate a validated discrete fracture network mode for the Tendeep and

Phosphoria Formations for dl structura blocks making up the Circle Ridge Fed. As
decribed in Section 2.11, the formations were gridded and the effective fracture

properties cdculated for each grid cdl. The vadues for each parameter were then

imported into the integrated reservoir modd.
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3 RESULTS

3.1 Overview

This section describes the results of this project for the three mgor dements of the
integrated reservoir model (matrix, fault block architecture and reservoir-scae fractures),
and the cdculaion and prdiminay use of the modd for reservoir engineering
goplications leading to improved recovery. This later section includes the cdculaion of
effective fracture network permesbility, fracture porosty, sgma factor and other
reservoir parameters typicdly required for numerica reservoir smulation.  In addition,
the connectivity of the fracture network was quantified and areas of higher and lower
connectivity were identified and related to the dructurd development of the Circle Ridge
Fed.

The god of subsections on the components of the 3D reservoir modd is to show in a
logical sequence how the modd was built, what assumptions were made, and what the
find result looks like. Many of the components of this modd and the data on which it is
based ae described or avalable for download from the proect webste
(http:/Amww.fracturedreservoirs.com).  When this is the case, the steps needed to access
this data on the website are described.

The lagt subsections focus on the use of the integrated modd. The structure of each of
these subsections is to describe the specific outcomes of severd of the key steps outlined
in a more general sense in Section 2, the assumptions required as the modd was being
andyzed, and the find results.

Most of the products described in these subsections underwent one or more forms of
vdidation. For example, the fault block architecture was vdidated by a successful
paingpadtic recongtruction that restored the reservoir formations to an origina unfolded
and unfaulted date while mantaning or fulfilling various kinemaic condrants  The
prdiminary discrete fracture network modd that was largdy derived from outcrop data
was vdidated agang the drain fiedd and subsurface image log, well test data and tracer
experiments. Where gppropriate, these vaidations are described in detall.

Some of the results presented are find cdculations, such as the sgma factor data or the
directiona permegbility. These data are only presented in this Section (and provided
numericaly for download from the project web sSte).  While it would be posshble to
further vaidate these reservoir engineering parameters, and to refine them, this would
require and extensive history-matching exercise which was not part of the project scope,
and so0 isnot included in this report.

This penultimate subsection describes an early use by Marathon Oil of the 3D integrated
modd with respect to well planning in the overthrust block.
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The find subsection describes the results of the four technology trandfer efforts include
as part of this project. These conssted of the project webdte; conference presentations
and reports; tribal workshops, and project progress reports.  Additions to the project
webste and publications resulting from project activities are anticipated to continue even
after the completion of the project.

Ovedl, this section focuses on the maor project results It does not contan

recommendations for future work to extend the project benefits, nor a find summary of
the project accomplishments. These are discussed in Section 4.

3.2 Matrix Property Calculations

The knowledge concerning matrix porosty and fluid saturation was greatly expended
through the innovative re-cdibration of the older vintage wirdine log data  Thirty-nine
wells (one more than origindly planned) that had modern logging suites were andyzed in
both the overthrust and subthrust portions of the reservoir. Information from an addition
113 wels was produced through the re-cdibration (Figure 3-1). Results for these wdls
were posted to the project web dte, provided as eectronic files, and passed on to
Marathon personne for use in building the complete 3D reservoir matrix modd.

Figure 3-1. Expansion of matrix property data through re-calibration of older logs. Photograph on
left shows wells (red circles) where modern logs had previousdy made it possible to calculate matrix
porosity and oil saturation. Photograph on right shows wells (yellow circles) in which re-calibrated
logs wer e used to estimate matrix properties.
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Retreéval of the data has been

(http://www.fracturedresrevoirs.com). Figure 3-2
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Figure 3-2. Use of project website b download interpreted well log data, including matrix porosity

and satuar ations.

DE-FG26-00BC15190 107



Fird, the user goes to the Data page, which contains the photograph of the Circle Ridge
Fed. Next, the user sdects “Low Res Wells’ and the web page then displays the ydlow
crcles that are Stuated at the surface locations of the wells. An individud well may be
sdected grephicdly on the display using the cursor, or from the lis. Double clicking on
awell dlows the user to open or download the well file,

3.3 Fault Block Reconstructions

The fault-block recongructions were used for two different purposes in building the
reservoir modd. The first use was to develop a much-improved modd of the geometry
of the mgor faults in the fidd, paticularly a depth where previous work had left many
uncertainties. The second use was to provide a quantitative understanding of the
deformation/gtrain higory of the fidd, in order to determine if the present day fracture
pattern could be related to one or more deformation events, and then to use that relaion
to condition the reservoir-scae fracture orientations and intengty variations in the find
3D reservoir modd. Figure 3-3 shows the god of the fault block recongtruction. The
recondruction began with making a prdiminay modd of the fault surfaces and key
reservoir horizonsin thefied.

Fault block reconstruction begins with
creating surfaces that describe the

well penetration data and cross-sections
derived from well data and surface
structural geology.

Unfolding and unfaulting
algorithms are applied until the
key horizons are restored to
their original flat-lying state, and
there are no large unaccounted
for excesses or deficits of
volume or length.

Figure 3-3. Determining fault block geometry through a 3D balanced reconstruction.
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Figure 3-4. The fiddd mapping team for the cross-section and fracture data collection. From left to
right: Paul La Pointe (Golder); Jan Hermanson (Golder); Sherry Blackburn (enrolled member of the
Northern Argpaho Tribe & Marathon Oil intern).

Figure 3-5. The cross sections were mapped using GPS locations of contacts. The sections were

anchored to benchmarks (like the one shown in the photo) and routed through or very near to wells
in key areas of thefields.
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The fault surfaces and horizon surfaces were crested through recongructions from well
penetrations and surface sructurd mapping (Fgure 3-4 and Fgure 3-5) in locations
chosen to gain additiond structural control in key aress.

3.3.1.1 Faults

Faulting observed on the surface are of two types reverse faults and drike-dip faults
(both synthetic and antithetic). Minor normd faults have adso been observed, manly a
high angles to the main anticline FHgure 3-6). A few large faults dominate the geology of
the Circle Ridge field. Below follows a brief description of each larger faullt.

Figure 3-6 Example of minor normal and strike dip faults in the northeastern corner of the field.
Gypsum Springsisoffset in several sectionshby lessthan 20 ft.

3.3.1.1.1 RedGully Fault

The Red Gully Falt forms the man thrugt through Circde Ridge. Anderson and
O Conndl (1993) report that the reverse Red Gully Fault has a surface displacement of at
least 1000 feet (305 m) dong the western side of the centra Dinwoody/Phosphoria hill in
the core of the anticline. It juxtaposes Permian Phosphoria over Triassc Red Pesk shdes
and sands that are overturned and dipping 50 degrees towards the east. The Fault is aso
observed in the north end of the anticline, offsetting Popo Agie and Nugget Fgure 3-7).
It is not observed above Gypsum Springs. Quaternary aluvium conceds much of the
centrd portions of this fault but its location is known from severd well bores. Severd
splay dructures relate to the Red Gully Fault; i.e. the Yelow Hats, Blue Draw and Gray
Wash faults.
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3.3.1.1.2 GreenValley Fault

The reverse Green Valey Fault is possbly a direct splay to the Red Gully Thrugt. The
fault is observed east of the northern part of the Red Gully fault, and offsets Popo Agie
and Gypsum Springs (Figure 3-7). Beautiful examples of imbricated Popo Agie show the
intense deformation aong this fault. The displacement is in the same order as the Red
Gully Fault. The fault dies out in the Sundance Formation, with severd smdl folds to
accommodate the movement.

Y e e L TR AT e R

Figure 3-7 Photograph showing the Green Valley Fault offset in the Gypsum Springs and the Popo
Agie where finger is pointing. The Red Gully Fault runs through the larger gap in the Popo Agie
member beow the hand.

3.3.1.1.3 Orange Canyon Fault

The orange Canyon fault is a right laterd drike-dip fault with an additiond normd fault
component. The fault runs through a NE-SW trending drainage canyon in the northern
pat of the fied that exposes orange sands and slts of the Popo Agie member. It is
obsarved in dl formations down to Gypsum Springs. This fault is possbly connected to
the Blue Draw faullt.

3.3.1.1.4 BlueDraw Fault

This is a reverse fault in the extreme northern end of the antidlind dructure and in the
Blue Draw, which is the drike vadley formed on Mowry shdes north of Circle Ridge. As
mapped it cuts through the Mowry — Muddy — Thermopolis section, the Rusty Beds and
Morrison, then dies out toward the southeast within Sundance faling to offsst basd
Sundance limestones or the Gypsum Springs.
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Figure 3-8 View down the Orange Canyon with Red Peak shales and sands to the left and Gypsum
Springstotheright.

3.3.1.1.5 Other Subthrust Faults

The Subthrust Block (footwal block of the Red Gully Fault) condsts of severd sub-
blocks divided by the Blue Draw Fault, Gray Wash Fault, Purple Sage Fault, and Ydlow
Flats Fault that compartmentdize the reservoirs. The Blue Draw Fault (as explained
above), like the Red Gully Fault, has surface exposure while the others are recognized
only from well top data.

However, these subthrugt faults play an important role in the sequence of restoration of
the Circle Ridge structure as will be explained below

3.3.1.2 Fault blocks

The Anderson Modd contains sxteen fault blocks according to the origind
interpretation. However, seven of these blocks are very smdl or do not involve the
producing formations & depth, i.e. Phosphoria, Tendeep and Amsden formations. The
following fault blocks have been included in the painspastic recondructions, Block 1, 6,
8,9, 11, 12, 14, 15 and block 16 asillustrated in Figure 3-9.
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Figure 3-9 Top view of thelocation of major fault blocksin the Phosphoria formation.

The surfaces of mogt formations of the Anderson Modd ae complex and exhibit
dramatic undulating geometries to honor dl wel informaion. The interpreted extensions
of surfaces between wdls are questionable many times when wells at close distance have
tops with large differences in eevation. As the undulations occur mogtly in the northern
end of the resarvoir where faulting is mogt intense, it is more likely that the eevation
differences are due to minor fault movements between wels. However, these smdl faults
are too minor to beincluded into the reservoir scale modd.

Figure 3-10 Illugtration of the undulating extension of the top of the Phosphoria formation. The
undulation of the surface is controlled by wel top information from the Anderson and O’Connéell
database.
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3.3.1.3 Observations in the field: Update of fault extensions

The fidd work during the summer of 2000 updated the extenson of some of the faults in
the Anderson Modd. The Anderson and O Conndl (1993) extenson of The Red Gully
Fault up into the northern part of the fidd is questionable from observations in the fied.
Tracing the extenson of both the Green Vdley Fault and the Red Gully Fault suggests
that the main plane of movement could be accommodated dong the Green Vadley Fault
and not aong the northern pat of the Red Gully Fault. Observations of the wel top
information does not rgect this interpretation, but shows that the Green Vadley Fault
needs to have a stegper inclination than the Red Gully Faullt.

Based on the 3D extensons it seems plausible that the Red Gully continues as Anderson
and O'Connell have proposed but that the Green Vdley Fault is interpreted as an
imbricate to the Red Gully Fault. This interpretation fits very wel with Anderson and
O Conndl’s interpretetion that the Circle Ridge structure is a fault propagetion fold. The
deeper angle of the Green Vdley Fault is aso supported by the mechanisms of fault
propagating folds as proposed by Mitra (1990) where shortening of lower units during the
propagation produces high angle fold hinge planes and faults above the basement faullt.

Green Valley Fault

Figure 3-11 3D lllustration of the extension of the Red Gully Fault and the Green Valley Fault based
on the well tops and the surface geology. The intersection between the two shows that the Green
Valley Fault needsto be stegper than the Red Gully Fault in order to honor the well top data.
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The origind 3D interpretation of the Orange Canyon Fault extends in a bow like shape
below the Circle Ridge dructure (Figure 3-12). This interpretation has no bass in the
well top data and does not show up in outcrops. The Orange Canyon Fault can only be
observed in one location, running paradld to the Orange Canyon and in a few wdl tops.
The orientation of the fault from field observations does not indicate any curvature at
depth, nor does wdl intersections. This interpretation is therefore re-evauated in such a
way that the fault extenson stops just below the last known intersection point in the wells
and isindicated as ared line on the fault surface in Figure 3-12.

Topography

Orange Canyon Fault

HO3

Figure 3-12 Illustration of the original extension of the Orange Canyon Fault in a bow shape below
the Circle Ridge structure. This extension has no basis in well top information and has been excluded
in the restoration process. The red line on the fault surface indicates where the new interpretation
ends. Cross-sections are shown for a better 3D under standing of the extension of the fault.

The Anderson and O’ Conndl (1993) study produced a number of cross-sections out of
which two where baanced (P-P° and TT') and published (igure 3-13). The background
materid for ther dudy aso contained another cross-section (Z-Z') in the complex
northern part of the block that was initidly used in the interpretation the Circle Ridge
gructure. However, it was soon discovered tha the interpretation of the northern part of
the fidd needed to be revisted and re-evauated and this cross-section was not used
further.
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The fidd campaign from the summer of 2000 produced three new cross-sections (Figure
3-13), two from the northern part of the fiedd (HO1-HO1' and HO2-H02') and one EW
trending section through the southern most productive part of the fidd (HO3-HO3').
These sections where complemented with subsurface information from nearby wels and
coupled to the 3D interpretation of the formation surfaces.

The new cross-sections have been incorporated and balanced together with the 3D
painspagtic recondruction of the whole model. However, if scrutinized in detall each of
the HO1 to HO3 cross-sections contain fault movements of layers above the Phosphoria
Formation that do not entirdy baance. This is patly due to lack of surface (formation
extenson) control and as a result, have not been used in the baancing of the modd. Only
Phosphoria, Tendegp and Amsden Formations have been used in the reconstruction work
as will be explained below.

All cross-sections that were used are presented in Figure 3-14 through Figure 3-18.

Figure 3-13 The location of the Anderson and O’Connell cross-sections (P-P’, T-T' and Z-Z’) and the
new cross-sections assembled during the 2000 summer fidld campaign (HO1 to HO3). The black lines
represent the main fault traces of the Red Gully, Green Valley, Orange Canyon and Blue Draw
faults.
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Figure 3-14 Cross-section P to P’ after Anderson and O Connell (1993)
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Figure 3-15 Cross-section T to T’ after Anderson and O’ Connell (1993)
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Figure 3-16 TheHO1-HOL' cross-section

Figure3-17 TheH02-HO02' cross-section
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Figure 3-18 The HO3-HO3' cross-section

These cross—sections were then used to create the fault and lithologic surfaces for the 3D
palinspastic recongruction.

Figure 3-19 shows the top of the reservoir units and the mgor faults {vith the exception
of the Orange Canyon Fault, which is hidden in this perspective view).
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Figure 3-19. Fault reconstructionsfor the Circle Ridge Field.

3.4 Validation of Cross Sections Using Retrodeformation Software

341 OVERVIEW

The vdidation of the cross sections was accomplished through baancing then according
to the experimentd methods outlined in Section 2 of this report. It is important to note
that, while many Formations are depicted in the cross-sections, the badancing focused
only on the three most important reservoir units the Amsden, Tendeep and Phosphoria
Formations.  Other units have not been subjected to badancing requirements, their
deformation is cdculated by dlowing them to deform passvely according to the
deformation of the three key reservoir units.

Figure 3-20 The Phosphoria, Tendeep and Amsden formation top surfaces

The painspastic recongructions of the Circle Ridge sructure have been condrained only
by the Phosphoria, Tendegp and Amsden Formations due to three reasons,

1. The complexity of the recondruction is minimized with limited amounts of
formationsinvolved

2. The computer resources limits the number of geometric dements thet can be
involved in the restoration process

3. Thesethree formations contribute 95% of the production.

The three chosen formations have been reconstructed down to its pre-deformations state
with the following assumptions;

The formations were deposited horizontaly throughout the fidd
The sedimentary deposition was completed by the time of the folding and faulting
deformation events
These two assumptions are supported by the background geologica history as presented
in Section 1.2.
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3.4.2 IMPLICATIONS OF RESTORING THE GEOLOGICAL MODEL

The caculation of retro-deformation during the reconstruction requires that each polygon
of the geometric representation of the surface or volume are tracked. The number of
polygons directly effects the processng time of the strain caculations and is thus a mgor
condraint in the restoration process. In the origina Anderson Model, as represented by
Smith (2000), the Phosphoria surface contains about 12000 polygonad eements. The
polygonad surfaces are irregular, with most of the polygons dong the borders of the
surfaces (Figure 3-21), making unnecessarily complex surfaces, which will dow down
drain cdculaions.

Figure 3-21 Close-up of the polygons of fault blocks 6 and 9 on the Phopshoria surface as defined by
Smith (2000).

Further, the interpreted extenson between wdls of the chosen formations results in
surfaces with very complicated undulations. The reasons for the undulations may be due
to:

Limited surface control due to few well tops

Minor scale faulting between wells

Variable thickness of the units

Poor knowledge of exact depth of topsin old wells

To achieve a good understanding of the large-scde drain pattern and how this affects the
formation of the fracture network in the reservair, it is important to minimize the effect of
anomadous drains generated by unknown smadl-scde undulaions of the formation
aurfaces. Each formation surface has therefore been smoothed to minimize the
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undulations, but dso to minimize the potentid deviation from the actud wel top data
The smoothing process is dso peformed in conjunction with making a more regular grid
of each formation surface by using the method of resampling of the grid. The Resample
dgorithm used in 3DMove, when decreasing data dengity, uses a grid (oriented pardld to
the regiona plane of the surface). The resampling methodology seeks to:

Mantan volume Resampling dtempts to mantan the volume between the
resampled surface and a datum. In atempting to maintain the volume the overdl
shape of the surface is maintained, though loca shape changes will occur.

Minimize laterd spreading: In the down sampling mode, the boundary of a
resampled surface may Spread laterdly, as can be seen if a resampled surface's
edges are compared to the original surface edges.

The end result of the resampling exercise is a regular grip with fewer polygons that is
smoother and exhibits less undulation than the origind surfaces.

3.4.3 CREATION OF POLYGONAL VOLUMES

To be able to caculate dl three principd components of strain during retro-deformation,
it is necessary to create volumes between the formation top surfaces. The volumes are
created by populating the space between the surfaces with polygond eements. All three
principa axes of dran is recorded in each polygona eement during the restoration

process.

Figure 3-22 Phosphoria and Tendeep volume elements
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3.4.4 RESTORING FAULTSAND THRUSTS

The faulting and thrusting sequence of Circle Ridge has been suggested by Anderson and
O Conndl (1993) to gart with the movement of the Gray Wash fault that is the lowest
gructurdly. This initid faulting occurred subsequent to most of the folding found a the
Cirdle Ridge anticline. Upon encountering some obstacle or reaching the dress limit of
drain release, the dress fied then broke higher in the sequence, cresting the Blue Draw
Fault. Towards the south both these faults merge into the Red Gully Fault system, which
a this time continued to move dong an ealier established thrust plane. The imbrication
process in the northern end of the field is repeated once again with the formation of the
Ydlow Hats fault higher in the section. The find thrust displacement was focused on the
Red Gully Fault that is sructurdly highest.

The Orange Canyon Fault obliquely cuts dl these faults and was formed last of the great
faults through the Circle Ridge anticline.

The paingpagtic fault recondruction was performed in the reverse order, restoring the
fault movements fault by fault back to the unfaulted anticline.

The chosen process for fault movements was Fault Pardld Flow.

The Fault Pardld Fow process was performed on the Tendeep Formation, with al other
formations following passvely. This goproach helps showing whether interpretations of
the surface extensons are valid, or if other processes have to be involved in order to
restore each hanging wal unit back to its matching level on the footwall.

The Tendegp Formation was chosen as the man restoration surface because of its
relative competence compared to the more shdy and limestone rich formations of
Phosphoria and Amsden and because its location in the middle of the restored pack of
surfaces.

The unfaulted Tendegp Formation is illudrated in Fgure 3-23. The recorded srain

during the regtoration is saved incrementdly in each grid cdl, both in the surfaces and in
the volumes.

345 RESTORING THE INITIAL FOLD STRUCTURE

The initid folding of the Circle Ridge anticline is restored back to its fla depostiond
date usng two different methods Vertical Shear Unfolding and Flexuradl Sip Unfolding.

The accumulated strain is recorded for each type of restoration and plotted on to of each
formation surface after deformation, asillustrated in Figure 3-24.
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Figure 3-23 lllustration of the unfaulted Tendeep formation showing fault blocks 1, 6, 8, 9, 11 and 14
in green color aspart of theoverthrust and thetop of the anticline.

The result of the FHexurd dip unfolding shows that pats of the antidine ill exhibit
gndl-scale undulations that cannot be atributed to the man antidine folding. The
perturbations on the surface reflects the fact that other smaler events has occurred, like
sndler folds or minor faults which has not been part of the modd. The important pattern
to be diginguished is the highly deformed green-red band in the overturned limb of the
antidine (left in Fgure 3-24). Further, it is anticipated that the previoudy interpreted
magor fault block 1 (overthrust) are problematic to restore without generating large strains
in bands across the block. This might suggest that there are other faults in this unit which
have not been part of the moddl.

The Veticd Shear Unfolding results are illugtrated in Fgure 3-25, Fgure 3-26 and
Figure 3-27 for the Tendeep, Phosphoria and Amsden Formations, respectively. The
accumulated dran pattern shown in these illudrations are smilar to that of usng
Hexurd Sip Unfolding.

It is dso possble to see the mismatches between fault blocks on the two formations that
have been restored passvely together with the Tendeep formation. These mismaiches
indicate that the interpretations of the fault blocks are not perfect. The reasons for the
mismatches can be due to:
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Figure 3-24 Completely restored Tendeep formation using Flexural Slip Unfoldng. The color map
reflect the amount of accumulated strain throughout the restoration process where blue colors are
lowest recorded strainsand thered arethe highest.

aghrowbdpE

volume changesin the formations during deformation have not been consdered

the shape of the faults are different

the shape of the fault blocks are different

the extension of the surfaces between the well tops are different

the restorations processes requires more steps to restore minor sructures like
gmdl faults or smal scde folding

6. thethicknessof the layers are not constant

7.

the origind depositiond environment may not be planar

However, the mismatches are comparatively smal and are interpreted to be of a minor
effect to the understanding of the overal drain pattern of the Circle Ridge anticline. Most
of the Strains are accumulated in the overturned limb that is exactly what to expect in a
gructure like this. The mogt interesting feature of the recongtructions is the accumulation
of dran in the centra part of fault block 1 which contains the most productive wells in
Circde Ridge today. This is a likdy place for a rdaively higher intengty of fracturing,
which seemsto be reflected in the production history of the fied.
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Figure 3-25 Vertical Shear Unfolding of the unfaulted Tendeep formation (top view). The color map
shows the accumulated strain, with blue colors showing the lowest recorded strains and the red
colorsthe highest.

Figure 3-26 Vertical Shear Unfolding of the unfaulted Phosphoria formation (top view). The color
map shows the accumulated strain, with blue colors showing the lowest recorded strains and the red
colorsthe highest.

DE-FG26-00BC15190 126



Figure 3-27 Vertical Shear Unfolding of the unfaulted Amsden formation (top view). The color map
shows the accumulated strain, with blue colors showing the lowest recorded strains and the red
colorsthe highest.

3.5 Geological Controls on Fracture Development in the Reservoir

351 HELD DATA COLLECTION & ANALY SIS

Eleven dtes were andyzed in the Crow Mountan and Red Pesk Members to obtain
fracture data in areas where the sructural deformation should have produced fracture
patterns with different orientations and intendgty. The god was to compare these
vaidions in orientetion and intengty to the dran fidd cdculaed from the 3D
paingpagtic recondtruction, to determine what deformation events controlled fracture
development. The mode developed from the scanline data was then tested and refined
using subsurface data (Section 3.5.2).

3.5.1.1 Sets & orientations

The orientation and number of fracture sats has been determined for dl of the scanline
gtes, and results summarized in Figure 3-28 through Figure 3-37.

Many of the stereoplots show fracture sets, that when rotated relative to bedding, plot as
pole concentrations at the top and bottom of the plot (indicating a fracture set orthogond
to bedding and gtriking pardle to bedding dip), or on the left and right sSdes (indicating a
fracture set orthogond to bedding and sriking pardld to bedding). These fracture sets
are evident in the plots for Scanlines 4,5,6,7,8,9 and possibly 11. The fracturing extant at
Scanlines 1,2 and 3 differ. Scanlines 1 and 2 are amilar in that they show evidence for a
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st orthogond to bedding, but the dtrikes are at substantiad angles from the strike and dip
of the bedding. The fracturing a& Scanline 3 differs the most: the one set present is
neither orthogona nor parald to bedding, nor does its srike appear to be related in any
way to bedding strike or dip.

Scanlines 1 and 2 are dso in a more highly faulted and folded aea of the Fidd. these
two scanlines are located in the area where the Red Gully Fault cuts the section, and aso
where the anticline is more tightly folded. Scanline 3 is located in the nose of the tightly
folded northwesterly part of the anticline, and so aso may have a more complex drain
higory. The other scanline dtes, particularly dtes 5 through 9, are located dong the
eagtern and northern flanks of the anticine where there is little large-scde faulting and
folding is much more gentle and regular. Scanline dtes 10 and 11 are near the
southeastern end of the Red Gully Fault, in the subthrust portion to the southwest, and
dthough not as tightly folded as the rock in the vicinity of scanlines 1-3, gill may be in
an area of incressed dtrain.

The reaults of these stereoplots suggest that at least some of the fracturing is probably due
to the dran produced by the folding that crested the anticline. In regions where the
folding istighter and mgor faulting occurs, there may be additiond fracture sets.

3.5.1.2 Fracture intensity

Fracture intengty is another important component in building the discrete fracture
reservoir modd. Fracture intensity was studied at each of the scanline Sites.

One of the gods of these anadyses was to edablish whether there is a single intengty
vaue that characterizes fracturing & each sSte, whether for al scdes or only for scades
above a certan minimum Sze. This later case is what is often termed a Representative
Elementary Volume, or REV. At the scde of the REV or a larger scades, parameter
vaues do not change with the scde. At scdes below the REV scde, parameter values
show sca e dependence.

The scding properties of intengty are studied through the Mass fracta dimenson. Mass
dimenson for scanline fracture data can vary between 0.0 and 1.0. A vdue of 1.0
indicates scale independence for intendty, so if a mass dimenson plot has a dope
goproaching 1.0 for al or a threshold scde, then it is behaving as an REV. Vaues
appreciably less than 1.0 indicate scae dependence for fracture intensity.

The mass dimenson plots (Figure 3-38 and Figure 3-39) that, with the exception of
Scanline 5, the dope of the mass dimension plot approaches 1.0 for scaes 3 m and
greater for dl scanline dtes  This indicates that, while fracture intendty shows some
scae dependence for scaes smdler than a few meters, intendty in the direction parald
to bedding behaves in a scade-independent fashion for scaes greater than a few meters.
Fracturing measured a Scanline 5 shows dgnificant scae dependence up to the largest
scale that could be measured — 10 m.
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Converted CEU file data

CONTOUR PLOT

Using as input file:wprojects™circle™1ns_1t.csw
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Min.Ang.=15 deg

Figure 3-28. Stereoplot for Scanline 1, rotated relativeto bedding plane.

Converted CEU file data

CONTCOUR PLOT

Using as input fileis _2t.csv

SCHHMIDT FOLE
COMCENTRAT I OH3
¥ of total per

1.0 ¥ area

< o b
< 3 ki
< 6 ki
< 2 ki
< 1z k.
< 15 ki
< ia ki
< 21 Fd

EQUAL ANGLE
LWR. HEMISFPHERE

43 POLES
49 ENTRIES

TERZAGHI
CORRECT ION
HMin.Ang.=15 deg

Figure 3-29. Stereoplot for Scanline 2, rotated relativeto bedding plane.
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Converted CEUV file data

CONTOUR PLOT

Using as input file!s _3t.csu

SCHMIDT POLE
COMCENTRAT I OHS
¥ of total per

1.0 ¥ area

o
7.2
13
22.5
30
37.5
45

NN XN N XN X X X

M A A A A A A

52.5

EQuAL AMGLE

LWR. HEMIIFHERE

38 POLES
33 ENTRIES
TERZAGHI
COBRECTIOH

Min.Ang.=15 deg

Figure 3-30. Stereoplot for Scanline 3, rotated relativeto bedding plane.

Converted CEU file data

CONTOUR PLOT

A

&
o+

B

Using as input file:s_4t.csu

SCHMIDT POLE
COMCENTRAT I OHS
¥ of total per

1.0 ¥ area

o

H

10
13
20
23
30

AA A A A A A A
NoOXN XN N N N X X

35

EOQUAL ANGLE

LWR. HEMIZPHERE
79 POLES
79 EMTRIES

TERZAGHI
CORRECT ION
Hin.Ang.=15 deg

Figure 3-31. Stereoplot for Scanline4, rotated relativeto bedding plkane.
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Converted CEUV file data

CONTOUR PLOT

Using as input file!s 53t.csu

SCHMIDT POLE
COMCENTRAT I OHS
¥ of total per

1.0 ¥ area

o

7

14
21
28
35
42

R T A
NN XN N N N X X

49
EQuAL AMGLE

LWR. HEMIIFHERE

17 POLES
17 ENTRIES
TERZAGHI
COBRECTIOH

Min.Ang.=15 deg

Figure 3-32. Stereoplot for Scanline 5, rotated relativeto bedding plane.

Converted CEU file data

CONTOUR PLOT

Using as input file:s_6t.csu

SCHMIDT POLE
COMCENTRAT I OHS
¥ of total per

1.0 ¥ area

< o b
< 2.5 b
< 2 b
< 7.9 “
< 10 “
< 12.5 “
< 15 ki
< 17.5 b

EQUAL AMGLE
LWR. HEMIZPHERE

87 POLES
87 EMTRIES
TERZAGHI
COBRECTIOHN

Hin.Ang.=15 deg

Figure 3-33. Stereoplot for Scanline 6, rotated relativeto bedding plane.
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Converted CEU file data CONTOURE PLOT

SCHMIDT POLE
COMCENTRAT I OHS
¥ of total per

1.0 ¥ area

< o “
< 2.9 b
< 2 “
< 7.5 “
< 10 “
< 12.5 ki
< 15 b
< 17.5 “

EQuAL AMGLE
LWR. HEMIIFHERE

63 POLES
63 ENTRIES
TERZAGHI
COBRECTIOH

Min.Ang.=15 deg

Using as input file!s Yt.csu

Figure 3-34. Stereoplot for Scanline 7, rotated relative to bedding plane.
Converted CEU file data CONTOUR PLOT

ECHMIDT POLE
CONMCENTRAT IONE
¥ of total per

1.0 ¥ area

1]

oM
4]

[
Q

12.5
15

F T o T B Y
=]
4]

FoR - - - - A

1?7.5
EOQUAL AMGLE

LHR. HEMIZFHERE

36 POLES
56 ENTRIES
TERZAGHI
CORRECTION

Min. Ang. =15 deg

Using as input file!s 8t.csv

Figure 3-35. Stereoplot  for  Scanline 5, rotated relative to bedding plane.
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Converted CEUV file data

CONTOUR PLOT

Using as input file:s 9t.csu

SCHMIDT POLE
COMCENTRAT I OHS
¥ of total per

1.0 ¥ area

[ - LT T B = |

10
iz

R T A
NN XN N N N X X

14
EQuAL AMGLE

LWR. HEMIIFHERE

43 POLES
43 ENTRIES
TERZAGHI
COBRECTIOH

Min.Ang.=15 deg

Figure 3-36. Stereoplot for Scanline 9, rotated relative to bedding plane.

Converted CEUV file data

CONTOUR PLOT

Using as input file:s_11t.cswv

FECHMIDT POLE
CONMCENTRAT IONE
¥ of total per

1.0 ¥ area

£ o =
£ 2.5 b
< 3 “
< 7.3 “
< io “
£ 12.5 “
£ 15 F
£ 17.5 H

EQUAL AMGLE
LHR. HEMI:FPHERE

36 POLES
36 EMTRIES
TERZAGHI
CORRBRECTION

HMin. Ang.=13 deg

Figure 3-37. Stereoplot for Scanline 11, rotated relative to bedding plane.
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These results pertain only to intensty scaling pardld to bedding, and not to possble
changes perpendicular to bedding, as the scanlines were set up to reman in mechanicd
layers defined by one or more beds The implication of these results is that fracture
intengty within a mechanica layer gppears to be scae independent a scaes of tens of
meters.  Intendty among different scanline stes, however, shows that there may be some
vaiations a these larger scades (hundreds of meters). These results imply that intensity
within a reservoir amulation grid cdl, typicdly on the order of 50 m to 100 m in
horizontal extent, should be homogeneous, but that variations among cdls may occur. in
other words, the measured horizontd variation in fracture intengty is a about the same
scale of disreetization as atypica reservoir Smulation grid.

For example, the mass dimensions for scanline stes 1 and 2 show vaues close to 0.66,
which is digtinctly different than for the other Stes. With the exception of Scanline 5, the
mass dimengons of the remaining scanlines are generdly quite high. The reason for the
low vaue (0.51) for Scanline 5 stands out. The reason for this may be due to the very
low intensity of fracturing at this location.

Scanlines 4 through 7 are in the Crow Mountain Member, while the others are in the Red
Peak Member. Table 3-1 indicates by colored shading which member the scanline was
in. This Table does not show any obvious correspondence between the mass dimension
and the Member.

The fracture intendty a scades above the REV threshold (essentidly the vaue of the
ordinate at the largest scades displayed in the plots) shows that Scanline 6 has the highest
intengty, followed by 4 and 3. Slightly below these three scanlines are a group of five
scanlines — 11,2,7,8 and 10 — that dl have a nearly identica intengty. The scanlines with
the lowest intengity, in decreasing order, are 1, 9 and 5. Once again, absolute intendty
does not gppear to correspond to whether it is in the Crow Mountain or Red Pesk
Member.
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Figure 3-38. Mass dimension calculations for the 11 scanline sites. Plots a through k are, in order,
for scanlines 1through 11.
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Figure 3-39. Compositeplot of massdimension calculationsfor all 11 scanlines.

Scanline [Mass
1
2
3
4 0.93
5 0.51
6 0.93
7 0.88
3
9
10
11

Table 3-1. Summary of mass dimensions for all 11 scanlines. Orange shading indicates Red Peak
Member, whilelight blue shading indicates Crow Mountain Member.
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352 COMPARISON OF OUTCROP & SUBSURFACE FRACTURE
ORIENTATIONS AND INTENSITY WITH STRUCTURAL HISTORY

3.5.2.1 Outcrop Data

The next step was to determine whether and how the fracture pattern in the reservoir
related to the deformation history. This was done by examining the strain caculated
from the pdingpadic recondruction with the orientations and intendty variatons of
fractures in outcrop and in the subsurface. The locations of the scanline locations are
shown in FHgure 3-40. The outcrops in the Overthrust block (Scanlines 5-9) are
examined fird.

Extensional
Strain

0.0
0.1
0.2
0.3
0.4

0.6
0.7
-0.8
0.9
-1.0

0 125 250 500 meters

Figure 3-40. Map of principal extensonal strain magnitude produced by folding. The contour map
shows the approximate horizontal limits of the fault blocks used in the reconstruction. The location
of the eleven scanline sites are shown on the map. The strains shown have been mapped on the
present-day structural configuration of the Circle Ridge Fidd, and represent deformation in the
Tendeep Formation.
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Area of North-northwesterly

Extension

Extensional
Strain

0.0
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-1.0

I ]
0 100 200 400 m
Figure 3-41. Fracture orientations measured at scanlines 6 (red circle) and 5 (black circle). Black

lines indicate trend of principal extension. Lines lengths are proportional to the magnitude of
extension.

The prevaent northeasterly direction of strain (Figure 3-41) is consstent with the fracture
orientations shown a Scanline 5, and is dso possbly evident in a minor set a Scanline 6.
The north to north-northwesterly drain in the area immediady to the northeest of
Scanline 6 is condgtent with the dominant orientations shown in the joint stereoplot for
Scanline 6. Both dsereoplots suggest that the principd direction of extensond drain in
the vicinity of the scanlines is perpendicular to the gtrike of the joint sets found in outcrop
aong the scanlines.

The direction of gresiest extension in the vicinity of Scanline 5 plunges 50° to 60° to the
northeast (Figure 3-42), which makes it dmos exactly perpendicular to the dominant
joint set shown in the stereoplot.  The northeasterly extension near Scanline 6 plunges 20°
to 50° to the northeast, which is nearly orthogona to the secondary set. To the northeast
of Scanline 6, the north-northwesterly extension in this region dips over alarge range
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Dip Magnitude of
Principal Extension

0 100 200 400 m

Figure 3-42. Plunge of principal direction of extension (contours) and trend of maximum extension
direction. Plunge at Scanline 6 (red circle) is about 50° to the northeast. Plunge at Scanline 5 (black
circle) issimilar. Black lines indicate trend of principal extension. Lines lengths are proportional to
the magnitude of extension.

from 20° to about 70° in a south-southeasterly direction. The shalower dips ae
consgtent with the dominant joint set dip, but the steeper dips are not.

Figure 3-43 shows the trend of the principa extensona drain for the region around
Scanlines 7,8 and 9. At Scanline 7, the principa direction of extenson is to the northeast
or north-northeast.  This is nearly perpendicular to the drike of the dominant joint s,
which grikes northwesterly and dips steeply to the southwest.  Some nearly north-south
extenson occurs just to the east of Scanline 7, which is nearly perpendicular to the drike
of the other prominent joint set. Scanline 8 has a dominant west-northwesterly dtriking
subvertica joint set, and a secondary set orthogond to it that strikes north-northeasterly.
The dominant direction of extenson is nearly perpendicular to the west-northwesterly
griking primary set.  Scanline 9 exhibits a very smilar joint orientation pettern, however,
the azimuth of the direction of principd extenson is northeast-southwest, some ten to
fifteen degrees from being perpendicular, dthough the extenson direction just to the west
of the scanlineis nearly exactly perpendicular.
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Figure 3-43. Comparison of extensional strain and fracture orientations measured at scanlines 7
(yellow circle), 8 (red circle) and 9 (violet circle). Black lines indicate trend of principal extension.
Lineslengthsare proportional to the magnitude of extension.
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Figure 3-44. Plunge of principal direction of extension (contours) and trend of maximum extension
direction. Green shading indicates very shallow plunges. The three scanlines generally are in the
vicinity of very shallow plunges, varying from -30° to +30°. This is consistent with the steep dips
shown by all of the major joint sets in Scanlines 7, 8 and 9.Black lines indicate trend of principal
extension. Lineslengthsare proportional tothe magnitude of extension.
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Figure 3-44 shows the plunge of the principd extenson vector. The three scanlines
generdly are in the vicinity of very shdlow plunges varying from -30° to +30°. Thisis
cons stent with the steep dips shown by al of the mgor joint setsin Scanlines 7, 8 and 9.

The find scanline in Block 1 is Scanline 10. The trend of the principd extenson (gure
3-45) is nearly perpendicular to the drike of the dominant joint st. There is some
evidence in the stereoplot of another joint set nearly orthogona to the firs. The plunge
of the principd extensgon vector (Figure 3-46) show that the plunges of the principa
direction of extenson are on the order of 10° in the vicinity of Scanline 10 (red circle) to
the southeest.

Overdl, the joint pattern for the sSx scanline gtes in Block 1 indicate a very consgent
relation to the trend and plunge of the principd extenson vector. The dominant st is
generdly very close to being orthogond to the extenson vector, and occasondly there is
a secondary joint set that is approximately orthogond to the primary set and driking
pardld to the trend of the extension vector.

Extensional
Strain

0.0

-0.1

-0.2

-0.3
o
-0.5

-0.6

-0.7

-0.8

-0.8
-1.0

|
0 100 200 400 m

Figure 3-45. Orientation of joints and principal extensional strain for Scanline 10 (Red Peak). The
direction of strain is perpendicular to the dominant northeasterly-striking joint set. Black lines
indicatetrend of principal extension. Lineslengthsare proportional to the magnitude of extension.
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At least in Block 1, it seems as if the joint sets measured dong scanlines are congstently
orthogond to the direction of principa extenson during the folding event.

The remaining scanlines are in other blocks, including subthrust blocks to the southwest
of the Red Gully Fault.

Scanline 11 lies a few hundred meters to the southwest of Scanline 10 , but is on the
opposite of the Red Gully Fault in the footwall block Egure 3-40). Unlike the Scanline
data from Block 1, the trend of the direction of principd extenson (Figure 3-47) is not
perpendicular to the drike of the dominant joint set. Rather, the drike is sub-pardld to
dightly oblique to the trend of the principd extensgon vector. It is not cear why this
might be the case, dthough the rock becomes increesingly tightly folded in the
southeastern end of the field, in some cases leading to overturned beds and abundant
minor faulting. It is possble that the joint pattern measured in outcrop reflects these loca
Sructures, which due to their smdl scade, were not incorporated into the fidd-wide
recondruction. In generd, the joint pattern in outcrop drikes sub-perpendicular to the
trend of the Red Gully Fault near the scanline location, which is the extension fracture

c-:.-\

Dip Magnitude of
Principal Extension

— -30

- -50

0 100 200 400 m

Figure 3-46. Plunge of principal direction of extension (contours) and trend of maximum extension
direction. The contours show the amount of plunge of the principal direction of extension. Green
shading indicates very shallow plunges. Black lines indicate trend of principal extension. Lines
lengths are proportional to the magnitude of extension.
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Figure 3-47. Orientation of joints and principal extensional strain for Scanline 11 (Red Peak). The
direction of strain is perpendicular to the dominant northeasterly-striking joint set. Black lines
indicatetrend of principal extension. Lineslengthsare proportional to the magnitude of extension.

Dip Magnitude of
Principal Extension
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Figure 3-48. Plunge of principal direction of extension (contours) and trend of maximum extension
direction around Scanline 11. The contours show the amount of plunge of the principal direction of
extension. Light blue shading indicates shallow plunges. Black lines indicate trend of principal
extension. Lineslengthsare proportional to the magnitude of extension.
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orientation that would be expected due to compresson from the northeast. Why the
grains from the pdingpastic recongtruction do not trend in a direction subpardld to the
Red Gully Fault is not clear.

The trend of extenson in the northern end of Block 16 (the mgor footwal block) is
dominantly to the east-northeest in the vicinity of Scanlines 1 through 3, and
northeagterly for Scanline 4 (Figure 3-49). Scanlines 1 and 2 are close together, and so
ae represented as a sngle cirde on this plot (Scanline 2 is dightly to the north of
Scanline 1). The dominant joint set & Scanline 1 drikes approximately pardld to the
trend of principd extenson, while the dominant joint set a Scanline 2 drikes
goproximately perpendicular to the trend of maximum extenson. The plunge of the
maximum extenson vector in the vicinity of Scanlines 1 and 2 (Figure 3-50) is shdlow,
somewhere on the order of 10°. The dominant joint st a Scanline 2 is thus essentidly
orthogona to the maximum extension vector, while the dominant joint st a Scanline 1 is
sub-pardld to it. These are the same relations as seen in Block 1.Scanline 3 at first
agopears to have little reation to the direction of principd extenson. The contour
concentration a the center of the dereoplot indicates that the dominant joint set is
subhorizontal with a dight southwesterly dip, athough there is a smdl concentration of
poles (blue contours) a the edge of the Stereoplot that indicates a vertica joint set
griking northeast to east-northeast.

However, the plunge of the extenson vector in the vicinity of Scanline 3 (Figure 3-50)
indicates very steep plunges, on the order of 60° to 70°. Thus the shdlowly dipping joint
St in outcrop is with ten degrees or so of being orthogond to the principal extenson
vector.

The dominant joint set a Scanline 4 drikes east-northeast and dips steeply.  The principd
extenson vector trends more northeasterly, and dips steeply. The trend of the extension
vector becomes more easterly to the east of the scanline location, becoming more nearly
padld.

In generd, the reaion between the dominant joint sets in outcrop and the principd
extenson vectors are more complex than they were in Block 1, but gill show a consstent
relation to the vector. The joint sets seen in Scanlines 1 through 4 and 11 typically drike
gther padle to or perpendicular to the trend of the principd extenson vector. If the
joint st drikes perpendicular, it is generdly orthogond or close to orthogona to this
vector. If the joint st drikes subparald, then it is often a subverticd set and has no
relation with the plunge of the principa extension vector.
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Figure 3-49. Orientation of joints and principal extensional strain for Scanlines 1 and 2 (pink circle),
Scanline 3 (red circle) and Scanline 4 (black circle). Black linesindicate trend of principal extension.
Lineslengthsare proportional to the magnitude of extension.
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Figure 3-50. Plunge of principal direction of extension (contours) and trend of maximum extension
direction around Scanlines 1, 2 (pink circle) 3 (red circle) and 4 (black circle). The contours show the
amount of plunge of the principal direction of extension. Dark blue and orange/red shading indicates
steep plunges. Black lines indicate trend of principal extension. Lines lengths are proportional to the
magnitude of extension.
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3.5.2.2 Comparison of Outcrop and Subsurface Fracture Orientations

The geologica fidd recomaissance and the paingpagtic recongtruction suggest that the
Red Pesk and Crow Mountain Members should have experienced a drain higtory smilar
to the Phosphoria and Tendegp Formations, since there is no dructural or dratigraphic
de-coupling between the reservoir units and the outcrop units. It is possible to test this
hypothesis in two areas of the fidld by comparing the outcrop fracture orientations in the
Red Pesk or Crow Mountain with the fracture orientations measured in the FMS and FMI
datain Shoshone 66-14 and Shoshone 66-07 (no outcrops were adjacent to Shoshone 65
37, 0 this well could not be used to evauate the hypothess. Fgure 3-51 and Fgure
3-52 compare outcrop fracture orientations with the subsurface data.

%
%

Figure 3-51. Comparison of fracture orientations in outcrop and in the subsurface for Shoshone 66-
14.

Figure 3-51 shows the drikes of the open fractures (red), partially open fractures (yelow)
and solution-enhanced fractures (green) for Shoshone 66-14. These rosettes indicate that
the dominant dtrikes of fractures in the subsurface are east-west and northwest- southeast.
The photograph shows an outcrop of Crow Mountan only a few meters from the
wellhead. The compass in the photo points towards East.  The yellow dotted lines in the
photo show a common east-west s, while the red dotted lines show a common
northwest-southeast set.  There appears to be a good correspondence for this wdll
between the dominant open fracture set orientation in the Crow Mountan and the
subsurface fracture orientation in the adjacent Shoshone 66-14
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Figure 3-52. Comparison of fracture orientations in outcrop and in the subsurface for Shoshone 66-
07.
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Figure 3-52 compares the orientations in Shoshone 66-07 with open fracture orientations
in an outcrop adjacent to the wellhead. As in Shoshone 66-14, the dominant open (red)
and patidly open (yelow) fractures in the subsurface drike east-west and northwest-
southeast.  The upper right photograph in this figure indicates these two dtrike directions.
The ydlow s0lid line goes down the axis of a smdl vdley. The red line shows the
orientation of a prominent st deveoped adong the outcrop edge that drikes
northwesterly.  The lower photo in the figure is a close-up of the outcrop edge. The
dotted ydlow lines show and east-west set. Thus, there seems to be good agreement
between the outcrop fracture orientations and subsurface fracture orientations at the two
locations where this could be tested.

3.5.2.3 Comparison of Subsurface Image Log Fracture Orientations and
Palinspastic Strain

The next sas of tests involved the comparison of the subsurface image log fracture
orientations with the orientations of the maximum extendon during folding of the
reservoir units.  FHgure 3-53 through Figure 3-55 show the results for Shoshone 65-37,
Shoshone 66-14 and Shoshone 66-07, respectively. In each of these three figures, the
contours correspond to the magnitude of maximum extensond drain (blue = low dran:
red = high grain).. The solid lines indicate the orientation of the extenson, and the length
of the line is dso proportiona to the drain magnitude. The agpproximate location of the
wdl within the reservair unit is shown too.

Figure 3-53 shows an excdllent agreement between the orientations in the subsurface and
the directions of extenson. The red lines in the vicinity of the wdl drike to the
northeest, implying that joints (extension fractures) should open up perpendicular to this
direction. The Stereoplot embedded in the figure in the upper right-hand corner shows
the orientation of polesto joints

The results for Shoshone 66-14 are shown in Figure 3-54. Mogt of the extensgond drain
in the vicnity of this wel has a north-northwesterly azimuth.  This would imply that the
dominant extenson fracture st would be oriented east-northeast.  Inspection of the
dereoplot set into the figure shows that the primary concentration of fracture poles
indicates a predominant joint orientation of east-northeast.

The reaults for the third well, Shoshone 66-07, are shown in Fgure 3-55. There are wo
dominant drain azimuths north-south and northeast-southwest.  These azimuths would
imply that there should be two dominant joint set orientations east-west and northwest-
southeast.  The rosette diagrams indicate that both east-west and northwest-southeast
open and partidly open joints are common in the subsurface.

Overdl, there is very good agreement between the orientation of the fractures in the
subsurface and the azimuth of the maximum extensond drain.
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Figure 3-53. Comparison of fracture orientations in Shoshone 65-37 with direction of maximum
extension.

( 7 18 2NN

Figure 3-54. Comparison of fracture orientations in Shoshone 66-14 with direction of maximum
extension.
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Figure 3-55. Comparison of fracture orientations in Shoshone 66-07 with direction of maximum
extension.

3.5.2.4 Fracture intensity variations & extensional strain magnitude

Figure 3-53 through Figure 3-55 show the magnitudes of extensond drain in the vicinity
of the three wells. These figures show that the drain around Shoshone 66-14 and
Shoshone 66-07 is both smilar and low. The bluelight blue contour colors indicate
megnitudes in the range -0.1 to -0.2. The drain magnitude for Shoshone 65-37 is
clearly much higher; the contour colors around this well represent a range from -0.3 to —
05. Thus, the padingpastic modd predicts higher extensond drain for Shoshone 65-37,
and gmilar but lower srains for the other two wells.

The fractures in the image logs have been categorized into open, partialy open and filled

fractures. The fracture intengty for each of these three wells has been computed and is
presented in Table 3-2. Figure 3-56 shows the relation graphicaly.
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Well Fracture Intendty (fracsm) | Strain Magnitudes
Shoshone 65-37 0.079 -0.3t0-0.5
Shoshone 66-07 0.034 -0.1t0-0.2
Shoshone 66-14 0.031 -0.1t0-0.2

Intensity (fracs/m)

Table3-2. Fractureintensity vs. extensional strain.

o \ Slope =-0.19
\ Intercept = 0.063
0.06

N

T T T T T T T T
-0.45 04 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0
Strain

Figure 3-56. Graph of fractureintensity vs. extensional strain magnitude.

Both the table and the gragph show a consgent relation between drain magnitude and
fracture intengty. The dgnificance of the draght-line fit to the data is probably not
gppropriate a small vaues of drain, snce a drain vaue of 0.0 indicates that there would
dill be some fracturing, a physca impossbility. This discrepancy might be due to the
fact that a few fractures encountered in the subsurface were formed by some sructurd
event other than the folding; that the relation between drain and fracture intengty is not
lineer for smdl dran vaues or might even be within the uncertainty surrounding the
regression of three points.

What is dgnificant is that the magnitude of extensona drain seems to be a least a very

good quditative predictor of the relative fracture intengty variations, and gppears as if for
the vaues greater than —0.1 to be linear.
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The fracturing in outcrops dso supports the usefulness of the drain magnitude for
predicting relative fracture intengty.

In the steaply dipping ssction
southwest of the Red Gully
Fault, high straing are
predicted. Outcrops look
"smashed”

Figure 3-57. Comparison of strain magnitude and fracture intensity in outcrop near the northwest
nose of the anticline.

Figure 3-57 shows an area of the fidd where extensond drain is predicted to be very
high. The red line in the upper left hand figure is the surface trace of the Red Gully
Fault. The ydlow and red colors in this map near scanline 4 indicate very high drains.
Looking southesstward from the gpproximate northwest end of the Red gully Fault, the
bedding orientation (shown as ydlow planes in the photo on the right side) changes from
shdlowly dipping to nearly verticd. The area of the near-vertica beds is close to the
scanline 4 location.  The rock in this area is nearly rubblized (lower left-hand
photograph), consstent with the predicted high strains.
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353 EVOLUTION OF FRACTURE FAIRWAYS DUE TO DEVELOPMENT OF
STRUCTURAL HINGES

Many of the regions of higher strain formed during the folding of the reservoir formations
gppear as horizontal or down-dip linear bands (Figure 3-58 and Figure 3-59). The firs
figure shows three of the uppermost imbricate blocks (Blocks 6, 8 and 9). The contours
shown are those of maximum extensona gsrain produced by folding. In the paingpadtic
recondgruction, the formations were not folded uniformly, but rather dong these flexurd
hinge zones. The 3D perspective view (Figure 3-59) shows this more clearly. The
orange dashed lines in this figure delineate the horizontal hinge zones dong which the
formations were upwarped (lower line) and then flattened (upper line) during the
painspastic recondruction process. These hinge zones developed prior to any faulting in
the recongtruction.

Since these are such large-scde features, they should adso be manifest in surface
outcrops, a least in formations lying below the Gypsum Springs Formation.  Outcrops in
the field in fact do show the development of both horizontal and dip-pardld hinge zones.

Frame 001 | 22 Feb 2002 | Phosphoria Formation- Block 1: $13 Data | Phosphoria Formation - Block 6. Strain from $13 | Phosphoria Fomation- Block 8: 513 [}

127500
128000

*

128500

Figure 3-58. 3D view of imbricate blocks 6, 8 and 9 from the north looking south. The orange and
blue dashed lines correspond to high strain corridors that separate the rock into panels that have
moreor lessconstant dip
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Figure 3-59. 3D view of imbricate blocks and illustration of two horizontal “hinges’ or flexure zones
(orange dashed lines) formed during theinitial folding of thefield.

Figure 3-60 shows an example from the northwest end of the Fidd. This photograph
shows a horizonta flexure zone. If rock were an dadtic plate, then the beds would
deform continuoudy without any discontinuities, as shown by the cyancolored line in
the photo. However, the rock actudly deformed by bresking into blocks or panes.
Within each block, the orientation of bedding is more or less congant, as shown by the
red lines in the photo. The hinge zone separating these blocks is more highly fractured
and eroded, and hence outcrops are rare or nonexistent.

Figure 3-61 shows a dip-pardld flexurd hinge. This hinge occurs in the esstern portion
of the fidd. Bedding orientation in the blocks on ether sde of the flexure zone drike
more than 18° diffeently, and aso have different amounts of dip on either sde. In
between these two blocks is a gully that ddineates the flexure zone. In this zone, the
rock is much more highly fractured, and as a result, eroded. Vegetation is dso much
more common in these gullies, probably due to a combination of the physicad funneing
of surface water through the gully, and the higher permesbility of the rock.
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Figure 3-60. Example of a horizontal flexure zone. Most rock does not deform in a continuous curve
(cyan-colored line), but rather as panels with more or less constant curvature that deform in zones of
higher intensity fracturing or faulting between panels (red lines). The more highly fractured nature
of these hinge zonestypically leadsto greater erosion on the surface.

As shown in these figures, the development of the hinge zones tends to fracture the rock
far more than the surrounding rock. As a result, these zones erode eesly in the surface,
forming gulleys for the down-dip hinges, while the horizonta zones generaly correspond
to a loss of outcrop. They are often more permegble than the surrounding rock, as
demondirated by the increased density of vegetation.

One question remains concerning how significant these drain corridors formed  through
flexurd hinge devdopment are for controlling reservoir-scde flow patterns. Among
other benefits of the tracer tests that were run for this project, they aso make it posshle
to seeif breakthrough patterns can be explained by the geometry of these hinge zones.

Fird, the bromide tracer test will be discussed. This test was carried out in the imbricate
blocks 6, 8 and 9. It was designed no only to examine the connectivity in these imbricate
blocks, but dso to evauae the connectivity between the Phosphoria and Tendeep
Formations. The second test discussed is the Nitrogen Injection pilot carried out in the
Overthrust (Block 1).
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Figure 3-61. Example of a dipparalle flexural hinge zone. The lower photo shows approximate
bedding orientation for two blocks of Crow Mountain in the eastern portion of the Fidd. The
difference in strike is over 18°, although the perspective of the photo makes this less obvious. The
black arrow indicates the location of the flexural hinge, and as seen in both the top photo and the
lower photo, this zone is much more highly fractured and eroded than the adjacent rock blocks. The
top photo is taken at the top of the flexural hinge gully looking downward in the direction of the
arrow in thelower photo.
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3.5.3.1 Analysis of bromide tracer experiment

The bromide tracer experiment had several purposes to test the connectivity between the
Tendeep and Phosphoria Formations, to delineste the geometry of mgor flow conduits;
to provide a bass for ascertaining whether the large scale fracture connectivity structure
deduced from the palingpagtic recongtructions and implied fracture petterns are consistent
with the flow conduits or in fact could have been used to predict them; and to develop
additiona fluid flow properties for the DFN modd!.

The bromide tracer experiment involved a number of wels completed in the Tendeep
and/or Phosphoria in imbricate blocks 6, 8 and 9 Fgure 3-62). Table 3-3 presents the
data obtained a the injector and the monitoring wells over the course of the experiment.
This raw data was converted to time vs. concentration plots (Figure 3-63). This greph
shows the rapid breskthrough seen in Shoshone 65-53, the later breakthroughs in
Shoshone 65-37 and Shoshone 65-73, and the lack of tracer breakthrough in the
remaining monitored wdls. Table 3-4 summarizes the time between injection and the
highest measured bromide concentration in each monitoring well.

Figure 3-62. Structural blocks involved in the Bromide Tracer experiment in the Phosphoria
Formation. Blocks6, 8 and 9 arethe uppermost imbricate fault blocks.
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[Bromide Results for Offsets on: SHOSHONE 65-20 P
10/26 10/29 11/02 11/05 11/06 11/15 11/15 11/16 11/17 11/19 11/21 11/23 11/25 11/27 11/30

INJECTOR DATA

# BROMIDE INJECTED 3339

CONC. SODIUM BROMIDE % 24

INJECTION RATE BPD 400 175 206 350 390 425 573 573 573 538
DAYS SINCE INJECT. 0.229 0.840 2 4 6 8 10 12 15
DISPLACEMENT BBLS. 40 166 572 1352 2202 3348 4494 5640 7253
OFFSET DATA

[Shoshone 65-€

BROMIDE, PP 0.18 0.08 0.08 0.11 0.06 0.07 0.08 0.07 0.41] 0.09 0.08 0.10] 0.14] 0.09
BR-BGRD, PPM 0.00 0.00 0.00 0.31] 0.00 0.00 0.00] 0.03 0.00
BWPD 303 303 303 303| 303 303 303 303 303
|#BR PROD. 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
CUM # BR PROD. 0.00 0.00 0.00 0.03 0.07 0.07 0.07] 0.07 0.07
% RECOVERY | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NOTES

Shoshone 65 14TA

BROMIDE, PP 0.07 0.06 0.01 0.10 0.08 0.05 0.09 0.09 0.09 0.11 0.13 0.14] 0.45 0.12
BR-BGRD, PPM 0.00 0.03 0.02 0.02) 0.04 0.06 0.08] 0.39 0.06
BWPD 98 98 98 95' 98 98 98 98 98
|#BR PROD. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
CUM # BR PROD. 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.03 0.05
% RECOVERY | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NOTES

Shoshone 65 37PT

BROMIDE, PP 0.15 0.22 0.14 0.21 0.13 Down Down 0.50] 105.69] 532.54| 448.01] 288.85| 157.10] 115.14|
BR-BGRD, PPM 0.00 0.00 0.32] 105.52| 532.37] 447.84] 288.67| 156.93] 114.97
BWPD 14 14 14 14] 14 14 14 14 14
# BR PROD. 0.00 0.00 0.00 0.50 2.52 2.12 1.36] 0.74] 0.54
CUM # BR PROD. 0.00 0.00 0.00 0.50 3.51 8.15 11.63 13.73] 15.66
% RECOVERY | 0.00 0.00 0.00 0.02) 0.11 0.24 0.35] 0.41 0.47
NOTES |

Shoshone 65 44T

BROMIDE, PP 0.06 0.09 0.10 0.00 0.00 0.09 0.91 0.94 1.07| 1.33 1.27 1.30] 0.89 0.76
BR-BGRD, PPM 0.04 0.86 0.89 1.02] 1.28 1.22 1.25] 0.84] 0.71
BWPD 227 227 227 227 227 227 2217 227 227
# BR PROD. 0.00 0.07 0.07 0.08] 0.10 0.10 0.10] 0.07 0.06
CUM # BR PROD. 0.00 0.02 0.10 0.26) 0.44 0.64 0.83] 1.00 1.18
% RECOVERY | 0.00 0.00 0.00 0.01) 0.01 0.02 0.02 0.03 0.04
NOTES

Shoshone 65-45PTA

BROMIDE, PP 0.12 0.03 0.12 0.10 0.11 0.41 0.12 0.12 0.13 0.14 0.21 0.19 0.41 0.28
BR-BGRD, PPM 0.31 0.02 0.03 0.03 0.05 0.11 0.09 0.32 0.19
BWPD 144 144 144 144 144 144 144 144 144
# BR PROD. 0.02 0.00 0.00 0.00 0.00 0.01 0.00] 0.02 0.01
CUM # BR PROD. 0.00 0.01 0.01 0.01] 0.02 0.02 0.03] 0.06 0.09
% RECOVERY | 0.00 0.00 0.00 0.00] 0.00 0.00 0.00] 0.00 0.00
NOTES |

Shoshone 65-52T

BROMIDE, PP 0.00 0.00 0.00 0.00 0.00 0.18 0.16 0.09 0.09 0.10 0.10 0.11 0.16 0.17
BR-BGRD, PPM 0.18 0.16 0.09 0.09 0.10 0.10 0.11 0.16 0.17
BWPD 638 638 638 638| 638 638 638 638 638
|#BR PROD. 0.04 0.04 0.02 0.02) 0.02 0.02 0.02) 0.04] 0.04
CUM # BR PROD. 0.01 0.03 0.06 0.10] 0.14 0.19 0.24] 0.30 0.41
% RECOVERY | 0.00 0.00 0.00 0.00] 0.00 0.01 0.01] 0.01 0.01
NOTES

Shoshone 65-53PT

BROMIDE, PP 0.00 0.00 0.00 0.00 0.00] 703.73] 543.19] 231.40| 203.32] 121.07 85.18 59.20 42.43 38.00
BR-BGRD, PPM 703.73| 543.19| 231.40| 203.32] 121.07 85.18 59.20 42.43 35.00
BWPD 1564 1564 1564 1564 1564 1564 1564 1564 1564
|# BR PROD. 385.22] 297.34| 126.67| 111.30| 66.27 46.63 32.40 23.23 19.16
CUM # BR PROD. 88.22| 296.74| 542.67| 780.63] 958.20]1071.10/1150.13] 1205.76] 1269.34
% RECOVERY 2.64 8.89 16.25 23.38 28.70 32.08 34.45 36.11 38.02
NOTES

Shoshone 65-54PT

BROMIDE, PP 0.84 0.83 0.44 0.39 0.44 0.62 1.23 0.44 0.42] 0.45 0.44 0.38] 0.41 0.70
BR-BGRD, PPM 0.03 0.64 0.00 0.00] 0.00 0.00 0.00] 0.00 0.12
BWPD 8 8 8 8 8 8 8 8] 8|
# BR PROD. 0.00 0.00 0.00 0.00] 0.00 0.00 0.00] 0.00 0.00
CUM # BR PROD. 0.00 0.00 0.00 0.00] 0.00 0.00 0.00] 0.00 0.00
% RECOVERY | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NOTES

Shoshone 65-61PT

BROMIDE, PP 0.22 0.11 0.09 0.27 0.24 1.72 0.73 0.12 0.12] 0.11 0.12 0.13] 0.09 0.60
BR-BGRD, PPM 1.54 0.54 0.00 0.00 0.00 0.00 0.00 0.0q 0.42
BWPD 308 308 308 3@' 308 308 308| 308 308
# BR PROD. 0.17 0.06 0.00 0.00 0.00 0.00 0.00] 0.00 0.05
CUM # BR PROD. 0.04 0.11 0.14 0.14] 0.14 0.14 0.14] 0.14] 0.21
% RECOVERY | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
NOTES

Shoshone 65-67PT

BROMIDE, PP 0.21 0.19 0.07 0.22 0.20 0.15 0.42 0.66 0.47, 0.68 1.01 1.08] 1.19 1.12
BR-BGRD, PPM 0.00 0.24 0.49 0.29 0.50 0.84 0.90 1.01 0.94
BWPD 612 612 612 612 612 61 612 612 612
# BR PROD. 0.00 0.05 0.10 0.06) 0.11 0.1 0.19 0.22 0.20
CUM # BR PROD. 0.00 0.02 0.11 0.27| 0.44 0.7 1.10] 1.51 2.14
% RECOVERY | 0.00 0.00 0.00 0.01] 0.01 0.0 0.03 0.05 0.06
NOTES I

Shoshone 65-73P

BROMIDE, PP 0.09 0.09 0.07 0.22 0.26 0.30 3.57 3.21 3.14 3.11 2.30 2.11] 2.25 1.30
BR-BGRD, PPM 0.16 3.42 3.06 2.99 2.96 2.15 1.96] 2.10 1.15
BWPD 250 250 250 250 250 250 250 250 250
# BR PROD. 0.01 0.30 0.27 0.26) 0.26 0.19 0.17) 0.18] 0.10
CUM # BR PROD. 0.00 0.10 0.43 0.96) 1.48 1.93 2.29 2.64 3.07
% RECOVERY 0.00 0.00 0.01 0.03 0.04 0.06 0.07| 0.08 0.09
NOTES

ALL OFFSETS

# BR PROD. 385.46| 297.86] 127.13] 112.26] 69.28 49.24 34.27 24.50] 20.16
CUM # BR PROD. 88.27| 297.03] 543.52] 782.91] 964.45|1082.97|1166.47 1225.24] 1292.23
% RECOVERY 2.64 8.90 16.28 23.45] 28.88 32.43 34.93 36.69] 38.70

Table 3-3. Raw data obtained in injection and monitoring wells during the bromide tracer
experiment.
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Figure 3-63. Timevs. bromide concentration for the bromidetracer test monitoring wells.

Well

65-53
65-73
65-37
65-67
65-06
65-14
65-44
65-45
65-52
65-54
65-61

Time (days)

Peak First Break
Ingtant
0.84
4.00
2.00
4.00
12.00
0.84
12.00
12.00
15.00
15.00

0.84

0.18
0.84

Table 3-4. Summary of time to maximum measured bromide concentration. Values for wells shaded

yellow

represent

maximum measured concentrations, but do not correspond

to obvious

breakthroughs, and may be more due to random fluctuations in bromide levels, measurement
precision, minor breakthroughs, or some combination of these factors.
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Figure 3-64 shows that breskthrough did not occur in the three wells completed in the
Tendeep but not the Phosphoria (Shoshone 65-14, 65-44 and 65-52). This may indicate a
decoupling of the fracture system in the upper Tendegp ad the lower Phosphoria. There
is fied evidence for this decoupling in outcrops of the upper Tendeep a Zeisman Dome
on the west flank of the Bighorn Basn between Manderson and Worland, WY (Figure
3-65) The diff in the upper portion of this figure shows a number of joints that are
subvertica and cut through the entire cross-bedded dune sequence making up most of the
visble rock in the photo. A closer examination of the contact between these dunes and
the underlying interdune sequence shows how thee large, dramatic joints typicaly
terminate againg this depogtional boundary. Inspection of the contact dong the entire
exposed sequence boundary revedled no fractures the encompassed both the dune and
interdune portions of the Tendegp. While the upper contact with the Phosphoria was not
observed the lower termination suggedts that the large jointing is very much confined to
the dune sequence.

The remaining eght monitoring wells were completed in the Phosphoria and dso may
have completions in the Tendeep. The drain contours are consgtent with many, but not
all, of the responses.

Figure 3-66 shows as disolay of the wells, the drain fidd and the inferred srike direction
of the dominant extensona fracture set that would be expected to develop consistent
with the drain fiddd. Under the assumption that fluids would be more likdy to follow
paths defined by corridors of intense fracturing, and in the direction of the dominant
fracture sat, this figure explans of dmogt dl Phosphoria completion wdls except
Shoshone 65-44.

Congder firg the wells in Fault Block 6, the imbricate lying to the left of the Green
Vdley Fault in the figure. Shoshone 65-53 showed an dmost immediate breakthrough,
which is consgent with its close proximity to the injector, its presence in the same high
drain region as the injector, and the drike of fractures that would provide a pathway from
the injector to the well.

There are severd corridors of higher drain that develop in al of the fault blacks as
shown by the green contours in Figure 3-64 and Figure 3-66. All of the Phosphoria wells
liein or near these corridors, however, breskthrough did not occur in dl of them.

The explanation for the lack of breakthrough in Shoshone 65-06, Shoshone 65-54 and
Shoshone 65-61 may be due to a fracture network “divide’, as shown in Figure 3-66. The
possible fracture network divide is shown as a red dotted line in the figure. FHow through
the fracture sysem from right to left adong this corridor might be inhibited by the
orientations of the fractures a the divide flow would have to occur perpendicular to the
prevaling fracture direction. The remaning two wdls, Shoshone 65-37 and Shoshone
65-67, lie in the same drain corridor as the injector and on the same sde of the divide.
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Frame 001 | 15 Jul 2002 | Phosphoria Blockb - Readjusted

Figure 3-64. Bromide tracer test breakthrough pattern. The bromide was injected into Shoshone 65-
20 (colored red). Large and nearly instantaneous breakthrough was seen in Shoshone 65-53; other
strong breakthroughs were seen in Shoshone 65-37 (4 days) and in Shoshone 65-73 (20 hours). These
wells are colored orange. The other wels (purple indicates a Tendeep completion with no
Phosphoria completion; blue a Phosphoria completion) were monitored, but no large breakthroughs
wer e seen.

It is possble that this higher permegbility zone diverts flow from Block 6 to Block 8.
Evidence of this type of behavior has been documented for many faults. Shoshone 65-45
penetrates the Phosphoria near, but gill some tens of meters away from the faut. It is
possble that the reason for the lack of response is that tracer was diverted dong the
Green Vdley Fault zone, and thus did not reach the well.

The other well, Shoshone 65-73, is in a much larger imbricate separated from Block 8 by
the Ydlow Has Fault, and is in a lage fracture zone following the footwdl of the
Yelow Fats Fault. This fault zone seems to be both wider, better connected and more
intense than the Green Vdley Fault zone, and perhaps explains why Shoshone 65-73
experienced breskthrough in less than a day.
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Figure 3-65. Largescale fracturing in the upper Tendeep Formation at Zeisman dome. Upper
photo shows large joints that extend from the top of the dune sequence to the bottom of the dune
sequence, but consistently terminate at the boundaries of the dune sequence (lower photo).
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Figure 3-66. Fracture strikes inferred from strain field. Black lines indicate strike of dominant
extensional fracture set, while length of line and color of contour indicates the magnitude of
extensional strain. Wells are color-coded according to result and completion interval: black =
injector; purple = Tendeep but no Phosphoria completion; blue = Phosphoria completion but no
response; orange = Phosphoria completion and breakthrough observed.

3.5.3.2 Breakthrough Patterns In the Nitrogen Injection Test

Some of the test parameters for the Nitrogen Injection experiment have been described in
Section 2.6.5.1. Table 3-5 shows the injection rates for the test.  Figure 3-67 and Figure
3-68 shows the bottom hole and surface pressures measured during the test.

The gas initidly broke through down gructure to the east a Shoshone 66-69 and 66-40.
This breskthrough was dong a high directiond permeshility trend, which had previoudy
been determined from multi-wel pressure interference testing. The down sructure gas
coning occurred prior to gas breakthrough at Shoshone 65-3, an observation well to the
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Date Time Hours Instant. Instant.  |Daily Surface  [Btm. Hole |Cumulative
From Start |Injection Injection |Average |[Instant. (Instant. [Injection
Rate Rate Injection |Injection [Injection [(MMCF)
(MMCFD)  |(scfm) Rate Pressure [Pressure
(MMCFD) |(PSI) (PSIA)
9/6/2000 14:44 0 0 0 3 20 0
9/6/2000 18:00 3.283 1.6530192 | 1147.93 na 160 160.2 | 0.225922
9/7/2000 18:00 27.283 1.6790976 | 1166.04 | 1.602446 192 195.2 | 1.828368
9/8/2000 18:00 51.283 [1.64683872|1143.638 | 1.621978 | 204.5 208.2 | 3.450346
9/9/2000 18:00 75.283 [1.92005424|1333.371|1.864399 | 223.6 226.1 | 5.314745
9/10/2000 18:00 99.283 [1.88510112|1309.098 | 1.903202 | 227.2 229.3 | 7.217947
9/11/2000 18:00 123.283 | 2.12548032( 1476.028 [ 1.948353 | 233.6 234.1 | 9.166301
9/12/2000 18:00 147.283 2.135448 | 1482.95 | 2.115795| 238.1 236.1 11.2821
9/13/2000 18:00 171.283 | 2.01242592 [ 1397.518 [ 2.108292 [ 233.3 232.0 | 13.39039
9/14/2000 18:00 195.283 | 2.0577096 [1428.965 | 2.06209 237.2 238.3 | 15.45248
9/15/2000 18:00 219.283 [ 2.04702624|1421.546 | 2.073576 | 239.3 241.2 | 17.52605
9/15/2000 21:53 223.166 |[2.06718624 | 1435.546 na 240.4 242.7 | 17.85791
Test Rate Ave 1.920498
(MMCFD) |

Table3-5. Injection rate data for nitrogen injection test.
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Figure 3-67. Bottom-hole pressures measured during nitrogen injection test.
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Figure 3-68. Surface pressures measured during the nitrogen injection test.

north.  Shoshone 65-3's open hole completion interva included Overthrust Tendeep a
approximately the same structural eevation as the nitrogen injector.

Gas breakthrough was noted a over twenty monitor wels during and following ges
injection.  Times for breakthrough were noted whenever possible. Gas breakthrough
occurred in both the Overthrust Tendegp and Overthrust Phosphoria reservoirs.  The
communication between the Ovethrust Tendegp and the Overthrust Phosphoria may
have occurred through reservoir pathways or at individua wellbores. .

A block of Overthrust Tendeep with gpparently little or no effective fracturing was aso
highlighted by the nitrogen tes. This block surrounds Shoshone 66-68. While liquid
pressure response was observed at this well, no gas breakthrough occurred. Shoshone
66-68 is located up dructure of other gas breskthrough wells (Shoshone 66-8 and
Shoshone 66-55) and down structure of the gas injector, Shoshone 65-2.

As was the case for the bromide tracer test, the areas of high drain in the painspastic

recongtruction generaly corresponded to pathways between the injector and wells were
breakthrough was measured.
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Frame 001 | 27 Feb 2002 | Tensleep Formation- Block 1: S13 Data | Tensleep Formation- Block6: 513 Data | Tensleep Fommation- Block 8: 513 Data | Tensleey

Injector
Shoshone
65-02

Figure 3-69. Overview of Nitrogen Injection tests results. The Overthrust Block is viewed looking
from southeast to northwest. Contours indicate extensional strain magnitude, red lines indicate
strike of fractures in response to extensional strain field. Wells where nitrogen breakthrough was
indicated are shown; size of yellow circle at well top indicates the time of breakthrough (large circle

indicate sow response; small circles indicate rapid response). Nitrogen test took place in upper
portion of the structure wherethereservoir tendsto flatten.

Figure 3-69 shows an overview of the nitrogen injection test results. Mogt of the wells
where nitrogen breskthrough was observed are located on the top, flatter portion of the
sructure.  The inferred flexure zones are dso shown. A number of wells that were adso
monitored, but where no nitrogen breakthrough was observed, occurred downdip from

the responding wells.

This can be seen a little more dealy in Figure 3-70, which shows the results of the
pressure magnitudes.  In this figure, the dze of the white circle aop the wdl is
proportiona to the pressure maegnitude observed.  Although there were many wels
monitored downdip from the injection well, only those wells within the immediate cyan
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Figure 3-70. Pressure magnitudes and possible migration pathways for the nitrogen injection test.
View is looking down on the structure from the southwest to the northeast. Size of circles indicates
magnitude of pressure response. The largest responses were seen in two wells on flexure corridors
close to the injector. Most of the responding wells are either in the cyan-colored pod above and left
(northwest) of the injector, or along the downdip flexure corridor to the right (southeast) of the
injector.

colored contours (indicative of higher srains) showed pressure response. Fgure 3-71
shows a Imilar migration farway in terms of time to breskthrough. Waells close in terms
of pah length dong a fracture corridor from the injector tended to experience stronger
and more rapid breskthrough. Waells at the distant ends of the corridors experienced.
dower and smdler magnitude breskthroughs.  Monitoring wells separated from the
fracture corridors by regions of low drain showed no breskthroughs. Essentidly, the
reponding wells occur in one of two main srain “pods’, or regions of higher gdrain (
Figure 3-72). It is not cdear why the monitoring wells down dip in the white-dashed
flexure zone experienced no nitrogen breskthrough. It is possble that the portion of the
zone where fracture intengty is much lower (shown in figure) may have led to a
disconnect in the fracture network connection between the Phosphoria and Tendeep, a
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Frame 001 | 27 Feb 2002 | Tensleep Fomation- Block 1: 513 Data | Tensleep Formation- Block 6: 513 Data | Tensleep Formation- Block 8: 513 Data | Tensleey

Injector
Shoshone
65-02

Figure 3-71. Time to breakthrough for only the wells in which a breakthrough response was
observed. Radius of circle is proportional to time of breakthrough, so large circle indicate a longer
time to breakthrough than smakll circles. Note that the responding wells tend to be in the high strain
regions around the injector, and that the time to breakthrough is relatively short for the 5 wells in
the center of the digram nearest the injector, and increases along the red-dashed fracture corridors
asindicated in thefigure.

least for tracer injected into the Phosphoria and monitored in the Tendeep. The reason
for this may be that the large extensond joints that form in the upper dune sequence of
the Tendeegp may terminate a the top of the sequence boundary, as they do in outcrops
elsawhere in the Wind River and Bighorn Basins.

These results suggest that there is no “characteridic” tributary drainage radius from a
well. Rather, the drainage area is a function of whether the well is Stuated in a drain
corridor or not, and if it &in a corridor, how extensive and well connected the corridor is.
Moreover, corridors should be much more extensive in the northwestern portion of the
field where the greater horizonta shortening required more faulting and tighter folding.
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Frame 001 \ 27 Feb 2002 | Tensleep Formation- Block 1: $13 Data | Tensleep Formation- Block 6: 513 Data | Tensleep Fommation- Block &: 513 Data | Tensleey
S|

Southeast strain pod ~ ‘ J
I

L

Northwest strain pod

Low intengity portion of
flexure zone

Figure 3-72. Ddlineation of strain pods. Mogt of the responding wells are in one of two strain
“pods’. Non-responding wells are typically not in these pods. They tend to be in low strain zones or
in pods separated fom the pods connected to the injector pods by areas of low strain. White dashed
lineindicates a dip-paralld flexure zone.

3.5.3.3 Conclusions Regarding the Tributary Drainage/Compartmentalization
Characteristics of the Reservoir From The Tracer Experimental Results

The bromide and nitrogen injection tracer test results, combined with the drain patterns
developed from the painspagtic recongtruction and comparison to outcrop evidence,
suggests that the reservoir may be characterized by linear zones or corridors of high
drainhigh fracture network permesbility. These zones are not randomly located or
oriented, but rather occur in sub-horizontd and dip-pardld orientations. The horizonta
zones formed during the initid folding of the fidd, and are features that accommodate the
upwarping and downwarping of the fidd Egure 3-73). The dip-parale zones formed to
accommodate the horizonta compresson in the northwest and southeast portions of the
fidd, paticularly in the northwest, where horizonta shortening is much greater. Some of
the this shortening was taken up by the imbricate faulting, but the formation of the doubly
plunging fold aso occurred adong these flexurd hinges that show little or no offset. Feld
evidence confirms the existence of these two types of zones.

While connectivity within these zones leads to enhanced fluid movement within the
Tendeep or Phosphoria Formations, the bromide tracer test results indicate poor
connection between the Phosphoria and Tendeep, at least for tracer injected into the
Phosphoria and monitored in the Tendeep. The reason for this may be that the large
extensond joints that form in the upper dune sequence of the Tendegp may terminate a
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the top of the sequence boundary, as they do in outcrops dsewhere in the Wind River and
Bighorn Basins.

These results suggest that there is no “characteridic” tributary drainage radius from a
well. Rether, the drainage area is a function of whether the well is Stuated in a drain
corridor or not, and if it is in a corridor, how extensve and well connected the corridor is.
Moreover, corridors should be much more extensive in the northwestern portion of the
field where the greater horizontal shortening required more faulting and tighter folding.

These reaults adso indicate that fracture network permesbility is a second order effect
compared to facture network connectivity patterns, and that a sochastic continuum
representetion of permesbility in this reservoir usng techniques such as Kriging would
produce very different reservoir models than the one generated from the paingpastic
recondruction. Such sructured corridors of high permeability are nearly impossible to
characterize or smulate usng dochedic fidd representations like Kriging that are
commonly applied to matrix properties.

Frame 001 |22 Feb 2002 | Phesphoria F ormation- Block 1: $13 Data | Phosphoria Formation - Block 6. Strain from $13 | Phosphoria Formation- Block8: $13 D

I Red Gully Fault Trace I

319500

319000

Some of these hinge zones link
up across structural blocks to
indicate the major upwarp
flexure zone during the initial
folding of the field.
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Figure 3-73. Strain pattern and the development of dipparallel and strike parallel hinge zones.
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3.6 Development of the Reservoir Scale Fracture Model

The work described in the previous the previous three sections established the geologicd
controls on the development of the fracturing in the Tendeep and Phosphoria Formations.
The combination of fidd work, structurd recongruction, subsurface data and tracer
experiments showed that the folding of the reservoir units in the early stages of the
gructural deformation history probably produced most of the fracturing, and tha flexurd
hinge zones developed that form high-conductivity corridors in the reservair.

Prior to generating the DFN moded, it is necessary to obtain some additiond parameter
vaues concerning the flow properties of the fractures and the conductive fracture
intendity and Sze.

3.6.1 CONDUCTIVE FRACTURE INTENSITY

It is common to find in high-resolution flow logging that only a smdl percentage of open
fractures provide most of the production or injectivity of a wel. As the god of this
project was in pat to derive effective fracture flow properties for the reservoir, it was
important to further invedigate the reation between the total fracturing and the
conductive fracturing. Andyss of Shoshone 66-14 exemplifies what was seen in dl
three wells.

Shoshone 66-14 is located in the Overthrust Block (Structural Block 1) in the
southeastern end of the Circle Ridge Fied. The interva logged extended from measured
depths of 745 ft (227.08 m) to 1090 ft (332.23 m). This interva begins in the Tendeep
Marker portion of the Phosphoria and extends to the base of the Tendeep Formation.
The spinner log was run over a measured depth of 580 ft (176.78 m) to 1080 ft (329.18
m).

Figure 3-74 and Figure 3-75 show how fracture and bedding orientations and intensty
vary over the logged intervdl.

Bedding orientation (shown by the purple and dark blue symboals in difference above 840
ft (256.03 m) MD, Fgure 3-74) is quite conssent throughout, dthough there does seem
to be a minor difference from the bedding orientation below. Bedding orientations in
terms of both dip and dip azimuth are less variable above 840 ft 256.03 m) MD than
below, and have a dightly different orientation. Bedding dip azimuths are around 140° to
160° and the bedding dips from 10° to 20° above 840 ft (256.03 m) MD and about ten
degrees more below that depth. Bedding dip azimuth aso rotates 10° to 20° in a
clockwise manner going from the upper zone to the lower zone. Fracture dip azmuths
fdl largely into one of three orientations: 25° to 30°; 160°; and 340° to 350°. There
appear to be no differences between 4-pad fractures and 3-pad fractures in terms of
orientations. The 340° orientation is 180° opposite the bedding dip azimuth, and the dip
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Figure 3-74. Orientation of fractures and bedding in Shoshone 66-14 interpreted from image logs.
Thetop of the Tendeep Formation isshown by the solid blueline.

angles are about 90° different. This means that the fractures whose dip azimuth is around
the 340° are orthogona to bedding and paradld or nearly pardld to bedding srike. This
is an orientation that would be expected if fractures formed during the folding of the rock.
The group of fractures whose azimuths are near 150° dso dtrike pardld to bedding, but
dip about 30° more steeply than bedding and in the same direction as bedding dip. The
fractures whose dip azimuths are in the 25° to 35° range dip steeply and are about 20°
from being subpardle to bedding dip, dthough they are nearly orthogond to bedding.

The largest visua change in the pattern of orientations does not appear to correspond to
the boundary between the Tendegp Marker and the top of the Tendeep; rather, the most
noticeable change, dthough a smal one, occurs a about 840 ft (256.03 m). This is
located somewhere in the T2A unit of the Tendeep, and is not a mgor dratigraphic
boundary.

Figure 3-75, which is the plot of the cumulative fracture count, shows a smilar bresk at
this point. The dope of the line on this figure is inversdy rdaed to fracture intengty: the
shdlower the dope, the higher the intensty. There gppear to be two zones of higher
fracture intengty, and two zones of lower intendgty. There may be some minor increases
in fracture intendty at the top of the Tendeep and at the top of the T3 unit (952 ft or
290.17 m) MD. Within each of the four zones, the fracture intensty (dope) is rdaivdy
condant. The maor zone boundaries, however, don't necessarily correspond with the
gratigrgphic  unit boundaries, nor do they seem to be consstently associated with
particular lithologies. For example, the top of the T3 is associated with amore highly
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Figure 3-75. Cumulative fracture count for Shoshone 66-14 for fractures interpreted from image log.
Red solid lines indicate alternating zones of higher and lower fracture intensity. Dashed blue line
indicatesthe approximate top of the Tendeep Formation.

fractured dolomitic unit, as is the top of the T2A unit and the more dolomitic rich portion
of the TM above 765 ft (233.17 m). However, the zone of highest fracture intendty from.
about 855 ft to 880 ft (260.60 m to 268.22 m) is devoid of dolomite. The presence of
dolomite below the top of T3 appears to have no relation to increased fracture intengity.

Wha does cause the variations in fracture intendty with depth? Another possbility is
bed thickness. In many layered rocks, fracture spacing is proportional to bed thickness:
the thinner the beds, the shorter the fracture spacing of fractures orthogona to the beds

Figure 3-76 compares bedding intendty with fracture intengty. In this plot, the number
of beds or fractures was counted over 15 ft (4.572 m) windows. This figure shows that
there does appear to be a visud correspondence between bedding plane intensity and
fracture intendty. A Wilcoxon Sgned-rank test was dgnificant & a = 0.06, which
suggedts that bedding thickness does influence fracture intendty. The varidions in
bedding plane intensty do not show any obvious visud correspondence with variations in
the three principd lithologies sandstone, shde and dolomite (Figure 3-76). It is
important to note that the higher intensty does not necessarily indicate that the fractures
are larger or that the overdl fracture surface area per volume of rock is greeter. Thus, the
relation between fracture intengty and formation productivity is not resolved until the
intengity is compared to productivity.
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Figure 3-76. Correspondence of bedding intensity and fracture intensity. Intensity is calculated over
15 ft (4.572 m) non-over lapping windows.

3.6.1.1 Productivity

A spinner log survey was carried out in Shoshone 66-14 on Dec. 12, 2001. The results of
the cumulative production are shown in Fgure 3-77. As in many, if not mog, fractured
reservoirs, the mgority of mgor flow anomdies coincide with the location of open
fractures, but most of the open fractures do not coincide with mgjor flow anomalies.

It is interesting to plot the cumulative intendty of open fractures and the cumulative
production over the same intervd (Figure 3-77). The cumulative production and the
cumulative fracture intendty have been normalized to a range of 0% to 100% in order to
commensurate them.

The comparison of these two cumulative plots shows that the increases in production
generdly follow incresses in open fracture intendty. The flow anomay a 810 ft (246.89
m) corresponds to the smdl zone of high fracture intendity at the top of the T2A unit.
The anomaly a 802 ft (244.45 m) is close to the top of the T1 unit. The anomalies a 748
ft and 752 ft (227.99 m and 229.21 m) are in the higher fracture intensty zone at the top
of the Tendeep Marker zone. The flow anomaly at 788 ft (240.18 m) corresponds to
neither a stratigraphic boundary nor to a fracture intensity zone boundary, nor were there
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Figure 3-77. Cumulative production profilefor Shoshone 66-14.

832 ft — 9%

fractures found in that intervd. The remainder of the flow anomdies were above the
fracture image log, and so their correspondence could not be ascertained.

Figure 3-78 compares the cumulative production to the cumuldive fracture intendty
normdized to vary from 0% to 100) over the interva that was logged for flow and

dating & 0% a the bottom of the flow-logged intervd.

The cumulaive fracture

intendty and cumulative production follow one another fairly closdy. One interpretation
of the fact that flow anomalies generaly track open fracture intendty, but may or may not
correspond to the presence or absences of individua fractures, is tha it is the generd
grain in the rock that matters, not how that strain is localy connected to the wdlbore. If
azoneishighly strained, it has a much higher fracture permesbility, and whether that
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Figure 3-78. Comparison of cumulative fracture intensity and cumulative production from Shoshone
66-14. The red line is the % production from the spinner survey data. The blue line is the
cumulative percent of fractures starting at a depth of 835 ft. (there were not enough 4-pad fractures
to plot thiscomponent separately).

permesbility is connected to the wellbore by one fracture or some smdl fractures or by
the mairix may be less important. This suggests that the drain anomdies caculaed
through the painspastic recongruction may be good predictors of reservoir-scale
subsurface fluid movement, while a the same time not necessarily predicting locd scde
wdl behavior with the same leve of utility.

3.6.2 DERIVATION OF FRACTURE FLOW PARAMETER VALUES FROM WELL
TESTS

3.6.2.1 Local model

In order to gmulate the dngle wel injection/fdl-off tess a smadl DFN modd was
constructed around well Shoshone 65-02. The locations of key wdls are shown in Figure
3-79. Two sub-vertica fracture sets were generated based on the orientation of the strain
fidd in the vicnity of Shoshone 65-02 with one sat sub-pardld (L) and one set sub-
perpendicular (T) to the regiond drain fidd near this wel. Geometric parameters for
these two sets are given in Table 3-6. A single 250 m x 260 m x 100m redization of this
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fracture network is presented in Figure 3-80. For the locd scde smulation both fracture
sets are given the same agperture sSze and permegbility in order to cdibrate the network
and reservoir kh, while in the following section the relative permegbilities of the two sets
isvaried to cdibrate to the relative breakthrough times of each of the wells.

Parameters for the bca scde DFN mode were based on the orientation of the drain field
in the vicinity of the injection wel Shoshone 65-02. Fracture size and fracture intengty
were initidly chosen to be conggtent with reservoir and the expected intendty of major
conductive festures. The effect of varying length and the reative intendty of the two
fracture sets are andyzed in the next section.

The network that results from these input parameters is wel-connected network
composed primarily of sub-vertica fractures. Six sided fractures are used with an aspect
ratio of one, and these fractures are large enough that most reach from the top to the
bottom of the reservoir. In order to cdibrate the effective network permeability, a
constant permesbility was gpplied to each fracture within both the T and L fracture sets.

The permesbility thickness of the reservoir depends on both the permeability of the
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Figure 3-79. Key well locationsfor nitrogen injection test.
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individua fractures within each set, and the overdl connectivity of the network. The
connectivity of the network for the loca modd depends on the fracture intensty and
fracture length. The effects of gpplying different permesbilities for each fractue set are
discussed further below, and the impact of changing the relative intengties of each of the
fractures sets, and the Size of the fracturesis dso examined.

A sngpshot of the pressure differentid due to nitrogen injection a Shoshone 65-02 is
presented in Fgure 3-81. Close to the wel the pressure didribution is strongly affected
by locd discrete festures. As the pressure fiddd moves away from the injector, the effect
of the individuad features is averaged out so that an dmost circular radius of influence
gopears.  The dircular radius of influence is not expected in the fidd and is likdy a
consequence of the two fracture sets being assgned equa permesbility. The pressure
tends to migrate dong the T-set direction faster than aong the L-set direction because of
the higher fracture intengty in the T-set.

A sxies of gmulaions were run in which individud fractures were assigned
permeabilities averaging from 1 to 1000 millidarcies (Figure 3-82). Each of these
pressure curves has a dmilar response character other than an increase in effective
permegbility for an incresse in fracture permesbility. Each derivative shows a postive
hdf-dope a ealy times indicating a redriction in the immediate vicinity of the well.
After this early period the derivative drops off as the pressure fidd expands out of the
“entry featuré’ and into the fracture network. Once the pressure fidd expands to the
point where it is condtrained by the upper and lower boundaries of the reservoir, the
derivative goes to a dope of zero, smilar to cdassc radid flow. The vaue a which the
derivetive levels off is a function of the permesbility of the fracture system, with smdler
derivative vaues consdent with higher reservoir permesbilities. Conversdly the
derivatives can be plotted as a function of permesbility thickness (Figure 3-83), and the
vadue of the cdibrated fracture permegbility can be determined There appears to be a
linear relationship between assgned fracture permesbility and the corresponding
effective kh of the reservoir. Based on this it gppears that the average fracture
permesbility must be gpproximatey 40 mD to obtain a reservoir kh of 408 mD-m. The
40-mD vdue can be compared to spinner log data in order to cdibrate the mode to
observed vaues of flowing features. This vaue of 40mD is consstent with the order of
magnitude of flowing features observed in amilar reservoirs. The 40 mD represents an
average vaue for an individud fracture. When a network is formed by a number of
fractures, the network permesbility is much greater.

Fracture Set |Orientation Size: Log Normal|Intensity
Distribution
Mean |Mean Fischer Mean [St.Dev |Min |Max P3
Pole Plunge |Dispersion
Strain 73 0 30 50 |30 20 (200 0.05
Perpendicular
Strain Parallel |163 0 30 50 |30 20 [200 0.03

Table3-6. Geometricinputsfor local DFN model
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Figure 3-80. Local scale DFN mode for Shoshone 65-02.

Figure 3-81. Pressure snap shot at 100 hours. Color indicates change from initial reservoir
conditionsin red.
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Figure 3-82. Build up test simulationsfor average fracture permeabilities of 1 to 1000 mD
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Figure 3-83. Permeability thicknessvalues based on late-time derivative curves
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3.6.2.2 Breakthrough match

Although the dngle wdl dmulation will hdp cdibrae the fracture geometry and
permesbility necessary to match reservoir kh, smulating pressure response in the
pumping wels is necessary to determine the relative permesbility of one set to the next.
For this reason a regiona scde modd was smulated usng the cdibrated parameters
from the locd scde mode (Table 3-6) over the entire test area (Figure 3-79). The
underlying control grid geometry is shown in

Figure 3-84. Additiondly, the drain fied from the painspastic reconstruction was used to
control both fracture intendty and fracture orientation. Two sets were generated: (1) A
T-set perpendicular to the locd drain fied orientation; and (2) an L-set sub-pardld to the
locad dran fidd vector. One redization of this network is presented in Figure 3-85. The
regiond model encompasses a 1 km x 1km region of the drain grid. This includes the
tet wel and 6 production wells in which pressure vaues were monitored.  Fracture
intengty varies within the modd according to the extensiond drain vaues in each of the
grid cdls. These dran vaues were determined during the padingpagtic recongtruction
work described previoudy. The extensond drain is summed throughout the grid region,
and then anormalized grainis
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Figure 3-84. Strain grid for development of regional scale model
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Figure 3-85. Regional scale DFN model populated by srain perpendicular and strain paralld
fracture sets.

cdculated for each grid cdl. An average fracture intendgty or Ps; is assgned to the
fracture sysem, and then the normaized drain is used to caculae an individua R» vadue
for each grid cdl. In this manner the fracture intengty is varies throughout the mode
domain while the average fracture intendgty of each fracture set, averaged over the entire
grid, can be scaled up or down.

In addition to the magnitude of the drain fidd, the orientation is used to determine the
orientation of the T and L fracture sats. For the early redizations the T-sat is exactly
perpendicular to the locd drain field and the L set is sub-pardld to the strain field.

In the resulting DFN modd the T-set has a 25% higher fracture intengty than the L-set,
and tends to dip a shallower angles than the L-st. As a result of the varying drain grid
the fracture intengity varies throughout the modd!.

An average vaue 0.09 m2/m3 was used for the fracture intengty, with a linear corrdation
between stran magnitude and locd intensty. A plot of the resulting Ps, vaues is given
in Figure 3-86. Fracture intengty in the modd region is dominated by cdls with a
caculated fracture intensity of 0.1 m2/m3 and dightly higher. A few scattered grid cdlls
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Figure 3-86. Fractureintensity values (P3;) resulting from an aver age P3, value of 0.08

have Ps, vdues higher than 0.015 m2/m3. Cdls with fracture intengties below 0.025
tend to gopear in clusers. One of these low permesbility clusters occurs immediatdy to
the north-east of Shoshone 65-02, the injection wel. As a result there tend not to be
connecting fractures immediately to the northreast of Shoshone 65-02. This becomes
important, as this direction has been identified by the nitrogen bresk-through as a
direction of preferentia permesbility.

As had been seen in the breskthroughs during the nitrogen injection there is some
directiond trends suggested in the permesbility. The time before the pressure fidd
travels from the injector to the producer is a function of both the distance between the
two wells, and the direction from one to the other.

Three dmulations of the regiond modd were run, in order to evduate the rdative
permeabilities of the T and L- fracture sets. In the fird amulation the ratio of the T to L

st permesbilities was set to 1, i.e the permesbility assigned to al fractures was identical.

In the second smulation the permesbility assgned to fractures in the Fset was 10 times
that assigned to fractures in the L-sat (raio of 10:1). In the third Smulation the ratio was
reversed (0.1) with fractures in the L-sat assgned a permesbility vadue 10 x the
permegbility assgned to fracturesin the T-set.

One of the key features of the injection experiment was that breskthrough times for wel
Shoshone 66-49 were earlier than for well Shoshone 66-69, although Shoshone 66-68 is
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cdoser to the injector. The low intengty of the fracture network between the injection
wel and Shoshone 66-49 suggests that a large permesbility difference must occur
between the T and L fracture sets.  When the permesbility ratio is set so that the
permeability of the L-sat is 10 times the permesbility of the T-set the pressure evolve in a
north east direction more quickly than in the north-west/south-east direction, consistent
with the fagt arriva time at Shoshone 66-49.

When the permedbility assgned to each of the two sats is equa breskthrough occursin
the following order: wel 66-69, 66-68, 66-49, 66-8, 65-03 and findly 63-03. These
pressure breskthroughs are generdly a function of distance from the injector, notably that
66-68 breaks through before 66-49.

Three pressure snap-shots are presented to illudrate the effect of changing the rdative
permeabilities of the drain-perpendicular and drain-pardld sats.  In Figure 3-87 the
regiond modd is presented with the average fracture permesbility in both sets identical
(ratio of Setl k: Set2 k =1). In Fgure 3-88, a permeshility ratio of 10:1 is presented and
a 1:10 ratio is presented in  Figure 3-30. As is apparent from these plots the second
fracture set nust have a lower permeghility in order to explain the high NE permegbility
trend, and the low SE permesbility trend.

In Figure 3-90 the change in pressure for wells Shoshone 65-02, Shoshone 65-49 and
Shoshone 66-68 is plotted for the regiond model where the permesbility of each fracture
st is equal (i.e ratio of Setl k: Set2 k =1). The breakthroughs for Shoshone 65-49 and
Shoshone 66-68 occur within minutes of each other, and the closer wel (Shoshone 66-
68) breaks through earlier.

In Figure 3-91 the same changes are plotted but for the case in which the ratio of Setl to
St 2 pemedbilities is 0.1. The Shoshone 65-49 wdl now bresks through ealier,
congstent with the measured breakthroughs.

3.6.2.3 Conclusions

The true reldive intendty of the T and L fracture sets is not known, but the ratio of T-set
is thought to range between 2 and 5 times the intendty of the L-sat. The effect of
changing the rdaive fracture intengty of the two fracture sets, while keeping the overdl
intengty, and fracture length condgtent is shown in Figure 3-92. The input parameters
for the fracture intengty for each of the two fracture sets is givenin Table 3-8, with the
gmulations ranging from intengty ratios of 1.25: 1 to 5:1 with the Fst having the higher
fracture intendty. Results are varied depending upon the locetion of the wel redive to
the injector. For example, for the Shoshone 66-69 well that is closest to the injector, as
the T fracture set intengty increases, the breskthrough time decreases. For Shoshone 65-
03, the opposite occurs. as the Ffracture set intengity increase, there is an increased delay
in the arriva of the pressure fiddd. For the Shoshone 66-49, and Shoshone 66-68, as the
T-fracture intengty increases, the breskthrough time decreases for Shoshone 66-49, but
increases for Shoshone 66-68. For afracture intengity ratio of 3.5:1, the pressure

DE-FG26-00BC15190 186



q404

mﬂl

-lasd =

o=

-Tad

-TH e 004

Figure 3-87. Pressure snapshot of injection in regional model with permeability ratio Set1:S

4212

-la#h—

.50 85—

2ol

2 a5

-Fael

B 005

Figure 3-88. Pressure snapshot of hjection in regional model permeability ratio Setl:Set2 = 10.
This simulation shows earlier pressure breakthrough to the north-west and south-east rather than to

thenorth-east set2=1

DE-FG26-00BC15190 187



T A

5762
nn&-l
L0 5g a5 =

-lash

F.5ee5

L2 S 45

219304005
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Figure 3-90. Changein pressure for wells 52, 49 and 68. Pressure response is quicker for Shoshone
66-68 becauseit iscloser to theinjection in Shoshone 65-2
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T2: Breakthrough times
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Figure 3-91. Change in pressure for wells 65-52, 66-49 and 66-68. Pressure response is quicker for
Shoshone 66-49 although Shoshone 66-68 is closer to theinjection in Shoshone 65-2.
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Fracture intensity for T and L sets

Run |T-set L-set Ratio Total
1 [0.05 0.04 1.25 0.09
2 [0.06 0.03 2 0.09
3 10.07 0.02 35 0.09
4 10.075 0.015 |5 0.09
5 [0.0819 |0.0081 [10.11111 |0.09

Table3-7. Input parametersfor varying fractureintensitiesin T and L sets

Fracture set intensity (P3

2)

Run T-set|L-set|Fracture
Length

1 0.06 |0.03 |50

2 0.06 |0.03 |75

3 0.06 10.03 |100

Table 3-8. Input parametersfor breakthrough test with variable fracturelength
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response is seen earlier in Shoshone 66-49 than in Shoshone 66-68, which is consstent
with the field observations.

A second modd experiment was to maintain the fracture intensity but vary the equivdent
radius of the fractures in both sets. Using a relative fracture intengty of 2:1, the fracture
radius was varied from 50 m to 75 m to 100m. The resulting bregkthrough curves are
gown in Fgure 3-93. Gengdly, as the fracture radius incresses the time to
breskthrough decrease for admost dl wells.  However, this is not uniformly true.
Interestingly as the fracture radius increase to 75 the breakthrough times for Shoshone
66-49 and Shoshone 66-68 become amog identical. The breskthrough time for well
Shoshone 65-08 is unchanged from 50 to 75m, but is substantidly reduced for a fracture
radius of 100 m. Shoshone 65-03, as there was no consstent correlation between
increased fracture length and decreased arrival time.

Pressure trandent modeling has demongrated that the DFN models generated for the
Cirdle Ridge fidd ae conggent with permesbility vdues cdculaed from fal-off tedts.
Differences in pressure breskthrough times in the producing wells can dso be introduced
by the discrete naure of the flow-fidds within the DFN modd. Cdibraion has
suggested that individua fractures have permesbility around 40 mD and a radius on the
order of 50 to 75 m. Modd results dso suggest a 2:1 ratio of T-set to L-set fracture
intengtieswill produce breskthrough times consstent with field observation.

Pressure  breskthrough times a production wdls ae dsrongly influenced by locd
heterogenaty in the DFN modd, for this fracture intengity.

3.6.2.4 Single Well Pressure Transient Testing

A 44-hour Subthrust Block 6 Phosphoria faloff test was performed a Shoshone 65-20.
This te was maiched usng commercid software and a uniform flux fractured well
model in a radid composte reservoir.  Late time data indicated a constant pressure
boundary. The inner zone may reflect a region of wellbore damage, or may be due to a
dtuation where only a few fractures are directly connected to the wdlbore. As the
disgance from the wellbore increases, these fractures become pat of a more wdl-
connected fracture network, thereby increasing the network permesbility. Results from
the thistest are asfollows:

Inner zone kh= 444 millidarcy-ft (k=17.8 md, h=25 ft (7.6 m))
Fracture half length = 315 feet (96 m)

Skin=0.1

Inner/Outer Mobility Ratio= 0.13

Radius to high mobility zone= 321 feet (97.8 m)

Congtant Pressure Outer Boundary= 210 ps
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A plot of the faloff type-curve matchis presentedin .
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Figure 3-95. Fall-off curvefor Shoshone 65-20.

3.6.3 DFN MODEL PARAMETER SUMMARY

The find DFN mode was constructed based on a combination of the outcrop, subsurface
image log, pdinspagtic drain, wdl test and tracer test data Table 3-9 shows the
parameters used to build the Circle Ridge Fild DFN mode and from what tests or
processes the data vaues were derived. In addition, Figure 3-97 shows an example of the
DFN mode generated for the imbricate blocks 6 and 8. Also shown in this figure are the
Red Gully, Green Vdley and Blue Draw faults. The tops of the DFN modd was
generated separately for the Tendeep and Phosphoria Formations.  Fractures were
truncated against these boundaries (and the top of the Amsden at the base of the modd!).

The fidd-scdle DFN modd of fracturing was generated by formation and by block. This
led to the credtion of 18 individud DFN modds (9 blocks, 2 formations) for the entire
fidd.

One find check was carried out to evauate the qualitative reasonableness of the modd.

This involved an assessment of the DFN modd in light of fracturing seen in outcrop dse
where in the Wind River Badn region (Fgure 3-96). This outcrop shows that the
fractures are large — on the order of 31 m, and that typicdly two sets orthogond to
bedding and to each other are common. This is consstent with the DFN mode
parameters determined for the Tendeep in Circle Ridge.
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Parameter Vdue Where Obtained
No. Fracture Sets 2 dominant Outcrop, Fractgure Image
log data
Fracture Set Orientations Orthogond to maximum | Paingpastic  recondruction
extensond drain and| of foldng and falting
orthogonad to bedding and | hisory of fied
padld to maximum
extendond dran (T & L
Sets)
Fracture Intengity T Set P3; =0.06 m™ nitrogen injection test
L Set P3, =0.03m*! moddling
Fracture Size Lognormd, mean = 50 m | nitrogen injection test
radius, 15 m std dev. modding
Fracture Permeability mean 40 mD, std dev 40| nitrogen injection test
mD modding
Kh 135 mD-m Shoshone 65-20 fdl-off test
smulaion
Fault Surfaces NA creeted from  3DMove
paingpastic modding
Formation tops NA creeted from well

intersections and 3DMove
paingpastic modeing

Table 3-9. Tableof parametersfor DFN models.

Figure 3-96. Outcrop of Tendegp Sandstonein the Wind River Canyon.
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Figure 3-97. Example of the DFN mode for imbricate blocks 8 and 9. The major faults (Red Gully,
Yellow Flats, Green Valley and Blue Draw ar e also shown.

3.7 Calculation of Reservoir Engineering Parameters

An important sep in completing the reservoir modd is to compute effective reservoir
properties that reflect the porodty and permesbility of the fracture system, and way in
which fluids may transfer between the matrix and the fracture system.

The cdculation of the effective properties is done for each grid cdl based upon the
fractures found in that grid cdl in the modd and the properties of the fractures. No
upscding of properties takes place, as is often done for matrix permesbility vaues that
have been established at a scale finer than the gridding.

The totad number of data sets associated with the caculation of effective properties is
large: 6 properties for each of 9 sructura blocks for each of 2 formations, or 108 distinct
files that were loaded into the fina 3D integrated reservoir mode (Fgure 3-98) shows an
example for Block 6, Phosphoria Formation.

The grid architecture has both a layer-pardld and a layer-orthogond thickness. The six
separae vaiables plotted in this Figure correspond to the sx  effective fracture
parameters incorporated into the find modd for al blocks and formations. The actud
displays shown bdow ae not from the find mode; rather, they are displays of the
parameters calculated within the discrete fracture network modeling code.

The patterns of dl of these parameters tend to follow the mgor flexurd hinge zones

Figure 3-98 shows the higher values at the upwarp a the base of the dructure and the
downwarp or flattening at the top. The patterns dso show a down-dip flexura hinge as
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Figure 3-98. Examples of the calculation of effectivereservoir propertiesfor Block 6.
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well, which can be seen mogt dearly in the Sgma Facto plot of the figure as a down-dip
cyan colored corridor.

Thegrid celsfor dl structura blocks were designed to be gpproximately 50m by 50 min
the bedding-pardld directions, and 25 m in the layer perpendicular direction. Deviations
from these target dimensions occurred if the formations sgnificantly thinned or thickened
over theindividua structura block.

3.8 3D Integrated Reservoir Model

This section shows aspects of the 3D integrated reservoir modd using the GoCadO
software.  Figure 3-99 shows the didribution of matrix porosity for both the Tendeep and
Phosphoria Formations in the Overthrust Block. Wells in which the matrix porosity was
cdculaed from the wirdine logging suite are dso shown, induding wells that are outside
of the immediate overthrust block itsdlf. Matrix properties for structurd blocks with well
control are incorporated into the mode. The fence display shown in the Figure is
intended to help visudize the three-dimengond distribution of the matrix properties.

L e R e P

x|

Figure 3-99. Matrix porosity distributed from well data in the Overthrust Block. The colors
represent the value of the porosity. The wells used to create the model are also shown, and the colors
in these wells indicate the value of matrix porosity calculated from the wireline log suite. The
subvertical surfaces shown are not faults, but rather fence displays of the matrix porosity to help
visualize the three-dimensional distribution of the data.
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Figure 3-101. Distribution of fractureintensity in the Overthrust Block.
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Figure 3-104. Distribution of effectivefracture K, valuesin the Overthrust Block

Figure 3-100 through Figure 3-104 show displays of the effective fracture properties.
These include the directiond fracture permesbility vaues, fracture intengty, fracture
porosity, and sigma factor for the Overthrust Block (structural block 1).

3.9 Evaluation of Reservoir Management Strategies

Marathon Oil has been activdy studying the economics of gas injection to improve the
ultimate recovery of oil & Cirde Ridge Fidd. The information contained within the find
GoCadO modd is dl directly gpplicable to quantifying the economics of such a project.
Marathon plans to high-grade ther predictions concerning gas injection usng the
GoCad® modd information, in conjunction with reservoir smulators and desktop
cdculations.

Due to the highly fractured nature of the Phosphoria and Tendeep in Circle Ridge, water
flooding for secondary recovery operations has proved only margindly effective. In fact,
Tendegp and Phosphoria water flooding has been suspended in the overthrust block, the
maor remaning reserve target for the fidd. In dud porogty fidds like Circle Rdge, the
drainage rates of oil from the matrix can be improved by filling the fractures with gas and
driving the fracture gasliquid contact down dructure.  This gas-ail gravity drainage
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mobilization process is described by the following Richardson and Blackwel (1971)
equeation:

(Dz)s, 4.4X10°K Dr dK,,
Dt ug ds

(0]

Equation 3-1

where: K, = relative permesility to ail
K, =matrix vertical permesbility, in millidarcies
S, = oil saturation, fraction of pore volume
D t=changeintimein days
D r = differencein density between draining liquid and injected gas, in Ib/ft®
u, = oil viscosty, in centipoises
g = porosity, fraction of bulk rock volume
(DZ), = vertical distance oil saturation movesin ft

As indicated by this equation, in order to predict the process, both matrix permeability
and porosty, as wdl as current oil saturations, must be known. The petrophysicd
andyss of Circle Ridge logs peformed under this project has dlowed Marathon to
update these critical components.

Equaly as important as understanding these matrix properties, is an understanding of the
fracturing in the fidd. The underdanding of fracture porosty, in conjunction with the oil
drainage rates and reservoir pressures, alows for the projection of gas requirements for
gas-ail gravity drainage projects. This gas injection forecast is criticd to the desgn and
economics of the project.  Additiondly, Marathon's experience with gas injection
projects has indicated the importance of fracture underganding in maximizing oil capture
efficdency and in limiting the production of gas. Gas production is very undesrable, as it
must be recompressed for reinjection or replaced by increased extraneous gas injection.
Both of these cases result in higher codts for the project and a lowering of economic
viaddlity. The optimum placement of completions within highly productive fractures
helps maximize the production of oil per completion, while limiting the potentia for ges
coning and production. An improved picture of fracture intendgty and
compartmentaization dso ad in the placement of gas injectors. Ided placement of
injectors can help limit the number of injectors required and ensure that unnecessarily
high completion pressure drops are not encountered.

In addition to dudying the viability of gas injection a& Circle Ridge, Marathon is dso
usng information from this DOE project to evduae the potentid for dewatering the
fracture system through increased withdrawas. This dewatering can create dua porosty
gas-oil gravity drainage even with little or no extraneous gas injection. In conjunction
with this dewatering, Marathon plans to investigate the use of horizonta drain holes to
ad in the efficient capture of oll. Two Tendegp horizontd dran holes have been
proposed for funding in 2003. Information from this project will ad the placement of the
horizontal drain holes a or directly below the oil-water contact in the fracture system.
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The orientation of the boreholes will be guided by the desire to intersect fractures and to
produce areas of undrained oil-filled fractures (Fgure 3-105). The red wellbore would be
pardld to the dominant fracture orientation, and aso be drilled into a region where lower
than average fracture intengty is predicted. Alternatively, the ydlow wellbore is oriented
nearly perpendicular to the main fracture orientation, and into an area where the modd
predicts higher fracture intengty.

The improved sructurd visudization avalable from the GoCadO modd is aso expected
to ad future recompletion atempts by Maahon oil. This visudization will dso hep
quantify the potentia for expanding any improved oil recovery process into the smdler
fault blocks.

Figure 3-105. Exampleof fracturemodel for usein drainhole planning.

Another of the many benefits of this project has been the re-interpretation of matrix
porosity made possible by the re-cdibration of the older logs. Prior to this project, there
had been two determinaions of matrix pore volume for the Overthrust block. The firg
was made by Conoco, the origind operator of the fiedd. They edtimated the tota poer
volume in the Tendegp and Phosphoria Formations in this block to be 149 MMBbhls.
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Prior to this project, Marathon made ther own edimate of the pore volume from a
Stratamoddl that they had created for the block. Ther estimate was 157 MMBbIs,
representing an increase of 5.4% over the Conoco estimate. As a result of this project,
the knowledge of the matrix properties was greatly expended. The updated Stratamodel
for the Overthrust block was estimated, based on the results of this project, to be 182
MMBDbIs, representing an incresse of 22.1% over the origind Conoco estimate and a
15.9% increase over the previous Marathon Stratamode estimate.

Some of this pore volume may be water saturated, and some of the oil may not be
prodicuble, S0 the impact on reserves is not yet known. Reserve cdculations are outside
of the scope of the present study. However, snce some of the is probably both oil
saturated and producible, it is likdy that the matrix study will add oil reserves to this
field, representing increased income potentia for the Tribes..

3.10 Technology Transfer

Technology trandfer was accomplished in severd different ways during the project.
These included meetings and presentations with the members of the tribd ol & gas
commisson and Maahon Qil, publications, additions and maintenance of the project
web ste, and semiannua progress reports.

3.10.1 MEETINGS AND WORKSHOPS

Sevard hdf-day meetings were held during the course of this project to report progress
and discuss and reolve any issues that had aisen.  These meetings conssted of
principds from Golder, Marathon Qil, the Eastern Shoshone and Northern Argpaho
tribes, and subcontractors and representatives from government agencies such as the
Bureau of Indian Affars, the Bureau of Land Management, the Montana Bureau of
Mines and the U. S. Department of Energy. Presentations were made by PowerPoint for
each of these meetings, and the PowerPoint presentations were posted and are available at
the project web site (Section 3.10.3). The dates and locations of the meetings are shown
below:

Kick-off meeting — Fort Washakie — June, 2000
Progress Report — Cody, WY — May, 2001
Progress Report — Cody, WY — Jan, 2002

Progress Report — Cody, WY — July, 2002
Find Report — Cody, WY — Sept., 2002

3.10.2 PUBLICATIONSCONFERENCE PRESENTATIONS

Articles and conference proceedings published thus far include:
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La Pointe, P. R, J. Hermanson, M. Dunleavy and R. Parney (2002). New tools for
modeling and visualizng fractured reservoirs enhance engineering & reservoir
development. Oil & Gas Journal, May 2002.

Parney, R. and P. La Pointe (2002). Sructural Interpretation of Natural Fracture
Patterns in the Wind River Basin Wyoming. Annual Meeting, Canadian Society of
Exploration Geophysicists, 6 May — 10 May 2002, Calgary, Canada.

La Pointe, P. R and J. Hermanson (2002). The Prediction of the Orientation and
Intensity of Fractures in the Circle Ridge Field, Wind River Basin, WY, through the
Geomechanical Reconstruction of the Palinspastic Srain Field. 2002 Oil Rock
(SPE/ISRM Rock Mechanics Conference), 20-23 Oct., 2002, Irving, TX.

Additional manuscripts on various aspects of the project are underway, but have not been
submitted.

In addition, various aspects of this project have been presented in effective ways outsde
of forma publication. During 2001, Dr. La Pointe developed and taught a hdf-day
course for the Society of Petroleum Engineers (SPE) on fractured reservoir
characterization and modding. This course was presented in Washington D. C., San
Francisco, Tehran, Iran, Santa Cruz, Bolivia, and The Hague, Netherlands, and featured
the generation of fractured reservoir modds through 3D palingpastic recongruction,
usng the data and examples from the Circle Ridge study. Aspects of the tracer test
modeling were dso included in some of the later workshops.
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3.10.3 PROJECT WEB SITE

3.10.3.1 Web Site Development

The purpose of the project web site was to make available most of the data and results
obtained in this project, and dso to communicate how and why the work flow was the
way it was, S0 tha those wishing to carry out Smilar sudies would have a template and
an explanation of tha templae to follow. When the user logs onto to
http://www.fracturedresrevoirs.com, the following index page appears (Figure 3-106).

Circle Ridge

\ 2
RESULTS contains the
results of the various
BACKGROUND analysis and modeling
summarizes the ta§ks of this project, such LINKS provide
project goals, team as: - eioal Anal connections to other
i . Petrophysical Analysis
members, & funding . 3D Palinspastic webpages that may be
Reconstruction ) Of intel’est
Fracture Data Analysiss
Structural Model Validation
DEN Model Input ;
FEEDBACK provides a
HISTORY provides a ¥ \ mechanism for anyone
br_lef overview c_)f the WORKFLOW provides who WISheS to ask
Circle R_ldge Field information about the guestions or make
production various data sources comments
characteristics analysis methods,
modeling tasks and
results of this proiect.
DATA provides a list-based and geographic
means to identify and download project PRESENTATIONS provides a
data from wells, outcrops, & other means to download all
sources PowerPoint presentations
o E e e Tl LT [ made at tribal workshops and
elsewhere.

DOCUMENTS provides
a means to download all
four progress reports and
the final report in PDF
format

Figure 3-106. Overview of home pagefor Circle Ridge Project.

DE-FG26-00BC15190 205



The homepage provides the user with a darting point to learn about the project, the
production history of the Circle Ridge Fidd, the geology and tectonics of the Field and
surrounding aress, obtain for their own use al data obtained through the project, obtained
results derived from this data, to develop an understanding of the workflow, to download

or view the various presentations and reports issues by the project, and to provide
feedback and comments.

One of the unique features of this project webdte is the interactive workflow diagram.
Figure 3-107 shows the interface for this module. The vidtor is able to move the mouse
over various portions of the diagran shown in the figure and to activate explanaory
pages for most of the objects shown, as well as to go to the data or results that are related.
For example, when “Field Reconnaissance” was sdected (arrow in the
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Figure 3-107. Screen grab showing new interface for WorkFlow module.

figure), a new frame appears that explains what this data was and how it fits into the
overdl workflow. If the vidgtor wishes to learn more, then dicking the “Go Therg’
button takes the vigtor to the section of the website containing photographs of the fidd
reconnaissance.  This feature helps the vistor to more readily understand why certain
data has been collected, how it isanalyzed or used, and how it fitsinto the overal project.
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3.10.3.2 Web Site Statistics

The project webste became operationa in August 2000. Individuds visted the web gte
on the firs day it was open to the public. Publication on the web gte of the first
Semiannua Progress Report at the end of October 2000 coincided with a mgor increase
in vigts. The rate of vitiation has remained reatively congant throughout the project.
Vidts average between two and three externd vidts a day. Fgure 3-108 provides an
overview of webdgte activity, spanning the period August 17, 2000 through July 31, 2002.
This figure shows tha the levd of webdte activity has remained nearly constant since

late November 2000, the time when the first project report was released.
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Figure 3-108. Web site activity, August 17, 2000 thr ough July 31, 2002.
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4 CONCLUSIONS

4.1 Overview

This section summarizes the most important accomplishments of the project and their
benefit to the Northern Argpaho and Eastern Shoshone tribes through a better
undergtanding of the Circle Ridge field

4.2 Improvements in Reservoir Understanding

4.2.1 FAULT BLOCK ARCHITECTURE

Prior to this project, the structurd undergtanding of the Circle Ridge Fidd was clearly in
need of improvement.

One aspect in need of improvement was the large-scale sructural block architecture of
the Fidd. The structurd mode for the field was uncertain, as shownin Figure 4-1.
i J T B i 'I K T e e O e e T e

Figure 4-1. Two of three structural cross-sections prepared by Anderson and O’Connél for the
CircleRidgeField.

The cross section on the left shows basement involvement; the one on the right shows no
basement involvement. Such aradica change in mechanicsis possible but unlikely.

Through the 3D pdingpastic recondruction caried out in this project, these
incondgtencies were resolved.  The three dimensonad condraints and the baancing
condraints made it possble to derive a much more relidble interpretation of the fault
block architecture Fgure 4-2). Not only have the faults been recondructed in a way that
is far more accurate than the old 2D cross-sections, but the fact that they have been
imported into modern numerical visudization tools such as GoCadO make it possble to
interactively view and examine any pat of these fault blocks. Previous to this project,
fault surfaces were viewed as dructural contours in different colors (Figure 4-3), a very
ussful method for a skilled dructurd geologidt, but difficult for many engineers and
much less suitable for the types of interactive viewing tha can darify how reservoir
development in one block might impact development in other blocks.
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Figure4-2. 3D visualization of the faultsasreconstructed in this pr oject.

Figure4-3. Visualization of fault surfacesprior tothisproject.
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4.2.2 MATRIX PROPERTIES

Another key area where this project has greatly improved reservoir understanding is
through the improved matrix property characterization through the innovative cdibration
of older wirdlinelogs.

Wells where calibration
made it possible to
determine matrix properties
and greatly expand
coverage, as seen below in
terms of areal extent...

Wells with modern logs —
limited coverage both in
spatial and geological
extent

Figure 4-4. Expansion of matrix property knowledge through calibration of older wirelinelogs.

Figure 4-4 shows the extent of this expanded coverage. The inset diagram in the upper
left shows the locations of wels where modern wirdine log suites had previoudy been
available for interpreting matrix properties. The totd matrix pore volume determined by
marathon prior to this study was based on interpretations from these wells. As a result of
the recdibration of older logs in this study, the coverage was greatly expended, as shown
by the ydlow wdls in the inset diagram in the lower right-hand corner of the figure. In
the overthrust block aone, this additional data identified an additiond 25 million barrels
of matrix porogty, which should lead to an upward revison of oil reserves in the fidd
and additiona revenue projections for the tribes.
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4.2.3 RESERVOIR SCALE FRACTURING

Prior to this project, the modd for fracturing in this fidd (Marathon Oil Company,
unpublished reports) was that there was a dominant fracture set oriented that was vertical
or subvertical and had a northeasterly strike (Figure 4-5). A secondary set approximately
orthogona to it was aso recognized.

The reaults of the fiddwork in this project, and the vdidation of fracture orientations
agang the pdingpadic drain, have shown that this modd is in eror. Figure 4-6 shows
the drikes of the fractures measured at the eeven scanline stes in the Red Pesk and
Crow Mountain Members. The srikes have been corrected for orientation biass. The
dominant fracture directions do not show a dgngle regiond st as previoudy
hypothesized. Rather, the strikes tend to wrap around the structure, which is what would
be expected if the fractures occurred during the initid folding of the rock. Work in this
project has shown that the fractures probably did occur during the folding, and moreover,
that much more highly fractured and permegble corridors developed in areas of high
drain thet relate to the development of hinge zones.

Thus, the previous mode of a dominant northeasterly regionad set has been replaced by
one in which the srain patterns produced as the rocks were origindly folded can be used
to predict the orientation and rdative intengty of fracturing. This model was vaidated
usng the fracture image log from three wels and by evauaing the breskthrough
patterns in the nitrogen injection and bromide tracer experiments.

This new modd for reservoir-scae fracturing isimportant because:

a It can be generated throughout the fidd usng the drans from the
palinspastic reconstruction;

b. It predictsthe loca fracture pattern geometry; and

c. its connection to the dructurd formation of the fidd and verification
provide additiona confidence in the modd.

424 RESERVOIRVISUALIZATION

Prior to this project, there was no integrated 3D visudization of this reservoir.  Matrix
properties resded within a geocdlular moded, but his mode did not contain fracture
properties.  Structurd visudization was limited to three 3D dructurd cross sections
(Anderson and O’ Connell, 1993), or structurad contour maps of the fault surfaces Figure
4-3).

This project built a fully 3D integrated numericd modd in GoCadO that can be used to

viaudize dl of the components of the reservoir, including meatrix properties, faults,
fracture properties and wells (Figure 4-7).
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Figure 4-5. Satellite image of Field with perceived regional northeasterly striking fracture set
superimposed on photo.
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Figure4-6. Rosette of Terzaghi-corrected fracturestrikesat the eleven scanline sites.
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Figure4-7. Exampleof 3D visualization of reservoir parameter valuesand well control.

4.3 Development of Reservoir Management Strategies

43.1 CALCULATION OF EFFECTIVE FRACTURE PROPERTIES FOR
NUMERICAL RESERVOIR SSIMULATION

The results from this project have provided two types of information that were not
previoudy avaldble for use in numericd resarvoir Smulaion:  effective  fracture
parameter vaues throughout the fidd;, and revisons to fault and formation surfaces
throughout the field.

The effective fracture properties were caculated from the fracture patern developed
locdly under usng the folding dran as a control on both fracture orientation and
intensgty. The fracture pattern was represented as a DFN modd. This DFN mode was
then gridded into cdl with target dimensons of 50 m by 50 m pardld to bedding, and 25
m pependicular to bedding. The following parameter vaues for each cdl were
caculated:

fracture pore volume

fracture intengty

sgmafactor

effective directional fracture permegbility
fracture surface area

The entire grid for the Tendegp Formation was composed of 25,967 grid cels, while the
grid for the Phosphoria Formation was composed of 11,430 cdlls.
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4.3.2 USE OF PROJECT RESULTS FOR ENHANCED RECOVERY PROCESS
SELECTION AND DESIGN

Marathon Oil has identified the following characterigtics of the Circle Ridge Fidld:

. Complex Structure-Multiple Fault Blocks

. Low Recovery: Highly Fractured Reservoirs with Viscous Qil
. Oil Viscosity 55 ¢p and Reservoir Temperature of 550F

. Recovery less than 20% of OOIP

The daily water production from the fidd has incressed conssently over the last 25
years. QOil rates have remained relatively flat by comparison, pesking in 1997 (FHgure
4-8).

Circle Ridge Production
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Figure4-8. Water and ail ratesfor the Circle Ridge Field, 1978 — present.

These characterigtics suggest that the Circle Ridge Fiedd might be a good candidate for
various types of gravity drainage recovery processes, including gas injection, de-watering
and drategic recompletions.  The Richardson and Blackwel equation describes the
variables that can impact this process. The oil drainage rate is a function of matrix and
fluid properties, such as:

gas/oil dengty difference
meatrix vertica permesbility
oil viscosity

oil rdative permesbility, f(Sy)
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In addition to the matrix and fluid properties listed above, the fracture system is dso
criiticd to exploit properly in desgning and assessing the economic viability of these
recovery processes. The results of this project that show the orientations of the fractures
and the changesin fracture intensity can be used for:

Placement (exigting operations) of HDHs and recompletions

Gaining amore accurate understanding gas injection volume requirements

Optimizing placement of injectors and producers for gas injection projects based
on fracture spacing and connections

Understanding the linkage between formations

Forecagting oil drainage rates which dso depend upon fracture characteristics
(sgma, porogity, intengty) in addition to matrix characteristics.

The reaults from this project will dlow Marathon Qil to increase recovery from this fied
inéa least four ways

1.
2.

3.
4,

OOIP update leading to possible reserve additions,

Usage of fracture data in their Eclipse 3D resarvoir smulator for reservoir
m 1

Use of 3D smulator/desktop models to evauate gas/oil gravity drainage

Placement of recompletions and horizontals usng increased understanding  of
fracturing.

Two Tendeep horizontal drain holes have been proposed for funding in 2003.
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6 APPENDIX
Loglan program for density-only wells

PROGRAM  PHI T_RHOB Phit estimte from single porosity
wells with rhob

[*start _doc
/*Rhob in the Phosphoria\Tensl eep to Phit estimate.
/[ *end_doc

/2
I NPUT
/*
[* CONSTANTS ----------------------
/*
GRMT />
dpt hsw /* et boundary
/*
/* I NTERVALS ---------c-mmmmmam oo - -
/-k
ZONE ALPHA*12 [ *
/*
[* LOGS =---c-mmcmmccmecececceceae s
/-k
RHOB G C3 /* Bul k Density
R GAPI /* Gamm Ray
DEPTH FEET /*
LOCAL
rhonce /* for Phosphoria
r honct [* for tensleep
OUTPUT
/*
/* CONSTANTS -------mmmmmmmmmemem e
/*
GRMT I*
/*
[* LOGS =---ccmmcmcccmecececeaeaas
/*
PHI T_DO viv [ * Total Porosity
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START:

rhonce = 2.79
rhonct = 2.77
dowhi |l e GET_FRAME ()
i f (depth<dpthsw) then [* if depth is in the
Phosphori a
phit _do = (2.79 - rhob)/1.79 /* use straight 2.79 for
mat ri x
el se /* now in the Tensl eep
if (rhob > 2.55 & gr < grm) | gr > 80 then/*check
GR & rhob val ues
if rhonct < 2.84 then /*if rhob heavy and gr high
rhonct = rhonct + .05 / *or | ow t hen in
dolonm te
endi f
el se
if ( rhonct > 2.67) then/*if we don't neet the above
condi ti ons
r honct
endi f
endi f
phit _do = (rhonct - rhob)/(rhonct - 1) /* cal cul ate
our porosity

rhonct - .05 /*then we're in quartz...

endi f
phit_do = limt(phit_do, 0, 1) /* limt t he
porosity
call PUT_FRAME () /* save t he
porosity
enddo
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